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ABSTRACT 

 

The synthesis, stabilisation and characterisation of various lanthanide complexes 

of isoelectronic di-λ5σ4-phosphorane ligands was attempted. These isoelectronic di-λ5σ4-

phosphorane ligands are divided into the carbene and non-carbene groups where the 

central moieties of the ligands are C2- for the former and N- and O for the latter group. 

Lanthanide complexation proved difficult in most cases however the study did yield 

interesting novel results. Two novel crystal structures for the non-carbene precursor                

di-λ5σ4-phosphorane ligands HN(Ph2PO)2 and O((iPrNH)2PO)2 have been structurally 

characterised through PXRD and SXRD respectively and chemically through IR, 1H and 

31P NMR and GC-MS. A novel complex for O((Et2N)2PO)2 namely 

Ca2(O((Et2N)2PO)2)2(NO3)4(H2O)2 was characterised by SXRD from serendipitously 

collected crystals. PXRD data for K[HC(Ph2PNiPr)2], which has not been previously 

structurally characterised, was collected. IR, 1H NMR and PXRD data for an as of yet 

unknown complex of HN(Ph2PS)2 with hydrated Eu(ClO4)3 was also collected and 

characterisation is also being undertaken. Stabilisation studies were undertaken using          

co-crystallisation techniques. These co-crystallisation studies dealt mainly with 

amorphous products of the synthesis of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)] which were 

believed to principally contain  methanide analogues of the desired carbene. The                

co-crystallisation studies indicated that co-crystallisation was difficult to achieve and that 

its use in stabilisation is limited.  
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1. INTRODUCTION 

 

Catalysis is frequently used in manufacturing processes especially in the 

chemical, pharmaceutical and materials industries. Given its widespread use, there is still 

scope for improvement in this field. A catalyst can be described as a substance which will 

increase the rate of a reaction without being consumed. Catalysis is therefore commonly 

used to simply increase the rate or decrease activation energy of the reaction and thereby 

reduce manufacturing time and costs. Other uses include aiding the initiation of reactions 

which do not occur under non-catalysed circumstances and the preferential preparation 

of one isomer of a substance over other isomers.1 Transition metal organometallic 

compounds make up the largest family of compounds that are used as catalysts. Another 

group of metals used for organometallic catalysts are the lanthanide metals. 

The lanthanides are a group of 15 metals found in Period 6 of the periodic table, 

from lanthanum to lutetium. They are bound by the 6sn alkali and alkali earth metals, 

caesium and barium, and the third row of the transition metals. The lanthanides are 

technically defined by their orbital structure, with an electron configuration of [Xe]4fn6s2 

or [Xe]4fn5dm6s2 depending on the lanthanide.2 Due to their orbital structure these 

elements behave in a fashion very similar to that of the alkali earth metals and in a 

different manner to the other group in the f-block, the actinides. Therefore one of their 

major features is the prominence of salt formation and the formation of highly ionic 

complexes, as for the chemistry of Group 2 metals. Given this the organometallic 

chemistry of the lanthanide metals is heavily influenced by principles regulating the 

formation and stability of ionic coordination complexes. Another similarity to the Group 

2 metals is the relative non-toxicity of lanthanide compounds in comparison to the 

transition metals cations used in various fields.3,4  

Although the field of organometallic lanthanide chemistry has been growing since 

the earliest studies in 1954, it is still a unexplored area.5,6 Given the preference of the 

lanthanide metals towards the formation of ionic or chelated complexes, the formation of 

stable organometallic compounds has been challenging and the formation of higher order 

metal to carbon bonds, such as the double bond present in lanthanide carbenes, has only 

been published recently.7–10  

Early studies of lanthanide carbenes dealt mainly with nitrogen heterocyclic 

carbene complexes with later studies dealing with the complexes of phosphorus (V) 

stabilised geminal dianions. Throughout these studies the main interest in these 
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lanthanide carbene complexes was in their application in catalysis.11,12 This is an 

important field given that the lanthanides are far less hazardous to living organisms than 

many of the heavy metals currently used in the field of catalysis, since they have LD50 

values in the ranges of 10 to 7650 mg/kg for mice, noted in various studies.3,4,13 This is 

of importance with regards to the synthesis of more environmentally friendly catalysts 

with their application being of interest in the expansion of green chemistry methods.14   

Lanthanide carbenes are usually unstable in the presence of air and moisture and 

therefore have to be prepared under dry nitrogen or argon and using dried solvents.  

Therefore these complex catalysts had to be used in situ after their synthesis and the 

catalysed reactions had to be undertaken under conditions similar to the strict conditions 

adhered to during the synthesis of the catalysts. One of the main aims of the current 

research in this field is therefore the conversion of these highly air-sensitive metal 

carbenes into more manageable solids for use in catalysis on an industrial scale, where 

such demanding atmospheric and temperature conditions are not desirable. This process 

of stabilisation should be undergone using green chemical methods in an attempt to 

minimize or eliminate the use of environmentally hazardous solvents and reagents. Co-

crystallisation as described in this study is one such method.15–17 Compounds are known 

to have different thermodynamic and kinetic stabilities in different solid states. Co-

crystals which are more stable than the initial solid crystalline co-formers are known in 

literature and thus the interest in the stabilisation of these carbenes.15–17  

Another main aim of this study is the synthesis of metal-organic lanthanide 

complexes of ligands which are isostructural and isoelectronic to the lanthanide carbenes 

described beforehand. These are of interest given that the limited known species are more 

air and moisture stable than the analogous lanthanide carbenes and their application in 

synthesis and catalysis has not been widely described.  

In the current study the preparation and stabilisation of a number of known and 

novel solid state species of lanthanide di-λ5σ4-phosphorane complexes which contain 

either carbene or its isoelectronic analogues are to be explored and described. 
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1.1. Statement of Scope 

 

The main aim of the current study was to synthesise lanthanide carbene 

complexes and use methods to increase their stability towards air and moisture. The main 

method applied to stabilise these compounds was co-crystallisation. 

The work therefore focuses on various steps leading to different intended 

outcomes. These steps can be delineated as:   

 

 Preparation of lanthanide starting reagents. 

 Synthesis of carbene and geminal dianion ligands.  

 Synthesis of lanthanide carbenes containing Nd3+ and Sm3+ as described in 

literature, giving information for the early and middle lanthanide series. 

 Stabilisation studies: 

- Co-crystallisation 

 Analysis of compounds and crystals at all stages by X-ray diffraction techniques. 

 

Thus, the scope was to find novel lanthanide carbene solids which are more air 

and moisture stable than those already published in literature. The field of lanthanide 

carbenes is relatively new and very little work has been undergone to enhance the use of 

these complexes in a practical setting. Therefore the work in stabilisation for these 

complexes in order to ease their use in other situations is novel.  

Another main aim of the study was to synthesise and characterise both known and 

novel lanthanide compounds from ligands which are isostructural and more importantly 

isoelectronic to the carbene ligands. This was undergone to obtain air and moisture stable 

analogues of the lanthanide carbenes and thus compare trends in the structure and 

chemistry of these complexes with the analogous lanthanide carbenes with special 

reference to the formation of N–Ln or O–Ln bonds analogous to the C=Ln bond of the 

methandiides. The lanthanides used in these studies were Nd3+ and Eu3+  as 

representatives of the early to middle lanthanide series. 
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2. LITERATURE REVIEW 

 

2.1. Chemistry of the lanthanide metals 

 

The lanthanide metals are a group of 14 elements found after lanthanum in period 

6 of the periodic table, as shown in Figure 2.1, and in which the 4f orbitals are 

consecutively filled. The lanthanides are usually characterised by the presence of one of 

two electron configurations, namely [Xe]4fn6s2 or [Xe]4fn5dm6s2, where 1>n>14 and 

0>m>1.1 Lanthanide chemistry is a relatively recent field of study due to the fact that 

lanthanide ores typically contain a mixture of metal ions and that the separation of the 

ions is difficult because of their similar chemical and physical properties.18  

 

 

Figure 2.1: Periodic Table showing the Lanthanide Metals encapsulated in red. 

 

From the earliest research it transpired that the most common influence on 

lanthanide chemistry was the formation of hard trivalent cations of the metals.2 The 

trivalent cations usually have the electron configuration of [Xe]4fn. A number of other 

oxidation states, mainly +2 and +4, are also known for some lanthanides and the 

formation of these states is dependent mainly on the total enthalpy change when 

considering all enthalpy changes as described through their respective Born-Haber 

cycles.1 These hard cations are formed through the ionisation of the valance orbitals of 

the elemental lanthanides, namely the 6s2 and the 5d or 4f orbitals. Higher oxidation states 

are rarely observed given that for the atomic number, Z, of the lanthanides other electrons 
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in the 4f, 5s and 5p (the latter two being part of the Xe electron configuration) orbitals 

are too tightly bound to the ion. More influential on the hardness of the lanthanide cations 

is the fact that the 4f orbitals act as internal orbitals shielded from valance orbitals of 

possible ligands by the more expansive 5s2 and 5p6 orbitals and therefore covalent or 

covalent-like bonding, as seen in the transition metals and the p block elements, is much 

less common than ionic bonding.   

This has led to an extensive chemistry based on the hard cations formed, similar 

to that of the alkali and alkali earth metals, with particular reference to the latter.19 

Lanthanides show a varied coordination chemistry following many of the rules set out 

for the coordination chemistry of the alkali and alkali earth metals, including the 

importance between the relation of the coordination number and the ionic radius, 

influence of steric hindrance on coordination, preferred bonding towards anionic ligands 

with donor atoms of high electronegativity (such as O, N and F) and the preference 

towards bonding with chelates.2  

The preference to bond with hard anions such as oxygen and nitrogen tends to 

produce complexes with organic ligands which contain these atoms typically referred to 

as metal-organic lanthanide complexes. This preference however does not exclude 

organometallic chemistry for the lanthanides, again with the major comparisons being 

made with the organometallic compounds of Group 1 and 2 metals.2,20 The stability of 

organolanthanide compounds to air and moisture is less than that of compounds that these 

same metals form with hard ionic or Lewis base ligands.  

Given the large ionic radii of the lanthanide cations, unlike the common Group 1 

and 2 metal complexes, the co-ordination sphere of these cations usually has a co-

ordination number (CN) ranging from 6 to 12, with a predominance of CN 8, 9, 10.21  

Organometallic compounds of lanthanides on the other hand tend to show a lower 

predominant range, even as low as CN 3 and 4 which is found in numerous 

cyclopentadienyl lanthanide complexes,1,22 if bonding is considered to be ionic.  

The internal-like 4f orbitals give the lanthanide atoms and cations a number of 

different physical properties, with particular reference to their spectral and magnetic 

properties. The spectral properties of lanthanides differ from those of the transition metals 

especially with the prominence of the f-f transitions in comparison to the d-d transitions, 

both of which are Laporte forbidden and therefore show weak absorptions.19 The limited 

orbital overlap of the 4f orbitals with the ligand valance orbitals decreases the number of 

vibrational and rotational modes available. Therefore, sharp absorption and emission 
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peaks are obtained in spectra for the UV and visible range.19,23 It should be noted that the 

lanthanide cations have a higher number of microstates since j-j coupling of orbitals in 

atoms is a dominant effect. 

Lanthanide ions are typically paramagnetic since paramagnetism is commonly 

due to unpaired electrons. The two exceptions are La3+ and Lu3+ as these two ions are the 

only lanthanide ions with electron configurations with a multiplicity of 0, namely [Xe]4f0 

and the fully filled [Xe]4f14 respectively. Since there is little 4f orbital to ligand orbital 

interaction it is mostly assumed that the paramagnetism of a lanthanide ion is unaffected 

by the coordination sphere. The strength of the paramagnetism in the form of the 

magnetic moment of the ion, μ, is related to the number of unpaired electrons. Therefore 

the middle lanthanides, especially Gd3+ with 7 unpaired electrons, are the most important 

in this regard. These magnetic properties have caused lanthanides to be introduced in 

various areas, from supermagnets (for Nd3+) and molecular magnets ( for Dy3+)24,25 to 

NMR and MRI shift and contrast reagents respectively (especially for Gd3+).26,27,28,29  

 

2.2. Introduction to isoelectronic di-λ5σ4-phosphorane ligand lanthanide 

complexes 

 

The lanthanide complexes of ligands with the formula of X(R2PY)2, having the 

generic structure noted in Figure 2.2 where X = C2-, N- or O while Y = NR, O or S, have 

been studied and discussed in literature.30–33 The central fragments of these ligands, noted 

as X in the general structure, are known to be isoelectronic to each other. Isoelectronic 

fragments are typically observed in organometallic and metal-organic chemistry to show 

similar modes of bonding and therefore similarities in structure and chemistry.19 In the 

literature the ligands X(R2PY)2, (X = C2- or N-), are typically derived from the protonated 

neutral ligand precursors of the same structure wherein X = H2C or HN.34–38 

 

 

Figure 2.2: General molecular diagram for di-λ5σ4-phosphorane structure.  
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In all the complexes of ligands with the structure as given in Figure 2.2 chelation 

to the metal centre through the fragments on the Y site is always present.39 This is typical 

of lanthanide complexes as chelation is favoured thermodynamically. The bonding nature 

of this chelation follows the preference for hard electron donors as described in Section 

2.1 previously. The same is therefore expected for the central N- and O fragments where 

these too are reasonably hard Lewis bases. Therefore the lanthanide complexes of the 

ligands X(R2PY)2, having X = N- or O, are noted as being metal-organic complexes that 

should follow the typical lanthanide behaviour as outlined in Section 2.1. 

Unlike these analogues, the ligands X(R2PY)2, with X = C2- , have been shown to 

form carbenes of the type, [C(R2PY)2]
2-, where Y = NR or S.7,9,40–42 These carbene 

complexes have been established for the lanthanides with the central methandiide group 

forming an Ln=C bond with the coordinated carbon. Therefore not only is this group of 

ligands interesting in that they form organometallic lanthanide compounds, unlike the 

previously discussed analogues, but they also form one of only two major groups of 

lanthanide carbene complexes as yet published in literature. These complexes not only 

showed the consistent formation of these carbene species but have also been shown to be 

useful in synthesis, catalysis and reaction initiation.43–46 However, these lanthanide  

carbenes are known  to  be more air and moisture sensitive than the analogous compounds 

previously discussed thus making their synthesis and use difficult.30,31 Given that the 

synthesis of these carbene complexes require knowledge of organometallic lanthanide 

chemistry and that these are of interest in a  greater number of fields then the two previous 

analogous groups the review of this chemistry and these compounds is given in greater 

detail.  

 

2.3. Organometallic lanthanide compounds  

 

2.3.1. Lanthanide cyclopentadienyl and anionic aromatic ligand complexes 

 

Some of the earliest reported organometallic lanthanide complexes are the 

cyclopentadienyl (Cp-) lanthanide complexes with the formula Ln(C5H5)3 or Ln(Cp)3 as 

described by Wilkinson and Birmingham in 1954.5 These, apart from the cerium based 

complex, were found to be reasonably stable in air but all were moisture sensitive. Further 

work gave details into the physical and chemical properties of these complexes, such as 



8 

 

a sublimation temperature in the region of 150-260 ℃ at 10-4 mmHg and their reaction 

with FeCl2 which produces ferrocene and the lanthanide chloride, as is the case with 

Group 1 and 2 cyclopentadienyl complexes.47  From this early research of the chemical 

properties of these cyclopentadienyl complexes of the lanthanides it is clear that the 

bonding for the Ln(Cp)3 is mostly ionic, in the form cation-π interactions, as seen in 

various alkaline and alkaline earth metal complexes.48 This is in contrast to the 

cyclopentadienyl complexes of the transition metals which are bonded covalently through 

the nd orbitals overlapping with the π orbitals of the anion ligand, Cp-.20  

Unlike complexes of the cyclopentadienyl ligand most of the well-known 

pentamethylcyclopentadienyl (Cp*-) complexes do not have the Ln(Cp*)3 structure. This 

ligand was first used in the synthesis of lanthanide compounds by Schumann and 

colleagues for compounds with a structure of Cp*2Ln(μ2-Cl2)AL2, (as shown in Figure 

2.3) where Ln indicates the entire lanthanide series, A = Li, Na or K and L = diethyl ether, 

THF or dimethoxyethane (DME).49 These complexes have proven themselves as being 

some of the most versatile organolanthanide starting reagents. Through salt elimination 

a number of other adducts may replace the [ACl2L2]
- fragment with other ligands. This is 

commonly used in order to produce new reagents.50 Unlike the Ln(Cp)3,  the Cp*- ligand 

was initially thought to be too bulky to form the Ln(Cp*)3 compound group.51 However 

this structure is known for the early lanthanides, from lanthanum to samarium and 

gadolinium. These were synthesised from the reaction of the [Ln(Cp*)2][B(C6H5)4] with 

K+Cp*- in benzene.52,53 Apart from this, complexes containing the 

di(pentamethylcyclopentanienyl)lanthanide(III) moiety are most common with a third 

and possibly fourth ligand, as with the dichlorides mentioned earlier.51  These ligands 

become the main reaction centres of many of the compounds described, leaving the Cp*- 

ligands in a spectator role or controlling kinetic factors towards compound reactivity.  

 

A

CH3

CH3

CH3

CH3
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LnCH3
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CH3

CH3

CH3
Cl

Cl L

L

 

Figure 2.3: Structure of Cp*2Ln(μ2-Cl2)AL2 complexes. 
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Other substituted cyclopentadienyl ligands have been widely studied and 

comprise one of the major sections of organolanthanide chemistry.6,54 Studies range from 

the application of other sterically demanding substituents to substituents which increase 

the hapticity of the ligand. Sterically demanding substituents were used in numerous 

reactions, one example being that of trimethylsilyl-cyclopentadienyl (Me3SiC5H4
-) which 

was used to isolate a number of Ln2+ (where Ln = Pr, Gd, Tb or Lu) cations through the 

reduction of the Ln(Me3SiC5H4)3 by potassium to form a potassium salt with the  

[Ln(Me3SiC5H4)3]
- anionic complex.55 Similarly trimethylsilyl-

tetramethylcyclopentadienyl (Me3SiC5Me4
-) has been used in a large number of 

precursors of the general formula Ln(Me3SiC5Me4)L2 in the synthesis of a number of 

lanthanide clusters.56,57 The very bulky ligand (4-nBu-C6H4)5-cyclopentadienyl was also 

used in a similar fashion, whereby truly sandwich-like cyclopentadienyl-lanthanide 

compounds were synthesised for the well-known divalent Sm2+, Eu2+ and Yb2+.58  

Research has also been published regarding cyclopentadienyl ligands of increased 

denticity, through independently coordinating substituents. Apart from numerous clusters 

prepared recently, the formation of the simple complexes of the structure 

[(Me2NC6H4C5H4)LnY2], where Ln = Nd, Sm, Gd or Dy and Y = BH4
- or C3H5

- have 

been described; these are of interest as catalysts.59,60 The borohydride derivative was 

shown to catalyse the polymerisation of methylmethacrylate,59 while the allyl complex 

was shown to catalyse the polymerisation of isoprene discriminating in favour of the 1,4-

cis structure of the polymer.60 

To the present day the synthesis and reactions of cyclopentadienyl and 

pentamethylcyclopentadienyl lanthanide complexes are a foundation block of 

organolanthanide chemistry.50 These cyclic aromatic ligands are usually used as spectator 

ligands as they themselves are not known to react with many compounds.6,54 They also 

tend to act as protecting groups which allow the reaction of the lanthanides on other sites 

typically occupied by other reactive ligands. This therefore leads to their popularity in 

many organometallic lanthanide complexes which contain other ligands which are of 

greater chemical interest. However, they are also easily replaced by stronger Lewis base 

ligands such as amines, alkoxides and aryloxides.50  
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2.3.2. Lanthanide arene complexes 

 

Lanthanide arene complexes, wherein the complex contains a neutral arene 

derivative are known and these have a basic structure as shown in Figure 2.4. As with the 

cyclopentadienyl lanthanide complexes the bonding in lanthanide arene complexes is 

known to be mainly ionic cation-π interactions.50 

 

Ln

 

Figure 2.4: Basic structure of lanthanide arene bonding. 

 

An early lanthanide arene was synthesised and characterised by Cotton and 

Schowtzer in 1986: this being the [Sm(η6-C6(CH3)6)(AlCl4)3].
61 This contained the Sm3+ 

cation bound to the neutral and electron rich hexamethylbenzene (C6(CH3)6) in bonding 

similar to that of cyclopentadienyl complexes and AlCl4
- which causes the formation of 

a Lewis acid electron deficient metal centre.50 Other early examples of rare earth arenes 

are the Ln(η6-(tBu)3C6H3), where Ln = Y(0) or Gd(0). These are more electron rich metal 

centres having a valency of 0.62 It is interesting to note that in the case of Gd(0) the 

presence of the filled 6s2 and possibly 5d1 orbitals allows bonding with the weaker Lewis 

base (tBu)3C6H3.  

The latest work on lanthanide arene complexes deals mainly with complexes of 

trivalent and divalent lanthanide centres in which the arene ligand is not only bound by 

the cation-π interactions but by coordination through mainly N bonding moieties. Such 

ligands have been seen in the form of amidinate, guanidinate and triazenide compounds 

wherein the N moieties bind in a single bond to the metal centre while the arene moiety 

binds to the centre by cation-π interactions.63–65 In most cases the lanthanide centres are 

divalent, typically Eu2+, Sm2+ and Yb2+.63–65 Other later work saw the synthesis and 

characterisation of a number of arene compounds which lacked denticity through 

substituents, as with the ligands mentioned previously. A number of boratabenzene 

derivatives were found to form stable lanthanide arenes with trivalent Sm, Dy and Lu.66 

A complex with 1,3,5-trimethylbenzene in the form of (1,3,5-Me3C6H3)Ce(N(C6F5)2)3 

has also been published, having a metal centre (Ce3+) with a primary coordination sphere 

which is saturated with bulky ligands, namely Ce(N(C6F5)2)3.
67 
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2.3.3. Lanthanide allyls 

 

This is a well-known group of lanthanide organometallic compounds that contain 

ionic bonding to allyl groups. Like the cyclopentadienyl ligands these are mainly 

encountered as spectator ligands and act directly in reactions only on rare occasions.54 

Numerous lanthanide allyl complexes have been synthesised, from the early [Li(1,4-

dioxane)n]
+[Ln(η3-C3H5)4]

- (where Ln = Ce, Nd, Sm, Gd or Dy and n = 2)68,69 to the more 

recently synthesized compounds [(1,7-Me2TACD)RE(η3-C3H5)]2 and [(1,7-

Me2TACD)RE(η3-C3H5)2K(THF)]n, where RE = Y or any lanthanide and  1,7-Me2TACD 

is the chelating agent 1,7-dimethyl-1,4,7,10-tetraazacyclododecane:70 the polymeric 

compound being used in the synthesis of a number of hydride clusters.70 The hydride 

prepared from the lanthanum (III) complex showed catalytic activity in the 

dehydrogenation of (H3C)2NH·BH3 to the cyclic dimer ((H3C)2NBH2)2.
71 Catalytic 

activity of lanthanide allyl complexes is also known although not as widespread; such as 

in the case of the polymerisation of 1,3-butandiene by the complexes [Ln(η3-

C3H5)2(THF)3][B(C6X5)4] and [Ln(η3-C3H5)(THF)6][B(C6H5)4]2 (where Ln = La or Nd, 

while X = H or F) in the presence of trisisobuthylaluminium.72 

 

2.3.4. Lanthanide – carbon σ bonds 

 

Ln–C σ bonds, although not as stable as the dispersed ionic bonding of the 

cyclopentadienyl, pentamethylcylopentadienyl and allyl lanthanide compounds became 

known recently in the field of organometallic lanthanide chemistry. These bonds although 

considered to be σ single bonds have a high ionic character, as would be expected for 

lanthanide compounds. The simplest ligand that can form such a bond is the methyl 

ligand, which is mainly known in the compound group [Li(L)]3[Ln(CH3)6], where L = 

tetramethylethylenediamine (tmed) or 1,2-dimethoxyethane and where Ln represents the 

majority of the lanthanides.73,74 In the same studies the Ln–C σ bond was also established 

for the heavy lanthanides and the tert-butyl ligand in the compounds 

[Li(tmed)2][Ln(tBu)4] (where Ln = Tb or Lu) and [Li(Et2O)4][Er(tBu)4].
73 These are all 

thermally unstable. It should be noted that the methyl anion also has a tendency to form 

clusters with lanthanides, a characteristic  which is also common for other alkyls, both 

with the lanthanides and the Group 1 and 2 metals.2 
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The most common ligand that bonds to lanthanide centres in a σ bond is the 

bis(trimethylsilyl)methyl fragment; used mainly in starting reagents for organolanthanide 

reactions.2,50 The neutral tris(bis(trimethylsilyl)methyl)lanthanide(III) with a formula of 

Ln(CH(SiMe3)2)3 is known for many of the lanthanides and has a pyramidal structure. 

These complexes are prepared mainly by the reaction of bis(trimethylsilyl)methyl lithium 

with the respective [Ln(OC6H3(tBu)2-2,6)3], through a metathesis reaction.75–77 It should 

be noted that lanthanide compounds containing the bis(trimethylsilyl)methyl ligand are 

also well known in lanthanide complexes with other groups such as halides. The main 

interest of these compounds arises from their use as starting reagents, these being soluble 

in non-polar solvents.75 These compounds are all air and moisture sensitive.  

Phenyl and phenyl-based ligands are also well known. A recent addition to this 

group are the tribenzyl lanthanide(III) complexes of the structure Ln(CH2C6H5)3(THF)3 

(where Ln = Y, La, Ce, Pr, Nd, Sm, Gd, Dy, or Er) which have also shown strong basicity 

of the ligands and acid-base reactivity of the said ligands to produce other 

organolanthanide compounds.9 Earlier phenyl ligands typically contained secondary 

substituent moieties which allowed the phenyl ligand to bind to the metal centres with 

greater denticity. One such example arises from the heavy lanthanide complexes of the 

ligand, [o-(Me2NCH2)C6H4]
- with the simple composition of Ln(o-(Me2NCH2)C6H4)3 for 

Ln = Er3+, Yb3+ or Lu3+,15 as given in Figure 2.5. 

 

C
-

NMe 2

C
-

NMe 2C
-

NMe 2 Ln
3+

 

Figure 2.5: Structure of compounds Ln(o-(Me2NCH2)C6H4)3.15 

 

This phenyl ligand was attested recently as a starting reagent for the preparation 

of the lanthanide complexes of the cyclopentadienyl derivative ligand, cyclopentadienyl-

N-silyl tri(tert-butyl)phosphazene, a cyclopentadienyl ring stabilised by a single –

Si(Me)2N=P(tBu)3 fragment.16 A series of complexes similar in structure to the 
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aforementioned compound but that bond entirely by Ln–C σ bonds was prepared by using 

a series of triphenylphosphine ylide derivatives with the molecular structure given in 

Figure 2.6.78 In this case the ligand bonds to the lanthanide centre via the two anionic 

carbons shown in Figure 2.6, namely the methylene carbon and the deprotonated phenyl 

carbon. 

 

C
-

P
+

C
-

R

R

 

Figure 2.6: Basic structure of the triphenylphosphine ylide derivatives, where R = H, alkyl of C 1-

10, phenyl or trimethylsilyl. 

 

The molecular structure of the complexes, which is known for all the lanthanides, 

is homologous to that of the Ln(o-(Me2NCH2)C6H4)3.
78 Although this increased denticity 

is common,  Ln-C(phenyl) σ bonds are also known for the Yb(II) complexes of 

pentafluorophenyl (C6F5
-), namely the octahedral Yb(II)(C6F5)2(THF)4 and the distorted 

square pyramidal [Yb(C5Me5)(C6F5)(THF)3].
17 In both cases the presence of the fluorine 

atoms act to stabilise the bonding through electrostatic interactions between the 

lanthanide and fluorine.17 

Ln-C σ bonds are also known for a number of deprotonated alkynes. One such 

case are the two analogous lanthanide compounds of the structure 

Ln(dippform)2(CCPh)(THF), where Ln = Nd3+ or Sm3+, dippform = 2,6-

diisopropylphenylformamidinato ligand and CCPh = deprotonated phenylacetylene.79 

Otherwise the majority of alkyne compounds remain clusters.80 

 

2.3.5. Other Ln to C bonding 

 

Other organolanthanide compounds having different bonding than that mentioned 

previously in Section 2.3 are also known but to a lesser extent. The group which is dealt 

with in the current study, the lanthanide carbenes, are one such group, with details given 

in Section 2.6. Other groups which are of interest are lanthanides π bonded to alkene and 
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alkyne ligands. The most interesting of these compounds are all ytterbium(II) complexes 

which are therefore electron rich as compared to other lanthanide ions. In the case of 

alkene bonding two compounds are known (Me5C5)2Yb(μ2-C2H4)Pt(PPh3)2 and 

[Yb[C(SiMe3)2(SiMe2CH=CH2)]I·OEt2]2.
81,82 In the former case the bonding is preserved 

by electron donation to the olefin from the electron rich Pt(0).81 In the latter case the 

bonding of the alkene group is maintained by the Ln-C σ bond binding the ligand to the 

centre at the tris(trimethylsilyl)methyl C.82 A more stable complex was formed with the 

alkyne 2-butyne (MeC≡CMe) in the form (Me5C5)2Yb(μ2-MeC≡CMe), wherein unlike 

the former two complexes no additional stabilisation was required.83 The interest of these 

compounds is mainly due to the ability of cation-π interactions on such small and non-

delocalised π donors and the conditions that facilitate such bonding. 

 

2.4. Introduction to carbenes 

 

Metal carbenes are organometallic complexes with at least 1 organic carbene 

ligand. Carbenes are neutral ligands with a central C atom having 6 outer electrons and 

two substituents as given in the structure shown in Figure 2.7(a). The non-bonding 

electrons localised on the central carbon define the nature and reactivity of these species. 

These electrons occupy the frontier orbitals of the molecule, which for the common bent 

C2v symmetry, are the σ and pπ orbitals.84 There are two categories of organic carbenes, 

namely those in the singlet and in the triplet ground state. The main difference between 

these two states lies in the configuration of the two non-bonding electrons in the σ and pπ 

orbitals. In the singlet state the non-bonding electrons are paired in the lower energy σ 

orbital. In the triplet state the two electrons are equally distributed between both orbitals 

and are not spin-paired.84 These electron configurations are given in Figure 2.7(b). 
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Singlet Triplet

p

b. 

Figure 2.7: a. Basic structure of an organic carbene, b. Electron configuration of the non-bonding 

carbene electrons for the singlet and triplet states. 
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Commonly the state obtained is dependent on the electronegativity of the 

substituents R1 and R2. When the substituents are σ-electron donating, as with alkyl 

groups, the triplet state is favoured while σ-electron withdrawing substituents, such as      

-OR and -NR2 groups, favour the singlet state. Exemplar Molecular Orbital (MO) 

diagrams (in C2v symmetry) for the singlet and triplet state carbenes, as shown in Figure 

2.7(b), are given in Figure 2.8(a) and (b) respectively. In Figure 2.8 the substituents R1 

and R2 are considered identical, thus given as X. The molecular orbitals a1 and b2 relate 

to the simple bonding orbitals between the substituents and the central carbene carbon 

and are not discussed further hereunder. The orbitals given in Figure 2.7(b) are clearly 

shown in both MO diagrams in Figure 2.8 as the pπ(b1) and the σ(a1) orbitals. 

 

   

Figure 2.8: MO diagrams of carbenes having a. σ-electron withdrawing substituents, b. σ-electron 

donating substituents.84 

 

The orbital which contributes most towards the properties of the carbene is the 

σ(a1) orbital. It is clear in Figure 2.8 that the most important difference between singlet 

and triplet state carbenes lies in the energy level of this orbital. If there is no interaction 

between the substituent a1 bonding orbitals and the C 2p orbitals not contributing to the 

molecular b2 bonding orbital, a species where these two C 2p orbitals remain 

energetically degenerate is obtained. Due to the energetic degeneracy of these C 2p 

orbitals the two non-bonding electrons are distributed between both orbitals and are not 

spin-paired; forming a triplet ground state. However, most substituents show interaction 

of the substituent a1 bonding orbitals with the symmetrically relevant C 2p orbital forming 

the σ(a1) orbital and leaving the remaining C 2p orbital as the pπ(b1) orbital. Typically, 

a. b. 
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electronegative species show a preference towards the increased perturbation between s 

(such as the substituent a1 bonding orbitals) and p orbitals. Therefore, on transitioning 

from σ-electron donating to more electronegative σ-electron withdrawing substituents the 

σ(a1) orbital will contain a greater s character.  

As the s character of the σ(a1) orbital increases this shifts to lower energy levels 

causing an increase in the energy difference between the σ(a1) and the pπ(b1) orbitals 

(ΔEσ-p) and therefore a loss of energetic degeneracy between these two orbitals. If ΔEσ-p 

is greater than the pair repulsion energy a singlet state is favoured causing the σ(a1) orbital 

to become the new Highest Occupied Molecular Orbital (HOMO). In the presence of      

σ-electron donating substituents, where the perturbation is less intense, the ΔEσ-p is 

smaller than the pair repulsion energy, as shown in Figure 2.8(b), and triplet states are 

favoured. For σ-electron donating groups a less bent geometry is also favoured. 

Of greater interest in the current study is the effect of p orbitals and π bonding on 

bonding in the organic carbenes. Two types of substituents occur, π-electron donating 

and π-electron withdrawing, both of which are known to stabilise carbenes through the 

mesomeric effect.85  π-electron donating substituents stabilise the pπ orbital through the 

mesomeric effect by bonding with the said orbital. From a MO perspective the relevant 

p or π orbitals of these π-electron donating substituents overlap with the pπ orbital to form 

an occupied b1 bonding orbital of an energy level below that of the σ orbital. 

Simultaneously the anti-bonding pπ(b1) orbital is formed at a higher energy than the 

original un-perturbed pπ orbital. The σ orbital remains the HOMO while the anti-bonding 

pπ(b1)  orbital obtains a higher energy thus making it the Lowest Unoccupied Molecular 

Orbital (LUMO) as given in Figure 2.9. This system retains a singlet state, since the 

majority of substituents which are π-electron donating are also σ-electron withdrawing.  

 

 

Figure 2.9: Section of a general MO diagram for a carbene having π-electron donating substituents. 
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On the other hand a smaller group of carbenes with π-electron withdrawing p 

orbitals, mostly of elements or their fragments which are more electropositive than 

carbon,86 hold a linear geometry of triplet carbenes but the carbene is stabilised by the 

mesomeric affect with bonding between the σ orbital and the relevant unfilled 

substituents’ p orbitals. This produces a singlet carbene by lowering the energy of the σ 

orbital without the increase in hybridisation with the C 2s and the substituent ns orbitals.84  

 

2.4.1. N-heterocyclic carbenes 

 

N-heterocyclic carbenes (NHCs) have the general molecular structure as shown 

in Figure 2.10. NHCs are also known as Arduengo carbenes although these were first 

reported by Öfele in 1968.87 Arduengo published the synthesis and characterisation of the 

first stable NHC, 1,3-di-l-adamantylimidazol-2-ylidene,88 in 1991. Since this early work 

NHCs have been studied extensively with regards to their stability, structure, 

complexation, reactivity and catalytic behaviour. NHCs were in fact the first carbenes to 

form carbene complexes with lanthanides to be characterised and published.89  
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Figure 2.10: General structures of NHCs or Arduengo carbenes. 

 

The two main factors that give rise to the stability of NHC compounds are the      

σ-withdrawing effect and π-donating effect of the N atoms.88 The σ-withdrawing effect 

of N atoms has been shown to be the most important factor in numerous theoretical 

investigations.90–94 The overall stability of the many NHCs has been shown to be mainly 

due to the energy difference between the singlet carbene as opposed to the triplet carbene 

(ΔEσ-p).
95 The increase in ΔEσ-p for NHCs arises from the bonding of the un-perturbed pπ 

orbital to the relevant occupied p or π orbitals of the π-electron donating substituents as 

described in Section 2.4 previously.  
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The synthesis and characterisation of the acyclic bis(di-isopropylamino)carbene 

by Alder and co-workers showed that the cyclic and unsaturated groups are not necessary 

for the preparation of thermodynamically stable NHCs.96 This therefore indicates that it 

is indeed the presence of the heteroatoms that stabilises the carbenes through both               

σ-withdrawing effects and π-donating effects of N atoms. 

 

2.4.2. Heteroatomic λ5-phosphane or phosphorane stabilised carbenes   

 

In the case of the iminophosphorano, thiophosphinoyl and phosphonate 

compounds the carbenes are described as carbanions with the general molecular structure 

given in Figure 2.11.97 Unlike the stabilisation of NHC compounds, the phosphorus 

moieties do not stabilise the carbene through σ-electron withdrawing and π-electron 

donating effects.98 The latter effect is not noticeable due to the fact that the energetic 

barrier towards planarization in the three coordinated phosphorus is higher than that for 

the three coordinated nitrogen,99,100 and this does not allow for the conjugation of any 

lone pairs. It should be noted that planarization of the three coordinated phosphorus is 

possible under strict conditions.100 The lack of stabilisation by σ-electron withdrawing 

and π-electron donating effects is true for both the three coordinated phosphorus 

compounds and the four coordinated phosphorus atoms.  
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Figure 2.11: General structure of λ5-phosphane stabilised carbenes, where X = NR, O or S. 

 

Although this is the molecular structure for most of the metal carbenes used in the 

current study, earlier studies were undertaken using single λ3-phosphane carbenes, with 

the earliest example being the carbene produced from the precursor  

[bis(diisopropylamino)phosphino](trimethylsilyl)diazo-methane.101 This compound and 

a number of phosphinosilyl analogues, have been shown to be only somewhat stable 

while their respective carbenes were found to be more stable. Later work saw the 

replacement of the silyl groups with phosphonio groups (-P+R3). However these showed 
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little difference from the activity of the silyl groups as both acted as π-withdrawing 

groups,102 in contrast to the π-donating phosphino groups. It is of interest to note that this 

withdrawal occurs from the carbene lone pair to the σ* orbitals of the Si–C and P–C 

respectively, by the process of negative hyperconjugation.103 This is an important feature 

in the stabilisation of λ5-phosphane carbenes which will be discussed further on. It should 

be noted that this early work indicated that the ΔEσ-p was far smaller for the NHCs due to 

the energy barrier for planarization around the phosphorus atom as described earlier in 

this section.104 Various reasons have been given in numerous studies for the stabilisation 

of   λ5-phosphane carbenes, the main ones being listed below:105 

 

 Electrostatic interactions 

 dπ-pπ interactions  

 negative hyperconjugation  

 high polarizability of the Y elements (where the Y heteroatoms are bonded to the 

phosphorus) 

 

Today the stabilisation of these compounds has been linked mainly to the negative 

hyperconjugation of the phosphorus atom in the molecule and polarization effects.84 This 

stabilisation can be interpreted by the resonance hybrid system typical of phosphonium 

ylides as given in Figure 2.12.106 
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Figure 2.12: Phosphonium ylide resonance hybrid structures. 

 

This resonance hybrid for the phosphonium ylides can also be applied for 

compounds with the same molecular structure for all elements in Groups 5 and 6.106 If 

the phosphorus analogue has a greater electronegativity than carbon (nitrogen and 

oxygen) the compound is found to be electrostatically unstable. Otherwise the ylide 

structure is preferred to various degrees, stabilised by electrostatic and negative 

hyperconjugation effects.106 This has led to studies on the stabilisation of simple anions 
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of the type R1R2PCH2
-, wherein the two groups on the phosphorus act to increase the 

stability of the anion by decreasing the partial charge difference and increasing negative 

hyperconjucation.105,106 

This also applies for the stabilisation of carbanions and also for the stabilisation 

of the dianions from which various metal carbenes are prepared. In fact it has been shown 

that not only is it unnecessary for the carbene molecules to have two λ5-phosphane 

moieties but that it is possible to use different moieties to achieve differing chemical 

properties.97 In general the dianions take on the molecular structure given in Figure 2.13 

wherein the negative charge is distributed over the methylene carbon and the heteroatom 

linked to the phosphorus, while the phosphorus maintains a positive charge.  
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Figure 2.13: Electronic structure of the λ5-phosphorane stabilised geminal dianions.98 

 

Since the methylene dianion is stabilised in such a way, the formal bond number 

of the P=X bond decreases as the anti-bonding, σ*, orbital is occupied, leading to an 

increase in the P–X distance and a localisation of electron density on the respective 

heteroatom, X.98   

In terms of bonding with transition metal centres, a simple description is depicted 

in Figure 2.14. In the free state the compounds are dianions and in theory the two carbene 

orbitals σ and pπ are fully filled and both act as donor orbitals with no back bonding.97 

For the transition metals the bonding of the pπ orbitals with metal centre orbitals acts 

against the stabilisation of the same orbital by negative hyperconjugation, this being both 

an interesting and problematic feature of these complexes. This can be better explained 

using Figure 2.15.107 Therefore it is the balance of these features that provides the stability 

of the metal complexes in the case of the transition metals.  

This molecular and orbital structure is however the main reason why such 

compounds are useful in the synthesis of non-transition metal carbenes, such as for Group 

1 and 2 metals,108–110 the lanthanides, actinides and early heavy p-block elements.111–113 

In the first four groups the double donor ability is necessary since all the metal centres 
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involved have a greatly diminished ability to donate electrons.2 In the case of these groups 

the pπ donating capability must be enhanced in order to stabilise the M=C bond but the 

stability of the dianion must not be diminished drastically so as to maintain ionic and 

chelating bonding with the metal centres. This is also a significant challenge to the 

synthesis of such carbenes. 

 

 

Figure 2.14: MO diagram for the bonding of the λ5-phosphane carbenes with transition metals.97 

 

Figure 2.15: Two main carbene stabilisation structures for the bonding of pπ with transition metal 

centres.107 

 

Independent to all of this, it should always be kept in mind that these dianions, 

although frequently depicted as formally having M=C bonds to metal or metalloid 

centres, have a π bond which is very polarised. Numerous studies for a number of centres 

have shown that the π bond orbitals are centred on the dianion carbon with relatively 

small contributions from the metal centres’ orbitals.10,114,115 It should be noted that 

although these dianions are mainly used in the synthesis of compounds containing the 

M=C bond,107,109,110,112 since the ligands are geminal dianions they have shown the 

capability of producing a number of clusters.108–110   
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2.4.3. Synthesis of λ5σ4-phosphorus stabilised carbenes 

 

 Synthesis of iminophosphorane geminal dianions 

 

Two major synthesis routes are used for the preparation of the molecules of 

bis(diphenyliminophosphorano)methane analogues.31 These are the phospha-Staudinger 

and Kirsanov methods.31 

 

2.4.3.1.1. Phospha-Staudinger method 

 

This is one of the earliest synthesis routes used for the production of 

iminophosphorane geminal dianions by the reaction of 1,1-diphenylphosphinomethane 

(dppm) with trimethylsilyl azide to form bis(diphenyl-N-trimethylsilyl 

iminophosphorano)-methane, as published by Appel and Rupert in 1974.34 This reaction 

was also applied to 1,2-diphenylphosphinoethane and 1,3-diphenylphosphinopropane 

and in general yielded positive results. The reaction is given in Scheme 2.1: 
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Scheme 2.1: Synthesis of bis(diphenyl-N-trimethylsilyliminodiphenylphosphorano)methane.34 

 

The reaction was undergone by reacting dppm and trimethylsilyl azide in a 1:2.5 

ratio.34 This method is transferable to a number of other organic azides, like 2,4,6-

trimethylphenyl (2,4,6-Me3C6H2), 2,6-diisopropylphenyl (2,6-(iPr)2C6H3 or DIPP) and 

the adamantyl azides.116 The main setback that this synthesis encounters is the stability 

of the azide reagents which can vary from stable to explosive.31 The mechanism for the 

formation of triphenyliminophosphoranes via this synthesis method is given in the 

Scheme 2.2: 
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Scheme 2.2: Mechanism for the formation of triphenyliminophosphoranes.117 

 

2.4.3.1.2. Kirsanov method 

 

The Kirsanov method is another method used for the preparation of 

iminophosphorane geminal dianions, which was initially published as far back as 

1950,36,118 with further work from the same author in 1954,99 1956 and 1957.119 The 

original synthesis and it’s numerous variations were expanded on in various 

publications.119,120 In all variations of this reaction a phosphorus(V)halide or a 

phosphorus(V)organohalide is reacted with an organic amine to prepare an 

iminophosphorano as the final product, as shown in Schemes 2.3 and 2.4.  

 

PX5 + RNH2  X3P=NR + 2 HX 

Scheme 2.3: Reaction of phosphorus (V) halides published by Kirsanov in 1954.99 
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Scheme 2.4: Preparation of triphenyliminophosphorane analogues through the modified Kirsanov 

route as first published by Horner and Oediger and expanded on by Zimmer and Singh.117,119,120 

 

The Kirsanov method was extended to the preparation of 

bis(diphenyliminophosphorano)methane analogues as a multiple step reaction pathway 

by Demange and co-workers.36 It seems that although the preparation of these compounds 

requires multiple steps it is more versatile than other methods published prior, again 

mainly due to the stability, or lack thereof, of the organic azides required.  
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In this study dppm was used as the main phosphorus containing starting reagent. 

The first step was the bromination of dppm in dichloromethane in a 2:1 ratio, to prepare 

the necessary halide to continue through the Kirsanov route. The product [dppmBr2
+]  

[Br-]2 was than obtained as a white precipitate. The second step was the reaction with the 

relevant amine. For the aliphatic amines iso-propylamine and (S)-2-methyl-butylamine, 

reaction with [dppmBr2
+][Br-]2 required tributylamine whereas for aniline tri-buytl amine 

was not required. In all cases the reaction of the [dppmBr2
+][Br-]2 gives 

aminophosphonium salts as products, of the general formula [CH2(P
+–NHR)2][Br-]2, with 

the structure shown in Figure 2.16. 
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Figure 2.16: Aminophosphonium salt product of the Kirsanov reaction for dppm with RNH2.36 

  

The aminophosphonium salts were then used to easily synthesize a number of 

compounds, ranging from the bis(diphenyliminophosphorano)methane compounds to 

numerous anionic species of these compounds by reacting with methyl lithium at 

different stoichiometry.36 The neutral bis(diphenyliminophosphorano)methane 

compounds were synthesised by the reaction with 2 equivalents of methyl lithium.              

3 equivalents and 4 equivalents of methyl lithium with [dppmBr2
+][Br-]2 gave the lithium 

stabilised mono-anion and dianion respectively. All of these reactions are shown in 

Figure 2.17.  

These derivatives of the various bis(diphenyliminophosphorano)methane 

compounds can be used as the starting point for geminal dianion based lanthanide 

carbenes.31  
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Figure 2.17: The preparation of the various neutral (4a-c), mono-anion (5a-c) and dianion (6a-c) 

derivatives of the bis(diphenyliminophosphorano)methanes synthesised by Demange and co-

workers.36 

 

Buchard and co-workers used a bis(diphenyliminophosphorano)methandiide 

chloride for their work but did not release the synthesis method for the chloride, citing 

the synthesis by Demange.12 The same group also dealt with the same reaction using the 

bromide salt.121 In each case the neutral compound, given in Figure 2.17 as 4a-c, was 

collected and stored but was not used to prepare the various charged compounds.36 In this 

study the charged compounds were only prepared from the salts indicated by 2a-c in 

Figure 2.17.36  

The double deprotonation of the neutral compounds in this group requires a 

considerable amount of reaction time and is carried out in the presence of strong bases.98 

The deprotonation of these compounds has been undergone using strong bases such as 

methyl lithium,30,97 n-butyl lithium,97,122 potassium bis(trimethylsilylamide) 

(KHMDS)12,40 and respective lanthanide benzyls.9,41,115 All of the species mentioned 

above have been used in the synthesis of various organometallic complexes. 

 

 Synthesis of thiophosphinoyl stabilised carbenes 

 

A common member of the thiophosphinoyl stabilised carbenes is 

bis(diphenylphosphino)methane disulphide or bis(diphenylthiophosphinoyl)methane, 

which is presented in Figure 2.18. 
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Figure 2.18: Structure of bis(diphenylthiophosphinoyl)methane from SXRD data, 30% probability 

displacement ellipsoids.35 

 

 Since sulphur cannot bond with further organic moieties, substitutions like those 

noted in Section 2.4.3.1 for iminophosphoranes cannot be undergone, limiting the tune-

ability of the chemical properties of this compound and other members of this group in 

general.97 The reaction is the reduction of sulphur in the presence of and by the 

bis(diphenylphosphino)methane or respective analogues.31 The synthesis of this 

compound was published very early on by Carmalt and co-workers in 1996.35 The simple 

reaction is presented in Scheme 2.5: 

 

CH2(PPh2)2(sol) + 2S(s)  CH2(PSPh2)2  

 
Scheme 2.5: Synthesis of bis(diphenylphosphino)methane disulphide by the oxidation of dppm with 

sulphur. 

 

The synthesis included the reaction of elemental sulphur with 1,1-

diphenylphosphinomethane (dppm) in a toluene solution at a molar ratio of 2:1 at room 

temperature. The compound was obtained as a crystalline solid, in a quantitative yield.35  

It is in fact this compound that is most widely used in synthesising the M=C bond 

containing compounds dealt with in this field of study.8,98,123   

The dianion can easily be obtained by the reaction of the thiophosphinoyl with 2 

equivalents of methyl lithium under the appropriate conditions.124 It appears that detailed 

study in the phenyl substituted analogues of bis(diphenylthiophosphinoyl)methane in 

coordination compounds is much less explored.98 The dianion and the monoanion can 

both be formed by the reaction of bis(diphenylthiophosphinoyl)methane with methyl 

lithium in either toluene or diethyl ether.30  
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2.5. Typical starting reagents for lanthanide carbenes 

 

Synthesis is a mainstay of all organometallic chemistry and as with the majority 

of reactions in synthetic chemistry, this is commonly undertaken in a liquid solution. 

Therefore, the solubility of the reagents and products of a reaction is important in any 

synthesis. A basic ideal of synthesis is that the reagents are soluble in the reaction solution 

since this will allow for the thorough mixture of the reagents at a molecular level, 

although this is not always the case.125,126 The solubility of the reagents in a solvent is 

mainly dependent on what moieties and synthons are available in the solution between 

the solute and the solvent. For ionic and very polar solutes the solvent of choice is 

likewise highly polar while for non-polar compounds, especially large organic 

compounds, non-polar solvents are more efficient.  

Therefore, for organometallic synthesis the conundrum arises in the reaction of 

organic compounds with metal containing reagents. Although organic compounds come 

with a very large variety of moieties and polarities the most common starting reagents for 

many metals are indeed salts, since the electronegativity of many metals is low enough 

to ensure that salt formation with non-metals are very common.2 Since transition metals 

commonly have a higher electronegativity than the Group 1 and 2 metals and the 

lanthanides, they can readily form compounds with soft basic ligands such as 

cyclopentadiene, alkyls and phosphines.19 Rare earth complexes of cyclopentadienes, 

alkyls and phosphines have been synthesised and characterised as well but are not as air 

or moisture stable as the hard ligand complexes.50   

In the case of the lanthanides the most widely available starting materials are the 

ionic oxides, Ln2O3 (where Ln = La, Nd–Lu), LnO2 (where Ln = Ce, Pr or Tb) and Ln6O11 

(where Ln = Pr).19 The main issue with the use of these oxides is that they are insoluble 

in most solvents, including water. The halides are also available, although these are more 

easily prepared in situ from the oxides by the reaction with the relevant acid, especially 

for non-air or moisture sensitive reactions. The nitrates and carbonates can also be 

purchased. In aqueous or highly polar solvents, like alcohols, ethers and DMSO, the 

halides, nitrates and halates are the best starting reagents due to their greater  

solubility.127–133 DMSO is known to form a number of complexes with the lanthanides, 

of the stoichiometry [Ln(DMSO)8]I3 (where Ln = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Er, Lu 

or the rare earth Y), [Ln(DMSO)4(NO3)3] (where Ln = La-Sm or Gd) and 

[Ln(DMSO)3(NO3)3] (where Ln = Ho, Yb and Y).134,135 The former most complexes are 
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prepared by the dissolution of anhydrous iodides in DMSO,134 while the latter two groups 

are synthesised from the reaction of the nitrates in DMSO and crystallisation in a number 

of alcohols and acetonitrile.135 The problem arises in the synthesis of organolanthanide 

compounds in which two restrictions are met, namely:  

 

1) The common instability of the products to moisture, which eliminates the use of 

water as a solvent, solvents containing water and hydrated reagents.  

2) The lack of solubility of many of the organic reagents in highly polar solvents, 

which decreases the homogeneity of the reaction mixture and therefore the rate of 

reaction. 

 

Experimental work on the energetics of the bonding of lanthanide compounds was 

undertaken fairly early on.50,136 The bond disruption enthalpies of a number of samarium 

bonds with various ligands show that the iodides are thermodynamically more labile than 

the other halides and therefore more useful as a starting reagent.136 THF is one of the 

most thermodynamically labile ligands studied and this is seen in a number of reactions 

especially for the sulphur based phosphoranes. Although not studied, the benzyl ligands 

seem to be more labile than the iodides.9 The instability and reactivity of many of the 

lanthanide ligand pairs is also due to the ionic nature of their bonding and therefore is 

undertaken through kinetically favourable paths rather than low disruptive 

enthalpies.50,136  

 

2.5.1. Lanthanide iodide reagents 

 

This section deals with the approach used to mitigate the problems with reagents 

which are outlined above. In many of the studies relating to the synthesis of the lanthanide 

carbenes the iodides are the mostly used starting reagents and therefore will be looked 

into in greater detail.8,10,12,115,123  Along with the iodides, the benzyls and a number of 

other starting reagents have also been used.7,9,115   
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 The preparation of anhydrous lanthanide iodides (LnI3·xH2O, x=0) 

 

The lanthanide iodides, like the chlorides, are very good starting reagents for any 

reaction introducing lanthanide cations into complexes and compounds. In the synthesis 

of air and moisture unstable lanthanide compounds it is important that the starting 

reagents are anhydrous. In the case of the iodides the anhydrous starting reagents are 

either unavailable commercially or very expensive in very small amounts. Therefore in 

most literature it is stated that the anhydrous iodides were prepared within the 

study.10,40,115,137 A number of procedures have been presented in literature for the 

preparation of anhydrous lanthanide iodides. These include the preparations of: 

 

 Anhydrous un-solvated lanthanide iodides138–140 

 Lanthanide triiodide THF solvates 

 Non-THF solvated lanthanide triiodides141–143 

 Lanthanide diiodides144–148  

 

In the current study the main iodide starting reagents used are the tetrahydrofuran 

(THF) solvated lanthanide iodides, which will be discussed in more detail below. 

 

 Lanthanide triiodide THF solvates 

 

These are prepared from the oxidation of lanthanide metals with elemental iodine 

under an inert atmosphere.137 For the now widely used THF solvated lanthanide triiodides 

there are two main chemical structures that divide the lanthanides into two distinct 

groups. These two structures are the neutral complex LnI3(THF)x (where x = 3, 4) and 

the salt complex [LnI2(THF)5][LnI4(THF)2].
10,137,149–157 The simple stoichiometry of the 

latter is usually given as LnI3(THF)3.5. In both cases the iodide anions and the THF 

ligands are bonded in the inner coordination sphere of the lanthanide (III) cations.137,149–

151,157,158 Other THF coordinate complexes are also known.159 The various complexes are 

listed in Table 2.1: 
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Table 2.1: THF solvated Rare Earth triiodides. 

Rare Earth Complexes Structure Notes 

Yttrium (Y) YI3(THF)3.5
137 [LnI2(THF)5][LnI4(THF)2] Similar reactivity 

to lanthanides, 

often included as a 

member of the 

Rare Earths 

Lanthanum (La) LaI3(THF)4,137,150 

LaI2(THF)5I3
159 

LnI3(THF)4, [LaI2(THF)5][I3]  

Cerium (Ce) CeI3(THF)4
10,137  LnI3(THF)4  

Praseodymium 

(Pr) 

PrI3(THF)4
137 LnI3(THF)4  

Neodymium 

(Nd) 

NdI3(THF)4,151 

NdI3(THF)3.5
137,152 

LnI3(THF)4, 

[LnI2(THF)5][LnI4(THF)2] 

 

Promethium 

(Pm) 

N/A N/A Common isotope 

radioactive  

Samarium (Sm) SmI3(THF)3.5
137,153 [LnI2(THF)5][LnI4(THF)2]  

Europium (Eu) N/A N/A Used mainly as the 

EuI2 

Gadolinium (Gd) GdI3(THF)3.5
137 [LnI2(THF)5][LnI4(THF)2]  

Terbium (Tb) TbI3(THF)x
154–156 N/A Studied mainly in 

solution, no XRD 

studies 

Dysprosium (Dy)  DyI3(THF)3.5
137 [LnI2(THF)5][LnI4(THF)2]  

Holmium (Ho) HoI3(THF)x  N/A Studied mainly in 

solution 

Erbium (Er) ErI3(THF)3.5
137 [LnI2(THF)5][LnI4(THF)2]  

Thulium (Tm) TmI3(THF)3.5
137 [LnI2(THF)5][LnI4(THF)2]  

Ytterbium (Yb) YbI3(THF)3.5,157 

YbI3(THF)3
149 

[LnI2(THF)5][LnI4(THF)2], 

LnI3(THF)3 

Both complexes 

known 

Lutetium (Lu) LuI3(THF)x
158  N/A not widely studied 
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As can be seen from Table 2.1 the total CN for the complexes ranges from 6 to 7, 

with the coordination of the trivalent cations with THF ranging between 2 and 5. The 

early lanthanides (La3+, Ce3+, Pr3+ and Nd3+) have been shown to produce complexes 

having a CN of 7 with various ligand compositions.10,137,150–152,159 This is  expected since 

they have the largest ionic radii.160 Neodymium, unlike the first three lanthanides, is also 

known to form the salt structure [NdI2(THF)5][NdI4(THF)2] with a stoichiometry of 

NdI3(THF)3.5.
137,152 This salt structure is also attested for the remainder of the lanthanides 

(from Sm3+ to Yb3+) which have smaller ionic radii than those of the earlier lanthanides. 

In the case of the LnI3(THF)3.5 structure two complex ions were found in compounds, 

with a 7 coordinated cation [LnI2(THF)5]
+ and the 6 coordinated anion [LnI4(THF)2]

-

.137,153,157 The trivalent ytterbium also coordinates in the neutral 6 coordinate complex 

YbI3(THF)3. This is as expected given that it has the smallest radius of the partially filled 

4f orbital cations.149 Therefore, as expected, the published structures of the THF solvated 

lanthanide triiodides follow the trend of decreased coordination due to the decrease in 

lanthanide cation radii. In the salt structure the number of the coordinated iodide and THF 

per complex center indicates that steric factors are also important.  

Although one would assume that terbium and holmium follow the same trend and 

therefore have the structure [LnI2(THF)5][LnI4(THF)2], structural studies such as Single 

Crystal X-Ray Diffraction (SXRD) have not been published.154–156 The THF solvate of 

lutetium triiodide has not been widely studied, with the solid attested as a white insoluble 

precipitate after the suspension of the anhydrous LuI3 in THF being a possible 

candidate.158 The structure is therefore unknown. The rare earth yttrium (Y3+) has also 

shown coordination in the salt structure [YI2(THF)5][YI4(THF)2], as expected given its 

radius.137 

There are various pathways to the synthesis of these complexes, with the most 

practical being published by Izod and co-workers in 2004.137 This procedure was 

undertaken with La, Pr, Nd, Sm, Gd, Dy, Er, Tm and the rare earth Y. In the publication, 

elemental iodine was reacted with a lanthanide metal slurry in dry THF at 0 ℃.137 All 

these iodides were characterised using SXRD. One of the structures that was published 

was that of the gadolinium complex [GdI2(THF)5][GdI4(THF)2], presented hereunder in 

Figure 2.19.  
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Figure 2.19: The structures of the ions in the unit cell of [GdI2(THF)5][GdI4(THF)2] (built in 

VESTA from cif data obtained from the CSD).137 

 

These iodides are partially soluble in ethers and THF but remain insoluble in other 

hydrocarbon solvents, such as benzene, toluene and hexane; giving a suspension rather 

than a solution of the complex. 

The salt [SmI2(THF)5][SmI4(THF)2] was one of the earliest THF solvated 

lanthanide triiodides recorded, synthesised by the oxidation of SmI2, in THF solution, 

using dry oxygen gas.153 The salt produced was formed as a yellow crystalline 

precipitate.153 An orange-yellow isomorphous complex was also synthesised for Yb3+ 

through an oxidation process, as an unintended product.157  

Apart from the method described by Izod and co-workers, another method for the 

preparation of LaI3(THF)4 and CeI3(THF)x has been published. This was undertaken by 

the reaction of the respective metal with iodoethane in THF under reflux.150 The 

preparation of LaI2(THF)5I3 as a red crystalline solid was published in 1997, with the 

reaction of the lanthanum powder with 1,2-diiodoethane in THF.159 Terbium triiodide 

(TbI3) has been used as a reagent in various publications but it is commonly employed as 

the anhydrous form in a THF solution, and crystallographic studies for the solvate have 

not been published.155,156  

 

2.5.2. Lanthanide benzyl complexes 

 

Lately a serious of lanthanide tri-benzyl complexes with a general formula of 

[Ln(CH2C6H5)3(THF)3] (where Ln = La, Ce, Pr, Nd, Sm, Gd, Dy, Er or the rare earth Y) 

were synthesised from the above mentioned iodides by Wooles and co-workers,9 

produced by reacting the THF solvated lanthanide triiodides, described in Section 
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2.5.1.2., with benzyl potassium (KCH2C6H5). These complexes, although containing 

three benzyl rings, are still not fully soluble in toluene and are insoluble in benzene as 

shown in studies where they are used as starting materials for the lanthanide bis(diphenyl-

N-trimethylsilyliminophosphorano)methandiides carbenes,9 [C(Ph2PNSiMe3)2]
2-. 

Ytterbium, on the other hand, produces the salt 

[YbII(CH2C6H5)(THF)5][YbIII(CH2C6H5)4(THF)2] on undertaking the same reaction 

using YbI3(THF)3.5 with the partial reduction of Yb3+ to Yb2+.9  

Structurally these compounds are of interest since the early lanthanide tri-benzyls 

(where Ln = Ce, Pr or Nd) show a hapticity of 2 (η2) on all three benzyl ligands, while 

samarium has only one benzyl with a η2. The lighter lanthanides on the other hand do not 

show this η2 hapticity with simple Ln–C bonds. The three structures are shown in Figure 

2.20. In all cases the products have a fac-isomerism. 

 

 

 

 

 The advantage of these complexes over the triiodides is that during the 

preparation of the lanthanide carbenes toluene is formed as a by-product, rather than as a 

salt which may lead to ligand redistribution reactions and salt occlusion.161 Furthermore, 

it is easier to undertake reactions with the benzyl in that even weak acids, such as the 

protonated iminophosphorano compounds, can remove the ligand while the removal of 

the iodide ion must be undertaken by salt metathesis.41  

In the various lanthanide synthesis with the triiodides and di-benzyl iodides, 

iodide ligands are known to remain in the product with the THF being the first to be 

replaced by the new ligands.41,45,115,123 In the case of the larger lanthanides, the carbene 

synthesis with the tri-benzyls leads to the formation of complexes without benzyl or THF 

ligands remaining in the final product.9 This therefore indicates that the benzyl is a better 
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Figure 2.20: Lanthanide tri-benzyl series [Ln(CH2C6H5)3(THF)3] a)  tri-η2 (where Ln = Ce, Pr or 

Nd) b) mono-η2 (where Ln = Sm) c)  η1 (where Ln = Gd, Dy or Er).9 
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leaving group than the iodide, although THF remains the primary leaving group. This can 

be explained by the Hard Soft Acid Base (HSAB) theory wherein the benzyl ligand is 

softer than the iodide and therefore the bonding with the hard lanthanide cations is better 

with the latter ligand than with the former.  

 A number of the rare earth metals were also found to produce the di-benzyl 

iodides [Ln(CH2C6H5)2I(THF)3] (where Ln = Dy, Er or Y), which seem to be stable to 

ligand scrambling.41,115 For the latter two rare earth metals this was achieved by the 

reaction of benzyl potassium, KCH2C6H5, with the relevant THF solvated lanthanide 

iodide in a 2:1 molar ratio.41 The same procedure was attempted for dysprosium but a 

powder could not be obtained, and further reactions were undergone using the oil 

produced.115 To the knowledge of the author analogous compounds for the larger 

lanthanides have not yet been synthesised and characterised.   

 

2.5.3. Other lanthanide starting reagents for phorphorus (V) stabilised carbenes  

 

Other complexes have been sporadically used as starting reagents for the synthesis 

of lanthanide carbenes. One of the earliest characterised lanthanide carbenes was 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)] which was synthesised from the reaction of 

H2C(Ph2PNSiMe3)2 with the samarium tris(dicyclohexylamide) 

[Sm(NCy2)3(THF)]·C6H5CH3, where NCy2 = N(C6H11)2.
7 [Sm(NCy2)3(THF)]·C6H5CH3  

was synthesised from the reaction of SmCl3(THF)3 and LiNCy2.
162  The rare earth 

carbene [Y(C(Ph2PNSiMe3)2)(CH2SiMe3)(THF)] was also an early rare earth carbene 

synthesised from [Y(CH2SiMe3)3(THF)2] as a starting reagent.163,164 

 

2.6. Lanthanide Carbenes 

 

2.6.1. Lanthanide–NHCs or Arduengo carbenes 

 

Lanthanide carbenes derived from the NHCs or Arduengo carbenes are some of 

the most widely studied carbenes and organolanthanide compounds. Numerous types of 

lanthanide-NHCs are known. These are synthesised through a variety of methods and are 

themselves used in various reactions. The earliest lanthanide-NHC complexes were 

published by Arduengo and co-workers as early as 1994.89 These were the divalent 
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samarium complexes with 1,3,4,5-tetramethylimidazol-2-ylidene, namely 

Sm(Cp*)2(C(N(CH3)C(CH3))2) and Sm(Cp*)2(C(N(CH3)C(CH3))2)2 and having the 

molecular structures shown in Figure 2.21:89 
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Figure 2.21: Structures of Sm(Cp*)2(C(N(CH3)C(CH3))2) and Sm(Cp*)2(C(N(CH3)C(CH3))2)2.89 

 

Since this early work the field has been expanded to include a numerous amount 

of lanthanide-NHC complexes,165–172 with work on new complexes being published as 

recently as 2019.173 In some of the latest work novel lanthanide-NHC complexes of 

divalent Ce2+ and Yb2+ have also been characterised further expanding the chemistry of 

this class of compounds.173 These complexes have found use mainly in the field of 

catalysis.174–176 An interesting example is the selective polymerisation of isoprene to 1,4-

trans polyisoprene.11 This family of carbenes will not be discussed further as it is not be 

used in the current study. 

 

2.6.2. Lanthanide-λ5-phosphorane stabilised geminal dianion carbenes 

 

As described in Sections 2.4.2 and 2.4.3, λ5-phosphorane stabilised geminal 

dianions are used in many publications to form various lanthanide carbene complexes, 

due to their coordination characteristics.  

 

 Early non-NHC lanthanide carbenes 

 

The λ5-phosphorane stabilised geminal dianions are today well established as they 

form quite stable complexes through their chelating ability and the internal dianions 

stabilisation through charge distribution, as described in Section 2.4.2.97,98,107 Early 

studies in non-NHC carbene complexes of lanthanides and rare earths dealt primarily 
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with alkylidenes.50,177 The earliest tentative lanthanide-alkylidene carbenes were for the 

heavy lanthanides erbium(III) and lutetium(III), namely [Er(CHSiMe3)(CH2SiMe3)] and 

Li[Lu(CHSiMe3)(CH2SiMe3)2] respectively.178 The ligand CHSiMe3 is known to act as a 

carbene in numerous transition metal complexes.178 The complexes were produced from 

the decomposition of [Er(CH2SiMe3)·THF2] and [Li(OEt2)4][Lu(CH2SiMe3)4] 

respectively in solution; however in each case no structural data could be obtained.178 

Later attempts at preparing alkylidene carbene complexes led to the formation of clusters 

such as the [Cp*3La3(µ-Cl)3(µ3-Cl)(µ3-CH2)(THF)3].
179 Clusters that have the methylene 

group in a bridging fashion and are stabilised by methylaluminate moieties include 

[(TMTACSm)(Smµ2-CH3)((µ6-C)(Al(µ2-CH2)2)(CH3))3((µ3-CH2)(µ2-CH3)Al(CH3)2)2], 

where TMTAC = 1,3,5-trimethyl-1,3,5-triazacyclohexane, and [(TptBu,Me)AlMe][Y((μ-

CH2)(μ-Me)AlMe2)2((μ-CH3)2AlMe2)(AlMe2)], where TptBu,Me = hydrotris(3-tert-butyl-

5-methylpyrazolyl)borate.180,181 (BODDI)Lu2(CH2SiMe3)2(μ2-CHSiMe3)(THF)2, where 

BODDI = (2,6-iPr2Ph)NC(Me)CHCOCHC(Me)N(2,6-iPr2Ph) is the only truly alkylidene 

cluster that has been synthesised and characterised fairly recently.182 

Non cluster methylaluminate stabilised alkylidene complexes of rare earth metals 

are known mainly for two compounds, [(TptBu,Me)La[(μ-CH2)((μ-CH3)Al(CH3)2)2]] and 

[(1-N(C6H3-o-iPr-p-Me)2)Sc((μ-CH2)((μ-CH3)Al(CH3)2)2)].
183,184 Density functional 

theory (DFT) calculations regarding the latter complex indicate that the Sc–C bond is not 

a simple double bond but that the charge is distributed through delocalisation about the 

scandium, aluminium, methylene and methyl moieties, with the former two taking up 

positive charges while the latter two take on the majority of the electron density.184 Other 

compounds which are somewhat similar are known for the early lanthanides lanthanum 

and praseodymium but have garnered less interest due to their cluster like forms.181,185 

 

 Lanthanide iminophosphorano geminal dianion carbenes 

 

2.6.2.2.1. Lanthanide iminophosphorano carbenes synthesis and characterisation 

 

The first bis(iminophosphorano)carbene complex of a rare earth, specifically a 

lanthanide (III) ion, was characterised by Aparna et al. in 2000, the complex was 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)], where NCy2 is dicyclohexylamide,7 with the 

structure given in Figure 2.22. This complex was synthesised by the reaction of the 
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[Sm(NCy2)3(THF)] with H2C(Ph2PNSiMe3)2 in toluene.7 The lanthanide carbene proved 

to be not only air-sensitive but also underwent thermolysis in toluene under argon at      

120 ℃.7 The synthesis and characterisation of this compound occurred after a number of 

years in which such carbene complexes were known only for transition and Group 4 

metals.186 In this case no studies into the reactivity of the complex have been published 

and work was more focused on the publication of more efficient ways to synthesise such 

complexes and on their workup.  
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Figure 2.22: Structures of the samarium and yttrium complexes of bis(diphenyl-N-trimethylsilyl-

iminophosphorano)methandiide.7,163 

 

The next rare earth bis(iminophosphorano)carbene complex was published only 

in 2008. This was [Y(C(Ph2PNSiMe3)2)(CH2SiMe2)(THF)], showing the structure given 

in Figure 2.22.163 In these early studies the main reaction methodology involved an acid-

base reaction, reacting an acidic methane derivative, namely H2C(Ph2PNSiMe3)2, with a 

basic ligand containing lanthanide complex, namely [Sm(NCy2)3(THF)] and 

[Y(CH2SiMe2)3(THF)2].
31,187 It was noted that the synthesis of the latter carbene was 

easier due to the stronger basicity of the CH2SiMe2
-
 ligands as compared to that of the 

NCy2
- ligands in the starting reagents used in the respective synthesis.31  

Natural bond orbital (NBO) analysis of the latter compound indicated that the 

bonding remains mainly ionic.163 SXRD analysis also showed that the charge on the 

ligand in the complex is not fully concentrated on the central C but distributed as given 

in Figure 2.23. However the NBO data also suggests that although delocalisation is 

present, the electron density remains  concentrated on the central C with the C 2p 

contributions to the C–P (dominating the HOMO) and C–Y (dominating the HOMO-2) 

bonds being 53.5% and 49.0% respectively, with P 3p and Y only contributing 4.1% and 

3.7% respectively.163 This is a trend that has been seen in later studies of carbene 

complexes using SXRD and NBO analysis. 
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Figure 2.23: Charge distribution common in iminophosphorano carbene ligands complexed with 

lanthanides. 

  

From the many iminophosphorano geminal dianion carbene ligands known and 

derived from the bis(iminophosphorano)methane compounds described in Section 2.4.3, 

the ligand bis(diphenyl-N-trimethylsilyl-iminophosphorano)methandiide used in the 

synthesis of the two aforementioned complexes [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)] 

and  [Y(C(Ph2PNSiMe3)2)(CH2SiMe2)(THF)] has found the most widespread use in the 

synthesis of lanthanide iminophosphorano carbenes.31 After the publication of the 

research on [Y(C(Ph2PNSiMe3)2)(CH2SiMe2)(THF)] by Liddle and co-workers in 2008, 

work by the same group has expanded onto other bis(diphenyl-N-trimethylsilyl-

iminophosphorano)methandiide rare earth and lanthanide complexes.31  

An acid-base methodology as described for the two prior complexes was 

maintained for many of the later studies described hereunder. In a study by Mills et al. in 

2009 an analogue of the yttrium (III) carbene complex mentioned prior, 

[Y(C(Ph2PNSiMe3)2)(CH2C6H5)(THF)], was prepared by the reaction of 

H2C(Ph2PNSiMe3)2 with the octahedral yttrium tri-benzyl Y(CH2C6H5)3(THF)3, which 

was in turn prepared as described in Section 2.5.2.9,188  

DFT studies of this compound were undergone in the same study, indicating that 

the Y–C(benzyl) bond  is dominated by the HOMO while the C=Y bond is dominated by 

the HOMO-1 and HOMO-2 which relate to the π and σ bonds, as presented in Figure 

2.24.188 These calculations also indicate that the charge distribution on the ligand is 

similar to that given in Figure 2.23 above. Further calculations also gave bond orders of 

0.66 (Y–C(carbene)), 0.35 (Y–C(benzyl)), 0.29(Y–N), and 1.27(C–P)  and Mulliken charges 

of +1.63 (Y), -1.04 (C(carbene)), -0.34 (C(alkyl)), +1.31 (P), and -1.12 (N), thus giving further 

evidence supporting this electron density distribution.188  

 



39 

 

 

Figure 2.24: Kohn-Sham orbitals for a) HOMO, b) HOMO-1 and c) HOMO-2 for 

[Y(C(Ph2PNSiMe3)2)(CH2C6H5)(THF)].188 

 

This study proposed a very versatile reaction method which was used relatively 

unchanged to prepare a series of lanthanide bis(diphenyl-N-trimethylsilyl-

iminophosphorano)methandiide complexes for the majority of the lanthanides, in another 

study by the same group.9 Molecular structural analogues with the formula 

[Ln(C(Ph2PNSiMe3)2)(CH2C6H5)(THF)] were prepared by the same procedure for the 

heavier lanthanides dysprosium and erbium.9 The same procedure applied to the larger 

or earlier lanthanides La3+, Ce3+, Pr3+, Nd3+, Sm3+, and Gd3+, on the other hand produced 

compounds with the formula [Ln(C(Ph2PNSiMe3)2)(HC(Ph2PNSiMe3)2)].
9 In all cases 

the synthesis was undergone using the respective lanthanide tri-benzyl compounds 

Ln(CH2C6H5)3(THF)3, which were found to be more easily prepared and stored than the 

other lanthanide and rare earth starting reagents described in Section 2.5.3. and 

furthermore they are greatly basic, yielding toluene as the conjugate acid.188  Products 

were characterised using mainly  SXRD and NMR with no DFT and NBO studies being 

undergone.9  

Later work dealt with creating complexes with more adaptable spectator ligands 

to increase the versatility of the use of these complexes.31 Compounds of the structure 

[Ln(C(Ph2PNR)2)(HC(Ph2PNR)2)] are inherently less versatile in their use due to the 

secondary methanide occupying possible reaction sites and inhibiting the presence of 

reaction influencing secondary ligands.31 Therefore the synthesis and characterisation of 

lanthanide carbene complexes where a significant part of the primary coordination sphere 

was not occupied by non-useful spectator ligands has been the focus of much of the work 

in this field. An acid-base approach similar to that used in the synthesis of the early 

carbenes such as the [Ln(C(Ph2PNSiMe3)2)(CH2C6H5)(THF)] and the  

[Ln(C(Ph2PNSiMe3)2)(HC(Ph2PNSiMe3)2)] analogues was used.   
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Mills and co-workers worked on the smaller radii Y3+ and Er3+ rare earths, seeing 

that these already proved to form complexes without the methanide ligands.41 In the 

published work the starting reagent was changed from Ln(CH2C6H5)3(THF)3 to 

Ln(CH2C6H5)2I(THF)3 where Ln = Er or Y, with the latter being prepared in a similar 

manner to the former but using a different stoichiometry. When the iodide was applied to 

the same synthetic procedure as the synthesis of [Ln(C(Ph2PNSiMe3)2)(CH2C6H5)(THF)] 

from the tri-benzyl, the complex [Ln(C(Ph2PNSiMe3)2)(THF)2I], where Ln = Er or Y, 

was produced.41 A similar approach was used in an attempt to prepare 

[Dy(C(Ph2PNSiMe3)2)(THF)2I] but this was thwarted by the inability to isolate 

Dy(CH2C6H5)2I(THF)3.
115 Instead of Dy(CH2C6H5)2I(THF)3 an oil was formed which 

yielded only a number of methanides which could not be deprotonated to the methandiide 

carbene.115  

Concurrently to the publication of the synthesis and characterisation of the 

[Ln(C(Ph2PNSiMe3)2)(HC(Ph2PNSiMe3)2)] series mentioned beforehand, (where Ln = 

La3+, Ce3+, Pr3+, Nd3+, Sm3+, or Gd3+), separate work by Buchard and co-workers 

synthesised a single early lanthanide carbene complex with a similar molecular structure, 

namely [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)].
40 A different approach was undertaken in 

the synthesis of this complex, wherein instead of an acid-base methodology salt 

elimination or metathesis to initially prepare the respective methanide complex was used. 

In this case this ligand was found to be more susceptible to deprotonation. The salt 

K[HC(Ph2PNiPr)2] was used as the main starting reagent to produce the methanide 

complex [Nd(HC(Ph2PNiPr)2)2I] on reaction with NdI3THF3.5.
40 This complex was then 

deprotonated with potassium bis(trimethylsilyl)amide (KHMDS) to produce the 

aforementioned neodymium carbene. Interestingly the deprotonation via KHMDS did not 

produce the synthesis of the bis(carbene) [Nd(C(Ph2PNiPr)2)2]
-,40 which could be due to 

the fact that KHMDS is not usually basic enough to deprotonate such methanides and 

that the initial deprotonation occurred only due to the activation of the C–H on 

coordination.31,40  

The synthesis of [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)] described above  increased 

the interest in the use of salt elimination as an alternative method to the acid-base 

methodology mainly used prior.40,187 The use of salt elimination introduced the far more 

numerous and diverse group of lanthanide bis(iminophosphorano)methanide complexes 

as starting reagents for the synthesis of novel lanthanide  

bis(iminophosphorano)methandiide carbenes, some of which have been characterised 
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beforehand.189 Initially the main issue with this method was the particular difficulty in 

salt elimination on reaction of light alkali metal salts of H2C(Ph2PNSiMe3)2, that is salts 

having a composition of MHC(Ph2PNSiMe3)2 where M = Li+, Na+ or K+, with early 

lanthanide salts, mainly iodides.115  

The first salt metathesis reaction which yielded a rare earth bis(diphenyl-N-

trimethylsilyl-iminophosphorano)methanide complex used in the preparation of a 

carbene was published for [Y(HC(Ph2PNSiMe3)2)I2(THF)],190 using 

[K(HC(Ph2PNSiMe3)2)(THF)2] and YI3(THF)3.5.
190 This was then used to prepare 

[Y(C(Ph2PNSiMe3)2)I(THF)2] by reacting the yttrium methanide with benzyl 

potassium.190 The synthesis of early lanthanide bis(diphenyl-N-trimethylsilyl-

iminophosphorano)methanides from a similar method proved ineffective, with 

decomposition of the product on heating the reaction solution.115 This was however by-

passed in later studies by the use of the heavier alkali metal compound 

[RbHC(Ph2PNSiMe3)2THF2] to prepare the [Ln(HC(Ph2PNSiMe3)2)I2(THF)], where Ln 

= La3+ or Ce3+.10,191 The greater electropositive nature of the rubidium seems to favour 

the elimination of the respective iodide.10,191 The complex 

[Ce(HC(Ph2PNSiMe3)2)I2(THF)] was then reacted with benzyl potassium to prepare the 

carbene complex [Ce(C(Ph2PNSiMe3)2)I(DME)].10 The series of 

[Ln(HC(Ph2PNSiMe3)2)I2(THF)] complexes was expanded in the form of a number of 

toluene solvates for Ln = Nd, Gd or Tb but no published carbenes have been synthesised 

from these.187  

Like the initial complex prepared in such a manner, namely 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)], this salt elimination methodology found better use 

in complexes of non trimethylsilyl derivatives of  bis(iminophosphorano)methane. As 

noted earlier the failure of the deprotonation of the bis(diphenyl-N-isopropyl-

iminophosphorano)methanide [Nd(HC(Ph2PNiPr)2)I2(THF)2] on reaction with KHMDS, 

indicates a greater complexity in the deprotonation of such coordinated ligands.40 The 

lanthanum methanide of bis(diphenyl-N-mesityl-iminophosphorano)methanide 

[La(HC(Ph2PNMes)2)I2(THF)2] (where Mes = 2,4,6-Me-C6H2) was easily synthesised 

through salt metathesis of the lanthanum iodide and KHC(Ph2PNMes)2.
115 From the 

complex [La(HC(Ph2PNMes)2)I2(THF)2], the carbene [La(C(Ph2PNMes)2)I(THF)3] was 

easily prepared  by reacting the complex with benzyl potassium.115 DFT calculations 

regarding this complex again indicate the ionic nature of the bonding and a charge 

distribution with low bond orders.115  
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This success indicated that bulkier substituents may influence the ease of salt 

metathesis preparation of the initial methanide and the deprotonation of the complex.  In 

later research the [Ln(HC(Ph2PNMes)2)I2(THF)n] series was extended to other 

lanthanides, where Ln = Ce, Pr, Nd, Sm or Gd for  n = 2,192 and Ln = Yb for n = 1, through 

similar synthesis.187 The same procedure to prepare the dysprosium and erbium analogues 

yielded the salts [Ln(HC(Ph2PNMes)2)2][HC(Ph2PNMes)2] where Ln = Dy or Er.187 

Unfortunately the attempt to synthesise analogues to [La(C(Ph2PNMes)2)I(THF)3] from 

the aforementioned lanthanide methanides produced complexes of the formula 

[Ln(C(Ph2PNMes)2)(HC(Ph2PNMes)2)], where Ln = Ce, Pr or Gd.187 However it should 

be noted that although still in the early stages of development the salt elimination or salt 

metathesis methodology has proven viable for the preparation of early lanthanide 

bis(iminophosphorano)methandiide complexes lacking methanide spectator ligands. 

As many of the complexes lacking methanide spectator ligands contain the iodide 

and THF ligands, the exchange of these ligands with other ligands of greater chemical 

interest is important. One example of this was published in the synthesis and 

characterisation of the rare earth hetero bimetallic complex 

[Y(C(PPh2NSiMe3)2)(Ga(NArCH)2)(THF)2] (Ar = 2,6-diiso-propylphenyl) with the  

molecular structure given in Figure 2.25.190 The complex was prepared by reacting the 

gallium NHC carbene analogue with the yttrium carbene 

[Y(C(Ph2PNSiMe3)2)I(THF)2].
190 [Y(C(Ph2PNSiMe3)2)I(THF)2] was also used to 

prepare two [Y(C(Ph2PNSiMe3)2)(THF)(NR2)] carbene species, where R = SiMe3 or 

SiMe2tBu, on reaction with the respective KNR2 salts in toluene.193 
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Figure 2.25: Structure  of   [Y(C(PPh2NSiMe3)2)(Ga(NArCH)2)(THF)2] (Ar=2,6-diiso-

propylphenyl) .190 

 

The latest field of research in H2C(Ph2PNR)2 lanthanide carbene derivatives dealt 

with the publication of rare earth bis(carbene) complexes of the 

bis(diphenyliminophosphorano)methandiide species. The first complexes obtained for 
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this class of compounds had the formula [K(18-crown-

6)(THF)2][RE(C(Ph2PNSiMe3)2)2]·(THF)2, where RE = Y3+ or Dy3+, with the structure 

as shown in Figure 2.26.42 These were prepared by reacting the respective 

[RE(C(Ph2PNSiMe3)2)(HC(Ph2PNSiMe3)2)] with 1 equivalent of benzyl potassium in the 

presence of 18-crown-6.42 Using the same technique, later work yielded both early 

lanthanide analogues of the structure [K(18-crown-6)(THF)2][RE(C(Ph2PNSiMe3)2)2]·L, 

where RE = Ce3+ and Pr3+ and L = Toluene and the late lanthanide analogue of the same 

structure where RE = Tb3+ and L = THF.194 The latest member of this class of compounds 

was [Li(THF)4][Nd(C(Ph2PNSiMe3)2)2]·DEE, having the same rare earth bis(carbene) 

complex structure described previously.195 This was prepared via reaction of NdCl3 with 

two equivalents of Li2(C(Ph2PNSiMe3)2.
195 
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Figure 2.26: Complex prepared by Gregson et al. of the formula [K(18-crown-

6)(THF)2][RE(C(Ph2PNSiMe3)2)2]·(THF)2 .42 

 

The [K(18-crown-6)(THF)2][RE(C(Ph2PNSiMe3)2)2] species, where RE = Pr3+ 

and Tb3+, were also used in preparation of carbene species having the structure 

[RE(Ag)(C(Ph2PNSiMe3)2)2], as given in Figure 2.27.194 In these species the M=C bond 

remains for only one of the ligands as the other methandiide centre bonds with both the 

lanthanide and silver cations. The Ag+ cation also coordinates with one of the 

iminophosphorane nitrogen centres of the remaining carbene ligand, replacing the 

previous RE–N coordination. This indicated that the full chelation of the lanthanide 

through coordination with both iminophosphorane nitrogens noted throughout all the 

previous bis(diphenyliminophosphorano)methandiide carbene species may not be a strict 

requirement for the stability of these carbenes.194 
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Figure 2.27: Structure for complexes of the formula [RE(Ag)(C(Ph2PNSiMe3)2)2].194 

 

2.6.2.2.1.1 Lanthanide iminophosphorano carbenes of non-trivalent lanthanides 

 

Two main examples of non-trivalent lanthanide iminophosphorano carbene 

complexes are known, namely the cerium(IV) species [Ce(C(Ph2PNSiMe3)2)(O-2,6-

iPrC6H4)2] and [Ce(C(Ph2PNSiMe3)2)2].
10,194 The former was synthesised in a number of 

steps from the bis(iminophosphorano)methanide cerium(III) complex 

[Ce(CH(Ph2PNSiMe3)2)(THF)I2],
10 while the latter was synthesised through the 

oxidation of the complex [K(18-crown-6)(THF)2][Ce(C(Ph2PNSiMe3)2)2]·Toluene, 

discussed in the previous section, by Ag[BPh4].
194  

As with most of the complexes discussed earlier orbital calculations indicate that 

the bonding is largely ionic in both. For [Ce(C(Ph2PNSiMe3)2)(O-2,6-iPrC6H4)2], DFT 

calculations indicate that the HOMO and HOMO-1 are actually distributed along the 

phenyl rings, with the HOMO-2 and HOMO-3 comprising the C=Ce4+ bond, as shown in 

Figure 2.28. In both complexes the C=Ce4+ bond has a Nalewajski–Mrozek bond order 

of 1.1, as compared to that of C=Y being 0.7, which indicates a significantly more 

covalent bond.10,194  NBO analyses for both compounds showed that the σ bond is 

composed of 13% Ce and 87% C character. The cerium component is constructed from 

3% 6s, 21% 5d and 76% 4f character for the mono-carbene and 1% 6s, 48% 5d and 53% 

4f character for the bis(carbene).10,194  The π bond is composed of 12% Ce character for 

the mono-carbene and 8% Ce character for the bis(carbene). Despite the difference in 

composition the orbital contribution in both cases of the π bond comprises of 1% 6p, 19% 

5d and 80% 4f character.10,194  In each case, like the Ln(III) counterparts, the bonding is 

mainly attributed to the central carbon and the majority of the Ln contribution is still from 

the “internal” 4f orbitals, even though the 5d, 6s and 6p orbitals which are usually 

considered too energetic for bonding still contribute towards the bonding. However for 

the cerium(IV) bis(carbene) there is a significantly greater 5d contribution for the Ce=C 
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σ bond when compared to all the carbenes discussed previously.194 In both complexes the 

cerium(IV) showed a greater input on bonding orbitals than what has been established 

before.10,163,188,190,194 

 

 

Figure 2.28: a) HOMO-2 and b) HOMO-3 of [Ce(C(Ph2PNSiMe3)2)(O-2,6-iPrC6H4)2].10 

 

2.6.2.2.2. Lanthanide iminophosphorano carbene reactivity and applications 

 

Much of the work on the reactivity of such lanthanide carbenes was actually 

undergone for the rare earth yttrium (III) complexes. The earliest studies regarding the 

reactivity of such compounds dealt with [Y(C(Ph2PNSiMe3)2)(CH2SiMe2)(THF)]. Mills 

and co-workers published the capability of this complex to activate C–H bonds.43 The 

complex was reacted with benzophenone to initially prepare the lanthanide carbene-

alkoxide product [Y(C(Ph2PNSiMe3)2)(OC(CH2SiMe2)Ph2)(THF)] through 1,2-

migratory insertion of the CH2SiMe2 ligand on the benzophenone carbonyl.43 Further 

reaction with 2 equivalents of benzophenone in toluene led to the formation of the more 

interesting complex containing an iso-benzofuran derivative ligand, which is given in 

Figure 2.29 (a).43 A similar product was obtained by reacting 

[Y(C(Ph2PNSiMe3)2)I(THF)2], in similar conditions, with tert-butyl phenyl ketone 

wherein the alkoxide was replaced by the iodide ligand, as given in Figure 2.29 (b).43  

However reaction of the iodide complex with benzophenone yielded the complex in 

Figure 2.29 (c), which on salt elimination with KOC(CH2SiMe2)Ph2 yielded the product 

in Figure 2.29 (a). The latter reaction indicated that the 2-(diphenylmethoxide) 

benzophenone complex was an intermediate product in the formation of the initial iso-

benzofuran complex. 
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Figure 2.29: Reaction products of early Y carbenes with bulky ketones.43 

 

The two starting complexes therefore showed the propensity to activate the ortho-

C–H bond of phenyl ketones, with the general mechanism proposed in the case of such 

yttrium carbenes given in the Scheme 2.6. It was however noted that on reaction with 

methyl phenyl ketone the C–H bond activation occurred preferentially on the α-C of the 

methyl. This in turn underwent a cyclotetramerization/dehydration reaction to give 

diastereomers of dypnopinacol, along with the final decomposition of the reagent.43   

 

 

Scheme 2.6: Ortho-C-H bond activation mechanism proposed for the synthesis of compounds given 

in Figure 2.28.43 

 

Concurrent to this study, the reactivity of a similar ytterium (III) complex, namely 

[Y(C(Ph2PNSiMe3)2)(CH2C6H5)(THF)], to benzophenone was published. As with the 

[Y(C(Ph2PNSiMe3)2)(CH2SiMe2)(THF)] complex, the initial reaction was the 1,2-

migratory insertion of the benzyl onto the benzophenone to produce the carbene-alkoxide 

a) b) c) 
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[Y(C(Ph2PNSiMe3)2)(OC(CH2C6H5)Ph2)(THF)].188 In an attempt to undergo Wittig 

reaction this complex was reacted in a 1:1 molar ratio with benzophenone in benzene but 

this only yielded the cluster product [(Y(μ-C(Ph2PNSiMe3)2)(OC(CH2C6H5)Ph2))2].
188 In 

this study by Mills and co-workers another 1,2-migratory insertion was published. In this 

case the complex [Y(C(Ph2PNSiMe3)2)(CH2C6H5)(THF)] was reacted with azobenzene  

yielding colourless crystals from a green oil found to be 

[Y(C(Ph2PNSiMe3)2)(Ph2NNPh(CH2C6H5))(THF)].188 In all cases described above it 

seems that the reaction occurs firstly on the Y–Calkyl bond, with the removal of other 

spectator ligands being secondary. The Y=C bond seems to react afterwards in secondary 

reactions.  

Later work on the reactivity of these complexes was mainly undertaken by Mills 

and co-workers and dealt with the complexes [Y(C(Ph2PNSiMe3)2)(CH2C6H5)(THF)]  

and [Y(C(Ph2PNSiMe3)2)I(THF)2].
44,45 The various reactions which these two 

compounds undertook in these intial studies are given in Figures 2.30 and 2.31. 

 

 

Figure 2.30: Reactions published for [Y(C(Ph2PNSiMe3)2)(CH2C6H5)(THF)].44 
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Figure 2.31: Reactions published for [Y(C(Ph2PNSiMe3)2)I(THF)2].45 

 

In both species the reactions can be categorised into 4 groups. The first group 

consists of methandiide to methanide C=Y bond opening reactions, producing 

compounds 4 and 5 for the benzyl and compounds 2, 3, 4 and 6 for the iodide and these 

reactions tend to replace the carbene by a tetra dentate chelating methanide derivative 

ligand.44,45 The second reaction group is the formation of clusters typically through a 

methandiide to methanide C=Y bond opening reaction and these are  typified by the 

synthesis of compounds 6 and 8 from the benzyl and compound 7 from the iodide.44,45 It 

should be noted that cluster formation on reaction is fairly expected as in many cases 

highly ionic metal organic bonding leads to cluster formation in order to maximise 

coulombic attraction. 

The final two reaction groups seem to be specific to either complex; Wittig like 

reactions which were published for the iodide complex and which yield compounds such 

as 5, 7 and 8 in Figure 2.31 or ligand exchanges which were observed for the benzyl 

complex in the preparation of compounds 2, 3 and 7 in Figure 2.30.44,45 The only true 

Wittig reaction product is compound 5, formed from the reaction of the iodide complex 

with tert-butyl iso-thiocyanate.45 The other compounds 7 and 8 in Figure 2.31 also show 

typical Wittig product morphology but the presence of Lewis basic oxygen maintains 

complexation with the metal centre.45 In the case of ligand exchange this was only seen 
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for the benzyl ligand, leaving the THF uninvolved, as expected from the earlier work.43,188 

Given the greater stability of rare earth to halogen bonds ligand exchange was rarely seen 

for the iodide. It is noteworthy to compare the reaction of the two carbene complexes 

with 2,6-diisopropylaniline (H2NDIPP).44,45 In the presence of the benzyl ligand 

exchange occurred to give  compound 7, while a methandiide to methanide C=Y bond 

opening reaction occurred with the iodide complex to give compound 6.45 This could 

indicate some effect of spectator ligands on the reactivity of the carbene bond. This 

methandiide to methanide C=Y bond opening for [Y(C(Ph2PNSiMe3)2)I(THF)2] was 

later described on reaction of this complex with KN(Si-iPr3)2, KN(SiMe2tBu)2 and 

KN(Si-iPr3)(SiMe2tBu). The methandiide protonation occurred as either a silyl methyl or 

iso-propyl methyl group from the secondary ligand acted as the acid, as given in Figure 

2.32.193 These reactions occured despite the fact that similar reactions have yielded 

secondary ligand exchange as described in Section 2.6.2.2.1. 

 

 

Figure 2.32: Further methandiide to methanide C=Y bond opening for 

[Y(C(Ph2PNSiMe3)2)I(THF)2] on reaction with inorganic amides.193 

 

Clusters similar to products 6 and 8 obtained from  

[Y(C(Ph2PNSiMe3)2)(CH2C6H5)(THF)]  have also been produced for the thalium 

containing species [NdTl(C(Ph2PNSiMe3)2)(Cp)(LiCl2THF2)] and 

[SmTl(C(Ph2PNSiMe3)2)(LiCl2THF2)Cl]2 in work published by Ge, S et al. in 2020.196 

Buchard and co-workers dealt with the catalytic activity of the complex 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)].
12 This compound has been found to act as a 

catalyst in the ring opening polymerisation of rac-lactide, in the presence of potassium 

ethoxide or iso-propanol as initiators.12 The mechanism proposed for the initiation and 

propagation of lactide polymerisation in both cases is given in Scheme 2.7. 
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Scheme 2.7: Mechanisms for the initiation of lactide polymerisation by 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)] a) using KOEt b) using iPrOH.12 

 

 The complex was found to be non-catalytically active on its own and was only 

active in the presence of an initiator; in the case of the study either potassium ethoxide or 

iso-propanol. In the study the polymerisation was mainly undergone using a 200:1:1 

molar ratio of the rac-lactide, [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)] and iso-propanol, 

wherein  the iso-propanol was added slowly to the reaction mixture containing the lactide 

and the Nd carbene complex.12 Under these conditions the number average molar mass 

(Mn) was found to range between 16000 and 31000, with polydispersity indices ranging 

from 1.05 to 1.11. The Mn and the yield were found to increase on increasing the reaction 

time, which indicates the controllability of the reaction.12 The polydispersity indices 

remain fairly good, also indicating a good distribution of the molar mass, even when the 

change in reaction time changes the Mn drastically. This further indicates the good 

controllability of the reaction.  

The polymerisation was also known to be undergone in the presence of potassium 

ethoxide (KOEt) alone but in a very chaotic way and with a polydispersity index of 1.66.12 

On repeating the experimental procedure using the Nd carbene and iso-propanol but 

replacing the alcohol with KOEt the reaction became more controllable then when using 

KOEt alone, giving an 85% yield, with a 20200 Mn and a polydispersity index of 1.05.12 

Similar results were obtained on repeating the reactions with (S,S)-lactide instead of rac-

lactide, with no adverse effects noted on the Mn, yield and polydispersity index.12 

Interestingly polymerisation of (S,S)-lactide led to the synthesis of only isotactic 

polylactic acid with no epimerisation noted.12 Reaction of the rac-lactide on the other 

hand always afforded atactic polylactic acid.12   
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 Lanthanide thiophosphonyl geminal dianion carbenes 

 

2.6.2.3.1. Lanthanide thiophosphonyl carbenes synthesis and characterisation 

 

Unlike their iminophosphorano counterparts the rare earth complexes of 

bis(thiophosphonyl)methandiides are not well known, with only complexes of 

bis(diphenylthiophosphonyl)methandiide published. Much of the work into the 

complexation of this ligand was done by Le Floch and co-workers.31 Early work by this 

and other groups mainly dealt with Group 1, Group 2 and transition metal complexes of 

this ligand.98,124  

As with the iminophosphorano analogues the earliest published rare earth 

bis(diphenylthiophosphonyl)methandiide complex was for the early lanthanide 

samarium.8 Two complexes were published, namely the monomeric salt 

[Li(THF)4][Sm(C(Ph2PS)2)2] and the dimeric [(Sm2(C(Ph2PS)2)2(THF)4(μ-I))2] complex, 

with the molecular structures given in Figure 2.33. 
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Figure 2.33: [Li(THF)4][Sm(C(Ph2PS)2)2] (left)  and [(Sm2(C(Ph2PS)2)2(THF)4(μ-I))2] (right).8 

 

Bis(carbene) complexes like [Li(THF)4][Sm(C(Ph2PS)2)2] have only been 

synthesised recently for the iminophosphorano lanthanide analogues, while compounds 

analogous to [(Sm2(C(Ph2PS)2)2(THF)4(μ-I))2] are still unknown.42 The synthesis of both 

complexes was easily undergone by salt metathesis of the iodide SmI3THF3.5 with the 

lithium methandiide salt Li2C(Ph2PS)2.
8 

For both complexes, the heavy lanthanide thulium (III) counterparts were also 

synthesised and characterised by the same group.123 The reactions undertaken for these 

syntheses were the same as those for the samarium complexes.123 In each case SXRD 

analysis also showed that the compounds were crystallographically isomorphous. Despite 

this, the study of the monomeric thulium anion [Tm(C(Ph2PS)2)2]
- showed changes in the 

structure on changing temperature.123 At temperatures <177 K the low temperature form 
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depicted in Figure 2.34 was formed, wherein only one of the methandiide ligands is 

planar with the second taking a trigonal pyramidal geometry with the carbenic electron 

pair occupying a non-bonding lone pair. This form changes at temperatures >177 K to 

the high temperature form wherein both ligands are planar with the charge distributed 

over all the complex. It was proposed that this may be possible through π overlap of the 

two C 2p and Tm 5d orbitals in line with each other.123  

 

Figure 2.34: Structure change in the [Tm(C(Ph2PS)2)2]- complex with temperature.123 

 

Despite such an early success in the preparation of these two lanthanide (III) 

carbene complexes and the success in the synthesis and characterisation of transition 

metal carbenes of bis(diphenylthiophosphonyl)methandiides further work on expanding 

the series to the remainder of the lanthanides and on the synthesis of other lanthanide 

carbene species is lacking.31,50,98 However the successful use of salt metathesis from the 

Li2C(Ph2PS)2 salt is still of interest in the field of the 

bis(diphenyliminophosphorano)methandiide complexes of lanthanides. 

Further work was only undergone for the rare earth complexes of scandium (III) 

by Fustier, M. and co-workers. The first scandium carbene, [(Sc(C(Ph2PS)2)Cl(THF)2], 

was prepared by the reaction of the Li2C(Ph2PS)2 salt with ScCl3THF3 in a salt elimination 

reaction.197 This complex was only attested through 31P NMR. On dissolution of 

[(Sc(C(Ph2PS)2)Cl(THF)2] in pyridine the THF ligand was replaced by pyridine and a 

solid with the molecular structure of [(Sc(C(Ph2PS)2)Cl(Py)2]·Py, where Py = pyridine, 

was isolated.197 This complex is unlike any of the lanthanide complexes of this ligand but 

shares structural features with the [Y(C(Ph2PNSiMe3)2)I(THF)2] and 

[La(C(Ph2PNMes)2)I(THF)3] complexes described earlier in Section 2.6.2.2.1. The 

carbene [Li][Sc(C(Ph2PS)2)2] also formed as a minor side product of this reaction having 

a proposed structure similar to that of [Li(THF)4][Sm(C(Ph2PS)2)2], as is presented in 

Figure 2.33.197 The study also conducted DFT studies of a theoretical structure for 

[(Sc(C(Ph2PS)2)Cl(Py)2]·Py in which, unlike the lanthanide and yttrium, the Sc=C, 

comprised of the HOMO and HOMO-1, seems to have a significant Sc 3d character.197 
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The anionic species [Sc(C(Ph2PS)2)2]
- which was first observed by Fustier and 

co-workers in 2010, was properly described by the same group in 2015 through SXRD, 

in the complex [Li(THF)2Sc(C(Ph2PS)2)2], as having the structure given in Figure 2.35.198 

The ligands take up a planar conformation as in the [Li(THF)4][Tm(C(Ph2PS)2)2] 

complex at temperatures  >177 K. 

 

Figure 2.35: Structure of [Li(THF)2Sc(C(Ph2PS)2)2] with displacement ellipsoids at 50% 

probability.198 

 

An interesting complex published in the same study was [Sc(C(Ph2PS)2) 

(HC(Ph2PS)2)(THF)], with the structure given in Figure 2.36.198 This was produced by 

the reaction of H2C(Ph2PS)2 with the benzyl Sc(CH2C6H5)3THF3 in toluene.198 Both the 

structure and synthesis, using an acid-base methodology, of this compound mirror those 

of the complexes of formula [Ln(C(Ph2PNSiMe3)2)(HC(Ph2PNSiMe3)2)] described in 

Section 2.6.2.2.1.9,198     
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Figure 2.36: Structure of [Sc(C(Ph2PS)2)(HC(Ph2PS)2)(THF)].198 

  

Scandium carbenes were also prepared through ligand exchange from 

[(Sc(C(Ph2PS)2)Cl(THF)2] and [(Sc(C(Ph2PS)2)Cl(Py)2]·Py. The carbene complex 

[(Sc(C(Ph2PS)2)(N(SiMe3)2)(THF)] was prepared from the reaction of 

[(Sc(C(Ph2PS)2)Cl(THF)2] and LiN(SiMe3)2,
198 while [(Sc(C(Ph2PS)2)(P(SiMe3)2)(Py)2] 

was prepared from [(Sc(C(Ph2PS)2)Cl(Py)2]·Py and Li(THF)1.5P(SiMe3)2.
198 
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2.6.2.3.2. Lanthanide thiophosphonyl carbene reactivity 

 

Since so few lanthanide and rare earth carbene complexes of 

bis(diphenylthiophosphonyl)methandiide have been published the reactivity of these 

complexes is even less known in contrast to that of the iminophosphorano analogues. The 

main reaction feature of the dimer [Ln2(C(Ph2PS)2)2(THF)4(μ-I)2] and the salt 

[Li(THF)4][Ln(C(Ph2PS)2)2] was the synthesis of the alkene product Ph2C=C(Ph2PS)2 

from a Wittig like reaction with benzophenone.8,123 The salt reacted with 2 equivalents of 

benzophenone to initially form the isolated cluster [Li(THF)(Ln(C(Ph2PS)2(COPh2))2], 

with the structure given in Figure 2.37.123  

A comparable cluster was formed in a similar attempt to react 

[(Sc(C(Ph2PS)2)Cl(Py)2]·Py with benzophenone having the structure given in Figure 

2.38.197 On addition of excess [(Sc(C(Ph2PS)2)Cl(Py)2]·Py to the cluster, 

Ph2C=C(Ph2PS)2 was produced.  The alkene was also produced by direct reaction of 

[(Sc(C(Ph2PS)2)Cl(Py)2]·Py with 1 equivalent of benzophenone.197 

 

 

Figure 2.37: Structure of [Li(THF)(Ln(C(Ph2PS)2(COPh2))2], where Ln = Sm or Tm (built in 

VESTA from cif data obtained from CSD).8,123 

 

Figure 2.38: Cluster product of the reaction of [(Sc(C(Ph2PS)2)Cl(Py)2]·Py with 0.5 equivalents of 

benzophenone (built in VESTA from cif data obtained from CSD).197 
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2.7. Metal-Organic lanthanide complexes of non-carbene di-λ5σ4-phosphorane 

ligands  

 

Compounds with a di-λ5σ4-phosphorane structure similar to the fully protonated 

carbene ligands are also known in literature. These have the generic structure noted in 

Figure 2.2 where X = HN or O while Y = NR, O or S. The synthesis and characterisation 

of many of these compounds has been reported in literature.34,199 Previous studies 

observed that the structure of these analogues enables chelation of these compounds with 

metal centres of various types through the electron donors on the Y substituent.39   

The current study focused more on the effect of the X group on complexation. 

The methylene analogues H2C(Ph2PNR)2 and H2C(Ph2PS)2 are known to form not only 

simple chelate complexes but also tridentate complexes of the mono-anionic methanides 

and di-anionic methandiides. The latter species are known to complex with numerous 

metals to form phosphorus (V) stabilised carbenes, as described in detail for lanthanides 

in Section 2.6.2.31 In the structure of the di-λ5σ4-phosphorane given in Figure 2.2 when 

X is the mono-anionic derivative of HN, namely N- or the neutral O it is isoelectronic to 

the carbon C2- of the methandiides.200 Given the isoelectronic character of these groups, 

similarities and differences in any trends in the structure and chemistry of these 

isoelectronic compounds and their complexes with lanthanide metals, especially with 

regards to the formation of N–Ln or O–Ln bonds analogous to the C=Ln bond, are of 

great interest. One major difference noted in published literature for these non-carbene 

isoelectronic analogues and their complexes was the lack of X–M bonds analogous to the 

C=Ln bonds for most non-carbene complexes. Another difference noted in literature was 

the increased air and moisture stability for the complexes of these non-carbene 

isoelectronic analogues. 
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2.7.1. Pyrophosphoramide analogues 

 

The main focus of the current study with regards to compounds where X = O was 

on pyrophosphoryl amide compounds with the structure given in Figure 2.39.  
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Figure 2.39: General molecular diagram of di-λ5σ4-phosphorane pyrophosphoryl amides. 

 

The earliest published compound of this type, which was studied intensively, was 

octamethylpyrophosphoramide (O((Me2N)2PO)2), also known with the common name of 

Schradan. This compound was used as an insecticide for sucking and chewing insects 

which are agricultural pests on crops.201,202 After oxidation Schradan acts in the body as 

an inhibitor to the Cholinesterase family of neurotransmitters, through both chemical and 

enzymatic routes.203 Unlike other chemicals used in the mid-twentieth century this 

compound was effective as an insecticide because it was a water soluble neutral molecule,  

whilst many other water soluble insecticides were salts and therefore  they were not 

absorbed into the nervous system of the target pests.204 This compound was also found to 

be toxic to mammals, including humans, through ingestion. However it shows low levels 

of bio-concentration. Schradan has fallen out of use as better insecticides have become 

commercially available and  nowadays its use is not approved in European countries.205 

One of the earliest viable synthetic methods of Schradan was through the reaction 

of POCl(NMe2)2 with various alkali metal hydroxides.206 A second synthetic route for 

this compound was published a year later through the reaction of liquefied dimethylamine 

with the liquid pyrophosphoryl tetrachloride (PPTC).199 Given that Schradan is a liquid 

at room temperature, to the knowledge of the author, structural studies through 

crystallographic techniques were not published. 

Apart from its use as a pesticide, in the mid-twentieth century Schradan was also 

studied for its chelation ability with numerous metal centres. These studies mainly dealt 

with the complexation of Schradan with alkali earth, transition and actinide metals, as 

well as Sn4+.33,207–210 The earliest studies dealt with the coordination of Schradan with 

tetravalent metal cations, namely the metalloid tin(IV) (Sn4+), the transition metal cations, 
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Ti4+, Zr4+ and Hf4+ and the earlier actinide metals U4+ and Th4+, as synthesised and 

characterised by du Preez and Sadie in 1966.207 These complexes were prepared under 

inert conditions using a dry box since the complexes obtained were found to be 

hygroscopic. In all cases the complexes were prepared from chlorides in acetonitrile 

solutions. The complexes of tin and the transition metals were found to have the 

stoichiometry of MCl4·O((Me2N)2PO)2, while the complex obtained from thorium was 

noted to have the stoichiometry of ThCl4·[O((Me2N)2PO)2]2. The complex obtained for 

uranium(IV) had the stoichiometry of UCl4·[O((Me2N)2PO)2]1.5 which could indicate a 

non-monomeric complex structure. Unfortunately, in this study structure solution from 

XRD data was not undertaken and the accurate structures of these compounds remain 

unknown.  

Further work regarding the complexation of Schradan with the tetravalent 

actinides uranium(IV) and thorium(IV), using other starting reagents and reaction 

conditions, was undertaken. The complex ThCl4·[O((Me2N)2PO)2]2, synthesised as 

described previously, was characterised using SXRD data by Kepert, D.L. et al. in 1983 

and was observed to have the structure [Th(O((Me2N)2PO)2)2Cl4], as given in Figure 

2.40.210 The same study also published the structure for the similar complex 

[U(O((Me2N)2PO)2)2(NCS)4], which was synthesised through the reaction of the ligand 

with UCl4 and KNCS in acetone.210 The structure of this compound is also given in Figure 

2.40. Both of the structures depicted in this figure have a distorted square anti-prismatic 

coordination. Unlike the complex [Th(O((Me2N)2PO)2)2Cl4], the complex 

[U(O((Me2N)2PO)2)2(NCS)4] which was also prepared under inert conditions was noted 

to be stable in normal laboratory conditions.210   

 

 

Figure 2.40: Molecular structures of [Th(O((Me2N)2PO)2)2Cl4] (left) and 

[U(O((Me2N)2PO)2)2(NCS)4] (right). 
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A study by Joesten, M.D. and co-workers in 1967 also prepared the complex 

Th(ClO4)2·[O((Me2N)2PO)2]2, synthesised under similar conditions to the chloride 

analogue, although structure solution was not undertaken.33 Unlike the chloride analogue 

the dehydration of the reagents was undertaken prior to the reaction by means of 2,2-

dimethyloxypropane (2,2-DMP).33 2,2-DMP acts as a dehydrating agent wherein it reacts 

with water in solution to produce methanol and acetone as products, as given in Scheme 

2.8. Therefore this is a good dehydrating agent for hydrated salts in an acetone solution 

where one of the products is actually the solvent itself.   

 

(H3C)2C(OCH3)2(sol) + H2O(sol)  (H3C)2CO(sol) + 2 HOCH3(sol) 

  

Scheme 2.8: Dehydrating action of 2,2-DMP showing reaction with water to form acetone and 

methanol.  

  

Other non-tetravalent complexes of Schradan were also published in literature. In 

the study by Joesten, M.D. and co-workers in 1967 the uranium(VI) complex 

UO2(ClO4)2·[O((Me2N)2PO)2]3 and the molybdenum(V) complex 

MoOCl3·O((Me2N)2PO)2 were also synthesised.33 The former was prepared in acetone 

using hydrated UO2(ClO4)2 as the starting reagent and 2,2-DMP to dehydrate this reagent. 

Structure solution for the solids was not undertaken and in both cases the use of inert 

conditions was not noted, apart from use of the dehydrating agent 2,2-DMP. This 

indicated that the products were not air or moisture sensitive.  

With regards to other lower valency metal centres, Joesten and co-workers in 

1970 prepared complexes of magnesium(II), copper(II) and cobalt(II) all having the same 

octahedral tris-(O((Me2N)2PO)2) structure of [M(O((Me2N)2PO)2)3][ClO4]2, where M = 

Mg2+, Cu2+  or Co2+, as given in Figure 2.41.208 Hydrated perchlorates were used and 

dehydrated prior to the reaction using 2,2-DMP, however no other inert conditions were 

specified. In 1970  the same research group published the synthesis and characterisation  

of another copper(II) complex of the same ligand, namely [Cu(O((Me2N)2PO)2)2(ClO4)2], 

with the structure also given in Figure 2.41.209 This structure was also obtained as an 

octahedral complex with the perchlorate anions occupying the axial positions. These were 

noted to show Jahn-Teller tetragonal elongation, which is known for such Cu2+ 

complexes. Again 2,2-DMP was used to dehydrate the reagents but no other inert 

conditions were used.  
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Figure 2.41: Molecular structures of [M(O((Me2N)2PO)2)3][ClO4]2 (left, only chlorine atoms of 

perchlorate are given) where M = Mg2+, Cu2+ or Co2+ and [Cu(O((Me2N)2PO)2)2(ClO4)2] (right). 

 

Therefore in all the cases discussed in this section it was noted that the product 

complexes, except those synthesised from chlorides, were not air or moisture sensitive. 

However the preparations of these complexes were undertaken using either inert 

conditions or 2,2-DMP as a dehydrating agent within the reaction solution. Structural 

data also indicated that despite the fact that the isoelectronic structure of the Schradan 

was similar to that of the phosphorus (V) stabilised carbenes described earlier no central 

oxygen O–M bond was noted.  

Other Schradan analogues have been synthesised although no common reaction 

methodology for these analogues has been published. The compounds                              

O((2-MePh)N(H))2PO)2 and O((tBu)N(H))2PO)2 were synthesised and structurally 

characterised.211,212 The latter compound was complexed with manganese(II) to give the 

complex [Mn(O((tBu)N(H))2PO)2)2DMF2][Cl]2·2H2O and the octahedral coordination 

structure of this complex was published by Tarahhomi and co-workers in 2013,213 as 

given in Figure 2.42, where the chelating ligands occupy the equatorial coordination 

positions. The compounds O((4-MePh)N(H))2PO)2 and O((CH2C6H5)N(CH3))2PO)2 were 

also synthesised and characterised using single crystal X-ray diffraction (SXRD) as part 

of a Hirschfeld analysis of several phosphoramides.214 The ligand O((iPr)N(H))2PO)2
 

which is discussed in the current study is also available commercially, however no 

synthesis and structural data was noted in literature by the author.215 
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Figure 2.42: Molecular structure of [Mn(O((tBu)N(H))2PO)2)2DMF2][Cl]2·2H2O. 

 

2.7.2. Compounds with the structure X(R2PY)2, where X = HN, Y = S, and their 

complexes 

 

Compounds with a di-λ5σ4-phosphorane structure as given in Figure 2.2 where    

X = HN and Y = S have been well studied and various analogues containing various 

organic groups in the R positions have been synthesised.  Methyl, iso-propyl, phenyl and 

iso-butyl analogues of HN(R2PS)2 are all known in literature and are prepared by various 

methods.216–219 Preparations seem to have been undertaken under inert conditions due to 

the reactivity of the reagents used. Two prominent methods were noted for the synthesis 

of these analogues, the first was the reaction of R2P(S)NH2 and R2P(S)Br in the presence 

of KOtBu,216,217 while the second method was the reaction of R2PCl with HN(SiMe3)2 

followed by sulphur.218–220 The structure of all these analogues contained the amine while 

the sulphur remained deprotonated with clear P=S and P–N bonds.218,220–222 The crystal 

symmetry of these compounds did not show any trends with space groups ranging from 

P-1 for the phenyl, P21/n and P21/a for the iso-butyl and iso-propyl derivatives and Pbca 

for the methyl derivatives. In terms of starting reagents the anionic [N(R2PS)2]
- species 

has been synthesised and structurally characterised in the polymeric salt K[N(R2PS)2].
223 

In these early studies the salts of these analogues with the [N(R2PS)2]
- species 

were also studied with regards to their coordination ability, mainly with transition metals. 

Silvestru and co-workers synthesised and characterised the complex [Co(N(Me2PS)2)] 

while Husebye and Maartmann-Moe published the structure for the 

[Se(N(Ph2PS)2)].
217,221 Cupertino and co-workers published the synthesis and structure of 

the tetrahedral di-[N(iPr2PS)2]
- complexes of  Zn2+, Cd2+ and Ni2+ and the square planar 

di-[N(iPr2PS)2]
- complexes of Pt2+ and Pd2+, all of which showed chemistry typical of 

complexes of these transition metals.218,224 Further to this, extensive synthesis and 
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structural characterisation of transition metal complexes, typically forming either tetra 

coordinated complexes or clusters has been undertaken.225 Details on these complexes 

are not given here due to the fact that the main interest of the current study lies in 

complexes of these compounds with lanthanides and complexes having N–M bonds. 

In most complexes characterised using XRD data no N–M bond was noted for the 

transition metals. Complexes with the moiety given in Figure 2.43 were only noted for 

the transition metals Ti and Ru. Two complexes have been structurally characterised for 

titanium, namely [Ti(N(Ph2PS)2)(HN(Ph2PS)2)Cl2][Ti2Cl9] and [Ti2(N(Ph2PS)2)2-μ-

S2,Cl][Ti2Cl9], with the structures given in Figure 2.44.226,227 Only one ruthenium 

compound is known having the formula [Ru(N(Ph2PS)2)(C6(Me)6)], and the structure 

given in Figure 2.45.228 Both were prepared under stringent inert conditions.  
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Figure 2.43:Molecular diagram of the fragment of the complex depicting the N-M bond of interest. 
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Figure 2.44: Molecular diagrams of [Ti(N(Ph2PS)2)(HN(Ph2PS)2)Cl2][Ti2Cl9] (left) and 

[Ti(N(Ph2PS)2)(HN(Ph2PS)2)Cl2][Ti2Cl9] (right). 

 

 

Figure 2.45: Molecular structure of [Ru(N(Ph2PS)2)(C6(Me)6)], (built in VESTA). 
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For the trivalent cations of yttrium, the lanthanides lanthanum, cerium and 

ytterbium and the actinides uranium and plutonium, two types of complexes are known 

with the structures [M(N(Ph2PS)2)3] (where M = Y3+, La3+, Ce3+, U3+ and Pu3+)229–231 and 

[M(N(Ph2PS)2)Cp2] (where M = Y3+, Ce3+ and Yb3+)232–234 as given in Figures 2.46. All 

these compounds were prepared under inert conditions using [M(N(SiMe3)2)3] and 

[MCp3] as starting reagents respectively. In all these cases, except for the ruthenium 

complex, complexes showed flat S–P–N–P–S structures indicating very good charge 

dispersion about this group. This is in fact contrary to the isoelectronic carbenes discussed 

prior in Section 2.6.2, where puckering in the structures is typical, however no discussion 

of the relation between puckering and charge distribution was noted in literature. It should 

also be noted that the N–M bond lengths for these complexes were as given in Table 2.2.  

 

 

Figure 2.46: Molecular structures of [M(N(Ph2PS)2)3] (left) and [M(N(Ph2PS)2)Cp2] (right) typical 

for the metals described in text. 

 

Table 2.2: Bond lengths of N–M bonds given in literature. 

Compound N–M bond length 

[Ti(N(Ph2PS)2)(HN(Ph2PS)2)Cl2][Ti2Cl9] 2.066 Å 

[Ti2(N(Ph2PS)2)2-μ-S2,Cl][Ti2Cl9] 2.103 Å 

[Ru(N(Ph2PS)2)(C6(Me)6)] 2.282 Å 

[M(N(Ph2PS)2)3] 2.560–2.652 Å 

[M(N(Ph2PS)2)Cp2] 2.374–2.567 Å 
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2.7.3. Compounds with the structure X(R2PY)2, where X = HN, Y = O, and their 

complexes 

 

Similar to the compounds of the HN(R2PS)2 ligand and its derivatives a number 

of HN(R2PO)2 have been synthesised and structurally characterised. In these cases only 

two structural analogues were characterised, namely the ligands  HN(iPr2PO)2 and 

HN((C6F5)2PO)2.
220,235 As with some of the HN(R2PS)2 analogues both were prepared 

under inert conditions using R2PBr and HN(SiMe3)2.
220,235 The tautomeric compound 

[N+(Ph2PO-)(Ph2POH)] was synthesised by Fluck and Goldmann in 1963, but only 

structurally characterised by Nöth in 1982, as having  the structure given in Figure 

2.47.37,236 The synthetic route was not typical to those described previously for the 

HN(R2PS)2 and HN(R2PO)2 analogues but was undertaken through the reaction given in 

Scheme 2.9, which was undergone under inert conditions due to the reactivity of the 

starting reagents.  

 

Figure 2.47: Molecular diagram of tautomer structure for HN(Ph2PO)2 published by Nöth in 

1982.236  

 

Ph2PCl + NH4Cl  [N(Ph2PCl)2][Cl] + 4 HCl 

[N(Ph2PCl)2][Cl] + 2 HCO2H  [N+(Ph2PO-)(Ph2POH)] + 2 CO + 3 HCl 

 
Scheme 2.9: Synthesis of [N+(Ph2PO-)(Ph2POH)]   

 

Complexes of HN(iPr2PO)2, HN((C6F5)2PO)2 and [N+(Ph2PO-)(Ph2POH)] with 

transition metals have been studied extensively and all these complexes, to the author’s 

knowledge, show chelation through the oxygen atoms.225 It is interesting to note that the 

compound [N+(Ph2PO-)(Ph2POH)] forms, on deprotonation and complexation, the 

[N(Ph2PO)2]
- chelate. A N–M bond has not been published in current literature for these 

compounds.225 The complexes of interest in the current study are the complexes of these 

three ligands with lanthanides.  
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For the ligand species HN((C6F5)2PO)2 and [N+(Ph2PO-)(Ph2POH)] complexes 

with the basic formula of [Ln(N(R2PO)2)3] (where Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, 

Dy or Er) have been synthesised and characterised in published literature.32,235,237–245 

Unlike the lanthanide [Ln(N(Ph2PS)2)3] complexes, in the cases for the  [Ln(N(R2PO)2)3] 

analogues no N–M bonds have been published in literature. All these have been noted as 

having both octahedral and trigonal prismatic geometry as given in Figure 2.48 for 

[Tb(N(Ph2PO)2)3]·0.75H2O, in which both coordination geometries were noted.240 In all 

cases two main preparation procedures were undertaken in numerous solvents through 

either the complexation of the lanthanide(III) salts, typically chlorides, with 

K[N(R2PO)2],
32,235,238,240,246 which was undertaken under typical laboratory conditions or 

the reaction of the neutral ligand with [Ln(NSiMe3)2], which was undertaken under inert 

conditions.241 

 

 

Figure 2.48: Trigonal prismatic (left) and Octahedral [Tb(N(Ph2PO)2)3]·0.75H2O. 

 

For the ligands HN((C6F5)2PO)2 and [N+(Ph2PO-)(Ph2POH)], the inclusion of a 

monodentate secondary ligand to the complexes [Ln(N(R2PO)2)3] to give complexes of 

the formula [Ln(N(R2PO)2)3L] have been noted in literature with L = MeCN, MeCO2Et, 

THF, Me2SO, Me2CO and H2O for R = Ph and L = MeOH for R = iPr,200,235,239,241,242,245 

with no overarching coordination geometry common for these species. Many of the 

[Ln(N(Ph2PO)2)3] complexes were also noted as solvates of MeCN, H2O, THF, CHCl3 

and hexane.32,235,238–245 The presence of both aqua complexes and hydrates indicated that 

the complexes thus formed were stable to some degree on exposure to moisture.  

For the ligand [N((iPr)2PO)2]
- only cerium(IV) complexes have been 

characterised by XRD methods to give molecular structures. The cerium(III) 

[Ce(N(iPr2PO)2)3] has not been structurally characterised although the cerium(IV) 

complexes [Ce(N(iPr2PO)2)3Cl] and [Ce(N(iPr2PO)2)3(OI(Ph)(Cl))] with the same 
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formula and structure of [Ln(N(R2PO)2)3L] have been published.200,247 The cerium 

clusters [Ce(N(iPr2PO)2)2(O2)]2 and [Ce(N(iPr2PO)2)2Cl]2[μ-N(iPr2PO)2](μ-O) were also 

published.200,247 Finally, two complexes of structure [Ce(N(iPr2PO)2)2(L)2] namely, 

[Ce(N(iPr2PO)2)2(NO3)2] and [Ce(N(iPr2PO)2)2(MoO3Cp)2] have also been published.248 

These indicated that using a less bulky R group than phenyl and an early lanthanide 

cation, which typically have greater coordination numbers could form complexes with 

secondary ligands of interest which can replace at least one of the chelates. This could 

increase the chemistry of such complexes, which is of general interest. 

In all cases little puckering of the O–P–N–P–O structures on coordination was 

noted in the structures published in literature, regardless of the structure of the complex. 

However, it was noted that the structures for the coordinated S–P–N–P–S moieties were 

more planar, possible indicating a higher degree of charge distribution then the 

coordinated O–P–N–P–O moieties. This preference for planar S–P–N–P–S moieties as 

compared to the O–P–N–P–O moieties could be the reason for the formation of N–M 

bonding in the former but not the latter. The reason for this could be the preference of the 

ylide form P+–S- for P=S bonds as compared to the P+–O- form for the P=O bond,99,249 

which could cause better charge distribution in the latter.  

 

2.8. Stabilisation of compounds by co-crystallisation 

 

Co-crystals are typically defined as crystalline materials which contain two or 

more molecular components in definite stoichiometric amounts, bound together by inter-

molecular interactions within a singular crystal lattice.250,251 It is commonly accepted that 

co-crystals have physical and chemical properties that are different from those of the 

solids of the individual components.252 This is indeed the most important difference 

between co-crystals and the solid state forms of the individual components that has 

pushed co-crystals into the forefront of crystal engineering.  

Although in most studies the components of the co-crystals are molecular and 

neutral in nature, co-crystals are also known for charged components such as organic salts 

and charged metallic complexes.253 Numerous metallic complex – organic compound    

co-crystals have been published,  using  a wide range of metallic complexes ranging from 

organometallic compounds to ionic complexes such as lanthanide nitrate hydrates.254–256 

Although ionic species  are considered to be able to form co-crystals, neutral acidic and 
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basic co-formers, which are very common, must not react with  each other to form ionic 

species, namely the conjugate base or acid.257,258  The most well described inter-

molecular bond used in co-crystallisation is the hydrogen bond, although other types of 

bonding such as ionic, π to π interactions and hydrophobic interactions are well known.250 

In many cases the properties that have been discussed in the study of co-crystals 

are physical properties, such as solubility.259,260 A second characteristic which is 

somewhat less discussed is the stability of these co-crystals as compared to the original 

compounds. Research into the difference in stability was mainly concentrated  on APIs, 

wherein the presence of co-formers in the crystalline form diminishes the possibility and 

rate of formation of other crystalline forms, especially hydrates.261  

Less work has been published on the chemical stabilisation of compounds using 

co-crystallisation but examples from such works are provided hereunder. The earliest 

discussion on stabilisation of compounds through  co-crystallisation was published in 

1931 by Fischer and Taurinsch, when the field of co-crystallisation was not 

established.262 The authors dealt with a number of acyl and thionyl halides and a number 

of inorganic sulphur and phosphorus halides which were crystallised in stoichiometric 

amounts with numerous (phenylazo)phenyl derivatives. These gave crystals in which the 

halides did not react with atmospheric moisture to release the respective hydrogen 

halides.262 The cause of this stability is not well known and is not expanded upon in the 

study. Simple molecules that are known to be unstable in both the solid state and in 

solution to varying degrees are the 1,1,4,4-tetrahalobutatrienes. Although 1,1,4,4-

tetrafluorobutatriene is the least stable of the series, in the solid state it was nonetheless 

elucidated in single crystals.263 This however was not the case for the more stable 1,1,4,4-

tetrabromobutatriene, although still sensitive to decomposition, which could only be 

obtained in a crystalline and stable form in co-crystals with phenazine.264 This is therefore 

an example of the use of co-crystallisation in the stabilisation of highly reactive 

compounds in the attempt to produce crystals which were suitable for SXRD.  

An area of study that is of interest in the field of chemical stability of compounds 

in crystalline form is the co-crystallisation of energetic materials in an attempt to control 

the sensitivity of these materials to reaction.265 Crystallographic studies  have shown that 

in many cases thermal and chemical stability is mainly influenced by increasing the 

density of the crystal.266,267 This may be due in part to a correlation between density and 

a greater intermolecular bonding which increases the lattice energy and therefore thermal 

stability.268  
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In this regard a number of studies have been undertaken that address the                 

co-crystallisation of 2,4,6-trinitrotoluene (TNT) with a number of co-formers. In these 

studies this highly energetic and reactive compound was stabilised for purposes of storage 

by co-crystallisation. In the first study of the kind TNT was co-crystallised, mainly in a 

1:1 molar ratio, with a number of highly aromatic compounds. The intermolecular 

bonding was found to be donor-acceptor π-π bonding which through the formation of 

stacked crystal structures increased the density of the co-crystals as compared to that of 

crystalline TNT.269  

Isoniazid, as shown in Figure 2.49, is known to be stable at room conditions but 

decomposes on storage when mixed with a number of other APIs with which it is 

commonly prescribed.270 As may be expected decomposition of this compound occurs 

mainly due to the reaction of the hydrazine group, resulting in the formation of numerous 

degradation products.271 Co-crystallisation of isoniazid with cinnamic, succinic, glutaric, 

adipic, pimelic, sebacic and suberic acids yielded a number of co-crystals which were 

stable in storage conditions.272,273 However with the co-formers malonic and benzoic acid  

it yielded co-crystals which decomposed on storage.273  

 

N

O NH
NH2

 

Figure 2.49: Structure of Isoniazid  

 

In all cases the acid co-formers bonded to the pyridine electron donating nitrogen, 

while numerous different synthons were noted for the hydrazine moiety. A clear 

relationship between the synthons formed in each co-crystal and the stability or lack 

thereof was not concluded, as apart from the carboxylic to pyridine synthon co-crystals 

containing malonic and benzoic acid did not have other similar synthons. Meanwhile the 

stable co-crystals showed a wide variety of synthons, many being different between one 

co-crystal and the next.272,273 
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3. EXPERIMENTAL 

 

3.1. Instrumentation and software used for product characterisation  

 

A number of instruments were used to analyse the resultant products obtained 

from the reactions performed during this study.  

Infra-red Spectra were obtained by a Shimadzu IRAffinity-1 FTIR 

spectrophotometer, with a detection range of 4000–400 cm-1. Solid samples were 

prepared  using the pellet method by FT-IR grade (≥ 99%) KBr (Sigma Aldrich), which 

was heated to dryness overnight before and after use and stored in a vacuum desiccator 

at room temperature before use, to ensure that no changes occur in the solid state of the 

sample due to heat transfer from the KBr to the sample. This was the main sample 

preparation technique for the products to be analysed by IR spectroscopy used during this 

study, since the focus was on products in the solid state. Other sample preparation 

methods used are described where applicable.  

UV-visible light spectroscopy was undergone using a Jasco V-650 

Spectrophotometer. Liquid samples were prepared by dissolving an amount of solid in 

the relevant solvent and the sample transferred to a quartz cuvette. All solvents used were 

dried as described in Section 3.2.3. Raman spectroscopy was undergone using a LabRAM 

HR evolution spectrometer. Samples were analysed sealed in glass capillaries. IR spectra, 

UV spectra and Raman spectra were plotted and analysed using Spectragryph - optical 

spectroscopy software.274 

1H and 31P NMR spectroscopy was undertaken using a Bruker Biospin GmbH 

Ascend NMR spectrometer with a probe having a set frequency of 500.13 MHz for 1H 

NMR and a set frequency of 202.457 MHz for 31P. 1H NMR samples were prepared by 

dissolving 1-5 mg of the solid to be tested in 0.8 ml of deuterated solvent in which the 

solid is soluble. Tetramethylsilane (TMS) was used as an internal standard for 1H NMR 

spectroscopy. 31P NMR samples were prepared by dissolving 10-20 mg of the solid to be 

tested in 0.4 ml of the deuterated solvent in which the solid was soluble. 0.1%(w/v) 

H3PO4(aq) solution was prepared and used as an external standard for 31P NMR 

spectrometry. The deuterated solvent used for the sample was also used to lock the 

frequency. All data was collected at a temperature of 298 K, unless otherwise stated. 1H 

and 31P NMR spectra were plotted and analysed using TopSpin 3.5pl6 and MNova 14.1.0. 
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Gas chromatography mass spectroscopy (GC-MS) data was collected using 

Thermo DSQ II GC/MS spectrometer. Samples were prepared by dissolving 5-10 mg of 

the solid to be tested in 0.75-0.8 ml of chloroform. As with the NMR spectra the gas 

chromatographs and mass spectra obtained were plotted and analysed using MNova 

14.1.0. 

Detailed photographs of crystals, crystalline powders and amorphous solids were 

obtained using a Leica Z16 APO microscope and a QICAM Fast 1394 camera along with 

the software Q-Capture Pro 7. All hot stage techniques were undergone using the same 

microscope and camera and the hot stage apparatus THMS600 controlled and used via 

the Linksys32 software.  

SXRD data was collected using a STOE STADIVARI diffractomer for both Cu-

Kα1 or Mo-Kα1 radiation and the BM01 beamline at the European Synchrotron Radiation 

Facility (ESRF) using 0.6407 Å radiation. Powder data was also collected using the 

BM01 beamline at the ESRF using 0.6407 Å radiation and a STOE Stadi MP- and P- 

powder diffractometer as well as STOE STADI P Essentials powder diffractometer for 

both Cu-Kα1 or Mo-Kα1 radiation. 

 

3.2. Schlenk line techniques  

 

Throughout this study reactions had to be undergone in a moisture free and inert 

atmosphere. Therefore, standard Schlenk line techniques were used as detailed out in 

Appendix 1.  

 

3.2.1. Argon Purification 

 

The most critical aspect was to ensure dry and inert conditions. The biggest 

challenge encountered was due to the fact  that commercially available argon is typically 

not of high enough purity for research purposes. Therefore, a number of purification 

columns were prepared or purchased to remove reactive agents, mainly moisture and 

oxygen. The preparation of the purification columns used in this study is detailed out in 

Appendix 1 and is based on the preparations which enjoy widespread use in the field of 

air and moisture sensitive chemistry.275  
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3.2.2. General conditions and procedures 

 

All reactions performed during this study were undergone under an argon 

atmosphere. Any variations  will be detailed out in the specific procedures. All glassware 

used was heated overnight at 150 ℃ and flame dried under vacuum for 5 minutes to 

obtain dry glass conditions.  Glassware was purged for 5 minutes under vacuum and 2 

minutes under argon three times over, to ensure an argon atmosphere. All solvents and 

solid reagents used in reactions were stored under argon. Solvents were stored in Schlenk 

tubes under argon over a desiccant. Most solids obtained commercially were stored under 

argon in screw cap bottles. The argon atmosphere was maintained by resupplying the 

bottles with argon, whereby argon was allowed to flow over the solid in the open bottles 

covered by the screw cap. After this procedure, these were further stored in vacuum 

desiccators over activated coloured silica beads. Solid products prepared throughout the 

study were mainly stored in sealed ampoules or in small Schlenk tubes the latter being 

inspected and purged with argon regularly. All wet chemistry was undertaken using well 

established procedures. Weighing was undertaken using a simple benchtop mass balance 

using a special set up. All of these techniques are described in detail in Appendix 1. In 

all cases the purchased reagents were used as purchased without further purification 

unless specified. Reagents which were synthesised previously in the current study are 

identified in the Experimental section and characterisation is given in the Results and 

Discussion section.  

 

3.2.3. Drying of solvents 

 

All solvents used in the current study had to be dried and purified from impurities 

before use. The main drying procedure for solvents was the distillation of the solvent over 

a desiccant. The set up used in the current study and the specific techniques used for each 

solvent are given in detail in Appendix 2. Solvents which were used as purchased or dried 

using other techniques are noted as such while solvents dried using the techniques given 

in Appendix 2 are noted as dry. 
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3.3. Reaction procedures 

 

3.3.1. Synthesis of Lanthanide carbene complexes 

 

 Ligand synthesis  

 

Since the phosphorane ligands used in this study were not commercially available 

these had to be synthesised by following the procedures described in literature. On a 

number of occasions deviations from the published procedures were made, mainly due to 

the unavailability of equipment and a lack of details given in the published procedures.  

 

3.3.1.1.1. Synthesis of K[HC(Ph2PNiPr)2] through the Kirsanov method  

 

The synthesis of the potassium salt of bis(diphenyl-N-iso-propyl 

phosphorano)methane, K[HC(Ph2PNiPr)2], was undertaken several times during this 

study, with the aim of  obtaining the required product and yield. In each case the Kirsanov 

method as employed by Demange and co-workers and Klemps, et al. was used.36,121 The 

synthesis of the salt was undergone in two steps. The first step was the synthesis of the 

aminophosphonium derivative ([H2C(Ph2PNH(iPr))2]Br2) using the procedure described 

by Demange et al., which is a modification of the previously published Kirsanov 

method.119,120 The molecular diagram of the expected product [H2C(Ph2PNH(iPr))2]Br2 

is given in Figure 3.1. 
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Figure 3.1: Molecular diagram of [H2C(Ph2PNH(iPr))2]Br2. 
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The second step involved the preparation of the actual salt K[HC(Ph2PNiPr)2] 

through the simple deprotonation of the aminophosphonium salt 

[H2C(Ph2PNH(iPr))2]Br2 with potassium bis(trimethylsilyl)amide (KHMDS) as 

described by Klemps and co-workers.121  The molecular daigram of the expected product 

K[HC(Ph2PNiPr)2] is given in Figure 3.2. 
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Figure 3.2: Molecular diagram of K[HC(Ph2PNiPr)2]. 

 

3.3.1.1.1.1 Synthesis of [H2C(Ph2PNH(iPr))2]Br2 

 

3.3.1.1.1.1.1 Reagents used    

 

The chemicals used in the procedures described in this section were 1,1-

bis(diphenylphosphino)methane (dppm) (99%), iso-Propyl amine (99%), tributylamine 

(98%), bromine (>99%), dichloromethane (dry) and THF (dry). 

 

3.3.1.1.1.1.2 [H2C(Ph2PNH(iPr))2]Br2_1 

 

A 100 ml Schlenk flask was charged with 30 ml of dry CH2Cl2 via cannula, after 

which 1.001g (2.6 mmol) of Bis(diphenylphosphino)methane (dppm) were added. Full 

dissolution occurred, yielding a clear solution. This was cooled to -78 ℃ in a dry ice-

acetone bath under constant stirring. A 100 μl syringe was used to transfer 267 μl (5.18 

mmol) bromine liquid to the reaction solution at -78 ℃. Transfer of bromine was 

undergone in a dropwise manner during which a bright orange suspension was formed. 

After all the bromine was added the bath was removed and the mixture allowed to reach 

room temperature, yielding a white precipitate along with a yellow suspension. The 

reaction mixture was allowed to stir for 1 hour at room temperature.  
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Afterwards the reaction flask was again cooled down to -78 ℃ and ~1.3 ml (5.5 

mmol) of tributylamine and ~0.5 ml (5.8 mmol) of iso-propyl amine were added to the 

reaction mixture via glass syringes. These were both added in slight excess of the amounts 

required. After this addition the reaction mixture was left stirring until it reached room 

temperature, whereupon it was left stirring for a further 2 hours. Immediately on the 

addition of the reagents, the suspension started to clear until on reaching room 

temperature a yellow solution was formed. The solvent was removed under vacuum to 

give a foamy white residue. Dry THF (20 ml) was then added to dissolve the majority of 

the residue. This was allowed to stir at room temperature for 5 hours. The mixture was 

filtered through a filtration tube set up and the solid washed with another 20 ml of THF. 

The solid was dried under vacuum and afterwards further dried under argon flow. The 

solid was collected as the final product in an ampoule under argon. Yield: 0.905 g,        

52.7 %. 

 

3.3.1.1.1.1.3 Characterisation data 

 

 [H2C(Ph2PNH(iPr))2]Br2_1 FT-IR (KBr, cm-1): 3494 (m), 3423 (m), 3054 (m), 2967 

(w), 2826 (w), 2761 (wb), 1587 (w), 1439 (s), 1371 (w), 1320 (w), 1222 (w), 1190 (w), 

1166 (w), 1114 (s), 1075 (w), 1042 (m), 994 (w), 909 (w), 822 (m), 802 (m), 784 (m), 

750 (s), 717 (w), 690 (s), 490 (s). 1H NMR (CDCl3): 8.00 ppm (dd, 3JHP = 13.38 Hz, 3JHH 

= 7.33 Hz, 8.34H, o-H), 7.40 ppm (t, 3JHH = 7.30 Hz, 4.34H, p-H), 7.61 ppm (dt, J1 = 7.88 

Hz, J2 = 3.30 Hz, 8.34, m-H), 6.96 ppm (t, 2JHP = 10.45 Hz, 3JHH = 5.60 Hz, 2.34H, NH), 

6.56 ppm (t, 3JHH = 16.03 Hz, 4.34H, PCH2P), 3.06 ppm (bm, 2.34H, NCH(iPr)), 0.95 

ppm (d, 3JHH = 6.40 Hz, 14H, CH3(iPr)). 

 

3.3.1.1.1.2 Synthesis of K[HC(Ph2PNiPr)2] 

 

3.3.1.1.1.2.1 Reagents used    

 

The chemicals used in the procedures described in this section were 

[H2C(Ph2PNH(iPr))2][Br]2_1 (synthesised in current study), KHMDS (94-106%) and 

THF (dry). 
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3.3.1.1.1.2.2 General procedure for K[HC(Ph2PNiPr)2] 

 

A 100 ml Schlenk flask was charged with 25 ml of THF and stirring was 

commenced. Subsequently 0.2g (0.302 mmol) of [H2C(Ph2PNH(iPr))2]Br2_1 were 

dissolved in the THF and afterwards 0.184g (0.922 mmol) of KHMDS were added in 

portions to the solution, at room temperature. The solution turned into a very pale yellow 

colour and remained slightly murky. This solution was allowed to stir at room 

temperature for 2 hours. During these 2 hours an off-white to pale yellow suspension 

started to form. The suspension was allowed to stand for 4 days, after which it was filtered 

through cannula filtration to yield a slightly murky pale yellow suspension. The solid left 

behind was washed with THF and the washing was added to the filtrate, which was left 

to stand overnight. A second cannula filtration was undergone to yield a pale yellow 

solution which was dried under vacuum to yield a sticky off-white precipitate. This 

precipitate was collected as the final product in an ampoule under argon. 

 

3.3.1.1.1.2.3 K[HC(Ph2PNiPr)2]_1  

 

In this attempt 10 ml of dry THF, 0.121g (0.183 mmol) of 

[H2C(Ph2PNH(iPr))2]Br2_1 and 0.110g (0.551 mmol) of KHMDS were used. 

Precipitation was allowed for 3 days rather than 4 days while washing with THF and the 

second cannula filtration were not undertaken. The final product was labelled as  

K[HC(Ph2PNiPr)2]_1. Yield: Negligible. 

 

3.3.1.1.1.2.4 K[HC(Ph2PNiPr)2]_2  

 

The solid K[HC(Ph2PNiPr)2]_2 was collected as a final product through the 

general procedure described prior with no modifications. Yield: 0.102 g, 62 %. 

 

3.3.1.1.1.2.5 Characterisation data 

 

K[HC(Ph2PNiPr)2]_1 FT-IR (KBr, cm-1): 3370 (bw), 3176 (bw), 3055 (w), 2964 (m), 

2925 (m), 2855 (w), 1653 (w), 1437 (s), 1365 (w), 1260 (m), 1183 (s), 1109 (s), 1026 (s), 

978 (sh), 886 (m), 802 (s), 743 (s), 718 (m), 695 (s), 503 (m). 1H NMR (CDCl3): 8.00-
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7.40 ppm (phenyl) 3.37 ppm (m, 3JHH = 6.29 Hz, 3JHP = 19.2 Hz, 2.0H, NCH(iPr)), 1.24 

ppm (d, 3JHH = 6.5 Hz, 29.32H, CH3(iPr)), 0.88 ppm (t, 2JHP = 6.9 Hz, 18.64H, PCHP). 

K[HC(Ph2PNiPr)2]_2 FT-IR (KBr, cm-1): 3419 (bw), 3122 (m), 3059 (w), 2963 (m), 

2927 (w), 2856 (w), 1655 (bw), 1470 (w), 1438 (s), 1261 (s), 1203 (s), 1185 (s), 1173 

(m), 1107 (s), 1071 (w), 1016 (s), 890 (m), 801 (s), 754 (m), 747 (m), 742 (m), 723 (m), 

715 (w), 699 (s), 692 (s), 563 (s), 523 (m). 1H NMR (CDCl3): 8.00-7.40 ppm (phenyl) 

3.37 ppm (m, 3JHH = 6.29 Hz, 3JHP = 19.2 Hz, 2.0H, NCH(iPr)), 1.24 ppm (d, 3JHH = 6.5 

Hz, 13.14H, CH3(iPr)), 0.88 ppm (t, 2JHP = 6.9 Hz, 1.40H, PCHP). 

 

3.3.1.1.2. Synthesis of H2C(Ph2PNSiMe3)2   

 

The synthesis of the compound, H2C(Ph2PNSiMe3)2, was published by Appel and 

Rupert in 1974.34 The authors used the Phospho-Staudinger method wherein λ3σ3-

phosphanes were reacted with azides to produce iminophosphoranes and nitrogen gas as 

a side product, as described in Section 2.4.3.1.1.117 During the current study, the synthesis 

of the H2C(Ph2PNSiMe3)2 through this method was undergone by reacting dppm with 

trimethylsilyl azide. The reaction was attempted several times and a number of batches 

were prepared. The molecular diagram of the expected product, H2C(Ph2PNSiMe3)2, is 

given in Figure 3.3. 
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Figure 3.3: Molecular diagram of the ligand H2C(Ph2PNSiMe3)2. 

 

3.3.1.1.2.1 Reagents used    

 

The chemicals used in the procedures described in this section were dppm (99%), 

trimethylsilyl azide (94%) and acetonitrile (dry). 
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3.3.1.1.2.2 General procedure 

 

In this reaction 2 ml (15 mmol) of trimethylsilyl azide were transferred by syringe 

to a 50 ml Schlenk flask, followed by 2.330g (5.99 mmol) of dppm, to give a thick white 

suspension. The mixture was stirred at 80 rpm. On heating to 90-100 ℃ full dissolution 

was obtained along with heavy effervescence. The temperature was then increased to    

140 ℃ over a period of approximately 10 hours at a rate of 4 °C/hour. Full dissolution of 

the solid occurred at ~87 ℃. The solution was kept at 140 ℃ until no more effervescence 

was observed. This mixture was allowed to cool to 100 °C and vacuum applied for                

6 hours to remove volatile reagents and by-products. The mixture was cooled to room 

temperature yielding an off-white crystalline mass as expected. The mass was broken into 

smaller pieces and an off-white powder obtained. The solid proved to be crystalline on 

inspection under polarised light. The solid was collected in an ampoule under argon as 

the final product.  

 

3.3.1.1.2.3 H2C(Ph2PNSiMe3)2_1  

 

In this attempt the final product was recrystallised from acetonitrile as described 

by Müller and co-workers in 1999.276 Dry acetonitrile was heated to reflux in a 

temperature range of 75-81℃ and 5 ml was transferred by cannula onto the solid product. 

The mixture was heated to 81 ℃ giving two liquid phases which were miscible, forming 

a clear liquid. This was cooled to -10 ℃ in a salt-ice bath to yield a white precipitate 

containing a small amount of dark grey solid mixed with the white solid. The mixture 

was filtered by cannula filtration and the solid dried under vacuum for several hours. The 

solid was collected as H2C(Ph2PNSiMe3)2_1 in an ampoule under argon. Yield: 1.195 g, 

35 %. 

 

3.3.1.1.2.4 H2C(Ph2PNSiMe3)2_2  

 

In this attempt the solution was heated directly to 140 ℃ and left at this 

temperature for 10 hours, after which no more effervescence was observed. The mixture 

was allowed to cool to room temperature overnight after which the solid was heated under 

vacuum at 100 ℃ to remove volatiles, yielding the final product H2C(Ph2PNSiMe3)2_2. 

Yield: 3.268 g, 96.7 %. 
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3.3.1.1.2.5 H2C(Ph2PNSiMe3)2_3  

 

A solid H2C(Ph2PNSiMe3)2_3 was collected as a final product through the general 

procedure described prior with no modifications. Yield: 2.4895 g, 74.4 %. 

 

3.3.1.1.2.6 Characterisation data 

 

H2C(Ph2PNSiMe3)2_1, _2, _3 FT-IR (KBr, cm-1): 3049 (m), 2948 (m), 2891 (w), 1961 

(w), 1914 (w), 1829 (w), 1481 (w), 1435 (s) 1273 (bs), 1238 (s), 1184 (w), 1175 (w), 

1157 (w), 1127 (m), 1114 (m), 1103 (m), 1027 (m), 998 (w), 864 (w), 851 (s), 831 (s), 

802 (s) 776 (m), 751 (m), 741 (s), 730 (m), 710 (w), 696 (s), 633 (s), 573 (m), 532 (s), 

510 (s), 500 (s), 460 (m). 1H NMR (C6D6): 7.93 ppm (m, 2.97H, o-H), 7.65 ppm (m, 

9.43H, m-H), 7.41 ppm (td, J1 = 1.65 Hz, J2 = 7.68 Hz, 1.81H, p-H) 3.29 ppm (t, 2JHP = 

13.87 Hz, 1H, PCH2P), 0.26 ppm (s, 18.18H, SiMe3). 

 

3.3.1.1.3. Synthesis of H2C(Ph2PS)2   

 

The synthesis and SXRD characterisation of 

bis(diphenylthiophosphinoyl)methane, H2C(Ph2PS)2, was published by Carmalt and      

co-workers in 1996.35 The reaction undergone was the oxidation of the phosphorus(III) 

dppm to the phosphorus(V) H2C(Ph2PS)2 by the reduction of elemental sulphur, as 

described in Section 2.4.3.2. This has remained the main method for the preparation of 

this ligand and is described in various publications wherein this ligand  is used to complex 

with lanthanide metal centres.8,123,124 In this study this procedure was used to prepare 

multiple batchs of H2C(Ph2PS)2. The molecular diagram of the expected product, 

H2C(Ph2PS)2, is given in Figure 3.4. 
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Figure 3.4: Molecular diagram of H2C(Ph2PS)2. 
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3.3.1.1.3.1 Reagents used    

 

The chemicals used in the procedures described in this section were dppm (99%), 

sulphur (94%) and toluene (dry). 

 

3.3.1.1.3.2 General procedure 

 

A 200 ml Schlenk flask was charged with 25 ml of dry toluene and 2.143g (5.6 

mmol) of dppm. The mixture was stirred at room temperature and a colourless solution 

was formed. Subsequently 0.358g (11.1 mmol) of sulphur was added to this solution to 

obtain a 1:2 molar ratio of dppm to sulphur. The added sulphur dissolved after 10 minutes 

of stirring at room temperature, to yield a very pale yellow solution. The solution was 

heated in an oil bath at 111 ℃ for 30 minutes, to induce reflux within the flask. The 

solution was placed in a liquid nitrogen-chloroform bath at -60 ℃ and allowed to stand 

at this temperature for 2 days, with the bath being replenished each day. This yielded a 

highly crystalline solid composed of colourless crystals clearly visible to the naked eye. 

The solvent was removed by cannula filtration at a temperature of -60 ℃. The solid was 

dried under vacuum and collected as the final product in a dry ampoule under argon. 

 

3.3.1.1.3.3 H2C(Ph2PS)2_1  

 

A solid labelled H2C(Ph2PS)2_1 was collected as a final product through the 

general procedure described prior with no modifications. Yield: 2.183 g, 87 %. 

 

3.3.1.1.3.4 H2C(Ph2PS)2_2 

 

In this reaction two solids were obtained, namely the final product as described 

in the general procedure, H2C(Ph2PS)2_2a, and a secondary solid also collected under 

argon and labelled as H2C(Ph2PS)2_2b. The second solid was collected on removal of 

volatiles under vacuum from the final cannula filtration filtrate. Yield H2C(Ph2PS)2_2a: 

2.156 g, 85.8 %. Yield H2C(Ph2PS)2_2b: 0.211 g, 8.40 %. 
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3.3.1.1.3.5 H2C(Ph2PS)2_3 

 

In this attempt the reaction was undergone at 116 ℃ rather than 111 ℃. Two 

solids were obtained namely the final product as described in the general procedure, 

H2C(Ph2PS)2_3a, and a secondary solid also collected under argon and labelled as 

H2C(Ph2PS)2_3b. The second solid was collected on removal of volatiles under vacuum 

from the final cannula filtration filtrate. Yield H2C(Ph2PS)2_3a: 1.999 g, 79.58 %. Yield 

H2C(Ph2PS)2_3b: 0.275 g, 10.95 %. 

 

3.3.1.1.3.6 Characterisation data 

 

H2C(Ph2PS)2_1, _2a, _3a FT-IR (KBr, cm-1): 3053 (w), 2937 (w), 2888 (w), 1966 (w), 

1895 (w), 1821 (w), 1490 (m), 1435 (s), 1356 (m), 1309 (m), 1181 (w), 1155 (s), 1103 

(s), 1066 (w), 1026 (w), 999 (w), 926 (w), 850 (m), 783 (s), 771 (s), 763 (w), 752 (s), 746 

(s), 735 (s), 708 (s) 690 (s), 625 (s), 613 (s), 594 (s), 522 (m), 497 (s), 477 (s). 1H NMR 

(C6D6): 7.89 ppm (m, 3.79H, o-H), 6.92 ppm (m, 5.91, m/p-H), 3.84 ppm (t, 2JHP = 13.5 

Hz, 1H, PCH2P). 1H NMR (CDCl3): 7.82 ppm (dd, J1 = 7.62 Hz, J2 = 13.13 Hz, 2H, o-

H), 7.42 ppm (t, 1H, p-H), 7.33 ppm (t, 2H, m-H), 3.98 ppm (t, 2JHP = 13.43 Hz, 0.5H, 

PCH2P). MP: 186–192 °C. 

H2C(Ph2PS)2_2b, _3b FT-IR (KBr, cm-1): 3053 (w), 2937 (w), 2888 (w), 1966 (w), 1895 

(w), 1821 (w), 1490 (m), 1435 (s), 1356 (w), 1307 (m), 1165 (s), 1155 (m), 1102 (s), 

1066 (w), 1026 (w), 999 (w), 926 (w), 848 (m), 803 (s), 771 (s), 747 (s), 737 (s), 708 (w) 

690 (s), 619 (m), 603 (s), 522 (m), 497 (s), 477 (s). 1H NMR (CDCl3): 7.82 ppm (dd, J1 

= 7.62 Hz, J2 = 13.13 Hz, 2H, o-H), 7.42 ppm (t, 1H, p-H), 7.33 ppm (t, 2H, m-H), 3.98 

ppm (t, 2JHP = 13.43 Hz, 0.5H, PCH2P). 

 

 Lanthanide starting reagents  

 

Although as described in Section 2.5. numerous lanthanide starting reagents have 

been used in similar studies focusing on the synthesis of lanthanide carbenes, the 

lanthanide iodides remain the most widely used. Lanthanide iodide starting reagents were 

also used in the current study and therefore the preparation of relevant starting reagents 

formed an important part of this research.  
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3.3.1.2.1. Synthesis of LnI3(THF)3.5 complexes 

 

 Attempts at synthesising anhydrous lanthanide iodides were undertaken for 

neodymium and samarium. In both cases the respective LnI3(THF)3.5 (Ln = Nd and Sm) 

was the desired product. These complexes are known to form as salt structures of the type 

[LnI2(THF)5][LnI4(THF)2], given in Figure 3.5 for the Nd3+ analogue. These compounds 

were required as starting reagents in the attempts to synthesise complexes of the 

respective metals. The synthesis of these iodides was undergone as described by Izod and 

co-workers in 2004 and as detailed out hereunder.137 In the current study numerous 

attempts, using variants to this methodology, were made to prepare these compounds. In 

the case of the neodymium iodides Soxhlet extraction as described in literature could not 

be undergone and therefore the procedure was also modified to employ a number of other 

methods for the removal of iodine and further purification.137 In the case of the samarium 

iodide Soxhlet extraction as described in literature was undertaken both for the removal 

of iodine and for the recrystallisation of the crude product into a clear crystalline solid.137 

The synthesis attempts that gave the best yields and the best characterisation data are 

described hereunder. 

 

 

Figure 3.5: Structure of [NdI2(THF)5][NdI4(THF)2] (built in VESTA from cif data obtained from 

CSD). 
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3.3.1.2.1.1 Reagents used  

 

The chemicals used in the procedures described in this section were Neodymium 

metal (99.9%), Samarium metal (99.9%), iodine (99%), THF (dry), 40-60 ℃ petroleum 

ether (dry) and n-hexane (dry). 

 

3.3.1.2.1.2 NdI3(THF)3.5_1 

 

In this reaction a 100 ml Schlenk tube was charged with 15 ml dry THF. 

Afterwards 0.996g (6.91 mmol) of neodymium metal were weighed and added to the 

THF, yielding a black suspension on stirring. The flask was placed in a salt-ice bath at a 

temperature of -10 ℃ and allowed to equilibrate with the bath. When the mixture reached 

a temperature of 0 ℃ 2.629g (10.36 mmol) of iodine were added to the reaction mixture. 

Immediately on addition of iodine a dark brown suspension was formed along with some 

effervescence. On reaching room temperature the precipitate in suspension was observed 

to be yellow in colour. Dry 40-60 ℃ petroleum ether (40 ml) was then added to the 

reaction mixture yielding a yellow-green solid, in addition to the solid already present, 

and a light yellow filtrate.  

The mixture was filtered through a filtration tube set up leaving a pale yellow 

filtrate along with a green-yellow solid. The solid was then dried under vacuum and 

collected. The solid was allowed to stand under vacuum in a 140 ℃ oil bath for 9 hours, 

giving a light grey solid. The flask was attached to the Schenk line through dry ice-

acetone traps to minimise the burden on the main Schlenk line liquid nitrogen trap. 

Afterwards the solid was transferred to another filtration tube and was washed 5 times 

with 10 ml portions of 40-60 ℃ petroleum ether followed by 5 times with 20 ml portions 

of dry THF, after which the solid was recollected. Yield: 1.199 g, 21.5 %.  

 

3.3.1.2.1.3 SmI3(THF)3.5_1 and SmI3(THF)3.5_2  

 

For this reaction 2.002 g (13.3 mmol) of samarium metal were weighed under 

argon flow and transferred into a 200 ml Schlenk tube. Subsequently 20 ml of dry THF 

were added via cannula and the solid was suspended by stirring the mixture using a 

magnetic stirrer. This mixture was cooled to 0 °C using an ice bath. On cooling 5.069 g 
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(20 mmol) of solid iodine were added to the stirred mixture to yield a dark brown 

suspension. This was allowed to equilibrate to room temperature overnight with constant 

stirring.  

After the reaction was stopped, 50 ml of dry n-hexane were added via cannula to 

the mixture to yield a yellow precipitation. The resultant mixture was filtered using a 

24/29 filtration tube to collect the yellow precipitate and a clear dark brown filtrate. The 

solid obtained was washed with 10 ml dry THF. The flask containing the filtrate was 

replaced with another flask containing dry THF to prepare a set up as described in Figure 

3.6. The THF was heated to reflux until the solvent front reached above the level of the 

solid in the filtration tube. On suspension of the solid in THF heating was stopped and 

the THF was filtered automatically back to the Schlenk flask thus washing the solid. This 

was repeated for 10 runs to yield a dark brown THF solution, whilst at the same time the 

solid colouration did not change. The solid was then transferred to a Schlenk tube 

attached to the Schlenk line through a dry ice-acetone trap. The solid was set under 

vacuum and heated to 150 °C for 4 hours with constant stirring. The resultant product 

was weighed to give a mass of 5.444 g and was labelled as SmI3(THF)3.5_1.  

 

Argon

water

Crude SmI
3
THF

3.5

THF

water

Heating mantle

Argon

 

Figure 3.6: Second set up used to remove iodine from crude SmI3·THF3.5. 
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A Soxhlet extraction set up was prepared using a 250 mm Allihn condenser, a    

100 ml Soxhlet extractor with a glass thimble and a 250 ml round bottom flask to act as 

a THF reservoir with a side arm attached to the Schlenk line. The glass thimble was 

charged with 1.070 g of the crude solid SmI3(THF)3.5_1, while the reservoir flask was 

filled with 150 ml of dry THF. Soxhlet extraction was undertaken overnight. Most of the 

solid in the glass thimble was transferred to the reservoir flask. This solution was left at 

room temperature for 2 days, and an orange crystalline solid was formed in the THF 

reservoir.  This solid was collected and labelled as SmI3(THF)3.5_2 and its mass recorded 

to be 0.669 g. This procedure was repeated using the same amount of dry THF and      

2.008 g of SmI3(THF)3.5_1 to yield another orange crystalline solid with a mass of      

1.906 g. The IR spectra of the two solids indicated that both solids had the same 

composition and therefore they were collected in an ampoule as a single solid and labelled 

as SmI3(THF)3.5_2. Yield SmI3(THF)3.5_1: 5.444 g, 52.24 %. Yield SmI3(THF)3.5_2: 

2.574 g, 24.7 %. 

 

3.3.1.2.1.4 Characterisation data 

 

NdI3(THF)3.5_1 FT-IR (Nujol, cm-1): 3330 (bs), 1300 (m), 1233 (sh), 1172 (w), 1154 

(w), 1076 (w), 1034 (w), 1005 (s), 849 (m), 832 (w), 665 (w). 

SmI3(THF)3.5_1 FT-IR (Nujol, cm-1): 3380 (bs), 1606 (bm), 1168 (m), 1154 (m), 1074 

(m), 1005 (w), 965 (m), 934 (w), 917 (w), 890 (m), 846 (m). 

SmI3(THF)3.5_2 FT-IR (Nujol, cm-1): 3380 (bw), 1606 (bw), 1170 (m), 1074 (m), 1036 

(m), 1005 (w), 953 (w), 917 (m), 846 (w). 

 

3.3.1.2.2. Synthesis of [Sm(NCy2)3THF]·C6H5CH3 

 

In the current study the compound [Sm(NCy2)3THF]·C6H5CH3 was required as a 

starting reagent in the attempted synthesis of the carbene 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)], as discussed in Section 2.5.3 of the Literature 

Review.7 This compound is used as a starting reagent since it acts as a strong base where 

the amide ligand should be a strong enough base to deprotonate the di-λ5σ4-phosphorane 

carbene precursor.7 The synthesis and structural characterisation of this compound were 

published by Minhas, R.K. and co-workers in 1996.162 The published molecular structure 

of this compound is given in Figure 3.7. 
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Figure 3.7: Molecular diagram of [Sm(NCy2)3THF]·C6H5CH3. 

 

In literature the synthesis of this compound was undertaken through a simple salt 

metathesis reaction as given in Scheme 3.1. The reaction was undertaken in THF and the 

product was separated from the LiCl by-product by recrystallisation from toluene.  

 

LiNCy2(sol) + SmCl3(s)  [Sm(NCy2)3THF](sol) + LiCl(s) 

 
Scheme 3.1: Synthesis of [Sm(NCy2)3THF].  

 

The reaction undertaken in the current study was based on the published synthesis, 

with minor modifications. Multiple synthesis attempts were made with the one that gave 

the best product being described hereunder. 

 

3.3.1.2.2.1 Reagents used 

 

The chemicals used in the procedure described in this section were SmCl3 

(99.9%), LiNCy2_1 (synthesised in current study as detailed in Appendix 3), THF (dry) 

and toluene (dry). 

 

3.3.1.2.2.2 [Sm(NCy2)3THF]·C6H5CH3_1 

 

A 100 ml Schlenk flask was purged under argon and charged with 0.992 g (3.86 

mmol) of SmCl3 and 10 ml dry THF. The mixture was stirred and heated to reflux 

overnight. This mixture was than cooled to room temperature with constant stirring and 
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2.166 g (11.6 mmol) of LiNCy2_1 were added to it. This addition changed the colour of 

the mixture immediately to an orange colour. The resultant mixture was allowed to stir 

for 30 minutes. The volatiles of this reaction mixture were removed under vacuum and 

subsequently 50 ml dry toluene were added to the remaining solid via cannula. The 

orange mixture obtained in this reaction was filtered using a filtration tube set up to yield 

an orange filtrate and a white solid. This white solid proved to be the LiCl salt. The filtrate 

was then allowed to stand at -41 °C overnight yielding the precipitation of a light orange 

solid as the final product which was collected in an ampoule under argon and labelled 

[Sm(NCy2)3THF]·C6H5CH3_1. Yield: 0.103 g, 9.17 %. 

 

3.3.1.2.2.3 Characterisation data 

 

[Sm(NCy2)3THF]·C6H5CH3_1 FT-IR (Nujol, cm-1): 3564 (bs), 1458 (s), 1375 (s), 1344 

(w), 1259 (m), 1144 (m), 1123 (m), 1079 (w), 1047 (w), 1027 (w), 958 (w), 889 (m), 847 

(w), 800 (w), 728 (s), 694 (m). 

  

 Complexation  

 

Lanthanide carbene complexes were prepared in the current study using the 

ligand, ligand precursors and lanthanide starting reagents prepared as described in 

Sections 3.3.1.1 and 3.3.1.2. The attempts at synthesising these lanthanide carbenes were 

undertaken following the procedures described in literature. On many occasions 

deviations from the published procedures were made.  

 

3.3.1.3.1. Synthesis of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]·0.5(C6H5CH3) 

 

The synthesis of this lanthanide carbene complex was previously published by 

Aparna, K. and co-workers in 2000 and was  one of the earliest phosphorus(V) stabilised 

lanthanide carbenes described in literature.7 This compound was synthesised in literature 

through the acid-base reaction of the carbene precursor H2C(Ph2PNSiMe3)2, which was 

used as a diprotic acid, with two of the amide ligands of the [Sm(NCy2)3THF]·C6H5CH3 

starting reagent acting as mono basic bases, as given in Scheme 3.2. The structure of this 

compound is given in Figure 2.22 (left). It should be noted that this compound was stable 

under an inert atmosphere, however it was not thermally stable. 
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H2C(Ph2PNSiMe3)2(sol) + [Sm(NCy2)3THF](sol)  

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)](s) + 2Cy2NH(l) 

 

Scheme 3.2: Synthesis of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)].  

 

3.3.1.3.1.1 Reagents used 

 

The chemicals used in the procedures described in this section were SmCl3 

(99.9%), LiNCy2_2 (synthesised in current study as detailed in Appendix 3), 

[Sm(NCy2)3THF]·C6H5CH3_1 (synthesised in current study), H2C(Ph2PNSiMe3)2_2 

and_3 (synthesised in current study), THF (dry) and toluene (dry). 

 

3.3.1.3.1.2 General procedure 

 

A 100 ml Schlenk flask was charged with 0.103 g (0.135 mmol) of 

[Sm(NCy2)3THF]·C6H5CH3_1, which was suspended in 5 ml of dry toluene to give an 

orange-yellow suspension. Approximately 0.080 g (0.148 mmol) of H2C(Ph2PNSiMe3)2 

were weighed and transferred to the orange-yellow suspension at room temperature with 

constant stirring. The ligand was dissolved but no further changes were observed. This 

reaction was left for 24 hours at room temperature. The stirred mixture was then heated 

in the range of 80 °C for 20 minutes. Stirring was stopped and the mixture cooled to room 

temperature. This was left over 2 days to form a pale yellow precipitation. This mixture 

was filtered using cannula filtration to yield a pale yellow filtrate and pale yellow solid 

as the initial products.  

 

3.3.1.3.1.3  [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1 

 

This reaction was undergone as described prior with the following modifications. 

Immediately on cooling to room temperature a pale yellow suspension was formed. This 

was filtered using cannula filtration. The filtrate was collected, concentrated to 2 ml and 

allowed to stand at room temperature over 2 days. The first precipitate was analysed with 

IR spectroscopy and it proved to be an intractable water containing solid. Standing at 

room temperature over 2 days did not yield the desired crystallisation and therefore the 
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filtrate was cooled to -78 °C. This yielded the precipitation of a yellow solid. This solid 

was collected by filtration, ampouled and labelled 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1. Yield: 0.034 g, 25 %. 

 

3.3.1.3.1.4  [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2 

 

A total of 0.057 g (0.068 mmol) of [Sm(NCy2)3THF]·C6H5CH3_1 and 0.042 g 

(0.075 mmol) of H2C(Ph2PNSiMe3)2_2 were used in 4 ml of dry toluene. Reaction at       

80 °C was allowed for 30 minutes. Standing at room temperature over 2 days did not 

yield the desired crystallisation and therefore the filtrate was cooled to -78 °C. 

Subsequently a small crop of clear pale yellow crystals was formed. This solid was 

collected by removal of the majority of the solution by cannula and the small crop of 

crystals was transferred to an NMR tube. This was labelled as 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2. Some of the mother liquor was added to the 

NMR tube and this was sealed under vacuum by freezing the mother liquor in liquid 

nitrogen. Yield: negligible. 

 

3.3.1.3.1.5  [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 

 

In this reaction the required [Sm(NCy2)3THF]·C6H5CH3 starting reagent was 

prepared in situ. A 100 ml Schlenk tube was purged under inert argon and dried. This 

was charged with 11 ml dry THF, followed by 0.2295 g (0.894 mmol) of SmCl3 giving a 

white suspension. The mixture was refluxed in the flask for 2.5 hours. To the stirred 

suspension at room temperature 0.5015 g (2.678 mmol) of LiNCy2_2 were added. During 

addition an intense orange colour was obtained in the suspension, which turned into a 

yellow solution immediately after the full addition of LiNCy2_2. This was left stirring at 

room temperature for 1 hour after which the THF was removed under vacuum and 13 ml 

dry toluene were added. After 1 hour full precipitation of the suspended LiCl(s) by-product 

was obtained. The mixture obtained was filtered to a second 100 ml Schlenk flask using 

cannula filtration whereby a clear yellow filtrate was collected.  

To this filtrate, 0.498 g (0.891 mmol) of H2C(Ph2PNSiMe3)2_3 were added and 

the general procedure described prior was followed. On cooling to room temperature an 

increase in precipitation was observed and this solution was left at 0 °C over 2 days. The 
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mixture obtained was filtered using a cannula filtration set up. The pale yellow precipitate 

was collected as the 1st precipitate of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3. The filtrate 

later yielded a second precipitate. The solvent was removed by filtration and the 

remaining volatiles were removed by allowing the solid to dry under argon over time. A 

pale yellow powder was obtained as the 2nd precipitate of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3. Yield: 0.1302 g, 14.5 %. 

 

3.3.1.3.1.6  [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 

 

This attempt at preparing [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)] was undertaken 

using the moisture and oxygen scavenging set up given in Section A-1.1.3. of Appendix 

1. In this reaction the required [Sm(NCy2)3THF]·C6H5CH3 starting reagent was prepared 

in situ as described in Section 3.3.1.3.1.5. using the same reagents: 0.2303 g (0.897 

mmol) of SmCl3 and 0.5035 g (2.689 mmol) of LiNCy2_2. The mixture obtained was 

filtered to a second 100 ml Schlenk flask using cannula filtration, whereby a clear bright 

yellow filtrate was collected. To this filtrate 0.4980 g (0.891 mmol) of 

H2C(Ph2PNSiMe3)2_3 were added with constant stirring. The general procedure 

described prior was followed. The heating at 80 °C for 20 minutes yielded a light yellow 

solution with a noticeable increase in turbidity. The reaction mixture was cooled to room 

temperature and allowed to stand for 2 days. An increase in precipitation was observed 

and therefore the mixture was filtered using cannula filtration to yield a colourless 

solution and a mixture of light yellow and off-white solids, which could not be separated. 

The light yellow solid mixture was collected as [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4. 

Yield: 0.2340 g, 26.1 %. 

 

3.3.1.3.1.7  Characterisation data 

 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1 FT-IR (KBr, cm-1): 3174 (w), 1435 (m), 1258 

(m), 1241 (m), 1145 (s), 1116 (s), 1085 (w), 1070 (w), 1028 (w), 889 (s), 847 (s), 828 

(m), 800 (w), 772 (w), 747 cm-1 (w), 737 (s), 721 (s), 693 (m). 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2 FT-IR (KBr, cm-1): 3450 (bs), 1635 (bm), 1437 

(s), 1175 (s), 1125 (s), 1109 (s), 1071 (w), 1026 (w), 911 (m), 756 (m), 745 (m), 722 (m), 

698 (m), 692 (m). 
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[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 FT-IR (KBr, cm-1): 3353 (bs), 3086 (w), 3059 

(w), 1650 (bm), 1435 (s), 1313 (s), 1260 (s), 1238 (w), 1176 (s), 1126 (s), 1109 (s), 1082 

(w), 1070 (w), 1028 (m), 916 (w), 890 (w), 846 (m), 863 (m), 827 (s), 743 (m), 692 (m), 

718 (m), 728 (m), 692 (s). 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 FT-IR (KBr, cm-1): 3400 (bs), 3055 (w), 2929 

(s), 2853 (s), 1645 (bw), 1437 (s), 1310 (w), 1253 (s), 1180 (s), 1127 (s), 1115 (s), 1070 

(w), 1028 (w), 998 (s), 918 (m), 890 (m), 847 (m), 828 (w), 787 (m), 747 (s), 722 (m), 

695 (s). 

 

3.3.1.3.2. Synthesis of [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF 

 

The lanthanide carbene complex [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF 

was of interest in the current study since it has been shown to initiate lactide 

polymerisation as discussed in Section 2.6.2.2.2 in the literature review. This introduces 

the possibility of using these lanthanide carbenes in polymerisation and catalysis. The 

synthesis and structural characterisation of this lanthanide carbene was first published by 

Buchard, A. and co-workers in 2009.40 The structure of this complex is given in Figure 

3.8.  
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Figure 3.8: Molecular diagram of [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]. 

 

This synthesis was undertaken in a stepwise reaction as given in Scheme 3.3. In 

the first step Nd(HC(Ph2PNiPr)2)2I was prepared through salt metathesis while in the 

second step the final complex [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF was prepared 

through an acid-base reaction. In the current study the synthesis of this complex was 

attempted using two different modifications of the methods published by Buchard, A. 

and co-workers and Klemps C. and co-workers.40,121   
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NdI3·THF3.5(sol) + 2 K[HC(Ph2PNiPr)2]  Nd(HC(Ph2PNiPr)2)2I(sol) + 2KI(s) 

Nd(HC(Ph2PNiPr)2)2I(sol) + KN(SiMe3)2  [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF 

+ HN(SiMe3)2(l) + KI(s) 

 

Scheme 3.3: Synthesis of [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)].  

 

3.3.1.3.2.1 Reagents used 

 

The chemicals used in the procedures described in this section were NdI3THF3.5_1 

(synthesised in current study), [H2C(Ph2PNH(iPr))2]Br2_1 (synthesised in current study), 

K(HC(Ph2PNiPr)2)_2 (synthesised in current study), KHMDS (94-106%), THF (dry) and 

40-60 ℃ petroleum ether (dry). 

 

3.3.1.3.2.2 [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1 

 

The initial step of the reaction involved the preparation of K[HC(Ph2PNiPr)2] in 

situ. A 50 ml Schlenk tube was purged under argon, dried under vacuum and charged 

with 0.111 g (0.168 mmol) of [H2C(Ph2PNH(iPr))2]Br2_1, which had been weighed under 

argon. To this solid 10 ml dry THF were added to yield a pale yellow solution. 

Subsequently, 0.101 g (0.506 mmol) of KHMDS were weighed under argon and added 

at room temperature to the mixture in the Schlenk tube, with constant stirring. On reaction 

a light yellow suspension was produced. This reaction mixture was allowed to stir for 2 

hours at room temperature, after which 64 mg (0.082 mmol) of NdI3THF3.5_1 were added 

to yield a yellow suspension. The mixture obtained was filtered using a 19/26 filtration 

tube set up to yield a white solid and a yellow filtrate. On analysis by IR spectroscopy it 

was determined that the solid was most likely the KI salt.  

An amount of 0.016 g (0.080 mmol) of KHMDS were then added to the filtrate 

at room temperature with constant stirring and this yielded a light yellow suspension. 

Stirring was continued for 1 hour after which it was stopped and the mixture was filtered 

using a 19/26 filtration tube. This was followed by cannula filtration. These filtrations 

yielded an off-white solid. On analysis by IR spectroscopy it was determined that the 

solid was most likely the KI salt. Approximately 5 ml of dry 40-60 ℃ petroleum ether 

were then added via cannula to the filtrate and the resultant solution was cooled to -78 °C 
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and maintained at this temperature overnight. This yielded a grey precipitate which was 

collected in an ampoule and labelled as [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1. 

Yield: Negligible.  

 

3.3.1.3.2.3 [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2 

 

In this reaction a 100 ml Schlenk tube was charged with 0.102 g (0.189 mmol) of 

K(HC(Ph2PNiPr)2)_2, which had been weighed under argon. This solid was dissolved in 

15 ml dry THF with constant stirring to yield a slight yellow solution. Subsequently, 

0.078 g (0.100 mmol) of NdI3THF3.5_1, which was also weighed under argon, were added 

at room temperature to this solution. This addition did not yield a significant change, 

except for the formation of a slight suspension. After 1 hour, 20 mg (0.100 mmol) of 

KHMDS were added to this mixture and it was allowed to stir at room temperature for   

2 hours. This led to the formation of a green-brown suspension. The mixture was then 

filtered through a cannula filtration set up to yield an off-white solid and a yellow filtrate. 

On analysis by IR spectroscopy it was determined that the solid was most likely the KI 

salt. The volatiles in the filtrate were removed under vacuum to yield a sticky brown 

residue. This residue was dissolved in 5 ml 40-60 ℃ petroleum ether and the resultant 

solution cooled to -78 °C, whereby a brown suspension was obtained. On cannula 

filtration the solid remained a sticky brown residue. This was collected and labelled as 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2. Yield: Negligible.  

 

3.3.1.3.2.4 Characterisation data 

 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1 FT-IR (KBr, cm-1): 3564 (bs), 3056 

(w), 2959 (s), 2859 (s), 1620 (w), 1590 (w), 1438 (w), 1314 (w), 1297 (w), 1260 (s), 1203 

(m), 1110 (m), 1076 (s), 1015 (m), 910 (s), 806 (s), 747 (m), 728 (m), 693 (m). 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2  FT-IR (KBr, cm-1): 3188 (w), 3056 

(w), 2962 (s), 2925 (s), 2855 (m), 1620 (w), 1590 (w), 1438 (m), 1314 (w), 1297 (w), 

1261 (s), 1145 (s), 1123 (s), 1096 (s), 1021 (s), 997 (m), 888 (s), 802 (s), 747 (s), 728 

(m), 692 (s). 
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3.3.1.3.3. Synthesis of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3) 

 

The compound [Sm2(C(Ph2PS)2)2I2THF4] was first synthesised and characterised 

by Cantat, T. and co-workers in 2005.8 In the published literature the complex was 

prepared through a salt metathesis reaction of the lithium salt of H2C(Ph2PS)2, 

Li2C(Ph2PS)2, prepared in situ with the samarium iodide salt SmI3·THF3.5 in toluene and 

crystallised by layering the solution with diethyl ether. The complete reaction is given in 

Scheme 3.4. 

 

H2C(Ph2PS)2(sol) + 2 MeLi(sol)  Li2C(Ph2PS)2(sol) + 2 CH4(g) 

2 SmI3·THF3.5 + 2 Li2C(Ph2PS)2  [Sm2(C(Ph2PS)2)2I2THF4](sol) + 4 LiI(s) + 3 THF 

 
Scheme 3.4: Synthesis of [Sm2(C(Ph2PS)2)2I2THF4].  

 

In the current study multiple attempts were made in preparing this compound, 

using the procedure published by Cantat, T. and co-workers in 2005,8 with minor 

modifications. The attempts with the best yield and most interesting results are described 

hereunder. The structure of the expected complex is given in Figure 3.9. In the publication 

the compound was obtained as a solvate of toluene, with the structure 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3).   
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Figure 3.9: Molecular diagram of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3). 

 

3.3.1.3.3.1 Reagents used 

 

The chemicals used in the procedures described in this section were 

H2C(Ph2PS)2_1 and _3a (synthesised in current study), SmI3THF3.5_2 (synthesised in 

current study), MeLi (1.6 moldm-3 in diethyl ether), toluene (dry), THF (dry), diethyl 

ether (dry) and n-hexane (dry). 
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3.3.1.3.3.2 General procedure 

 

In this reaction a 25 ml Schlenk tube was purged and dried before being charged 

with 0.359 g (0.8 mmol) of H2C(Ph2PS)2 and 6 ml of dry toluene, yielding a white 

suspension.  The mixture was cooled to -78 °C, with constant stirring. When the mixture 

reached this temperature 1 ml (1.6 mmol) of 1.6 moldm-1 MeLi in diethyl ether was added 

via a 5 ml glass syringe. The resultant mixture was then left to equilibrate to room 

temperature to yield a yellow solution with a slight turbidity. Subsequently 0.628 g (0.802 

mmol) of SmI3THF3.5_2 were added to the solution to yield a bright yellow suspension. 

This was left stirring at room temperature overnight and afterwards filtered using a 19/26 

filtration tube set up, to yield a light yellow solid and a yellow filtrate. This solid, 

expected to be LiI, was labelled as [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1a, _2a, _3a 

and _4a for respective reactions. The yield of each of these four solids was calculated 

assuming that the solid was anhydrous LiI, giving values > 100%. This indicated the 

presence of hydrates of LiI and/or mixtures of various products and side products of the 

reaction. Both these possibilities were confirmed by IR spectroscopy. Different work up 

procedures of the yellow filtrate were undergone for each reaction described and 

therefore these are given in the relevant sections hereunder. Further reactions and work 

up were also undertaken using [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a and _4a, as 

described hereunder, in attempts to collect samarium complexes of H2C(Ph2PS)2 

derivatives from the mixure of compounds obtained. 

 

3.3.1.3.3.3 [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1 

 

The filtrate was layered using 10 ml of dry THF and left overnight at room 

temperature to yield a yellow paste. A cannula filtration setup was used to collect this 

residue. The solid was labelled as [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1b. Analysis 

by plane polarised light microscopy indicated that the solid was an amorphous paste. 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1b was afterwards dissolved in 2 ml of dry 

toluene and 10 ml dry n-hexane to yield a white powder which was collected by filtration. 

This third solid was labelled as [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1c. Yield 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1a: 0.785 g, 366 %. Yield 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1b: Negligible. Yield 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1c: 0.185 g, 21.9 %. 
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3.3.1.3.3.4  [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2 

 

On addition of SmI3THF3.5_2 the reaction was left stirring for 3 hours instead of 

overnight. The first solid [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a was a pale yellow 

waxy solid rather than a light yellow solid. The filtrate was concentrated under vacuum 

to approximately half its volume and 12 ml of dry diethyl ether were then added to it, to 

yield a white precipitate, which was collected and labelled as 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b. 

In a different set-up, 0.308 g of the product 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a were suspended in toluene to yield a yellow 

suspension which was filtered. The solid obtained was a bright yellow solid and it was 

collected and labelled as [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1, while the filtrate 

remained a clear, colourless filtrate. This solid was ampouled under argon and the colour 

was observed to change from a bright yellow to orange. All the volatiles from the filtrate 

were removed under vacuum to yield a gelatinous solid in which crystallites were 

observed when the product, labelled as [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_2, 

was inspected under a microscope. Yield [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a: 

0.665 g, 309 %. Yield [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b: 0.276 g, 32.7 %. Yield 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1: 0.221 g, 26.1 %. Yield 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_2: 0.154 g, 18.2 %. 

 

3.3.1.3.3.5 [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3 

 

The yellow filtrate was left to stand overnight and precipitation was observed. 

Filtration yielded a white solid and a clear colourless filtrate. The latter filtrate was left 

to stand for a week at room temperature, after which a small crop of crystals was 

produced. The white solid was collected and labelled as 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_1, while the small crop of crystals was 

collected and labelled as [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_2.  Yield 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3a: 0.298 g, 139 %. Yield 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_1: 0.254 g, 30.1 %. Yield 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_2: Negligible.  
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3.3.1.3.3.6 [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4 

 

In this attempt 0.126 g (0.281 mmol) of H2C(Ph2PS)2_3a, 2 ml of dry toluene and 

0.4 ml (0.64 mmol) of 1.6 moldm-1 MeLi in diethyl ether were used in the deprotonation 

reaction of H2C(Ph2PS)2. A second 25 ml Schlenk tube was charged with 0.220 g (0.281 

mmol) of SmI3THF3.5_2 and the solution prepared prior was added via cannula to the 

stirred solid. This yielded a pale yellow suspension. This was left stirring at room 

temperature for 1.5 hours and afterwards filtered using a 19/26 filtration tube set up, to 

yield a very pale yellow residue, expected to be LiI, which was collected and labelled as 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a, along with a yellow filtrate. The filtrate was 

allowed to stand over a week, after which a small crop of very pale yellow crystals was 

produced. These were collected and labelled as 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4b. 

The solid [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a was dissolved in 2 ml of dry 

toluene and the mixture was cooled to -78 °C. Afterwards 0.6 ml (0.96 mmol) of 1.6 

moldm-1 of MeLi in diethyl ether were added to this mixture to yield a yellow suspension. 

This suspension was left to equilibrate to room temperature and then left stirring 

overnight. This mixture was filtered via cannula to yield a white powder and a golden 

yellow filtrate. The solid was collected and labelled as 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a_1. The resultant filtrate was layered with 10 

ml of dry diethyl ether to yield a yellow suspension which on filtration gave a pale yellow 

gelatinous solid, which was collected and labelled as 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a_2.  

Yield [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a: 0.099 g, 132 %. Yield 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4b: Negligible. Yield 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a_1: 0.067 g, 22.61 %. Yield 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a_2: Negligible. 

 

3.3.1.3.3.7 Characterisation data 

 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1a, _1c, _2a_2, _3a, _3a_1, _3b_1 FT-IR 

(KBr, cm-1): 3455 (bs), 1606 (bs), 1435 (s), 1308 (w), 1261 (w), 1153 (w), 1126 (w), 

1103 (s), 1064 (w), 1040 (w), 1028 (w), 997 (w), 782 (s), 772 (s), 752 (m), 732 (s), 707 

(w), 689 (s), 623 (s), 613 (m), 594 (w). 
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[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1c, _2a, _4a, _4a_1 FT-IR (KBr, cm-1): 1734 

(w), 1431 (s), 1371 (s), 1165 (w), 1153 (w), 1114 (w), 1101 (s), 1070 (w), 1025 (w), 997 

(w), 801 (s), 770 (s), 744 (sh), 736 (s), 721 (sh), 708 (m), 688 (m), 619 (m), 602 (s). 1H 

NMR (CDCl3): 7.82 ppm (m, 2H, o-H), 7.42 ppm (m, 1H, p-H), 7.34 ppm (m, 2H, m-H), 

3.98 ppm (t, J = 13.45 Hz, 0.5H, PCH2P), 3.48 ppm (q, 1H, CH2(DEE)) 1.21 ppm (t, 2H, 

CH3(DEE)) 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1b FT-IR (KBr, cm-1): 3416 (bs), 3051 (w), 

2962 (s), 2878 (s), 2692 (w), 1619 (bw), 1458 (s), 1377 (s), 1292 (w), 1236 (w), 1186 

(m), 1102 (s), 1042 (s), 914 (s), 890 (s), 784 (m), 731 (s), 692 (m), 645 (m) 629 (m), 614 

(m), 597 (sh), 585 (w). 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1 FT-IR (KBr, cm-1): 3420 (bs), 1615 

(bm), 1520 (s), 1402 (s), 1140 (w), 1102 (w), 1022 (w), 916 (w), 889 (w). 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b FT-IR (KBr, cm-1): 3433 (bs), 1616 (bs), 

1435 (s), 1261 (s), 1154 (w), 1101 (s), 1062 (w),1025 (m), 817 (sh), 799 (s), 785 (s), 771 

(m), 746 (w), 737 (s), 687 (s), 585 (w). 1H NMR (CDCl3): 7.82 ppm (m, 2H, o-H), 7.42 

ppm (m, 1H, p-H), 7.34 ppm (m, 2H, m-H), 3.98 ppm (t, J = 13.45 Hz, 0.5H, PCH2P), 

3.48 ppm (q, 1H, CH2(DEE)) 1.21 ppm (t, 2H, CH3(DEE)) 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_2 FT-IR (KBr, cm-1): 1170 (w), 1152 (w), 

1084 (w), 1017 (w), 935 (w), 917 (w), 890 (w), 845 (w), 799 (w), 770 (w). 1H NMR 

(C6D6): 7.89 ppm (m, 4H, o-H), 6.92 ppm (m, 6H, m/p-H and the triplet at 3.84 ppm (t, J 

= 13.55 Hz, 1H, PCH2P) 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a_2 FT-IR (KBr, cm-1): 3029 (w), 2962 (s), 

2905 (m), 2862 (m), 1260 (s), 1101 (s), 1026 (s), 864 (m), 728 (m), 705 (sh) 695 (s), 605 

(w), 542 (w). 

 

3.3.2. Synthesis of Lanthanide non-carbene di-λ5σ4-phosphorane complexes 

 

 Ligand synthesis 

 

As with the ligands and ligand precursors prepared for the preparation of 

lanthanide carbenes the ligand and ligand precursors prepared for these non-carbene 

lanthanide complexes were prepared using previously published methods. In many cases 

the methods published were modified to obtain better results.  
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3.3.2.1.1. Synthesis of HN(Ph2PO)2 

 

The synthesis of HN(Ph2PO)2 and various other HN(R2PO)2 analogues are 

attested in literature.38,238,277 These are typically published in studies dealing with the 

complexation of these HN(R2PO)2 analogues. The basic synthesis used in many of these 

publications is the oxidation of N,N-bis(diphenylphosphino)amine (HN(Ph2P)2), as given 

in the Scheme 3.5. 

 

HN(Ph2P)2(s) + 2 H2O2(aq)  HN(Ph2PO)2(s) + 2 H2O(l) 

 

Scheme 3.5: Synthesis of HN(Ph2PO)2.  

 

The HN(Ph2PO)2 ligand itself is not moisture or oxygen sensitive and therefore 

could be handled using aqueous solutions in normal laboratory conditions. However, 

synthesis was still undergone under an inert atmosphere due to the moisture sensitivity 

of the starting reagent, HN(Ph2P)2. The molecular diagram of the expected product 

HN(Ph2PO)2, is given in Figure 3.10. 
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Figure 3.10: Molecular diagram of the ligand HN(Ph2PO)2. 

 

3.3.2.1.1.1 Reagents used 

 

The chemicals used in the procedure described in this section were HN(Ph2P)2 

(98%), H2O2(aq) (30% w/w), THF (dry), chloroform (GPR, used as purchased) and 

methanol (GPR, used as purchased). 
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3.3.2.1.1.2 HN(Ph2PO)2_1 

 

A 25 ml Schlenk flask was set up with a magnetic stirring bar and charged with  

1 g (2.6 mmol) of HN(Ph2P)2. Via cannula, 5 ml dry THF were added and the solid 

reagent dissolved to yield a clear colourless solution. This solution was cooled down to 

0 °C via an ice bath. Using a glass pipette, 0.6 ml (5.7 mmol) of 30% w/w aqueous 

hydrogen peroxide were added dropwise to the solution. This immediately gave a white 

precipitate. The mixture was left to stir for 1 hour at room temperature. The reaction 

solution was filtered using a filtration tube and the white solid that was collected was 

washed with 20 ml water. The solid was recrystallised in a mixture of 20 ml CHCl3 and 

5 ml methanol and left in a refrigerator at 8 °C for 16 hours. This procedure yielded a 

white crystalline mass as a product, labelled HN(Ph2PO)2_1. Yield: 0.897 g, 82 %. 

 

3.3.2.1.1.3 Characterisation data 

 

HN(Ph2PO)2_1 FT-IR (KBr, cm-1): 3104 (bs), 1645 (s), 1437 (s), 1325 (m), 1309 (w), 

1227 (w), 1180 (w), 1148 (s), 1110 (s), 1089 (s), 939 (m), 928 (s), 923 (s), 784 (m), 754 

(m), 742 (m), 740 (m), 689 (s), 649 (m), 638 (m), 625 (s) 575 (w). 1H NMR (CDCl3): 

7.83 ppm (dd, J1 = 7.75 Hz and 3JHP = 12.67 Hz, 8H, o-H), 7.41 ppm (t, J1 = 7.75 Hz, 4H, 

p-H) and 7.32 ppm (m, 8H, m-H). MP: 274.1–276.1 °C. 

 

3.3.2.1.2. Synthesis of HN(Ph2PS)2 

 

In the investigation of the complexation of di-λ5σ4-phosphorane compounds 

which are more stable than the respective carbenes, it was of interest to study the 

complexation of the compound HN(Ph2PS)2, having the structure given in Figure 3.11. 

This compound is the thio analogue of HN(Ph2PO)2. The synthesis of HN(Ph2PS)2 was 

first published by Wang and co-workers, in 1978.278 In the published reaction 

bis(diphenylphosphino)imine (HN(Ph2P)2) was reacted with elemental Sulphur in toluene 

and the crude product was washed with toluene, petroleum ether and carbon disulfide and 

then recrystallised from iso-propanol. The reaction was a simple oxidation of the 

phosphorus centers in HN(Ph2P)2 with Sulphur, as given in Scheme 3.6. The reaction 

described hereunder is a modification of the reaction published previously.  
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Figure 3.11: Molecular diagram of HN(Ph2PS)2. 

 

HN(Ph2P)2(sol + 2 S(sol)  HN(Ph2PS)2(sol) 

 

Scheme 3.6: Synthesis of HN(Ph2PS)2.  

 

3.3.2.1.2.1 Reagents used 

 

The chemicals used in the procedure described in this section were HN(Ph2P)2 

(98%), sulphur (GPR), toluene (dry), diethyl ether (dry), iso-propanol (GPR, used as 

purchased) and chloroform (GPR, used as purchased). 

 

3.3.2.1.2.2 HN(Ph2PS)2_1 

 

A 25 ml Schlenk flask, equipped with a Liebig condenser, was charged with 1g 

(2.6 mmol) of HN(Ph2P)2 and 0.183 g (5.7 mmol) of Sulphur. The reagents were 

dissolved by adding 5 ml of the dried toluene to the solid mixture, via cannula. The 

solution was stirred for 15 minutes at room temperature, after which it was refluxed for 

4 hours at 100 °C. Subsequently, the solution was cooled down to 0 °C, yielding a white 

precipitate. The mixture was filtered using a filtration tube and the precipitate was washed 

with 10 ml of toluene and 10 ml diethyl ether. The crude solid was recrystallised in a 

mixture of 10 ml iso-propanol and 5 ml chloroform, yielding a colourless crystalline 

solid. Yield: 0.783 g, 69 %. 

 

3.3.2.1.2.3 Characterisation data 

 

HN(Ph2PS)2_1 FT-IR (KBr, cm-1): 3030 (bs), 2631 (m), 1972 (w), 1910 (w), 1829 (w), 

1585 (m), 1478 (m), 1438 (s), 1325 (s), 1309 (m), 1180 (m) 1162 (w), 1106 (s) 1074 (w), 

1023 (w), 996 (m), 937 (w), 924 (s), 785 (s), 742 (s), 717 (s), 687 (s), 648 (s), 613 (s), 
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569 (m), 532 (s), 499 (s), 491 (m), 477 (m), 462 (m), 408 (m). 1H NMR (CDCl3): 7.89 

ppm (ddt, J1 = 6.94 Hz and 3JHP = 12.59 Hz, 1.95H, o-H), 7.43 ppm (m, 1H, p-H), 7.34 

ppm (m, J1 = 3.43 Hz and J2 = 7.59 Hz, 2.02H, m-H). MP: 212–213 °C. 

 

3.3.2.1.3. Synthesis of O((Et2N)2PO)2 

 

In this study the preparation of O((Et2N)2PO)2 was undergone using a 

modification on the synthesis of the analogous pesticide Schradan, O((Me2N)2PO)2; the 

synthesis of which was described by Goehring and Niedenzu in 1956.199,211 The general 

reaction for the formation of the analogous compounds having  a  structure of                 

O((R3-nNHn-1)2PO)2, which include the published Schradan and its analogues, is given in 

Scheme 3.7. This reaction could be undertaken using primary and secondary amines, 

where 𝑛 = 1 𝑜𝑟 2. 

 

O(Cl2PO)2 + 8 R3-nNHn  O((R3-nNHn-1)2PO)2 + 4 [R3-nNHn+1][Cl] 

 

Scheme 3.7: General synthesis reaction for the preparation of O((R3-nNHn-1)2PO)2 compounds. 

 

In the case of Schradan, literature describes that this compound was prepared by 

reacting the two reagents at decreased temperatures, without the use of a solvent. The 

desired product was then extracted using ether and afterwards vacuum distillation.199 In 

the  preparations  undertaken in this study and recorded below, the reaction was 

undergone in an argon atmosphere due to the moisture sensitivity of the starting reagent 

pyrophosphoryl tetrachloride (PPTC). The molecular diagram of the expected product 

O((Et2N)2PO)2 is given in Figure 3.12.  
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Figure 3.12: Molecular diagram of O((Et2N)2PO)2. 
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3.3.2.1.3.1 Reagents used 

 

The chemicals used in the procedure described in this section were PPTC 

(purified and stored as described in Appendix 4), diethylamine (GPR), methanol (HPLC, 

dried over 3 Å molecular sieves), chloroform (GPR, dried over 4 Å molecular sieves),    

n-pentane (GPR, dried over 4 Å molecular sieves), dichloromethane (GPR, used as 

purchased), diethyl ether (GPR, used as purchased), acetonitrile (GPR, used as 

purchased) and dimethylformamide (GPR, used as purchased). 

 

3.3.2.1.3.2 (O((Et2N)2PO)2_1 

 

For this attempt a 100 ml Schlenk tube was charged with 7.6 ml (0.073 mol) 

diethyl amine dissolved in 10 ml of chloroform as a solvent. The amount of amine used 

was in excess of that required. This mixture was cooled to -78 °C using a dry ice-acetone 

bath and stirred using a magnetic stirrer. When the required temperature was reached,      

1 ml (0.007 mol) PPTC was added dropwise to the reaction solution using a glass syringe. 

After addition of the PPTC the cooling bath was removed and the reaction mixture was 

allowed to react at room temperature overnight, with continuous stirring. This yielded a 

thick wine coloured suspension. Approximately 15 ml of n-pentane were added to this 

mixture via a glass syringe to yield a wine coloured suspension and this was left overnight 

to allow precipitation. The suspension was filtered via a serious of cannula filtrations to 

remove the colourless precipitates that formed after each filtration. Finally, after a 

filtration from which very little precipitation occurred, the volatile solvents (chloroform 

and n-pentane) were removed under vacuum at 50 °C. This yielded a viscous wine liquid, 

labelled as (O((Et2N)2PO)2_1.  

The product (O((Et2N)2PO)2_1 was analysed by 31P-NMR spectroscopy and it 

was revealed to contain numerous phosphorus species. Therefore, it was decided that 

column chromatography would be the best method to separate these species. Column 

chromatography of a sample of O((Et2N)2PO)2_1 in dichloromethane was undertaken 

using a column of 6 g activated Keiselgel 60, and using diethyl ether as the eluent. This 

was undertaken under normal atmosphere. Given the volume of the column, fractions 

were collected each having a volume of 12 ml, unless otherwise specified. Details of the 

chromatography are given in Table 3.1. 
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Table 3.1: Details of the column chromatography fractions of O((Et2N)2PO)2_1. 

Fraction Notes 

1  

 

 

 

 

Clear fraction, little movement of the coloured band 

2 

3 

4 

5 

6 

7 

8 

9 

10 After collection eluent changed to acetonitrile 

11 Clear fraction, movement of a pink band 

12 

13 Pink fraction collected, with a total volume of 60 ml 

14 Clear fraction, movement of a second pink band 

15 After collection eluent changed to DMF 

16 Pink fraction collected, with a total volume of 20 ml 

 

In each case the volatiles were removed by evaporation at room temperature and 

pressure for two days. Fraction 13 yielded a dark pink viscous liquid. A small number of 

colourless single crystals were obtained from the pink viscous liquid 

O((Et2N)2PO)2_1_f13 (fraction 13). Yield O((Et2N)2PO)2_1: 2.130 g (1.8 ml), 75 %. 
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3.3.2.1.3.3 Characterisation data 

 

O((Et2N)2PO)2_1 FT-IR (NaCl, cm-1): 3425 (bm), 2972 (s), 2931 (s), 2873 (s) 2722 (bw), 

2481 (bm), 2404 (w), 1632 (bw), 1466 (s), 1381 (s), 1350 (sh), 1294 (m), 1240 (s), 1211 

(s), 1194 (w), 1175 (s), 1102 (s), 1064 (m), 1027 (s), 957 (s), 930 (s), 902 (s), 790 (s), 

751 (s), 716 (s), 662 (s). 1H NMR (CDCl3): 9.90 ppm (bs, 0.12H), 3.16 ppm (bs, 4.39H), 

3.07 ppm (bs, 4.52H), 3.11 ppm (bd, J = 43.11 Hz, 8.90H), 2.95 ppm (t, J = 7.25 Hz, 

0.68H), 1.39 ppm (t, J = 7.38 Hz, 1.00H), 1.13 ppm (t, J = 7.15 Hz, 13.8H). 31P{1H} NMR 

(CDCl3): 8.45 ppm (s). GC-MS (EI; 70 eV) m/z: 71.99 m/z, 72.14 m/z, 191.09 m/z, 

209.15 m/z, 280.23 m/z, 326.18 m/z, 398.30 m/z [M+]. 

O((Et2N)2PO)2_1_f13 FT-IR (NaCl, cm-1): 2971 (m), 2929 (m), 2874 (w), 2722 (bw), 

1432 (s), 1381 (s), 1360 (sh), 1315 (w), 1240 (s), 1211 (s), 1194 (w), 1170 (s), 1102 (w), 

1064 (w), 1027 (s), 958 (m), 930 (m), 902 (s), 790 (s), 751 (s), 716 (s), 662 (s). 1H NMR 

(CDCl3): 3.10 ppm (bd, J = 40.11 Hz, 1H, CH2), 1.12 ppm (t, J = 7.15 Hz, 1.37H, CH3) 

31P{1H} NMR (CDCl3): 9.38 ppm (s). GC-MS (EI; 70 eV) m/z: 71.99, 72.14, 191.09, 

209.15, 280.23, 326.18, 398.30 [M+]. 

 

3.3.2.1.4. Synthesis of O((iPrNH)2PO)2 

 

As in the case of the preparation of O((Et2N)2PO)2, described in Section 3.3.2.1.3, 

the synthesis of O((iPrNH)2PO)2 in this study was undergone using a modification on the 

synthesis of the analogous pesticide Schradan, O((Me2N)2PO)2; the synthesis of which 

was  described by Goehring and Niedenzu in 1956.199,211 The general reaction for the 

formation of the analogous compounds having a structure of O((R3-nNHn-1)2PO)2, which 

include the published Schradan and its analogues, is given in Scheme 3.7. In the 

preparations undertaken in this study and recorded below, the reaction was undergone in 

an argon atmosphere due to the moisture sensitivity of the starting reagent 

pyrophosphoryl tetrachloride (PPTC). The molecular diagram of the expected product 

O((iPrNH)2PO)2 is given in Figure 3.13. The reaction was attempted several times using 

slight variations in the methodology and different product batches were prepared. The 

reaction that gave the most noteworthy products is described hereunder. 
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Figure 3.13: Molecular diagram of O((iPrNH)2PO)2. 

 

3.3.2.1.4.1 Reagents used 

 

The chemicals used in the procedure described in this section were PPTC 

(purified and stored as described in Appendix 4), iso-propylamine (99%), chloroform 

(GPR, dried over 4 Å molecular sieves), 30-40 °C petroleum ether (GPR, used as 

purchased), dichloromethane (GPR, used as purchased), diethyl ether (GPR, used as 

purchased), THF (GPR, used as purchased) and acetonitrile (GPR, used as purchased). 

 

3.3.2.1.4.2 O((iPrNH)2PO)2_1  

 

For this reaction a 100 ml Schlenk tube was charged with 5 ml (0.058 mol)           

iso-propyl amine dissolved in 10 ml of chloroform as a solvent. The amount of amine 

used was in excess of that required. This mixture was cooled to -78 °C using a dry ice-

acetone bath and stirred at 200 rpm using a magnetic stirrer. When the required 

temperature was reached, 1 ml (0.007 mol) PPTC was added dropwise to the reaction 

solution using a glass syringe. The formation of white fumes was observed during the 

addition of the PPTC, along with the formation of a solid crystalline mass. The stirred 

reaction mixture was allowed to react at room temperature overnight. On reaching room 

temperature the solid melted to give a thick white suspension and this was subsequently 

heated to 60 °C for 3 hours to complete the reaction. This reaction yielded a pale yellow 

solution. After leaving this solution overnight, the formation of clear colourless single 

crystals was observed 

The mixture was filtered via cannula filtration. The crystals were collected and 

labelled as O((iPrNH)2PO)2_1_a. On characterisation by IR and 1H NMR spectroscopy 

this solid proved to be the expected salt by-product iPrNH3Cl. The filtrate was 
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concentrated and layered with diethyl ether. This yielded crystallisation overnight. The 

crystals were collected by cannula filtration and labelled O((iPrNH)2PO)2_1_b and the 

filtrate was again layered using 30-40 petroleum ether. This yielded another residue, 

labelled as O((iPrNH)2PO)2_1_c1.  The filtrate showed further crystallisation after it was 

left standing at room temperature for a number of weeks. This product was labelled 

O((iPrNH)2PO)2_1_c2. A sample of O((iPrNH)2PO)2_1_b was recrystallized by 

dissolving in CHCl3 and layering with petroleum ether to yield crystalline 

O((iPrNH)2PO)2_1_b1.  

The product O((iPrNH)2PO)2_1_c1 was analysed by 31P NMR spectroscopy and 

it was revealed to contain numerous phosphorus species. Therefore, it was decided that 

column chromatography would be the best method to separate these species. Column 

chromatography was undergone on a sample of the amorphous solid, 

O((iPrNH)2PO)2_1_c1. A sample of the solid was dissolved in dichloromethane and 

passed through a column of 6 g activated Keiselgel 60 as the stationary phase. Diethyl 

ether was used as the eluent. This technique was undertaken under normal atmospheric 

conditions. Given the volume of the column, fractions were collected each having a 

volume of 12 ml, unless otherwise specified. Details of the chromatography are given in 

Table 3.2. 

 

Table 3.2: Details of the column chromatography fractions of O((iPrNH)2PO)2_1_c1 

Fraction Notes 

1 Contains 1st band visible in the column, no UV luminescence noted 

2 After collection eluent changed to a 1:3 by volume THF/diethyl ether 

mixture 

3 During collection a number of new bands became visibly separated 

4 Contains 2nd band obtained 

5  

6 

7 After collection eluent changed to a 1:1 by volume THF/acetonitrile 

mixture  

8  
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9  

 

 

No movement of final band obtained  

10 

11 

12 

13 

14 

15 

16 3rd band was collected by flushing column with 50 ml of the current 

eluent 

 

In each case the volatiles were removed by evaporation at room temperature and 

pressure for a number of days. The fractions 5, 7, 9, 10, and 15 proved interesting, 

yielding solid products, both amorphous and crystalline. Given the small amount of 

products O((iPrNH)2PO)2_1_b1, O((iPrNH)2PO)2_1_c1 and O((iPrNH)2PO)2_1_c2 

obtained the yield for these could not be calculated. Yield O((iPrNH)2PO)2_1_b:         

0.975 g, 40.6 %. 

 

3.3.2.1.4.3 Characterisation data 

 

O((iPrNH)2PO)2_1_b, _1_b1 FT-IR (KBr, cm-1): 3400 (w), 3252 (sb), 2965 (s), 2870 

(m), 1637 (m), 1527 (m), 1466 (m), 1432 (m), 1396 (m), 1367 (m), 1257 (s), 1229 (s), 

1167 (m), 1137 (w), 1055 (s), 1026 (s), 945 (m), 914 (m), 886 (s), 804 (m), 750 (m). 1H 

NMR (CDCl3): 8.31 ppm (s, 1H, NH3), 3.64 ppm (td, 1.17H, CH), 3.40 ppm (m, 1H, 

CH), 2.26 ppm (s, 1.17H, NH), 1.39 ppm (d, 2.39H, CH3) and at 1.14 ppm (t, 6.15H, 

CH3). 
31P{1H} NMR (CDCl3): 14.33 ppm (s). GC-MS (EI; 70 eV) m/z: 44.12, 58.08, 

79.01, 93.97, 137.07, 179.10 [(iPrNH)2PO2]
+, 195.16. 

O((iPrNH)2PO)2_1_c1_f10 FT-IR (KBr, cm-1): 3414 (w), 3255 (bm), 2965 (s), 2870 

(m), 1465 (m), 1428 (m), 1367 (m), 1257 (s), 1205 (s), 1167 (m), 1137 (m), 1051 (s), 

1021 (s), 916 (m), 886 (m), 833 (sh), 800 (vw), 771 (m). 1H NMR (CDCl3): 3.37 (m, 1H, 

CH), 2.29 (bt, 0.96H, NH), 1.16 (t, 6.28H, CH3). 
31P {1H} NMR (CDCl3): 14.33 ppm (s). 

GC-MS (EI; 70 eV) m/z: 44.12, 58.11, 79.01, 93.93, 137.09, 179.10 [(iPrNH)2PO2]
+, 

195.16.   
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 Complexation 

 

Complexation of [N(Ph2PO)2]
-, [N(Ph2PS)2]

- and O((Et2N)2PO)2 were all 

attempted in the current study using preparations modified from procedures published in 

literature.  

 

3.3.2.2.1. Synthesis of [Eu(N(Ph2PO)2)3]  

 

The complex [Eu(N(Ph2PO)2)3] has been studied by various groups, both in 

structural studies and in luminescence studies.32,240,244 Two main crystal structures have 

been published for this compound, namely [Eu(N(Ph2PO)2)3] and 

[Eu(N(Ph2PO)2)3]·0.67(H2O). The first structure was published by Pietraszkiewicz and 

co-workers in 2012, whilst the second structure was published by Magennis and co-

workers in 1999.240,244 In each case the potassium salt [K][N(Ph2PO)2] was reacted with 

EuCl3.6(H2O) in an aqueous solution, in a molar ratio of 3:1 yielding a crystalline white 

precipitate. The molecular structure of the complex present in each case was as given in 

Figure 3.14, with the structure published by Magennis and co-workers being a hydrate of 

the polymorph, [Eu(N(Ph2PO)2)3]. In the current study the synthesis of this compound 

using the hydrated europium chloride was found to be problematic and therefore the more 

soluble and less coordinating nitrate counter ion was used instead of the chloride, as 

shown in Scheme 3.8.  
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Figure 3.14: Molecular diagram [Eu(N(Ph2PO)2)3]. 

 

HN(Ph2PO)2(sol) + KOH(aq)  KN(Ph2PO)2(sol) 

Eu(NO3)3·6H2O(sol) + 3 KN(Ph2PO)2(sol)  [Eu(N(Ph2PO)2)3](s) + 3 KNO3(sol) 

 

Scheme 3.8: Synthesis of [Eu(N(Ph2PO)2)3].  
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3.3.2.2.1.1 Reagents used 

 

The chemicals used in the procedures described in this section were 

HN(Ph2PO)2_1 (synthesised in current study), KOH(aq) (2 w/w %), Eu(NO3)3 (prepared 

by dissolution of Eu2O3 in conc. HNO3 followed by crystallisation, after which solid was 

dried under active vacuum) and methanol (HPLC, dried over 3 Å molecular sieves). 

 

3.3.2.2.1.2 General procedure 

 

A reflux set up was prepared using a 50 ml flask. The flask was charged with 

0.867 g (2.1 mmol) HN(Ph2PO)2_1. Approximately 6 ml of a 2 w/w % KOH(aq) solution 

was mixed with 30 ml methanol. When a singular phase was obtained, this mixture was 

added to the reflux set up. The resultant mixture was stirred at room temperature for           

1 hour to obtain full dissolution. Subsequently 0.229 g (0.68 mmo1) dehydrated Eu(NO3)3 

were added to this solution and this mixture was refluxed for 1 hour. The resultant mixture 

was filtered under vacuum and the filtrate was allowed to stand at 6-8 °C for 72 hours 

yielding colourless crystals, which were collected as the final product.  

 

3.3.2.2.1.3 [Eu(N(Ph2PO)2)3]_1 

 

In this reaction attempt the main reflux was undergone for 30 minutes and no 

precipitation or crystallization occurred after standing at 6-8 °C for 72 hours. Removal 

of the volatiles from this filtrate did not yield any solid. The precipitate obtained from the 

first filtration was collected and labelled as [Eu(N(Ph2PO)2)3]_1. Yield: 0.420 g, 39 %. 

 

3.3.2.2.1.4 [Eu(N(Ph2PO)2)3]_2 

 

A solid labelled [Eu(N(Ph2PO)2)3]_2 was collected as a final product through the 

general procedure described prior with no modifications. Yield: 0.185 g, 17 %. 
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3.3.2.2.1.5 Characterisation data 

 

[Eu(N(Ph2PO)2)3]_1 FT-IR (KBr, cm-1): 3069 (m), 3007 (w), 1965 (w), 1895 (w), 1577 

(s), 1467 (bs) 1336 (m), 1309 (s), 1184 (s), 1124 (s), 1028 (s), 787 (bs), 690 (bs), 522 (s). 

1H NMR (CDCl3): 7.90 ppm (m, 2H, o-H), 7.43 ppm (t, 1H, p-H) 7.34 ppm (t, 2H, m-H). 

[Eu(N(Ph2PO)2)3]_2 FT-IR (KBr, cm-1): 3389 (bs), 1650 (s), 1515 (s), 1384 (s), 1110 

(m), 1090 (m), 849 (m), 826 (m), 784 (w), 752 (w), 725 (w), 697 (m).1H NMR (CDCl3): 

7.55 ppm (bd, 2H), 7.24 ppm (bs, 1H), 7.01 ppm (bd, 2H). 

 

3.3.2.2.2. Synthesis of HN(Ph2PS)2+Eu(ClO4)3·n(H2O) 

 

To the author’s knowledge the sulphide analogue of the Eu(N(Ph2PO)2)3 complex 

has not been described in published literature. This is in contrast with Eu(N(Ph2PO)2)3 as  

crystal structures for this complex have been published by various groups.240,244 It was 

therefore of interest to see if this analogous compound could be prepared from 

HN(Ph2PS)2. Analogous structures were published in the form of 

Ln(N(Ph2PS)2)3·C6H5CH3 and Ln(N(iPr2PS)2)3 (where Ln = La3+ and Ce3+).279 In all 

published cases these complexes were prepared on reaction of HN(Ph2PS)2 with 

Ln(N(SiMe3)2)3.
279 However in this study a method which did not require stringent 

conditions was desired. In the current research a series of reactions were undergone in an 

attempt to produce the expected product, using the conditions given in Table 3.3. Several 

europium salts were used namely the nitrate, acetate and perchlorate, on the basis of their 

enhanced solubility and the anions’ decreased coordination ability. The ligand salts were 

prepared before each reaction by reacting the ligand, HN(Ph2PS)2, with KOH and n-BuLi 

to yield  KN(PSPh2)3 and LiN(PSPh2)3 respectively. 

Unfortunately, characterisation by IR spectroscopy concluded that in each case 

no coordination products were obtained, with the major product always being the starting 

ligand. Therefore, in a final attempt, the reaction of the free ligand with Eu(ClO4)3∙6H2O 

was undertaken in non-inert conditions in an effort to induce coordination of the ligand, 

even protonated, with the Eu3+ metal center. Perchlorate was used as a counter ion since 

this has a very low coordination ability.  
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Table 3.3: Synthesis attempts for Eu(N(Ph2PS)2)3 through  wet chemical methods.  

Reagents Solvent Temp., °C Reaction duration, hours 

KN(PSPh2)3 + 

Eu(NO3)3 
methanol 

room 

temperature 
16 

KN(PSPh2)3 + 

Eu(NO3)3 
methanol reflux 16 

KN(PSPh2)3 + 

Eu(NO3)3 
THF reflux 1 

LiN(PSPh2)3 + 

Eu(NO3)3 
THF reflux 16 

LiN(PSPh2)3 + 

Eu(NO3)3 
toluene 

room 

temperature 
16 

LiN(PSPh2)3 + 

Eu(OAc)3 
acetone 

room 

temperature  
16 

LiN(PSPh2)3 + 

Eu(ClO4)3 
toluene 

room 

temperature 
72 

 

3.3.2.2.2.1 Reagents used 

 

The chemicals used in the procedure described in this section were HN(Ph2PS)2_1 

(synthesised in current study) and Eu(ClO4)3∙6H2O (prepared by dissolution of Eu2O3 in 

Grade A HClO4(aq) and crystallisation; after which solid was dried under active vacuum). 

 

3.3.2.2.2.2 HN(Ph2PS)2+Eu(ClO4)3·n(H2O)_1 

 

Exactly 30 mg (0.07 mmol) of HN(Ph2PS)2 and 13 mg (0.02 mmol) of 

Eu(ClO4)3∙6H2O were ground together using a pestle and mortar, to yield a fine white 

powder. The mixture was then heated on the hot stage set up using the heating profile 

given in Table 3.4.  
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Table 3.4: Hot Stage microscopy temperature profile used in the synthesis of 

HN(Ph2PS)2+Eu(ClO4)3·n(H2O)_1. 

Step Rate, °Cmin-1 Holding temperature, °C  Holding time, minutes 

1 50 200 10 

2 10 230 30 

 

Maintaining the temperature at 200 °C for 10 minutes was intended to determine 

if any reaction occurred between the two solid reagents prior to the temperature being 

raised to the melting point of the ligand. Since no visible reaction occurred at 200 °C 

heating was undertaken at a slower rate to establish if any change was affected during the 

melting of the ligand at 212–213 °C. Finally, the temperature was maintained at 230 °C, 

since at this temperature the ligand was fully melted and the Europium salt was fully 

dissolved in the melt. After holding the mixture at this temperature for 30 minutes the 

melt was allowed to cool to room temperature to yield a crystalline solid. This solid 

started to form as soon as the mixture started to cool. The crystalline solid was ground 

into a brownish white powder. The product obtained was collected and labelled as 

HN(Ph2PS)2+Eu(ClO4)3·n(H2O)_1. Given the nature of the reaction technique and that 

no further work up was undergone, the yield of the product could not be calculated as the 

solid mixture had the same mass as the starting reagents.  

 

3.3.2.2.2.3 Characterisation data 

 

HN(Ph2PS)2+Eu(ClO4)3·n(H2O)_1 FT-IR (KBr, cm-1): 3021 (bs), 2631 (s), 1972 (w), 

1910 (w), 1829 (w), 1585 (m), 1475 (m), 1438 (s), 1325 (s), 1145 (m), 1129 (m), 1102 

(s), 921 (s), 1051 (m), 784 (s), 742 (s), 717 (s), 687 (s), 648 (s), 613 (s), 569 (m), 532 (s), 

499 (s), 491 (m), 477 (m), 462 (m), 408 (m). 1H NMR (CDCl3): 7.90 ppm (bs, 2H), 7.38 

ppm (bd, 1H), 7.14 ppm (bd, 2H). 

 

3.3.2.2.3. Synthesis of O((Et2N)2PO)2+Nd(ClO4)3 complex 

 

In this study the complexation of O((Et2N)2PO)2 with lanthanide metal centres 

was desired and therefore an attempt was made to produce a complex of this ligand with 

neodymium perchlorate, Nd(ClO4)3. Since such complexes are not known in published 
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literature the procedure undertaken in this research was established by implementing 

modifications to numerous reactions used to produce complexes of the analogous 

Schradan (O((Me2N)2PO)2) ligand with both transition, alkali earth and actinide 

metals.207–209 Given that lanthanides typically have chemistry more similar to the alkali 

earth metals than the transition metals, a method similar to the preparation of alkali earth 

metal complexes for Schradan was employed in this study.208,209 During the preparation 

more ligand was used and the reaction was undertaken in the presence of 2,2-DMP to 

reduce the possibility of complexation of water and other unwanted small molecules. The 

general reaction for the attempted reaction, is given in Scheme 3.9.  

 

6 O((Et2N)2PO)2 + Nd(ClO4)3  [Nd(O((Et2N)2PO)2)n][ClO4]3 + n-6 O((Et2N)2PO)2 

 

Scheme 3.9: Reaction expected in the current study to form a O((Et2N)2PO)2+Nd(ClO4)3 complex.  

 

3.3.2.2.3.1 Reagents used 

 

The chemicals used in the procedures described in this section were 

O((Et2N)2PO)2_1 (synthesised in current study), Nd2O3 (99.9%), HClO4(aq) (A Grade), 

Acetone (GPR, used as purchased), 2,2-dimethoxypropane (2,2-DMP) (GPR), 30-40 oC 

petroleum ether (GPR, used as purchased) and diethyl ether (dry). 

 

3.3.2.2.3.2 O((Et2N)2PO)2+Nd(ClO4)3_1 

 

Nd(ClO4)3·6(H2O) was prepared by suspending 1.082 g (3.22 mmol) of Nd2O3 in 

20 ml distilled water and 2 ml (excess) of A Grade HClO4(aq). The mixture was heated 

and stirred to yield a pale purple solution. This was concentrated by evaporation to 

produce a purple viscous liquid, which was allowed to cool to yield a bed of purple 

crystalline solid. The solid was washed with 30-40 oC petroleum ether to yield a 

deliquescent crystalline mass.  

A 100 ml Schlenk tube was charged with 0.158 g (0.470 mmol) of 

Nd(ClO4)3·6(H2O) dissolved in 1 ml of acetone. Afterwards an extra 5 ml of acetone were 

added to this mixture along with 6 ml (48.97 mmol) of 2,2-DMP, to yield a very pale 

purple solution. The solution was stirred at room temperature for 1.5 hours. After 
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approximately 30 minutes the solution changed colour to a distinctly dark brown colour. 

Using a 10 ml glass syringe, 0.4 ml (2.96 mmol) of O((Et2N)2PO)2_1 were added to the 

reaction mixture at room temperature, while the mixture was continuously stirred. 

Problems were noted during the transfer of the O((Et2N)2PO)2_1, due to the viscosity of 

the liquid and the dark colour made it very difficult to read the meniscus. No immediate 

changes were noted and stirring was stopped after 1 hr. There seemed to be a slight 

darkening of the colour, although no precipitation was observed. 

An equivolume amount of diethyl ether was subsequently added to the reaction 

mixture to yield a wine red solution. A dark wine coloured viscous liquid phase formed 

after the mixture was allowed to settle. Cooling the mixture to -78 °C did not yield 

significant solidification, but increased the viscosity of the liquid. This liquid was filtered 

using a filtration tube set up. This yielded a dark brown viscous liquid as a residue, and a 

pale wine red coloured filtrate. The viscous liquid was washed with diethyl ether to 

remove impurities. About 5 ml of diethyl ether were then added to the dark brown viscous 

liquid and the resultant mixture was refluxed for 2 hours. No changes were observed and 

on filtration the same residue was obtained. This product was labelled 

O((Et2N)2PO)2+Nd(ClO4)3_1. Yield O((Et2N)2PO)2+Nd(ClO4)3_1: 0.261 g, 33.94 % 

(The yield assumes the lack of impurities and a 3:1 stoichiometric ratio for the ligand and 

the Nd3+ centre (M = 1636.41 gmol-1), as was typical for similar Schradan complexes 

described earlier) 

 

3.3.2.2.3.3 Characterisation data 

 

O((Et2N)2PO)2+Nd(ClO4)3_1 FT-IR (KBr, cm-1): 2974 (s), 2937 (s), 2876 (w), 1732 

(m), 1460 (m), 1385 (m), 1360 (m), 1292 (w), 1260 (w), 1217 (s), 1177 (s), 1101 (s), 

1072 (w), 1032 (s), 972 (w), 958 (w), 930 (m), 907 (s), 796 (s), 723 (m), 624 (m), 527 

(m). 1H NMR (CDCl3): 1.14 ppm (bs, OH(MeOH)), 1.22 ppm (t, J = 7.04 Hz, 1.72H, 

CH3(product)), 1.38 ppm (t, 1.45H, CH3(product)), 1.86 ppm (s, 0.35H, NH(product)), 

2.17 ppm (s, CH3(Acetone)), 3.11 ppm (bs, 1H, CH2(product)), 3.39 ppm (s, 

CH3(MeOH)), 5.72 ppm (bs, 0.47H),  6.61 ppm (bs, 0.45H). 31P {1H} NMR (CDCl3): 

86.34 ppm (s). GC-MS (EI; 70 eV) m/z: 43.11, 57.10, 71.12, 83.12, 279.21, 149.01. 
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3.3.3. Co-Crystallisation 

 

Co-crystallisation has been shown in literature to produce solids which were more 

stable to decomposition than the solids of individual co-formers.252,265,268 In this study                 

co-crystallisation was only undertaken for the complex 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)].  

This technique was considered advantageous over other possible stabilisation 

techniques for numerous reasons. In general this technique could be undertaken using no 

or little solvent making it a green chemical method, it is a simple technique which is easy 

to implement, both in the current study and in the industrial sphere and the easiest 

technique to expand upon making it more versatile than the remaining techniques.  

 

 Co-crystallisation attempts of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)] 

·0.5(C6H5CH3) 

 

The main attempts were undertaken using the previously synthesised 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 and [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 

which were produced as described in Section 3.3.1.3.1.5 and 3.3.1.3.1.6 respectively. 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 was used as opposed to the other products 

described in the same section due to its higher yield, which was enough to undertake a 

number of co-crystallisation procedures. [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 was 

used given the better yield and quality of IR data which indicated the formation of a 

[HC(Ph2PNSiMe3)2]
- samarium derivative. Di-λ5σ4-phosphorane lanthanide carbene and 

methanide complexes of H2C(Ph2PNSiMe3)2 have two main groups of interest in relation 

to co-crystallisation and intermolecular interactions. The first group consists of the P–Ph 

moieties of the ligand. The second group consists of the central negative 

hyperconjugation stabilised moiety composed of the N-–P+–C2-–P+–N- and Ln=C groups 

and the N-–P+–CH-–P+–N- and Ln–C groups for the carbene and methanide respectively. 

Therefore, co-formers which could interact strongly with these two groups were required. 

The three co-formers used were biphenyl, 4,4`-bipyridine and 4,4`-oxydianiline, the 

structures of which are given in Figure 3.15.  

 



115 

 

N N

O

NH2
NH2

 

Figure 3.15: Molecular diagrams of co-formers, biphenyl (left), 4,4`-bipyridine (centre) and 4,4`-

oxydianiline (right). 

 

The reason for the choice of these co-formers was the various intermolecular 

bonding modes available to these compounds. Three main intermolecular interactions 

were available for these co-formers namely, alkyl hydrogen to aromatic ring interactions 

(C–H --- π), lateral pi to pi orbital interactions (π --- π), and classical hydrogen bonding 

with the co-formers acting as either a base or an acid (B --- H–A). The degree of 

availability of these interactions varied from one co-former to the other. The viable 

interactions between the various co-formers and the possible moieties within the expected 

carbene and methanide complexes are given in Table 3.5, divided in columns according 

to the carbene and methanide moieties which could be involved in such interactions.  

 

Table 3.5: Intermolecular interactions believed to be available for co-formers used in this study. 

 P–Ph  P–Ph, P=N, 

C=Sm, C–Sm  

P–Ph, –SiMe3 P+–C2-–P+, 

P+–CH-–P+, 

P+–N- 

Biphenyl C–H --- π π --- π   

4,4`-bipyridine C–H --- π π --- π N --- H–A   

4,4`-oxydianiline C–H --- π π --- π O --- H–A N–H --- B 

 

3.3.3.1.1. Reagents used 

 

The chemicals used in the procedures described in this section were 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 (synthesised in current study),  

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 (synthesised in current study), 4,4`-bipyridine 

(99%, dried by melting and heating at 120 °C under vacuum with constant stirring for     

4 hours), biphenyl (Analytical), 4,4`-oxydianiline (98%) and toluene (dry). 
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3.3.3.1.2. General considerations 

 

All samples were weighed and prepared under an inert oxygen and moisture free 

nitrogen atmosphere, in a glovebox. Given the possibility of solvate toluene loss, the 

masses of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 and 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 used were calculated using a 𝑀 =

959.56 𝑔𝑚𝑜𝑙−1, that is the molar mass of the carbene complex expected without the 

mass of the 0.5(C6H5CH3) solvate.  

 

3.3.3.1.3. Co-crystallisation procedures 

 

Equimolar amounts of the inorganic co-formers 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 and _4 and the respective organic co-former 

were weighed and transferred into a clean agate mortar and ground for 3 minutes. The 

grinding procedure for the mixture was undertaken twice more for a total of three times. 

After grinding the solid was collected for analysis. The masses and amounts used for the 

various procedures are given in Table 3.6. 

 

Table 3.6: Details of co-crystallisation procedures undertaken. 

Inorganic Co-former Organic co-former 

Name Mass (g) Amount 

(mmol) 

Name Mass (g) Amount 

(mmol) 

_3 0.0410  0.0427 Biphenyl 0.0069 0.0447 

0.0407 0.0421 4,4`-bipyridine 0.0068 0.0435 

0.0299  0.0312 4,4`-oxydianiline 0.0068 0.0395 

_4 0.0509 0.0531 Biphenyl 0.0086 0.0558 

0.0505  0.0526 4,4`-bipyridine 0.0085 0.0544 

0.0502 0.0523 4,4`-oxydianiline 0.0115 0.0574 
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In all cases, except for the two biphenyl co-crystallisation attempts, very pale 

yellow powders were obtained. During the 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3:biphenyl preparation, on each grinding 

procedure a yellow paste was formed which on collection by spatula yielded a waxy solid 

with a deeper yellow colour than the yellow colouration of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3. This was also the case during the preparation of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl. This solid was placed under vacuum 

for 1 hour to yield a dry pale yellow solid which on grinding did not yield the same paste. 

 

3.3.3.1.4. Single crystal preparation and collection 

 

For the co-crystallisation products of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 

single crystals were prepared by transferring between 0.01 g and 0.03 g of the product to 

a 10 ml Schlenk tube which was transferred to the Schlenk line. Dry toluene was added 

in 1 ml aliquots via cannula and the mixture was heated to 65 °C for 30 minutes with 

constant stirring. This was repeated until a solution was obtained. The solutions were 

allowed to stand for 1 week in a refrigerator. Details of these crystallisations are given in 

Table 3.7. 

 

Table 3.7: Details of crystallisation from toluene of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 co-

crystallisation products. 

Co-former Mass (g) Toluene 

Vol. (ml) 

Observations 

Biphenyl 0.0262 1 Clear solution 

Amorphous precipitate collected 

4,4`-bipyridine 0.0246 1 Slightly turbid solution 

Small needle-like crystals collected 

4,4`-oxydianiline 0.0105 2 Turbid solution 

Crystal microbundles collected 
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3.3.3.1.5. Characterisation techniques used for co-crystal samples 

 

In all cases the samples obtained were stored under dry nitrogen in a glovebox 

and characterised by IR spectroscopy. PXRD, SXRD and Raman spectroscopy was 

undertaken for samples of the co-crystallisation products of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4. Given the small amounts of products available 

and the fact that no reaction was expected, yields were not calculated. 

 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3:biphenyl FT-IR (KBr, cm-1): 2963 (w), 2924 

(w), 2852 (w), 1260 (s), 1189 (m), 1180 (w), 1169 (w), 1160 (m), 1155 (w), 1103 (s), 

1070 (w), 1018 (s), 925 (w), 876 (w), 845 (w), 825 (w), 800 (s), 738 (m), 719 (m). 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3:4,4`-bipyridine FT-IR (Nujol, cm-1): 1260 (s), 

1168 (w), 1159 (w), 1123 (wsh), 1097 (s), 1067 (w), 1020 (s), 962 (w), 890 (w), 876 (w), 

864 (w), 845 (w), 820 (w), 800 (s), 738 (w), 722 (m). 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3:4,4`-oxydianiline FT-IR (KBr, cm-1): 2963 

(w), 2924 (w), 2852 (w), 1260 (s), 1225 (w), 1157 (w), 1091 (s), 1019 (s), 869 (w), 862 

(w), 820 (w), 800 (s), 738 (w), 719 (w). 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl FT-IR (KBr, cm-1): 3400 (bs), 3055 

(w), 2929 (s), 2853 (s), 1645 (bw), 1437 (s), 1310 (w), 1253 (s), 1240 (s), 1180 (s), 1127 

(s), 1115 (s), 1070 (w), 1028 (w), 890 (m), 747 (s), 722 (s), 695 (s). Raman (cm-1): 1598 

(bw), 1318 (bw), 1171 (bw). 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine FT-IR (KBr, cm-1): 3400 (bs), 

3055 (w), 2929 (s), 2853 (s), 1645 (bw), 1592 (s), 1532 (m), 1486 (m), 1437 (s), 1406 

(m), 1310 (w), 1256 (w), 1238 (w), 1217 (w), 1180 (s), 1127 (s), 1115 (s), 1069 (w), 998 

(s), 994 (w), 918 (w), 890 (m), 847 (m), 828 (w), 806 (s), 787 (m), 747 (s), 722 (m), 695 

(s), 610 (m). Raman (cm-1): 1868 (bs), 1000 (w) 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-oxydianiline FT-IR (KBr, cm-1): 3444 

(w), 3386 (w), 3400 (bs), 3055 (w), 2929 (s), 2853 (s), 1630 (bw), 1499 (s), 1437 (s), 

1310 (w), 1255 (w), 1222 (s), 1180 (s), 1127 (s), 1115 (s), 1070 (w), 1028 (w), 998 (m), 

890 (m), 873 (w), 828 (w), 826 (s), 787 (w), 747 (s), 722 (m), 695 (s). Raman (cm-1): 

3100 (bs). 
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4. RESULTS AND DISCUSSION 

 

4.1. Lanthanide carbene complexes 

 

4.1.1. Ligands and ligand precursors 

 

 Characterisation of [H2C(Ph2PNH(iPr))2]Br2 and K[HC(Ph2PNiPr)2]. 

 

As described in Section 2.4.3.1.2. bis(diphenyliminophosphorano)methane 

analogues can be synthesised through the Kirsanov route.36 In the current study this 

method was used in the preparation of the ligand salt potassium bis(diphenyl-N-iso-

propyl-iminophosphorano)methanide, K[HC(Ph2PNiPr)2], as described in Section  

3.3.1.1.1. The synthesis of this methanide required the preparation of the cationic 

phosphonium bis(diphenyl-N-iso-propyl-aminophosphonium)methane di-bromide, 

[H2C(Ph2PNH(iPr))2]Br2, as a product of the initial step of the Kirsanov 

reaction.36,99,117,119,120 

 

4.1.1.1.1. Characterisation of [H2C(Ph2PNH(iPr))2]Br2. 

 

The reaction to prepare [H2C(Ph2PNH(iPr))2]Br2 was undergone as described in 

Section 3.3.1.1.1.1. through a modification of the Kirsanov route. The product obtained 

in this reaction, at a yield of 52.7%,  was  labelled as [H2C(Ph2PNH(iPr))2]Br2_1.  This 

product was used in order to prepare the potassium salt ligand K[HC(Ph2PNiPr)2]. 

 

4.1.1.1.1.1 Analysis by Infra-red spectroscopy  

 

The IR spectrum of [H2C(Ph2PNH(iPr))2]Br2_1, collected in KBr, is given in 

Figure 4.1. The solid was evidently a dppm derivative, with many of the expected P–Ph 

bands visible. Given the lack of band assignments for this product in literature tentative 

assignments are also given in Figure 4.1. These assignments were used for comparative 

purposes for derivatives of this compound produced in this study.  
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Figure 4.1: Tentative band assignment for IR spectrum for product [H2C(Ph2PNH(iPr))2]Br2_1. 
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In this figure the bands attributed to vibrations from the original dppm molecular 

structure (IR data for the dppm used in this study is given in Appendix 5) are given in 

orange and labelled according to the moiety most likely leading to the vibration. Bands 

labelled in green are believed to be due to the presence of the iso-propyl amine moiety –

NH(iPr) including bands believed to be due to the bonds formed between the –NH(iPr) 

moiety and the dppm molecular structure, mainly the P–N–H and P–N–C vibrations.99 

The importance of the bands assigned to P–N–H, in the range of 1075-1024 cm-1, and P–

N–C, at 909 cm-1, is that they affirm the bonding of the amine iso-propyl moiety to the 

dppm molecular structure as expected in the product. The P–N–C bands may also occur 

in the range for P–N–H vibrations. The P–N–H vibration indicated that this moiety was 

still an amine, as expected. The region in 1075-1024 cm-1, in [H2C(Ph2PNH(iPr))2]Br2_1, 

may also contain the band due to the ν C–N vibration but this could not be specifically 

identified. The two bands labelled in black by an asterisk could not be assigned with any 

reasonable certainty, although they do lie in the regions typical for the ν P=C vibration. 

This may result from some form of hyperconjugation between the methane carbon and 

the phosphonium center. The bands labelled in black may also be due to the presence of 

ν C–N.  

The assignment of C–H bands of the iPr group was undergone by comparison to 

spectra of the iso-propyl amine, iso-propyl amine HCl salt and other aliphatic amines, 

both primary and secondary.280,281 The ν N–H and δ N–H bands were still indicative of 

primary amines with two bands present for the former and a single band present for the 

latter. However this is not what was expected for amine moieties in the product which 

should have contained a single hydrogen on the amine nitrogen.281 This may indicate the 

presence of unreacted iso-propyl amine or a lack of reaction in contrast to the reaction 

attested by the presence of the P–N–H and P–N–C vibrations. There is no literature data 

to attest whether the phosphonium centre has an influence on the N–H vibrations which 

could explain the discrepancy and therefore any difference in the two bands due to this is 

unknown.  

The bands attributed to P–CH2–P vibrations were assigned as such, because for 

phosphorus containing compounds they are the only vibrations normally occurring in this 

region.99 However, only two bands should be caused by the P–CH2–P group, namely from 

the symmetric and asymmetric stretching vibrations. Fingerprint bands for the iso-propyl 

moiety cannot be disregarded in this region. P–CH2–P vibrations can also include bands 

up to the band at 995 cm-1
, which could also be due to the presence of the iso-propyl 
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moiety.99 The band at 908 cm-1 ascribed to P–CH2–P vibrations could also be tentatively 

ascribed to the P–N–C vibrations but was considered a possible shift of the 918 cm-1 band 

attributed to νas P–CH2–P in dppm.  

Some bands were also assigned twice, for two different vibrations, as both are 

possible assignments with no particular reason to discriminate in favour of one 

assignment. Unassigned bands could not be ascribed to specific bond vibrations with any 

level of accuracy. The effect of the phosphonium centres has not been well studied and 

most IR studies of phosphorus centred compounds relate to neutral compounds.99   

 

4.1.1.1.1.2 Analysis by 1H NMR spectroscopy  

 

1H NMR spectroscopy was used to further characterise the product 

[H2C(Ph2PNH(iPr))2]Br2_1. 1H NMR spectroscopy data on the characterisation of the 

[H2C(Ph2PNH(iPr))2]Br2 product was published in literature.36 This data is reproduced in 

Table 4.1.36 

 

Table 4.1: 1H NMR spectroscopy data for [H2C(Ph2PNH(iPr))2]Br2 in CDCl3 as given in 

literature.36 

1H NMR spectroscopy data for [H2C(Ph2PNH(iPr))2]Br2 in CDCl3, as given in 

literature  

ppm Assignment Multiplicity Number of 1H Coupling 

7.96 m-H doublet of doublets 8 4JHP = 13.5 Hz  

3JHH =7.0 Hz 

7.70 p-H triplet 4 3JHH = 7.0Hz 

7.57 o-H doublet of doublets 8 3JHP = 13.5 Hz  

3JHH = 7.0 Hz 

6.86 NH doublet of doublets 2 2JHP = 10.0 Hz  

3JHH = 6.4 Hz 

6.41 PCH2P triplet 2 2JHP = 16.0 Hz 

3.01 NCH(iPr) singlet broad 2 N/A 

0.94 CH3(iPr) doublet 12 3JHH = 6.5 Hz 



123 

 

The spectrum of the product [H2C(Ph2PNH(iPr))2]Br2_1 in CDCl3 was found to 

be in close agreement with the data given in literature, although all the peaks were found 

to be slightly downfield to those presented in literature. The spectrum of 

[H2C(Ph2PNH(iPr))2]Br2_1 is given in Figure 4.2, while important data is summarised in 

Table 4.2. The experimental data was in agreement with both chemical shifts and 

multiplicity values given in literature. Impurity peaks were noted at 1.59 ppm (water), at 

1.26 ppm and 0.86 ppm likely due to grease and at 0.07 ppm due to silicone grease. 

 

 

Figure 4.2: Full 1H NMR spectrum of [H2C(Ph2PNH(iPr))2]Br2_1 in CDCl3. 

 

Table 4.2: 1H NMR experimental data for [H2C(Ph2PNH(iPr))2]Br2_1 in CDCl3 

1H NMR experimental data for [H2C(Ph2PNH(iPr))2]Br2_1 in CDCl3
 

Ppm Assignment Multiplicity Calc. no. of 1H Coupling 

8.00 o-H doublet of 

doublets  

8.34 3JHP = 13.38 Hz  

3JHH = 7.33 Hz 

7.4 p-H triplets 4.34 3JHH = 7.30 Hz 

7.61 m-H doublet of triplets 8.34 7.88 Hz  

3.30 Hz 
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6.96 NH doublet of 

doublets 

2.34 2JHP = 10.45 Hz  

3JHH = 5.60 Hz 

6.56 PCH2P triplet 2 2JHP = 16.03 Hz 

3.06 NCH(iPr) broad multiplet 2.34 N/A 

0.95 CH3(iPr) doublet 14 3JHH = 6.40 Hz 

 

As expected the triplet due to the PCH2P protons, shown in detail in Figure 4.3, 

was found at 6.56 ppm. This was significantly downfield to the 2.80 ppm triplet found in 

the spectrum of dppm (1H NMR data for the dppm used in this study is given in Appendix 

5). This shift may be due to the increased electronegativity of the phosphorus centres due 

to their bonding with the nitrogen and the presence of a phosphonium centre. Another 

issue known to cause a similar effect is the increase in valency in metal centres, in which 

the 1H NMR peaks of protons bound to ligands are found downfield from their position 

in the spectrum of the un-coordinated ligands.282  

 

 

Figure 4.3: Detail of the spectrum for [H2C(Ph2PNH(iPr))2]Br2_1 showing triplet at 6.56 ppm. 
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The increase in 2JHP from 1.5 Hz in the triplet in dppm to 16.03 Hz in the triplet 

in the spectrum of the product was also indicative of the increased electronegativity of 

the phosphorus through the bonding of an electronegative substituent (nitrogen in this 

case) to the NMR active phosphorus centres.282 The presence of such an electronegative 

substituent on one of the active nuclei causes an increase in the reduced coupling constant, 

2K, which is in turn proportional to the value of 2J, causing this to increase under the same 

circumstances.282 The close agreement of this 2JHP coupling constant to literature data 

was strongely indicative of the formation of the desired phosphorus species as these 

coupling constants vary widely for derivatives of dppm according to the nature of the 

phosphorus centres and the charge on the central carbon. 

Three multiplets were found in the spectrum of [H2C(Ph2PNH(iPr))2]Br2_1 in the 

region typical for phenyl protons, as shown in Figure 4.4. The chemical shifts of these 

peaks, as with all peaks, were found to be slightly downfield to the values found in 

literature data for the ligand but were still in good agreement with the literature data. The 

assignment of the phenyl peaks was undergone through comparison with the assignment 

given by Demange et al.36 The assignment of the p-H protons to the triplet at 7.40 ppm 

was confirmed by the integration ratio of 2:1:2 with both remaining peaks in the aromatic 

region. This indicated the presence of a mesomeric electron donor or acceptor at the 

aminophosphonium centre.  

 

 

Figure 4.4: 1H NMR peaks for [H2C(Ph2PNH(iPr))2]Br2_1 believed to be due to phenyl protons. 
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The assignment of the o-H and m-H protons proved more difficult. The main 

difference between the literature and the experimental data was in the phenyl proton peak 

at 7.61 ppm. Literature data describes the analogous peak (7.57 ppm), assigned to the      

o-H protons, as being a doublet of doublets with coupling constants 3JHP = 13.5 Hz and 

3JHH = 7.0 Hz. These details were identical to the literature peak at 7.96 ppm assigned to 

the m-H protons and therefore these peaks could not be distinguished by the coupling 

observed, as shown in Table 4.1. The results of the current study however gave what 

could best be described as a doublet of triplets at 7.61 ppm with coupling constants of 

7.88 Hz and 3.30 Hz, as shown in Figure 4.5. The two coupling constants were similar to 

aromatic 3JHH and 4JHH coupling constant respectively. A coupling constant of >10 Hz, 

typical of 3JHP, could not be described for the peak at 7.61 ppm. This 3JHP would be 

expected for the o-H protons.  

 

 

Figure 4.5: Doublet of triplets structure fit for the peaks around 7.61 ppm. 

 

In the current study the more deshielded protons at 8.00 ppm were  the only 

protons with coupling constants indicative of 3JHP coupling (3JHP = 13.38 Hz) and 

therefore were more likely due to o-H protons, while the peak at 7.61 ppm was considered 

more likely due to the m-H protons. This would indicate that the aminophosphonium 

centre acts as a mesomeric electron withdrawing group rather than a mesomeric electron 

donating group as described in literature. These observations, along with the overall 
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downfield shift from the dppm values for o-H and m/p-H, were in line with the expected 

change in electronegativity of the phosphorus centre in the aminophosphonium product. 

The cause for the formation of a doublet of triplets at 7.61 ppm is unknown, although 

other analogous compounds show this type of splitting for m-H.36  

For all other peaks present in the spectrum the coupling is in agreement with the 

literature data, although the 5.60 Hz constant for the NH peaks is smaller than the 

expected value of 6.4 Hz. Another major difference was the number of calculated protons 

for the peaks assigned to the CH3(iPr) protons; this being 14 as opposed to the expected 

value of 12. This may be due to an amount of strong peaks present on either side of this 

doublet, possibly due to grease contamination of the deuterated solvent used as described 

previously.  

 

4.1.1.1.1.3 Conclusion 

 

The similarities observed between the 1H NMR experimental data for 

[H2C(Ph2PNH(iPr))2]Br2_1 and the data produced in literature, along with the data 

obtained from the IR spectra, led to the conclusion that [H2C(Ph2PNH(iPr))2]Br2_1 was 

most likely the required product.  

 

4.1.1.1.2. Characterisation of K[HC(Ph2PNiPr)2] 

 

Two batches of the methanide, K[HC(Ph2PNiPr)2], which will be discussed 

hereunder, were prepared from [H2C(Ph2PNH(iPr))2]Br2_1, with the reagent ratio and 

yield for each batch given in Table 4.3. In each case the product was reacted with 

KHMDS following the procedure described in Section 3.3.1.1.1 and published by Klemps 

and co-workers in 2009 and similar to the synthesis of the analogous lithium salt as 

described by Demange and collaborators in 2006.36,121 

 

Table 4.3: Reaction data for the synthesis of K[HC(Ph2PN(iPr))2] from [H2C(Ph2PNH(iPr))2]Br2_1. 

Code KHMDS:[H2C(Ph2PNH(iPr))2]Br2_1 Yield 

K[HC(Ph2PNiPr)2]_1 3.01:1 Negligible 

K[HC(Ph2PNiPr)2]_2 3.04:1 62% 
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In each case a dry solid could not be collected and the product obtained was in 

the form of a white sticky powder.  

 

4.1.1.1.2.1 Analysis by Infra-red spectroscopy  

 

IR spectroscopy was used to characterise the two products. The IR spectra of 

K[HC(Ph2PNiPr)2]_1 and K[HC(Ph2PNiPr)2]_2 were found to be similar to each other 

and are presented in Figure 4.6.  

 

 

Figure 4.6: IR spectra of K[HC(Ph2PN(iPr))2]_1 (blue) and K[HC(Ph2PN(iPr))2]_2 (orange). 

 

The main differences between the two spectra arise in three regions. The typical 

aromatic ν C–H band was well presented in the spectrum of K[HC(Ph2PNiPr)2]_2 (at 

3122 cm-1) but not in the spectrum of K[HC(Ph2PNiPr)2]_1, wherein this band seems to 

be replaced with a rather broad band centered around 3176 cm-1. Nonetheless the 

numerous skeletal P–Ph bands in the fingerprint region, as presented in Figure 4.6, were 

present in the spectrum for K[HC(Ph2PNiPr)2]_1, thus indicating the presence of the 

aromatic rings in this product.  

The second major difference occured with regards to the single strong and broad 

band at 1183 cm-1 in the spectrum of K[HC(Ph2PNiPr)2]_1, which was replaced by a 

similar band at 1171 cm-1 and two sharp bands at 1202 cm-1 and 1185 cm-1 in the spectrum 

of K[HC(Ph2PNiPr)2]_2.99 The sharp nature of the latter two bands indicated that they 

represent some moieties that do not occur in K[HC(Ph2PNiPr)2]_1. This region usually 

has bands attributable to P=N and P=C vibrations, which would indicate the formation of 

the expected product. The P=N moiety is expected for the molecule, while the P=C 
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vibration may be due to some type of delocalisation between the methanide carbon and 

the phosphorus centres. However the impact of the P=C bond may not be significant since 

similar bands are given in the neutral H2C(Ph2PNSiMe3)2 products discussed in Section 

4.1.1.2. The final difference lies in the range below 600 cm-1 where bands are typically 

assigned to P–Ph vibrations and to which no reasonable explanation can be given in this 

study.99  

The tentative assignment of the bands in the IR spectrum of K[HC(Ph2PNiPr)2]_2 

was undergone in more detail and special attention was given to  the assignment of the 

bands similar to those for the starting reagent [H2C(Ph2PNH(iPr))2]Br2_1. This tentative 

assignment is given in Figure 4.7. 

Firstly the amine bands assigned to ν N–H and δ N–H were retained, although at 

significantly reduced intensities. This was expected since the P–N bonds are replaced by 

P=N in the reaction.121 The skeletal vibrations, mainly the dppm skeletal phenyl and alkyl 

ν C–H and the P–Ph vibrations, along with the vibrations of the iso-propyl moiety given 

in green in Figure 4.7,99 remained mainly unchanged from the spectrum of 

[H2C(Ph2PNH(iPr))2]Br2_1. 

The most important bands in the spectrum of K[HC(Ph2PNiPr)2]_2 are presented 

in black in Figure 4.7. The first group contains the strong and sharp bands at 1261 cm-1, 

1202 cm-1 and 1185 cm-1, the latter two already described prior. All three bands fell in 

the range normally containing bands due to the ν P=N and ν P=C bonds vibrations, as 

described Figure 4.6.99 The bands 1202 cm-1 and 1185 cm-1 may be due to both these 

moieties and their presence indicate electron delocalisation over the methanide carbon, 

phosphorus and nitrogen centres. The band at 1261 cm-1 was also possibly due to the ν 

P=N vibration, although at this higher wavenumber this is more typical of the neutral 

precursors.99 This band also falls in a region typical for ν C–N vibrations and could be 

indicative of the iso-propyl amine moiety, although an analogous band in the IR spectra 

of [H2C(Ph2PNH(iPr))2]Br2_1 could not be definitively assigned. Unfortunately the band 

attributed to the vibration of the ν P–C lies in a range which makes it non-diagnostic and 

therefore the effect of delocalisation on this bond cannot be directly observed in IR 

spectra.99 
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Figure 4.7: Tentative band assignment for IR spectrum of product K[HC(Ph2PNiPr)2]_2.
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The bands at 1016 cm-1, 890 cm-1 and 801 cm-1 comprise the other group of bands 

that may be diagnostic to the formation of the methanide salt. The latter falls in the range 

known for the stretching vibrations of the P–CH2–P moiety. The expected bonding 

present in the product is P–CH–P but no IR studies are known dedicated specifically for 

this moiety and therefore no direct comparisons could be made. Given the expected 

change in symmetry of the moiety a shift was expected but since no data is known from 

literature only a very tentative discussion could be posited. The bands at 1016 cm-1 and 

890 cm-1 are commonly in a higher range then expected for P–CH2–P.99 An increase in 

the bond order of the P–C(methanide), due to increased electron delocalisation from the 

anionic methanide to the higher energy orbitals of the phosphorus, could cause such a 

shift.99,281 The two bands at 1016 cm-1 and 890 cm-1 can therefore be attributed to  νas P
+–

CH-–P+ vibrations while the band at 801 cm-1 can be attributed to the νs P+–CH-–P+ 

vibration, if such a shift were to occur. It should be noted that the strong band at              

1016 cm-1 can also be due to P–Ph vibrations and therefore the assignment is not 

definative. Finally the shoulder at 926 cm-1 and the band at 890 cm-1 can also be attributed 

to the P–N–C bending vibration. The shoulder could be due to minute amounts of 

unreacted reagent and it might be shifted from the 908 cm-1 band observed in the 

[H2C(Ph2PNH(iPr))2]Br2_1 spectrum. The band at 890 cm-1 can be due to the formation 

of the P=N–C moiety and its related bending vibration.99    

 

4.1.1.1.2.2 Analysis by 1H NMR spectroscopy  

 

Similarly to the IR spectra, the products K[HC(Ph2PNiPr)2]_1 and 

K[HC(Ph2PNiPr)2]_2 gave similar 1H NMR spectra, with the respective spectra being 

shown in Figure 4.8 and Figure 4.9. Both spectra were obtained in CDCl3 as solvent. 

Literature data for the 1H NMR of this compound has not been published, although 

Demange and co-workers published the 1H NMR data of the lithium salt of bis(diphenyl-

N-iso-propyl-iminophosphorano)methanide in THF-d8. This literature data has been 

reproduced in Table 4.4. 
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Figure 4.8: Full 1H NMR spectrum of K[HC(Ph2PNiPr)2]_1 in CDCl3. 

 

 

Figure 4.9: Full 1H NMR spectrum of K[HC(Ph2PNiPr)2]_2 in CDCl3. 
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Table 4.4: 1H NMR literature data published for Li[HC(Ph2PNiPr)2] in THF-d8.36 

1H NMR Literature Data published for Li[HC(Ph2PNiPr)2] in THF-d8 

ppm Assignment Multiplicity Calc. no. 1H Coupling 

7.59 m-H triplet 8 N/A 

7.34 p-H triplet 4 3JHH = 7.5 Hz 

7.26 o-H triplet 8 3JHH = 7.5 Hz 

3JHH = 7.0 Hz 

3.18 NCH(iPr) septet of doublets 2 3JHH = 6.0 Hz 

3JHP = 19.5 Hz 

1.05 CH3(iPr) doublet 12 3JHH = 6.0 Hz 

0.86 PCHP triplet 1 2JHP = 3.0 Hz 

 

The two spectra of the products were very similar and there was also a correlation 

in specific data details. This similarity indicated that the two products obtained were the 

same or very similar. In both cases the last three peaks listed in the literature data were 

found to be present in the experimental data. Figures 4.10 and 4.11 show details from the 

full spectra of the products, highlighting the three peaks found in the range 4 ppm to 0 

ppm.  

 

Figure 4.10: 1H NMR spectrum in the range of 4-0 ppm for K[HC(Ph2PNiPr)2]_1 in CDCl3. 
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Figure 4.11: 1H NMR spectrum in the range of 4-0 ppm for K[HC(Ph2PNiPr)2]_2 in CDCl3. 

 

In both figures the peaks of interest are labelled. In both spectra other peaks were 

present and it is believed that these were due to impurities such as water (1.65 ppm) and 

grease (1.26 ppm and 0.85 ppm) or by-products (2.02 ppm). The assignment, chemical 

shifts and peak integration values from the experimental data are listed and compared to 

the literature data in Table 4.5. 

 

Table 4.5: Comparison of data for the literature Li salt (in THF-d8) and the two products 

K[HC(Ph2PNiPr)2]_1 (_1) and K[HC(Ph2PNiPr)2]_2 (_2) (both in CDCl3). 

Comparison of Experimental Data for Products K[HC(Ph2PNiPr)2]_1(_1)   and 

K[HC(Ph2PNiPr)2]_2(_2) to Literature Data 

Assignment ppm Calc. No. of 1H 

 Literature Experimental Literature Experimental 

  _1 _2  _1 _2 

NCH(iPr) 3.18 3.37 3.37 2 2.0 2.0 

CH3(iPr) 1.05 1.24 1.24 12 29.32 13.14 

PCHP 0.86 0.88 0.88 1 18.64 1.40 
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The chemical shifts of the two products were in agreement with each other and 

the triplet at 0.88 ppm for both products was also in close agreement with the literature 

value of 0.86 ppm. These triplets showed an upfield shift from the analogous triplet found 

in the spectrum of dppm at 2.80 ppm and that found in the spectrum of 

[H2C(Ph2PNH(iPr))2]Br2_1 at 6.56 ppm. This was attributed in literature to the 

concentration of the anionic lone pair on a sp3 hybridised methanide centre.36 However 

the peaks in the spectra of the products assigned to CH3(iPr) and NCH(iPr) were  

distinctly downfield by a value of 0.19 ppm as compared to the values given in literature. 

Whether this shift was due to structural differences, the presence of impurities or the 

differences in solvent is unknown, although the latter is unlikely given that the iso-propyl 

hydrogens are believed to be non H-bonding.  

In both samples integration was undergone with the multiplet assigned to 

NCH(iPr) set as the reference 1.00. The experimental integration data for the product 

K[HC(Ph2PNiPr)2]_2 was found to be more in agreement with the literature integration 

data as compared to that of K[HC(Ph2PNiPr)2]_1. The calculated number of protons for 

the PCHP, CH3(iPr) and NCH(iPr) multiplets in K[HC(Ph2PNiPr)2]_2 were found to be 

1.4, 13.14 and 2 respectively, with the former two being slightly larger than the values 

expected. The increased value for the doublet assigned to CH3(iPr) could have resulted 

from the overlap of the doublet with a small broad peak downfield of it, thus altering the 

calculated value of the integration. The same can be said for the triplet at 0.88 ppm 

wherein the increase in the integration value is due to the triplet overlapping with the 

multiplet upfield to it. The integration data for the product K[HC(Ph2PNiPr)2]_1 was 

found to be uncharacteristic of the expected composition, with little information being 

attainable from the results. This could be due to a number of peaks resulting from the 

presence of impurities which overlap with the peaks of the product and therefore make 

the calculation of the peak integration unreliable. These impurity peaks were visible as a 

singlet downfield of the doublet at 1.24 ppm and a multiplet upfield of the triplet at             

0.88 ppm both previously attributed to grease contamination.  

The coupling constants of the experimental peaks in the spectra of both products 

were found to be identical and therefore the following discussion will focus on the data 

for the product K[HC(Ph2PNiPr)2]_2 only. The coupling constants described in literature 

and those obtained in the experimental spectrum of K[HC(Ph2PNiPr)2]_2  are given in 

Table 4.6. The coupling constants in the spectrum of the product are presented for each 

multiplet in Figures 4.12, 4.13 and 4.14.  
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Table 4.6: Comparison of coupling constants for literature data and experimental data for 

K[HC(Ph2PNiPr)2]_2. 

Coupling Constants for Literature Data and Experimental Data for 

K[HC(Ph2PNiPr)2]_2 

Ppm Assignment Multiplet Literature K[HC(Ph2PNiPr)2]_2 

3.37 NCH(iPr) Multiplet/Septet 

of doublets 

3JHH = 6.0 Hz 

3JHP = 19.5 

Hz 

3JHH = 6.29 Hz 

3JHP = 19.2 Hz 

1.24 CH3(iPr) Doublet 3JHH = 6.0 Hz 3JHH = 6.5 Hz 

0.88 PCHP Triplet 2JHP = 3.0 Hz 2JHP = 6.9 Hz 

 

 

Figure 4.12: Triplet attributed to the PCHP protons in the 1H NMR spectrum of 

K[HC(Ph2PNiPr)2]_2. 

 

Although the chemical shift of the triplet attributed to PCHP in 

K[HC(Ph2PNiPr)2]_2 was in good agreement with the literature data for the lithium 

analogue, the coupling constant was distinctly larger at 6.9 Hz against the expected 3.0 

Hz. In both literature and experimental data the coupling constant was markedly 

decreased from the value of the PCH2P triplet in [H2C(Ph2PNH(iPr))2]Br2, which was of 
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16.0 Hz. The methanide anion may be electropositive enough to effect this marked 

decrease in the 2JHP given that both NMR active atoms are bound directly to it. Such a 

relationship between the decreased electronegativity of an atom bound to an NMR active 

atom is known through the relationship of the electronegativity with the reduced coupling 

constant, 2K.282 This does not explain the marked difference between the experimental 

and literature values, although it gives an indication as to the formation of the anionic 

methanide from the aminophosphonium derivative.  

The doublet attributed to the CH3(iPr) protons shown in Figure 4.13 gave a 3JHH 

= 6.5 Hz which was similar to the expected value of 6.0 Hz. This clearly indicated the 

presence of the iso-propyl group.  

 

Figure 4.13: Doublet associated with the CH3(iPr) protons in the 1H NMR spectrum of 

K[HC(Ph2PNiPr)2]_2. 

 

Figure 4.14 shows in detail the multiplet assigned to the NCH(iPr) protons in the 

spectrum of the product. The chemical shift and the integration of this multiplet gave 

expected values, however the multiplicity proved complex. Despite the complex nature 

of the multiplet, coupling similar to that observed in literature for the analogous lithium 

salt was apparent. A doublet of septets superstructure was visible, with coupling constants 

J1 = 19.2 Hz (d) and J2 = 6.29 Hz (sept), as given in Figure 4.15. These coupling constants 
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were in agreement with the two literature values of  3JHP = 19.5 Hz and 3JHH = 6.0 Hz. 

For the expected structure the doublet of septets obtained in the current study was more 

in line with expected observations than a septet of doublets as described in literature. This 

indicated that the proton in question was likely the NCH(iPr) proton, coupled with both 

the CH3(iPr) protons (3JHH = 6.29 Hz) and the phosphorus (V) centres to yield 3JHP = 19.2 

Hz. The latter coupling may also support the formation of the desired compound given 

that JHP coupling constants are sensitive to the oxidation state and chemical environment 

on the phosphorus centres.282 

 

 

Figure 4.14: Multiplet associated with the NCH(iPr) protons in  the 1H NMR spectrum of 

K[HC(Ph2PNiPr)2]_2. 
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Figure 4.15: Basic coupling observable for the multiplet associated with the NCH(iPr) protons in  

the 1H NMR spectrum of K[HC(Ph2PNiPr)2]_2. 

 

The remaining peaks were more difficult to describe and therefore little 

characterisation data could be collected. The symmetric nature of the peaks suggests that 

the multiplet was due to chemically equivalent protons as would be expected for the two 

NCH(iPr) protons in the expected symmetric molecule and that this multiplet formation 

was possibly due to further coupling. The further coupling could be due to numerous 

effects. Coupling with nitrogen is a possibility though this is rarely observed and 

described. The nucleus of the major isotope of nitrogen (14N) is quadrupolar with a 

quantum spin number of 1 (I=1) and a strong quadrupolar moment.283 The  quantum spin 

number of 1 leads to a basic theoretical JHN coupling which should be a triplet of equally 

intense peaks, although various factors can cause a change in relative intensity of the 

triplet peaks.284–286 The strong quadrupole moment also leads to rapid quadrupole 

relaxation, causing peak broadening which makes description of such multiplets more 

difficult.286 It is also known that such JHN coupling can be negative, further complicating 

description.287 Therefore this complex coupling could be related to this type of coupling, 

further to the doublet of septets described prior. Such complex coupling however is not 

typically described for other species containing the P=N–C–H moiety, although in some 

cases multiplets are described wherein no further detail is given.288–292  
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Coordination with the K+ cation in solution may be another possibility for the 

complex nature of the multiplet. Alkali metal complexes of various 

bis(iminophosphorane)methanides do not form planar species about the cation to 

methanide carbon axis but rather partially puckered rings, the stability of which can be 

influenced by numerous factors.191,192 This is true for Li[HC(Ph2PNiPr)2]·THF, the 

closest analogue to K[HC(Ph2PNiPr)2]. Coordination in K[HC(Ph2PNiPr)2] is expected 

to be similar to that of such anaolgues. The NCH(iPr) protons can interact with the K+ 

cation through electrostatic K---H interactions in different conformations should these 

prove beneficial to the stability of the complex.293 Such interactions are not known for 

the Li[HC(Ph2PNiPr)2]·THF species,294 however similar interactions have been 

described for K+ salts of other bis(iminophosphorane)methanides.191,192 These 

interactions could constrain one or both of the two NCH(iPr) protons to different 

chemical or magnetic environments leading to the observation of a complex multiplet. 

Such complex multiplets could occur due to the overlapping unique peaks obtained for 

the newly non-equivalent NCH(iPr) protons although asymmetric multiplets would be 

more likely in such a case. These interactions are also more likely preserved in the 

nonpolar CDCl3 used in the current study than the coordinating THF-d8 used in literature. 

Peaks attributable to the phenyl protons, which are usually found in the region of 

8.00 to 7.00 ppm, were clearly visible in the spectra of the two products and closer 

inspection revealed near identical spectra in this region. This corroborated the evidence 

that the two products were identical in composition. The peaks found in this region of the 

1H NMR spectrum of K[HC(Ph2PNiPr)2]_2 are given in Figure 4.16. These peaks had 

limited similarity to those reported in literature data, with no obvious identifiable triplets. 

Furthermore they were all shifted downfield to a range between 8.00-7.40 ppm, as 

compared to the literature range of 7.59-7.26 ppm (in THF-d8). Information from the 

integration of the peaks in this range did not yield results which could corroborate the 

molecular structure expected, as the values obtained indicated a species containing 

approximately 35 aromatic protons (per 1 NCH proton), which is greater than the 

expected 20 protons. This difference in integration values indicated that other aromatic 

species may have been present in the sample, accounting for the excess proton integration 

values.  
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Figure 4.16: Peaks in the 1H NMR spectrum of K[HC(Ph2PNiPr)2]_2 in CDCl3 found in the range 

typical of phenyl protons. 

 

In both spectra numerous peaks, shown in Figures 4.10 and 4.11, were attributed 

to other impurities. The doublet at 2.02 ppm, with J = 13.3 Hz, is of interest in the 

discussion of the aromatic peaks. This peak was likely due to the methyl protons of 

methyldiphenylphosphine oxide, Ph2P(O)Me, a known moisture induced decomposition 

product for bis(diphenyliminophosphorane)methylene derivatives, such as the expected 

product and the main starting reagent.295,296 Therefore the respective peaks in the aromatic 

region for this decomposition product were also expected. This can help explain the 

difference in integration values for the experimental aromatic peaks, due to overlap of 

the aromatic peaks expected for the product and decomposition product.  

The integration ratio of the peaks attributed to the combined aromatic protons, the 

product NCH protons and the Ph2P(O)Me methyl protons was of 17.8:1:2.55. It was clear 

that the integration of the aromatic peaks is a summation of integration values of the 

aromatic protons for  both species as per their relative concentrations in the sample. The 

presence of Ph2P(O)Me could indicate some level of decomposition on reaction, storage 

or sample preparation. The presence of Ph2P(O)Me could not be determined through the 

IR data presented in Section 4.1.1.1.2.1. as only the band at 1170 cm-1 could be related to 

literature IR data and the diagnostic peak at 1304 cm-1 related to ν P–CH3 vibration was 

not obtained in the experimental spectrum.296 This supports the possibility of 

decomposition on sample preparation.  
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Two mulitplets at 7.90 ppm and 7.70 ppm (J1 = 1.48 Hz, J2 =  8.07 Hz, J3 = 11.9 

Hz), as shown in Figure 4.17, were of interest. The coupling constant of 11.9 Hz could 

be due to 3JHP coupling, indicating that both these peaks are due to o-H protons. These 

two peaks could be due to two distinct o-H multiplets for the expected product and 

Ph2P(O)Me, although further assignment was not possible. However the similarity in 

structure and the presence of the same coupling constants in both peaks indicated that the 

respective protons were present in the same species. Therefore, for both the expected 

product and the decomposition product a strict assignment of the various aromatic 

protons, typically in terms of ortho, meta and para protons, could not be made, as was the 

case for the starting reagent [H2C(Ph2PNH(iPr))2]Br2_1. Further characterisation 

information from the multiplet at 7.45 ppm was not possible, as this was clearly 

composed of overlapping aromatic proton peaks. Integration values for all three peaks at 

7.90 ppm, 7.70 ppm and 7.45 ppm could not help in assignment of the specific aromatic 

protons.    

 

 

Figure 4.17: Structure of coupling for peaks around 7.90 ppm and 7.70 ppm for the 1H NMR 

spectrum of K[HC(Ph2PNiPr)2]_2 in CDCl3. 
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4.1.1.1.2.3 Analysis by Powder X-ray diffraction 

 

Powder X-ray diffraction data for K[HC(Ph2PNiPr)2]_2 was collected from 

powder packed in a 0.5 mm capillary which was sealed under dry nitrogen. The data was 

collected using Mo-Kα1 radiation. The sample data was compared to the calculated 

powder pattern for the starting reagent [H2C(Ph2PNH(iPr))2]Br2 (CCDC Refcode: 

WERRUH), as given in Figure 4.18. The data for the reagent was obtained from literature 

data and calculated using Mercury.36,297 Although the two patterns showed superficial 

similarities  a closer examination revealed that there were no analogous peaks. Therefore, 

the product K[HC(Ph2PNiPr)2]_2 was not the starting reagent [H2C(Ph2PNH(iPr))2]Br2 

and this reagent was unlikely to have remained in the solid product. This supported the 

IR and 1H NMR data for K[HC(Ph2PNiPr)2]_2. Detailed analysis and structure solution 

of this novel PXRD pattern is currently being undertaken in order to describe the structure 

of K[HC(Ph2PNiPr)2]_2. Although some deviation was observed in the 1H NMR data for 

K[HC(Ph2PNiPr)2]_2, on comparison with literature data for the lithium analogue, the 

solid was believed to be K[HC(Ph2PNiPr)2] and the powder pattern obtained was novel 

and therefore the structure in question is believed to be previously unreported. 

 

 

Figure 4.18: PXRD patterns of K[HC(Ph2PNiPr)2]_2 (blue) and [H2C(Ph2PNH(iPr))2]Br2 

REFCODE: WERRUH (orange). 

 

4.1.1.1.2.4 Conclusion   

 

Although the IR spectroscopy data for both K[HC(Ph2PNiPr)2]_1 and 

K[HC(Ph2PNiPr)2]_2 were promising and indicated that many of the expected moiety 

changes from the [H2C(Ph2PNH(iPr))2]Br2 reagent occurred, these could not definitely 
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characterise the composition of the product. 1H NMR data was in line with the expected 

data in relation to the anionic methanide and the P=N–iPr group, which corroborated the 

formation of the desired salt. The main differences between the experimental and 

literature 1H NMR spectroscopy data for the lithium analogue occurred in the region 

typically containing phenyl proton peaks. These differences along with the presence of a 

doublet at 2.02 ppm indicated that the product obtained partially decomposed some time 

during 1H NMR sample preparation. PXRD data indicated the formation of a crystalline 

solid which was not composed of the XRD characterised [H2C(Ph2PNH(iPr))2]Br2 or 

other structurally charactersised co-products. Therefore the solid obtained for 

K[HC(Ph2PNiPr)2]_2 could be K[HC(Ph2PNiPr)2] and the PXRD pattern obtained 

indicated a novel structure which should be the first described for this compound. 

 

 Characterisation of H2C(Ph2PNSiMe3)2.  

 

Three batches of H2C(Ph2PNSiMe3)2 were initially prepared by following the 

Phospha-Staudinger method as described in Section 2.4.3.1.1. All three products yielded 

white or off-white solids with yields of 96.7% and 74.4% for crystalline solids obtained 

directly from reaction and 35% for H2C(Ph2PNSiMe3)2_1 which was recrystallized from 

acetonitrile. The products were analysed by IR and 1H NMR spectroscopy. Literature 

data for both these techniques is available and therefore the characterisation of the 

products obtained was mainly undergone by comparison to the literature data.34,276   

 

4.1.1.2.1. Analysis by Infra-red spectroscopy  

 

IR spectra of H2C(Ph2PNSiMe3)2_1, H2C(Ph2PNSiMe3)2_2 and 

H2C(Ph2PNSiMe3)2_3 were compared to IR spectra of the two main reagents dppm and 

trimethylsilyl azide.298 The loss of the diagnostic νas N=N=N azide band at 2140 cm-1 for 

trimethylsilyl azide indicated that a reaction occurred. The presence of bands at               

1273 cm-1 and 851 cm-1 for the products indicated the formation of a P=N bond and a 

trimethylsilyl group containing compound similar to what was expected. Comparison of 

this experimental data with literature data confirmed the formation of the desired ligand 

in all three cases. Tentative assignments of the most characteristic bands are given in 

Table 4.7.  
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Table 4.7: Tentative assignment of characteristic IR bands of H2C(Ph2PNSiMe3)2 prepared in this 

study. 

Wavenumber, cm-1 Description Assignment 

2948 m ν C–H (alkyl, SiMe3)  

1435  s P–Ph 

1273 s,b ν P=N 

1238 s δ C–H (SiMe3) 

1184–998 variable Fingerprint region peaks 

864 w νas P–CH2–P or other P–CH2–P vibration 

851 s ρ CH3 + ν Si–C or ν P–CH2–P 

831 s νas P–CH2–P or other P–CH2–P vibration 

802 s νas P–CH2–P or other P–CH2–P vibration 

776 m νas P–CH2–P or other P–CH2–P vibration 

751–680 variable P–Ph and νs P–CH2–P 

460 m Si–N  

 

Where, w = weak, b = broad, m = medium, s = strong, sh = sharp, N/A = non-assigned. 

 

4.1.1.2.2. Analysis by 1H NMR spectroscopy  

 

Characterisation using this technique was mainly undergone for 

H2C(Ph2PNSiMe3)2_1 in benzene-d6 given the confirmation of the same product being 

present in all three cases by IR spectroscopy. The most important feature that was 

observed was the presence of a triplet at 3.29 ppm attributed to the PCH2P group with a 

2JHP of 13.87 Hz. The chemical shift was slightly upfield to the recorded literature value 

of 3.42 ppm,34 but still lying in the typical range for such dppm analogues. The coupling 

constant showed a marked and expected change from the 1.5 Hz observed for the 

analogous group in dppm. This also agreed with literature data for the compound where 

the coupling constant was reported as 14 Hz.34 A singlet at 0.26 ppm also corroborated 

the presence of the trimethylsilyl groups in the amounts expected. Other peaks in the 

region 0.40 to 0.00 ppm indicated the presence of silicone grease and other simple 

trimethylsilyl species as significant impurities.  
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Data regarding the phenyl group protons of the compound H2C(Ph2PNSiMe3)2 is 

much less present in  the literature. However, the peaks observed for these protons in the 

spectrum of H2C(Ph2PNSiMe3)2_1 were in the region described in literature and showed 

definition of the o-H, m-H and p-H protons although only the latter group could be 

tentatively assigned to the peak at 7.41 ppm. The o-H and m-H protons could be related 

to the multiplets at 7.93 ppm and 7.65 ppm respectively. This assignement is not strict as 

the peak at 7.65 ppm had integration values greater than expected, indicating that it was 

composed of two superimposed peaks. The presence of a large peak at 7.03 ppm also 

indicated the presence of a secondary phenyl species containing an electron donating 

group, most likely a silane, but no further details could be given. 

 

4.1.1.2.3. Conclusion  

 

In conclusion the IR spectroscopic data for the products H2C(Ph2PNSiMe3)2_1, 

H2C(Ph2PNSiMe3)2_2 and H2C(Ph2PNSiMe3)2_3 was in accordance with the literature 

data and with the expected changes from dppm on reaction. In the former case the 

recrystallisation from acetonitrile did not affect the composition of the solid. 1H NMR 

spectroscopy of the product H2C(Ph2PNSiMe3)2_1 was in agreement with the literature 

data. A multiplet was tentatively assigned to the p-H protons whilst a singlet was 

tentatively assigned to the trimethylsilylamine protons further corroborating the 

formation of the desired ligand. No novel or noteworthy features were observed in the 

spectra of these products. The relevant spectra and data used for the above discussion are 

given in Appendix 6.  

 

 Characterisation of H2C(Ph2PS)2. 

 

Bis(diphenylthiophosphinoyl)methane, H2C(Ph2PS)2, was prepared multiple 

times as described in Section 3.3.1.1.3. using the procedure published by Carmalt et al. 

in 1996.35 The singular product obtained in the first attempt and labelled as 

H2C(Ph2PS)2_1, was a colourless crystalline solid with a yield of 87%. Subsequent 

reactions, H2C(Ph2PS)2_2 and H2C(Ph2PS)2_3, yielded two distinct products each. The 

first solids deposited were labelled H2C(Ph2PS)2_2a and H2C(Ph2PS)2_3a and these were 

obtained as colourless rhombic crystals on cooling the solutions to -60 °C. The respective 
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yield of these solids was of 85.8 % and 79.58 %.  Products labelled as H2C(Ph2PS)2_2b 

and H2C(Ph2PS)2_3b were obtained as white crystalline powders on the removal of 

volatiles from the initial filtrates.  The respective yield of these solids was of 8.40 % and 

10.95 %.  

 

4.1.1.3.1. Analysis by Infra-red spectroscopy  

 

The IR spectrum of the product H2C(Ph2PS)2_1 was initially compared to the 

spectrum of dppm. As expected both spectra were very similar.35 The only new bond 

expected was the P=S and therefore it is new bands assigned to the vibrations of this bond 

that were of interest. It is known that the wavenumber range for the diagnostic ν P=S 

vibration of P=S bonds is 800-500 cm-1.99 Therefore a number of bands in this region 

were assigned to this vibrational mode. Of the bands within this region the three bands at 

625 cm-1, 613 cm-1 and 594 cm-1 were the most likely due to the P=S vibrations, as no 

other moieties in the expected products or reagents give bands in this region. This was 

corroborated by literature data.299,300  

The IR spectra of H2C(Ph2PS)2_2a and H2C(Ph2PS)2_3a were similar to the IR 

spectrum of H2C(Ph2PS)2_1. However, IR data for the products H2C(Ph2PS)2_2b and 

H2C(Ph2PS)2_3b indicated structural differences from the three previously mentioned 

products. In the range 805–590 cm-1 two distinct sets of bands were noted for different 

products as shown in Table 4.8. The bands at 803 cm-1 and 783 cm-1 were assigned to the 

ν P–CH2–P vibration while the remaining bands were most likely due to the v P=S 

vibrations. The assingment of the band at 752 cm-1 was difficult since it appeared in all 

spectra. The remaining bands in this region that were not a discussed were considered as 

being due to P–Ph vibrations. It was therefore conluded that the two sets of IR spectra 

were indicative of two different solid state species of the same chemical compound, most 

easily identified by the unique bands at 803 cm-1 and 783 cm-1 respectively. 

H2C(Ph2PS)2_3a proved to be a mixture of both species. This difference is further 

highlighted in Figure 4.19 where the  IR spectra of H2C(Ph2PS)2_2a, H2C(Ph2PS)2_2b  

and dppm are compared. The figure clearly shows the differences in bands assigned to       

ν P–CH2–P and ν P=S vibrations for H2C(Ph2PS)2_2a, H2C(Ph2PS)2_2b and dppm. 
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Table 4.8: Bands of interest in the IR spectra of all products of H2C(Ph2PS)2 in the range 805 to 590 

cm-1. 

Solids Bands (cm-1) 

H2C(Ph2PS)2_1  783 771 752 625  613  594 

H2C(Ph2PS)2_2a  783 771 752 625  613  594 

H2C(Ph2PS)2_2b 803  771   619  605  

H2C(Ph2PS)2_3a 802 783 771 755 626 620 619 605 593 

H2C(Ph2PS)2_3b 802  771   619  605  

 

 

 

Figure 4.19: IR spectra of dppm (black), H2C(Ph2PS)2_2a (red) and H2C(Ph2PS)2_2b (blue). 

 

4.1.1.3.2. Analysis by 1H NMR spectroscopy  

 

The ligand H2C(Ph2PS)2_1 was also analysed by 1H NMR spectroscopy. Samples 

were prepared in benzene-d6 as was described in literature. The most important 

observation was that of a triplet at around 3.84 ppm. This was attributed to the methylene 

protons (PCH2P) in H2C(Ph2PS)2_1, forming from a downfield shift of the analogous 

triplet found at 2.80 ppm in the spectrum of dppm. A change in the coupling constant 2JHP 

was also observed from 1.5 Hz in dppm to 13.5 Hz in H2C(Ph2PS)2_1. These 

experimental values were in good agreement with the literature data available, where          

δ = 3.9 ppm and 2JHP = 13.4 Hz for the methylene protons of H2C(Ph2PS)2.
301,302 Two 
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multiplets at 6.92 and 7.89 ppm were observed in the spectrum of H2C(Ph2PS)2_1. These 

were easily assigned to the m/p-H and o-H protons on comparison of literature data with 

the experimental integration data.301 The o-H peaks proved to be shifted downfield to 

those of dppm while the m/p-H peaks proved to be shifted upfield. This trend was 

observed in literature but to a lesser degree showing that the P=S may exhibit multiple 

electronic effects on the phenyl protons.   

All the products of reactions H2C(Ph2PS)2_2 and H2C(Ph2PS)2_3 proved to be the 

same compound as H2C(Ph2PS)2_1 on characterisation by 1H NMR spectroscopy. The 

1H NMR spectra of  products of reactions H2C(Ph2PS)2_2 and H2C(Ph2PS)2_3 were 

collected in CDCl3. The P–CH2–P methylene triplet was visible in all these spectra at 

3.98 ppm with a 2JHP in the region 13.43–13.35 Hz. This was in close agreement with the 

analogous peak at 3.84 ppm for the spectrum of H2C(Ph2PS)2_1 in benzene-d6. In these 

CDCl3 samples the phenyl protons were fully resolved with peaks at 7.82, 7.42 and 7.33 

ppm in a 2:1:2 integration ratio. The triplet at 7.42 ppm was assigned to the p-H protons 

while the doublet of doublets at 7.82 ppm was assigned to the o-H since it was the only 

aromatic peak with a coupling constant indicative of the expected 3JHP (13.13 Hz). The 

remaining peak was assigned to the m-H. These assignments indicated that the 

phosphorus centre acts as a mesomeric electron withdrawing group.   

 

4.1.1.3.3. Analysis by Microscopy  

 

The solid H2C(Ph2PS)2_1 was checked under the microscope given that relatively 

large brick like crystals precipitated during work up of the reaction mixture. The blocks 

were found to be single crystals as they extinguished plane polarised light completely on 

rotation.  

 

4.1.1.3.4. Analysis by Powder X-ray diffraction  

 

 PXRD data was obtained for the crystalline powder H2C(Ph2PS)2_2b. This data 

was collected at the European Synchrotron Radiation Facility (ESRF), with sample 

preparation undertaken under an inert atmosphere to ensure minimal exposure to moisture 

which may change the crystal structure. The data obtained was compared to calculated 

PXRD patterns of the two C2/c and P21/n polymorphs of H2C(Ph2PS)2, obtained in 
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literature, calculated in Mercury.35,297,303 This showed that the product H2C(Ph2PS)2_2b 

was mainly composed of the C2/c polymorph of H2C(Ph2PS)2, which was first published 

by Thirumoorthi and co-workers.39 Quantitative Rietveld refinement of the experimental 

PXRD data for H2C(Ph2PS)2_2b indicated the presence of both polymorphs. The major 

polymorph was confirmed as C2/c and it was found to be at a percentage of 80.62 % 

while the P21/n polymorph was found to be present at a percentage of 19.38 %.   

 

4.1.1.3.5. H2C(Ph2PS)2 polymorphism 

 

1H NMR data indicated that all products discussed in Section 4.1.1.3. were the 

same chemical compound. IR data indicated the possible formation of two distinct solid 

state species for this compound. The spectra for H2C(Ph2PS)2_1 and H2C(Ph2PS)2_2a 

showed the formation of one species, whilst the spectra of H2C(Ph2PS)2_2b and 

H2C(Ph2PS)2_3b indicated the presence of the second species. The spectrum of 

H2C(Ph2PS)2_3a showed a mixture of both. PXRD data indicated that H2C(Ph2PS)2_2b 

was composed mainly of the C2/c polymorph of H2C(Ph2PS)2 with the P21/n polymorph  

being a minor component. This indicated that H2C(Ph2PS)2_2b and H2C(Ph2PS)2_3b 

crystallised mainly in the C2/c polymorph, while H2C(Ph2PS)2_1 and H2C(Ph2PS)2_2a 

likely crystallised in the P21/n polymorph.  

Investigation of the published crystal structures of these polymorphs also showed 

the interactions which may have caused the distinct differences between the IR spectra 

of the two polymorphs. The intermolecular bonding about the P=S moiety for the P21/n 

and C2/c polymorphs are given in Figures 4.20 and 4.21 respectively. In both cases the 

intermolecular bonding is P=S---H–C in nature. However, in the case of the former 

polymorph the H–C occurs as a meta proton on the aromatic ring while for the latter 

polymorph the H–C group refers to the central methylene moiety.  
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Figure 4.20: Unit cell of P21/n polymorph of H2C(Ph2PS)2 showing the P=S---H–C(phenyl) 

interactions. 

 

Figure 4.21: Unit cell of C2/c polymorph of H2C(Ph2PS)2 showing the P=S---H–C(methylene) 

interactions. 

 

It is therefore believed that the initial changes in the IR spectra observed for the 

two groups as classified above was due to some increased restriction on the ν P–CH2–P 

vibration in the C2/c polymorph, as compared to the P21/n polymorph. It seems that in 

the C2/c polymorph the P=S---H–C(methylene) interaction causes an increase in stiffness 

of the P–CH2–P bonds and therefore a slight increase in wavenumber from 783 cm-1 to 

802 cm-1. The exact reason for the impact of the P=S---H–C(methylene) intermolecular 

bonding on the intramolecular bonding C–P in the P–CH2–P group does not seem to be 

straightforward. However, it seems that this interaction is what effects the wavenumber 

shift since the published structures offer no other explanations.  

It was observed that the IR bands in the regions typical of ν P=S changed 

dramatically between the two polymorphs, indicating that the P=S bond is central to and 

effected by the polymorphism. The problem is that there are multiple bands that can be 

attributed to this vibration and the changes do not give any information because the 

multiple bands remain in the same region. 
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4.1.1.3.6. Conclusion  

 

The synthesis of this ligand was confirmed for all the products formed by 1H 

NMR spectroscopy, as these spectra were in agreement with literature values for the 

PCH2P group protons and showed evidence of the effect of the P=S bond on the entire 

1H NMR spectrum in all cases. The IR spectra of all the H2C(Ph2PS)2 products indicated 

the formation of two solid state species in different precipitation conditions. PXRD data 

confirmed that both the C2/c and P21/n polymorphs were formed in H2C(Ph2PS)2_2b, 

with the former being the major component. This data along with the IR data for each 

solid obtained indicated that the P21/n polymorph was the major form collected for 

H2C(Ph2PS)2_1 and H2C(Ph2PS)2_2a while the C2/c polymorph was the major form 

collected for H2C(Ph2PS)2_2b and H2C(Ph2PS)2_3b. H2C(Ph2PS)2_3a was likely a 

mixture of both. The spectra and diffraction patterns that support these conclusions are 

given in Appendix 7. 

 

 Summary  

 

This section addressed the characterisation of the ligands and ligand precursors 

which were synthesised as described in Section 3.3.1.1, to be used in the synthesis of the 

lanthanide carbene complexes. For most ligands various attempts were undertaken either 

because the first product did not show the expected characteristics or to increase yield. 

The ligand precursors H2C(Ph2PNSiMe3)2 and H2C(Ph2PS)2 were synthesised and 

characterised using mainly IR and 1H NMR spectroscopy. The desired compounds were 

clearly confirmed by these analytical techniques. IR and PXRD data indicated that both 

the P21/n and the C2/c polymorphs of H2C(Ph2PS)2, previously recorded in literature, 

were formed through the same reaction. Previously these two polymorphs were obtained 

from different reaction procedures. The product [H2C(Ph2PNH(iPr))2]Br2_1 was believed 

to be the desired compound as inferred from the 1H NMR data and therefore was used in 

the synthesis of K[HC(Ph2PNiPr)2] and [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF. 

The characterisation of K[HC(Ph2PNiPr)2] was found to be difficult. IR spectroscopy was 

promising but could not definitively conclude the formation of the desired compound as 

was the case for H2C(Ph2PNSiMe3)2. 
1H NMR data was in good agreement for all protons 

expected in the spectrum of K[HC(Ph2PNiPr)2], barring the phenyl protons due to 
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impurities, which was promising. However the JHP for the PCHP proton diverged 

significantly, the reason for which could not be confirmed. PXRD data for 

K[HC(Ph2PNiPr)2]_2 indicated the formation of a novel crystalline solid.  

 

4.1.2. Lanthanide starting reagents 

 

 Characterisation of LnI3(THF)3.5 complexes 

 

In the current study the synthesis of NdI3(THF)3.5 and SmI3(THF)3.5 both having 

the structure LnI3(THF)3.5, were attempted using the procedure published by Izod and  

co-workers, with various modifications,137 as described in Section 3.3.1.2.1. The 

respective yields and other details are given in Table 4.9. 

 

Table 4.9: Yields of LnI3(THF)3.5 products. 

Compound label Yield Notes 

NdI3(THF)3.5_1 21.5% N/A 

SmI3(THF)3.5_1 52.24 % Used to prepare SmI3(THF)3.5_2 

SmI3(THF)3.5_2 24.7 % Recrystallised 

 

4.1.2.1.1. Analysis by Infra-red spectroscopy 

 

All solids obtained were initially analysed using IR spectroscopy. All solid 

samples were prepared in nujol as this proved to yield better spectra for these compounds 

as compared to KBr. Moisture intrusion was observed in all samples to varying degrees.  

During the research IR spectra of the solids were obtained both before and after iodine 

removal under vacuum and by washing. No significant differences were observed 

between the wavenumber of bands present in the two spectra for each respective product, 

although iodine contaminated samples were found to have very intensity reduced bands. 

Therefore, unless otherwise stated, all spectra discussed below are for the final product.  

 

 



154 

 

4.1.2.1.1.1 NdI3(THF)3.5_1 

 

The IR spectrum of NdI3(THF)3.5_1 was collected. A broad band in the range of 

3420-3330 cm-1 and a band at about 1602 cm-1 were observed. These were undoubtedly 

due to the presence of water. It is reasonable to assume that moisture was present in the 

sample. In fact during the course of sample preparation it was observed that although the 

process was undergone under argon flow, the samples tended to darken in colour and 

become stickier during their transfer from the Schlenk flask to the sample cell. 

The spectrum of NdI3(THF)3.5_1 in Nujol mull was compared with the literature 

data for NdI3(THF)3.5 (in Nujol Mull),137 NdI3(THF)4 (in KBr) and THF (liquid 

film).151,298 The most significant bands that occurred in the product spectrum were the 

bands at 1005 cm-1 and 849 cm-1. Although these bands were weak they were in 

agreement with the strong bands at 1004 cm-1 and 851 cm-1 presented in literature for 

NdI3(THF)3.5.
137 These bands are believed to be due to the νas C–O–C and the νs C–O–C 

or ring relaxation vibrations in THF coordinated to the neodymium (III) centres, 

respectively. The analogous bands in uncoordinated THF are found either at 1184 cm-1 

or 1070 cm-1 for νas C–O–C and at 912 cm-1 for the νs C–O–C or ring relaxation 

vibrations.304–309 

A number of unexpected bands were observed in the spectrum for 

NdI3(THF)3.5_1, namely the shoulder at 1233 cm-1, the weak band at 1154 cm-1, the strong 

band at 1034 cm-1 and the weak bands at 832 cm-1 and 665 cm-1. All of these bands were 

found to be similar to the bands expected for the IR spectrum of NdI3(THF)4 in KBr, as 

described by Balashova and co-workers in 2006.151 Therefore NdI3(THF)4 was possibly 

present as a secondary component in the solid although it was considered unlikely to form 

in the conditions used in the current study. It should however be noted that the most 

prominent of the unexpected bands was the one at 1034 cm-1, which could indicate the 

presence of free THF. 

 

4.1.2.1.1.2 SmI3(THF)3.5_1 and SmI3(THF)3.5_2 

 

The solid SmI3(THF)3.5_1 was obtained after iodine removal under vacuum at  

140 °C, while SmI3(THF)3.5_2 was collected as the product of Soxhlet extraction 

recrystallisation. In both cases bands indicative of water were visible at around               
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3380 cm-1 and 1606 cm-1, due to the ν O–H and the δ O–H vibrations respectively. This 

was most likely due to the absorption of atmospheric moisture during the preparation of 

the samples for the IR studies. The smaller bands at 3380 cm-1 and 1606 cm-1 in the 

spectrum of the product SmI3(THF)3.5_2 as compared to those in the spectrum of the 

product SmI3(THF)3.5_1 may be due to the increased kinetic stability of the crystalline 

SmI3(THF)3.5_2. 

The spectra of the products obtained during synthesis were similar, with  many of 

the bands present at the same wavenumber and having the same relative intensity in both 

spectra. The main difference between the experimental spectra was in the intensities of 

three bands located at 965 cm-1, 917 cm-1 and 890 cm-1. The first and third bands were 

found to be more intense in the product SmI3(THF)3.5_1, while the second band was found 

to be more intense in the product SmI3(THF)3.5_2. The IR bands in the experimental 

spectra which were assigned to the samarium salt (excluding nujol and moisture bands) 

were similar to those bands published in literature by Izod and co-workers for this 

samarium compound.137 The literature bands were found to be in very good correlation 

with the experimental data in the range of 1200–800 cm-1, with the greatest agreement 

being with the spectrum of the product SmI3(THF)3.5_2.  

The two main bands which were indicative of the formation of the THF 

coordinated samarium iodide were visible in both the spectra of SmI3(THF)3.5_1 and 

SmI3(THF)3.5_2, as the shoulder at 1005 cm-1 and the band at ~846 cm-1 for the former 

product and the shoulders at 1005 cm-1 and ~846 cm-1 for the latter. 

  

4.1.2.1.2. Analysis by UV-visible light spectroscopy 

 

UV-visible light spectroscopy for NdI3(THF)3.5_1 in THF was undertaken. The 

solution was prepared by heating and stirring a small suspension of the solid in THF. 

During this analysis NdCl3·nH2O was used as a reference to indicate the presence of the 

Nd3+ in a THF solution, since the absorption peaks of lanthanides are typically unaffected 

by ligands present and therefore unlikely to shift drastically between the iodides and the 

chloride.23 The first spectrum was collected using a sample of NdI3(THF)3.5_1 which had 

been left under vacuum at 140 ℃ but was not washed to remove excess iodine. The 

presence of Nd3+ in the THF solution of the product was confirmed by the comparison of 

the resultant spectrum with that of NdCl3.nH2O. All peaks obtained for the NdCl3·nH2O 
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reference were visible in the spectrum of NdI3(THF)3.5_1, although the intensity of the 

peaks was very diminished. This was due to the partial solubility of the product in THF.  

Another UV-visible spectrum was obtained after the final washing of the solid. 

The two spectra obtained were compared with each other. The main difference between 

the two spectra was that the peak at 233 nm, attributed to I- in equilibrium with I2 and      

I3
-,310,311 was lost after the washing procedure and at the same time giving rise to the peaks 

at 213 nm and 254 nm. However, these new peaks remained less intense than the peaks 

at 294 nm and 367 nm. The peaks at 294 nm and 367 nm are believed to be due to the 

presence of the tri-iodide anion, I3
-,310,311 indicating that elemental iodine was still 

present. This in turn indicated that there may be dissociation of I- ligands from the 

NdI3(THF)3.5 in solution.  

The peaks at 213 nm and 254 nm are commonly attributed to free I- anion which 

indicated that after the washing procedure free I- anion was found in solution along with 

I3
-.310,311 The presence of both peaks may indicate that although elemental iodine was still 

present the amount had decreased significantly. This decrease therefore indicated that the 

washing procedure did reduce the amount of iodine enough to allow free I- in the presence 

of iodine in solution.311 

 

4.1.2.1.3. Analysis by Powder X-ray Diffraction 

 

In the current study only the solid SmI3(THF)3.5_2 could be characterised using 

PXRD. The solid was prepared in a 0.3 mm capillary, sealed under dry nitrogen, and data 

was collected using synchrotron radiation. It was clear from the comparison of the 

experimental powder pattern and the calculated powder pattern of SmI3(THF)3.5 obtained 

from literature,137,297 that SmI3(THF)3.5_2 was the desired complex. Very minor peaks in 

the powder pattern could also indicate the presence of a very minor crystalline phase, 

possibly iodine. 

 

4.1.2.1.4. Conclusion 

 

In all cases the IR data indicated that complexes containing coordinated THF were 

obtained. The differences in the IR spectra of the various products and the literature data 

indicated that all contained some impurity and that the most congruent products were 

NdI3(THF)3.5_1 and SmI3(THF)3.5_2. UV data indicated that some I2 remained in the Nd3+ 
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product. The PXRD analysis of SmI3(THF)3.5_2 indicated that although the reactions 

used for both lanthanides produced iodides the recrystallisation by Soxhlet extraction is 

necessary to obtain the desired crystallographic product with the required THF 

stoichiometry. The relevant spectra, powder patterns and data used for the above 

discussion are given in Appendix 8.  

 

 Characterisation of [Sm(NCy2)3THF]·C6H5CH3 

 

During the attempts undertaken to synthesise this starting reagent a single product 

of [Sm(NCy2)3THF]·C6H5CH3 was prepared as described in Section 3.3.1.2.2. The 

synthesis procedure was based on the method published by Minhas, R.K. and co-workers 

in 1996, with minor modifications.162 This reaction yielded a single light orange coloured 

solid labelled as [Sm(NCy2)3THF]·C6H5CH3_1. The yield of the product was 9.17 %.  

 

4.1.2.2.1. Analysis by Infra-red spectroscopy 

 

IR spectroscopic data for [Sm(NCy2)3THF]·C6H5CH3_1 was collected using 

nujol mull and the spectrum is given in Figure 4.22. IR data, in nujol, for this compound 

was published by Minhas and co-workers but detailed discussion of this data was not 

undertaken.162 Therefore the IR data collected in the current study was also compared to 

the data provided in literature, as shown in Figure 4.23.  

In the desired compound there are three components of interest, namely the amide 

ligand NCy2
-, THF and the toluene as solvate. Unfortunately, the spectrum for 

[Sm(NCy2)3THF]·C6H5CH3_1 prepared in the current study showed some water 

intrusion with a broad band covering the 3680-3200 cm-1 region centred around             

3564 cm-1 of the spectrum. This region typically contains bands of the ν O–H vibration. 

The complementary band at about 1620 cm-1, typically assigned to δ O–H vibrations, was 

also visible as a relatively weak band.  

 



158 

 

 

Figure 4.22: IR spectrum of [Sm(NCy2)3THF]·C6H5CH3_1 in nujol. 

 

 

Figure 4.23: Details of the IR spectra of [Sm(NCy2)3THF]·C6H5CH3_1 (blue), Cy2NH (orange) and 

the data provided in literature for [Sm(NCy2)3THF]·C6H5CH3 (black). 

 

The bands at 1458 cm-1, 1375 cm-1 and 1344 cm-1 in the experimental spectrum 

were believed to be analogous to the bands at 1450 cm-1, 1376 cm-1 and 1340 cm-1 

recorded in literature. In all cases these bands were assigned to the δ C–H vibrations 

which are common to all the organic groups, that is NCy2
-, THF, toluene and nujol which 

was used in sample preparation. The strong band at 721 cm-1 could be analogous to the 

literature band at 727 cm-1, both of which could be assigned to the ω C–H vibrations. 

Given that these vibrations are common to so many groups that could be present in the 

product they could not be used for characterisation purposes. 

The two sharp bands which were described in literature at 1143 cm-1 and              

1118 cm-1 were found to have strong yet slightly broad analogue bands in the spectrum 

of the [Sm(NCy2)3THF]·C6H5CH3 sample prepared in the current study. These bands 

could also be analogous to the two bands at 1144 cm-1 and 1125 cm-1 for the Cy2NH, as 

shown in Figure 4.23. In this reagent these bands were assigned to the ν C–N vibrations. 
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However an increase in wavenumber was expected for these bands on deprotonation, due 

to back donation of the lone pair electron density to the C–N bonds.312 This shift was not 

observed in the experimental data of the current study or the literature data and the reason 

for this is not known.  

The shoulder at 1240 cm-1 could be due to this expected shift. This band could 

also be analogous to multiple different bands observed. The first such band was the band 

at 1240 cm-1 observed in the literature data for the desired compound while the second 

possible band was the band at the same wavenumber for the spectrum of Cy2NH. The 

latter assignment is supported by the presence of the band at 1259 cm-1 found in the 

experimental spectrum. This band could be analogous to a band at 1259 cm-1 for the 

Cy2NH. When comparing the data from the product with the spectrum of Cy2NH, the loss 

of the Cy2NH spectrum band at 705 cm-1 indicated that the compound obtained should 

not contain the N–H moiety, since this band may be confidently assigned to the ω N–H 

vibration which should be lost on deprotonation. The loss of this band therefore indicated 

that even if not coordinated with the Sm3+ cation the deprotonated amide may be present. 

However, given that the spectrum still contained bands which were very similar to those 

of the amine, definite conclusions on the structure of [Sm(NCy2)3THF]·C6H5CH3_1 were 

difficult.  

The bands at 1027 cm-1, 958 cm-1, 889 cm-1 and 847 cm-1, were visible in the 

spectrum of [Sm(NCy2)3THF]·C6H5CH3_1 although the broad nature of the band at       

958 cm-1 severely diminished the visibility of the remaining bands. These bands could be 

analogous to the bands at 1030 cm-1, 944 cm-1, 887 cm-1 and 840 cm-1 given in literature. 

Comparison of the strength of the experimental bands of [Sm(NCy2)3THF]·C6H5CH3_1 

with that in the published data showed an overall similarity except for the experimental 

band at 1027 cm-1 which remained a shoulder like band unlike what was described in 

literature for the 1030 cm-1 band. On comparison the latter two bands (at 889 cm-1 and 

847 cm-1) seem to be also common for the spectra of NCy2
-, toluene and nujol. Therefore, 

the latter two bands could not be assigned properly and did not yield significant structural 

data.  

The assignment of these bands was made more difficult by the fact that a number 

of them fell in the fingerprint region. The band at 1027 cm-1 may however be assigned to 

the THF vibration of νas C–O–C for coordinated THF. This band would be analogous to 

the THF bands at 1184 cm-1 and 1070 cm-1, both of which have been assigned to the νas 

C–O–C vibration in numerous publications.304–307 The shift of these bands to lower 
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wavenumbers is well attested on coordination of the THF to metal centres.308,309 

Therefore, the band at 1027 cm-1 could be analogous to either the band at 1184 cm-1 or 

1070 cm-1 for free THF, which would indicate clear coordination of the THF. The similar 

shifts expected for the free THF νs C–O–C and ring relaxation bands assigned to the bands 

at 1070 cm-1 and 912 cm-1 were not observed in the spectrum of the product 

obtained.306,307 

Bands at 800 cm-1 and 789 cm-1 were observed in this experimental spectrum of 

[Sm(NCy2)3THF]·C6H5CH3_1. These were in agreement with the data for the Cy2NH 

spectrum, however they could also be analogous with the literature data bands at                   

796 cm-1 and 775 cm-1 respectively. Although these bands are in agreement with literature 

data, no assignment was possible due to the numerous amount of possible vibrations 

typical for this region. The medium strength band at 693 cm-1 could be analogous to the 

literature band at 694 cm-1. This band could not be assigned to any particular vibration, 

although the presence of this band was indicative of the preparation of the desired product 

since it was in agreement with literature.  

It is important to note that the colour of the product [Sm(NCy2)3THF]·C6H5CH3 

given in literature was a pale yellow. This was in disagreement with the colour observed 

in [Sm(NCy2)3THF]·C6H5CH3_1 which was a light orange. Minhas and co-workers also 

published the preparation of a second compound, [(Cy2N)2Sm(μ-Cl)(THF)]2,
162 using the 

same reaction method but with an alternative stoichiometry. This product was obtained 

as an orange crystalline solid. The spectral data of both products published in this 

publication is given in Figure 4.24, showing the clear similarities in the IR spectra of the 

two compounds. These similarities were expected since most of the same vibrations are 

present in both compounds and the differences are due to symmetry differences.   

 

 

Figure 4.24: IR spectra of [Sm(NCy2)3THF]·C6H5CH3 (blue) and [(Cy2N)2Sm(μ-Cl)(THF)]2 (orange). 
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These similarities indicated that the product obtained in the current study could 

also be this compound or a mixture of both published compounds. However this cannot 

be determined by this IR data. With regards to the bands discussed prior all these bands 

have clear analogues for both published products.  

 

4.1.2.2.2. Analysis by Microscopy 

 

The product [Sm(NCy2)3THF]·C6H5CH3_1 obtained from the reaction undergone 

to produce [Sm(NCy2)3THF]·C6H5CH3 was observed under polarised light using a 

microscopy to determine whether the product was crystalline. A micrograph of the 

product [Sm(NCy2)3THF]·C6H5CH3_1 is given in Figure 4.25. 

 

 

Figure 4.25: Micrograph of [Sm(NCy2)3THF]·C6H5CH3_1. 

 

The crystallinity of the sample could not be concluded definitively as no clear 

extinction of polarised light was observed on the shifting of the sample. This lack of 

polarised light extinction would indicate that the product was amorphous in nature.  

 

4.1.2.2.3. Conclusion 

 

The IR spectrum of the product [Sm(NCy2)3THF]·C6H5CH3_1 in nujol yielded 

weak bands which could not be thoroughly assigned. However similarities with the data 

provided in literature were observed. These similarities indicated that the product 

obtained most likely contained coordinated THF. However, coordination with the amide 

ligands could not be described by IR bands’ assignments. Bands nearly identical to the 
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bands assigned to the ν C–N vibration in the IR spectrum of CyN2H were observed in the 

experimental data and the literature data, which was unexpected. A lack of crystallinity 

was noticeable for [Sm(NCy2)3THF]·C6H5CH3_1, which was problematic given that the 

expected compound was crystalline. The light orange colouration of the product could 

indicate that the desired compound, which was reported to be yellow in literature, was 

either not obtained or that it was mixed with other Sm3+ derivatives of the lithium amide 

used, which were reported to be orange in colour.162 The presence of either compound 

could not be defined through IR. Numerous bands in the IR spectrum of the product 

indicated that the desired product was obtained, however differences from IR data and 

physical properties reported in literature cast certain doubts on the composition of 

[Sm(NCy2)3THF]·C6H5CH3_1. 

 

 Summary 

 

This section addressed the characterisation of the lanthanide containing starting 

reagents which were synthesised as described in Section 3.3.1.2., to be used in the 

synthesis of the lanthanide carbene complexes. Both crude and re-crystallised lanthanide 

iodide THF solvate salts were used in the synthesis attempts for lanthanide carbenes.     

Re-crystallisation through Soxhlet extraction yielded the desired crystalline phase and it 

is believed that the specific stoichiometry of the LnI3THF3.5 salt may only be achieved 

through Soxhlet extraction re-crystallisation. It was observed that the removal of iodine 

was the major problem in purification and could have effected their use in lanthanide 

carbene synthesis. The synthesis of the non-iodide starting reagent 

[Sm(NCy2)3THF]·C6H5CH3 was found to be more problematic with characterisation 

undertaken mainly by IR spectroscopy. In the product [Sm(NCy2)3THF]·C6H5CH3_1 the 

IR spectrum indicated the presence of a [NCy2]
- derivative which could have been due to 

the presence of the expected compound or a similar species. 

[Sm(NCy2)3THF]·C6H5CH3_1 was also likely to be amorphous from the analysis 

undertaken using plane polarised light microscopy. 
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4.1.3. Complexation products 

 

 Characterisation of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]·0.5(C6H5CH3) 

 

In the attempts undertaken in this study to synthesise this lanthanide carbene 

complex, as described in Section 3.3.1.3.1, four products were obtained namely, 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1, [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2, 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 and [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4. 

The syntheses undergone were modifications of the method published by Aparna and     

co-workers in 2000.7  The products obtained were all a light yellow powder or crystalline 

solid. These compounds were obtained in yields of 25 %, 14.5 % and 26.1% for  

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1, [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 and 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 respectively while only a small crop of crystals 

was obtained for the product [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2, and this was 

collected for SXRD analysis before the yield could be calculated. The reason for the poor 

yields obtained when compared to the literature yield of 54.4 % is unknown, although the 

presence of moisture or oxygen could have decomposed the starting reagents thus 

reducing their availability for the reaction. These products are discussed since they were 

obtained using different modified procedures and had different characterisation results. 

 

4.1.3.1.1. Analysis by Infra-red spectroscopy 

 

Comparison of the IR spectra of the four products obtained in these reactions 

showed that there were substantial differences between them. Therefore, these spectra 

will be discussed separately. In the publication by Aparna and co-workers the IR data 

was published, however no assignment or interpretation of this data was given.7  

In the reactions undertaken as described in Section 3.3.1.3.1, the main structural 

transformations which should be visible in the IR spectra are the changes in the bond 

order of the ligand P=N and P–C bonds of the central group. In this reaction the ligand 

becomes deprotonated stepwise from [𝐻2𝐿𝑇𝑀𝑆] to [𝐻𝐿𝑇𝑀𝑆]− to [𝐿𝑇𝑀𝑆]2−. In this stepwise 

deprotonation it is known through published SXRD and PXRD data that the P=N and    

P–C bonds undergo an increase and decrease in bond length 

respectively.7,9,36,41,42,118,122,178,188,191,313–321 This change is effected by the strength and 
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nature of coordination, however the general trend is always true. 

7,9,36,41,42,118,122,178,188,191,313–321 It is believed that these changes are a result of the decrease  

in bond order on the P=N bond and the respective increase in bond order on the P–C bond 

during the structural change depicted in Figure 4.26. The P+–C2- bond is stabilised by 

negative hyperconjugation and electron charge distribution about the entire charged 

system in the di-anion shown in Figure 4.26. The negative hyperconjugation increases 

the P–C bond order. 
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Figure 4.26: Change in structure on deprotonation of H2C(Ph2PNSiMe3)2. 

 

These changes in bond order are expected to be present in the IR spectra as shifts 

to lower wavenumbers of the ν P=N vibration band and an increase in wavenumber for 

the νas P–C–P vibration on deprotonation. In the IR spectrum of the ligand, 

H2C(Ph2PNSiMe3)2, the bands at 864 cm-1, 851 cm-1, 802 cm-1 and 776 cm-1 could all be 

due to the νas P–CH2–P vibrations, with the bands at 864 cm-1 and 802 cm-1 best assigned 

to this vibration as discussed in Section 4.1.1.2.1. No literature data is given to assign 

bands in published IR spectra of the (C(Ph2PNSiMe3)2)
2- salts and carbenes to the νas P–

C–P vibration.7,9,41,42,122,188,316,317 Therefore the use of this vibration in the 

characterisation of these compounds was problematic. It was however noted that in the 

IR data for numerous (C(Ph2PNSiMe3)2)
2- complexes published in literature the number 

of bands in this region diminished on deprotonation from [𝐻2𝐿𝑇𝑀𝑆] to [𝐻𝐿𝑇𝑀𝑆]− to 

[𝐿𝑇𝑀𝑆]2−, with the final species having only one to two bands, typically in the region of 

860–820 cm-1. The band which is always observed is believed to be due to the ρ CH3 + ν 

Si–C vibration, previously assigned to the ligand band at 851 cm-1,322 rather than the νas 

P–C–P vibration. In the light of the IR data available for numerous (C(Ph2PNSiMe3)2)
2- 

salts and lanthanide carbenes, four general groups of bands are expected in the IR spectra 

of products containing this di-anion. These groups fall in the following ranges: 

 1265–1240 cm-1 

 1110–1025 cm-1 

 860–820 cm-1 

 775–680 cm-1 
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The bands observed in the regions 1265–1240 cm-1 and 860–820 cm-1 are believed 

to be due to the trimethylsilyl group δ C–H and ρ CH3 + ν Si–C vibrations respectively. 

These would be analogous to the bands at 1238 cm-1 and 851 cm-1 for the IR spectrum of 

H2C(Ph2PNSiMe3)2, as described in Section 4.1.1.2.1. If this assignment is correct these 

bands offer no structural information regarding protonation and coordination of the 

ligand, as the trimethylsilyl group is unaffected by these changes. In the region                     

775–680 cm-1 bands for the P–Ph and νs P–C–P vibrations are typically expected. This 

region contains numerous bands for the P–Ph vibrations and bands for nujol which is 

used for many of the samples discussed. Therefore, the use of shifts in this region is 

unsuitable for structural determination. As detailed above, deprotonation of the                   

P–CH2–P group should give an increase in the wavenumber of the νs P–C–P bands. 

However, the region at higher wavenumbers where such a band or bands is/are expected 

is unknown, thus these are discussed together with the νas P–C–P bands. 

For all published IR data at least two or more bands are always present in the 

1110–1025 cm-1 region. At least some of these bands can be tentatively assigned to the   

ν P=N vibrations at a lower wavenumber when compared to the ligand band at               

1273 cm-1, which is assigned to the same vibrations. This significant shift is backed by 

the typical change in the P+–N- bond length from 1.534–1.574 Å for H2C(Ph2PNR)2 to 

the range 1.609–1.630 Å for [C(Ph2PNR)2]
2- complexes.323–331 The P+–N- bond lengths 

in these complexes are shorter than those typical for P(V)–N and P(III)–N, which are in 

the ranges of 1.676–1.754 Å and 1.646–1.704 Å respectively. This indicates a higher 

bond order for the carbene P+–N- bond when compared to typical P(V)–N and P(III)–N 

bonds.332–347 Given this information the bands for the ν P+–N- vibration are expected to 

lie in the 1110–1025 cm-1 region, which lies between the regions typically containing       

ν P=N and ν P–N vibrations. In contrast the ν P+–N- vibration bands of the analogous 

mono-anion [HC(Ph2PNSiMe3)2]
- fall in the intermediate range of 1220–1100 cm-1, as 

supported mainly through IR data for alkali metal salts.318 However, overlap with the      

di-anionic ν P+–N- vibrational modes cannot be completely discarded, as previously 

published IR data does not give sufficient discrimination between the two. 

It should also be noted that other vibrations for organic phosphorus (V) 

compounds are known in the 1220–1100 cm-1 and 1110–1025 cm-1 regions. Low bond 

order P=O/P+–O- stretching vibrations, including phosphate bands, are known to fall in 

these ranges. High bond order ν P–NH–P stretching vibrations can also fall in these 
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ranges but not the typical ν P–N vibrations. In the case of the formation of other derivates 

of H2C(Ph2PNSiMe3)2, other than these anionic species, only v P=O vibrations would be 

expected in this region.  

On transition from H2C(Ph2PNR)2 to [C(Ph2PNR)2]
2- complexes, the P–C bond 

length shifts from the range of 1.810–1.860 Å to the range of 1.637–1.700 

Å.7,9,36,41,42,118,122,178,188,191,313–321 The P=C bonds in simple, symmetric and un-coordinated 

compounds have  a very broad range of bond lengths from 1.669 Å to 1.757 Å, which 

overlaps significantly with the range for the [C(Ph2PNR)2]
2- complexes.323–331 This 

similarity in bond lengths would indicate that the IR bands for these complexes should 

lie in the region typical for P=C bands; that is in the region 1220–1150 cm-1. These bands 

fall between the above mentioned regions at 1265–1240 cm-1 and 1110–1025 cm-1. It 

should be noted that bands in this region for complexes were not typically found in 

published data and therefore the νas/s P
+–C2-–P+ vibrations cannot be used for structural 

determination. Another issue for the use of this moiety in structure determination is the 

overlap of the range in which νas/s P+–C2-–P+ vibrations are expected with the ranges 

typical for ν P=O and ν  P=N vibrations. Overlap is also possible with the mono-anionic 

ν P+–N- modes discussed earlier if both anions are present, as these vibrations fall in 

similar regions.  

In comparison the expected wavenumber range for the bands of the analogous 

mono-anionic [HC(Ph2PNSiMe3)2]
- νas/s P

+–CH-–P+ stretching vibrations lies in between 

the ranges in which the νas/s P–CH2–P and νas/s P
+–C2-–P+ bands fall, as the P–C bond 

lengths of the mono-anions are given in literature in the range of 1.724–1.747 Å. This 

range is difficult to describe, however literature IR data for lanthanide complexes of 

[HC(Ph2PNSiMe3)2]
- indicates a range of 1050–850 cm-1.9,191,192 In relation to the mono-

anion numerous organic phosphorus (V) compound moities are known to show bands in 

the same region in which the νas/s P
+–CH-–P+ stretching vibrations are expected. This 

region typically shows bands for the ν P=O, ν P–N, ν P–O, ν P–F and ν P–H, along with 

bending vibrations such as δ P–H, of which only the former three are of interest in the 

current study.99,348  

From this discussion it can be concluded that the most diagnostic feature for the 

di-anion in the spectra of the complexes obtained would be the assignment of the                   

ν P+–N- vibration band in the region of 1110–1025 cm-1. This is the best feature due to 

its presence in all literature IR data, strong intensity, clear theoretical connection to the 

band recorded for the neutral precursors and a minimum number of other phosphorus 



167 

 

moieties that show bands in this region. The discussion of the IR spectra of the products 

obtained in this study will be undertaken with this theoretical framework regarding the 

mono and di-anionic species in mind.  

The first noticeable difference between the literature and experimental data for 

the product [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1 in nujol was that the literature band 

at 1435 cm-1 was not clearly visible in the spectrum of the product, as given in Figure 

4.27. This band could be assigned to P–Ph vibrations analogous to the band at the same 

wavenumber in the IR spectrum of H2C(Ph2PNSiMe3)2. Alternatively it could be 

analogous to the band at 1450 cm-1 in the starting reagent [Sm(NCy2)3THF]·(C6H5CH3) 

as shown in Figure 4.28. This was assigned in Section 4.1.2.2.1. to δ C–H vibrations for 

either the NCy2
- or THF, given that both these ligands were expected in the product. This 

band was not visible in the spectrum of the product because it was obscured by the band 

for the nujol, which is found in this same region. A strong band at 1258 cm-1 and a 

shoulder at 1241 cm-1 were observed in the experimental spectrum of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1, as given in Figure 4.27. These could both be 

analogous to the literature band at 1244 cm-1, which is in line with the previous discussion 

and could tentatively be assigned to the δ C–H vibrations of the trimethylsilyl group.  

Although this was expected, the presence of two bands in this region could indicated that 

some fully protonated ligand was still present in the product mixture. This would not be 

the case if the band at 1258 cm-1 was analogous to the literature band. 

 

 

Figure 4.27: IR spectra of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1 in nujol (blue), 

H2C(Ph2PNSiMe3)2 (orange) and [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)] literature data (black). 
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Figure 4.28: IR spectra of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1 in nujol (blue), 

[Sm(NCy2)3THF]·C6H5CH3_1 (orange) and [Sm(NCy2)3THF]·C6H5CH3 literature data (black). 

 

In the region 775–680 cm-1 five bands were observed at 772 cm-1 (weak),             

747 cm-1 (shoulder), 737 cm-1 (strong), 721 cm-1 (strong) and 693 cm-1 (medium) in the 

spectrum of the product. These could be analogous to the literature bands observed in this 

region for this complex and which are given at 763 cm-1 (strong), 749 cm-1 (strong),        

729 cm-1 (medium), 713 cm-1 (strong), and 699 cm-1 (strong) respectively. Although not 

an exact match, these bands would indicate the presence of the ligand P–Ph vibrations in 

the product, as these are typically present in this region. The bands at 772 cm-1,                        

721 cm-1 and 693 cm-1, along with a weak band at 800 cm-1, could also be analogous to 

the [Sm(NCy2)3THF]·C6H5CH3 bands given in literature at 775 cm-1, 727 cm-1, 694 cm-1 

and 769 cm-1 respectively. This could indicate the presence of the NCy2
- ligand, although 

proper assignment of these bands was not definitive, as described in Section 4.1.2.2.1. It 

should be noted that the band at 693 cm-1 was also observed for the starting reagent used 

in this synthesis, namely [Sm(NCy2)3THF]·C6H5CH3_1. The bands at 800 cm-1 and              

772 cm-1 also lie in the same region as the H2C(Ph2PNSiMe3)2 bands at 802 cm-1 and            

776 cm-1, which could be assigned to the νas P–CH2–P and νs P–CH2–P vibrations. This 

indicated the presence of this ligand, however the loss of the ligand band at 864 cm-1 in 

the spectrum of the product and the clear decrease in intensity for the bands at 800 cm-1 

and 772 cm-1 would indicate that if the protonated ligand was present it was most likely 

an impurity rather than the major component.  

Two bands, a strong band at 847 cm-1 and a weak band at 828 cm-1 were observed 

in the spectrum of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1. Both these bands fell in the 

860–820 cm-1 region and therefore they could be tentatively assigned to the expected           

ρ CH3 + ν Si–C vibrations. Notwithstanding its intensity the strong band at 889 cm-1 could 
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not be assigned to any particular vibration or to any analogue in the spectra of the reagents 

used or the expected product. The loss of most of the major bands in the region 870–750 

cm-1, apart from the bands at 847 cm-1 and 889 cm-1, was in line with the expected 

decrease in the number of bands in this region which is typically observed on 

deprotonation of the ligand and thus indicating deprotonation and coordination. However 

the band at 889 cm-1 could be indicative of a νas P–C–P or νs P–C–P vibration which in 

this region could indicate the presence of the [HC(Ph2PNSiMe3)2]
- anion, since for the 

di-anion species bands are not typically found in this range.  

Discussion on the bands observed in the IR spectrum of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1 in the region of 1110–1025 cm-1 was difficult, 

given that although the bands were strong, numerous bands were present and all appeared 

to be very broad and overlapping. The literature data described four strong bands in this 

region, at 1107 cm-1, 1086 cm-1, 1065 cm-1 and 1026 cm-1. The experimental data yielded 

broad bands of varying intensity at 1116 cm-1 (strong), 1085 cm-1 (very weak),                     

1070 cm-1 (shoulder) and 1028 cm-1 (shoulder). In each case the intensities of these bands 

were hard to describe given the overlaps. All four bands were in agreement with the 

literature data although the intensity was less than expected. All the bands in this range 

could be assigned to the new ν P+–N- vibrations, as described earlier. It should however 

be noted that all these bands observed in both the data of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1 and the literature data could be analogous to 

bands in this region which were observed in the [Sm(NCy2)3THF]·C6H5CH3_1 IR 

spectrum, indicating that the bands could be due to vibrations in the Sm(NCy2)(THF) 

fragment. In this study the band at 1028 cm-1 was thus tentatively assigned to the νas         

C–O–C vibration for coordinated THF typical in the region.305,307–309,349 Another similar 

observation was the band at 1145 cm-1 which was present in the spectrum of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1 but not described in the literature data. This was 

however observed in the spectrum of the [Sm(NCy2)3THF]·C6H5CH3_1 and on 

comparison of the spectra of the product and the starting reagent, as given in Figure 4.28, 

the similarities indicated that the product could contain this starting reagent as a major 

component.  

It should be noted that the bands at higher wavenumbers than those described in 

literature may not only have been due to this unreacted [Sm(NCy2)3THF]·C6H5CH3_1 

starting reagent but also to the presence of ν P=C vibrations expected in this region. This 

assumption was based on the bond length values published for these lanthanide carbene 
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complexes. The issue remained that such bands have not been reported in literature as 

can be seen in Figure 4.28. It is also possible that these bands indicate the formation of 

[HC(Ph2PNSiMe3)2]
- containing complexes, wherein bands in the region of                          

1220–1100 cm-1 are expected. These bands would be due to the presence of ν P+–N- 

vibrations for the mono-anions. 

In the case of the small crop of crystals labelled as product 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2, a very different IR spectrum was obtained when 

compared to that of the product [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1.  Therefore an 

attempt was made to obtain a better spectrum using KBr disk method, as given in Figure 

4.29. The IR spectrum obtained showed two strong broad bands at 3450 cm-1 and             

1635 cm-1, which are typically assigned to water ν O–H and δ O–H vibrations 

respectively. This could be due to moisture absorption during the preparation of the KBr 

disk, although the large intensities could also indicate the presence of moisture in the 

product. This would indicate that the desired product was not obtained, because of this 

compound’s instability in non-dry conditions. The decreased amount of bands in the 

regions of 1265–1240 cm-1 and 860–820 cm-1, indicative of the loss of the trimethylsilyl 

group, and the significant water intrusion, indicated the potential presence of a 

decomposition product. As described in Secion 4.1.3.1.3., SXRD studies indicated that 

diphenylphosphinamide, Ph2P(O)NH2, was a component of this solid. This is a moisture 

induced decomposition product of H2C(Ph2PNSiMe3)2.
295,350 Comparison of the IR data 

of the product [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2 with the IR data of Ph2P(O)NH2, 

as given in Figure 4.29, indicated that the bulk of the solid was mainly Ph2P(O)NH2. 

 

 

 

Figure 4.29: IR spectra of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2 (orange) and Ph2P(O)NH2 (blue). 
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The product [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 was collected as described 

in Section 3.3.1.3.1.5 in two solid products. The IR spectra were significantly similar, as 

shown in Figure 4.30. It should be noted that the IR spectra obtained for these products 

were not of very good quality and therefore only a conservative discussion is given 

hereunder. In the IR spectrum of the second precipitate bands indicative of moisture 

intrusion were present. The spectra for these two products are shown in Figure 4.31, 

together with the spectra of the starting reagents H2C(Ph2PNSiMe3)2 and 

[Sm(NCy2)3THF]·C6H5CH3_1 and the spectrum presented in literature for the expected 

product. Given the similarities highlighted above, in this discussion similar bands in the 

two spectra of the two products are discussed as being bands for the spectrum of the 

product [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3. 

 

 

Figure 4.30: IR spectra of the two precipitates constituting [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 

(1st precipitate in blue and 2nd in orange). 

 

 

Figure 4.31: IR spectra of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 (1st precipitate in blue and 2nd in 

orange), [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)] literature data (black), H2C(Ph2PNSiMe3)2 (red) and 

[Sm(NCy2)3THF]·C6H5CH3_1 (green). 
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For the product [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 a weak band at             

1435 cm-1 was observed which could be analogous to the P–Ph band noted at the same 

wavenumber in the literature data for the expected product. Another two bands, namely 

a strong band at 1260 cm-1 and a shoulder at 1238 cm-1 were also observed in the spectrum 

of the product. Both these bands fell in the 1265–1240 cm-1 region which is associated 

with the δ C–H vibration of the trimethylsilyl group and these could be analogous to the 

literature band at 1243 cm-1. This was in agreement with the band at 827 cm-1 observed 

for this product, which fell in the expected range of 860–820 cm-1 associated with the      

ρ CH3 + ν Si–C vibrations. These bands indicated the presence of the trimethylsilyl 

moiety in the product obtained. The lack of further bands in the region 900–765 cm-1 was 

indicative of deprotonation, indicating the possible formation of the desired product. 

Weak bands at 916 cm-1, 890 cm-1 and 846 cm-1, and the band at 863 cm-1 observed only 

for the second precipitate, could not be related to any reagent IR bands and only the bands 

at 916 cm-1 and 890 cm-1 could be associated with bands described in literature data for 

the desired compound, with the latter most likely due to vibrations of the NCy2
- ligand.  

In the region 775–680 cm-1 there were some differences between the spectra of 

the two precipitates. In each case strong bands at 743 cm-1 and 692 cm-1 were observed, 

while for the first precipitate a medium intensity band was observed at 718 cm-1 and for 

the second precipitate a band at 728 cm-1 was observed. Typically, more bands are 

observed in this region normally assigned to P–Ph vibrations. The two bands present in 

both precipitates could be analogous to the literature bands at 749 cm-1 and 699 cm-1, 

while the two bands at 718 cm-1 and 728 cm-1 could be analogous to the band at                

729 cm-1 given their medium intensity as compared to that of the other two bands. The 

lack of bands analogous to the remaining two bands from literature could be due to 

overlap and the quality of the experimental spectra. In the second precipitate the bands at 

728 cm-1 and 692 cm-1 showed similarity to bands present in the spectrum of 

[Sm(NCy2)3THF]·C6H5CH3_1, indicating that this solid still contained some of this 

reagent after reaction.  

As detailed above numerous bands are expected in the region of 1110–1025       

cm-1, especially due to the expected ν P+–N-, νas C–O–C for coordinated THF and skeletal 

NCy2
- ligand vibrations. In this region three common bands were observed for both 

precipitates, at 1109 cm-1 (strong), 1070 cm-1 (shoulder) and 1028 cm-1 (medium), while 

for the second precipitate a fourth band was observed at 1082 cm-1 (strong). The three 

bands found in common for both spectra could be analogous to the strong literature bands 
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at 1107 cm-1, 1065 cm-1 and 1026 cm-1, while the experimental band at 1082 cm-1 could 

be analogous to the literature band at 1086 cm-1. Therefore, these bands seemed to be in 

agreement with literature data, although the intensity of the bands differed from that 

reported in literature. As described prior the band at 1028 cm-1 was associated with the 

νas C–O–C vibrations for coordinated THF, while the band at 1109 cm-1 was tentatively 

assigned to the ν P+–N- vibration for the di-anion [C(Ph2PNSiMe3)2]
2- species. At a higher 

wavenumber than this range two bands were observed, namely the weak broad band at 

1176 cm-1 and the strong band at 1126 cm-1. The former band could be analogous to the 

band at 1177 cm-1 described in literature, however no analogous band was known for the 

latter band. The presence of the band at 1176 cm-1 could support the formation of the 

desired product since this band was described in literature and is unique to this complex 

as compared to the IR data of other lanthanide carbene complexes. It should be noted that 

the two bands at 1176 cm-1 and 1126 cm-1 also fell in the range 1220–1100 cm-1 wherein 

ν P+–N- vibrational bands for [HC(Ph2PNSiMe3)2]
- are expected. This could indicate that 

a [HC(Ph2PNSiMe3)2]
- species is a minor component of this product. 

Given the similarities in both IR spectra of the two precipitates these were 

considered to be the same product and therefore collected together as product 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3. 

The product [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 was analysed using IR 

spectroscopy with the IR spectrum of the solid in KBr given in Figure 4.32.  

 

 

Figure 4.32: IR spectrum of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 in KBr . 

 

The first noticeable feature of the spectrum was the presence of the two bands at 

3400 cm-1 and 1645 cm-1. These bands were assigned to the ν O–H and δ O–H vibrations 

respectively and are typical of water trapped in the solid. This water may be present in 
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the form of moisture intrusion or water of crystallisation. The presence of these two bands 

indicated that any compounds obtained were unlikely to be the desired carbene given the 

sensitivity of this compound to moisture.  

The presence of an organic compound was attested through the presence of a 

number of bands. The band at 3055 cm-1, bands in the region of 2000 to 1800 cm-1 and 

bands at 1437 cm-1, 787 cm-1, 747 cm-1, 722 cm-1 and 695 cm-1 were all indicative of the 

presence of phenyl groups. The band at 3055 cm-1 was due to the ν C–H vibration while 

the weak bands in the range 2000 to 1800 cm-1 could be attributed to phenyl ring overtone 

bands, both groups being typical of all phenyl groups which could be due to any 

H2C(Ph2PNSiMe3)2 derivatives or toluene. The bands at 1437 cm-1, 787 cm-1, 747 cm-1, 

722 cm-1 and 695 cm-1 could all be assigned to P–Ph vibrations expected for the ligand 

H2C(Ph2PNSiMe3)2 and any anionic and other derivatives. The two strong bands at 2929 

cm-1 and 2853 cm-1 were also assigned to the ν C–H vibrations for aliphatic groups which 

could be tentatively attributed to toluene, the methylene group of the neutral 

H2C(Ph2PNSiMe3)2, and the organic moieties in the Sm(NCy2)(THF) fragment. In 

general, these bands do not give much information on the chemical structure of the solid 

except for the indication of the presence of P–Ph containing H2C(Ph2PNSiMe3)2 

derivatives. 

The remaining bands could provide more detailed structural information. These 

bands could be initially discussed in the light of the expected theoretical changes that 

occur on the deprotonation of H2C(Ph2PNSiMe3)2, as discussed prior in this section. The 

strong bands at 1253 cm-1, 1240 cm-1, 847 cm-1 and 828 cm-1 could be tentatively assigned 

to the δ C–H and ρ CH3 + ν Si–C vibrations typical of the trimethylsilyl moiety. These 

fall in the ranges described for the various di-anionic species published in literature and 

described prior, namely 1265–1240 cm-1 and 860–820 cm-1. These bands are indicative 

of the presence of trimethylsilyl containing H2C(Ph2PNSiMe3)2 derivatives. Given that 

both aliphatic ν C–H and these trimethylsilyl vibrations were visible in the spectrum, the 

presence of H2C(Ph2PNSiMe3)2 was possible. However, the lack of a strong band at         

1273 cm-1, due to the P=N bond, indicated that this compound was unlikely to be present 

in the solid. Therefore, it was likely that either the mono-anionic or di-anionic derivative 

of this compound was present. Detailed discussion was more viable using more 

diagnostic features of the IR spectrum in the fingerprint region, specifically in the range 

of 1180–787 cm-1. 
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As was described prior the main diagnostic feature of the IR spectrum of the di-

anion [C(Ph2PNSiMe3)2]
2- should be the expected strong ν P+–N- vibration bands in the 

region 1110–1025 cm-1. The bands at 1115 cm-1, 1070 cm-1 and 1028 cm-1 could all be 

tentatively assigned to this vibrational mode. However, the former band seemed to be 

paired with the band at 1127 cm-1, typical of the NCy2
- ligand, and the latter band could 

also be assigned to the νas C–O–C for coordinated THF. The band at 1070 cm-1 was 

observed to be very weak, which contrasts with the strong bands at 1086 cm-1 and           

1065 cm-1 given in literature for [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]. The bands at  

1180 cm-1 and 1127 cm-1 could fall in the range in which the ν P+–C2-–P+ vibrations are 

expected, although no bands in this region are typically given in data for published 

carbene structures. Stronger bands were observed in the region 1220–1100 cm-1 wherein 

ν P+–N- vibrational bands for [HC(Ph2PNSiMe3)2]
- are expected. The main bands that fell 

in this range were the broad band at 1180 cm-1 and the paired strong bands at 1127 cm-1 

and 1115 cm-1. All of these could be tentatively assigned to the ν P+–N- vibrational bands 

of the mono-anion. As described prior the latter two bands could also be due to the               

ν C–N vibration of the NCy2
- ligand and therefore only the band at 1180 cm-1 was 

diagnostic of the mono-anion. The bands at 1127 cm-1 and 1115 cm-1 could be analogous 

to the literature band of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)] at 1107 cm-1 and the 

[Sm(NCy2)3THF]·C6H5CH3 literature bands at 1143 cm-1 and 1118 cm-1. The similarity 

and profile of the two bands further support this assignment.  

The bands in the range 998–828 cm-1 were the most diagnostic in determining the 

main H2C(Ph2PNSiMe3)2 derivative present in the solid. In this range only trimethylsilyl 

bands are expected for the [C(Ph2PNSiMe3)2]
2- di-anion. Therefore, strong or noticeable 

bands in this region, especially at higher wavenumbers, indicated the possible lack of the 

[C(Ph2PNSiMe3)2]
2- di-anion species. Fingerprint region bands for THF, toluene and 

NCy2
- are known, however these are rarely of the intensity observed in this spectrum. 

The bands at 998 cm-1, 890 cm-1, 847 cm-1 and 828 cm-1 could all be assigned or related 

to the ν P+–CH-–P+ vibration typical of the mono-anion [HC(Ph2PNSiMe3)2]
-, as 

theoretically described in this section. The latter two could be assigned to the 

trimethylsilyl group ρ CH3 + ν Si–C vibrations and therefore the assignment would 

indicate either overlap or a region containing both band types wherein further distinction 

is not possible. The former two bands are on the other hand unlikely to be assigned to 

other possible vibrational modes. This assignment was further supported by the high 

intensity of the band at 998 cm-1. The band at 1028 cm-1 could also be assigned to this 
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vibrational mode but was more likely due to the expected νas C–O–C for coordinated THF 

vibrations, indicating the possible presence of the Sm(NCy2)(THF) fragment and 

specifically the Sm–THF moiety. The presence of these bands, along with the loss of the 

ν P=N band of H2C(Ph2PNSiMe3)2 and the lack of strong bands in the region of          

1110–1025 cm-1 indicating the presence of the di-anion derivative, indicated that the main 

product of the solid [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 was a salt or complex of the 

mono-anion [HC(Ph2PNSiMe3)2]
-.  

Further to this discussion it is also observed that some bands in the IR spectrum 

of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 could indicate the presence of the 

decomposition product Ph2P(O)NH2. The bands at 1180 cm-1 and 1127 cm-1, previously 

assigned to the mono-anionic ν P+–N- and the NCy2
- group, could also be assigned to ν 

P=O vibrations observed for Ph2P(O)NH2. The unassigned weak bands at 1564 cm-1 and 

920 cm-1 further indicated the presence of Ph2P(O)NH2. However, the decreased intensity 

of the band at 1180 cm-1 compared to the intensity of the bands at 1127 cm-1 and                 

1115 cm-1, the weakness of the bands at 1564 cm-1 and 920 cm-1 and the presence of other 

strong bands in the region of 998–828  cm-1 clearly indicated that Ph2P(O)NH2 was most 

likely a secondary component. 

Therefore it may be tentatively concluded that the solid obtained was most likely 

a hydrated form of a [HC(Ph2PNSiMe3)2]
- complex, with the possible presence of a 

Sm(NCy2)(THF) fragment or some such derivative. This could indicate the presence of a 

samarium complex of [HC(Ph2PNSiMe3)2]
-. It could also be concluded that Ph2P(O)NH2 

was likely a minor component of the solid.  

 

4.1.3.1.2. Analysis by Microscopy 

 

Samples obtained during the first three synthesis reactions undertaken to produce 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)], were observed  under the microscope using plane 

polarised light. Micrographs of the solids obtained are given in Figures 4.33, 4.34 and 

4.35 for [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF]_1, [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2 

and [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 respectively. 
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Figure 4.33: Micrograph of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1. 

 

 

Figure 4.34: Micrographs of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2, top left shows the crystalline 

bed stored under mother liquor, while the ones on the top right and bottom show a crop of crystals 

and single crystals stored in the NMR tube above the mother liquor. 



178 

 

 

Figure 4.35: Two micrographs of the product [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3. 

 

In the case of both [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1 and 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2 the products obtained were clearly crystalline. 

The product [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2 was obtained as a bed of single 

crystals which were stored under the toluene based mother liquor in an sealed NMR tube. 

Crystals which were viable for SXRD studies were observed on the walls of the sealed 

NMR tube, as shown in the bottom micrograph in Figure 4.34. The solid 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1 was initially collected as a somewhat sticky pale 

yellow powder, similar to the clumps observed in Figure 4.33. This was collected under 

dry argon in a sealed ampoule and stored for over a year, since the small yield was 

insufficient for further work. On examining this solid, during the preparation of PXRD 

capillary samples, it was observed that the clear single crystals shown in Figure 4.33 had 

formed. This spontaneous crystallisation was of great interest although the reason for its 

occurrence was unknown. The solid obtained for [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 

proved to be similar in texture to [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1, however the 

crystallinity was more difficult to describe under plane polarised light as given in Figure 

4.35. No further information could be obtained from this physical data.  

 

4.1.3.1.3. Analysis by Single crystal X-ray diffraction 

 

In the case of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2 the opening of the sealed 

tube and  the removal of the mother liquor forced the loss of many of the crystals on the 

walls but the bed and cluster shown in the top left and right photographs in Figure 4.34 

were collected. Single crystal samples of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2 were 
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collected in dry nitrogen conditions in a glove box and sealed in 0.5 mm capillaries under 

the same conditions. Crystals were not collected for 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1 as these proved too fragile. 

Data was collected for a [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2 single crystal 

using a STOE Stadivari diffractometer with a microfocus Cu-Kα1 source. Unit cell and 

space group determination was undertaken using X-Area and structure solution was 

undergone using Olex2.351,352 This structure solution showed that the crystal collected 

from the compound [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2 was in fact 

diphenylphosphinamide, Ph2P(O)NH2. The structure obtained had an orthorhombic unit 

cell with cell parameters 𝑎 = 5.58(3) Å, 𝑏 = 11.85(8) Å, 𝑐 = 16.13(11) Å and 𝛼 =

𝛽 = 𝛾 = 90° and a spacegroup of P212121, as shown in Figure 4.36. This is in good 

general agreement with the structure of a known polymorph of Ph2P(O)NH2 which was 

published by Oliva, G. and Castellano, E.E. in 1981.353 Comparison of the IR data 

described in Section 4.1.3.1.1. with IR data of pure Ph2P(O)NH2 indicated that this was 

the major component of the solid [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2. Literature data 

indicated that Ph2P(O)NH2 was a common moisture induced decomposition product of 

H2C(Ph2PNSiMe3)2.
295,350 Therefore in the case of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2 it appeared that the major mode of reaction was 

the moisture induced decomposition of the H2C(Ph2PNSiMe3)2 ligand precursor. A 

discussion of the decomposition mechanism which was likely to have occurred is given 

in Section 4.1.3.1.4.  

 

 

Figure 4.36: Crystal structure obtained from [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2 showing 

clearly that the compound obtained was diphenylphosphinamide. 
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4.1.3.1.4. Decomposition of H2C(Ph2PNSiMe3)2 

 

Single crystal X-ray diffraction of a single crystal from the solid  

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2  showed that the single crystal analysed was  

Ph2P(O)NH2. This was confirmed for the bulk of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2  

through IR spectroscopy. An account of the decomposition of the di-λ5σ4-

iminophosphorane H2C(Ph2PNSiMe3)2 was published by Schlecht and co-workers in 

1998.350 A decomposition reaction, as provided in Scheme 4.1, was proposed in the 

publication.350 

 

H2C(Ph2PNSiMe3)2(s) + 2 H2O(l)  Ph2P(O)NH2(s) + Ph2P(O)Me(s) + HN(SiMe3)2(l)  

 
Scheme 4.1: General moisture induced decomposition reaction of H2C(Ph2PNSiMe3)2. 

 

Support for this reaction was given in reference to an older publication by Aguiar 

and Biesler, published in 1964.295 This publication  discussed the hydrolysis 

decomposition of other di-λ5σ4-iminophosphorane compounds, namely (H2CPh2PNPh)2 

and H2C(Ph2PNPh)2. In an effort to synthesis H2C(Ph2PNPh)2 through the phosphor-

Staudinger method the mono-N-substituted phosphinamide N-

phenyl(diphenyl)phosphinamide, Ph2P(O)NHPh, and methyldiphenylphosphine oxide, 

Ph2P(O)Me, were obtained, indicating that dppm was cleaved on reaction with PhN3 in 

the presence of an oxygen containing reagent. Aguiar and Beisler reported that they could 

not collect the desired iminophosphorane, H2C(Ph2PNPh)2, but as stated above collected 

Ph2P(O)NHPh and Ph2P(O)Me, which they described as forming through the reactions 

given in Scheme 4.2.295  

 

H2C(Ph2P)2(sol) + PhN3(sol)  H2C(Ph2PNPh)2(sol) 

H2C(Ph2PNPh)2(sol) + 2 H2O(l)  Ph2P(O)NHPh(s) + Ph2P(O)Me(s) + PhNH2(l) 

 

Scheme 4.2: Hydrolysis reaction for H2C(Ph2PNPh)2 proposed by Aguiar and Beisler.
295

 

 

This was explained by Aguiar and Beisler, through a nucleophilic substitution 

reaction of water on the phosphorus centres, followed by numerous rearrangements and 

a secondary nucleophilic substitution and elmination.295 An overview of this nucleophilic 

substitution and rearrangement mechanism is given in Scheme 4.3.  
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Scheme 4.3: Overview of the hydrolysis decomposition mechanism of H2C(Ph2PNPh)2; products 

obtained highlighted in green. 

 

This decomposition mechanism was likely analogous to that which occurred to 

some degree for K[HC(Ph2PNiPr)2]_2, were Ph2P(O)Me was collected as an impurity in 

the 1H NMR sample of the product, as described in Section 4.1.1.1.2.2. This mechanism 

described by Aguiar and Beisler may be considered the basis for the decomposition 

reaction published by Schlecht and co-workers. If this same mechanism was followed 

during the decomposition of H2C(Ph2PNSiMe3)2 one would expect the formation of 

Ph2P(O)NHSiMe3, Ph2P(O)Me and H2NSiMe3. However as per Scheme 4.1 this was not 

the case and no further discussion was given in literature regarding this important 

difference. Thus a tentative mechanism which reconciles these differences is proposed 

hereunder. 

The synthesis of trimethylsilylamine, H2NSiMe3, is very rarely attested in 

literature and publications mentioning this compound indicate that it has a short lifetime 

with decomposition at room temperature.354,355 It is clearly attested from experimental 

data that all mono-N-substituted silyl amines tend to decompose through condensation of 

ammonia to form di-N-substituted silyl amines.356 This trend indicates that the formation 

of HN(SiMe3)2 would be preferential to the formation of H2NSiMe3, supporting the 

reaction proposed by Schlecht and co-workers.  



182 

 

It should be noted that the cleavage of the Si–N bond is also known in reactions 

with organic acid chlorides through nucleophilic substitution wherein amides are 

produced, leaving the silyl chlorides as the main side products.357 Such nucleophilic 

reactions are also known for phosphorus (V) compounds as described prior.99 The 

nucleophilic substitution of acid chlorides by silyl amines, as described in literature, and 

the analogous mechanism for the reaction of Ph2P(O)NHSiMe3 with H2NSiMe3, being 

proposed in this study, are given in Scheme 4.4. The moieties represented in black in the 

reagents are the ones that produce the organic or phosphorus centred compound, while 

the green moieties in the reagents are the ones that form the respective silyl by-product.  
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Scheme 4.4: Nucleophilic substitution by silyl amine with organic acid chloride (top) and the 

nucleophilic substitution of Ph2P(O)NHSiMe3 with H2NSiMe3 in an analogous mechanism (bottom). 

  

Therefore, the decomposition of H2C(Ph2PNSiMe3)2 as described in literature can 

be described through the analogous stepwise mechanisms for this ligand as given in 

Schemes 4.3 and 4.4. The full proposed reaction for the decomposition of 

H2C(Ph2PNSiMe3)2 is summarised in Scheme 4.5. The two main driving forces are most 

likely thermodynamic. These are the formation of the very strong and stable P=O bonds 

and the formation of the silazane instead of the less stable mono-N-substituted silyl 

amine.  

 

H2C(Ph2PNSiMe3)2 + 2 H2O  Ph2P(O)NHSiMe3 + Ph2P(O)CH3 + H2NSiMe3 

Ph2P(O)NHSiMe3 + H2NSiMe3  Ph2P(O)NH2 + HN(SiMe3)2 

 
Scheme 4.5: Full multi-step moisture induced decomposition reaction of H2C(Ph2PNSiMe3)2. 
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4.1.3.1.5. Analysis by Powder X-ray diffraction 

 

PXRD analysis of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 was undertaken using 

samples of the solid prepared and sealed in a 0.5 mm capillary under nitrogen in a glove 

box. The data was collected using Mo-Kα1 radiation to eliminate expected absorption 

issues due to the presence of Sm3+. The PXRD pattern of the solid 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 is given in Figure 4.37. On initial inspection of 

the PXRD pattern it was clear that the major phase of the solid was amorphous. A minor 

crystalline phase was observed with peaks in the region of 4° to 11°. Given that the major 

phase was amorphous no structure solution of the main chemical components could be 

undertaken. The nature of the minor crystalline phase would be best described by 

comparison of the pattern with calculated powder patterns of the reagents used, products 

expected and other possible solid by-products. Comparison of the experimental pattern 

with the calculated powder pattern of the desired product 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)], as given in Figure 4.38,7 indicated that this was 

not present in the solid in any significant amount. This was in agreement with the IR data 

discussed previously.  

 

Figure 4.37: PXRD pattern of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4. 

 

Figure 4.38: PXRD patterns of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 (blue) and literature 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)] (orange). 
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The powder pattern of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 was also 

compared with the calculated powder patterns of the reagents used, namely 

H2C(Ph2PNSiMe3)2, [Sm(NCy2)3THF]·C6H5CH3 and LiNCy2,
34,162,358 as given in Figure 

4.39. None of these reagents were present in the solid, as no analogous peaks for the 

reagents’ patterns were observed in the experimental powder pattern. Given that the 

[Sm(NCy2)3THF]·C6H5CH3 was prepared in-situ comparison with other products of the 

reaction of SmCl3 with LiNCy2 at different stoichiometry was undergone. This again 

yielded no analogous peaks between the calculated PXRD patterns and the experimental 

powder pattern. 

 

 

Figure 4.39: Experimental PXRD pattern of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 (blue) and the 

calculated PXRD patterns of H2C(Ph2PNSiMe3)2 (orange), [Sm(NCy2)3THF]·C6H5CH3 (green) and 

LiNCy2 (red). 

 

Since it was clear that the crystalline phase present in 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 was not due to the expected products and the 

reagents used it was determined that this significant minor phase was likely due to some 

decomposition or side reaction product. Comparison with the two known polymorphs of 

the decomposition product Ph2P(O)NH2,
350,353 as given in Figure 4.40, indicated that the 

P212121 polymorph was a possible minor component of the solid.353 The two highest 

intensity peaks of this Ph2P(O)NH2 polymorph at 8.50° and 10.13° were analogous to the 

peaks at 8.42° and 10.18° in the experimental pattern. The presence of the strong 

experimental peak at 5.16° could indicate the presence of the P21/c polymorph of 

Ph2P(O)NH2, although this peak could be due to some other solid given that the analogous 

calculated peak was not strong and that no other stronger peaks were observed in the 

experimental pattern.350 The presence of this compound as a minor component could be 

supported by the presence of a number of bands in the IR spectrum of the product. 
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Figure 4.40: Experimental PXRD pattern of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 (blue) and the 

calculated PXRD patterns of Ph2P(O)NH2_P212121 (orange), Ph2P(O)NH2_P21/c (green) and 

[N(Ph2PCH3)(Ph2PNH2)][Br]. Ph2P(O)NH2 (red). 

 

The presence of the three strong peaks at 4.50°, 7.90° and 9.76° was found to 

indicate the possible presence of [N(Ph2PCH3)(Ph2PNH2)][Br]·Ph2P(O)NH2, as shown in 

Figure 4.40.359 This is another moisture induced decomposition product for the ligand 

used, the formation of which was published by Hagenbach, A. and co-workers in 2004.359 

This is a decomposition product obtained from acidic or moisture containing conditions 

through a different route from that described in section 4.1.3.1.4. This product can also 

produce Ph2P(O)NH2 if exposed to further moisture. There are two main issues with the 

possible presence of this compound. The first issue is that the presence of the 

[N(Ph2PCH3)(Ph2PNH2)]
+ cation could not be described in the IR spectrum of the 

product. The second issue is the presence of the bromide anion which was not present in 

the reaction. Therefore, this could indicate the presence of a similar decomposition 

product not containing bromide. 

The presence of the strong peaks at 5.16°, 7.82°, 9.25° and 10.50° and the minor 

peaks at 6.77°, 7.05°, 7.33° and 7.50° indicated the presence of a minor undescribed 

crystalline solid, as these peaks could not be assigned to any of the compounds discussed 

prior. 

 

4.1.3.1.6. Conclusion 

 

With regards to the IR spectrum of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1 some 

deprotonation was believed to have occurred given that bands which could support the 

presence of either anionic species of H2C(Ph2PNSiMe3)2 were observed, as discussed 
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prior. No water intrusion was observed indicating that any differences from the expected 

spectra were not due to moisture inclusion. The presence of the two secondary ligands 

was also indicated, although the bands in the two ranges of 1220–1100 cm-1 and                

1110–1025 cm-1 indicated the possibility that the starting reagent 

[Sm(NCy2)3TH]F·C6H5CH3_1 was a significant component of this product.  

The product [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2 showed moisture 

contamination in the IR spectrum. The structure solution from the SXRD data for the 

crystal collected from the product [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2, concluded 

that the crystal analysed was composed of a Ph2P(O)NH2 polymorph, a known moisture 

induced decomposition product of H2C(Ph2PNSiMe3)2. Comparison of the IR data of the 

product with that of pure Ph2P(O)NH2 indicated that this was the major product in the 

solid and therefore the major mode of reaction in this case was in fact decomposition.  

With regards to the product [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 although the 

bands in the regions < 900 cm-1 indicated the possible presence of free 

[Sm(NCy2)3THF]·C6H5CH3_1 reagent, similarities at higher wavenumbers showed less 

agreement with this conclusion than was noted for the spectrum of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1, indicating a purer product. The bands in the 

region of 1110–1025 cm-1, along with the band at 1176 cm-1, could be indicative of the 

formation of a [C(Ph2PNSiMe3)2]
2- species. The lack of unexpected strong bands in the 

region of 900–765 cm-1 could also support the presence of this species and diminish the 

possibility of the presence of the [HC(Ph2PNSiMe3)2]
- species. The presence of the weak 

band at 1176 cm-1 could also indicate the presence of an amount of Ph2P(O)NH2 in the 

solid.  

IR data for the product [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 was also collected 

and on initial analysis indicated that the major component was most likely a 

[HC(Ph2PNSiMe3)2]
- containing species. The possible presence of THF and NCy2

- bands 

indicated that this could be a samarium complex of [HC(Ph2PNSiMe3)2]
-. A number of 

bands also indicated the possible presence of the decomposition product Ph2P(O)NH2. 

PXRD analysis of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 indicated that the main phase 

was amorphous with minor crystalline phases present. The crystalline phases proved to 

be mainly the decomposition products Ph2P(O)NH2 and a possible iso-strucutral analogue 

of [N(Ph2PCH3)(Ph2PNH2)][Br]·Ph2P(O)NH2.  

 



187 

 

In conclusion the IR spectrum of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1 

indicated the possible production of the desired product but with the possible inclusion 

of excess [Sm(NCy2)3THF]·C6H5CH3_1 and the possible presence of a 

[HC(Ph2PNSiMe3)2]
- species.  [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2 was characterised 

by both IR spectroscopy and SXRD and it was concluded that the solid was mainly the 

moisture induced decomposition product of H2C(Ph2PNSiMe3)2, Ph2P(O)NH2. The 

product [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 was in good agreement with the IR data 

described in literature for the expected product, although the presence of 

[HC(Ph2PNSiMe3)2]
- could not be discounted. The IR spectrum of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 showed similarities to that of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 but it was concluded that the mono-anionic 

species was the prevalent component.  

 

 Characterisation of [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF 

 

The [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF complex was noted as being an 

initiator in lactide polymerisation and therefore was of interest in synthesis.46 During this 

study the synthesis of this compound was attempted twice as described in Section 

3.3.1.3.2, to yield two amorphous solids with negligible yields, namely 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1 and 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2. The syntheses were undergone using a 

methodology similar to the one published in literature by Buchard, A. and co-workers in 

2009,40 with some modifications. The main difference in the preparation procedure 

between the two attempts was that the starting reagent K(HC(Ph2PNiPr)2) for the reaction 

undertaken to prepare [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1 was prepared         

in-situ from [H2C(Ph2PNH(iPr))2]Br2_1, which had been prepared previously as 

described in Section 3.3.1.1.1.1. Conversely the product 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2 was produced using the pre-prepared 

K(HC(Ph2PNiPr)2)_2, which was synthesised as described in Section 3.3.1.1.1.2.  

The presence of both [C(Ph2PNiPr)2]
2- and [HC(Ph2PNiPr)2]

- ligands in the 

compound is similar to other early and mid-lanthanide phosphorus(V)-stabilised carbenes 

for the H2C(Ph2PNSiMe3)2 starting reagent.9 
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4.1.3.2.1. Analysis by Infra-red spectroscopy 

 

The most significant feature with the characterisation of this product using IR 

spectroscopy is that the compound contains both the ligands [C(Ph2PNiPr)2]
2- and 

[HC(Ph2PNiPr)2]
-
,
 which would be expected to have similar IR spectra. The bands typical 

for the vibrations of the P–Ph and –NiPr groups, along with any skeletal bands for the 

structure, are expected to remain almost unchanged for both anions in the spectrum of the 

expected complex. For the group P–Ph, bands in the regions of 1460–1400 cm-1 and 775–

680 cm-1 are expected and these are diagnostic of the vibrations of this group. As for the 

–NiPr moiety, bands at about 975 cm-1 and 810 cm-1 are expected for the ν C–N +                

νas C–C and νs C–C vibrations respectively, along with bands in the regions of 1469–

1345 cm-1 and 1180–1124 cm-1, for the δ C–H and skeletal iPr vibrations respectively.360 

This would lead to the spectra of both anions having similar bands in significant portions 

of the spectra due to these many vibrations. The main difference between the spectra of 

these anions is expected to lie in the vibrations typical of the P+–N- and P–C–P bonds, 

namely the ν P+–N- and νas/s P–C–P vibrations. As described in Section 4.1.3.1.1, the 

changes in wavenumber for the bands in the IR spectra on deprotonation of these types 

of ligands  from [𝐻2𝐿] to [𝐻𝐿]− to [𝐿]2− can be tentatively related to the changes in the 

P–C and P–N bond lengths in the ligands, as described through XRD characterisation. As 

was the case with the compiled literature data for the P–C and P–N bond lengths in these 

types of compounds given in Section 4.1.3.1.1, the experimental bond lengths are listed 

in Table 4.10. 

 
Table 4.10: Published XRD bond length data for the P-C and P-N bonds in relevant H2C(Ph2PNR)2 

derivatives. 

Structure P–C, Å P–N,  Å 

H2C(Ph2PNiPr)2 N/A N/A 

H2C(Ph2PNR)2 (R = 2,6(Me)-Ph-, -SiMe3, -

Mes, -P(O)(OPh)2, -P(S)(OPh)2, -Ad, 4(Me)-

Ph-, -Ph) 
7,9,36,41,42,118,122,178,188,191,313–321 

1.810–1.860 1.534–1.574 

[HC(Ph2PNiPr)2]
- in 

Li(HC(Ph2PNiPr)2)(THF)294 

1.719 1.587 
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[HC(Ph2PNiPr)2]
- in 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF40 

1.713 1.603 

[C(Ph2PNiPr)2]
2- in 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF40 

1.671 1.638 

 

The bond length of the P+–N- bond was shown to shift from the range of         

1.534–1.574 Å for H2C(Ph2PNR)2 compounds to 1.603 Å and 1.638 Å for the length of 

the analogous bonds in the [HC(Ph2PNiPr)2]
- and [C(Ph2PNiPr)2]

2- ligands of the 

published structure of [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF.40 In the case of both 

ligands the P+–N- bond lengths are shorter than those typical for the P(V)–N and P(III)–

N bonds, which are in the ranges of 1.676–1.754 Å and 1.646–1.704 Å respectively, as 

described in greater detail in Section 4.1.3.1.1.332–347 The two bond lengths lie close to 

the respective ranges of 1.601–1.613 Å for the [𝐻𝐿]− anion and of 1.609–1.630 Å for the 

[𝐿]2− anion, as described for multiple H2C(Ph2PNSiMe3)2 derivative lanthanide 

complexes.7,9,36,41,42,118,122,178,188,191,313–321,323–331  Given this information the bands for the 

ν P+–N- vibration are expected to lie in a similar region as described for these complexes 

in Section 4.1.3.1.1, namely in or about the region at 1110–1025 cm-1, although for the 

[HC(Ph2PNiPr)2]
- ligand the bands due to this vibration would be expected to lie in a 

range slightly higher than the previously given range, as described for  K(HC(Ph2PNiPr)2) 

in Section 4.1.1.1.2.1.  

The analogous P–C–P bonds for the neutral ligand and its two anionic derivatives 

also experience a change in bond lengths with the formation of the complex. On transition 

from H2C(Ph2PNR)2 to [HC(Ph2PNR)2]
- and [C(Ph2PNR)2]

2- lanthanide complexes, the 

P–C bond length shifts from the range of 1.810–1.860 Å to 1.724–1.747 Å and           

1.637–1.700 Å respectively.7,9,36,41,42,118,122,178,188,191,313–321 In the published structure the 

P–C bond lengths for the two anionic ligands were noted to be  1.713 Å for the mono-

anion and 1.671 Å for the di-anion, therefore falling in the same range as those for most 

other complexes.323–331 This similarity in bond lengths to the 1.669–1.757 Å range typical 

for simple P=C containing molecules would indicate that the IR bands for the desired 

compound should lie in the region typical for P=C bands, that is in the region of           

1220–1150 cm-1. This is in a region slightly higher than the region of 1110–1025 cm-1, at 

which the ν P+–N- vibration bands are expected for the di-anion. It should be noted that 

bands for complexes in this region are not typically found in published data and therefore 
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the νas P+–C2-–P+ vibrations cannot be used for structural determination. From this 

discussion it can be concluded that the most diagnostic feature in the spectra of the 

complexes obtained would be the assignment of the ν P+–N- vibration band in the region 

of 1110–1025 cm-1. The discussion of the IR spectra of the products obtained in this study 

will be undertaken with this theoretical framework in mind. 

The spectra of the two products obtained, 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1 and 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2, along with the IR spectrum of 

K(HC(Ph2PNiPr)2)_2 are shown together in Figure 4.41. There was substantial similarity 

between the spectra of the products and the spectrum of the starting reagent, with the 

product [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2 being more similar to the starting 

material then the product [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1.  

 

 

Figure 4.41: IR spectra of [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1 (blue) and 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2 (orange)  and K(HC(Ph2PNiPr)2)_2 (black). 

 

For the two products [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1 and 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2, two bands were observed at 3564 cm-1 

and 3188 cm-1 respectively. These were unexpected and they are typically assigned to the         

ν O–H and ν N–H vibrations. The former vibration could indicate the intrusion of water, 

while the latter vibration could indicate the protonation of the nitrogen in the P+–N- 

moiety. The associated band for the δ O–H vibrations at around 1620 cm-1 was not 

attested in the spectra of either of the products. The very weak bands at 1590 cm-1 attested 

in the spectra of both products and which were analogous to the band with a greater 

intensity in the spectrum of the K(HC(Ph2PNiPr)2)_2, could indicate the presence of the 

δ N–H vibrations in the products. This would possibly support the presence of the              
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P–N–H moiety, although in diminished amounts as the bands were weak when compared 

with the same bands in the spectra of K(HC(Ph2PNiPr)2)_2 and 

[H2C(Ph2PNH(iPr))2]Br2_1, as given in Section 4.1.1.1.2.1 and Section 4.1.1.1.1.1 

respectively.  

The weak band at 3056 cm-1 and the strong bands at 1438cm-1, 747 cm-1,                  

728    cm-1 and 693 cm-1 were observed for both product spectra and also for the spectrum 

of K(HC(Ph2PNiPr)2)_2. The first band is typical of the aromatic ν C–H vibrational mode, 

while the remaining bands are typical of the P–Ph vibrational modes for P–Ph groups, as 

previously discussed in this section. Analogues for these bands are also observed for the 

IR spectrum of dppm given in Appendix 5. These alone would be very indicative of the 

presence of a H2C(Ph2PNiPr)2 derivative in the products.  

In the case of the spectra of both products several bands in the range of             

2962–2852 cm-1, typically indicative of aliphatic ν C–H vibrations, were observed. The 

presence of three bands in this region for the spectrum of 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2 and only two strong bands for the 

spectrum of [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1 indicated that the former 

contained more C–H bonds than the latter product. This could indicate that the product 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1 underwent some deprotonation, while 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2 showed less deprotonation. The problem 

with this analysis is that the presence of both [HC(Ph2PNiPr)2]
- and [C(Ph2PNiPr)2]

2- 

ligands were expected in the product and therefore these bands cannot be used to diagnose 

the presence of the carbene ligand.  

Figure 4.42 shows a detail of the spectra of the two products and the starting 

reagent in the region of 1600cm-1 to 400cm-1. As regards the bands representative of the 

–NiPr moiety, the weak bands at 1314 cm-1 and 1297 cm-1 observed for both products 

were believed to be due to the δ C–H vibrations for the iso-propyl group and analogous 

to bands in the same positions for the K(HC(Ph2PNiPr)2)_2 spectrum. It was observed 

that the bands in the spectra of the products were shifted to slightly lower wavenumbers 

than is typically expected. The band observed at 888 cm-1 for the starting reagent 

K(HC(Ph2PNiPr)2)_2 spectrum was also observed in the spectrum of  the product 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2. For the starting reagent this was 

previously assigned to either P–N–C or νas P–C–P vibrations. The former vibrational 

mode could indicate the presence of the –NiPr moiety. The band at 888 cm-1 was lost in 

the spectrum of [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1, while a new strong band 
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at 910 cm-1 was observed in this spectrum. This could be a novel P–N–C mode of 

vibration which could indicate a different form of coordination about the nitrogen atom. 

This could be indicative of the carbene formation; however the original band would still 

be expected since both ligands should be present. The increase in wavenumber could be 

due to the constraints applied by coordination at the nitrogen atom, although further detail 

cannot be given. The shoulder at 997 cm-1 for both product spectra was indicative of the 

ν C–N + νas C–C vibrations, further indicating the presence of the –NiPr group in these 

products. 

 

 

Figure 4.42: Details of IR spectra of [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1 (blue) and 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2 (orange)  and K(HC(Ph2PNiPr)2)_2 (black), in the 

region 1600 cm-1 to 400 cm-1. 

 

A strong band at 1261 cm-1 was observed for both the spectra of the products as 

well as the IR spectrum of K(HC(Ph2PNiPr)2)_2. In the spectrum of the potassium salt 

this band was tentatively assigned to a possible ν P=N vibrational mode or alternatively 

a possible ν C–N vibration, as described in Section 4.1.1.1.2.1. The fact that this band did 

not change in the spectra of the products could indicate the expected presence of the 

[HC(Ph2PNiPr)2]
- ligand in the products or alternatively that this band was due to a 

skeletal feature present in the H2C(Ph2PNiPr)2 derivatives, such as the aforementioned     

ν C–N vibration. No further information could be obtained from this data although bands 

in this region were observed for the spectra of H2C(Ph2PNSiMe3)2 derivatives and 

assigned to trimethylsilyl δ C–H vibrations.  
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For the spectra of the products numerous bands were also noted in the region of 

1110–1025 cm-1, at which ν P+–N- vibration bands are expected for the di-anion. Bands 

in this region were also observed for the spectrum of the starting reagent 

K(HC(Ph2PNiPr)2)_2. In Section 4.1.1.1.2.1 the bands at 1109 cm-1 and 1015 cm-1 for 

the spectrum of K(HC(Ph2PNiPr)2)_2 were tentatively assigned to possible P–Ph 

vibrations or possibly other skeletal vibrations. In the region of 1110–1025 cm-1, the 

bands in the spectrum of [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2 were very 

similar to that of the starting reagent,  with a number of weak bands at 1145 cm-1,           

1123 cm-1 and 1096 cm-1. These bands could be due to the expected decrease in P–N 

bond order, although they lie at a higher wavenumber than typical, indicating a greater 

bond order than anticipated. For the spectrum of 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1 two strong bands at 1076 cm-1 and 1060 

cm-1, which were clearly different from the bands present in this region for the 

K(HC(Ph2PNiPr)2)_2 spectrum, were observed. These could indicate the formation of a 

ν P+–N- bond band which due to a decrease in bond order due to deprotonation could 

have vibrational modes in this region, indicating the formation of the desired carbene. 

This decrease in bond order seemed to be stronger than that observed for the product 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2. 

 In the spectrum of K(HC(Ph2PNiPr)2)_2 bands laying at a higher wavenumber 

than this region were observed at 1202 cm-1, 1185 cm-1 and 1170 cm-1 and were 

previously assigned to ν P=N or ν P=C vibrations. In both product spectra most of these 

bands were lost, which could indicate a decrease in P–N bond order indicating 

deprotonation and the possible formation of the desired carbene. Again this is difficult to 

establish given that the desired compound also contained the initial [HC(Ph2PNiPr)2]
- 

ligand. For the spectrum of [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1 a band at     

1203 cm-1 was observed.  However, this could not be easily assigned, although it could 

be due to the presence of the [HC(Ph2PNiPr)2]
- ligand or possible ν P=C vibrations. The 

lack of any bands in this region in the spectrum of the 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2 complex indicated deprotonation but  this 

was incongruent with the similarities in the IR spectra of this product and that of 

K(HC(Ph2PNiPr)2)_2 in the  region < 950 cm-1.  
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4.1.3.2.2. Analysis by Microscopy 

 

 The solids obtained from both the attempts undertaken to synthesise the complex 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF were analysed using polarised light 

microscopy. For both products the solids showed no extinction of plane polarised light 

which indicated the formation of amorphous solids. This was especially true for the 

product [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2 which formed a brown residue.  

 

4.1.3.2.3. Conclusion 

 

In conclusion, the product [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1 was 

more likely the desired carbene or a compound lacking the [HC(Ph2PNiPr)2]
- ligand. This 

was mainly concluded from the decrease in the number of aliphatic ν C–H bands, 

indicative of deprotonation. Another indicator was the possible shift of the 

K(HC(Ph2PNiPr)2) band located at 888 cm-1 to 910 cm-1 in the spectrum of the product 

indicating the presence of novel P–N–C vibrational modes. The two strong bands at            

1076 cm-1 and 1060 cm-1 could also indicate the deprotonation indicating the possible 

formation of ν P+–N- bands due to the expected [C(Ph2PNiPr)2]
2- anion. 

The IR spectrum for [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2 exhibited a 

loss of bands in the region 1202–1170 cm-1 in the spectrum of K(HC(Ph2PNiPr)2), 

indicative of the decrease in bond order for the P–N bond. However this spectrum also 

displayed bands which contradicted this assessment and showed a greater overall 

similarity to the spectrum of K(HC(Ph2PNiPr)2) as compared to the spectrum of 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1. These differences could indicate that the 

ligand [HC(Ph2PNiPr)2]
- was more prevalent in 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2 than  in 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1. 

Therefore, it was inferred that two different products were obtained during 

synthesis. Furthermore the product [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_1, 

which was produced by a reaction starting with the preparation of the K(HC(Ph2PNiPr)2) 

in-situ from [H2C(Ph2PNH(iPr))2]Br2_1, seemed to have more features indicating full 

deprotonation of the ligand than the product 

[Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF_2. This latter product was obtained from 



195 

 

K(HC(Ph2PNiPr)2)_2, which was pre-prepared in a separate reaction. The reason for this 

difference is unknown and since NMR and XRD characterisation could not be 

undertaken, better data for characterisation of the two products was not obtained and 

characterisation was limited.  

 

 Characterisation of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3) 

 

In this study several attempts were undertaken to synthesise the lanthanide 

carbene complex, [Sm2(C(Ph2PS)2)2I2THF4],  using a methodology similar to the one 

published in literature by Cantat, T. and co-workers in 2005,8 with some modifications. 

The attempts undertaken were detailed out in Section 3.3.1.3.3, and in all cases the 

lithium salt Li2C(Ph2PS)2, which is the starting reagent for the production of the complex, 

was prepared in situ through the reaction between the H2C(Ph2PS)2 ligand and MeLi. The 

reaction between these two compounds and the synthesis of Li2C(Ph2PS)2 were observed 

in each case by the production of a slightly turbid yellow solution. This was in line with 

the observations published in literature.8,124 No characterisation of this yellow solution 

was undertaken in order not to lose any of the expected reagent and since the yellow 

solution obtained from the white suspension was clearly indicative of the consumption of 

the H2C(Ph2PS)2 in the mixture.  

The reaction of the solution containing the lithium salt with the solid SmI3·THF3.5, 

which was found to be difficult to dissolve in all reactions, yielded a solid which was 

expected to be the side product LiI. The expected [Sm2(C(Ph2PS)2)2I2THF4] complex 

would be dissolved in the remaining filtrate. This was always the case for all reactions, 

however the physical properties of the solid and the colour of the filtrate differed from 

one attempt to another, as described in Section 3.3.1.3.3. Several workup techniques were 

used to extract the expected product from the filtrates. In some cases work up on the first 

solid obtained was undertaken to yield other products. The resultant products were 

characterised by different techniques. The solids discussed in this section are given in 

Table 4.11 along with their resepecitve yields, assuming that each solid is the desired 

compound. They are divided according to whether they were obtained from work up of 

the initial solid, expected to be LiI, or workup of products obtained from the intial filtrate. 

The solids produced during these processes varied physically from amorphous gelatinous 

materials to crystalline substances, as will be discussed in this section.  
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Table 4.11: Products collected from initial solid and filtrate workup respectively, inluding yields in 

brackets.  

Reaction 

number 

Initial solid/products from 

intial solid workup* 

Products from initial filtrate/intial 

filtrate workup 

1 _1a (93 %) (366 %) _1b (Negligible) 

  _1c (21.9 %) 

2 _2a (78.7 %) (309 %) _2b (32.7 %) 

 _2a_1 (26.1 %) (102 %)  

 _2a_2 (18.2%)  

3 _3a (35.5 %) (139 %) _3b_1 (30.1 %) 

  _3b_2 (Negligible) 

4 _4a (33.4 %) (132 %) _4b (Negligible) 

 _4a_1 (22.61 %) (89.3 %)  

 _4a_2 (Negligible)  

* A second yield is denoted for samples expected to be LiI and is calculated assuming 

that the product is dry unsolvated LiI. 

 

4.1.3.3.1. Analysis by Infra-red spectroscopy 

 

In all four reaction procedures the initial solids produced from the reaction of the 

Li2(C(Ph2PS)2), prepared in situ, with SmI3·THF3.5, which were expected to be LiI, were 

analysed by IR spectroscopy. In all cases these solids, namely 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1a, _2a, _3a and _4a showed IR spectra 

indicative of the starting reagent H2C(Ph2PS)2. IR spectra of these solids are given in 

Appendix 9. This indicated that the major mode of reaction in each case was possibly           

re-protonation of the Li2(C(Ph2PS)2) through moisture intrusion. Further experimental 

work was undertaken on the two solids [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a and 

_4a, as the former was a pale yellow waxy solid and the latter was a very pale yellow 

residue. These contrasted with the white or pale yellow crystalline solids expected for 

both LiI and H2C(Ph2PS)2 as was the case for solids 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1a and _3a. 

The solid [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a was suspended in dry 

toluene after which filtration was undergone yielding the orange solid 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1 and a colourless filtrate which yielded the 

residue [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_2 on removal of volatiles. The IR 
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spectrum of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1, in KBr, is given in Figure 

4.43, together with the spectra of the two polymorphs of H2C(Ph2PS)2 (both collected in 

KBr) and the spectrum of SmI3.THF3.5_2, collected in nujol. Unlike the previously 

discussed species the IR data of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1 showed 

noticeable differences which indicated the possible presence of other chemical species. 

The first noticeable bands in this spectrum were the bands at 3420 cm-1 and 1615 cm-1. 

The former band is typical of water intrusion, as it is indicative of the ν O–H vibrations. 

The latter band fell at a lower wavenumber than is typical for the band for the δ O–H 

vibrations indicative of moisture intrusion. This band could be due to these vibrational 

modes although alternatively it could be due to the vibrational modes of multiple organic 

groups, such as aromatic ν C–C, aliphatic ν C=C and amine δ N–H vibrations, which all 

display bands in this region. Bands typical of P–Ph, ν P–C–P and ν P=S vibrations in the 

region < 850 cm-1 were not observed in the spectrum of the solid, possibly indicating the 

loss of the ligand from the product. Loss of bands typical of the ligand in the region of 

1250–850 cm-1 was also observed and this further confirmed the possible loss of the 

ligand.  

 

 

 

Figure 4.43: IR spectra of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1 (blue) and H2C(Ph2PS)2_C2/c 

polymorph (green) and H2C(Ph2PS)2_P21/c polymorph (orange) and SmI3.THF3.5_2 (black). 

 

Other bands of interest in the spectrum of 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1 were grouped in two sets; the first being 

the two broad strong bands at 1520 cm-1 and 1402 cm-1 and the second set being the three 

weak bands at 1140 cm-1, 1102 cm-1 and 1022 cm-1. The only band which could be 

assigned as being analogous to bands in the spectra of either of the two H2C(Ph2PS)2 
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polymorphs was the weak band at 1102 cm-1. However the lack of other IR bands of the 

two polymorphs would indicate that either the band was due to some other chemical 

species or that the ligand was present in very small amounts.   

The two weak bands at 1140 cm-1 and 1022 cm-1 could tentatively indicate the 

presence of THF. These bands could be analogous to the 1184 cm-1 and 1070 cm-1 bands 

known for uncoordinated THF respectively. The band at 1140 cm-1 could most likely be 

attributed to either νas C–O–C and νs C–O–C vibrations of THF, which at this 

wavenumber could indicate solvation or very weak coordination. If this assignment was 

verified the band at 1022 cm-1 could be assigned to the corresponding νs C–O–C or ring 

relaxation vibrations typical of THF, as described for other complexes in the current 

study. However, bands analogous to the un-coordinated THF band at 912 cm-1 decreased 

the probability of the presence of solvated or weakly coordintated THF in the solid. The 

strong bands at 1520 cm-1 and 1402 cm-1 could be due to multiple vibrations of various 

organic groups. However the lack of other bands to support the presence of any of these 

moieties means that any assignment would be speculative. The colour of the compound 

indicated the presence of Sm3+ and possibly iodine. However the presence of these 

elements could not be observed using the IR spectrum in the range studied and so 

definitive assignment of the presence of these elements in the solid could not be made.  

The residue [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_2 was also analysed by 

IR spectroscopy. Analysis of this data indicated that the major product was H2C(Ph2PS)2. 

The relevant IR spectrum is given in Appendix 9. Therefore, in this case the neutral ligand 

species remained in solution and was thus washed from the remaining solid.  

The solid [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a was reacted with an excess 

of MeLi yielding a suspension. On filtration the solid 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a_1 was obtained along with a filtrate. The 

filtrate was layered with diethyl ether yielding a pale yellow gelatinous solid on filtration 

namely [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a_2. The IR spectrum for 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a_1 is also given in Appendix 9. As with the 

previously discussed intial solids, this solid was also mainly H2C(Ph2PS)2, despite the 

fact that LiI was expected as the main compound. In this case the major polymorph was 

likely C2/c. 

The product [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a_2 was also analysed by 

IR spectroscopy and the spectrum obtained is given in Figure 4.44, along with the spectra 

of the H2C(Ph2PS)2 P21/c polymorph and the H2C(Ph2PS)2 C2/c polymorph. This 
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spectrum is discussed further as it showed noticeable differences from other products 

obtained from this reaction, indicating that different chemical species were possibly 

present. No bands indicative of moisture inclusion were observed, which indicated that 

the gelatinous nature of the solid was not due to the presence of water. The weak bands 

in the range of 3088–3029 cm-1 are typical of aromatic ν C–H vibrations, as was expected 

for the desired compound. The three strong bands at 2962 cm-1, 2905 cm-1 and                      

2862 cm-1 are typical of methyl and methylene ν C–H vibrations, which would not be 

expected for the desired product but could be indicative of the presence of the mono-

anionic derivative of H2C(Ph2PS)2 or of the toluene or the ether used in the preparation 

of this product. The bands at 728 cm-1 (medium), 705 cm-1 (shoulder) and 695 cm-1 

(strong), along with the band at 1416 cm-1 were all indicative of P–Ph bands typical of 

H2C(Ph2PS)2 and its derivatives, thus indicating the presence of the ligand or one of its 

derivatives in the product. These could be analogous to the bands in the spectra of the 

ligand at 735 cm-1, 708 cm-1, 688 cm-1 and 1433 cm-1 respectively.  

 

Figure 4.44: IR spectrum of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a_2  (black), H2C(Ph2PS)2 

P21/c polymorph (orange) and H2C(Ph2PS)2 C2/c polymorph (blue). 

 

A unique band at 1732 cm-1, observed in the spectrum of 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a_2, was not typical of any of the expected 

products or any of the reagents used. Strong bands in this region are typically due to the 

ν C=O vibrations of aldehydes, ketones and esters. However, no such compound was 

expected to form in the reactions used in the preparation of this complex. Therefore, this 

band was of interest because it could possibly indicate the formation of some by-product 

through an unknown route. The bands at 625 cm-1 and 607 cm-1, which fell in the region 

< 650 cm-1 wherein most of the protonated ligand bands assigned to the ν P=S vibrations 
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are located, were observed in the spectrum of 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a_2. These bands could be assigned to these 

vibrations, although they were not directly analogous to the bands in this region observed 

in the spectra of the H2C(Ph2PS)2 P21/c and C2/c polymorphs. The lack of complete 

agreement of the bands in this range with those in the IR spectra of both polymorphs 

could possibly indicate the presence of another novel species containing ν P=S vibration 

bands. The bands in the spectra of the H2C(Ph2PS)2 ligands at 783 cm-1 and 772 cm-1 

were lost in the spectrum of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a_2 and since these 

bands were assigned to ν P–CH2–P and ν P=S vibrations respectively this loss could 

indicate deprotonation and complexation. Another band was observed in the spectrum of 

the product at 868 cm-1 and this was possibly unique to 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a_2. This could possibly indicate the presence 

of νas P–CH-–P or νs P–CH-–P for a mono-anionic H2C(Ph2PS)2 derivative. 

In these four attemtps a number of solids were collected from work up of the 

resultant filtrates obtained on removal of the initial solids 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1a, _2a, _3a and _4a (see Table 4.11). The solids 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b and _4b were obtained from the initial 

filtrate, the former by concentration and drowning out using diethyl ether and the latter 

through precipitation on standing for a week. In the case of the first and third reactions 

numerous solids were obtained throughout the respective work up procedures as 

described hereunder on discussion of the respective IR spectra.   

The yellow paste [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1b, produced after 

layering the first filtrate obtained during the first attempt with THF followed by the 

removal of volatiles, was analysed by IR spectroscopy and gave the spectrum shown in 

Figure 4.45 (for the region 1800 cm-1 to 400 cm-1). The spectra for H2C(Ph2PS)2_1 and 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1a are also shown in Figure 4.45. On comparison 

of these three spectra it was observed that most of the bands in the spectrum of 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1b were analogous to the bands of the other two 

spectra. The main differences were observed in the bands at 1458 cm-1 (strong),               

1377  cm-1 (strong), 1292 cm-1 (weak), 1236 cm-1 (weak), 1186 cm-1 (medium),                     

1042 cm-1 (very strong), 914 cm-1 (very strong), 890 cm-1 (very strong), 645 cm-1 

(medium) and 597 cm-1 (shoulder). The first two bands are typical of many δ C–H 

vibrations, although these were not analogous to the bands typical of the protonated 

ligand. These could therefore indicate the possible presence of a large amount of another 
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molecule containing these vibrations, such as toluene, diethyl ether and THF, which were 

all used in the reactions and work up procedures. The bands at 645 cm-1 and 597 cm-1 

could be due to novel ν P=S vibrations. However, these do not indicate deprotonation, as 

the formation of the decreased bond order species, P+–S-, should give rise to a decrease 

in wavenumber, which was not observed in this case.  

 

 

Figure 4.45: IR spectra of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1b (blue) and H2C(Ph2PS)2_1 

(orange) and [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1a (green), in the region 1800 cm-1 to 400 cm-1. 

 

The remaining bands were novel to this product and have been tentatively 

assigned to the ν P–C–P vibrations for either the mono-anion or di-anion derivatives of 

H2C(Ph2PS)2. The bands at 1292 cm-1, 1236 cm-1 and 1186 cm-1 fell in the range typical 

for the ν P=C vibrations for P=C containing organic molecules.99,348 For the desired 

product bands in this region are expected, given that the P–C bond length in the complex 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3) falls in the same range of bond lengths for simple 

symmetric P=C containing organic molecules and other phosphorus(V) stabilised 

lanthanide carbenes,323–331 as discussed in Section 4.1.3.1.1. However, it should be noted 

that for lanthanide carbenes of the [C(Ph2PNR)2]
2- analogues significant bands in this 

region were not reported in literature, which could be due to symmetric restraints on the 

bent P=C=P moiety. 

The strong bands at 1042 cm1, 914 cm-1 and 890 cm-1 could also be indicative of 

the presence of ν P–C–P vibrations for the mono-anionic ligand, since these were located 

in a region between the expected regions for bands assigned to ν P=C and ν P–CH2–P 

vibrations.99,348 This however is not in line with data for bond lengths. For mono-anionic 

derivative salts, [HC(Ph2PS)2]
-, the P–C bond lengths are in the range of                                  

1.712–1.718 Å,108,303 which falls in the range for other mono-anions as discussed in 
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Section 4.1.3.1.1. These bond lengths also lie in the ranges typical of the P–C bond 

lengths for simple symmetric P=C containing organic molecules which as described 

above would indicate a higher wavenumber value for the ν P–CH-–P vibrational modes 

than the wavenumbers of the three bands assigned in the current study.  

On dissolution of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1b in toluene and 

precipitation by n-hexane the solid [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1c was 

obtained. This solid gave a weak IR spectrum as given in Appendix 9 along with IR 

spectra of the starting reagents. This IR data clearly indicated that the major component 

of the solid was H2C(Ph2PS)2 indicating possible moisture induced decomposition of 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1b.  

The product precipitated from the initial filtrate for the reaction 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2, namely 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b, was analysed by IR spectroscopy using a 

sample prepared in a nitogen glove box in KBr. A detail in the range of 1600 cm-1 and 

400 cm-1 of the spectrum obtained is given in Appendix 9, together with the spectra of 

the two polymorphs of H2C(Ph2PS)2 (in KBr) and the spectrum of SmI3.THF3.5_2 (in 

nujol). Two broad strong bands at 3433 cm-1 and 1616 cm-1 were observed in the spectrum 

of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b. These bands could be assigned to the          

ν O–H and δ O–H vibrations of water included in the solid, either as a coordinated hydrate 

or as a solvate. These therefore indicated the presence of moisture in the sample. As with 

the solid [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_2, a cursory look at the fingerprint 

region of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b indicated that the major component 

of the solid was the neutral ligand precursor used in the reaction. No other bands were 

observed which could indicate the presence of other chemical species in the solid. The 

presence of the neutral ligand precursor for both 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_2 and _2b indicated that the reaction did not 

yield the desired de-protonation or complexation.  

For the third reaction as described in Section 3.3.1.3.3.5 the filtrate left after the 

removal of the solid [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3a, again produced a 

suspension which on filtration yielded the solid 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_1. After a week a small crop of crystals 

precipitated from the resultant filtrate and this was collected and labelled as 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_2. The IR spectrum of the solid 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_1 was found to be similar to that of the initial 
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product [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3a and of the H2C(Ph2PS)2 C2/c 

polymorph, as given in Appendix 9. However, the IR spectrum of 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_1 also showed an increased moisture 

intrusion as compared to that of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3a. 

A detail of the IR spectrum of the crystalline solid precipitated from the final 

filtrate of this third attempt, namely [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_2, 

obtained in nujol, is given in Figure 4.46. Weak bands were observed at 1170 cm-1,      

1152 cm-1, 1084 cm-1, 1017 cm-1, 935 cm-1, 917 cm-1, 890 cm-1, 845 cm-1, 799 cm-1 and 

770 cm-1. No bands typical of moisture were observed (range not shown in Figure 4.46) 

indicating that this solid was dry, which was a positive result. Given that these bands fell 

in the fingerprint region any number and types of molecular vibrations could be 

responsible for them and therefore assignment could only be given on the moieties 

assumed to be present.  

 

Figure 4.46: IR spectra of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_2 (blue), H2C(Ph2PS)2_C2/c 

polymorph (orange) and H2C(Ph2PS)2_P21/c polymorph (green) and  SmI3.THF3.5_2 (black), in the 

region 1600 cm-1 to 400 cm-1 . 

 

Although the bands at 1152 cm-1 and 1084 cm-1 could be analogous to skeletal 

bands for the H2C(Ph2PS)2 ligand in this region, no other bands typical of this molecule 

and its derivatives, especially those typical of the P–Ph groups, were observed in the 

spectrum of the product. The bands at 1017 cm-1 and 890 cm-1 could be tentatively 

assigned to coordinated THF, although the latter could also be attributed to free THF 

along with the bands at 1170 cm-1 and 1084 cm-1 which could be analogous to the free 

THF bands at 1185 cm-1 and 1070 cm-1 respectively. It should be observed that, as shown 

in Figure 4.46, although THF was possibly present in the solid this was not the same 

species as that present in the SmI3·THF3.5 salt, as the bands of coordinated THF in this 
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iodide did not agree with the data obtained in the spectrum of the product 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_2. The other bands listed beforehand could 

not be assigned with any certainty. Therefore, it was likely that the solid obtained was 

some type of THF containing solid which was highly soluble in toluene but did not seem 

to contain the H2C(Ph2PS)2 ligand or any of its derivatives. This could indicate that the 

product [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_2 could be a complex of Sm3+, 

particularly containing THF, rather than a mixture of some of the starting reagents used. 

Unfortunately the negligible amount of solid obtained from the first filtrate for 

the fourth attempt of this reaction, namely [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4b, 

meant that the IR spectrum of this solid could not be obtained. 

 

4.1.3.3.2. Analysis by 1H NMR spectroscopy 

 

Only three samples from the attempts undertaken in this section were studied 

using 1H NMR spectroscopy, namely [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a, 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b and 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_2. The former two products were selected 

given that they represented two products from the initial solid and filtrate obtained in the 

same reaction. The 1H NMR spectrum of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_2 

was undertaken due to its unique IR spectrum, possibly indicating the desired 

complexation product, and since it was clearly crystalline in nature. For the former two 

products samples were prepared using deuterated chloroform (CDCl3), while the latter 

sample was prepared in  benzene-d6. CDCl3 was dried over P2O5 as a drying agent as 

described for chlorinated solvents in Appendix 2, while benzene-d6 was dried over a 

sodium/benzophenone mixture as described in the aforementioned appendix. The 

mixtures were refluxed under argon overnight and collection was undertaken by 

application of a vacuum through a collection Schlenk tube set in a liquid nitrogen bath. 

Normal distillation was typically found to be less reliable for the collection of such small 

amounts of solvents. The spectra of these three compounds were initially compared with 

the 1H NMR spectra of H2C(Ph2PS)2 in CDCl3 and in benzene-d6. 

The 1H NMR spectra for the samples dissolved in CDCl3, namely 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a and _2b, are given in Appendix 9, together 

with the spectrum for H2C(Ph2PS)2 in CDCl3. In both the product spectra the same peaks 
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were observed. Three multiplets were observed at 7.82 ppm, 7.42 ppm and 7.34 ppm 

along with a triplet at 3.98 ppm (J = 13.45 Hz). These were in close agreement, in terms 

of both chemical shift and multiplicity, to the respective peaks observed for the 

H2C(Ph2PS)2 spectrum in CDCl3. The multiplets were assigned to the phenyl protons,        

o-H, p-H and m-H respectively while the triplet was assigned to the methylene protons, 

as  described in Section 4.1.1.3.2. It was therefore inferred that all these spectra indicated 

the presence of H2C(Ph2PS)2. The triplet at 3.98 ppm in the spectra of the products clearly 

showed the presence of the fully protonated species, while the lack of broadening and 

shifts for all peaks clearly indicated the lack of complexation. This was in agreement with 

the IR data obtained for the product [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a and _2b, 

both of which indicated the presence of the free ligand. The hydrated species expected in 

the solid [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b was only observed in the NMR 

spectrum as a free water peak at 1.56 ppm with a higher relative intensity than the weak 

band observed in the spectrum of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a. This could 

indicate that the major component of this product was either an inorganic hydrate or a 

hydrate of the neutral ligand. The presence of moisture in each sample could indicate the 

possible decomposition of the product on preparation of the 1H NMR sample.  

In each case a secondary group of peaks were observed in the spectra of both 

products, namely a quartet at 3.48 ppm and a triplet at 1.21 ppm with an integration values 

ratio of approximately 1:2. The chemical shifts were in agreement with literature values 

for diethyl ether as an impurity in CDCl3,
361 although the integration values ratio for this 

impurity is expected to be 1:1.5 rather than 1:2. The two peaks could be indicative of the 

presence of large amounts of diethyl ether, although diethyl ether was not observed in the 

IR spectra of these two products. In both cases the integration of these values was 

independent of the values for the proton peaks of the H2C(Ph2PS)2, indicating that the 

amount of ether was not fixed to the amount of H2C(Ph2PS)2. This ether could be due to 

the MeLi reagent or for the latter product it could be due to the diethyl ether used in the 

precipitation procedure.  

As given in Appendix 9 three peaks were observed in the 1H NMR spectrum of 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_2, namely the two multiplets at 7.89 ppm and 

6.92 ppm and the triplet at 3.84 ppm. All these peaks were in complete agreement with 

the spectrum of H2C(Ph2PS)2 in benzene-d6. This agreement was also observed for the 

coupling constant of the peak at 3.84 ppm which was of 13.55 Hz, further indicating that 

the component present in the 1H NMR sample for 



206 

 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_2 was H2C(Ph2PS)2. This was not in 

agreement with the information obtained from the IR data for the product.  However, it 

should be noted that the IR spectrum gave very weak bands and therefore the bands for 

this ligand might have been too weak to give significant information regarding the 

presence of this ligand. This free protonated ligand could be due to the presence of a 

novel crystalline form of the fully protonated ligand in the product or to the 

decomposition of the deprotonated derivative on preparation of the 1H NMR sample.  

 

4.1.3.3.3. Analysis by Microscopy  

 

The solids obtained from the reactions undertaken to synthesise the complex 

[Sm2(C(Ph2PS)2)2I2THF4] were analysed using plane polarised light microscopy, in order 

to observe crystallinity and to observe any habits for the products obtained. In those cases 

where the characterisation of the product was established through IR and 1H NMR 

spectroscopy analysis using this technique was not undertaken.  

In all the reactions the first product deposited was expected to be the LiI side 

product. However, IR data indicated that in all cases this product contained H2C(Ph2PS)2, 

which was most likely mixed with some salts which were not noticeable in the IR data 

given the detection range used in the current study. Micrographs representing these 

products are given for [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a and 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3a in Figures 4.47 and 4.48 respectively. In both 

cases powders were observed with little extinction of plane polarised light.  

 

 

Figure 4.47: Micrograph of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a. 
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Figure 4.48: Micrograph of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3a. 

 

However, it was also observed that in both cases the products showed plane 

polarised light extinction dependent on the thickness of the solid particles, possibly 

indicating crystallinity. This possibly crystalline powder was typical for all products 

which were assumed to be a mixture of H2C(Ph2PS)2 and a number of unknown salts. 

In the second and fourth attempts undertaken, the first product obtained was 

subjected to reactions and extraction techniques to try to extract the expected product. 

The products obtained namely [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_2 and 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a_2 both appeared to be gelatinous solids to the 

naked eye. Micrographs for both these products, as given in Figures 4.49 and 4.50 

respectively, showed that these masses contained crystalline particles. For the former the 

solid obtained seemed to be made up of multi-crystalline particles embedded in a thin 

film of an amorphous solid or a very viscous liquid. For the latter product small crystalline 

particles were observed to be embedded in a gelatinous mass.  

 

 

Figure 4.49: Micrograph of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_2 
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Figure 4.50: Micrograph of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a_2 

 

A number of solids obtained from the precipitation extracted from the first filtrate 

of the reactions and which were expected to contain the desired product were also 

analysed by microscopy. These were the products 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1b, _2b, _3b_1, _3b_2 and _4b. 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_1 and _3b_2 are discussed separately below 

due to significantly different results obtained when compared to the other solids. For the 

products [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1b and 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b the micrographs obtained under plane 

polarised light are given in Figures 4.51 and 4.52 respectively. In both cases the solid 

obtained was observed to be a pale yellow paste similar to the solid 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_2, which was discussed earlier. In both cases 

crystallinity could not be concluded decisively, however the presence of small crystallites 

would indicate that the product [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b was more 

likely to be crystalline. It should be noted that both compounds could not be dismissed 

as being amorphous, given that plane polarised light extinction was not dependent on 

particle thickness. The micrograph in Figure 4.53 for the solid 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4b showed similar properties to those described 

for [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b, although the solid was obtained in flakes 

which showed a lack of crystal habit and could be either amorphous or composed of multi 

crystalline solid particles.  
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Figure 4.51: Micrograph of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1b. 

 

 

Figure 4.52: Micrograph of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b. 

 

 

Figure 4.53: Micrograph of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4b. 
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Unlike the other solids precipitated from the original filtrates and discussed 

above, the solid [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_1 was found to be a white 

powder where crystallinity was not clear, as can be observed in Figure 4.54. The 

crystallinity could be indicated by the change in plane polarised light extinction related 

to the thickness of solid particles. This would corroborate the presence of the 

H2C(Ph2PS)2 P21/c polymorph in this product as was inferred by the IR spectrum of this 

product.  

 

Figure 4.54: Micrograph of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_1. 

 

A small crop of crystals was observed for the product 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_2. The micrograph of this product is 

presented in Figure 4.55, along with a micrograph of the crystals of the H2C(Ph2PS)2_1 

ligand which showed some similarities in habit. H2C(Ph2PS)2_1 was believed to be the 

P21/c polymorph. The 1H NMR data for the product 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_2 had indicated that the H2C(Ph2PS)2 was 

present in this product. Therefore, the 1H NMR data and the habit observed using 

microscopy were in agreement. 

 

 

Figure 4.55: Micrographs for [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_2 and H2C(Ph2PS)2_1 



211 

 

Finally the solid [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1 which was the 

solid obtained on filtration which yielded the filtrate precipitating the product 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_2 was also analysed by microscopy. The 

micrograph of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1 is given in Figure 4.56. It 

was observed that the powder was possibly crystalline since it showed plane polarised 

light extinction dependent on the thickness of the solid particles. The orange colouration 

observed previously in Section 3.3.1.3.3.4 is also clearly visible in Figure 4.56. 

 

 

Figure 4.56: Micrograph for [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1. 

 

4.1.3.3.4. Analysis by Powder X-ray diffraction 

 

PXRD samples were prepared and sealed in 0.5 mm capillaries under dry nitrogen 

in a glove box. The determination of which products were likely candidates for PXRD 

studies was based primarily on the IR data and physical properties of the products. The 

solids which were observed as being mainly comprised of the H2C(Ph2PS)2 ligand were 

not characterised using this method, as this compound was already studied and in all 

probability the solids were a mixture containing numerous other compounds and any 

novel compounds would be problematic to structurally characterise from such PXRD 

data. Two samples were prepared for the products 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1 and  _2b. Other products obtained in the 

attempts at producing  [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3) which were of further 

interest were not analysed by PXRD mainly due to either a lack of sample or the fact that 

their physical characteristics impeded sample preparation. 
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For both [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1 and 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b PXRD data was collected using Mo-Kα1 

radiation, with a Debye-Scherrer geometry, at room temperature. The PXRD pattern of 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1 is given in Appendix 9. This PXRD pattern 

showed that the solid was amorphous and no evidence of a crystalline phase was 

observed. The IR data for this solid, as discussed in Section 4.1.3.3.1., indicated the 

presence of a heavily hydrated species which lacked bands typical of [C(Ph2PS)2]
2- 

species or its derivatives. This indicated that the solid was likely an inorganic species, 

such as the expected LiI, possibly containing THF. The presence of moisture in the solid 

could have caused the formation of an amorphous solid as the intrusion of moisture might 

not yield hydrates of a single stoichiometry. The presence of various hydrates in a single 

solid are less likely to give a crystalline product than a singular anhydrous or single 

hydrate compound, thus forming an amorphous solid. This was supported by the broad 

nature of the IR bands of the solid which were assigned to the ν O–H and δ O–H 

vibrations. The strong orange colour of the solid indicated the possible presence of Sm3+ 

but both the IR and PXRD data did not provide support for this presence.  

Initial inspection of the PXRD pattern of 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b on the other hand indicated the possible 

presence of two crystalline phases, as given in Figure 4.57. The first phase, most likely 

comprised of the peaks observed in the orange range in Figure 4.57, was probably a high 

symmetry crystalline structure denoted by the presence of a few strong sharp peaks with 

large d-spacing differences between them. The second phase, most likely comprised of 

the peaks observed in the green range in Figure 4.57, was a minor phase noted as having 

multiple overlapping peaks or peaks with small d-spacing differences between each other, 

indicating the presence of a lower symmetry crystalline phase. 
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Figure 4.57: PXRD pattern of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b  with the range containing 

peaks most likely due to the major high symmetry phase noted in orange, while the range containing 

peaks most likely due to the minor lower symmetry phase noted in green. 

 

Given that the salt metathesis reaction used in preparation of 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3) produces LiI, as discussed prior, the PXRD 

pattern of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b was compared with PXRD data for 

various LiI containing species. Figure 4.58 shows that the major phase described for the 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b PXRD pattern proved to be analogous to the 

PXRD pattern of LiI·H2O.362 The PXRD pattern of LiI·H2O (Pm-3m) was calculated 

from published data, using Mercury software.297,362  

 

 

 

Figure 4.58: PXRD pattern of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b (blue) and the calculated 

PXRD pattern of LiI·H2O (orange). 
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The formation of LiI as a major phase of 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b indicated that a salt metathesis reaction did 

occur and therefore proved the occurrence of some reaction between SmI3·THF3.5 and 

Li2C(Ph2PS)2. The formation of the monohydrate of LiI corroborated the possibility of 

moisture intrusion either during the reaction or through one of the reagents. Moisture 

intrusion was observed in the IR spectra of both 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1, as discussed prior, and of 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b. Therefore, it was inferred that this intrusion 

occurred early in the reaction and that in the initial precipitate 

([Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1) the solid formed was amorphous most 

likely due to the quick precipitation of the solid due to the presence of moisture. The LiI 

salt in the second solid ([Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b) precipitated out of 

the initial filtrate over a period of time and therefore the monohydrate was more likely to 

crystallise out rather than form an amorphous solid as noted for the first solid discussed. 

  The IR data for [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b, as described in 

Section 4.1.3.3.1., also indicated the presence of free neutral ligand H2C(Ph2PS)2, which 

was not the case for the data for [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1. Therefore 

it was expected that a PXRD pattern indicating the presence of this species in the solid 

would be observed in the PXRD pattern of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b 

but not in that of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1.  

Therefore the second phase containing the remaining peaks observed in the PXRD 

pattern of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b and which were not assigned to the 

LiI·H2O PXRD pattern, as given in Figure 4.58, could be due to H2C(Ph2PS)2. 

Comparison of this PXRD pattern with the PXRD patterns of the two known polymoprhs 

of the neutral ligand indicated that the second phase was neither of these species. 

Comparison of this second phase with calculated PXRD patterns of the desired product,8 

other samarium complexes of [C(Ph2PS)2]
2- species and its derivatives and other lithium 

salts of these ligand species, all of which could have been formed as by-products of the 

reaction or of other possible reactions, yielded no similarities with the experimental 

PXRD pattern.8,30,35,108,112 This therefore indicated that the second phase was due to a 

novel species, likely containing a [C(Ph2PS)2]
2- species or its derivatives, including the 

neutral ligand. Work on indexing an unit cell determination of this solid is ongoing. 
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4.1.3.3.5. Conclusion. 

  

For a number of the solids obtained from the reactions undergone in the attempts 

to synthesise the lanthanide carbene complex [Sm2(C(Ph2PS)2)2I2THF4], the major 

component remained the free protonated ligand, H2C(Ph2PS)2, as inferred from both IR 

and 1H NMR data. Comparison of the IR data obtained for these products to the data 

obtained and discussed in Section 4.1.1.3.1 on the polymorphs of this ligand indicated 

that both the P21/c and C2/c polymorphs of this ligand were observed to form on various 

occasions. This was especially true for the solids which were expected to be the LiI salt. 

Other solids, especially those precipitated from the final filtrate and which were expected 

to contain the desired product, gave IR spectra which indicated the presence of solids of 

an unknown composition, with only a few bands indicating the presence of the 

H2C(Ph2PS)2 ligand or its derivatives. The IR spectra of 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1b and _4a_2 showed bands which could have 

indicated the presence of the mono and di-anionic derivatives of H2C(Ph2PS)2, thus 

indicating complexation. 

The 1H NMR data indicated the presence of free fully protonated H2C(Ph2PS)2 in 

the samples analysed by this technique. Therefore, the use of 1H NMR was found to be 

problematic as it gave conflicting results with some of the respective IR data. This 

difference could be due to the re-protonation of the solids during sample preparation due 

to insufficiently dried deuterated solvents. The presence of coordinated Sm3+ in terms of 

peak broadening and shifts was also not observed in the samples studied. 

Plane polarised microscopy indicated that many of the first products obtained 

from each synthesis attempt were possibly crystalline. In a number of cases this first 

product was subjected to reactions and extraction techniques to try to extract the expected 

product. The resultant products were typically pastes or gelatinous solids which clearly 

contained crystalline solids. Pastes which were possibly crystalline were also yielded 

from the precipitates obtained from the filtration of the original reaction mixture and 

obtained through layering. An exception was observed for reaction 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3 which yielded a product that was clearly 

crystalline, namely [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_2. However, this was 

identified in large parts to be the H2C(Ph2PS)2 ligand, as inferred through analysis by 1H 

NMR and by inspection of the crystalline habit.  
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The PXRD data collected for the solids 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1 and 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b indicated that most likely both contained the 

LiI side product of the salt metathesis. In the case of the former this salt was obtained in 

an amorphous solid which may have also contained other inorganic species such as Sm3+ 

and which was significantly hydrated. In the case of 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b, which was obtained on precipitation of the 

initial filtration of the reaction mixture, crystalline LiI·H2O was obtained along with at 

least one minor phase which seems to have been a lower symmetry crystalline phase. The 

presence of a hydrate of LiI also indicated that some moisture intrusion occurred either 

through the reaction or reagents. The novel second phase observed could be related to the 

presence of H2C(Ph2PS)2 (as described by IR data) or an [C(Ph2PS)2]
2- species or 

derivative. The presence of a derivative of this ligand was expected in this product given 

that the desired product is known to crystallise in the conditions in which this solid was 

obtained.  

Overall the synthesis of the desired compound was found to be very difficult and 

its succesfull synthesis could not be proved from the IR, 1H NMR and PXRD data 

obtained. This difficulty was most likely due to the intrusion of moisture or oxygen. This 

intrusion was observed for other compounds but not to the extent observed for this 

reaction. 

 

 Summary 

 

This section addressed the characterisation of the products obtained from the 

attempts at synthesising lanthanide carbenes as described in Section 3.3.1.3. For each 

lanthanide carbene complex various attempts were undertaken either because the first 

product did not show the expected characteristics or to increase yield. All the carbene 

complexes were difficult to synthesise and characterise. For the products 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1, _3 and _4 the possible formation of mono-anion 

derivatives was clear due to the presence of bands at > 1110 cm-1 but at a lower range 

then for the neutral ligand ν P=N band at 1273 cm-1. 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1 indicated the possible presence of residual 

[Sm(NCy2)3THF]·C6H5CH3. The IR spectra of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 
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and _4 showed certain similarities. [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 gave better 

quality data and showed that the mono-anionic species was the prevalent component. 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2 had a significantly different IR spectrum than 

the other two products and this was determined to be composed of the neutral ligand 

decomposition product Ph2P(O)NH2, by both IR and SXRD. PXRD analysis for 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 also showed the presence of decomposition 

products as minor components. For the two products obtained from separate reactions for 

the preparation of [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF,  dissimilar spectra were 

obtained with the spectrum of the product from the second reaction indicating a greater 

presence of the mono-anion as compared to the first product. Since both mono-anion and 

dianion were expected in the product the differences in the IR spectra of both anion 

species could not be used to conclusively characterise the desired compound. The 

differences in IR spectra of these two products _1 and _2 could however be due to the 

use of the [H2C(Ph2PNH(iPr))2]Br2_1 and K(HC(Ph2PNiPr)2)_2 as starting reagents 

respectively. Although all carbene complexes were difficult to synthesise and 

characterise the complex [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3) proved the most 

difficult to synthesise. Numerous species were obtained during the synthesis attempts of 

this compound and both IR and 1H NMR data did not yield positive results in the 

characterisation of this compound. The products 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1b and _4a_2 seemed to show IR spectra which 

most clearly indicated the possibility of the formation of the mono-anionic or dianionic 

derivatives although this data did not conclusively indicate the formation of the desired 

compound.  
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4.2. Lanthanide non-carbene di-λ5σ4-phosphorane complexes  

 

4.2.1. Ligands and ligand precursors 

 

 Characterisation of HN(Ph2PO)2 

 

In an attempt to synthesise HN(Ph2PO)2, as described in Section 3.3.2.1.1, a single 

product was obtained, namely HN(Ph2PO)2_1. This solid was obtained as a white 

crystalline solid and was characterised using IR and 1H NMR spectroscopy and PXRD. 

The yield for HN(Ph2PO)2_1 was of 82 %. 

 

4.2.1.1.1. Analysis by Infra-red spectroscopy 

 

The IR spectrum of HN(Ph2PO)2_1 was collected using KBr pellet samples. 

These were compared to the spectrum of the starting reagent N,N-

bis(diphenylphosphino)amine, (HN(Ph2P)2), as shown in Figure 4.59. 

 

Figure 4.59: IR spectra of the starting reagent HN(Ph2P)2 (blue) and the product HN(Ph2PO)2 

(orange). 

 

IR spectroscopy indicated that the reaction was successful in the modification of 

the initial amine, as is clearly visible in Figure 4.59. The first noticeable features in the 

spectrum of the product were the bands at 3104 and 1645 cm-1. These indicated the 

presence of ν O–H and δ O–H vibrations implying the presence of water. This water 

seems to be present in the sample, however it may not be water of crystallisation. This is 

inferred because of the broad nature of the bands, which is indicative of various modes 

of hydrogen bonding restricted vibrations.  
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 A group of bands which were of interest in the IR spectrum of the oxide 

derivative were those of medium and weak intensities and observed at 1437 cm-1,                  

754 cm-1, 742 cm-1, 740 cm-1 and 689 cm-1. All these bands were believed to be due to 

numerous phosphorus to phenyl ring (P–Ph) vibrations and were clearly analogous to the 

HN(Ph2P)2 bands at 1431 cm-1, 750 cm-1, 738 cm-1, 697 cm-1 and 691 cm-1. These bands 

are typical for all phenyl phosphine derivatives. The presence of these bands in the 

product was indicative of the retention of the phenyl phosphine groups as they were part 

of the backbone structure common to both the starting reagent and the product.  

Another two groups of bands observed in both the IR spectrum of the product and 

that of the starting reagent were of interest, as these also indicated that the skeletal 

structure was common for both compounds in question and thus confirmed that this 

structure was maintained in the product. For the IR spectrum of the product the first of 

these groups of bands were the cluster of bands at 939 cm-1, 928 cm-1 and 923 cm-1, while 

the second group dealt with bands in the range 800–500 cm-1 namely the bands at                  

784 cm-1, 649 cm-1, 638 cm-1, 625 cm-1 and 575 cm-1. These groups have not been 

identified as pertaining to P–Ph vibrations as described prior. The cluster of bands at            

939 cm-1, 928 cm-1 and 923 cm-1 were believed to be analogous to the bands at 905 and 

896 cm-1 for the starting reagent and the bands for both spectra were in the range expected 

for the asymmetric stretching vibration of the central P–NH–P (νas P–NH–P) skeletal 

moiety.  The bands described in the range 800–500 cm-1 were considered to be due to the 

symmetric vibration νs P–NH–P and were believed to be analogous to the bands at                  

794 cm-1, 600 cm-1 and 521 cm-1 present in the IR spectrum of HN(Ph2P)2. The                          

~ 30 cm-1 shift to higher wavenumber values in the bands assigned to the νas P–NH–P was 

indicative of an increase in vibration stiffness of the P–N bond, typically due to increased 

bond order. However, it should be noted that ν P=N vibrations typically fall in the range 

1425 to 1125 cm-1. Therefore, the bond order can be tentatively described as < 2. The 

numerous bands in the region 800–500 cm-1 could not be analysed in greater detail and 

therefore little structural information could be gathered from this region.  

Finally, the most relevant bands in the spectrum of the product, with regards to 

the current discussion, were the shoulder at 1180 cm-1 and the very strong bands at          

1148 cm-1, 1110 cm-1 and 1089 cm-1. These fall in the very low range of the region typical 

for the ν P=O vibrations, indicating the formation of the expected P=O bonds in the 

product. The low wavenumber values were interesting in that they indicated some 

diminished bond order. This could be complementary to the possible increased bond 
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order of the skeletal P–N bonds. Both orthophosphates and metaphosphates absorb in this 

region which typically contain P–O bonds of bond order 1 to 2, again indicating a 

decreased bond order in the  P–O bond in the product.348  

The assignment of the weak bands at 1325 cm-1 and 1309 cm-1 is more difficult 

since these fell in the middle range typical of the ν P=O and the ν P=N vibrations. All 

these band assignments are given in Figure 4.60 for clarity. 

 

 

Figure 4.60: Assignment of bands in the IR spectrum of  HN(Ph2PO)2_1, as described for the 

proposed amine tautomer and for the spectrum of the starting reagent. 

 

IR spectral data for HN(Ph2PO)2 has been published previously by Gilson and 

Sisler, wherein the bands at 1330 cm-1, 1310 cm-1, 1190 cm-1, 1120 cm-1, 1110 cm-1 and 

935 cm-1 were described.363 However, details regarding the intensities of these bands 

were not published. The bands at 1330 cm-1, 1310 cm-1 and 935 cm-1 seem to be closely 

analogous to the bands at 1325 cm-1 and 1309 cm-1 obtained in this study, together with 

the cluster of bands around 928 cm-1. The bands at 1120 cm-1 and 1110 cm-1 fall in the 

same range as the strong bands around 1148 cm-1, 1110 cm-1 and 1089 cm-1 of the current 

study, while the published band at 1190 cm-1 could only be related to the shoulder at  

1180 cm-1. In the publication by Gilson and Sisler the only band discussed in detail is the 

band at 935 cm-1 which is described, as in the current discussion, to be indicative of the               

νas P–NH–P vibration.  
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The IR spectrum obtained in the current study can also be interpreted in the light 

of the structure previously published by Nöth in 1982, and given in Figure 4.61.236  
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Figure 4.61: Molecular diagram of tautomer structure for HN(Ph2PO)2 published by Nöth 

in 1982. 

 

 Taking this structure into consideration different band assignments could be 

given to the IR data obtained in the current study. The band at 3104 cm-1, given in Figure 

4.59, could be either due to the expected ν O–H vibration or due to an overlap of these 

expected vibrations with ν O–H vibrations arising from moisture intrusion. The bands at 

1437 cm-1, 754 cm-1, 742 cm-1, 740 cm-1 and 689 cm-1 could still be assigned to P–Ph 

vibrations. The assignment of the bands at 1325 cm-1 and 1309 cm-1 remained problematic 

because of the fact that they could be attributed to both ν P=O and the ν P=N vibrations 

and also because of their weak intensities. The major differences between the two 

tautomers arose in the assignment of the bands at 1180 cm-1, 1148 cm-1, 1110 cm-1,       

1089 cm-1, the cluster at around 928 cm-1, and the bands in the range 800–500 cm-1 which 

were not assigned to P–Ph vibrations. A tentative assignment could be attempted to fit 

the IR data with the published structure.  

As discussed previously, the bands in the range 1180–1080 cm-1 could be 

attributed to either ν P=O or ν P=N vibrations. In this region it is also possible to assign 

bands to higher bond order ν P+–O- vibrations, typical of orthophosphate and 

metaphosphate ions. The bands clustered around 928 cm-1 were tentatively attributed to 

the bending δ P–O–H, if the P–N bonds are of a higher bonding order, thus putting their 

vibrational modes in the range 1180–1080 cm-1, as described prior. The bands in the range 

800–500 cm-1 and which were not assigned to P–Ph vibrations could not be easily 

assigned to the published structure. These band assignments in the fingerpring region are 

given in Figure 4.62 for clarity.  

 



222 

 

 

Figure 4.62: Assignment of bands in the HN(Ph2PO)2 product, as described for the tautomer 

proposed by Nöth in 1982 and for the spectrum of the starting reagent. 

 

Therefore, the analytical band which could be mainly used to tentatively 

distinguish between the two possible tautomers was the cluster around 928 cm-1. This 

cluster not only occured in the expected range but it also held significant intensity and 

structure similarities to the analogous band in the starting reagent. This indicated that the 

same skeletal structure (P–NH–P) is found in both the reagent and the product and 

therefore a previously uncharacterised structure was obtained rather than the published 

tautomer structure. The bands in the region 1180–1080 cm-1 could be tentatively 

described for both structures of the product and therefore do not allow for a better 

characterisation of the structure.  

 

4.2.1.1.2. Analysis by 1H NMR spectroscopy 

 

The compound was also characterised by 1H NMR Spectroscopy. Previous work 

on this compound published 1H NMR data that only detailed out the presence of aromatic 

proton peaks, namely a multiplet at 7.80-7.65 ppm (8H) and another multiplet at          

7.48-7.27 ppm (12H).32 The 2:3 ratio of the integration values for the two multiplets 

indicate either a meta versus ortho/para or an ortho versus meta/para split. Data regarding 

peaks due to the proton of the P–NH–P or O-–P=N+=P–OH is not given in literature and 

therefore no comparison could be undergone.  

In the current work, the spectrum obtained contained three peaks in the typical 

aromatic ring proton region, namely at 7.83 ppm (8H), 7.41 ppm (4H) and 7.32 ppm (8H), 

as shown in Figure 4.63. The integration values indicated a similar separation of the 

aromatic proton peaks as published prior. The triplet at 7.41 ppm was indicative of the 
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symmetric para protons of the aromatic rings. This was further confirmed by the 

integration value for this triplet. The fact that this peak was obtained as a triplet was 

indicative that the aromatic rings in the compounds have clear reflection symmetry, 

orthogonal to the plane of the aromatic ring running parallel to the para protons. 

Therefore, the doublet of doublets at 7.83 ppm and the multiplet at 7.32 ppm were 

believed to be due to the ortho and meta aromatic protons respectively. The integration 

values substantiated this idea, however they gave no indication as to which peak 

represented which protons. Coupling data for the doublet of doublets at 7.83 ppm 

indicated a proton with two distinct NMR active neighbours. Two coupling constants 

were confirmed for this peak, namely J1 = 7.75 Hz and J2 = 12.67 Hz, as given in Figure 

4.64. The latter of these is typical of the 3JHP constants of the ortho aromatic protons 

vicinal to the phosphorus centers of various di-λ5σ4-phosphorane compounds which are 

analogous to HN(Ph2PO)2.
364,365 These J values indicate  that the ortho aromatic protons 

were the most deshielded which is a typical effect of electron withdrawing groups.  

 

 

Figure 4.63: 1H NMR spectrum of HN(Ph2PO)2_1. 
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Figure 4.64: 1H NMR spectrum of HN(Ph2PO)2_1 showing multiplet structures for the peaks 

believed to be due to the ortho and para protons. 

 

This deshielding of the ortho and para aromatic protons is known for many 

aromatic P(V) derivatives. This occurs since the P(V) centre tends to act as a weak 

inductive electron withdrawing group and a stronger mesomerical electron withdrawing 

group causing deshielding of ortho and para protons on the aromatic rings.366 The 

mesomeric electron withdrawing property in such compounds could be due to either 

C(pπ)–P(dπ) bonding or negative hyperconjugation of the type C(pπ)P(σ*).366 

Therefore, the structure of the deshielding of the aromatic protons in the product was 

indicative of the formation of a P–O bond, however information on the bond order cannot 

be obtained from this data.   

The assignment of the expected amine proton was more problematic. It is known 

that alcohol and amine protons fall in similar ranges in 1H NMR spectroscopy. A number 

of 1H NMR spectra were obtained for the same solid obtained from different trials of the 

same reaction and in one sample only was a singular peak obtained as a singlet at                  

4.39 ppm. This was the only case in which the various 1H NMR spectra gave a peak 

which fell in the expected range and the peak had an integration value which was as 

expected in relation to the values obtained for the aromatic protons. This was also in 

agreement with previously published data.367 The only issue was the singlet nature of the 
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peak, as a triplet was expected in this case,  but this could have been due to the 

quadrupolar nature of the amine nitrogen. The same triplet would have been expected in 

the tautomer containing an alcohol group. Nonetheless the expected N–H or O–H proton 

peak could not be used to determine structural information on the compound in question. 

Minor impurity peaks for water (1.61 ppm), acetone (2.17 ppm) and grease (1.26 ppm) 

were noted in the spectrum. 

 

4.2.1.1.3. Analysis by Melting point determination. 

 

The melting point of the solid obtained was recorded as being in the range 274.1 

- 276.1 °C. This was higher than the melting point provided in literature, which is of  268 

- 269 °C.278,363 The higher melting point of the solid obtained during synthesis could have 

been indicative of a polymorph other than that obtained in literature, with stronger 

intermolecular interactions.  

 

4.2.1.1.4. Analysis by Powder X-ray diffraction 

 

PXRD data for the product HN(Ph2PO)2_1 was collected using Cu-Kα1 radiation. 

The raw data was indexed and Pawley refinement undertaken using DASH 3.4.1. This 

gave a viable unit cell with parameters and relevant statistics given in Table 4.12. 

 
Table 4.12: Cell parameters and statistics for unit cell obtained through indexing and Pawley 

refinement of HN(Ph2PO)2_1. 

Space group P2 

a 17.808(4) Å 

b 6.068(2) Å 

c 11.466(1) Å 

β 119.43° 

V 1079.1 Å3 

Rwp 2.72 

Rexp 1.47 

ꭕ2 3.00 
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Structure solution and refinement were undertaken using TOPAS6.1. Structure 

solution was undergone through simulated annealing. Unit cell parameters for the refined 

structure are given in Table 4.13. The unit cell obtained through structure solution is 

given in Figure 4.65. 

 
Table 4.13: Unit cell parameters for the structure solution of HN(Ph2PO)2_1. 

Space group P2 

a 17.816 Å 

b 6.068 Å 

c 11.471 Å 

β 119.45° 

V 1079.9 Å3 

 

 

Figure 4.65: Completed unit cell for the crystal structure obtained for HN(Ph2PO)2_1. 

  

This compound was characterised through SXRD data by Nöth in 1982.236 In that 

study a different crystalline form was found, containing the tautomer described in Figure 

4.61. Given the formation of different tautomers between the study performed by Nöth 

and the current study, it was evident that the crystal structures would be different. This 

makes the structure identified in this study and labelled as HN(Ph2PO)2_1 the first crystal 

and molecular structure for this tautomer of HN(Ph2PO)2 known to the author. This also 

indicates that the first IR band assignment given previously fully supports this structure. 
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The first evident structural characteristic observed in this structure was the clear 

significant impact of the phenyl groups on packing. Viewing the unit cell along the b 

axis, as shown in Figure 4.65, clearly illustrates that the molecules are significantly 

affected by the intermolecular interactions of these phenyl rings, which appear to be more 

significant than the intermolecular interactions of the O=P–N(H)–P=O moiety. The 

packing structure can be easily described as parallel chains in the direction of the a axis, 

in which the molecules are bound together by two alternating synthons as given in Figure 

4.66. In this figure the first synthon is shown enclosed in green, wherein this important 

synthon is formed through short contact interactions between the amine N–H and the 

phenyl para C–H group. The second synthon is shown enclosed in red, wherein the main 

interactions are short contact interactions between the phenyl para C–H proton and 

geminal ortho and meta phenyl carbons. This could indicate the formation of a C–H---

πPh interaction maintaining this synthon. In the b axis contacts are minimal and occur 

mainly through the P=O---πPh interactions. 

 

Figure 4.66: Packing structure for HN(Ph2PO)2_1 crystals, with major synthons shown in sections 

enclosed in green and red. 

 

Another structural feature of interest is the near eclipsed structure about the 

phosphorus centres obtained for the non-backbone groups. Typically structures of 

compounds having a general formula of HN(R2PY)2 (where Y = O/S/Se) fall qualitatively 

in two distinct categories as regards molecular structure conformations.217–221,236,368–373 

These are described here as staggered and eclipsed conformations, with Newman 

projection diagrams as given in Figure 4.67a and b and structures as shown in Figure 

4.68a and b respectively. Only the structure of HN(iPr2PO)2 deviates from this by forming 

a staggered structure wherein the O atoms are found in gauche conformation rather than 
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the anti-conformation described for the remainder of the staggered conformations 

observed in literature and described here.220 In the case of the structure obtained in this 

study an eclipsed conformation was obtained, similar to that given in Figure 4.68b. 

However, it is the oxygen atoms that are eclipsed rather than the expected phenyl and 

oxygen groups. This eclipsing is given in Figure 4.69. The formation of this structure is 

unknown to the author and suggests that the interactions of the phenyl and amine 

moieties, generally considered weak, seem to have a greater impact in packing in the 

crystal structure obtained in this study. 

 

 

VI VI

R R

R R

X

VI

VI

R

R

R
R

X
OR

a) b)
 

Figure 4.67: Newman Diagrams of a) staggered and b) eclipsed conformations typical of 

HN(R2P(VI))2 (where VI = O/S/Se), green X represents the position of the central nitrogen in the 

structure. 

 

 
Figure 4.68: Example for crystalline structures in a) staggered and b) eclipsed conformations for 

polymorphs of HN(Ph2PSe)2. 

 

 

b 

a 
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Figure 4.69: Eclipsed conformation observed for the molecular structure of HN(Ph2PO)2_1. 

 

4.2.1.1.5. Conclusion 

 

The synthesis of the desired product in HN(R2PO)2_1 was confirmed using IR 

and 1H NMR spectroscopy. The discussion above ensued by comparing results obtained 

from the characterisation of this product to previously published data. This product was 

also characterised using PXRD, which yielded a crystal structure which was not 

previously published. The product was crystallised as an amine tautomer of the 

previously identified alcoholic tautomer, the structure of which was solved through 

SXRD data and previously published. This crystalline product also showed packing 

through two main synthons which was not expected given the presence of P=O and N–H 

groups which are believed to form Hydrogen bonding easily.  

 

 Characterisation of HN(Ph2PS)2 

 

Bis(diphenylthiophosphinoyl)imine, HN(Ph2PS)2, was prepared as described in 

Section 3.3.2.1.2., using a method derived from that published by Wang and co-workers 

in 1978.278 The product obtained was a colourless crystalline solid with a yield of 69%. 
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4.2.1.2.1. Analysis by Infra-red spectroscopy 

 

The product HN(Ph2PS)2_1 was analysed by IR spectroscopy. The IR of the 

product is given in Figure 4.70, along with the spectrum of the starting reagent, 

HN(Ph2P)2. It was noticed that the reagent band at 3225 cm-1, which is assigned to the      

ν N–H vibration in HN(Ph2P)2, was lost in the spectrum of the product. This was 

unexpected, although it was possible that this band might be obscured by the broader 

band at 3030 cm-1 in the spectrum of the product. This broad band was most likely due 

to  ν O–H vibrations of any water present in the sample. However, the expected δ O–H 

vibration band for water at about 1620 cm-1 was not observed. This broad band also 

obscured the bands typical of the aromatic ν C–H vibrations. The major differences 

expected between the IR spectra of the starting reagent and that of the expected product 

should lie in the bands typically assigned to the ν P–N–P and ν P=S vibrations. 

  

 

Figure 4.70: IR spectra of HN(Ph2PS)2_1 (blue) and HN(Ph2P)2 (orange). 

 

A detailed discussion of IR data regarding this compound was published by 

McQuillan and Oxton in 1977 and therefore comparison with this data was undertaken 

as discussed hereunder.374 The experimental bands at 937 cm-1 and 924 cm-1 for the 

product spectrum, as given in Figure 4.71, were clearly assigned to the νas P–N–P 

vibrations and these were shifted form the band due to the same vibrations in the spectrum 

of the HN(Ph2P)2 reagent, at 896 cm-1. This was confirmed in the publication mentioned 

above, with regards to similar bands observed at 935 cm-1 and 922 cm-1 respectively. The 

increase in wavenumber is a trait of shifting from a λ3σ3 to a λ5σ4 phosphorane as 

described in greater detail in Section 4.2.1.1.1, with reference to the IR data of 
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HN(Ph2PO)2_1. A number of bands in the experimental IR spectrum fell in the region 

typical of bands associated with the νs P–N–P, ν P=S and P–Ph vibrations, namely at 

wavenumbers lower than 800 cm-1. The bands falling between 754 cm-1 and 688 cm-1 

were believed to be due to the P–Ph vibrations, as was the case for similar and analogous 

bands in the spectrum of the HN(Ph2P)2 reagent and therefore were not considered in 

detail. 

The remaining bands could not be assigned specifically to either νs P–N–P or ν 

P=S vibrations. However, when compared to the spectra of the analogous H2C(Ph2PS)2 it 

could be speculated that the bands that fall at a wavenumber lower than 660 cm-1 can be 

assigned to ν P=S vibrations. The previously published data indicates that the band at    

785 cm-1 could be assigned to the νs P–N–P vibration while the bands at 648 cm-1 and 

627 cm-1 could be assigned to the ν P=S vibrations. The latter inference is in agreement 

with the observations in Section 4.1.1.3.1 for the analogous H2C(Ph2PS)2. These 

proposed assignments are given in Figure 4.71.
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Figure 4.71: Details of IR spectra of HN(Ph2PS)2_1 (blue) and HN(Ph2P)2 (orange) in the range 1600-400 cm-1 with tentative assignments. 
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4.2.1.2.2. Analysis by 1H NMR spectroscopy 

 

The 1H NMR spectrum obtained for the product HN(Ph2PS)2_1, is given in Figure 

4.72. This spectrum was similar to what was expected and to the spectrum of the product 

HN(Ph2PO)2_1 as described in Figure 4.63 in Section 4.2.1.1.2.  

 

 

Figure 4.72: 1H NMR  spectrum of HN(Ph2PS)2_1 showing the peaks in the aromatic region. 

 

The 1H NMR data in the current work gave the expected three peaks which are 

typically found in the aromatic ring proton region, namely at 7.89 ppm, 7.43 ppm and 

7.34 ppm, with respective integration value data of 1.95:1.00:2.02. This ratio was in line 

with the expected proton ratio of 8:4:8 for the desired compound. Given the integration 

values the triplet at 7.43 ppm was assigned to the para aromatic protons. The coupling 

constant of 7.48 Hz for the same peak supported this assignment with the coupling being 

3JHH between the para and meta protons. The two remaining peaks could be described as 

the ortho and meta proton peaks respectively. The doublet of doublets at 7.89 ppm 

indicated a proton with two distinct NMR active neighbours and this was corroborated 

by the two distinct coupling constants, J1 = 6.94 Hz and J2 = 12.59 Hz.  The latter of these 

was typical of the 3JHP constants of the ortho aromatic protons vicinal to the phosphorus 
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centers of various di-λ5σ4-phosphorane compounds, which are analogous to 

HN(Ph2PS)2.
364,365 This lead to the doublet of triplets at 7.34 ppm being assigned to the 

meta aromatic protons, with coupling constants of  J1 = 3.43 Hz and J2 = 7.59 Hz. 

This deshielding of the ortho and para aromatic protons is known for many 

aromatic P(V) derivatives. This occurs since the P(V) centre tends to act as a weak 

inductive electron withdrawing group and a stronger mesomerical electron withdrawing 

group causing deshielding of ortho and para protons on the aromatic rings.366 The 

mesomeric electron withdrawing property in such compounds may be due to either 

C(pπ)–P(dπ) bonding or negative hyperconjugation of the type C(pπ)P(σ*).366 

Therefore, the structure of the deshielding of the aromatic protons in the product was 

indicative of the formation of a P=S bond, however information on the bond order cannot 

be obtained from this data.   

The assignment of the expected amine proton in the product HN(Ph2PS)2_1 

proved to be problematic, as was the case with HN(Ph2PO)2_1. Two peaks were observed 

in the typical amine proton region, however neither yielded the desired integration values. 

Both were singlets, although they do not show the broadening typical of N–H proton 

peaks effected by the quadrupole of the nitrogen atom.  

 

4.2.1.2.3. Analysis by Powder X-ray diffraction 

 

Given the lack of heavy metal components, Powder X-ray diffraction data for 

HN(Ph2PS)2_1 was collected using a Cu-Kα1 source. The diffraction pattern was 

compared to previously published data obtained from ConQuest,225 for the structure of 

HN(Ph2PS)2 published by Husebye and Maartmann-Moe in 1983.222 This comparison is 

shown in Figure 4.73. The close similarity between the 2θ and intensity values clearly 

indicated that the crystalline product obtained in the current study was the same as that 

published and therefore the compound synthesised was most likely identical. This 

conformity between the experimental and literature data clearly indicated that the desired 

product was not only obtained but also that it was produced in the same crystalline form 

as that published previously in P-1. 
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Figure 4.73: PXRD patterns of HN(Ph2PS)2_1 (blue) and the same product published in literature 

by Husebye and Maartmann-Moe (orange). 

 

4.2.1.2.4. Conclusion 

 

The IR spectrum for the product HN(Ph2PS)2_1 was in agreement with previously 

published data, indicating that the structure was of the amine tautomer rather than a 

sulphide tautomer. Therefore, this indicated that the desired product was obtained. The 

data obtained from the PXRD pattern was also conclusive in determining that the desired 

compound was obtained in the product HN(Ph2PS)2_1. 1H NMR data indicated the 

formation of the desired compound with the aromatic protons shielding and coupling 

constants’ pattern indicative of the oxidation of the P(III) in the starting reagent to the 

P(V) in the product. With regards to all the data obtained the preparation of HN(Ph2PS)2 

was undergone favourably. 

 

 Characterisation of O((Et2N)2PO)2 

 

A number of attempts were undertaken to synthesise this compound and the one 

that yielded the best results was described in Section 3.3.2.1.3. Two physically distinct 

products were obtained, namely a colourless crystalline precipitate believed to be the 

expected side product Et2NH2Cl and  a wine coloured liquid believed to be the desired 

product and labelled O((Et2N)2PO)2_1. The yield of O((Et2N)2PO)2_1 was 75 %. 
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4.2.1.3.1. Analysis by Infra-red spectroscopy 

 

The synthesis of O((Et2N)2PO)2_1 was fairly simple, as described in Section 

3.3.2.1.3.2. However numerous solids and liquids were obtained during the workup 

procedure and all of these were analysed using IR spectroscopy. During the synthesis of 

O((Et2N)2PO)2_1 a colourless crystalline solid mass was initially obtained. This was 

determined to be mainly composed of the expected side-product Et2NH2Cl, as described 

in Appendix 10. This indicated that the expected reaction, or a similar reaction occured.  

The final product obtained from the workup, O((Et2N)2PO)2_1, was a wine 

coloured liquid. This was analysed by IR spectroscopy and the IR spectrum obtained was 

compared with the spectra of the starting reagents, as given in Figure 4.74.  

 

 

Figure 4.74: IR spectra of O(Cl2PO)2 (blue), diethylamine (red) and O((Et2N)2PO)2_1 (black). 

 

The first noticeable bands obtained in the IR spectrum of the O((Et2N)2PO)2_1 

were clearly the bands at 3425 cm-1, 2722 cm-1, 2481 cm-1 and 2404 cm-1. The first band 

listed was analogous to the ν N–H band in the spectrum of the diethylamine and the bands 

at 2481 cm-1 and 2404 cm-1 were analogous to the combination bands typical of the 

Et2NH2Cl side product. The second band could be analogous to the broad band at         

2810 cm-1 in the spectrum of the salt, which was very broad and possibly composed of 

two bands. These bands strongly indicated that the liquid contained the salt Et2NH2Cl. 

The other bands in the spectrum of O((Et2N)2PO)2_1 could not be conclusively assigned 

to Et2NH2Cl and were indicative of the presence of another compound. The resultant 

spectrum was composed of overlaps of the spectra of the salt and this compound.  
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The three bands at 2972 cm-1, 2931 cm-1 and 2873 cm-1 were clearly indicative of 

methyl and methylene groups in the sample, either due to the Et2NH2Cl salt or the ethyl 

groups expected for the desired product. The bands at wavenumbers lower than               

1800 cm-1 indicated that the compound or mixture of compounds was more complex than 

the organic ammonium salt by-product. The broad band at 1632 cm-1 could not be 

assigned specifically to any moiety expected and may be due to water inclusion. The first 

two bands that could be easily assigned were those at 1466 cm-1 and 1381 cm-1, which 

were assigned to δ C–H of the methyl and methylene groups, either from the salt              

by-product or the desired product.  

The strong bands at 1294 cm-1, 1240 cm-1 and 1211 cm-1 all fell in the expected 

range for the typical ν P=O vibration. These indicated that the compound or at least one 

of the compounds was a pyrophosphoryl derivative. In the case of all these bands a 

decrease in wavenumber was observed from the analogous ν P=O band in the spectrum 

of the O(Cl2PO)2 starting reagent. This was an expected shift, as it is known that the 

electronegativity of substituents causes a proportional shift in the ν P=O band.375 This 

indicated that with the  decreasing electronegativity of the substituents, from Cl to N, the 

bond order of the P=O decreased, thus favouring the P+–O- structure. Thus the 

pyrophosphoryl derivative was most likely the expected amine derivative.  

The bands in the two regions 1064-902 cm-1 and 790-662 cm-1 all fell in the range 

expected for the two vibrational modes νas P–O–P and νs P–O–P respectively. However, 

these do not give any detail that can be used to describe the structure of the product. The 

two strong bands at 1175 cm-1 and 1102 cm-1 could be indicative of the ν C–N vibration, 

indicating the presence of the Et2N moiety in the new compound.  

As described above the IR spectrum of O((Et2N)2PO)2_1 contained bands 

indicative of the presence of Et2NH2C1. Therefore, the spectrum of O((Et2N)2PO)2_1 in 

the range 1900-400 cm-1 was compared in more detail with the spectrum of Et2NH2Cl in 

the same range, as given in Figure 4.75. This comparison corroborated the fact that the 

bands observed in the spectrum of O((Et2N)2PO)2_1, at 1175 cm-1, 1064 cm-1, 930 cm-1, 

790 cm-1 and 662 cm-1 could all have been bands due to Et2NH2Cl impurities.  

 



238 

 

 

 

Figure 4.75: IR spectra of O((Et2N)2PO)2_1 (black) and Et2NH2Cl (red), in the range 1900-400 cm-1. 

 

Given that a number of IR bands in the spectrum of O((Et2N)2PO)2_1 indicated 

the presence of Et2NH2Cl and that data obtained from the 1H NMR and 31P NMR 

spectroscopy, as discussed in Sections 4.2.1.3.2 and 4.2.1.3.3 respectively, indicated the 

presence of multiple compounds in the crude product O((Et2N)2PO)2_1, it was decided 

to purify a sample of this product by column chromatography. IR spectra for all fractions 

collected were obtained and it was inferred that the main fraction of interest was 

O((Et2N)2PO)2_1_f13. The IR spectrum of this fraction was compared to the IR spectrum 

of the crude O((Et2N)2PO)2_1, as shown in Figure 4.76. 

 

 

Figure 4.76: IR spectra of O((Et2N)2PO)2_1 (black) and O((Et2N)2PO)2_1_f13 (red). 

 

The first change shown in Figure 4.76 was the loss of the O((Et2N)2PO)2_1 bands 

at 3425 cm-1, 2722 cm-1 2481 cm-1 and 2404 cm-1 in the spectrum of the purified sample. 

All of these have been previously assigned to the side product Et2NH2Cl and therefore it 

seems that the purification from this salt by column chromatography was more successful 
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than the multiple filtrations undertaken in the workup procedure. The band at 1632 cm-1 

was also lost, which may indicate drying of the sample. A more detailed discussion is 

necessary on the bands found in the region below 1600 cm-1.  

The changes observed in the spectrum of O((Et2N)2PO)2_1_f13 as compared to 

that of O((Et2N)2PO)2_1 and which could not be described by the removal of Et2NH2Cl 

were mainly the following. The bands at 1466 cm-1 and 1175 cm-1 in the IR spectrum of 

O((Et2N)2PO)2_1 were both shifted to lower wavenumbers of 1432 cm-1 and 1170 cm-1 

in the spectrum of O((Et2N)2PO)2_1_f13. New bands were observed in the spectrum of 

O((Et2N)2PO)2_1_f13, the first in the increased prominence of the shoulder at 1360 cm-1 

and the second being a new weak to medium intensity band at 1315 cm-1. There was a 

consistent decrease in intensity of the common bands at 1102 cm-1 (m to w), 1064 cm-1 

(w to w), 958 cm-1 (s to m) and 930 cm-1 (s to m) in the spectrum of O((Et2N)2PO)2_1_f13, 

whilst the bands at 1294 cm-1 and 751 cm-1 were lost entirely.   

In the spectrum of O((Et2N)2PO)2_1_f13 the bands at 1432 cm-1, 1381 cm-1 and 

1360 cm-1 were believed to be due to the methyl and methylene δ C–H vibrations. The 

band at 1432 cm-1 seemed to be shifted from the crude sample’s band position at           

1466 cm-1. However, a small shoulder at the latter wavenumber was still visible in the 

spectrum of O((Et2N)2PO)2_1_f13. The bands at 1381 cm-1 and 1360 cm-1 were present 

in both spectra, however the intensities of the two bands were found to be more similar 

in the case of the purified liquid than in the case of the crude product.  

A definitive reason for the diminishment of the intensity of the 

O((Et2N)2PO)2_1_f13 spectrum bands at 1102 cm-1, 1064 cm-1, 958 cm-1 and 930 cm-1 

could not be determined. The band at 1102 cm-1 remained un-assigned and therefore its 

discussion is difficult. The other three bands, together with the stronger bands at            

1027 cm-1 and 902 cm-1 which were un-effected by the purification process, fall in the 

range typical of the νas P–O–P vibrations. It is observed that these bands fell in the 

fingerprint region, which typically contains many bands of different moieties, such as the 

expected ν C–N, ν C–C and ω C–H vibrations, and therefore the assignment is not 

definitive. The diminished intensity of the bands at 1102 cm-1, 1064 cm-1, 958 cm-1 and 

930 cm-1 could be due to the alkane vibrational modes. The bands at 1102 cm-1,                     

1064 cm-1 and 1027 cm-1 could all be due to the ν C–N vibration, while bands at                       

958 cm-1, 930 cm-1 and 902 cm-1 can also be due to P–N–C vibrations (including νas           

P–N) typically found in this region.99,376 These both indicated the possible formation of 

the desired compound. 
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If more than one of these bands are due to the νas P–O–P vibration it might be 

indicative of multiple species in the samples O((Et2N)2PO)2_1 and O((Et2N)2PO)2_1_f13. 

The first possibility, especially for the two major bands at 1027 cm-1 and 902 cm-1, was 

that the multiple bands were due to two or more symmetrically distinct modes of the           

νas P–O–P vibration.  

Another possibility was that there could be chemical differences between the two 

P–O bonds in the P–O–P skeleton. This is further substantiated by the fact that the bands 

at 1102 cm-1, 1064 cm-1 and 1027 cm-1 lie at higher wavenumbers then the νas P–O–P 

vibration in O(Cl2PO)2, while the bands at 958 cm-1, 930 cm-1 and 902 cm-1 lie at lower 

wavenumbers. This splitting of the singular band in the starting reagent could indicate 

that the resonance structures P–O=P  P=O–P could give two separate spectra 

demarcating two distinct P–O bond orders, possible due to the resonance of the ylide 

structure P=O  P+–O- of the attached P=O. This is not typical of normal resonance 

structures in which a singular band is expected, since the resonance structures are not 

long lasting enough to be treated as being chemically distinct. This could imply that the 

substitution of the Cl with the amine substituent causes the resonance structures to 

become more long lasting rather than intermediate, even though within a single resonance 

stabilised form. This was possibly the effect of the change in the electronegativity of the 

substituent on the P atom and the change in the negative hyperconjugation ability of the 

new substituent as compared to that of the initial Cl. A second possibility for this bond 

order distinction in the two P–O bonds of the P–O–P vibration group could be that the 

compound obtained was asymmetric about the central O of the pyrophosphoryl group. 

This possibility would indicate that the compound obtained in O((Et2N)2PO)2_1 and 

O((Et2N)2PO)2_1_f13 was not the desired product but an asymmetric analogue.  

 The bands found in the O((Et2N)2PO)2_1_f13 spectrum in the region 1315 cm-1 

to 1175 cm-1 could be discussed in relation to the ν P=O band visible in the spectrum of 

O(Cl2PO)2 at 1315 cm-1. The presence of the medium intensity band at 1315 cm-1 in the 

spectrum of O((Et2N)2PO)2_1_f13, which was not visible in the spectrum of the crude 

O((Et2N)2PO)2_1, was problematic as it may indicate the reformation of the starting 

reagent. However, it should be noted that given the reactivity of this compound further 

studies must be carried out to determine whether this is possible. This change was 

accompanied by the loss of the sharp band at 1294 cm-1 present in the spectrum of the 

crude product, which could indicate that some reaction and structural change occurred 

during the purification by chromatography. The bands at 1240 cm-1 and 1211 cm-1 
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remained strong in the spectra of the purified product and it is fairly reasonable to assume 

that these were due to the ν P=O vibration of this product, as described prior for the crude 

product. If both these were due to ν P=O vibrations, it may be indicative of two distinct    

P–O bonds as discussed in the previous paragraph. 

The band at 1175 cm-1 showed a decrease in intensity, however it was still present. 

Apart from falling in the lower range for the ν P=O vibrations it was more likely that this 

band was due to the expected ν C–N vibration, which is given at 1048 cm-1 in the 

spectrum of diethylamine. This increase in wavenumber could be due to an increase in 

C–N stiffness similar to that observed for the Et2NH2Cl spectrum.  

The range between 850 cm-1 to 400 cm-1 was expected to contain bands for the    

νs P–O–P, ν P–N and ρ C–H vibrations. In this region the bands at 790 cm-1, 717 cm-1 

and 662 cm-1 were common in both the O((Et2N)2PO)2_1 and the O((Et2N)2PO)2_1_f13 

spectra, while a singular band at 751 cm-1 was lost on purification. No new bands were 

observed for the purified product, as compared to the crude. All these bands fell in the 

range typical for the νs P–O–P. The band at 790 cm-1 was initially thought to be analogous 

to that present in the IR spectrum of the Et2NH2Cl impurity. This however remained in 

the spectrum of the purified compound and therefore could be due to all the 

aforementioned vibrational modes. The band at 717 cm-1 fell in the same region as the          

νs P–O–P band of O(Cl2PO)2, which is found at 708 cm-1 and the ρ C–H vibration of 

diethylamine. If this band was analogous to the former vibration for O(Cl2PO)2 it was 

indicative that the change in substituent at the P atom has little effect on this vibrational 

mode. The possibility that this band was due to the ν P–N mode is still equally likely. 

The same can be said for the band at 662 cm-1, although if this band was due to the               

νs P–O–P vibration it would indicate a decrease in stiffness of the P–O–P bonds. The only 

conclusion that can be obtained in this region would be that the band at 790 cm-1 was 

more likely to be due to ν P–N vibrational mode if the shift in the wavenumber for the    

νs P–O–P and ρ C–H bands from the reagent spectrum to the product spectrum was small. 

If one of these bands was indicative of the ν P–N vibrational modes this would support 

the formation of the desired compound or similar analogues.  
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4.2.1.3.2. Analysis by 1H NMR spectroscopy 

 

In the preparation of the compound O((Et2N)2PO)21 a colourless crystalline solid 

was obtained prior to the extraction of the liquid O((Et2N)2PO)2_1. This solid was also 

analysed by 1H NMR which confirmed that it was the Et2NH2Cl salt, as described in 

Appendix 10. No more analysis was undertaken on this product given that it was a known 

side product.  

The crude wine coloured liquid product, O((Et2N)2PO)2_1, was analysed by 1H 

NMR spectroscopy using CDCl3. The full 1H NMR spectrum of this product is given in 

Appendix 11. The region with relevant peaks is shown in Figure 4.77. Peaks were 

observed at 3.16 ppm, 3.07 ppm, 2.95 ppm, 1.39 ppm, and 1.13 ppm. Alongside these 

peaks a broad singlet was also observed in the spectrum at 9.90 ppm. The first two peaks 

in the region given in Figure 4.77 (3.16 and 3.07 ppm) resemble a broad doublet centred 

around 3.11 ppm. The remaining peaks all seem to be non-symmetric triplets with the 

peak around 1.13 ppm also being possibly a multiplet. Data regarding these peaks is given 

in Table 4.14 for clear presentation.   

 

 

Figure 4.77: 1H NMR spectrum of O((Et2N)2PO)2_1. 

 



243 

 

Table 4.14: 1H NMR experimental data for proton peaks of O((Et2N)2PO)2_1 in CDCl3. 

1H NMR experimental data for proton peaks of O((Et2N)2PO)2_1 in CDCl3
 

ppm Multiplicity Integration Coupling 

9.90 broad singlet 0.12 N/A 

3.16 broad multiplets 4.39 N/A 

3.07 broad multiplets 4.52 N/A  

OR 

3.11 broad doublet 8.90 J = 43.11 Hz  

AND 

2.95 triplet 0.68 J = 7.25 Hz 

1.39 triplet 1.00 J = 7.38 Hz 

1.13 triplet or 

multiplet 

13.8 J = 7.15 Hz 

 

The presence of the singlet at 9.90 ppm indicated possible contamination of the 

product with dissolved Et2NH2Cl. The peaks at 2.95 and 1.39 ppm, could be due to either 

the presence of Et2NH2Cl or diethylamine reagent. 

Therefore, the peaks of interest in the discussion of the spectrum of the crude 

O((Et2N)2PO)2_1 were mainly those at 3.16 ppm, 3.07 ppm and 1.13 ppm. The triplet or 

multiplet peak at 1.13 ppm remained in the region typical of the methyl proton peaks for 

both the diethylamine starting reagent and the Et2NH2Cl. However, there was also the 

possibility that the peak at 1.13 ppm could be due to the methyl groups present in the 

expected product. This is because the protons in the methyl group are the least effected 

by the highly electronegative N atom present in the reagent and the two expected 

products. If this was the case the triplet nature of the peak would confirm that this is the 

methyl group adjacent to the methylene of the ethyl groups expected in the product.  

In the expected product O((Et2N)2PO)2 the expected proton ratio is 2:3 (methylene 

to methyl proton). Therefore, if this was the case the peaks indicative of the methylene 

protons in the spectrum should agree with this ratio. The integration value ratio for the 

three peaks, 3.16 ppm, 3.07 ppm and 1.13 ppm, was however 1:1.03:3.05. This indicated 
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that the two peaks at 3.16 ppm and 3.07 ppm were indeed the doublet peaks for a single 

peak at 3.11 ppm. Thus the integration value ratio of the peaks at 3.11 ppm and 1.13 ppm 

was of 1:1.5 or 2:3 and this was in agreement with the expected values. Although this 

data indicated that these two peaks (3.11 ppm and 1.13 ppm) could indeed be due to the 

methylene and methyl protons of the ethyl group the expected quartet at 3.11 ppm was 

not observed and the presence of the ethyl group does not in itself confirm the formation 

of the desired product.  

Further analysis of the doublet at 3.11 ppm was therefore important. In the context 

of an ethyl group the methylene is expected as a quartet in the spectrum, downfield to the 

methyl proton triplet due to the electronegative nitrogen atom bound to the methylene 

group. The downfield shift as compared to the methyl triplet was found to be as expected, 

however the peak assigned to the methylene was found to be a broad doublet. The doublet 

nature of the peak at 3.11 ppm could be explained by the presence of the ½ spin P atom 

bound to the N atom. The formation of a P–N bond should have created a vicinal P to H 

relationship. This was found to be in agreement with the observed data. The coupling 

constant of 43.11 Hz is considered to be very high for the 3JHH for vicinal protons on 

organic skeletons. The high value observed is however in the region typical for 3JHP 

coupling, which is usually in the range of 40–45 Hz.99,249 The doublet nature of the peak 

was in agreement with the presence of a single P atom on the N atom bound to the 

methylene group. The broad nature of the peaks could also be due to the presence of the 

quadrupole of the N atom, which in the case of the P–N–C–H system is integral to the 

coupling electron system. This doublet therefore could be conclusive of the formation of 

the desired product in a crude form in O((Et2N)2PO)2_1 or at least the formation of a      

P–N containing product as the major component of the crude product.  

As described in Section 3.3.2.1.3.2, the crude product O((Et2N)2PO)2_1 was 

purified using column chromatography, to yield numerous fractions. Fraction 

O((Et2N)2PO)2_1_f13 was analysed by 1H NMR spectroscopy, with the spectrum 

obtained given in Appendix 11. The region with relevant peaks is shown in Figure 4.78. 

Although not shown in this spectrum no peaks above 8.00 ppm were observed, indicating 

that any organic ammonium salt by-product was removed through column 

chromatography.  
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Figure 4.78: Detail of 1H NMR spectrum of O((Et2N)2PO)2_1_f13 showing peaks of main interest 

and integration values. 

 

The data for O((Et2N)2PO)2_1_f13 was found to be very similar to the expected 

data, as given in Figure 4.78. As was the case for the O((Et2N)2PO)2_1, a broad doublet 

at 3.10 ppm and a triplet at 1.12 ppm were clearly visible in the spectrum of 

O((Et2N)2PO)2_1_f13. The triplet was observed to be better defined in the spectrum of 

O((Et2N)2PO)2_1_f13, when compared to that of O((Et2N)2PO)2_1, where the peak 

appeared to be a multiplet. This indicated that the sample O((Et2N)2PO)2_1_f13 

contained less impurities which might have given peaks which overlapped with this peak.  

Furthermore, the loss of a number of smaller unassigned and by-product or reagent 

assigned peaks was a general observation for the entirety of the O((Et2N)2PO)2_1_f13 

spectrum. The coupling constant for the broad doublet at 3.10 ppm was however found 

to be 40.11 Hz, rather than the 43.11 Hz of the doublet in O((Et2N)2PO)2_1. All this 

information therefore showed that the major component of O((Et2N)2PO)2_1_f13 seemed 

to have been the same as that of the O((Et2N)2PO)2_1, with several of the peaks indicating 

impurities being lost. However, it was noted that the integration value ratio of the peaks 

assigned to the methylene and methyl protons was not the expected 1:1.5 but rather 

1:1.37, this being slightly smaller than expected. 
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The only major issue that was clearly visible in the spectrum of the 

O((Et2N)2PO)2_1_f13 was the singlet at 1.76 ppm. This peak could not be assigned to 

any of the protons expected in the desired product. The nature of the singlet indicated that 

the protons detected were not coupled and could be isolated.  An integration value of 0.40 

for this peak indicated that the number of protons was approximately equal to half the 

amount of methylene protons present in the product. This is similar in ratio to the organic 

ammonium salt, however the high upfield shift of the peak from the respective NH2
+ peak 

of Et2NH2Cl indicated that this was not due to the presence of this salt. This peak falls in 

the range typical of many organic groups, including aliphatic skeletons, protons geminal 

to N atoms, amine and alcoholic protons and alkyne protons. Given the nature of the 

reaction and workup the most likely protons to be present at this position were either 

protons geminal to N atoms and amine or alcoholic protons. All this may therefore 

indicate the presence of either a small amine or alcoholic impurity in the product at higher 

concentrations than desired or possibly the presence of protons on the N atoms in the        

P–N moieties in the product, which would make it a cationic species.  

Therefore, through the interpretation of the 1H NMR spectroscopy data for 

O((Et2N)2PO)2_1 it can be speculated that the product obtained was the crude form of a 

compound containing the P–NEt2 moiety. The 1H NMR data for O((Et2N)2PO)2_1_f13 

indicated that the liquid chromatography was successful in further purifying this crude 

product but with the inclusion of a single impurity of unknown composition.  

 

4.2.1.3.3. Analysis by 31P NMR spectroscopy 

 

The discussion of 31P NMR data is restricted to the spectra obtained for the 

products O((Et2N)2PO)2_1 and O((Et2N)2PO)2_1_f13. An initial proton decoupled 

(31P{1H} NMR) spectrum was obtained for the crude O((Et2N)2PO)2_1, as given in 

Figure 4.79. The spectrum yielded two major peaks of interest, at 27.41 ppm and              

8.45 ppm. Other peaks, some of which may have been coupled, were also observed. The 

two major peaks most likely describe two distinct compounds containing either a single 

P atom or numerous magnetically equivalent P atoms. Given the symmetric nature of the 

compound O((Et2N)2PO)2 the two phosphorus atoms should be equivalent, and therefore 

either of these peaks could be indicative of this product. The other peaks observed would 

indicate the presence of minor non-symmetric PPTC derivatives.  
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Figure 4.79: 31P{1H} NMR spectrum of O((Et2N)2PO)2_1. 

 

First of all it should be noted that the peak expected for the starting reagent PPTC 

is a singlet at -9.53 ppm, as given in the Appendix 4. Therefore, the lack of this peak in 

the spectrum of O((Et2N)2PO)2_1 was indicative of the full consumption of the PPTC 

during reaction. This was expected due to the high reactivity of this compound. The main 

issue in this analysis was to determine whether the desired product was obtained.  

Phosphorus follows the same rules as protons in NMR spectroscopy and therefore 

the data from 31P{1H} NMR spectroscopy can be treated similarly to that from 1H NMR 

spectroscopy. The first noticeable difference between the spectra of PPTC and that of 

O((Et2N)2PO)2_1 is the downfield shift of the majority of the peaks in the spectrum of 

the O((Et2N)2PO)2_1 crude mixture, including the two major peaks, when compared to 

the position of the peak assigned to PPTC phosphorus.  

This downfield shift from the PPTC peak to the O((Et2N)2PO)2_1 peaks was 

indicative of compounds where the P atom is deshielded, either by electronic or magnetic 

means, as compared to the PPTC. In the case of λ3σ3-phosphanes of the type PR3 the 

presence of increased electronegative R groups causes such a downfield shift. However, 

this is not the case for O=PR3 groups. In the case of the reaction under study the expected 

structural change is depicted in Figure 4.80. The pyrophosphoryl system (given in red) 
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remains unchanged and therefore the chemical shift in the 31P NMR spectrum is not 

affected by the pyrophosphoryl group but rather by the replacement of the Cl atoms with 

amine groups, depicted in green in Figure 4.80.  
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Figure 4.80: Expected structure change on formation of O((Et2N)2PO)2_1  from PPTC, 

pyrophosphoryl moiety (red) and the changed groups (green). 

 

In both compounds the phosphorus is present as a λ5σ4-phosphorane and therefore 

the discussion of the chemical shifts obtained must be through data available for such 

structures. Although slightly, chlorine is typically regarded as being more electronegative 

than nitrogen, therefore one would expect an upfield shift from the -9.53 ppm peak for 

PPTC to the peak expected for O((Et2N)2PO)2_1. This however was not the case with the 

experimental data, but the downfield shift as observed in the experimental data was in 

line with literature data.99,249,377 For example, for typical phosphoryl compounds 

(O=PY3), of which pyrophosphoryl compounds are a specific sub-set, a downfield shift 

is observed between chemical shifts of O=PX3 (X = halide) as compared to those of 

O=P(NR2)3.
282 If the pyrophosphoryl moiety is not affected by the reaction and therefore 

its effect on the chemical shift change is non-existent or minimal, the experimental 

chemical shift change is in line with the published trends.  

In the case of O=PCl3, with a chemical shift in the range 2 to 3.5 ppm in 

CDCl3,
378,379 the chemical shift falls in the region typical for O=P(OR)3 compounds. In 

describing these effects, the P=O bond will not be regarded as a typical double bond but 

as the effect of negative hyperconjugation on the basic bond P+–O-. Phosphoryl halides 

have chemical shifts typically upfield of other phosphoryl compounds which have 

substituents that are less electronegative than the halides. This arises from the ability of 

halides to form π-back bonds to the phosphorus centre. This back bonding decreases the 

positive charge about the phosphorus in the P+–O- moiety and thus increases electron 

density about the phosphorus centre, which causes shielding and therefore an upfield 

shift.377  
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For other phosphoryl compounds the substituents have various effects on the 

electron density around the phosphorus of the P+–O- moiety. Both an increase in 

electronegativity of substituents and the capability of P–Y bonds to minimise negative 

hyperconjugation on the P+–O- moiety would cause a downfield shift of the compound 

as compared to halide analogues. The nitrogen of the amine substituents is only slightly 

less electronegative than the halide chlorine. Therefore, on this basis alone one would 

expect similar chemical shift values. Based on the notion that the chloride has a greater 

π-back donation than the amine nitrogen, the downfield shift attested in the chemical 

shifts observed in the spectrum of O((Et2N)2PO)2_1 is in line with what was expected.249 

Therefore, from the basis of this data it can be assumed that the chlorine atoms of the 

PPTC were in fact substituted by non-halide substituents. Both major peaks obtained in 

the experimental data, 27.41 ppm and 8.45 ppm, fell in the range typical of O=P(NR2)3 

as was expected. These same peaks also fell in the typical range for O=P(OR)3 or 

O=P(OR)3-n(OH)n.
282 This was expected given that the expected product contains the      

P–O–P bond system. These peaks could however also indicate the formation of a 

pyrophosphoric acid derivative, as peaks due to these compounds also fall in the same 

range.  

Given that the 1H NMR spectrum of O((Et2N)2PO)2_1 gave a doublet with a 

coupling constant of 43.11 Hz, which was believed to be due to the 3JHP between the 

methylene protons of the diethylamine moiety and the phosphorus centres, non-

decoupled 31P NMR was attempted to identify this same coupling constant. The 31P NMR 

of O((Et2N)2PO)2_1 is given in Appendix 11. Many of the minor peaks, including that at 

27.41 ppm, revealed multiplets, while the main peak was observed to have shifted slightly 

to 8.50 ppm from the 8.45 ppm position of the original 31P{1H} NMR. This was observed 

to form either a quartet or a septet. Unfortunately, the coupling constant obtained for the 

quartet was of 10.77 Hz. None of the other peaks revealed a coupling constant 

approximating the 40-45 Hz expected. Further information from the coupling could not 

be obtained.  

A 31P{1H} NMR spectrum in CDCl3 for O((Et2N)2PO)2_1_f13 was obtained as 

given in Figure 4.81,  showing two singlet peaks at 9.38 ppm and -11.03 ppm. Therefore, 

the O((Et2N)2PO)2_1 peak at 27.41 ppm was lost, which together with the IR spectrum 

obtained for O((Et2N)2PO)2_1_f13 indicated that this was related to an impurity which 

was removed by column chromatography. The peak at 8.45 ppm for O((Et2N)2PO)2_1 

was shifted slightly downfield to 9.38 ppm for O((Et2N)2PO)2_1_f13.  
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Figure 4.81: 31P{1H} NMR spectrum of O((Et2N)2PO)2_1_f13. 

 

The 31P{1H} NMR spectrum of O((Et2N)2PO)2_1_f13 confirmed that the column 

chromatography technique proved effective in separating the numerous products 

obtained in the crude O((Et2N)2PO)2_1. The reason for the shift from 8.45 ppm in the 

O((Et2N)2PO)2_1 spectrum to 9.38 ppm for the O((Et2N)2PO)2_1_f13 spectrum is not 

known. The purification procedure seems to have obtained a single phosphorus species 

which was most likely the same as that which produced the peak at 8.45 ppm in the 

spectrum of the crude product.  

Given that it was inferred that the peak at 9.38 ppm for O((Et2N)2PO)2_1_f13 was 

analogous to the peak at 8.45 ppm for O((Et2N)2PO)2_1, a coupled 31P NMR spectrum 

for O((Et2N)2PO)2_1_f13 was obtained. The coupled 31P NMR spectrum of 

O((Et2N)2PO)2_1_f13 is given in Appendix 11, where it can be observed that the peak at 

9.30 ppm showed no coupling. Various attempts at obtaining better detail did not yield 

coupling. This was problematic and could indicate the decomposition of the compound 

obtained in O((Et2N)2PO)2_1. This is in disagreement with the data inferred from the IR 

spectra, described in Section 4.2.1.3.1.  
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4.2.1.3.4. Analysis by Gas Chromatography Mass Spectroscopy (GC-MS) 

 

From the data discussed previously, the two compounds O((Et2N)2PO)2_1 and 

O((Et2N)2PO)2_1_f13 were considered likely to contain the desired product. In order to 

further clarify this, both samples in chloroform, were analysed by GC-MS. The gas 

chromatograph of O((Et2N)2PO)2_1 is given in Figure 4.82. This clearly showed the 

presence of a large number of compounds. The major peak was obtained at 10.89 minutes 

and the mass spectrum of this fraction is shown in Figure 4.83. In the mass spectrum 

obtained for the 10.89 minutes’ fraction the peak at 398.26 m/z, having a relative 

abundance of 1.15%, was the one with the highest m/z value. This was in very good 

agreement with the expected molecular mass of the O((Et2N)2PO)2, namely 398.51    

gmol-1.   

 

 

Figure 4.82: Gas chromatograph of O((Et2N)2PO)2_1. 
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Figure 4.83: Mass spectrum of the 10.89 minute fraction of O((Et2N)2PO)2_1. 

 

The peak with a 100% relative abundance in the mass spectrum of the 10.89 

minutes’ fraction was given at 71.99 m/z. This was believed to be due to the [Et2N]+ 

fragment with an expected value of 72.14 m/z. This would suggest that this fragmentation 

is the most typical in the fraction, indicating that the compounds therein have a large 

amount of diethylamine moieties and that fragmentation occurred at the P–N bonds. The 

second largest band, at 12.5% relative abundance, was observed at 191.09 m/z, which 

was assigned to the expected [(Et2N)2PO]+ fragment, with  a theorised m/z value of 

191.28 m/z. The expected complementary fragment [(Et2N)2PO2]
+ at about 207.23 m/z 

was not observed, although a peak at 209.15 m/z was observed. The two peaks at 280.23 

m/z and 326.18 m/z could also be tentatively assigned to the [O((Et2N)2PO)((N)2PO)]+ 

fragment (expected, 281.51 m/z) and the [O((Et2N)2PO)((Et2N)PO)]+ fragment 

(expected, 326.37 m/z). All of this data would indicate that the main compound present 

in the fraction at 10.89 minutes for O((Et2N)2PO)2_1 could be the desired product.  

The product O((Et2N)2PO)2_1_f13 was also analysed by GC-MS with the gas 

chromatograph given in Figure 4.84. In Figure 4.84 only two peaks were obtained namely 

at 10.56 minutes and 12.88 minutes. Although not exact, these two peaks seem to be 

analogous to the O((Et2N)2PO)2_1 peaks at 10.89 minutes and 12.99 minutes. The mass 

spectrum of the 10.59 minutes fraction is given in Figure 4.85, along with the mass 

spectrum of the 10.89 minute fraction of O((Et2N)2PO)2_1. It was observed that both 

fractions gave mass spectra with similar m/z and relative abundancy values. Again the 
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highest m/z value obtained was of 398.30 m/z, which compares well with the expected 

value of 398.51 gmol-1. Also the peak at 72.05 m/z was retained as the major peak and 

this was believed to be analogous to the expected peak of [Et2N]+ at 72.14 m/z. All the 

remaining peaks are also in agreement with the data for the 10.89 minute fraction for 

O((Et2N)2PO)2_1 and therefore the same assignment and conclusions apply. 

 

 

Figure 4.84: Gas chromatograph of O((Et2N)2PO)2_1_f13. 

  

Figure 4.85: Mass spectrum of the 10.56 minute fraction of O((Et2N)2PO)2_1_f13 (above) and the 

10.89 minute fraction of O((Et2N)2PO)2_1 (below). 
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4.2.1.3.5. Analysis by Single crystal X-ray diffraction 

 

Freezing of the viscous liquids O((Et2N)2PO)2_1 and O((Et2N)2PO)2_1_f13 gave 

amorphous solids and therefore no structural data could be collected from these. 

O((Et2N)2PO)2_1_f13 produced a small crop of colourless single crystals after standing 

in storage. Crystals were collected under oil and mounted in oil. Data was collected using 

a STOE Stadivari diffractometer with a microfocus Cu-Kα1 source. Structure solution was 

undertaken using the ShelXT Intrinsic phasing method and refined using the ShelXL least 

squares method.380,381 The crystallographic data obtained after structure solution and 

refinement is given in Table 4.15, while the molecular structure and unit cell are given in 

Figure 4.86 and Figure 4.87. The full set of data is presented in Appendix 12. 

 

Table 4.15: Crystal data for O((Et2N)2PO)2_1_f13. 

Identification code O((Et2N)2PO)2_1_f13 

Empirical formula C32H84N12O20P4Ca2 

Formula weight/gmol-1 1161.15 

Crystal system monoclinic 

Space group P21/n 

a/Å 10.6249(7) 

b/Å 15.5774(12) 

c/Å 17.0925(10) 

α/° 90 

β/° 96.707(5) 

γ/° 90 

Volume/Å3 2809.6(3) 

Z 2 
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Figure 4.86: Molecular structure obtained for O((Et2N)2PO)2_1_f13. 

 

Figure 4.87: Unit cell for O((Et2N)2PO)2_1_f13, as viewed along the a-axis. 

 

The compound obtained was not the simple ligand desired but appeared to be a 

calcium complex of this ligand. The full formula of the compound was 

Ca2(O((Et2N)2PO)2)2(NO3)4(H2O)2. Although this solid proved the formation of the 

O((Et2N)2PO)2 ligand it appeared that this ligand had complexed itself with Ca(NO3)2. 

This was unexpected and a clear derivation of the nitrate is unknown. The IR and GC-
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MS data did not indicate the presence of nitrate which would be expected for this 

complex. This could indicate that this complex was in fact a minor component of the 

product O((Et2N)2PO)2_1_f13 with the expected product O((Et2N)2PO)2 being the major 

component in the viscous liquid obtained. Given that such crystallisation was not 

observed for the crude product O((Et2N)2PO)2_1 it was believed that the possible 

intrusion of Ca(NO3)2 occurred during column chromatography. One probability was that 

some of the silica gel used was previously treated with dilute nitric acid and distilled 

water as an activation method and this introduced Ca(NO3)2 as an impurity in the silica 

gel due to reaction of CaO impurity with the nitric acid. The presence of water 

coordinating with the Ca2+ centres further indicated that this complex was a minor product 

since IR bands due to moisture were not observed in the IR spectrum of the bulk liquid 

O((Et2N)2PO)2_1_f13. 

No other complexes of the compound O((Et2N)2PO)2 have been reported in 

literature making this an early example of this ligand’s complexation ability. Given the 

structural similarities of O((Et2N)2PO)2 and the more widely studied O((Me2N)2PO)2 a 

similarity in the structure of their complexes was expected. However, this was not the 

case. O((Me2N)2PO)2 is known to complex with divalent transition metals and 

magnesium to form simple chelation complexes of the structures 

[M(O((Me2N)2PO)2)3][ClO4] M = Mg2+, Cu2+ or Co2+  and 

[Cu(O((Me2N)2PO)2)2(ClO4)2].
208,209  

Ca2(O((Et2N)2PO)2)2(NO3)4(H2O)2 contains Ca2+ centres with a CN of 8, which 

is typical for Ca2+. Two O((Et2N)2PO)2 are bonded through a singular P=O group each at 

the axial positions. This monodentate bonding causes the O((Et2N)2PO)2 to act as a 

bridging ligand. The nitrate and aqua ligands are bound in the equitorial positions. 

Therefore, Ca2(O((Et2N)2PO)2)2(NO3)4(H2O)2 is an example of a complex in which a di-

N-substituted pyrophosphoramide compound acts as a bridging ligand, along with two of 

the complexed nitrates. This bridging behaviour was probably due to the presence of 

these nitrate anions which remained coordinated. Similar structures may not have been 

reported, as previous work on complexation of O((Me2N)2PO)2 dealt mainly with 

perchlorate starting reagents. 

Packing of these complexes is shown in Figure 4.88 to be mainly due to the 

packing of the ethyl moieties in relation to one another. Along the a-axis neighbouring 

complexes are bound by intermolecular hydrogen bonding of the type N–O---H–O in the 

synthon shown in Figure 4.88, incorporating the aqua ligand and the non-bridging nitrate 
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anion. This same aqua ligand forms a similar intramolecular hydrogen bonding motif 

with the bridging nitrate although this does not seem to affect the intramolecular 

structure.  

 

Figure 4.88: Intermolecular (black) and intramolecular (blue) N–O---H–O hydrogen bonding that 

created the packing chains for O((Et2N)2PO)2_1_f13 along the a-axis, viewed along the c-axis. 

 

4.2.1.3.6. Conclusion 

 

The crude product, O((Et2N)2PO)2_1, contained numerous phosphorus containing 

compounds, as described in the interpretation of the respective 31P NMR and 31P{1H} 

NMR spectra. The presence of numerous compounds was further supported by the GC- 

MS data. O((Et2N)2PO)2_1_f13 was most likely the desired product. 31P NMR data 

indicated that at least 2 phosphorus containing compounds were present in the product 

O((Et2N)2PO)2_1_f13, one of which was the major component. This 2 component system 

was also observed in the GC-MS data for the same product. The major component for 

both O((Et2N)2PO)2_1 and O((Et2N)2PO)2_1_f13 seemed to be the same compound as 

described by the 31P NMR and GC-MS data. 1H NMR, 31P NMR and GC-MS data for 

O((Et2N)2PO)2_1_f13 inferred that this major component was in fact O((Et2N)2PO)2. The 

product in O((Et2N)2PO)2_1_f13, was cleaner than that in O((Et2N)2PO)2_1. IR data for 

both O((Et2N)2PO)2_1 and O((Et2N)2PO)2_1_f13 also indicated the superior purification 

of O((Et2N)2PO)2_1_f13 and in both cases most bands were indicative of the formation 

of the desired compound. Single crystals obtained from O((Et2N)2PO)2_1_f13 indicated 

that a Ca2+ complex formed as a minor component of the product after column 

chromatography. This complex Ca2(O((Et2N)2PO)2)2(NO3)4(H2O)2 proved novel and an 

early example of complexation for the O((Et2N)2PO)2. 
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 Characterisation of O((iPrNH)2PO)2 

 

Numerous products were obtained in the attempts undertaken to synthesise this 

compound, as given in Section 3.3.2.1.4. In each case solids which were typically 

colourless or very pale yellow and which were either crystalline or amorphous in nature 

were obtained. The products formed throughout the procedure, as described in Section 

3.3.2.1.4, and discussed hereunder were labelled as O((iPrNH)2PO)2_1_a, 

O((iPrNH)2PO)2_1_b, O((iPrNH)2PO)2_1_b1, O((iPrNH)2PO)2_1_c1 and its various 

column chromatography fractions and O((iPrNH)2PO)2_1_c2. The respective yield for 

O((iPrNH)2PO)2_1_b was 40.6 %, while the yields for the remaining products were not 

calculated due to the small amounts obtained.   

 

4.2.1.4.1. Analysis by Infra-red spectroscopy 

 

 The first solid obtained through the reaction described in Section 3.3.2.1.4., 

namely O((iPrNH)2PO)2_1_a, was characterised by IR spectroscopy. This indicated that 

this product was mainly the expected side product iPrNH3Cl.382 The IR spectra for the 

remaining O((iPrNH)2PO)2_1 products (except for the chromatography fractions 

discussed further on) are shown in Figure 4.89. These spectra were similar to each other, 

indicating the formation of the same mixture of compounds within each sample obtained. 

The first bands of interest were the numerous bands which indicated the presence of the 

iPrNH3Cl salt. The organic ammonium combination bands in the range 2800–1800 cm-1, 

the bands at 1637 cm-1, 1527 cm-1 and 1396 cm-1 in the range for δ C–H vibrations, the 

band at 804 cm-1 believed to be due to ω N–H vibration and the bands at 1229 cm-1 and 

952 cm-1, believed to be analogous to the 1218 cm-1 and 939 cm-1 bands of the salt, were 

all observed in these products and were believed to be due to the presence of the iPrNH3Cl 

salt.382 In the case of all these bands it was observed that in the spectra of the crystalline 

products O((iPrNH)2PO)2_1_b1 and O((iPrNH)2PO)2_1_c2 these bands were less 

noticeable, indicating the loss of the salt on obtaining the crystalline products rather than 

the residue products.  
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Figure 4.89: IR spectra of O((iPrNH)2PO)2_1_b (black), O((iPrNH)2PO)2_1_c1 (red) and 

O((iPrNH)2PO)2_1_c2 (green) and O((iPrNH)2PO)2_1_b1 (blue). 

 

The two bands observed in the IR spectra of all O((iPrNH)2PO)2_1 products, at 

3400 cm-1 and approximately 3252 cm-1 are believed to be due to two distinct ν N–H 

vibrations, given that other bands typical of water intrusion were not present. The 

decreased intensity of the band at 3400 cm-1 in products O((iPrNH)2PO)2_1_b1 and 

O((iPrNH)2PO)2_1_c2 indicated that this was likely due to the salt by-product.382 In the 

cases of the residues O((iPrNH)2PO)2_1_b and O((iPrNH)2PO)2_1_c1 these bands were 

broad and strong bands, while in the crystalline O((iPrNH)2PO)2_1_b1 and 

O((iPrNH)2PO)2_1_c2 the band at 3400 cm-1 was greatly diminished but also sharpened. 

The bands at 1466 cm-1, 1432 cm-1, 1396 cm-1, 1382 cm-1 and 1367 cm-1 in all the spectra 

of the O((iPrNH)2PO)2_1 products, accounting for minor variations were assigned to iso-

propyl δ C–H vibrations. 

In the case of all the IR spectra for the O((iPrNH)2PO)2_1 products the bands at 

1167 cm-1 and 1136 cm-1 were assigned to the ν C–N vibrations. This indicated that if 

these were due to the presence of the desired product the formation of P–N bonds did not 

affect the stiffness of the C–N bonds. The shoulder at 1257 cm-1 and the strong band at 

around 1229 cm-1 could be tentatively assigned in all O((iPrNH)2PO)2_1 spectra to the  ν 

P=O vibration, as they fell in the same range attributed to these vibrations. This shift to 

lower wavenumbers from the PPTC value of 1316  cm-1, was expected on preparation of 

the desired product. This shift was due to the slight decrease in the electronegativity of 

the substituents about the phosphorus centres on the formation of  the desired product, 

leading to a decrease in bond order of the P=O bond to the P+–O- moiety.99 This would 

lead to a shift of the ν P=O band to lower wavenumbers as shown by the two bands at 

1257 cm-1 and 1229 cm-1.  
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The bands at 1055 cm-1 and 914 cm-1 and the shoulders at 1026 cm-1 and               

886 cm-1 could be possibly due to νas P–O–P vibrations. The two band pairs could indicate 

that at least two distinct modes of νas P–O–P vibration are present in the product. These 

two modes would be due to increased P–O–P bond stiffness (for the 1055 cm-1 and             

1026 cm-1 bands) and decreased P–O–P bond stiffness (for the 914 cm-1 and 886 cm-1 

bands), given in relation to the band for PPTC. The formation of these two bands could 

have multiple explanations. The formation of distinct structures P–O=P  P=O–P may 

have occurred, however the mechanism for this is unknown. Secondly this could indicate 

the formation of an asymmetric product indicating the production of an unknown and 

undesired product. A third possible explanation could be crystallographic rather than 

chemical. In the case of the formation of the desired product numerous intermolecular 

bonding modes are possible, especially about the P=O and the N–H moieties, which could 

cause different shifts in the IR bands of these moieties. Alternatively all four bands could 

be due to P–N–C vibrations, including ν P–N vibrations, which are typically also found 

in this region and which could indicate the formation of the desired compound or another 

similar species containing the P–N–C group. The bands at 1055 cm-1 and 1026 cm-1 also 

fell in the range typical for the ν C–N and ρ P–N–H vibrations, again yielding the same 

general conclusion. Therefore although these bands could be attributed to vibrations of 

either the P–O–P, P–N–C or P–N–H moieties expected for the desired product definitive 

assignement was not possible and a full description of the structure from the IR data could 

not be undertaken. 

The band at 750 cm-1 for O((iPrNH)2PO)2_1_b1, O((iPrNH)2PO)2_1_c1 and 

O((iPrNH)2PO)2_1_c2 could be assigned to either νs P–O–P or ν P–N vibrations. 

Therefore, in all O((iPrNH)2PO)2_1 cases it is believed that the desired compound or a 

compound very similar to the desired product was obtained. 

Given that a number of IR bands in the spectra of the O((iPrNH)2PO)2_1 products 

indicated the presence of the iPrNH3Cl salt and that data obtained from the 1H NMR and 

31P NMR spectroscopy, as discussed in Sections 4.2.1.4.2 and 4.2.1.4.3 respectively, 

indicated the presence of multiple compounds in the crude O((iPrNH)2PO)2_1 products, 

it was decided to purify a sample of O((iPrNH)2PO)2_1_c1 by column chromatography.  

Figure 4.90 shows the IR spectra for the residues obtained from the column 

chromatography. As expected the bands typical of the iPrNH3Cl salt were not present in 

these spectra. For all these IR spectra bands assigned to ν O–H and δ O–H vibrations 

were observed. This was expected given that the eluents used in this chromatography 
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were not dried prior to use. Most bands remained unchanged from the spectrum of 

O((iPrNH)2PO)2_1_c1 and therefore only significant changes are discussed hereunder. In 

all cases the band at 1229 cm-1 shifted to the range 1222–1204 cm-1, as was observed for 

the O((iPrNH)2PO)2_1_c2 spectrum. The fractions that showed most purification were 

the final fractions, namely O((iPrNH)2PO)2_1_c1_f10 and O((iPrNH)2PO)2_1_c1_f15. 

In both of these spectra the band at 957 cm-1 present in the other fractions was lost 

indicating that this band was indeed due to some impurity and not due to νas P–O–P or 

P–N–C vibrations. The band at 916 cm-1 was typical of the given product and this could 

be due to the νas P–O–P or P–N–C vibrations. For these spectra it was observed that the 

band at about 800 cm-1, which could be due to either iPrNH3Cl or PPTC, was lost or 

significantly diminished. On the contrary the band around 771 cm-1, which could be due 

to νs P–O–P or ν P–N vibrations, became increasingly prominent, and was present in 

increasing intensity for O((iPrNH)2PO)2_1_c1_f10 and O((iPrNH)2PO)2_1_c1_f15. This 

could be analogous to the band at 750 cm-1 for O((iPrNH)2PO)2_1_b1.  

 

Figure 4.90: IR spectra of column chromatography fractions obtained from O((iPrNH)2PO)2_1_c1. 

 

4.2.1.4.2. Analysis by 1H NMR spectroscopy 

 

Products obtained from the reaction undertaken to synthesise O((iPrNH)2PO)2 

were analysed by 1H NMR spectroscopy. The spectra of O((iPrNH)2PO)2_1_b and 

O((iPrNH)2PO)2_1_b1 were obtained with very unexpected results. The 1H NMR 

spectrum of O((iPrNH)2PO)2_1_b is given in Figure 4.91, along with the spectrum of 

iPrNH3Cl. The similarity in the major peaks would indicate that the major component of 

O((iPrNH)2PO)2_1_b was the iPrNH3Cl salt, in contrast to the data obtained from IR 

spectra. The peak at 1.15 ppm however also indicated the presence of a secondary iso-

propyl methyl proton species possibly from the desired product.  
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Figure 4.91: 1H NMR spectra of O((iPrNH)2PO)2_1_b (blue) and  iPrNH3Cl (red). 

 

The 1H NMR spectrum of O((iPrNH)2PO)2_1_b1 is given in Figure 4.92. The 

peak data is given in Table 4.16. It was clear that iPrNH3Cl salt was a significant 

component of the solid product, as indicated by the peaks at 8.31 ppm, 3.64 ppm and 1.39 

ppm. A detailed discussion of the remaining peaks given in Table 4.17 is given hereunder.  

 

 

Figure 4.92: 1H NMR spectrum of O((iPrNH)2PO)2_1_b1. 
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Table 4.16: 1H NMR experimental data and assignment for proton peaks of O((iPrNH)2PO)2_1_b1 

in CDCl3. 

1H NMR experimental data and assignment for proton peaks of 

O((iPrNH)2PO)2_1_b1 in CDCl3 

ppm Multiplicity Integration Coupling Assignment 

8.31 singlet 1.00 N/A NH3
+ (amine salt) 

3.64 triplet of 

doublets  

1.17 N/A CH (Iso-propyl, amine 

salt) 

3.40 multiplet 1.00 N/A CH (Iso-propyl, 

product) 

2.26 broad singlet 1.17 N/A NH (product) 

1.39 doublet 2.39 J = 6.50 Hz CH3 (Iso-propyl, amine 

salt) 

1.14 triplet  6.15 J = 6.20 Hz  CH3 (Iso-propyl, 

product) 

 

Three main peaks of interest were noted, namely the multiplet at 3.40 ppm, the 

broad singlet at 2.26 ppm and the triplet at 1.14 ppm, assigned to the iso-propyl C–H,   

N–H moiety and the iso-propyl methyl protons respectively. This was confirmed by the 

1:1.17:6.15 (CH:NH:CH3) integration value ratio indicating the presence of the iPrNH– 

group. The iso-propyl C–H and methyl peaks were both shifted downfield from the 

analogous peaks for iPrNH2, which are found at 3.10 ppm and 1.06 ppm respectively. 

These shifts indicated loss of electron density around the amine nitrogen and its proton, 

which could be due to the formation of the P–N bond wherein the more electronegative 

N could lose electron density through negative hyperconjugation effects; although this 

cannot be described with certainty. The same downfield shift, but with a greater intensity, 

was observed from the iPrNH2 peak at 1.11 ppm, to the O((iPrNH)2PO)2_1_b1 peak at 

2.26 ppm. This peak did not show coupling which could be assigned to the nitrogen atom 

to which the phosphorus and proton are bound.  

A major issue in this NMR spectrum was that the peak at 1.14 ppm was a triplet 

rather than the expected doublet. This would indicate the presence of two coupling 

protons which is not possible for the iso-propyl moiety. The reason why a triplet was 
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obtained in the spectrum of O((iPrNH)2PO)2_1_b1 for the peak at 1.14 ppm, rather than 

the expected doublet, is unknown. The remaining minor peaks in the region 1.5-0.5 ppm 

of the spectrum of O((iPrNH)2PO)2_1_b1 were indicative of the presence of impurities 

possibly containing similar iso-propyl methyl proton species which could not be 

described further. This data indicated that in both O((iPrNH)2PO)2_1_b and 

O((iPrNH)2PO)2_1_b1, the iPrNH3Cl salt and other products were obtained, with 

O((iPrNH)2PO)2_1_b1 containing a higher amount of the said other products. Further 

impurity peaks were noted for silicone grease (0.07 ppm) and in a number of peaks in the 

region 4.0-3.5 ppm. The latter peaks were likely due to other phosphorus containing 

organic species and similar peaks in this region were noted for most spectra discussed in 

this section. 

The product O((iPrNH)2PO)2_1_c1 gave a spectrum similar to that obtained for 

O((iPrNH)2PO)2_1_b1, with the details given in Table 4.17. 

 

 
Table 4.17: 1H NMR experimental data and assignment for proton peaks of O((iPrNH)2PO)2_1_c1 

in CDCl3. 

1H NMR experimental data and assignment for proton peaks of 

O((iPrNH)2PO)2_1_c1 in CDCl3 

ppm Multiplicity Integration Coupling Assignment 

8.27 broad singlet 1.60 N/A NH3
+ (amine salt) 

3.44 triplet  1.00 N/A CH (Iso-propyl, amine 

salt) 

3.36 multiplet 0.75 N/A CH (Iso-propyl, 

product) 

2.38 broad triplet 0.36 N/A NH (product) 

1.39 doublet 3.43 J = 6.50 Hz CH3 (Iso-propyl, amine 

salt) 

1.17 triplet  4.93 J = 6.20 Hz  CH3 (Iso-propyl, 

product) 

 

The major difference in the O((iPrNH)2PO)2_1_c1 spectrum when compared to 

the spectrum of O((iPrNH)2PO)2_1_b1 is that the broad triplet assigned to the NH of the 

product was found in lesser amounts, with only a 0.36 integration value as opposed to the 
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expected 1. Apart from this, it is clearly visible that as with the spectrum of 

O((iPrNH)2PO)2_1_b1 both the same major products and the by-product ammonium salt 

were present in this product.  

The spectrum for O((iPrNH)2PO)2_1_c2, as given in Figure 4.93, did not have the 

typical NH3
+ (amine salt) peak at around 8.20 ppm, which indicated that the salt by-

product was not present. Although the spectrum contained all the expected peaks for the 

protons of groups CH (iso-propyl, product) and CH3 (iso-propyl, product), it also showed 

a number of broad peaks in the region 3.20–1.40 ppm. In previous products a singular 

peak at about 2.35 ppm was typically assigned to the N–H of the desired product, and 

although a peak at 2.22 ppm was obtained in this case, the other peaks in this region could 

indicate the formation of a mixture of N–H containing products. Integration data would 

indicate that both the peak at 2.22 ppm and that at 2.99 ppm could be related to the triplet 

which remained typical of the iso-propyl methyl group (with an approximate integration 

ratio of 1:6 in both cases).  

 

Figure 4.93: 1H NMR spectrum of O((iPrNH)2PO)2_1_c2. 

 

As described in Section 3.3.2.1.4.2, a sample of O((iPrNH)2PO)2_1_c1 was 

purified by column chromatography and this yielded numerous fractions. The 1H NMR 

spectra of fractions which gave the most interesting results are given in Figure 4.94. These 
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spectra did not show the peak at about 8.27 ppm and therefore it was possible that the salt 

was removed early on in the chromatography process. The peaks visible in these fractions 

are given in Table 4.18, for ease of comparison, where blank cells indicate that no 

analogous peak was observed for the fraction. In all cases the peaks assigned to the 

product iso-propyl CH and CH3 protons were present. However, only the spectrum of the 

fraction O((iPrNH)2PO)2_1_c1_f10 retained the same peak assigned to the expected 

product N–H peak. All other fractions had bands either at 1.75 ppm or 1.61 ppm, which 

could indicate the presence of numerous N–H species, similar to the expected P–N–H 

moiety. Therefore, from this data it was concluded that the product 

O((iPrNH)2PO)2_1_c1_f10 was the product of interest in the original product 

O((iPrNH)2PO)2_1_c1.  Given the chemical shift assigned to the product N–H was at 

2.29 ppm in this product, it is inferred that it is the same major product as that obtained 

in O((iPrNH)2PO)2_1_b1 but purified further. The integration values of the peaks 

assigned to product protons for O((iPrNH)2PO)2_1_c1_f10 further corroborated the 

production of a iPrNH– group. The ratio of integration values for CH:NH:CH3 was of 

1.00:0.96:6.28 which is in agreement with the ratio of integration values for the expected 

moiety. The triplet coupling for the CH3 group remains however problematic to explain.  

 
 

 

Figure 4.94: 1H NMR of fractions f7, f9, f10 and f15 of O((iPrNH)2PO)2_1_c1. 



267 

 

Table 4.18: Comparison of analogous peaks in the spectra of the chromatography fractions f7, f9, 

f10 and f15 of O((iPrNH)2PO)2_1_c1  

_c1 Assign. _c1_f7 _c1_f9 _c1_f10 _c1_f15 

8.27 (bs) NH3
+ (amine salt)     

3.44 (t) CH (Iso-propyl, 

amine salt) 

3.44 (m) 3.44 (m)   

3.36 (m) CH (Iso-propyl, 

product) 

3.37 (m) 3.37 (m) 3.37 (m) 3.37 (m) 

2.38 (bt) NH (product)   2.29 (bt)  

 NH (product) 1.75 (s) 1.75 (s)   

 NH (product)    1.61 (s) 

1.39 

(d) 

CH3 (Iso-propyl, 

amine salt) 

1.44 (s) 1.44 (s) 1.44 (s) 1.44 (s) 

 N/A 1.22 (d) 1.22 (d)   

1.17 (t) CH3 (Iso-propyl, 

product) 

1.19 (t) 1.19 (t) 1.16 (t) 1.16 (t) 

 

4.2.1.4.3. Analysis by 31P NMR spectroscopy 

 

The products from reaction O((iPrNH)2PO)2_1 that showed the possibility of 

containing the desired product following analysis by 1H NMR spectroscopy were 

analysed using 31P{1H} NMR spectroscopy. The spectra of O((iPrNH)2PO)2_1_b and 

O((iPrNH)2PO)2_1_b1 are given together in Figure 4.95. Numerous peaks were observed 

indicating that numerous phosphorus containing species were present. This was in 

agreement with previous IR and 1H NMR data, which showed the presence of possible 

impurities. It could be qualitatively inferred that the product O((iPrNH)2PO)2_1_b1 

showed a decrease in the intensity of numerous peaks, indicating that for both 

O((iPrNH)2PO)2_1_b and O((iPrNH)2PO)2_1_b1 the main product obtained and retained 

in the crystalline O((iPrNH)2PO)2_1_b1 was the phosphorus species indicated by the 

peak at 14.33 ppm. Since O((iPrNH)2PO)2_1_b1 was crystalline in nature it was believed 

that this species was most likely the main product of the reaction.  
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The majority of the peaks were found to be downfield from the PPTC peak at           

-9.52 ppm These downfield shifts from the PPTC peak were indicative of a compound 

where the P atom is deshielded either by electronic or magnetic means. This type of 

deshielding was to be expected if the desired product was obtained, given that usually 

phosphoryl compounds of the structure O=P(NR2)3 and O=P(OR)3, especially the former, 

are known to give peaks downfield of those of the phosphoryl halides.282,249  This arises 

from the ability of halides to form π-back bonds to the phosphorus centre, which are 

stronger than those for amine nitrogen and oxygen. In describing these effects the P=O 

bond will not be regarded as a typical double bond but as the effect of negative 

hyperconjugation on the basic bond P+–O-. This back bonding decreases the positive 

charge about the phosphorus in the P+–O- moiety, increasing electron density about the 

phosphorus centre, which causes shielding and therefore an upfield shift.377 This could 

therefore indicate that one of the species present was the desired product.   

 

Figure 4.95: 31P{1H} NMR spectra of O((iPrNH)2PO)2_1_b (red) and O((iPrNH)2PO)2_1_b1 (blue). 

 

The product O((iPrNH)2PO)2_1_c1 was also analysed to yield the spectrum given 

in Figure 4.96, which was very similar to the spectra of O((iPrNH)2PO)2_1_b and 

O((iPrNH)2PO)2_1_b1.  Therefore, it seems that the same phosphorus species were 

obtained for O((iPrNH)2PO)2_1_c1. This trend was also observed for the 



269 

 

chromatography fractions obtained from O((iPrNH)2PO)2_1_c1 and for the crystalline 

O((iPrNH)2PO)2_1_c2. Given these similarities the peak data for all the spectra of the 

O((iPrNH)2PO)2_1 products is given in Table 4.19 for ease of comparison. The rows 

relay analogous peaks for the various products, with the relative intensity of the peak 

compared to others in the same spectrum given in brackets. 

 

 

Figure 4.96: 31P{1H} NMR spectrum of O((iPrNH)2PO)2_1_c1. 

 

The 31P{1H} NMR data for these compounds, as summarised in Table 4.19, shows 

the presence of two major phosphorus containing products in the products obtained from 

the synthesis reactions. The compound yielding the peak at 12.38-12.29 ppm was present 

in most of the products and believed to be the unexpected side product (iPrNH)3PO 

(detailed characterisation data of this compound is given in Appendix 13 and was 

collected from a failed attempt at preparing O((iPrNH)2PO)2).
383 For the products 

obtained from the reaction O((iPrNH)2PO)2_1, the only phosphorus species common to 

all products was the one which gave the peak at 14.38-14.27 ppm. This was the only 

species which was separated in the column chromatography fraction, 

O((iPrNH)2PO)2_1_c1_f10. The major species observed through the presence of these 

peaks at 14.38-14.27 ppm could therefore be the desired compound.  

It should be stated that coupled 31P NMR spectra did not yield information on 

proton to phosphorus coupling which could be used to describe these products further.  
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Table 4.19: 31P{1H} NMR peak data for the various products obtained during the attempts to 

synthesise O((iPrNH)2PO)2, giving the analogous peaks for each row and the relative intensities of 

the peaks in brackets. 

_b _b1 _c1 _c1_f7 _c1_f9 _c1_f10 _c1_f15 _c2 

14.38 (1) 14.33 (1) 14.36 (1) 14.27 (2) 14.32 (3) 14.33 (1) 14.34 (1) 14.32 (2) 

12.39 (7) 12.37 (7) 12.38 (7)     12.32 (4) 

10.58 (6) 10.58 (6) 10.6 (4) 10.52 (3) 10.58 (2)   10.61 (3) 

5.63 (3) 5.68 (2) 5.72 (2) 6.07 (1) 5.92 (1)  5.81 (3) 5.77 (1) 

 4.55 (5)       

1.79 (2) 1.79 (4) 1.63 (3)      

   -0.56 (4) -0.53 (4)    

-0.14 (4) -0.12 (3) -0.18 (6)    -0.14 (2)  

-10.48 

(5) 

-10.36 

(8) 

-10.44 

(5)      

 

4.2.1.4.4. Analysis by Gas chromatography Mass spectroscopy (GC-MS) 

 

The products O((iPrNH)2PO)2_1_b1 and O((iPrNH)2PO)2_1_c1_f10 were 

analysed using GC-MS, following the interesting information obtained from the IR, 1H 

NMR and 31P NMR spectroscopy data.  

This was especially the case with sample O((iPrNH)2PO)2_1_c1_f10, given that 

both the 1H NMR and 31P{1H} NMR spectra indicated the presence of a single compound.  

The gas chromatograph of this O((iPrNH)2PO)2_1_c1_f10 fraction is given in Figure 

4.97, showing the presence of two peaks, with the peak at 6.322 minutes being the clear 

major one. The mass spectrum of the component described by the peak at 7.244 minutes 

indicated that this impurity was (iPrNH)3PO (details given in Appendix 13).383 The peak 

at 6.322 minutes was therefore likely to be due to the major chemical component. This 

indicated that although the 31P NMR data for O((iPrNH)2PO)2_1_c1_f10 showed the 

presence of a single phosphorus species, (iPrNH)3PO could have also been present as a 

very minor component; as was the case for other chromatography fraction products 

analysed by 31P NMR spectroscopy. All the peaks obtained from the mass spectrum of 
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the 6.322 minutes chromatography peak of O((iPrNH)2PO)2_1_c1_f10 are given in 

Figure 4.98. The peaks at 44.12 m/z, 58.11 m/z and a minor peak at 79.05 m/z can be 

assigned to the [iPrH]+, [iPrNH]+ and [(NH)2PO]+ fragments respectively.  

 

 

Figure 4.97: Gas chromatograph of O((iPrNH)2PO)2_1_c1_f10. 

 

Figure 4.98: Mass spectrum of O((iPrNH)2PO)2_1_c1_f10. 
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The other major peaks were observed at 93.93 m/z, 137.1 m/z, 179.1 m/z and 

195.1 m/z, with no peak obtained at higher m/z values. The peak at 179.1 m/z, which was 

believed to be due to a major fragment, could be due to the presence of the 

[(iPrNH)2PO2]
+ fragment which would indicate the presence of the desired compound as 

this would be representative of the fragmentation of the desired molecule along one of 

the P–O bonds of the P–O–P moiety. The complementary [(iPrNH)2PO] fragment was 

not observed. The fragment at 195.1 m/z did not reflect any known fragment for the 

expected compound but was observed to be related to the previous fragment as 

195.1 𝑚/𝑧 − 179.1 𝑚/𝑧 = 16 𝑚/𝑧, which could indicate that this was due to a 

rearrangement fragment [(iPrNH)2PO3]
+. The fragment at 137.1 m/z was found to be 

related to the fragment at 195.1 m/z by 195.1 𝑚/𝑧 − 137.1 𝑚/𝑧 = 58 𝑚/𝑧 which would 

indicate another fragment [(iPrNH)PO3]
+ wherein the initial rearragenment fragment 

loses the [iPrNH] moiety. The final fragment at 93.93 m/z was easily described by the 

fragment [PO3H]+. This could be a derivative of the previously described fragments 

[(iPrNH)2PO3]
+ and [(iPrNH)PO3]

+. The presence of the peaks at 93.93 m/z, 137.1 m/z 

and 195.1 m/z could indicate the presence of the pyrophosphoryl moiety. The presence 

of the [PO3] moiety in all three fragments along with the presence of the [(NH)2P] moiety 

in the fragments described for the peaks at 195.1 m/z and 79 m/z indicated that the [PO3] 

moiety was most likely obtained through rearrangement rather than the presence of a 

[PO3] containing product as this would require the formation of the [PO3N2] containing 

compound, most likely a λ5σ5-phosphorane, which are known but the route of formation 

of such a compound with the reagents used is unclear. It was observed that fragments 

related to the complementary [(iPrNH)2PO]+ fragment, expected given the presence of 

the [(iPrNH)2PO2]
+ fragment, were not observed.  

These fragments observed for O((iPrNH)2PO)2_1_c1_f10 indicated the 

possibility of the formation of the desired compound although some important expected 

fragments and the M+ peak were missing. The presence of the [(iPrNH)2PO2]
+ fragment 

could indicate that the main component of this product was in fact the desired compound 

O((iPrNH)2PO)2.  

Analysis of the data for O((iPrNH)2PO)2_1_b1 can be related directly to the data 

for O((iPrNH)2PO)2_1_c1_f10 and (iPrNH)3PO. The gas chromatograph for 

O((iPrNH)2PO)2_1_b1 is given in Figure 4.99 and this shows that the sample run 

contained multiple compounds which could have arose from both the reaction or the 

workup. This was also prevalent in the 1H NMR and 31P NMR spectra of this compound 
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and therefore this result was expected. The two major peaks of interest that were analysed 

by MS are the ones at 6.618 minutes and 7.313 minutes. The MS peak data for both these 

peaks are given in Table 4.20, along with the MS peak data for the (iPrNH)3PO and 

O((iPrNH)2PO)2_1_c1_f10 products. This data indicates that both of the compounds 

present in O((iPrNH)2PO)2_1_c1_f10 were found in O((iPrNH)2PO)2_1_b1. The other 

major peak at 12.181 minutes contained peaks for both [iPrH]+ and [iPrNH]+, but no 

significant structural data was obtained.  

 

Table 4.20: Mass spectra peak data comparison for the O((iPrNH)2PO)2_1_b1 Gas chromatography 

peaks at 6.618 and 7.313 minutes and the peaks in the Mass spectra for (iPrNH)3PO and 

O((iPrNH)2PO)2_1_c1_f10 .  

(iPrNH)3PO _1_b1 (7.313 min.) _1_c1_f10 _1_b1 (6.618 min.) 

m/z % m/z % m/z % m/z % 

44.11 32.35 44.13 47.70 44.12 73.45 44.12 74.03 

58.01 100 58.11 100 58.11 100 58.08 96.56 

79.02 62.68 79.04 59.95 79.05 16.65 79.01 18.66 

    93.93 92.38 93.97 92.71 

121.08 44.65 120.92 64.22     

    137.09 37.20 137.07 51.98 

163.12 32.19 163.07 40.94     

    179.10 60.14 179.10 100 

    195.16 1.76 195.16 5.24 

206.16 12.67 206.13 16.01     

221.19 2.04 221.19 3.29     
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Figure 4.99: Gas chromatograph of O((iPrNH)2PO)2_1_b1. 

 

4.2.1.4.5. Analysis by Microscopy 

 

Solids obtained in the synthesis attempt of O((iPrNH)2PO)2 were checked under 

the microscope. Any crystalline samples were recorded and micrographs are given 

hereunder in Figure 4.100. The product O((iPrNH)2PO)2_1_b1 gave good quality needle 

like crystals while for O((iPrNH)2PO)2_1_c1 flat plates with a polygonal habit were 

collected. However the latter crystals were not of very good quality.  

 

  

O((iPrNH)2PO)2_1_b1 O((iPrNH)2PO)2_1_c2 

Figure 4.100: Micrographs of solids obtained for the O((iPrNH)2PO)2_1 reaction. 
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4.2.1.4.6. Analysis by Single crystal X-ray diffraction 

 

Single crystals of O((iPrNH)2PO)2_1_b1 were characterised by SXRD. The 

method used and the results obtained are discussed hereunder, along with a structural 

comparison to other previously structurally characterised pyrophosphoramides. 

 

4.2.1.4.6.1 O((iPrNH)2PO)2_1_b1 

 

Crystals were collected under oil and mounted in oil. Data was collected using Cu 

radiation on a STOE Stadivari diffractometer with a microfocus Cu-Kα1 source. Structure 

solution was undertaken using the ShelXT Intrinsic phasing method and refined using the 

ShelXL least squares method.380,381 The crystallographic data obtained after structure 

solution and refinement is given in the report in Table 4.21, while the molecular structure 

and unit cell are given in Figure 4.101 and Figure 4.102 respectively. The full set of data 

is presented in Appendix 14. 

 

Table 4.21: Crystal data for O((iPrNH)2PO)2_1_b1. 

Identification code  O(iPrNH)2PO)2_1_b1  

Empirical formula  C12H32N4O3P2  

Formula weight/gmol-1  342.35  

Crystal system  orthorhombic  

Space group  Pca21  

a/Å  20.3379(4)  

b/Å  5.04400(10)  

c/Å  19.1488(5)  

α/°  90  

β/°  90  

γ/°  90  

Volume/Å3  1964.37(8)  

Z  4  
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Figure 4.101: Molecular structure obtained for O((iPrNH)2PO)2_1_b1. 

 

Figure 4.102: Unit cell for O((iPrNH)2PO)2_1_b1. 

 

Viewed along the b-axis, as can be seen in Figure 4.102, the first notable structural 

characteristic was the isolation of the pyrophosphoryl and amine groups from each other 

by the iso-propyl groups. It seems that within the a-c plane the non-hydrogen bonding, 

a 
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mainly Van der Waals interaction between the hydrophobic iso-propyl groups, were 

preferred. On the other hand, the intermolecular interactions between the pyrophosphoryl 

and amine moiety occurred along the b axis through the two hydrogen bonding motifs 

shown in detail in Figure 4.103. For each molecule in the column, both synthons were 

present involving both P=O and three of the N–H groups, leaving one of the iso-propyl 

amines uninvolved. The first synthon was a ring with a ( )8R1
2  graph set connecting one 

P=O group with two neighbouring N–H groups, as detailed in Figure 4.103 (left), which 

are bound to the two different phosphorus centres of the second molecule. The second 

synthon was a simple P=O---H–N interaction of the other P=O group of the first molecule 

with a neighbouring N–H group which is not part of the previously discussed synthon but 

which shares a phosphorus centre with one of the previously discussed amide groups as 

detailed in Figure 4.103 (right). Since these synthons were present only in the b axis this 

contributed to the small b axis length. The strict hydrogen bonding along the b axis 

repeated between each individual molecule and the isolation of each molecule through 

the bulky iso-propyl groups in the a-c plane caused the molecules to pack in columns 

along the b axis, with each molecule in the same column having the same symmetry and 

hydrogen bonding motifs.  

 

   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.103: Hydrogen bonding synthons present in the structure of O((iPrNH)2PO)2_1_b1. 
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It was observed that on moving along the a axis each column was antiparallel in 

the b axis direction to its neighbours, with regards to the direction of the hydrogen 

bonding motifs, as given in Figure 4.104. This is described via a 21 screw axis along the 

b axis. Along the c axis the column remained parallel in terms of hydrogen bonding motifs 

but they were related to each other through the glide plane in the b-c plane along the c 

axis.  

 

Figure 4.104: Antiparallel columns of O((iPrNH)2PO)2 along the a axis. 

 

4.2.1.4.6.2 Structural Comparison of mono-N-substituted Pyrophosphoramides 

 

Only a few pyrophosphoramides have been structurally characterised by XRD 

methods.33,207–214,384–386 It is known that most intermolecular motifs that build up the 

supramolecular structures which define crystal structures are due to the moieties within 

the molecule in question. Therefore, compounds with similar moieties and chemical 

structures may be expected to have similar intermolecular motifs and in turn similar 

crystal structures.387,388 In this regard the various previously structurally characterised 

and published pyrophosphoramides, along with the novel O((iPrNH)2PO)2 structure 

obtained from O(iPrNH)2PO)2_1_b1, can be divided in five main groups dependent on 

their chemical structure, as described in Figure 4.105. 

a 

b 
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Pyropshophoramides  

Di-N-substituted pyrophosphoramides  Mono-N-substituted pyrophosphoramides  

O((R2N)2PO)2 

(Symmetric 

secondary 

amine 

derivatives) 

O((R1R2N)2PO)2 

(Asymmetric 

secondary amine 

derivatives) 

O((R1(NR2)2)2PO)2 

 (N,N’-substituted 

diamine 

derivatives) 

O((AlkylNH)2PO)2 

(Primary alkyl 

amine derivatives) 

O((ArlyNH)2PO)2 

(Primary aryl 

amine 

derivatives) 

O((Me2N)2PO)2 

Liquid201,202 

O((BzMeN)2PO)2 

C2/c214 

O((C2H4(2,5-

iPrPhN)2)2PO)2 

P21/n384 

O((tBuNH)2PO)2 

P21/c386 

O((2-

MePhNH)2PO)2 

P21/c211,212 

  O((1,2-

Cy(NaphN)2)2PO)2 

C2385 

O((iPrNH)2PO)2 

Pca21 (current) 

O((4-

MePhNH)2PO)2 

Pccn214 

Figure 4.105: Categorisation of pyrophosphoramides under discussion, including structures 

published from data obtained by SXRD for the solid products, along with the liquid O((Me2N)2PO)2. 

 

On comparison of the crystal structures of the compounds classified in each group 

given in Figure 4.105, it was noted that the most important molecular difference that 

affected the supramolecular structure was the presence of the N–H moiety. Its presence 

caused a significant difference between the structure of the mono-N-substituted 

pyrophosphoramides and the di-N-substituted pyrophosphoramides, which lack this 

moiety. The di-N-substituted pyrophosphoramides given in Figure 4.105 were shown to 

form crystalline structures wherein the pyrophosphoramide moieties did not interact with 

each other directly, due to a lack of the N–H moiety. Therefore in the di-N-substituted 

pyrophosphoramides the packing and supramolecular structures which influence the 

formation of the crystal structures are mostly dependent on the organic moieties of the 

compounds. In all three cases the modes of supramolecular arrangement are determined 

by and typical of the many organic groups present. It is interesting to note that there is a 

lack of Ph(π)---Ph(π) interactions, especially for O((BzMeN)2PO)2 and O((1,2-

Cy(NaphN)2)2PO)2.
214,385 This may be due to these organic moieties being bound to the 

pyrophosphoramide group which in such conditions always takes on a staggered 

conformation along the P to P axis. This staggered conformation is most likely due to the 

lack of the amine N–H bonds which are present in the mono-N-substituted 

pyrophosphoramides. Therefore, since as described in Section 4.2.1.4.6.1. the structure 

of O((iPrNH)2PO)2_1_b1 is significantly influenced by P=O---H–N interactions no 

further comparison can be made to O((iPrNH)2PO)2. 
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The first noticeable difference when comparing O((iPrNH)2PO)2 to the previously 

published structures was that this solid crystallised in the orthorhombic space group 

Pca21. The only other compound that crystallised in this crystal system was                    

O((4-MePhNH)2PO)2, crystallising in a Pccn spage group, while all the others 

crystallised in monoclinic space groups. Despite the chemical similarities of 

O((iPrNH)2PO)2 to O((tBuNH)2PO)2, it not only crystallised in a different spacegroup, 

namely Pca21, but also showed a different supramolecular motif.  

For the previously described mono-N-substituted pyrophosphoramides all the 

polymorphs that crystallised in the monoclinic crystal system (including 

O((tBuNH)2PO)2) did so in a P21/c space group. The O((tBuNH)2PO)2 and the two             

O((2-MePhNH)2PO)2 polymorphs all showed the same basic supramolecular 

motif,211,212,386 which on packing constructed the relevant crystal structures as shown in 

Figure 4.106. The basic supramolecular motif is given in Figure 4.107. This is composed 

of two hydrogen bonding synthons, shown in Figure 4.108. The first one is a ring synthon 

with a ( )8R2
2  graph set binding molecules through intermolecular hydrogen bonding, while 

the second consists of partially eclipsed conformations through intramolecular hydrogen 

bonding, as given in Figure 4.108. The second synthon constricts the molecules from 

taking on other conformations and therefore minimises the number of possible 

supramolecular structures available. These two synthons together create the same 

supramolecular structure for all of the above crystal structures, namely a chain like 

packing as given in Figure 4.107. This structure motif is repeated through translational 

symmetry to form infinite chains. The two molecules that form the actual supramolecular 

units are related to each other by the glide plane denoted in the P21/c spacegroup. 
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Figure 4.106: The hydrogen bonding motif common to all crystals having a P21/c space group as 

described in the published structures: (a) O((tBuNH)2PO)2; (b) O((2-MePhNH)2PO)2 published by 

Pourayoubi, M. et al.; (c) O((2-MePhNH)2PO)2 published by Cameron, S.T. et al. 
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Figure 4.107: Basic unit for the supramolecular H-bonding motif that is common to all three mono-

N-substituted pyrophosphoramides that crystallise in a P21/c space group, A = (R)N–H . 
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Figure 4.108: H-bonding synthons in P21/c structures: (a) intermolecular ring synthon; (b) the two 

variants of the intramolecular synthon where A is the non-intermolecular bonding amine. 
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The formation of this hydrogen bonding motif seems to be independent of the 

nature of the organic substituent on the amide nitrogen, as it occurs for both the alkyl tert-

butyl and aryl 2-methylphenyl analogues. The packing of these chains is, however, 

influenced by the organic substituents. The tert-butyl groups in O((tBuNH)2PO)2 do not 

interact, although they pack in a staggered formation resulting in the closest possible 

packing of the chains.386 The packing effects of the 2-methylphenyl groups are more 

complex than those of the tert-butyl groups giving rise to two polymorphs of this 

compound. For both polymorphs the 2-methylphenyl groups on the same phosphorus 

centre both stack antiparallel to each other through Ph(π)---Ph(π) interactions. The 

polymorph collected by Pourayoubi et al. showed closer packing between the chains.212 

The chains are arranged by a square like motif composed of the Ph(π)---H–C(meta) 

interactions which make up the vertices.387 In the polymorph described by Cameron et al. 

the main intermolecular interactions are the same stacking interactions as the 

intramolecular interactions described for both polymorphs.211 

For the 4-methylphenyl derivative O((4-MePhNH)2PO)2, which crystallises in the 

orthorhombic Pccn spacegroup,214 a different and unique supramolecular structure was  

recorded. This had a different internal conformation, due to a lack of intramolecular 

hydrogen bonding synthons, when compared to the other mono-N-substituted 

pyrophosphoramides, and therefore a different supramolecular motif was present. This 

contained a staggered internal conformation of the molecules along the P to P axis which 

was due to a lack of the intramolecular P=O---H–N bonding observed in the P21/c 

structures. These staggered molecules are allowed to stack on top of each other to form 

the supramolecular motif given in Figure 4.109a. Since all the amines in this 

conformation are free from intramolecular bonding the ring synthon with graph set ( )12R2
2  

given in Figure 4.109b is formed. Further N–H---Ph and P=O---H–C(Ph(C2)) 

interactions are observed as shown in Figure 4.110. The N–H---Ph interactions are 

formed through the remaining amide moieties which do not interact in the ( )12R2
2  ring 

described prior and this additional set of interactions seems to stabilise the motif by 

increasing the packing efficiency and stopping this moiety from forming the previously 

mentioned intramolecular P=O---H–N bonding. The P=O---H–C(Ph(C2)) interactions 

also seem to add stability by further aiding the P=O oxygen atoms to obtain the 

orientation necessary for this synthon.250,387 
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Figure 4.109: Hydrogen bonding motif for O((4-MePhNH)2PO)2 (a) as viewed along the a-axis, 

showing the complete repeatable moiety described for this structure (left) and offset to show the 

staggered conformation of the pyrophosphoramide (right); (b) The ring synthon that is the base for 

the motif given in a simplified diagram. 

 

Figure 4.110: Intermolecular and intramolecular non-hydrogen bonding interactions in the 

structure of O((4-MePhNH)2PO)2. 

 

The two molecules in the motif are related by a glide plane on the a-c plane along 

the c-axis. This motif can therefore theoretically form infinite chains along the c-axis. 

Neighbouring chains were noted to be anti-parallel to each other along the b-axis and 

related to each other by a second glide plane along the diagonal of the a-b plane. Chains 

neighbouring each other along the a-axis are parallel and related by translation. The main 

interaction responsible for arrangement in antiparallel chains is the Ph(π)---H–C(para-

methyl) interaction between the closely situated 4-methyphenyl groups bound to different 

molecules in different chains,250 as noted in Figure 4.110.214 This guarantees the closest 

possible packing of the various phenyl groups in the molecule. The 4-methylphenyl 

groups are therefore mainly responsible for both the formation of a different hydrogen 

bonding motif and a different packing of the molecules in this structure compared to other 

pyrophosphoramides. 
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On comparison with published cases it was concluded that the previously 

described crystal structure and supramolecular motif for O((iPrNH)2PO)2_1_b1 and 

given in Figures 4.101 and 4.103 were unique. As this supramolecular motif was not 

attested in literature it was believed to be unique for the mono-N-substituted 

pyrophosphoramide produced in this study and therefore novel. This motif was composed 

of two different hydrogen bonding intermolecular synthons of P=O---H–N interactions. 

Both these synthons were also found to be novel, increasing the number of intermolecular 

synthons known in crystal structures of mono-N-substituted pyrophosphoramides. 

Therefore the strong impact of this type of hydrogen bonding on the supramolecular 

motifs in all previously published mono-N-substituted pyrophosphoramides could be 

confirmed also for O((iPrNH)2PO)2. It should also be noted that a staggered internal 

conformation of the molecules along the P to P axis was noted, similar to that of analogue 

O((4-MePhNH)2PO)2. This could contribute to the difference in supramolecular 

structures as compared to other primary alkyl mono-N-substituted pyrophosphoramides 

but does not explain the cause for the differences noted with all the previously described 

mono-N-substituted pyrophosphoramides. 

The cause of the formation of this different structure was difficult to determine. 

Chemical structure, synthesis method, crystallisation techniques, solvents used and the 

temperature during crystallisation and SXRD data collection can all effect the crystal 

structure obtained. In the case of this novel structure the SXRD data collection 

temperature fell in the same range used for other P21/c crystallising compounds and 

therefore this was unlikely to be the cause of the structural difference.211,212,386 The 

synthesis and crystallisation approach used to produce this compound was different from 

those used to obtain the previously reported solids and therefore this could have been a 

factor influencing the formation of a novel supramolecular motif. Given the chemical 

similarities between the iso-propyl and tert-butyl moieties the difference in 

supramolecular motifs between the two was unexpected. 

A summary for the structural comparison of the mono-N-substituted 

pyrophosphoramides discussed above is given in Appendix 15. 
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4.2.1.4.7. Conclusion 

 

Following the application of various characterisation techniques on the numerous 

products obtained from the reaction to synthesise the product O((iPrNH)2PO)2, the 

following conclusions were drawn up. The crystalline product labelled 

O((iPrNH)2PO)2_1_a was found to be the expected iPrNH3Cl salt through IR and 1H 

NMR analysis. All other products were believed to contain derivatives of PPTC due to 

the presence of non-PPTC peaks in their respective 31P{1H} NMR spectra. These spectra 

indicated clearly that these derivatives were most likely amine, hydroxide or alkoxide 

derivatives, due to the downfield shifts observed in the peaks of the 31P{1H} NMR spectra 

as compared to the peak for PPTC.   

IR, 1H NMR and 31P{1H} NMR data for O((iPrNH)2PO)2_1_b, 

O((iPrNH)2PO)2_1_b1, O((iPrNH)2PO)2_1_c1 and its various column chromatography 

fractions and O((iPrNH)2PO)2_1_c2, indicated the presence of multiple pyrophosphoryl 

derivatives, with the presence of a single major product throughout. GC-MS data 

indicated that the major product for the various O((iPrNH)2PO)2_1 products was likely 

the desired product or a very similar pyrophosphoramide. However this technique could 

not definitively prove the formation of the desired compound. For most of these products 

31P{1H} NMR  and GC-MS data indicated that (iPrNH)3PO was also present as a minor 

component and side product of this reaction. The mechanism or decomposition route 

through which (iPrNH)3PO was formed from PPTC and the iso-propylamine reagents or 

the main product could not be deduced from the available data. SXRD characterisation 

of O((iPrNH)2PO)2_1_b1 clearly showed that the desired compound was obtained. Given 

the similarities between the IR, 1H NMR and 31P{1H} NMR data for the various products 

O((iPrNH)2PO)2_1_b, O((iPrNH)2PO)2_1_b1, O((iPrNH)2PO)2_1_c1 and its various 

column chromatography fractions and O((iPrNH)2PO)2_1_c2 and the final SXRD result 

for O((iPrNH)2PO)2_1_b1 it could be concluded that the major product was 

O((iPrNH)2PO)2. This indicated that the desired compound could be obtained through 

this reaction from which a pure crystalline product could be isolated.  

This SXRD data analysis also produced the first solid state structure of 

O((iPrNH)2PO)2. A thorough structural comparison of O((iPrNH)2PO)2_1_b1 with other 

pyrophosphoramides for which the crystal structures have been published previously was 

carried out. The O((iPrNH)2PO)2 obtained in the current work formed a novel 

supramolecular motif previously unattested for mono-N-substituted 
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pyrophosphoramides. This motif was composed of two different synthons with P=O---

H–N interactions. Trends regarding the effects of the various organic moieties within the 

different compounds were difficult to describe due to the lack of systematic data. These 

novel structures, supramolecular motifs and synthons first described for mono-N-

substituted pyrophosphoramides in O((iPrNH)2PO)2_1_b1 can also be of interest in 

possible polymorphism and co-cystallisation studies. This is important for mono-N-

substituted pyrophosphoramides given their possible use as pesticides. The formation of 

different forms with different thermodynamic and kinetic stabilities can aid in 

complexation reactions and diminish decomposition on storage, a property of great 

importance for use in agriculture.270,389–391 

 

 Summary 

 

This section addressed the characterisation of the non-carbene di-λ5σ4-

phosphorane ligands and ligand precursors which were synthesised as described in 

Section 3.3.2.1, to be used in the synthesis of the lanthanide non-carbene di-λ5σ4-

phosphorane complexes. Synthesis of the neutral ligands and ligand precursors, 

HN(Ph2PS)2, HN(Ph2PO)2, O((Et2N)2PO)2 and O((iPrNH)2PO)2 was fairly 

straightforward with the desired compounds obtained under inert conditions and 

characterised through IR, 1H and 31P NMR spectroscopy and GC-MS. The ligands were 

found to be stable to air and moisture and synthesis was only undergone under inert 

conditions due to the use of the sensitive reagents. For HN(Ph2PO)2 and O((iPrNH)2PO)2 

novel crystalline structures were obsereved. HN(Ph2PO)2 proved to form the amine 

tautomer on crystallisation in this study, unlike previous studies where an alcohol 

tautomer was collected on crystallisation. This proved to be the first time this tautomer 

was identified in the solid state. The ligand O((iPrNH)2PO)2 was characterised 

structurally for the first time although this compound is available commercially. This also 

showed a novel supramolecular motif and intermolecular synthons when compared to 

other previously described mono-N-substituted pyrophosphoramides. A novel Ca2+ 

complex of O((Et2N)2PO)2 was formed unexpectedly. The compounds HN(Ph2PS)2, 

HN(Ph2PO)2 and O((Et2N)2PO)2 were all used for complexation with lanthanide cations. 
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4.2.2. Complexation products 

 

 Characterisation of [Eu(N(Ph2PO)2)3] 

 

In the current study two attempts at synthesising the previously known lanthanide 

complex [Eu(N(Ph2PO)2)3] were undergone, as described in Section 3.3.2.2.1. The 

procedure used was as previously published by Pietraszkiewicz and co-workers in 2012, 

with a slight experimental variation.244 The two attempts undertaken in the current study 

also had a minor variation between them.  Characterisation of these two products gave 

different results and therefore both products are discussed hereunder. The first synthesis 

gave the product labelled as [Eu(N(Ph2PO)2)3]_1 with a yield of 39%, whilst the second 

attempt gave the product labelled as [Eu(N(Ph2PO)2)3]_2 with a yield of 17%. 

 

4.2.2.1.1. Analysis by Infra-red spectroscopy 

 

The IR spectrum of the [Eu(N(Ph2PO)2)3]_1 product is given in Figure 4.111, 

along with the spectrum of the starting reagent HN(Ph2PO)2_1. Significant differences 

were observed between the two spectra, with the first two differences being the presence 

of phenyl ν C–H bands in the typical region in the spectrum of the product in contrast to 

the lack of these bands in the spectrum of the ligand and the loss of the significant                        

ν O–H and δ O–H bands in the spectrum of the product, when compared to that of the 

ligand.  

 

 

Figure 4.111: IR spectra of [Eu(N(Ph2PO)2)3]_1 (blue) and HN(Ph2PO)2_1 (orange). 
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Other differences included the presence of very strong broad bands at 1467 cm-1 

and 787 cm-1 in the spectrum of [Eu(N(Ph2PO)2)3]_1, together with strong to medium 

bands at 1336 cm-1, 1309 cm-1, 1184 cm-1, 1028 cm-1 and 522 cm-1, none of which were 

present in the spectrum of the ligand. The broad band at 1467 cm-1 was unexpected and 

fell in the very highest wavenumber region for ν P=N or ν P=O vibrations. This indicated 

a strong bond order of these two bonds which was unexpected for complexation. The 

broad band at 787 cm-1 fell in the higher wavenumber region for νs P–N–P vibrations, 

although it was still in the range of bands assigned to this vibration in the IR spectrum of 

HN(Ph2PO)2_1. The bands at 1336 cm-1 and 1309 cm-1 could be analogous to ligand 

bands at 1326 cm-1 and 1306 cm-1, which were unassigned. The two bands at 1184 cm-1 

and 1028 cm-1 showed no analogous bands in the spectrum of the ligand and could not 

be assigned. The strong band at 522 cm-1 was anomalous, although it fell in the region 

typical for bands of the δ P–O–H vibrations, which could therefore indicate the presence 

of such a moiety. This group was however unexpected and could be indicative of the 

formation of another impurity. The strong band at 1124 cm-1 in the spectrum of 

[Eu(N(Ph2PO)2)3]_1 seemed to be analogous to the band at 1110 cm-1 in the spectrum of 

the ligand, showing little change in wavenumber. This band could be assigned to ν P=O 

vibrations and therefore this was indicative of the lack of coordination of the metal ion 

with the oxygen of the P=O group, given that this structural change should have caused 

a decrease in bond order and wavenumber of the P=O bond.  

The second product, [Eu(N(Ph2PO)2)3]_2, was also analysed by IR spectroscopy 

to yield a significantly different spectrum from both that observed for the starting reagent 

HN(Ph2PO)2_1 and that observed for [Eu(N(Ph2PO)2)3]_1. A detail of this spectrum is 

given in Figure 4.112, along with that of the starting reagent. Any bands with 

wavenumbers > 1600 cm-1 could not be identified due to the presence of very strong           

ν O–H and δ O–H bands, most likely due to the presence of water, and therefore the 

discussion hereunder deals with the bands falling in the wavenumber region of                    

1600-400 cm-1. 
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Figure 4.112: IR spectra of [Eu(N(Ph2PO)2)3]_2 (blue) and HN(Ph2PO)2_1 (orange), in the range 

1800cm-1 to 400cm-1. 

 

First of all, the bands at 752 cm-1, 725 cm-1 and 697 cm-1 observed in the spectrum 

of [Eu(N(Ph2PO)2)3]_2 were believed to be analogous to the bands at 753 cm-1,                 

742 cm-1, 723 cm-1 and 688 cm-1 in the spectrum of the HN(Ph2PO)2_1 ligand, given that 

on comparison they fell in the same range and were of similar intensities and 

wavenumbers. These were assigned to the various P-Ph vibrations expected in this region 

for both samples and therefore indicated the presence of the ligand in the product. The 

bands at 784 cm-1 and in the range of 649-626 cm-1, which were assigned to the                      

νs P–N–P vibrations in the spectrum of the ligand were lost in the spectrum of the 

[Eu(N(Ph2PO)2)3]_2 product.  This was also true for the bands at 1110 cm-1 and                     

1090 cm-1 assigned to the ν P=O vibrations. 

New medium strength bands were observed at 849 cm-1 and 826 cm-1 in the 

spectrum of the product, which could indicate a decrease in bond order for the P–N–P 

bonds if these bands were considered to be analogous to the band at 925 cm-1 in the 

spectrum of the reagent, which was assigned to the νas P–N–P vibrations. Such a change 

was not expected. Alternatively, if the expected deprotonation, along with coordination 

had occurred, these bands could be tentatively assigned to the νs P–N–P vibrations but 

with an increase in wavenumber from the aforementioned bands at 784 cm-1 and in the 

range of 649-626 cm-1 in the spectrum of the ligand, which were assigned to these 

vibrations. This increase in wavenumber for bands assigned to the same vibration modes 

from ligand to product would indicate an increase in bond order. However, these bands 

would fall in a range slightly higher than typical.  
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Two strong peaks were observed at 1515 cm-1 and 1384 cm-1 in the spectrum of 

the [Eu(N(Ph2PO)2)3]_2 product. These both fell in the higher range for the v P=N or          

v P=O vibrations, although in this case these were more likely to be for the v P=N 

vibrations, which would indicate a significant bond order increase for this bond. The 

increase in wavenumber of the band of the v P=N vibrations would be expected if the 

deprotonation expected for the reaction had occurred. If this was the case the loss of the 

band at 925 cm-1, which was assigned to the νas P–N–P vibrations in the ligand, would be 

justified. The loss or diminished intensity of the bands assigned to the v P=O vibrations 

in the ligand IR spectrum would also be indicative of deprotonation and coordination, as 

both these processes should decrease the bond order of the P=O bond. Unfortunately, an 

analogous band which could be tentatively assigned to the coordinated P=O bond was 

difficult to find, with the best fit being the bands at 1128 cm-1, 849 cm-1 and 826 cm-1 in 

the spectrum of the product.  

In addition to the assignment of the IR bands discussed prior the strong band at 

1384 cm-1 and the medium intensity band at 826 cm-1 could also be related to the known 

IR spectrum of the salt metathesis by-product of the reaction used in the synthesis attempt 

of [Eu(N(Ph2PO)2)3]_2, namely KNO3.
392 Literature IR data for KNO3 typically shows 

three bands attributable to the vibrations of the nitrate anion, namely at 1767 cm-1 (w), 

1380 cm-1 (s) and 824 cm-1 (m) and thus the latter two bands may be present in the IR 

spectrum of the solid along with the bands of the desired product.  

 

4.2.2.1.2. Analysis by 1H NMR spectroscopy 

 

A detail of the 1H NMR spectrum of [Eu(N(Ph2PO)2)3]_1 is given in Figure 4.113, 

along with that of the starting reagent, HN(Ph2PO)2_1. The three peaks typical of the 

aromatic rings were present in both spectra, with analogous and unchanged multiplet and 

coupling constants. The aromatic peaks were observed at 7.90 ppm, 7.43 ppm and 7.34 

ppm in the spectrum of [Eu(N(Ph2PO)2)3]_1 and these were analogous in both chemical 

shift and multiplicity to the ligand peaks at 7.82 ppm (o-H), 7.41 ppm (p-H) and 7.32 

ppm (m-H), respectively. In each case a slight downfield shift was observed; of about Δδ 

= -0.02 ppm for the para and meta protons and Δδ = -0.07 ppm for the ortho protons. This 

could indicate a slight increase in the electron withdrawing effect of the phosphorus 

centers. Other peaks in the region were indicative of impurities. The singlet at 4.38 ppm 
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(not shown in Figure 4.113) in the spectrum of [Eu(N(Ph2PO)2)3]_1 could indicate the 

presence of either an amine proton or an alcohol proton and thus was indicative of the 

lack of deprotonation on reaction. In all cases the lack of significant shifts and peak 

broadening indicated a lack of coordination to the paramagnetic Eu3+ ions.  

 

 

 

Figure 4.113: Detail of the aromatic region of the 1H NMR spectra for [Eu(N(Ph2PO)2)3]_1 (blue) 

and HN(Ph2PO)2_1 (red). 

 

The [Eu(N(Ph2PO)2)3]_2 product was also characterised using 1H NMR 

spectroscopy and its spectrum was observed to be significantly different from both the 

spectra of the reagent and that of the [Eu(N(Ph2PO)2)3]_1 product.  As the spectra of 

[Eu(N(Ph2PO)2)3]_1 and HN(Ph2PO)2_1 were very similar, the comparison of the data 

for [Eu(N(Ph2PO)2)3]_2 is only undertaken with regards to the spectrum of 

HN(Ph2PO)2_1, as given in Figure 4.114. 

The first observation in the spectrum of the product was that no singular peak 

could be described for the amine or alcohol peak, which would indicate the possibility of 

deprotonation. A detail of this spectrum in the aromatic region is given in Figure 4.114, 

together with that of the ligand. The peaks of interest for the [Eu(N(Ph2PO)2)3]_2 
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spectrum were those at 7.55 ppm, 7.24 ppm and 7.01 ppm in the aromatic region. All 

three peaks were in agreement with the literature values for the complex 

[Eu(N(Ph2PO)2)3], given at 7.54 ppm, 7.21 ppm and 6.99 ppm respectively.  

 

 

Figure 4.114: Detail of the aromatic region of  the 1H NMR spectra for [Eu(N(Ph2PO)2)3]_2 (blue) 

and HN(Ph2PO)2_1 (red). 

 

The main feature of interest in the spectrum of the product was the very clear 

broadening of the peaks assigned to the various aromatic peaks, which is typical of 

samples where paramagnetic ions are present. The integration values for the three peaks 

indicated a 2:1:2 proton ratio, as given in literature. The same ratio was present in the 

ligand, indicating that similar shielding effects were present in the phenyl protons of the 

product, as were observed in the ligand. Given that the broadening of the peaks did not 

allow for clear coupling constants to be observed no further assignment of these protons 

could be undertaken. The last feature of interest was the unexpected upfield shift of all 

the proton peaks. This was unexpected since coordination should increase the P+–O- 

nature of the P=O bond and therefore increase the electron withdrawing effect of the 

phosphorus centres. Regardless the broadening and chemical shifts of the peaks were in 

agreement with published literature data and therefore indicated the presence of Eu3+ ions 

coordinated with the ligand.  
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4.2.2.1.3. Analysis by Powder X-ray diffraction 

 

Both the products [Eu(N(Ph2PO)2)3]_1 and [Eu(N(Ph2PO)2)3]_2 where analysed 

by PXRD using Mo-Kα1 radiation and the patterns obtained are discussed hereunder. The 

powder patterns for both these products were compared to the powder pattern of the 

reagent HN(Ph2PO)2_1, which is described in Section 4.2.1.1.4. The pattern for 

[Eu(N(Ph2PO)2)3]_1 was initially thought to be different from that of the reagent used, 

however more detailed comparison with the calculated pattern for the previously 

published tautomer of HN(Ph2PO)2, namely N+(Ph2PO-)(Ph2POH), showed that there 

were clear similarities. This crystal structure was published by Nöth (CCDC Refcode: 

BOLGIS)236 The experimental powder pattern for [Eu(N(Ph2PO)2)3]_1 and the powder 

pattern for BOLGIS calculated using Mercury software are given in Figure 4.115  and 

the similarity could be easily observed.297 This indicated that [Eu(N(Ph2PO)2)3]_1 was in 

fact N+(Ph2PO-)(Ph2POH). 

 

 

Figure 4.115: Powder patterns for [Eu(N(Ph2PO)2)3]_1 (blue) and BOLGIS (orange). 

 

Given the close agreement between the 1H NMR data obtained for the product 

[Eu(N(Ph2PO)2)3]_2 and the data described in literature for the desired compound, 

characterisation by PXRD was undertaken, to verify further whether this product had the 

expected structure.  The powder pattern for [Eu(N(Ph2PO)2)3]_2 was compared to the 

patterns for the reagent and its tautomers, but there were no similarities. This same lack 

of similarity was also observed when the pattern of the product was compared to the 

calculated PXRD patterns for the two known crystallographic species of 

[Eu(N(Ph2PO)2)3], namely [Eu(N(Ph2PO)2)3] (CCDC Refcode ZAXDIN) and 
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[Eu(N(Ph2PO)2)3]·0.67(H2O) (CCDC Refcode: HIWDUM). There are large differences 

between the calculated powder patterns of these structures, and that of 

[Eu(N(Ph2PO)2)3]_2 as shown in Figure 4.116.240,244  

 

 

Figure 4.116: Powder patterns for [Eu(N(Ph2PO)2)3]_2 (black) and ZAXDIN (red) and HIWDUN 

(blue). 

 

Initial unit cell determination was attempted but no results were obtained. Further 

comparison work with possible products was undertaken. The powder pattern of 

[Eu(N(Ph2PO)2)3]_2 was compared with the calculated powder pattern of the published 

anhydrous α-KNO3 phase as shown in Figure 4.117.393 This comparison showed clearly 

that the major crystalline phase of the solid [Eu(N(Ph2PO)2)3]_2 was this α-KNO3 phase. 

A number of experimental powder pattern peaks, also shown in Figure 4.117, were 

observed at 5.25°, 6.05°, 11.91°, 14.00°, 14.53°, 15.89°, 20.59°, 23.38°, 23.90°, 23.95°, 

26.13°, 27.62° and 27.65°. These peaks could not be attributed to the α-KNO3 phase or 

the two [Eu(N(Ph2PO)2)3] phases described prior. The presence of KNO3 was considered 

a possibility on discussing the IR spectrum of the solid. However it was not expected to 

be the major crystalline phase of the solid given the clear presence of IR bands indicative 

of the desired product and the confirmation of the presence of the desired product in the 

1H NMR study. Therefore the unassigned peaks in the experimental powder pattern are 

most likely the desired product. 
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Figure 4.117: Powder patterns for [Eu(N(Ph2PO)2)3]_2 (blue) and α-KNO3 in a Pmcn space group 

(orange), the experimental peaks not attributable to this α-KNO3 are labelled in red. 

 

4.2.2.1.4. Conclusion 

 

1H NMR data for [Eu(N(Ph2PO)2)3]_1 indicated that no complexation occurred 

in this product, although comparison of IR and PXRD data to similar data for the starting 

reagent HN(Ph2PO)2_1 indicated that some changes had occurred. The data obtained  

from the IR spectra and PXRD powder patterns led to the conclusion that the product 

[Eu(N(Ph2PO)2)3]_1 was in fact the tautomer of HN(Ph2PO)2)3, N
+(Ph2PO-)(Ph2POH), 

the structure of which was previously published by Nöth in 1982.236 The significant 

differance between the IR spectra of the two tautomers was interesting, especially with 

the presence of the strong bands at 1467 cm-1 (ν P=N) and 522 cm-1 (δ P–O–H) which 

could clearly characterise the tautomer published previously.  

In the case of [Eu(N(Ph2PO)2)3]_2 the 1H NMR data obtained was in clear 

agreement with the published data, indicating the formation of the desired compound. 

Like the 1H NMR data the IR data for this product also indicated the possible formation 

of the desired complex through a number of band shifts typical of the deprotonation of 

the free ligand. The IR data also indicated the possible presence of the side product KNO3. 

The PXRD powder pattern for this product indicated that the crystallographic species 

obtained was dissimilar to the two previously published structures of [Eu(N(Ph2PO)2)3]. 

Further comparison with literature data showed that the major crystalline phase of the 

solid was KNO3 although this was unexpected given the IR and 1H NMR results. A 

number of PXRD peaks did indicate the presence of a minor crystalline phase which 

could be a novel form of the complex although this data was not sufficient to undertake 

unit cell or structure determination.  
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 Characterisation of HN(Ph2PS)2+Eu(ClO4)3·n(H2O) 

 

During this study an attempt was made to synthesise the sulphide analogue of the 

[Eu(N(Ph2PO)2)3] complex.  Given that, as described in Section 3.3.2.2.2, the synthesis 

of a theoretical [Eu(N(Ph2PS)2)3] complex could not be undertaken by wet chemistry 

techniques it was decided to attempt to produce this complex using a mechano-chemical 

method, as detailed out in the same section. This method involved the reaction of the free 

ligand, HN(Ph2PS)2, with Eu(ClO4)3∙6H2O. The perchlorate was used as a counter ion 

since this has a very low coordination ability. This reaction gave a brownish white 

powder, but its yield could not be calculated because of the nature of the reaction 

techniques. The desired structure for the unknown HN(Ph2PS)2 analogue of the published 

compound [Eu(N(Ph2PO)2)3] is given in Figure 4.118.  
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Figure 4.118: Molecular representation of the theoretical sulphide analogue of [Eu(N(Ph2PO)2)3] – 

[Eu(N(Ph2PS)2)3]. 

 

 

In the case of the product obtained in the current study, which was not produced 

by conventional reactions, the structure could be similar to that in Figure 4.118, but 

containing protonated amine moieties. Although the mode of coordination might have 

been impacted by the reaction technique, the coordination number should remain the 

same given that this is dependent on the ionic radius of the central cation.  

 

4.2.2.2.1. Analysis by Infra-red spectroscopy 

 

A detail of the IR spectrum of HN(Ph2PS)2+Eu(ClO4)3·n(H2O)_1 is given in 

Figure 4.119, along with the spectrum of the ligand reagent. It was very clear from the 

comparison of these two spectra that the two compounds were very similar to each other. 

No bands of interest were observed at wavenumbers higher than 1800 cm-1 and therefore 
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this region is not included in Figure 4.119. This lack of bands in this region was mainly 

due to the large band attributed to ν O–H vibrations, which was expected given that 

hydrated europium (III) perchlorate salt was used in the reaction. 

 

 

Figure 4.119: IR spectra, in the region 1600-400 cm-1, for HN(Ph2PS)2+Eu(ClO4)3·n(H2O)_1 (blue) 

and HN(Ph2PS)2_1 (orange). 

 

 The major bands in the spectrum of the product at 1325 cm-1, 1102 cm-1,                    

921  cm-1 and all the bands at wavenumbers below 800 cm-1 were in clear agreement with 

the analogous bands for the spectrum of the free ligand. This lack of change in 

wavenumbers and intensities from the bands in the spectrum of the ligand to those in the 

spectrum of the product and more specifically the lack of change in the bands at                      

1102 cm-1 and 784 cm-1, which were assigned in Section 4.2.1.2.1 to the νas P–N–P and 

νs P–N–P vibrations, was a clear indication that the ligand remained protonated in the 

product mixture. The only bands which differed between the spectrum of the product and 

that of the ligand were the bands at 1145 cm-1, 1129 cm-1 and 1051 cm-1 in the spectrum 

of the product. Assignment of these bands was problematic as they all fell in the range 

typical of the νas P–N–P vibrations and the major ClO4
- IR vibration. The possibility that 

any of these bands was due to the major ClO4
- IR vibration would indicate the presence 

of either coordinated Eu3+ ions or the starting reagent salt. Further data from the IR 

spectra could not be obtained, given that minimal differences were observed between 

these spectra.  
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4.2.2.2.2. Analysis by 1H NMR spectroscopy 

 

As with the 1H NMR spectrum of the ligand, the amine proton peak for 

HN(Ph2PS)2+Eu(ClO4)3·n(H2O)_1 could not be assigned with confidence. The main 

discussion hereunder deals with the aromatic region of the spectrum for 

HN(Ph2PS)2+Eu(ClO4)3·n(H2O)_1. Three very broad peaks at 7.90 ppm, 7.38 ppm and 

7.14 ppm were noted in this region, as given in Figure 4.120, and these could be related 

to the three peaks known for the free ligand. The most distinct feature of these peaks was 

that they were broad, when compared to the peaks of the ligand. Broadening in 1H NMR 

spectra is very typical of the presence of paramagnetic ions such as Eu3+ and the presence 

of this broadening could indicate the coordination of the ligand about ions of this species. 

This broadening was also observed in the published 1H NMR data of the analogous 

[Eu(N(Ph2PO)2)3] compound and was described therein as evidence of coordination.32 

Similarly to the 1H NMR spectrum of Eu(N(Ph2PO)2)3 as described in publication,32 

slight shifts were observed for the peaks in the spectrum of the product when compared 

to the peaks in the spectrum of the ligand. The peak at 7.90 ppm was downfield of the 

ligand peak while the other two peaks were found upfield of the analogous peaks for the 

ligand spectrum. Unfortunately, the broadening made the application of the typical 

integration values and coupling constants in the assignment of peaks and structure 

determination ineffective.    

 

Figure 4.120: 1H NMR spectra for HN(Ph2PS)2+Eu(ClO4)3·n(H2O)_1 (blue) and HN(Ph2PS)2_1 (red). 
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4.2.2.2.3. Analysis by Microscopy and luminescence 

 

The product HN(Ph2PS)2+Eu(ClO4)3·n(H2O)_1 was analysed under a polarised 

microscope and this clearly  indicated crystallinity, as shown in Figure 4.121.  During the 

microscopic analysis the sample was also subjected to the application of UV-Visible 

radiation at 254 nm, wherein a red luminescence was clearly visible in the sample, as 

shown in Figure 4.121. This is typical of the Eu3+ ion, be it free or coordinated and 

therefore the luminescence of the sample clearly indicated the presence of the Eu3+ ion in 

the solid, either as part of the mixture or part of a new product.  

 

 

Figure 4.121: Micrographs of HN(Ph2PS)2+Eu(ClO4)3·n(H2O)_1  showing (left) particles with clear 

habit and (right) the same product under 254 nm UV-Visible radiation. 

 

4.2.2.2.4. Analysis by Powder X-ray diffraction 

 

The product HN(Ph2PS)2+Eu(ClO4)3·n(H2O)_1 was also analysed by PXRD, 

using Mo-Kα1 radiation, and the powder pattern obtained was compared to the calculated 

powder pattern of the ligand HN(Ph2PS)2 (CCDC Refcode: BOLGEO01), as shown in 

Figure 4.122.222 It was clear from this comparison that the compounds were dissimilar 

crystal species. The solid obtained was believed to be novel, as was expected given that 

IR and 1H NMR data concluded that the product was most likely a complex which was 

previously unpublished. Structure solution from the data obtained proved difficult due to 

the small number of peaks and their overlap and is therefore still underway. 
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Figure 4.122: PXRD patterns for HN(Ph2PS)2+Eu(ClO4)3·n(H2O)_1 (blue) and BOLGEO01 

(orange). 

 

4.2.2.2.5. Conclusion 

 

Unfortunately, the IR spectrum of the product HN(Ph2PS)2+Eu(ClO4)3·n(H2O)_1 

did not give sufficient information to aid in the characterisation of this product, although 

relevant bands clearly showed that deprotonation did not occur. The 1H NMR spectrum 

and the analysis by UV-visible light aided microscopy both indicated the possibility of 

coordination of the ligand, most likely protonated, to the Eu3+ cation. Characterisation 

was also undertaken using PXRD, which indicated that the crystalline species obtained 

was indeed new. 

 

 Characterisation of O((Et2N)2PO)2+Nd(ClO4)3 

 

As described in Section 3.3.2.2.3, during this study an initial attempt was made 

to produce a lanthanide complex using the ligand O((Et2N)2PO)2, which was produced as 

described in Section 3.3.2.1.3. Characterisation of the various products (Section 4.2.1.3) 

yielded in the reactions undertaken in Section 3.3.2.1.3 indicated that O((Et2N)2PO)2 was 

the major component of the product O((Et2N)2PO)2_1. Thereby O((Et2N)2PO)2_1 was 

reacted with Nd(ClO4)3, using a procedure that was adopted from methodologies used to 

produce complexes of analogous ligands with transition and actinide metal centres (as 

described in Section 3.3.2.2.3), yielding the very brown viscous liquid 

O((Et2N)2PO)2+Nd(ClO4)3_1. The yield for O((Et2N)2PO)2+Nd(ClO4)3_1 was of 

33.94%. 
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4.2.2.3.1. Analysis by Infra-red spectroscopy 

 

The IR spectrum of the product O((Et2N)2PO)2+Nd(ClO4)3_1 is given in Figure 

4.123, together with the IR spectra for the starting reagent O((Et2N)2PO)2_1 and 

O((Et2N)2PO)2_1_f13. The latter was a column fraction product which contained a 

purified O((Et2N)2PO)2. As given in Figure 4.123 it was noticeable that the 

O((Et2N)2PO)2_1 bands at 1360 cm-1, 958 cm-1 and 930 cm-1 were diminished in 

transmittance in the spectrum of O((Et2N)2PO)2+Nd(ClO4)3_1, while the bands at               

1294 cm-1 and 750 cm-1 were both lost. This was in line with the changes observed in 

Section 4.2.1.3.1, between the IR spectra of the O((Et2N)2PO)2_1 and 

O((Et2N)2PO)2_1_f13, indicating that the product obtained from this reaction was 

purified similarly to the purification of O((Et2N)2PO)2_1 by column chromatography. 

Therefore, the discussion hereunder will focus on the comparison between the spectra of 

O((Et2N)2PO)2_1_f13 and O((Et2N)2PO)2+Nd(ClO4)3_1. 

 

 

Figure 4.123: IR spectra of O((Et2N)2PO)2+Nd(ClO4)3_1 (black), O((Et2N)2PO)2_1 (red) and 

O((Et2N)2PO)2_1_f13 (green). 

 

  The first band of interest in the spectrum of O((Et2N)2PO)2+Nd(ClO4)3_1 was 

observed at 1732 cm-1, which was the expected band for the ν C=O vibration of acetone 

and thus indicating the presence of acetone in the product obtained. The lack of a decrease 

in wavenumber for this peak indicated that any acetone present in the sample was not 

coordinated to the Nd3+ ion.304 For the remainder of the spectrum the loss of the IR bands 

at 957 cm-1, 751 cm-1 and 662 cm-1 indicated that the reaction and workup caused the 

purification of O((Et2N)2PO)2_1 to a product similar to that obtained for 

O((Et2N)2PO)2_1_f13, as described above. 
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For all bands at wavenumbers lower than 1145 cm-1 there was a near full 

agreement with the bands in the spectrum of O((Et2N)2PO)2_1_f13, except for a strong 

broad band at 1101 cm-1 and the sharp medium band at 624 cm-1. These two bands could 

be easily described as the bands of the perchlorate ion as shown in Figure 4.124, where 

the O((Et2N)2PO)2+Nd(ClO4)3_1 spectrum is compared with that of the starting reagent 

Nd(ClO4)3. For the IR spectrum of Nd(ClO4)3 a strong band at 1116 cm-1 was present, 

indicating that the perchlorate was not coordinated or very weakly coordinated to the 

Nd3+ metal. The presence of this single band at 1101 cm-1 in the 

O((Et2N)2PO)2+Nd(ClO4)3_1 spectrum was clearly analogous to the 1116 cm-1 band for 

the free perchlorates, indicating the presence of perchlorate in the mixture, but as an 

uncoordinated free species.394 The band at 624 cm-1 is also known for free perchlorates, 

although it is not typically used to describe coordination.  

 

 

Figure 4.124: IR spectra of O((Et2N)2PO)2+Nd(ClO4)3_1 (black), O((Et2N)2PO)2_1_f13 (red) and 

Nd(ClO4)3 dried using 2,2-DMP (green). 

 

The bands in the spectrum of O((Et2N)2PO)2+Nd(ClO4)3_1 at 1294 cm-1 and                 

1261 cm-1 were too high in wavenumber to be due to coordinated perchlorate ions. The 

former was possibly a band retained from the O((Et2N)2PO)2_1 compound while the latter 

could not be easily assigned. The O((Et2N)2PO)2_1 band at 1211 cm-1, assigned to ν P=O 

vibrations, seems to have been retained although shifted to 1218 cm-1. A small shift like 

this is not typical of coordination, wherein a greater shift is expected. The other band 

found at 1240 cm-1 in the O((Et2N)2PO)2_1_f13 IR spectrum, which was also tentatively 

assigned to ν P=O vibration, was apparently lost in the spectrum of 

O((Et2N)2PO)2+Nd(ClO4)3_1. This could indicate coordination. On coordination a 

decrease in wavenumber of the ν P=O band was expected, however such a shift was not 
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noticed in the spectrum of the O((Et2N)2PO)2+Nd(ClO4)3_1. No more detail could be 

inferred from the data obtained for the IR spectrum of O((Et2N)2PO)2+Nd(ClO4)3_1. The 

possibility of coordination was only supported by the loss of the ligand band at              

1240 cm-1, whose analogue in the spectrum of O((Et2N)2PO)2+Nd(ClO4)3_1 was not 

identified.  

  

4.2.2.3.2. Analysis by 1H NMR spectroscopy 

 

Analysis by 1H NMR spectroscopy was attempted to aid in the characterisation of 

the product O((Et2N)2PO)2+Nd(ClO4)3_1. The spectrum of O((Et2N)2PO)2+Nd(ClO4)3_1 

is given in Figure 4.125. Numerous peaks were observed throughout the typical organic 

proton region.  

 

 

Figure 4.125: 1H NMR spectrum of O((Et2N)2PO)2+Nd(ClO4)3_1 in CDCl3. 

 

The presence of these numerous peaks could indicate the presence of multiple 

components. The peaks at 2.17 ppm and 3.39 ppm were likely due to remaining acetone 

and methanol (methyl proton) peaks in CDCl3,
361 although the alcohol peak at 1.09 ppm 

for methanol was not noticed. The broad peak at 1.14 ppm could however correspond to 
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this proton species, although this could not be supported by integration values due to 

overlap with the triplet at 1.22 ppm. These two compounds are products of the 2,2-DMP 

hydration, which was expected in this reaction. The peaks for 2,2-DMP (equal intensity 

singlets at 3.19 Hz and 1.33 Hz) and water (1.56 Hz) were not clearly visible, indicating 

that both were fully consumed. For the remaining product peaks the multiplet structures 

and the given integration values do not yield valuable information on the structure of the 

product. The peaks closest to the values for peaks obtained in the O((Et2N)2PO)2_1_f13 

1H NMR spectrum were those at 1.22 ppm or 1.38 ppm, 1.86 ppm and 3.11 ppm, 

corresponding to the O((Et2N)2PO)2_1_f13 peaks at 1.12 ppm, 1.76 ppm and 3.10 ppm. 

These peaks were also the major peaks barring methanol and acetone peaks. A clear 

downfield shift for the ligand peak at 1.12 ppm to either 1.22 ppm or 1.38 ppm and the 

formation of a singlet at 3.11 ppm as compared to the broad doublet at 3.10 ppm for the 

ligand could indicate coordination with the paramagnetic Nd3+ centre. Such downfield 

shifts are known for Nd3+ complexes obtained from Nd(ClO4)3, although both downfield 

and upfield shifts can occur depending on solution conditions and individual proton 

conformation within the dipolar field of the paramagnetic lanthanide centres.395,396 If a 

significant downfield shift for the ligand peak at 3.10 ppm occurred this could overlap 

with the peak at 3.39 ppm attributed to methanol. In all cases however these peaks do not 

have integration values which are in agreement with the expected values.  

Both the triplet described earlier at 1.22 ppm and the quartet at 3.48 ppm had 

coupling constants of 7.04 Hz.361 This could be indicative of the presence of diethyl ether 

in the sample, possibly introduced during the workup. The multiplet at 0.92 ppm could 

be due to the presence of a minor alkane impurity.361 The remaining unassigned peaks 

were the four peaks with chemical shifts > 7.26 ppm and the two broad peaks at 6.61 ppm 

and 5.72 ppm. The four former peaks were possibly due to minor aromatic imputities. 

The two broad peaks could not be assigned to any expected species. These peaks could 

be due to shifts of other peaks not typically observed in this region. This along with the 

broadening of these peaks could be due to interactions with the Nd3+. These peaks could 

be due to methylene and methyl groups of the ligand which occupy different general 

positions within the dipolar magnetic field of the lanthanide centre in the complex.396 

This causes protons which are chemical-shift equivalent in the spectrum of the ligand to 

experience different shielding and therefore become non-equivalent in the spectrum of 

the complex.397  
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Therefore, apart from the possibility of a mixture of components as described 

above, the incidence of numerous peaks in the spectrum of O((Et2N)2PO)2+Nd(ClO4)3_1 

might be due to the effect of the presence of either coordinated or dissolved paramagnetic 

Nd3+. 

 

4.2.2.3.3. Analysis by 31P NMR spectroscopy 

 

The product O((Et2N)2PO)2+Nd(ClO4)3_1 was also analysed by 31P{1H} NMR 

spectroscopy, with the spectrum obtained given in Figure 4.126. It was clear that two 

major peaks were obtained, at 86.34 ppm and 9.71 ppm. In both cases the peaks were 

found to be fairly broadened as compared to other 31P{1H} NMR spectra in general. The 

peak at 9.71 ppm seems to be analogous to the peaks at 8.45 ppm and 9.34 ppm for the 

spectra of O((Et2N)2PO)2_1 and O((Et2N)2PO)2_1_f13 respectively, which could indicate 

the presence of the main component of these two products in 

O((Et2N)2PO)2+Nd(ClO4)3_1. The peak at 86.34 ppm was not observed in the spectra for 

the O((Et2N)2PO)2_1 products and does not fall in the range typical of amine and alkoxide 

phosphoryl compounds. If the ligand coordinated to the Nd3+ ion through the P=O bond 

a loss of bond order to a bond better represented as P+–O- would cause the ligand peak at 

9.71 ppm to shift downfield.249,377 This shift would explain the peak at 86.34 ppm.  The 

presence of this peak could therefore be indicative of the coordination of the ligand. The 

broadening of the two bands was also indicative of complexation since this is a typical 

effect of the presence of coordinated paramagnetic ions in NMR spectra.398 The 

integration values seem to indicate a 1.2:1 ratio for the 86.34 ppm and 9.71 ppm peaks. 

This would indicate that if symmetric coordination did occur the ratio of free and 

coordinated ligand could tentatively be approximately 1:1. Given the initial ligand to 

metal ratio of the reaction mixture, the complex could contain a 3:1 ligand to metal 

stoichiometry.  
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Figure 4.126: 31P{1H} NMR spectrum of O((Et2N)2PO)2+Nd(ClO4)3_1 in CDCl3. 

 

4.2.2.3.4. Analysis by Gas Chromatography Mass Spectroscopy (GC-MS) 

 

The gas chromatography of O((Et2N)2PO)2+Nd(ClO4)3_1 showed the presence of 

a mixture of two compounds, as given in Figure 4.127. This is in agreement with the data 

obtained from the analysis by 31P{1H} NMR.  As shown in Figure 4.128, the mass 

spectrum of the GC peak at 10.60 minutes for O((Et2N)2PO)2+Nd(ClO4)3_1 was nearly 

identical to the mass spectra of the GC fractions at 10.90 minutes and 10.56 minutes for 

O((Et2N)2PO)2_1 and O((Et2N)2PO)2_1_f13 respectively. This is in line with the data 

from the IR and 31P NMR spectra which indicated that the major product found in both 

O((Et2N)2PO)2_1 and O((Et2N)2PO)2_1_f13 was also present in 

O((Et2N)2PO)2+Nd(ClO4)3_1. 
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Figure 4.127: Gas chromatography of O((Et2N)2PO)2+Nd(ClO4)3_1. 

 
 

 

Figure 4.128: Comparison of  the Mass spectra of O((Et2N)2PO)2_1 (GC peak at 10.90 min.), 

O((Et2N)2PO)2_1_f13 (GC peak at 10.56 min.) and  O((Et2N)2PO)2+Nd(ClO4)3_1 (GC peak at 10.60 

min.). 
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The MS data for the GC peak of O((Et2N)2PO)2+Nd(ClO4)3_1 at 12.23 minutes, 

as given in Figure 4.129, was initially compared to that of the GC peaks at 12.99 minutes 

and 12.89 minutes for the gas chromatographs of O((Et2N)2PO)2_1 and 

O((Et2N)2PO)2_1_f13 respectively. This peak however gave MS data which was too 

dissimilar to the other two spectra, leading to the conclusion that this peak represented a 

different product than that found in the two ligand products. The peaks which could be 

easily described for the MS data for the GC peak of O((Et2N)2PO)2+Nd(ClO4)3_1 at 12.23 

minutes, were the fairly large bands at 43.11 m/z, 57.10 m/z and 71.12 m/z. These were 

tentatively assigned to the fragments [EtN]+, [EtNCH2]
+ and [Et2N-1]+. None of these 

peaks were observed in the GC-MS data of the ligand products. The peak at 279.21 m/z 

was found to be the highest significant peak for the mass spectrum. This could be 

tentatively assigned to the [O((Et2N)2PO)((N)2PO)-3]+ fragment or even to the theoretical 

[LNdO]2+ fragment (where L = O((Et2N)2PO)2). If the latter assignement is true this 

would support the occurance of complexation. The main peak at 149.01 m/z could be 

assigned to the fragment [Nd+5]+ as opposed to the expected 144 m/z for the [Nd]+ 

fragment. Given these peaks, a peak at either 160 m/z or 165 m/z would be expected for 

the peak [NdO]+ or  [Nd+5+O]+ fragment.399 Typically fragments of the [Ln]+ or [LnO]+ 

mass are found in mass spectra of free lanthanide ions which could indicate the presence 

of Nd3+, although with a greater possibility of this being uncoordinated.399 Finally the 

band at 83.12 m/z could be indicative of the presence of the [ClO3]
- fragment, possibly 

indicating the presence of perchlorate, either coordinated to the Nd3+ ion or to any 

complex formed. The band at 99 m/z for the [ClO4]
- ion was not observed. The other 

bands could not be assigned with any certainty. 
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Figure 4.129: Mass spectra of the O((Et2N)2PO)2+Nd(ClO4)3_1 (GC peak at 12.23 minutes). 

 

4.2.2.3.5. Analysis by Hot stage microscopy 

 

An attempt was made to crystallise any products in O((Et2N)2PO)2+Nd(ClO4)3_1 

from the viscous liquid obtained, through cooling. This was attempted since 

crystallisation from chloroform solution by cooling and prolonged evaporation at room 

temperature proved futile. The liquid become visibly more viscous at around 0.0 °C. 

Dendritic crystallites started to form at around -40.0 °C, with growth stopping at                           

-79.9 °C. This could be attributed to either crystallisation or to the freezing of CO2 on the 

sample. Between -75.0 °C and -77.4 °C a crack formed through the sample, indicating 

that an amorphous solid had formed at around this temperature.  

 

4.2.2.3.6. Analysis by Microscopy  

 

Throughout the reaction, workup and analysis the product 

O((Et2N)2PO)2+Nd(ClO4)3_1 remained a thick viscous liquid with a dark brown colour. 

A small crop of long plate like single crystals, which were clear and either colourless or 

very faint brown, were however obtained from remaining GC-MS sample after the CDCl3 
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solvent was evaporated at 6 to 8 °C in a refrigerator. These were collected and 

micrographs taken. Although crystallinity was evident, as given in Figure 4.130, many of 

the crystals were observed as having no clear habit.  

 

 

Figure 4.130: Micrograph of crystals obtained from the viscous liquid O((Et2N)2PO)2+Nd(ClO4)3_1. 

 

4.2.2.3.7. Conclusion 

 

Following the application of various characterisation techniques on the product 

O((Et2N)2PO)2+Nd(ClO4)3_1, the following conclusions were drawn up.  

 The IR spectrum indicated that the reaction and workup most likely served to 

purify the ligand O((Et2N)2PO)2_1, to yield the same product obtained in 

O((Et2N)2PO)2_1_f13. The 1H NMR spectrum indicated the presence of multiple 

components, including acetone and methanol from the 2,2-DMP hydration reaction. 

However the numerous peaks, with unclear integration value relations spanning the entire 

typical proton region, could also indicate the presence of the paramagnetic Nd3+ cation. 

This was further corroborated by the broadening of the two peaks in the 31P{1H} NMR 

spectrum of O((Et2N)2PO)2+Nd(ClO4)3_1. The 31P{1H} NMR spectrum also yielded a 

peak at 86.34 ppm, which could indicate coordination of the ligand with Nd3+. GC-MS 

data indicated the presence of two components in O((Et2N)2PO)2+Nd(ClO4)3_1. The first 

was clearly identified as the ligand (purified form of (O((Et2N)2PO)2_1) and the other 

compound contained fragments which were not similar to those of the ligand and 

somewhat difficult to assign. In each case the data indicated the presence of the Nd3+ in 

the product but the coordination of the lanthanide with the ligand could not be definitively 

concluded. A small crop of crystals was obtained from the solution used for GC-MS.  
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 Summary 

 

This section addressed the characterisation of the non-carbene di-λ5σ4-

phosphorane lanthanide complexes which were synthesised as described in Section 

3.3.2.2. For some complexations numerous attempts were undertaken either because the 

first product did not show the expected characteristics or to increase yield. Complexation 

of [N(Ph2PO)2]
- with Eu3+ was achieved under normal laboratory conditions and shown 

by 1H NMR spectroscopy in solution, to yield the complex [Eu(N(Ph2PO)2)3]. However 

PXRD data indicated that the solid contained the side product KNO3 as the major phase 

with a possible novel crystalline form of this complex as the minor phase. Complexation 

of [N(Ph2PS)2]
- with Eu3+ on the other hand proved difficult using normal laboratory 

conditions although complexation of HN(Ph2PS)2 with Eu3+ through grinding yielded a 

novel crystalline solid. Complexation of O((Et2N)2PO)2 with Nd3+ under moisture free 

conditions yielded mainly a brown viscous liquid, which was unexpected. Single crystals 

were formed from this liquid however the composition of this solid is unknown. Most 

spectroscopic data did not yield significant evidence of complexation for this Nd3+ 

complex but 31P NMR clearly supported such complexation, possibly indicating a 

complex which could have a 3:1 ligand to metal stoichiometry.  

 

4.3. Co-Crystallisation 

 

Characterisation for co-crystals was undertaken using solid state sample analysis, 

mainly IR and Raman spectroscopy and XRD techniques. Characterisation via dissolved 

samples typical in chemical analysis cannot give data regarding co-crystallisation as the 

unique properties of co-crystals are due to the solid state structure rather than simply 

molecular. As described in the Section 3.3.3 co-crystallisation was mainly undergone for 

the complex [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]. 
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4.3.1. Characterisation of co-crystallisation products of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]·0.5(C6H5CH3) 

 

In co-crystallisation the objective is typically to introduce two or more 

components into a singular crystal structure. This is undertaken as the resultant product 

usually has different physical characteristics from the separate components and in this 

study the increased stability of lanthanide carbene complexes is being investigated. 

Normally, and as is the case in the discussion hereunder, co-crystallisation deals with 

molecular species which are typically bound together using intermolecular interactions 

in defined synthons.  

In this study co-crystallisation was attempted and undertaken as described in 

Section 3.3.3.1, by grinding the [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 and 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 products and a co-former in a 1:1 molar ratio. 

Three co-formers were used in this study, namely biphenyl, 4,4`-bipyridine and 4,4`-

oxydianiline. As described in Section 3.3.3.1 these were selected to maximise the number 

of available intermolecular bonds. Analysis of the co-crystallisation products of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 by IR spectroscopy, as shown in Figure 4.131, 

indicated that there was likely full decomposition or loss of the inorganic co-former. This 

was indicated by the loss of most bands distinctive of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 and the appearance of only four major bands at 

around 1260 cm-1, 1103 cm-1, 1018 cm-1 and 800 cm-1 which were undiagnostic of any 

species expected in the mixture. Therefore these products will not be discussed further. 

 

 

Figure 4.131: IR spectra of Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3:biphenyl (blue), 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3:4,4`-bipyridine in nujol (orange), 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3:4,4`-oxydianiline (green) and 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 (black). 
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 Analysis by Infra-red spectroscopy 

 

Unlike the IR spectra for the co-crystal products for the solid 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 the IR spectra for the co-crystal products for the 

solid [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 were dissimilar to each other, as shown in 

Figure 4.132 and are best discussed separately. In each case bands from both the solid 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 and from the respective co-formers were 

noticeable.  

 

 

Figure 4.132: IR spectra of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl (blue), 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine (orange) and 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-oxydianiline (green). 

 

The IR spectrum of the first co-crystal product 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl was initially compared to both the IR 

spectra of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 and the co-former biphenyl, as shown 

in Figure 4.133. The first noticeable difference was the loss of a number of bands found 

in the spectrum of the [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 product. The bands 

attributed to the trimethylsilyl δ C–H vibrations at 1253 cm-1 and 1240 cm-1 diminished 

to reveal bands at 1256 cm-1 and 1238 cm-1, while the bands possibly attributed to the      

ρ CH3 + ν Si–C vibrations at 847 cm-1 and 828 cm-1 were completely lost. This was 

complementary to the loss of the bands at 997 cm-1, 920 cm-1 and 788 cm-1, as the former 

band was assigned to the ν P+–CH-–P+ vibration while the latter band was tentatively 

assigned to a unique P–Ph vibration, both typical of the [HC(Ph2PNSiMe3)2]
- species. 

The band at 920 cm-1 was initially assigned to the ν P–N vibrations for the decomposition 

by-product Ph2P(O)NH2. The loss of this band indicated that this could also be due to the 
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ν P+–CH-–P+ vibration for the [HC(Ph2PNSiMe3)2]
- species, while the band at 890 cm-1 

previously assigned to this vibration could be due to the ν P–N vibration for Ph2P(O)NH2. 

The discrimination between these two bands was not possible prior in Section 4.1.3.1.1. 

since the analogous band for Ph2P(O)NH2 in this region was very strong encompassing a 

range of wavenumbers.  

 

 

Figure 4.133: IR spectra of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl (blue), 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 (orange) and biphenyl (green) in the region 1800-400 cm-1. 

 

The remaining major bands in the spectrum of the co-crystal product were 

observed to be analogous to other bands observed in the IR spectrum of the 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 product. These were observed at 1173 cm-1, 

1127 cm-1, 1113 cm-1 and 887 cm-1 which were analogous to the 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 bands at 1180 cm-1, 1127 cm-1, 1115 cm-1 and 

890 cm-1. These bands could be due to multiple vibrational modes for the 

[HC(Ph2PNSiMe3)2]
- species, however all these bands could also be due to vibrations 

known for Ph2P(O)NH2. This indicated that both Ph2P(O)NH2 and [HC(Ph2PNSiMe3)2]
- 

were present in [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 and/or that some decomposition 

occurred during the co-crystallisation procedure. This co-crystallisation attempt, unlike 

the other two [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 co-crystallisation attempts, formed 

a yellow paste on grinding. This could be due to different processes. The first possible 

process could be the melting of the biphenyl which has a low melting point of 69.2 °C. 

The second possibility could be the formation of HN(SiMe3)2, which is a volatile liquid 

by-product of the decomposition of H2C(Ph2PNSiMe3)2, as described in Section 

4.1.3.1.4. The former should not affect the inorganic co-former while the latter could be 

supported by the IR data. If the latter was the case this would be expected in all the           
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co-crystallisation attempts. However, this was not visible in the IR data of the other two 

co-crystallisation products. Therefore, if this was the case the biphenyl could have aided 

this decomposition of the original complex through an unknown process.  

Bands typical of the biphenyl co-former were not observed in the spectrum, which 

was unexpected. Bands in the range 1500–1400 cm-1, due to the presence of phenyl              

ν C=C vibrations are typical of all three compounds expected to be present in the product 

but the bands expected for the biphenyl were not observed. The only two bands of 

diagnostic interest in this spectrum were the band at 1238 cm-1 and the strong band at   

772 cm-1. The band at 1238 cm-1 which was described prior could be due to retained 

trimethylsilyl containing species. However, it had no distinct relation to the bands in this 

region of the organic co-former or the two main components of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4. The band at 772 cm-1 did not have a strict 

analogue in either the spectrum of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 or 

Ph2P(O)NH2, which is interesting. This band was in a region typical for both ν P–N and 

ν P–O–C(aliphatic) vibrations. Therefore, this band could be indicative of the formation 

of a compound containing these groups. The ν P–N vibration was more likely, but this 

would not be the expected vibration for Ph2P(O)NH2 and therefore was more likely due 

to some other species possibly obtained from the [HC(Ph2PNSiMe3)2]
- species on 

grinding. The band at 1027 cm-1 was still visible indicating that the coordinated THF, 

possibly in a Sm(NCy2)(THF) moiety, was still present. This could indicate that although 

decomposition of the main ligand may have occurred a samarium species was still 

present.  

The IR data for [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine yielded 

more favourable results than that for [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl.  

The spectrum of this co-crystallisation product is given in Figure 4.134, along with the 

spectra for [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 and 4,4`-bipyridine. It was 

immediately observed that although some changes occurred for the bands typical of the 

trimethylsilyl and the ν P+–CH-–P+ vibrations of the inorganic co-former, most of the 

bands observed for [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 were still present. This 

indicated that although some decomposition may have occurred it was not to the same 

extent as that for [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl.  
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Figure 4.134: IR spectra of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine (blue), 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 (orange) and 4,4`-bipyridine (green) in the region 1800-400 

cm-1. 

The bands typical of the trimethysilyl moiety, namely 1253 cm-1, 1240 cm-1,        

847 cm-1 and 828 cm-1 and the bands typical of the ν P+–CH-–P+ vibration namely           

998 cm-1, 920 cm-1, 890 cm-1, 847 cm-1 and 828 cm-1, with their clear overlap, were still 

visible in the IR spectrum of the co-crystal product. All of these bands indicated that the 

[HC(Ph2PNSiMe3)2]
- group was still present. Changes were only observed in the 

diminished intensity of the band at 1253 cm-1, especially in relation to the band at                

1240 cm-1. The latter had a greater relative intensity in the co-crystal IR spectrum when 

compared to its intensity in the spectrum of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4.  

Bands typical of the co-former 4,4`-bipyridine were also clearly visible. The 

visible bands were mainly the strongest intensity analogous bands for the organic                 

co-former in the spectrum of the co-crystallisation product namely at 1592 cm-1,                   

1532 cm-1, 1486 cm-1, 1406 cm-1, 1217 cm-1, 1069 cm-1 994 cm-1, 806 cm-1 and                         

610 cm-1. The main changes from the analogous bands in the 4,4`-bipyridine spectrum to 

those listed for the co-crystallisation product were a decrease in the intensity for the band 

at 1217 cm-1 and the overlap of the band at 994 cm-1 with the 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 band at 998 cm-1. All the bands in the range 

1217–610 cm-1 can be attributed to aromatic C–H vibrations and therefore specific 

changes were not expected on co-crystallisation unless strong C–H --- π interactions were 

formed, which are rarely given in IR data.400 This was in fact the case as very little change 

was observed in the [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine IR data for 

these bands on comparison with the IR spectrum of the 4,4`-bipyridine. Changes on         

co-crystallisation of bands attributed to the 4,4`-bipyridine would be expected for the 

bands in the range 1592–1409 cm-1, which related to the ν C=C and ν C=N vibrations of 
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the co-former. Any X–H --- Ph, Ph(π) --- Ph(π) and N --- H–A, interactions with              

4,4`-bipyridine should show changes in the bands in this range, as is also typical for 

complexation with 4,4`-bipyridine. On complexation with 4,4`-bipyridine bands in this 

region typically experience an increase in wavenumber indicating increased bond 

stiffness.400,401 Unexpectedly the bands in the co-crystals showed a slight decrease in 

wavenumber (approximately 0 to -5 cm-1) from the wavenumber of the analogous bands 

in the spectrum of 4,4`-bipyridine. π --- π and π --- Mn+ interactions may cause this 

decrease in wavenumber. However, any interaction with the pyridine nitrogen                             

(N --- H–A or π --- N(Pyridine)) should have caused an increase in wavenumber.  

Therefore it was concluded that the solid obtained was most likely a mixture 

between the solid [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 and the co-former                   

4,4`-bipyridine. No major shifts were observed for the bands analogous to those in the 

spectra of both co-formers, indicating a lack of intermolecular interactions. Some changes 

were observed for the bands in the region of 1592–1409 cm-1 but the slight decrease in 

wavenumbers could not definitively prove the presence of new intermolecular 

interactions.  

The IR spectrum of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-oxydianiline is 

given in Figure 4.135, along with the IR spectra of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 and 4,4`-oxydianiline. On initial comparison 

similar changes were observed for the IR spectrum of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-oxydianiline as were observed for the 

spectrum of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl, indicating some level of 

[HC(Ph2PNSiMe3)2]
- decomposition.  

 

Figure 4.135: IR spectra of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-oxydianiline (blue), 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 (orange) and 4,4`-oxydianiline (green) in the region 1800-400 

cm-1. 
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The δ C–H trimethylsilyl bands at 1253 cm-1 and 1240 cm-1 were lost, giving a 

shoulder at 1255 cm-1. The intensity of this shoulder was drastically diminished from that 

of the analogous bands in the spectrum of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 but 

the extent of the band loss was effected by significant overlap with the strong band at 

1222 cm-1 in the spectrum of  the co-crystal. Again the two bands in the spectrum of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 at 847 cm-1 and 828 cm-1 were overlapped with 

the stronger co-crystal band at 826 cm-1, analogous to the band at 829 cm-1 for the organic 

co-former. This left a single shoulder at 843 cm-1, which could be analogous to the band 

in the spectrum of the complex at 847 cm-1 and so the loss of these bands by chemical 

processes could not be concluded definitively. Therefore, although some decomposition 

was suspected this overlap with strong co-former bands made this analysis difficult.  

The diminished intensity of the [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 bands at 

997 cm-1 and 920 cm-1, previously assigned to the [HC(Ph2PNSiMe3)2]
- species                             

ν P+–CH-–P+ vibrations, further attested to some possible decomposition. This 

decomposition was also supported by the loss of the P–Ph band at 787 cm-1. However, 

the remaining strong band at 998 cm-1 in the spectrum of the co-crystal product indicated 

the presence of the [HC(Ph2PNSiMe3)2]
- species, as the organic co-former band that could 

overlap in this region was visible as a sharp and distinct band at 1007 cm-1, which was 

unchanged from the analogous band in the 4,4`-oxydianiline IR spectrum. Therefore, 

although some decomposition was likely the [HC(Ph2PNSiMe3)2]
- species was still the 

major component.  

Numerous strong bands analogous to the bands observed for the IR spectrum of 

the 4,4`-oxydianiline co-former were visible in the spectrum of the co-crystallisation 

product. The sharp bands at 3444 cm-1, 3387 cm-1 and 3359 cm-1 observed in the spectrum 

of the co-former were also visible with no changes in the IR spectrum of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-oxydianiline. This indicated that the amine 

moiety of 4,4`-oxydianiline was left unaffected by the grinding procedure. The same was 

true for the bands at 1639 cm-1 and 1500 cm-1 assigned to the organic co-former δ N–H 

vibrations.  This indicated that the 4,4`-oxydianiline did not form new N–H --- B and N 

--- H–A intermolecular interactions during the grinding procedure and that no protonation 

or deprotonation occurred in the organic co-former. This was supported by the fact that 

other changes expected along with the protonation or deprotonation of the                              

4,4`-oxydianiline amines groups, such as the reformation of the H2C(Ph2PNSiMe3)2 
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species or the formation of hydration decomposition products of this ligand, were not 

observed in the IR data.   

The previously discussed band at 1222 cm-1 was analogous to the band at            

1225 cm-1 of the organic co-former, attributed to the ν C–O–C vibration of this 

compound.402 The minor difference between the wavenumbers of these two analogous 

bands indicated that the ether oxygen of the 4,4`-oxydianiline did not form any 

intermolecular interactions. Therefore, the possible O --- H–A intermolecular interactions 

posited in Section 3.3.3.1, were unlikely to be present in the co-crystallisation product. 

The same was true for the co-crystal bands at 871 cm-1 and 826 cm-1 which were likely 

due to skeletal vibration bands of the organic co-former, analogous to the co-former 

bands at 870 cm-1 and 826 cm-1. 

The loss of the 4,4`-oxydianiline bands at 1282 cm-1 and 1268 cm-1, attributed to 

the ν C–N vibrations, was observed to be the main difference between the IR data of                   

4,4`-oxydianiline and [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-oxydianiline. Given 

the intensity of these bands in the spectrum of the organic co-former it was unlikely that 

they would be lost in the co-crystal IR spectrum through overlap with the stronger band 

at 1222 cm-1 and the trimethylsilyl bands at 1253 cm-1 and 1240 cm-1 for 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4. Therefore, it was possible that the C–N bonds 

in the 4,4`-oxydianiline could have been effected by the co-crystallisation procedure. 

Unfortunately, no analogous shifted bands in the IR spectrum of the product were 

observed and therefore any correlation between this difference and any chemical and 

structural changes could not be described. The lack of these bands could indicate a shift 

overlapping with the strong band at 1222 cm-1 but this would indicate a decrease in bond 

stiffness of the C–N bond. Such a change in this bond should have been accompanied 

with other changes in the bands due to 4,4`-oxydianiline which were not manifested in 

the spectrum of the co-crystallisation product. Therefore, the remaining IR data could not 

provide information as to why any changes in the ν C–N vibration may have occurred. 

Furthermore, it could not provide information on the importance of this difference in 

determining any structural changes in 4,4`-oxydianiline between the co-former and the 

co-crystallisation product.  

 

 

 



320 

 

 Analysis by Powder X-ray diffraction 

 

In all cases the co-crystal PXRD data was collected using Mo-Kα1 radiation to 

avoid absorption problems due to the expected presence of Sm3+. PXRD data, using Cu-

Kα1 radiation, was also collected for the organic co-formers biphenyl, 4,4`-bipyridine and 

4,4`-oxydianiline, to verify their composition and the crystal structure present. The 

biphenyl proved to be the polymorph typically described in literature for this 

compound.403,404 The 4,4`-bipyridine proved to be the anhydrous polymorph previously 

described by Candana and co-workers in 1999.405 The 4,4`-oxydianiline used proved to 

be the same polymorph described by Chetkina and co-workers in 1991.406,407 Comparison 

of the respective experimental and calculated powder patterns of these co-formers is 

given in Appendix 16. In order to compare the co-former and co-crystal powder patterns 

the powder patterns calculated from literature data of the respective co-former phases, 

calculated assuming a Mo-Kα1 source, are used in this section. 

Samples for all three co-crystallisations attempted were prepared for analysis by 

PXRD, using 0.5 mm capillaries for all three. In each case the capillaries were prepared 

under inert condition in a nitrogen filled glovebox. PXRD data was collected using Mo-

Kα1 radiation for samples of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl,  

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine and 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-oxydianiline.  

On initial inspection all solids contained a major amorphous phase and while the 

former contained little crystalline peaks the latter two showed significant minor 

crystalline phases. Given that the starting inorganic co-former common to each                        

co-crystallisation product was also amorphous and contained minor crystalline phases 

composed of the decomposition products Ph2P(O)NH2 in P212121 and possibly 

[N(Ph2PCH3)(Ph2PNH2)][Br]·Ph2P(O)NH2 or a similar iso-structural compound, the 

powder patterns of the co-crystals were compared to that of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 as given in Figures 4.136 and 4.137, for 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl and 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine and 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-oxydianiline respectively.  
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Figure 4.136: PXRD patterns of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 (blue) and 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl (orange). 

 

 

Figure 4.137: PXRD patterns of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 (blue), 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine (orange) and 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-oxydianiline (green). 

 

Initial comparison of the three co-crystallisation products’ powder patterns with 

that of the inorganic co-former showed a very similar profile for the amorphous phase 

present in each. Therefore, this indicated that the amorphous phase present in the                    

co-crystallisation products was most likely due to the same chemical component as 

present in [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4. However, it was clearly visible that 

the majority of the crystalline peaks for all patterns were unique. This indicated that the 

possible decomposition products in [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 were either 

lost or decreased in concentration on grinding, or underwent a phase transition to an 

amorphous phase which could not be detected in the experimental data. Given the 

remaining differences detailed discussion of the co-crystallisation powder patterns is 

given hereunder.  
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The experimental powder pattern of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl was compared in Figure 4.138 to the 

calculated powder pattern of biphenyl used in this study, which is identified in the CSD 

as BIPHEN04.297,403,404 The calculated powder pattern was obtained using Mercury 

software.297 Only four crystalline peaks were clearly observed, namely at 7.79°, 8.02°, 

10.26° and 10.44°. No peaks analogous to the peaks known for the powder pattern for the 

biphenyl co-former used were observed. The loss of co-former peaks was unexpected 

given that no new crystalline phase was formed as typical of co-crystallisation. This could 

indicate that the biphenyl was either lost on grinding or that it underwent a phase 

transition to an amorphous phase that could not be discerned from the PXRD data. 

Although the former was unlikely the IR data also showed a lack of bands attributable to 

the biphenyl indicating that the organic co-former was lost. The formation of an 

amorphous biphenyl could also cause changes in the IR spectrum, making the assignment 

of bands in the IR difficult and resulting in the apparent loss of biphenyl. During the 

grinding procedure a yellow paste was formed which became a powder after drying. IR 

data indicated that the formation of this paste could be due to the decomposition of the 

inorganic co-former. However, the PXRD could also indicate that the low melting point 

organic co-former underwent a phase transition to an amorphous phase. This paste 

formation could have also aided in the phase changes of other crystalline phases, such as 

the decomposition by-products present, to amorphous phases which would explain the 

increase in decomposition observed in IR and the lack of decomposition product 

crystalline phases observed in the PXRD pattern of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl. 

 

 

Figure 4.138: Experimental PXRD pattern of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl (blue) 

and calculated PXRD pattern of the biphenyl form, published in the CSD as BIPHEN04 (orange). 
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Of the four crystalline peaks the peak at 7.79° could be analogous to a medium 

intensity peak at 7.78° for the pattern of the decomposition product Ph2P(O)NH2 in 

P212121 present in [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4. This could indicate the 

presence of this decomposition product however this was not verified due to the lack of 

other peaks for this phase. The remaining crystalline peaks could not be assigned to any 

other known phase and the lack of further peaks meant that no further information could 

be obtained. The paucity of novel crystalline peaks indicated that co-crystallisation was 

unlikely.  

The experimental powder pattern of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine was compared with the 

calculated powder pattern of anhydrous 4,4`-bipyridine in the P-1 spacegroup as shown 

in Figure 4.139. The calculated powder pattern was obtained using Mercury software.297 

This clearly indicated that the main crystalline phase of the product was in fact this 

anhydrous 4,4`-bipyridine. Therefore, co-crystallisation was unlikely to have occurred. 

This corroborated the IR data for this product in which only small changes were observed 

and no indication of co-crystallisation was observed.  Two very minor peaks at 4.45° and 

7.79° could have been analogous to peaks in the pattern of the inorganic co-former and 

could indicate the presence of [N(Ph2PCH3)(Ph2PNH2)][Br]·Ph2P(O)NH2 or a similar 

iso-structural compound as a very minor phase. Two small peaks at 8.05 and 9.46 could 

not be assigned to any expected products but no further information could be obtained 

from these.  

 

 

Figure 4.139: Experimental PXRD pattern of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-

bipyridine (blue) and calculated PXRD pattern of 4,4`-bipyridine in P-1 unit cell (orange). 
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The experimental powder pattern of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-oxydianiline was compared in Figure 4.140 

to the calculated powder pattern of 4,4`-oxydianiline for the polymorph used in this study 

which is identified in the CSD as SUCVER.406,407 The calculated powder pattern was 

obtained using Mercury software.297 This showed that the major crystalline phase in the 

solid was the un-altered 4,4`-oxydianiline co-former used, as the majority of crystalline 

peaks for the product pattern were analogous to the strongest peaks for the pattern of the 

co-former. This was in line with the IR data collected which indicated that                            

co-crystallisation was unlikely.  A number of minor peaks, namely 4.5°, 5.13°, 8.42°, 

9.22° and 9.73°, could not be attributed to the co-former. The peak at 8.42° could be 

attributed to the Ph2P(O)NH2 in P212121 while those at 4.5° and 9.73° could be attributed 

to possibly [N(Ph2PCH3)(Ph2PNH2)][Br]·Ph2P(O)NH2 or a similar iso-structural 

compound. No other peaks for these two phases could be observed so the presence of any 

of the decomposition products could not be confirmed. The presence of decomposition 

would however corroborate minor changes observed in the IR spectrum of the product. 

The peaks at 5.13° and 9.22° could not be assigned to any expected products but no 

further information could be obtained from these. 

 

 

Figure 4.140: Experimental PXRD pattern of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-

oxydianiline (blue) and calculated PXRD pattern of the P212121 polymorph of 4,4`-oxydianiline, 

published in the CSD as  SUCVER (orange). 
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 Analysis by Raman spectroscopy 

 

Raman data was collected for all the organic co-formers used in this study and all 

three co-crystallisation products of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 using the 

samples sealed in 0.5 mm capillaries used for PXRD analysis. Data was collected using 

a 532 nm laser and a 500 nm grating using different exposure times. All organic                         

co-formers yielded good Raman spectra while significant peak broadening and other 

interference was observed for all three [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 

containing products. This interference could be due to the low crystallinity of the samples 

as observed in Section 4.3.1.2. and the presence of a lanthanide which undergoes 

fluorescence under the conditions used. This latter feature indicated the presence of 

samarium (Sm3+) in all three solids,408 which could not be described using the other 

analytical techniques used.  

The best quality co-crystallisation Raman spectrum was obtained for 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl. This showed three broad peaks at 

1598 cm-1, 1318 cm-1 and 1171 cm-1 possibly analogous to the biphenyl peaks at                      

1614 cm-1 and 1597 cm-1, 1283 cm-1 and 1008 cm-1, thus indicating the presence of the 

biphenyl. This was in contrast to the IR and PXRD data wherein the presence of this               

co-former could not be confirmed. This assignment is however tentative given the quality 

of the data. A small sharp peak in the Raman spectrum of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine was observed at 1006 cm-1 

indicating the presence of 4,4`-bipyridine on comparison with the Raman spectrum of 

this co-former. The Raman spectrum of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-

oxydianiline did not yield any peaks which could further characterise the product. All 

Raman spectra and comparisons are given in Appendix 17. 

 

 Analysis by Single crystal X-ray diffraction  

 

Small samples of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl, 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine and 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-oxydianiline were dissolved in dry toluene 

to try to obtain single crystals from the co-crystallisation attempts. 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-oxydianiline yielded crystal microbundles 
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which could not be analysed by SXRD while  

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl yielded only an amorphous precipitate 

and therefore no attempts at analysis were made.  

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine yielded a number of 

small single crystals, one of which was collected for analysis. Data was collected using a 

STOE Stadivari diffractometer with a microfocus Mo-Kα1 source, at 293 K. Unit cell and 

space group determination was undertaken using X-Area and structure solution was 

undergone using Olex2.351,352  This yielded a previously uncharacterised compound 

[N(Ph2PCH3)(Ph2PNH2)][Cl]·Ph2P(O)NH2, the structure of which is given in Figure 

4.141. Available crystallographic data is given in Appendix 18. This compound is                 

iso-structural to the previously published [N(Ph2PCH3)(Ph2PNH2)][Br]·Ph2P(O)NH2 

also given in Figure 4.141.359 The compound reported in literature was produced through 

moisture induced decomposition of H2C(Ph2PNSiMe3)2 on reaction with 

[NEt4]2[Re(CO)3Br3]. The decomposition mechanism described by Hagenbach and               

co-workers is different than that described in Section 4.1.3.1.4. and as described by 

Aguiar and Beisler and by Schlecht and co-workers.295,350 This therefore indicates that 

two separate mechanisms of decomposition may occur in different conditions, which are 

difficult to distinguish due to the formation of Ph2P(O)NH2 in both. 

 

Figure 4.141: Structures of the iso-structural [N(Ph2PCH3)(Ph2PNH2)][Cl]·Ph2P(O)NH2 (left) and 

[N(Ph2PCH3)(Ph2PNH2)][Br]·Ph2P(O)NH2 (right). 

 

This product was believed to be present in the inorganic co-former 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4, since as described in Section 4.1.3.1.5. a 

crystalline phase was observed in the PXRD pattern of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 which indicated the possible presence of 

[N(Ph2PCH3)(Ph2PNH2)][Br]·Ph2P(O)NH2. This was described as unlikely given the 
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lack of the possible presence of bromide and the lack of support from the IR data. 

However, given that [N(Ph2PCH3)(Ph2PNH2)][Cl]·Ph2P(O)NH2 and 

[N(Ph2PCH3)(Ph2PNH2)][Br]·Ph2P(O)NH2 are iso-structural it was clear that this 

assignment indicated the presence of [N(Ph2PCH3)(Ph2PNH2)][Cl]·Ph2P(O)NH2 in the 

inorganic co-former. Therefore, it seems likely that this decomposition product was 

present as a minor component of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 as described in 

Section 4.1.3.1.5. and crystallised separately from all other components in the product 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine. The PXRD data of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine did not indicate the presence of 

this component showing that this compound was again a minor phase in the solid.  

 

 Conclusion 

 

The IR spectra for all co-crystallisation products gave limited information that 

could be used to characterise the samples and determine co-crystallisaton. In all cases for 

the [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 co-crystals the IR spectra indicated complete 

loss of the inorganic co-former possibly through the thermal effects of the grinding 

procedure. These spectra proved similar and could not provide data to characterise the 

inorganic composition of the solids.  

In all cases regarding [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 co-crystallisation 

the formation of co-crystals could not be definitively determined from the IR data. 

Mixtures of both respective co-formers were clearly present for the products 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine and 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-oxydianiline. However, in both cases some 

intermolecular bonding was concluded from the IR spectra. For the former the ν C=N and 

the ν C=C bands for the organic co-former showed slight changes which could indicate 

some intermolecular interactions between 4,4`-bipyridine and 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4. The only interesting change in the 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-oxydianiline IR spectrum was that 

observed for the ν C–N bands of 4,4`-oxydianiline but given the lack of the expected 

analogous bands and the lack of shifts for all other organic co-former bands a proper 

description of this change could not be provided. The IR spectrum for 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl showed few biphenyl bands and 

therefore little information could be obtained and the formation of co-crystals was 
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unlikely. In all cases there seemed to be the possible decomposition of the 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4. This was concluded from changes to the 

intensity of bands previously assigned to the trimethylsilyl and the P+–CH-–P+ groups of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4. The process for this decomposition was 

unknown and the extent of the decomposition was not the same for all the cases. The 

extent of decomposition was shown to increase from the co-crystal products of              

4,4`-bipyridine to 4,4`-oxydianiline to biphenyl. The IR data showed a lack of conclusive 

evidence towards co-crystal formation with the biphenyl co-crystallisation product 

showing the least potential for novel intermolecular interaction formation as compared to 

the attempts with 4,4`-bipyridine and 4,4`-oxydianiline. 

PXRD data was collected for the co-crystallisation products of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4. In all three cases the major phase was an 

amorphous phase with the same profile for each product and similar to the profile 

obtained from the powder pattern of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4. This 

indicated that the main phase remained the same major component as described for the 

inorganic co-former. Minor crystalline phases were observed for each of the three                   

co-crystallisation attempts to varying degrees. The data for 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine and 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-oxydianiline showed that the organic                  

co-formers were present as the major crystalline phase, indicating that co-crystallisaiton 

was unlikely. Data for [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl did not indicate 

the presence of the co-former or co-crystal formation, which was unexpected, but this 

was inline with the IR data for the same product. In all cases peaks relating to the 

decomposition products were observed. However, the intensity of respective peaks was 

diminished in all co-crystallisation patterns when compared to analogous peaks in the 

pattern of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4. This could be due to the grinding 

procedure.  

Raman data for the co-crystallisation attempts of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 confirmed the presence of samarium in the 

solids. However no further structural data could be obtained from these spectra. SXRD 

could only be undertaken for a single crystal from the 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine crystallisation and this showed 

the presence of the decomposition product [N(Ph2PCH3)(Ph2PNH2)][Cl]·Ph2P(O)NH2 

believed to be present from the inorganic co-former. 
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4.3.2. Summary 

 

Stabilisation attempts for the lanthanide carbene complex 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)] or a methanide samarium complex of 

[HC(Ph2PNSiMe3)2]
- were undergone through co-crystallisation as described in Section 

3.3.3.1. Only [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4  gave products which could be 

characterised properly. The IR data for [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4                      

co-crystal products showed the likely formation of mixtures with the organic co-formers 

used. The 4,4’-bipyridine and 4,4`-oxydianiline co-crystal products may have formed 

some novel intermolecular interactions but the data available could not provide a clear 

conclusion. In all three cases some decomposition of the inorganic co-former was 

observed. This was most evident for the product of the co-crystallisation with biphenyl 

while for the other two products decomposition was low.  

 PXRD data for the [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 co-crystallisation 

products did not yield enough data for complete unit cell and structure determination.  In 

all cases the major phase was an amorphous phase which was common to all three 

products of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4. This indicated that it was due to the 

inorganic co-formers used.  In all  cases minor crystalline phases were obtained. For the 

co-crystallisation products obtained from [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 the 

organic co-formers proved to be the major crystalline phases for 4,4’-bipyridine and            

4,4`-oxydianiline while the biphenyl phase was not observed. The remaining peaks were 

believed to be due to mainly decomposition products. Raman data for 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 co-crsytallisation products indicated the 

presence of samarium in the inorganic co-former. SXRD data from 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine indicated that only a minor 

decomposition product crystallised out during the study.
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5. CONCLUSIONS AND FURTHER WORK 

 

As expressed in literature most of the compounds described in this study, and 

more specifically the compounds discussed in the lanthanide carbene study, were only 

stable under inert conditions. Therefore throughout this study inert conditions were 

required both during the synthesis procedures and for the storage of compounds, both 

purchased and synthesised. In the majority of the study this was undertaken by using 

Schlenk line techniques using argon as the inert atmosphere. Thus constant purification 

of the argon was required. Purification from contaminant oxygen was the most 

problematic throughout the study. Notwithstanding the following conclusions were 

obtained from this study.  

The ligand precursors [H2C(Ph2PNH(iPr))2]Br2, H2C(Ph2PNSiMe3)2 and 

H2C(Ph2PS)2 were synthesised and characterised using IR and 1H NMR spectroscopy. 

The desired compounds were clearly confirmed by these analytical techniques. IR and 

PXRD data indicated that both the P21/n and the C2/c polymorphs of H2C(Ph2PS)2, 

previously recorded in literature, were formed through the same reaction. An in depth 

discussion of the differences in IR spectra of the to polymorphs was given. The 

characterisation of K[HC(Ph2PNiPr)2] through IR and 1H NMR data indicated the 

possible formation of a compound with the expected properties, likely the desired 

compound. PXRD data showed that a novel structure was obtained, with further work on 

structure solution underway.  

A number of lanthanide iodide THF solvate salts along with 

[Sm(NCy2)3THF]·C6H5CH3 were synthesised as lanthanide starting reagents for the 

lanthanide carbene complexes. Re-crystallisation of the crude iodides through Soxhlet 

extraction yielded the desired crystalline phase and it is believed that this is necessary to 

prepare the specific LnI3THF3.5 stoichiometry, although the crude was also used for 

synthesis. The synthesis of the non-iodide starting reagent [Sm(NCy2)3THF]·C6H5CH3 

was found to be more problematic given the greater reactivity of the product and the 

reagents with which it was prepared. PXRD data for [Sm(NCy2)3THF]·C6H5CH3 

indicated the formation of an amorphous solid, which was unexpected and this could 

indicate the formation of other similar compounds. 

During this study attempts to synthesise the three lanthanide carbene complexes 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)], [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF and 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3) were made. Further to the required use of inert 
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atmosphere the starting reagents and ligands for these synthesis may have contained 

impurities thus decreasing the ability of preparing the desired complexes. 

Characterisation of these complexes was mainly undertaken by IR spectroscopy applying 

the following theoretical background. The formation of Ln–C or Ln=C bonds could not 

be observed directly so analysis was undertaken using the changes expected and recorded 

in literature. For iminophosphorano compounds the shift in the band due to the ν P=N 

vibration on deprotonation to the region 1110–1025 cm-1 was the most useful diagnostic 

feature, backed by both IR and XRD literature data. The shifts expected for the ν P–C–P 

vibrations for both iminophosphorano and thiophosphorane were found to be more 

complicated to describe for the di-anionic species and therefore their use in the 

determination of the deprotonation and complexation could not yield valuable 

information. The changes observed for ν P–C–P vibrations were more diagnostic in 

describing the formation of mono-anionic analogues than the respective changes for the 

ν P=N vibrations. However it was observed that the use of all these previously mentioned 

changes in IR could only tentatively discriminate between the mono-anion and di-anion 

species. Changes in the bands presumed to be due to the ν P=S vibrations could not be 

used in attempts to describe mono-anion or di-anion species since changes were not 

observed to be strong or of a singular increase or decrease in wavenumber.  

For the complex [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)] the products 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 and [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 

had the best IR spectra on comparison with literature data, while 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_1 indicated the possible presence of residual 

[Sm(NCy2)3THF]·C6H5CH3. All three products showed the possible presence of the 

mono-anionic derivative as a main component. SXRD and IR data of 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_2 indicated that Ph2P(O)NH2 was the main 

product showing full moisture induced decomposition. A tentative complete mechanism 

for this decomposition was also proposed. The presence of both mono-anion and dianion 

ligands in the product [Nd(C(Ph2PNiPr)2)(HC(Ph2PNiPr)2)]·2THF made characterisation 

by IR spectroscopy inconclusive in terms of composition. For this complex two different 

IR spectra for the two products _1 and _2 were obtained which could be due to the use of 

the [H2C(Ph2PNH(iPr))2]Br2_1 and K(HC(Ph2PNiPr)2)_2 as starting reagents 

respectively. Although all carbene complexes were difficult to synthesise and 

characterise the complex [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3) proved the most 

difficult to synthesise with numerous species produced as described using IR, 1H NMR 
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and PXRD techniques. Salt metathesis was shown to have occurred through the formation 

of LiI by-products. However, the characterisation of the desired complex yielded no 

definitive results. In all cases the detailed discussion of analytical data showed the high 

moisture sensitivity of both products and reagents used throughout this section of the 

study. 

The main study regarding the stabilisation of lanthanide carbenes was undertaken 

using co-crsytallisation. This technique was preferred as it is a green chemical method, 

easy to implement, both in the current study and in the industrial sphere and versatile. Six 

co-crystallisation products of the complex [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)] or its 

methanide analogue were prepared through a grinding procedure, using three organic               

co-formers, under dry nitrogen in an attempt to prepare them under inert conditions while 

using a solvent-free technique. The IR spectra of the co-crystallisaton products from 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_3 indicated a complete loss of the inorganic                 

co-former structure.  

For the [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 co-crystallisation products some 

decomposition was noted throughout. This was especially visible for the biphenyl                

co-crystal product but not prominent for the other two products. The 4,4`-bipyridine and                       

4,4`-oxydianiline co-crystallisation products showed clear signs of mixture formation 

with possible indications of novel intermolecular interactions forming, especially with 

the former compound. For [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 and its                          

co-crystallisation products the presence of Sm3+ was indicated by Raman. PXRD data for 

the [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4 co-crystallisation products did not yield 

further information on the possibility of the formation of a single phase as the major phase 

proved to be amorphous. Therefore in all cases co-crystallisation was unlikely.  

In general the lanthanide carbenes were difficult to synthesise and store. IR and 

PXRD data for all co-crystallisation attempts indicated that this was difficult to achieve. 

Threrefore, the usefulness of this approach in stabilising these compounds seems limited 

from this study. Both these features limit the use of these complexes in different synthetic 

fields both in research and industry. 

The synthesis of lanthanide non-carbene di-λ5σ4-phosphorane complexes proved 

to give mixed results. Synthesis of the neutral ligands and ligand precursors, HN(Ph2PS)2, 

HN(Ph2PO)2, O((Et2N)2PO)2 and O((iPrNH)2PO)2 was fairly straightforward with the 

desired compounds obtained under inert conditions and characterised through IR, 1H and 

31P NMR spectroscopy and GC-MS. To the knowledge of the author the first crystal 
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structure for O((iPrNH)2PO)2 was determined. This was also shown to contain 

supramolecular motifs and hydrogen bonding synthons which were unique to it’s crystal 

structure as compared to those found in the structures of  previously published mono-N-

substituted pyrophosphoramides. This study also indicated that (iPrNH)3PO was a major 

side product for the formation of O((iPrNH)2PO)2 through the method used. HN(Ph2PO)2 

was crystallised in a novel amine tautomer structure whereas previously only the structure 

of the alcoholic tautomer was published for the solid state. The ligands were found to be 

stable to air and moisture and synthesis was only undergone under inert conditions due 

to the use of the sensitive reagents. Complexation of [N(Ph2PO)2]
- with Eu3+ was easily 

achieved under normal laboratory conditions and analysed by 1H NMR spectroscopy in 

solution. PXRD data indicated that the major phase collected was the by-product KNO3, 

while the novel minor crystalline phase observed could have been due to the desired 

compound. Complexation of [N(Ph2PS)2]
- with Eu3+ on the other hand proved difficult 

using normal laboratory conditions although complexation of HN(Ph2PS)2 with Eu3+ 

through grinding yielded a novel crystalline solid. Complexation of O((Et2N)2PO)2 with 

Nd3+ under moisture free conditions yielded mainly a brown viscous liquid, which was 

unexpected. However, 31P NMR data indicated that a possible complex of O((Et2N)2PO)2 

with Nd3+ was produced. Data regarding the Ln–N and Ln–O bonding analogous to the 

Ln=C bonding of carbenes was not obtained.  

A number of novel crystalline products were obtained throughout this study and 

identified and characterised through both SXRD and PXRD. These are listed below. 

 

 O((iPrNH)2PO)2_1_b1 – characterised using SXRD, first reported crystal 

structure of O((iPrNH)2PO)2.  

 HN(Ph2PO)2 – characterised using PXRD, novel tautomer.  

 HN(Ph2PS)2+Eu(ClO4)3·n(H2O)_1 – novel PXRD pattern.  

 K[HC(Ph2PNiPr)2]_2 – novel PXRD pattern,. 

 O((Et2N)2PO)2_1_f13 – single crystals believed to be an impurity were found to 

be the novel compound Ca2(O((Et2N)2PO)2)2(NO3)4(H2O)2. 
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Future work with regards to the characterisation of the possibly novel crystalline 

solids is required. Detailed studies into the polymorphism of lanthanide carbenes could 

also be of interest for further work. Further work on the stabilisation of air and moisture 

sensitive compounds using co-crystallisation, given that this is a solid state technique and 

therefore solvent free, is interesting but the current results indicated that this was difficult 

to achieve. Its use in stabilisation seems limited and further studies are required on a 

greater variety of compounds to give definitive data on the effect of co-crystallisation on 

moisture and air sensitive compound stabilisation.     
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APPENDIX 1: SCHLENK LINE TECHNIQUES 

 

A-1.1. Argon Purification 

 

A-1.1.1. Argon purification by means of moisture scavenger columns  

 

Two columns were prepared in order to remove moisture contamination from the 

argon used as an inert atmosphere. The preparation and set up of these columns are given 

below. These columns were added to the Schlenk line between the Argon bottle and the 

Schlenk line to remove water contamination from the argon gas before the inert gas 

reached the Schlenk line.  

 

A-1.1.1.1.  4 Å molecular sieve column 

 

A 50 cm glass column was attached to the Schlenk line via a 10 ml Schlenk flask 

at the bottom of the column and closed at the top using an adapter with stopcock also 

attached to the line. This was purged thrice under argon and vacuum and afterwards flame 

dried under vacuum. A glass wool plug was added at the bottom of the column and the 

column was flame dried again. 4 Å molecular sieves were activated as described 

hereunder. The molecular sieves were heated at 250-300 °C overnight in a furnace in air 

after which the sieves were cooled under vacuum. In portions, the sieves were heated 

under argon using a Bunsen burner until a significant amount of condensation was 

obtained on the cooler parts of the flask and this condensation was removed under 

vacuum. This procedure was repeated multiple times until no more water condensation 

was obtained. Given the initial activation in the furnace this procedure was typically 

repeated around 2 to 3 times. The molecular sieves thus activated were transferred to the 

column prepared prior. This activation by Bunsen burner was repeated until the column 

was filled to the required length.  
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  A-1.1.1.2. P2O5 column  

 

A 50 cm glass column was attached to the Schlenk line via a 10 ml Schlenk flask 

at the bottom of the column and closed at the top using an adapter with stopcock also 

attached to the line. This was purged thrice under argon and vacuum and afterwards flame 

dried under vacuum. A glass wool plug was added at the bottom of the column and the 

column was flame dried once again. An equivolume mixture of P2O5 and glass Raschig 

rings was mixed under argon and transferred to the column prepared prior. The mixture 

was closed with another plug of glass wool at the top and closed under argon.  

 

A-1.1.2. Argon purification by means of oxygen scavenger column  

 

In order to remove reactive oxygen contamination from the argon used to supply 

an inert atmosphere for the reactions undertaken in this study it was decided that the gas 

should be passed through a column of oxygen scavenger. Shriver and Drezdzon described  

manganese (II) oxide (MnO), which is a light green pyrophoric solid, as a well-

established oxygen scavenger for inert gasses.275 Therefore the oxygen scavenger was 

prepared using the method described by the same authors.  

 

 A-1.1.2.1. Reagents used 

 

The chemicals used in the procedure described in section A-1.1.2. were 

Mn(NO3)2·6H2O (Analytical), Silica gel (Kieselgel 60), Nitric acid (1.5%) and Hydrogen 

gas (N/A).  

 

  A-1.1.2.2. Procedure and observations 

 

The silica gel was activated by washing the solid with numerous portions of         

1.5 % aqueous nitric acid alternating with an equal number of distilled water washings. 

The silica gel was than dried at 100 °C overnight and 53.387 g of this carrier were 

weighed and transferred to a 500 ml beaker. Stirring was undergone using a magnetic 

stirrer at 100 rpm. A slight excess of the Mn(NO3)2·6H2O, 16.331 g, were weighed and 

dissolved in 43 ml of distilled water, yielding a pale orange solution. The 



368 

 

Mn(NO3)2·6H2O solution was added to the stirred silica gel in 3 ml portions, which were 

added every 5 minutes. On addition of all the Mn(NO3)2·6H2O solution a clumpy and wet 

light orange solid was obtained. A roughly equal volume of glass Raschig rings were 

mixed thoroughly with the mixture obtained. This mixture was allowed to stand in an 

oven at 150 °C overnight, yielding a black powder and releasing a brown gas as a side 

product.  

A 50 cm glass column (~19 mm diameter) was attached to the Schlenk line via a 

10 ml Schlenk tube connected at the bottom. The column was closed at the top using an 

adapter with a stop cock also attached to the Schlenk line. This set up was purged and 

flame dried under vacuum after which glass wool was introduced at the bottom of the 

column to act as a base for the solid mixture. The Mn(NO3)2·6H2O/Silica gel/glass 

Raschig rings mixture was transferred to the column and the top of the mixture was closed 

with glass wool. The column was detached from the Schlenk line from the top and argon 

allowed to flow from the bottom upwards. The column was heated using a Bunsen burner 

until all the solid turned black. At intervals the column was cooled and shaken to 

decompose as much of the solid as possible. The black solid formed was MnO2, obtained 

from the decomposition of the nitrate, as given in Scheme A-1.1.409 

 

Mn(NO3)2·6H2O(s)  MnO2(s) + 2 NO2(g) + 6 H2O(g)  

 

Scheme A-1.1: Thermal decomposition of Mn(NO3)2·6H2O.  

 

Subsequently the column was set up as given in Figure A-1.1 to introduce a 

hydrogen gas flow. The column was heated using a Bunsen burner until all the column 

changed colour to a pale green colour. This is the desired oxygen scavenger, MnO, 

embedded in the silica gel, produced through the redox reaction given in Scheme A-1.2.  

 

MnO2(s) + H2(g)  MnO(s) + H2O(g) 

 

Scheme A-1.2: Reduction of MnO2 to MnO.  
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Figure A-1.1: Set up for the reduction of MnO2 to MnO oxygen scavenger, diagram (left, drawn 

using ACD/ChemSketch software) and photograph (right). 

 

This column was then set in line prior to the Schlenk line, after the 4 Å molecular 

sieve column and before the phosphorus pentoxide columns used to dry the argon stream, 

as shown in Figure A-1.2. Much of the column changed colour to a light brown/light 

green mixture which was expected giving a still active mixture of MnO and Mn2O3. 
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Figure A-1.2: MnO column set in line in the path leading argon to the Schlenk line. 

 

A-1.1.3. Argon purification by commercially available inert gas purifiers. 

 

For certain reactions performed in this study it was observed that the purification 

column set ups prepared as described above were not sufficient to purify the argon to the 

desired quality for reasonable periods of time. This was especially true for the MnO 

oxygen scavenger columns which deactivated quickly. Therefore, for a number of 

reactions a new moisture and oxygen scavenger column set up was prepared to allow the 

undertaking of these more moisture and oxygen sensitive reactions. The reactions which 

were undergone while using this purification system are specified in the relevant 

methodology section.  
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A-1.1.3.1. Reagents/Materials used 

 

The materials (and brands) used in the procedure described in Section A-1.1.3. 

were ZPure O2/H2O purifiers (Chromatography Research Supplies), P2O5 on inert carrier 

material (abcr) and 4 Å Molecular Sieves (N/A).  

The gas purifiers, ZPure O2/H2O purifiers, were purchased already active from 

Chromatography Research Supplies. These purifiers are composed of a mixture of a 

number of oxides as given in Table A-1.1, which act as both moisture and oxygen 

scavengers. The chemical/physical processes that cause the desired effect is not published 

by the supplier.  

 

Table A-1.1: Chemical composition of ZPure O2/H2O purifiers.   

Component Composition 

Al2O3 60–90 %  

CuO 6–25 %  

NiO <1 % 

Co3O4 <1 % 

SiO4 (Quartz) <2 % 

 

A-1.1.3.2. Procedure and observations 

 

The moisture and oxygen scavenger column set up was prepared as given in 

Figure A-1.3. This set up contained four individual columns, namely a 4 Å molecular 

sieve column, a P2O5 column and two ZPure O2/H2O purifier columns. The 4 Å molecular 

sieve column was prepared as described in Section A-1.1.1. The P2O5 column was also 

prepared as described in Section A-1.1.2. However, rather than using reagent grade P2O5 

as described prior, a granulated P2O5 on an inert carrier material having a chemical 

moisture indicator was purchased and used in order to allow for better gas flow and for 

better visible indication of the status of the moisture scavenger. These columns were 

attached to each other and the argon bottles and Schlenk line using mainly 3/16’’ ID 

Nalgene tubing. 
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Figure A-1.3: Diagram of Set up of moisture and oxygen scavenger columns using purchased inert 

gas purifiers (drawn using ACD/ChemSketch software). 

The argon was first passed through the columns of activated molecular sieves and 

granulated P2O5 to minimise the moisture impurity reaching the gas purifiers and thus 

reducing the introduction of moisture on set up and minimising the load on the purifiers 

during their use. The gas purifiers were attached individually starting from the attachment 

to the P2O5 column which was purged via strong argon flow for 5 minutes prior. This 

purging by strong argon flow was repeated on addition of tubing to the first gas purifier, 

on attachment of the second gas purifier and on attachment of this second gas purifier to 

the Schlenk line. The ZPure O2/H2O purifiers were installed with male compression 

fittings which could not be attached directly to the Nalgene tubing used throughout the 

remaining set up. Therefore, these gas purifiers were connected to the relevant pieces of 

Nalgene tubing using the set up shown in Figure A-1.4. The female barb connector and 

the PE tubing had an OD of ¼ ’’ while the brass fitting and compression fitting for the 

gas purifiers had an ID of ¼ ’’.  
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Figure A-1.4: Connection set up for connecting the gas purifiers to Nalgene tubing used throughout 

the set up. 

 

A-1.2. Liquid transfer 

 

Two main methods of liquid transfer were used in the study, namely cannula 

transfer and syringe transfer. Cannula transfer is a method in which a liquid is transferred 

via a cannula, under positive argon pressure. The set up necessary is given in Figure A-

1.5. The technique was initiated by piercing through the suba seal meant for the reservoir 

flask using the blunt end of the cannula. The cannula was purged by passing argon 

through it when the suba seal is attached to the reservoir flask. The receiving flask was 

set up with the respective suba seal pierced with the bleed needle under argon flow. This 

suba seal was subsequently pierced using the needle point end of the cannula. 

 

Argon
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Figure A-1.5: Liquid transfer via cannula (drawn using ACD/ChemSketch software). 

   

Transfer through positive argon pressure was obtained by placing the blunt end 

of the cannula in the liquid and closing the argon stopcock of the receiving flask. This 

forced the argon flow to push the liquid through the cannula to the receiving flask, 

wherein excess argon was pushed out through the bleed needle. Liquid transfer was 

stopped either by moving the blunt end of the cannula above the liquid or by opening the 
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argon flow from the stopcock of the receiving flask. Suba seals were reused until 

piercings no longer closed properly, while the cannulae were washed with acetone after 

use and dried at 150 ℃ overnight before reuse. The volume of liquid to be transferred 

was decided beforehand and the flasks were marked prior to drying. The position of the 

mark was determined by adding an equivalent volume of acetone to the receiving flask. 

In other cases the amount had to be estimated.  

Liquid transfer via syringe was far more simple and straightforward to use. Glass 

syringes were used since they were easier to clean and since they could be dried as with 

other glassware. Syringes were purged by filling them with argon from a flask which was 

previously purged with argon and closed with a suba seal. The purging of each syringe 

was repeated between three to five times. These could then be stored, partially filled with 

argon, for small periods of time, by sticking the needle in clean rubber bungs. During 

liquid transfer excess liquid was initially extracted by the syringe and any bubbles were 

then removed by bending the needle in the seal and pushing the bubbles out. The volume 

of liquid in the syringe was then adjusted to the   required amount by pushing out the 

extra liquid, with the needle still inserted in the seal. The liquid was then transferred 

through a suba seal to the receiving flask.  

 

A-1.3. Filtration 

 

Two methods of filtration have been employed in this study, namely the filtration 

tube technique and cannula filtration. The procedure for the filtration tube technique is 

presented in Figure A-1.6. The receiving flask-filtration tube set up was purged and the 

stopper/round bottomed flask was then replaced by the flask containing the relative 

suspension under argon. After the two parts were fitted together all stopcocks were closed 

and the set up flipped so that the suspension fell into the filtration tube by gravity. 

Filtration was induced by applying argon flow through all the inlets of the set up.  A slight 

application of vacuum from the receiving flask was sometimes used to increase the 

filtration rate but this was not frequently done as there was the possibility that filtration 

would fail because of the infiltration of the solid into the sintered glass frit.  
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Figure A-1.6: Filtration using the filtration tube technique (drawn using ACD/ChemSketch 

software). 

 

Cannula filtration is set up as given in Figure A-1.7; the set up being similar to 

that of cannula liquid transfer. The main difference is the inclusion and preparation of the 

filter paper head. The filter paper was prepared in a similar fashion to that of the 

preparation of fluted filter paper and it was affixed to the cannula using Teflon tape. The 

filtrate was pushed through the filter paper and the cannula through positive argon 

pressure, as described for cannula liquid transfer. The solid would then be left in the 

initial flask and normally vacuum was applied to remove trace amounts of filtrate.   
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Figure A-1.7: Cannula filtration set up (drawn using ACD/ChemSketch software). 
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A-1.4. Ampoule preparation 

 

Solid products prepared in the current study were usually stored in argon filled 

ampoules. These ampoules were prepared from glass test tubes having an external 

diameter of 16 mm and an internal diameter of 14 mm. The ampoules were prepared by 

forming a thin neck in the middle of the glass test tube, by heating the tube sufficiently 

to soften the glass so that it could be pulled to form the thin neck as shown in Figure A-

1.8. These tubes were then flame dried in air, weighed and transferred to a freshly 

cleaned, purged and flame dried large, tube-like flask as show in Figure A-1.9 (without 

the rubber band tied to the ampoule). These were then removed and reweighed and again 

purged once under argon. Afterwards these were removed and washed with 2 ml SOCl3 

each to dry them further. These washed test tubes were than set under vacuum for 8 hours, 

and the set up flame dried periodically, to remove the SOCl3. Finally, rubber bands were 

tied to the vials as given in Figure A-1.9 and then purged properly thrice under argon. 

The tubes were then filled with the solid by hanging them within the large tube, under 

argon flow. If a specific mass of product was required in a tube, the tube and its contents 

had to be weighed after each addition of the solid. Weighing was also undergone under 

argon flow. Afterwards the tubes were purged in the large tube flask and the open end 

sealed with Parafilm under argon. This film was then pierced by a bleed needle, and the 

neck was heated and pulled until the ampoule was formed by sealing the glass. An 

example of a finished ampule is given in Figure A-1.10. 

 

 

Figure A-1.8: Test tube formed for ampoule preparation. 
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Figure A-1.9: Large tube-like flask set up used to purge and fill ampoule tubes. 

 

 

Figure A-1.10: Filled ampoule. 

A-1.5. Weighing of compounds under argon 

 

Since many solid reagents used in this study were air and moisture sensitive 

weighing the required amounts had to be undergone under an argon or nitrogen 

atmosphere. In order to do this a set up to allow the use of a table top mass balance under 

an argon atmosphere was necessary. In the current study weighing of solid reagents was 

therefore carried out using the set up given in Figure A-1.11. 
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Figure A-1.11: Weighing set up used to weigh air and moisture sensitive compounds in inert 

conditions. 

 

The solid to be weighed was transferred to a Schlenk tube of the required size 

which was attached to the Schlenk line through tubing long enough to reach the vicinity 

of the mass balance for easy handling and which was purged and dried properly to ensure 

proper working conditions. The set up shown in Figure A-1.11 was prepared with the 

argon coming from a single port of the Schlenk line through tubing which was long 

enough to allow easy manipulation of the set up and maintain a stable weight distribution 

to stop the set up from collapsing.  

Throughout the procedure the argon flow from stopcock A was used to purge the 

volume over the mass balance from air to allow for inert measuring conditions while the 

flow from stopcock B was used to add solid in inert conditions and store said solid under 

argon during the procedure. In more detail, argon was allowed to flow over the mass 

balance for 10 minutes, through the stopcock A, to purge the volume above the mass 

balance enclosed by the glass cover. Stopcock A was closed and argon allowed to flow 

over the weighing boat for 5 minutes. Afterwards both mass balance and weighing boat 

where left under argon flow for 5 minutes simultaneously. Every time argon flow was 

stopped at stopcock A a plastic cover was used to close the glass cover from the top thus 

enclosing the volume above the mass balance for a minimum amount of time. This was 

considered a temporary measure and the time without argon flow from stopcock A was 

kept to a minimum. 
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Prior to weighing, the argon flow from stopcock A was stopped and the weighing 

boat was tared. The boat was transferred back to the argon flow from stopcock B and the 

mass balance set under argon flow, making sure that the tared value did not change. 

During weighing, the solid was transferred from the Schlenk tube containing the solid to 

the weighing boat under argon flow from the funnel attached to stopcock B. The weighing 

boat was then transferred to the mass balance and the weighing reading was taken without 

argon flow from stopcock A so as not to disturb the balance while argon flow from 

stopcock B was maintained during the weighing procedure. After measurement the 

weighing boat including the solid was placed under argon flow from stopcock B and the 

mass balance was allowed to reach the original tared value under argon flow from 

stopcock A. This procedure was repeated until the required mass was weighed.  

If for any reason the tared value was not reached in between weighing procedures 

a new weighing boat was used, tared as described before and the solid transferred to it. 

Afterwards addition was continued as described prior. Finally, the solid was transferred 

to the required Schlenk tube or reaction mixture while the remaining solid was stored 

under argon until ampouling could be undertaken.  
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APPENDIX 2: DRYING OF SOLVENTS 

 

In the case of the current study the solvent drying procedure was undergone by 

using the set up given in Figure A-2.1.  
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Figure A-2.1: Solvent drying still set up used throughout the study (drawn using ACD/ChemSketch 

software). 
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Before applying the drying procedure, all solvents had to be pre-dried using 

desiccants to remove large amounts of water. The procedures used for pre-drying differed 

depending on the solvent and its respective miscibility with water.  

The two parts of the set up given in Figure A-2.1 namely, the solvent-desiccant 

still (500 ml round bottom flask, Claisen adapter and argon inlet) and the condensation-

storage system (Allihn and Liebig condensers, distillation still head and receiving/storage 

flask) were purged separately. The relative desiccant, which was different from that used 

for the pre-drying, was added to the still, followed by the solvent. The solvent was 

degassed by freeze-pump-thaw degassing which was repeated three times over. 

Afterwards both parts of the set up were connected under argon flow, reflux established 

and the reflux left overnight. Subsequently water flow was transferred from the Allihn to 

the Liebig condenser to induce distillation of the solvent into the storage flask. 

Distillation was continued until about half the storage flask was filled. On completion of 

the process a desiccant was added to the freshly distilled solvent to maintain dry 

conditions. The choice of this desiccant was also dependent on the solvent. The solvent 

was finally degassed as described prior in this section. 

The tables below outline the details of the procedures used to dry the solvents 

tetrahydrofuran (THF) – Table A-2.1, diethyl ether – Table A-2.2, petroleum ether 30-

40, 40-60 ℃ and n-hexane – Table A-2.3, toluene – Table A-2.4, dichloromethane and 

chloroform – Table A-2.5 and acetonitrile – Table A-2.6. 

 

Table A-2.1: Drying procedure for THF. 

Tetrahydrofuran (THF)125,275 

Pre-drying THF was mixed with anhydrous MgSO4 until no more clumping of the 

solid occurred. This mixture was filtered into a distillation flask within a 

simple distillation set up and then distilled over activated 4Å molecular 

sieves. The fraction obtained in the range of 64-66 ℃ was collected. This 

fraction was transferred to the solvent drying still.  

Drying THF was dried in the still set up over sodium as a desiccant and using 

benzophenone as an indicator. The ratio of solvent volume to the masses 

of sodium and benzophenone respectively was of 1L:2.5g:15g. On 
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refluxing overnight a deep purple to black colour was obtained, indicating 

that the solvent was dry.  

Storage The distilled solvent was stored over activated 4Å molecular sieves and 

a clean copper film. The latter was used to decrease the amount of organic 

peroxides formed over time. The presence of peroxides was addressed 

further by testing the solvent for organic peroxides after distillation and 

by covering the flask with aluminium foil. 

 

Table A-2.2: Drying procedure for Diethyl ether. 

Diethyl ether125,275 

Pre-drying Diethyl ether was mixed with anhydrous MgSO4 until no more clumping 

of the solid occurred. This was filtered and the ether dried over activated 

4Å molecular sieves by stirring.  

Drying Diethyl ether was dried in the still set up over sodium as a desiccant and 

using benzophenone as an indicator. The ratio of solvent volume to the 

masses of sodium and benzophenone respectively was of 1L:2.5g:15g. 

On refluxing overnight a deep purple to black colour was obtained, 

indicating that the solvent was dry.  

Storage The distilled solvent was stored over activated 4Å molecular sieves and 

a clean copper film. The latter was used to decrease the amount of organic 

peroxides formed over time. The presence of peroxides was addressed 

further by testing the solvent for organic peroxides after distillation and 

by covering the flask with aluminium foil. 
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Table A-2.3: Drying procedure for petroleum ether 30-40, 40-60 ℃ and n-hexane. 

Petroleum ether 30-40, 40-60 ℃, and n-hexane125,275 

Pre-drying The solvent was mixed with activated 4Å molecular sieves. This mixture 

was filtered into the solvent drying still.  

Drying The solvent was dried in the still set up over calcium hydride. The ratio 

of solvent volume to calcium hydride was of 1L:5g.  

Storage The distilled solvent was stored over a sodium film. If any excessive 

tarnishing of the sodium film was observed the solvent was re-distilled 

over more calcium hydride. 

 

Table A-2.4: Drying procedure for Toluene. 

Toluene125,275 

Pre-drying Toluene was first washed thrice with an equivolume amount of conc. 

Sulphuric acid and then thrice with distilled water. The toluene was then 

washed thrice with 10gL-1 NaOH(aq) and again thrice with distilled water. 

The toluene fraction was than mixed with anhydrous MgSO4 until no 

more clumping was present and then it was mixed with activated 4Å 

molecular sieves. This mixture was filtered into the solvent drying still. 

Drying Toluene was dried in the still set up over sodium as a desiccant and using 

benzophenone as an indicator. Tetraethylene glycol dimethyl ether was 

added as a stabiliser. The ratio of solvent volume with the masses of 

sodium and benzophenone and the volume of tetraethylene glycol 

dimethyl ether respectively was of 1L:2.5g:15g:8ml. On refluxing 

overnight a deep purple colour was obtained, indicating that the solvent 

was dry, as shown in Figure A-2.2.  

Storage The distilled solvent was stored over a sodium film. If any excessive 

tarnishing of the sodium film was observed the solvent was re-distilled 

over more sodium. 

 



384 

 

 

Figure A-2.2: Toluene being dried in still showing typical deep purple colour of Na/Benzophenone 

indicator indicating dryness 

 

Table A-2.5: Drying procedure for dichloromethane and chloroform. 

Dichloromethane and Chloroform125,275 (same procedure used for both) 

Pre-drying Dichloromethane or chloroform was mixed with activated 4Å molecular 

sieves. The resultant mixture was filtered into the solvent drying still.  

Drying Dichloromethane or chloroform was dried in the still set up over 

phosphorus pentoxide. The ratio of solvent volume to phosphorus 

pentoxide was of 1L:5g.  

Storage The distilled solvent was stored over activated 4Å molecular sieves.  
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Table A-2.6: Drying procedure for acetonitrile. 

Acetonitrile410 

Pre-drying Acetonitrile was mixed with activated 3Å molecular sieves. This mixture 

was filtered into a clean beaker and calcium hydride added to it in 

portions, until no more effervescence was observed.  

Drying 

Part 1 

Acetonitrile was dried in the still set up over phosphorus pentoxide as a 

desiccant. The ratio of solvent volume to the mass of phosphorus 

pentoxide was of 1L:5g. This was allowed to reflux overnight. This was 

therefore distilled over and used in the second part described hereunder. 

Drying 

Part 2 

Acetonitrile distilled from phosphorus pentoxide was transferred to a 

newly cleaned, purged and dried still set up and calcium hydride was 

added. The ratio of solvent volume to the mass of calcium hydride was of 

1L:5g.  

Storage The distilled solvent was stored over activated 3Å molecular sieves. This 

is shown in Figure A-2.3. 

 

 

Figure A-2.3: Dry Acetonitrile stored over 3Å molecular sieves. 
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APPENDIX 3: PREPARATION OF LITHIUM DICYCLOHEXYLAMIDE 

 

A-3.1. Synthesis of LiNCy2 

 

This compound has been previously synthesised by Jubb and co-workers in 1995 

and has the structure given in Figure A-3.1.358 The compound was prepared through a 

simple acid base reaction as given in Scheme A-3.1, wherein the desired product can be 

described as a salt. In the current study LiNCy2 was also prepared using the procedure 

described by Jubb and co-workers with some modifications and characterised using IR. 

N
-

Li
+

N
- Li

+

Li
+ N

-

Li
+

N
-

 

Figure A-3.1: Molecular diagram of LiNCy2. 

 

Cy2NH(sol) + n-BuLi(sol)  LiNCy2(s) + C4H10(l) 

 

Scheme A-3.1: Synthesis of LiNCy2.  

 

A-3.1.1. Reagents used 

 

The chemicals used in the procedures described in this section were Cy2NH 

(97%), n-BuLi (2.5 moldm-1) and n-hexane (dry).  

 

A-3.1.2. Procedure for the two solids LiNCy2_1 and LiNCy2_2 

 

A 100 ml Schlenk flask, with a Liebig condenser set up, was charged with 10 ml 

(50 mmol) Cy2NH and 12 ml n-hexane to yield a clear solution. This was cooled to                

-78 °C and stirred with a magnetic stirrer. Glass syringes were used to add 20 ml (50 

mmol) of 2.5 moldm-3 n-BuLi to the cooled solution. This was then allowed to warm up 
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to room temperature, at which point a white precipitate was formed. This mixture was 

then refluxed for 3 hours, filtered by cannula filtration and the resultant solid dried under 

vacuum. This white crystalline solid was collected as the final product. Yield LiNCy2_1: 

4.741 g, 40.51 %. Yield LiNCy2_2: 8.370 g, 89.4 %. 

 

A-3.1.5. Characterisation data 

 

LiNCy2_1, LiNCy2_2 FT-IR (KBr, cm-1): 3674 (s), 2924 (s), 2851 (s), 2665 (w), 2587 

(w), 1455(s), 1363 (m), 1345 (m), 1301 (w), 1260 (m), 1236 (m), 1140 (s) 1094 (s/bs) 

1026 (w), 985 (w), 946 (m), 916 (w), 888 (s), 849 (m), 791 (w). 

 

A-3.2. Analysis by Infra-red spectroscopy  

 

The IR spectra of the two solids obtained, namely LiNCy2_1 and LiNCy2_2, are 

given in Figure A-3.2, along with the spectrum of the Cy2NH starting reagent. 

Comparison indicates that the two solids were likely the same chemical species. The 

broad band at around 3379 cm-1 in the spectrum of Cy2NH and which is associated with 

the ν N–H vibrations was lost in the spectra of both LiNCy2_1 and LiNCy2_2, indicating 

the expected deprotonation. Most of the bands in the fingerprint region in the spectra of 

the products, remained unchanged from the analogous bands in the spectrum of the 

starting reagent, thus indicating that the amine structure remained mostly unchanged.  

 

 

Figure A-3.2: IR spectra of LiNCy2_1 (black), LiNCy2_2 (red) and Cy2NH (green). 
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The main changes in the skeletal region of the spectra of the products were the 

decrease in intensity of the Cy2NH band at 1125 cm-1, which was assigned to the ν C–N 

vibrations of the amine, and the presence of new bands at 1094 cm-1 and 946 cm-1. The 

band at 1094 cm-1 could be due to the new ν C–N vibrations unique to the products. The 

band at 946 cm-1 could not be assigned. Therefore, the IR data did not yield any structural 

information. This was likely due to the fact that the solids produced were very moisture 

sensitive making IR data very difficult to obtain. The samples started to change from a 

white powder to a yellow residue during the analysis.  

  



389 

 

APPENDIX 4: PURIFICATION OF PYROPHOSPHORYL TETRACHLORIDE 

(PPTC) 

 

A-4.1. Method 

 

In the interest of synthesising ligands isoelectronic to the carbenes studied in this 

research, it was decided to look into structures containing the central moiety, P–O–P, 

where the phosphorus is pentavalent and four coordinate. Given the availability of 

pyrophosphoryl tetrachloride (PPTC) having the structure given in Figure A-4.1, it was 

decided to synthesise organic pyrophosphoryl compounds with the general structure 

given in Figure A-4.2, since PPTC could be used as a starting reagent for the production 

of these compounds.  

 

P

O

O
P

O

ClCl
Cl Cl

 

Figure A-4.1: Molecular diagram of pyrophosphoryl tetrachloride (PPTC). 
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Figure A-4.2: General molecular diagram of organic pyrophosphoryl compounds derived from 

PPTC. 

 

The PPTC available had a light dull orange/yellow colouration, which colour is 

indicative of contamination. This contamination was presumed to be a mixture of 

decomposition products. This decomposition is expected as the compound is moisture 

sensitive and should be stored under an inert atmosphere. Purification was undertaken 

using short path distillation as shown in Figure A-4.3.  



390 

 

 

Figure A-4.3: Short path distillation used for the purification of PPTC. 

 

The PPTC was transferred to the still pot and anti-bumping granules were added. 

The anti-bumping granules were found to be very useful since vigorous bumping was 

observed during the distillation. The collecting flask was placed in a liquid nitrogen bath 

and the distillation was performed under vacuum. Initially a solid was formed in the flask. 

This was believed to be ice and therefore it was removed by vacuum at room temperature. 

Afterwards the liquid nitrogen bath was re-set as before. Collection of the distillate, which 

was a clear colourless liquid, was obtained in the temperature range 52 – 54 °C. 

Distillation was discontinued before all the liquid in the still pot was removed, leaving 

only an orange liquid. 

This procedure was repeated several times to purify all the available PPTC. In 

some cases, a fraction of liquid was also collected in the temperature range 60 – 80 °C.  

These latter fractions proved to have IR spectra which were similar to the expected 

product but not fully congruent with the literature data.411 Therefore, only the fractions 

collected at 52 – 54 °C and having IR spectra as given in literature were collected.411 

These fractions were collected together in a cleaned amber glass bottle as shown 

in Figure A-4.4. In the aforementioned figure the bottle is shown being purged under 

argon and vacuum. Thus the liquid could be transferred to a flame dried argon filled bottle 

which could be easily used to extract the required volumes of the PPTC by syringe under 

argon using a set up similar to bottles containing in-built septa. Yield: 55.2 ml, 69 %. 
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Figure A-4.4: Purging of amber glass bottle to be used for the storage of PPTC. 

 

A-4.2. Characterisation 

 

The purified products were characterised using IR spectroscopy and examined for 

purity by 31P {1H} NMR. The data collected from both these spectroscopic methods is 

given in Figures A-4.5 and A-4.6 respectively. The IR spectrum of PPTC was found to 

be in very good agreement with IR data published by suppliers of the chemical.411 The 

assignments of the bands were derived from the data published by Corbridge.99,348 No 

published data was found for the 31P {1H} NMR of PPTC, however the spectrum obtained 

in the current study indicated the presence of a singular major component with a chemical 

shift value of -9.52 ppm. This is in the typical range of the phosphoryl halides of which 

PPTC is an example.377 The impurity peaks proved negligible in intensity. 

 

Figure A-4.5: IR Spectrum of the purified PPTC. 
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Figure A-4.6: 31P{1H} NMR spectrum of purified PPTC. 

 

PPTC FT-IR (NaCl, cm-1): 1315 (s), 969 (s), 709 (m), 624 (s), 530 (w). 31P{1H} NMR 

(CDCl3): -9.52 ppm (s).  
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APPENDIX 5: CHARACTERISATION OF 1,1-

BIS(DIPHENYLPHOSPHINO)METHANE (DPPM) 

 

The main starting reagent used in the preparation of all the λ5σ4-phosphorus 

carbene ligands synthesized in this study was 1,1-bis(diphenylphosphino)methane 

(dppm), as given in Figure A-5.1. The characterisation of the commercially obtained 

reagent was undergone by IR spectroscopy and 1H NMR spectroscopy.  

 

PP
Ph Ph

PhPh

 

Figure A-5.1: Molecular diagram of dppm 

 

A-5.1. Analysis by Infra-red spectroscopy   

 

The IR spectrum of the purchased dppm was obtained in KBr disc and is presented 

in Figure A-5.2. 

 

Figure A-5.2: IR spectrum of purchased dppm, in KBr disc. 

 

The IR spectrum indicated that the solid was dry. It should be noted that after 

opening the container the solid was stored under argon to minimise the possibility of 

contamination by hydration. Assignments for the bands of the IR spectrum of dppm were 

not available in literature and therefore a tentative assignment of the bands in the IR 

spectrum in Figure A-5.2 was undertaken and the conclusions are presented in Table A-

5.1.99,348  
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Table A-5.1: Assignment of IR bands of dppm from spectrum in Figure A-5.2. 

Wavenumber, cm-1 Transmittance Description Assignment 

3054 9.1 w ν C–H(aromatic) 

2996 10.5 w νas C–H(alkyl) 

2942 11.9 w νs C–H(alkyl) 

1954 17.6 w,b Overtone bands 

1886 ~18.0 w,b Overtone bands 

1824 ~18.0 w,b Overtone bands 

1581 18.3 w ν C=C(aromatic) 

1479 13 m P–Ph or δ CH2 

1431 7.8 s P–Ph 

1376 21.6 m N/A 

1306 22.9 m N/A 

1296 22.3 m N/A 

1184 22.6 s τ or ω CH2 

1155 24.6 m N/A 

1091 19.9 s P–Ph 

1067 22.8 m N/A 

1022 22.3 m N/A 

998 20.9 s P–Ph 

969 27.2 w,sh νas P–CH2–P or other P–

CH2–P vibration 

918 29.8 m,b νas P–CH2–P or other P–

CH2–P vibration 

843 36.6 w νas P–CH2–P or other P–

CH2–P vibration 

786 24.7 s νas P–CH2–P  or νs P–CH2–P 

744 7.8 s P–Ph 

717 ~15.0 m P–Ph,  ρ CH2 or νs P–CH2–P 

692 7.5 s P–Ph 

 

Where, w = weak, b = broad, m = medium, s = strong, sh = sharp, N/A = non-assigned. 
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Many of the non-assigned bands seem to be retained in the IR spectra of the dppm 

derivatives prepared in this study. This may be indicative of either skeletal dppm bands 

or some type of non-reactive impurity. The bands at 1306 cm-1 and 1296 cm-1 are thought 

to be due to oxide impurities, although the nature of these could not be determined.99 

 

A-5.2. Analysis by 1H NMR spectroscopy  

  

To further confirm the purity and composition of the dppm purchased, a sample 

of this reagent was analysed by 1H NMR spectroscopy. The experimental spectrum is 

given in Figure A-5.3.  

 

 

Figure A-5.3: Full 1H NMR spectrum for dppm as purchased in CDCl3. 

 

 The spectrum was obtained in CDCl3 as solvent, as characterised by the singlet 

at 7.25 ppm. The singlet at 1.6 ppm may be attributed to moisture within the solvent used 

as it was also visible in other spectra of samples prepared for analysis by 1H NMR using 

this solvent. The same was true regarding the multiplets at 3.74 ppm and 1.85 ppm typical 

of THF and the singlet at 1.26 ppm and multiplet at 0.85 ppm typical of grease. The data 

obtained is presented in Table A-5.2, while Table A-5.3 lists the data set for the 1H NMR 

spectrum of dppm found in literature.280  
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Table A-5.2: 1H NMR experimental data for the purchased dppm.  

1H NMR experimental data for dppm in CDCl3 

ppm Assignment Multiplicity Integration Calc. number of 1H 

7.43 o-H multiplet 4.06 8.12 

7.29 m/p-H triplet 5.80 11.60 

2.80 PCH2P triplet 1 2 

 

Table A-5.3: 1H NMR spectrum data for dppm obtained from liturature.280 

1H NMR spectroscopy data for dppm in CDCl3, as given in literature 

ppm Assignment Multiplicity Number of 1H 

7.43 o-H multiplet 8 

7.28 m/p-H triplet 12 

2.80 PCH2P triplet 2 

 

From these tables it can be concluded that the compound analysed was indeed 

dppm and it did not contain significant amounts of impurities. The experimental and 

literature data were in good agreement with each other in terms of chemical shifts, 

assignment, multiplicity and the number of protons per peak. The only coupling constant 

given in literature for dppm is the 2JHP for the coupling between the methylene proton and 

phosphorus, with a value of 1.5 Hz. This was also in agreement with the 2JHP determined 

from experimental data, namely 2JHP = 1.5 Hz. This is further shown in Figure A-5.4, 

which is a detail taken from the full spectrum presented in Figure A-5.3 above.  This was 

in the expected range for the 2JHP coupling described in literature (0-50 Hz), albeit in the 

lower range.412  

The assignment of the experimental multiplets at 7.43 ppm and 7.29 ppm was 

undergone by comparison to the literature assignments as given in Table A-5.3. This was 

further corroborated by the ratio of 2:3 of the integration of the respective peaks.  
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Figure A-5.4: Detail of dppm spectrum showing triplet assigned to the 1H on PCH2P. 

 

Both experimental and literature data indicated that the phenyl protons were 

effected by the presence of the P(III) substituents, when compared to unsubstituted 

benzene. This indicated that the phosphorus centres acted as electron withdrawing 

groups, even though the electronegativity of phosphorus is slightly smaller than that of 

carbon and similar to that of hydrogen.281 This effect seems to be entirely due to inductive 

effects, as conjugation effects of the phosphorus lone pair would cause an upfield shift of 

ortho and para proton peaks.281 If the P(III) centres are inductively electron withdrawing 

there would be a downfield shift of the o-H while leaving the m/p-H unaffected since the 

induction effect is not long range. This also explains the presence of the triplet for the 

m/p-H as the chemical environment around these protons is unaffected by the P(III) and 

therefore they have the same chemical shift and are only coupled with the two o-H. This 

indicated that conjugation of the phenyl system and the phosphorus lone pair did not 

occur, as reported for compounds with similar P(III)–phenyl moieties.100   

The coupling constant for the m/p-H triplet was found to be of 3.2 Hz in the 

experimental spectrum, which was also in good agreement with the distances between 

the triplet peaks in the literature data. Coupling constants for the multiplet attributed to 

the increasingly deshielded o-H protons at around 7.43 ppm could not be properly 

described. 
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APPENDIX 6: EXPERIMENTAL DATA FOR H2C(Ph2PNSiMe3)2 

 

Three batches of H2C(Ph2PNSiMe3)2 were prepared by following the Phospha-

Staudinger method as described in Section 3.3.1.1.2. In all cases the desired product was 

obtained. This was confirmed by comparison of the characterisation data collected in this 

study with that published by Appel and Ruppert in 1974, as described in Section 4.1.1.2.34  

 

A-6.1. Analysis by Infra-red spectroscopy  

 

The IR spectra of the two products, H2C(Ph2PNSiMe3)2_1 and 

H2C(Ph2PNSiMe3)2_2, were initially compared to the IR spectra of the two main reagents 

namely, dppm and trimethylsilyl azide.298 The comparison is presented in Figure A-6.1. 

The spectrum of H2C(Ph2PNSiMe3)2_2 was compared with the detailed IR data provided 

for H2C(Ph2PNSiMe3)2 by Appel and Ruppert in 1974 as given in Figure A-6.2.34 This 

confirmed the nature of both aforementioned products. Comparison of the spectra of 

H2C(Ph2PNSiMe3)2_1 and H2C(Ph2PNSiMe3)2_3 as given in Figure A-6.3 showed that 

the latter compound had the same composition as the previous two products.    

 

 

Figure A-6.1: IR spectra of H2C(Ph2PNSiMe3)2_1 (orange), H2C(Ph2PNSiMe3)2_2 (blue), 

trimethylsilyl azide (red) and dppm (green). 
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Figure A-6.2: IR spectra of H2C(Ph2PNSiMe3)2_2 (blue) with the literature data (orange).
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Figure A-6.3: IR spectra of H2C(Ph2PNSiMe3)2_3 (blue) and H2C(Ph2PNSiMe3)2_1 (orange). 

 

A-6.2. Analysis by 1H NMR spectroscopy  

 

The 1H NMR spectrum of H2C(Ph2PNSiMe3)2_1 was obtained in benzene-d6 

(C6D6) as a solvent. The full spectrum is given in Figure A-6.4. Apart from diagnostic 

peaks a number of impurity peaks were noted, namely the singlet at 2.11 ppm attributed 

to acetonitrile and the three doublets at 2.20 ppm, 1.54 ppm and 1.49 ppm possibly due 

to minor by-products. The first diagnostic feature of the spectrum was the triplet at 3.29 

ppm, which is shown in more detail in Figure A-6.5. This was attributed to the methylene 

protons, PCH2P. 

 

 

Figure A-6.4: Full 1H NMR spectrum for H2C(Ph2PSiMe3)2_1 in C6D6. 
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Figure A-6.5: Detail of triplet in 1H NMR spectrum of H2C(Ph2PSiMe3)2_1 assigned to PCH2P 

protons. 

 

The multiplets attributed to the phenyl protons are given in Figure A-6.6, which 

shows a detail from the full spectrum obtained for H2C(Ph2PNSiMe3)2_1. Details of these 

peaks are given in Table A-6.1. The peaks around 7.41 ppm are given separately in Figure 

A-6.7, where the tentative coupling described in Table A-6.1 is shown. 

 

Table A-6.1: Details of phenyl ring proton peaks for H2C(Ph2PNSiMe3)2_1. 

1H NMR experimental data for phenyl proton peaks of H2C(Ph2PNSiMe3)2_1 in 

C6D6 

Ppm Multiplicity Integration Coupling Calc. no. 1H 

7.93 multiplet, asymmetric 2.97 N/A 5.94 

7.65 multiplet, asymmetric 9.43 N/A 18.86 

7.41 triplet of doublets 1.81 J1 = 1.65 Hz (d) 

J2 = 7.68 Hz (t) 

3.62 

7.03 multiplet, asymmetric 22.95 N/A 45.9 
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Figure A-6.6: Detail showing the peaks attributed to the phenyl protons of H2C(Ph2PSiMe3)2_1. 

 

Figure A-6.7: Detail showing the peaks around 7.41 ppm for the spectrum of H2C(Ph2PSiMe3)2_1. 

 

Four large singlets were observed in the range of 0.4 to 0.05 ppm of the spectrum 

obtained for H2C(Ph2PNSiMe3)2_1 and these are given in more detail in Figure A-6.8. 

The integration data for these peaks is given below in Table A-6.2. This data in Table    

A-6.2 may indicate that the singlet at 0.26 ppm is due to the protons of the trimethylsilyl 

groups as this yielded the closest calculated number of protons to the expected number 

of 18. 
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Figure A-6.8: Detail showing the range 0.4 to 0.05 ppm for the spectrum of H2C(Ph2PSiMe3)2_1. 

 

Table A-6.2: Integration data for singlets in the region 0.4 to 0.05 ppm in the spectrum of 

H2C(Ph2PSiMe3)2_1. 

Integration Data for singlets in the region 0.4 to 0.05ppm in the spectrum of 

H2C(Ph2PNSiMe3)2_1  

ppm Integration Calc. no. 1H Expected no. 1H 

0.38 5.56 11.12 18 

0.35 4.20 8.40 18 

0.26 9.09 18.18 18 

0.09 8.05 16.1 18 
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APPENDIX 7: EXPERIMENTAL DATA FOR H2C(PH2PS)2 

 

A-7.1. Analysis by Infra-red spectroscopy  

 

The IR spectrum of the product H2C(Ph2PS)2_1 was obtained and is presented in 

Figure A-7.1 hereunder, along with the spectrum obtained for the dppm starting reagent. 

The most likely bands that could be assigned to the diagnostic P=S vibration in the IR 

spectrum of product H2C(Ph2PS)2_1 are marked in yellow in Figure A-7.2. 

 

 

Figure A-7.1: IR spectrum of the H2C(Ph2PS)2_1 (blue) and dppm (orange). 

 

Figure A-7.2: Possible P=S vibration bands in the IR spectrum of H2C(Ph2PS)2_1. 
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The IR spectra of H2C(Ph2PS)2_2a and H2C(Ph2PS)2_2b are given in Figure         

A-7.3, while the spectra of H2C(Ph2PS)2_3a and H2C(Ph2PS)2_3b are given in Figure      

A-7.4. The bands of interest for each solid product lie in the fingerprint region, 

specifically between 805 and 590 cm-1, wherein the bands due to ν P=S and ν P–CH2–P 

are known to occur.  

 

 

Figure A-7.3: IR spectra of H2C(Ph2PS)2_2a (blue) and H2C(Ph2PS)2_2b (orange). 

 

 

Figure A-7.4: IR spectra of H2C(Ph2PS)2_3a (blue) and H2C(Ph2PS)2_3b (orange). 
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A-7.2. Analysis by 1H NMR spectroscopy  

 

The ligand H2C(Ph2PS)2_1 in benzene-d6 was analysed by 1H NMR spectroscopy, 

with the spectrum obtained given in Figure A-7.5. The triplet at around 3.84 ppm, which 

is shown in more detail in Figure A-7.6. was attributed to the methylene protons (PCH2P) 

in H2C(Ph2PS)2_1. The integration details of the peaks around 3.84, 6.92 and 7.89 ppm 

are given in Table A-7.1. 

 

Figure A-7.5: 1H NMR spectrum for H2C(Ph2PS)2_1 in C6D6. 

 

Table A-7.1: Integration details for the peaks assigned to PCH2P, o-H and m/p-H respectively. 

Integration details for the peaks assigned in H2C(Ph2PS)2_1 

Ppm Assignment Integration Calc. no. 1H  Expected no. 1H 

7.89 o-H 3.79 7.58 8 

6.92 m/p-H 5.91 11.82 12 

3.84 PCH2P 1 2 2 
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Figure A-7.6: Triplet at 3.84 ppm attributed to the PCH2P protons. 

 

The 1H NMR spectra for the products H2C(Ph2PS)2_2a, _2b, _3a and _3b in CDCl3 

are given in Figure A-7.7, along with the spectrum of H2C(Ph2PS)2_1 in benzene-d6. 

Details of the proton peaks in the 1H NMR spectra for the products H2C(Ph2PS)2_2a, _2b, 

_3a and _3b in CDCl3 are given in Table A-7.2. In the CDCl3 samples peaks for water  

(1.56 ppm) and silicone grease (0.07 ppm) impurities were observed, while in the 

benzene-d6 sample the main impurities were grease (1.362 ppm and 0.918 ppm) and 

silicone grease (0.29 ppm). 

 

Figure A-7.7: 1H NMR spectra of all the H2C(Ph2PS)2 solids obtained in the study. 



408 

 

Table A-7.2: Details of proton peaks in spectra for H2C(Ph2PS)2_2a, _2b, _3a and _3b in CDCl3. 

1H NMR experimental data for phenyl proton peaks of H2C(Ph2PS)2 in CDCl3 

Ppm Multiplicity Integration Coupling Calc. no. 1H 

7.82 Doublet of  doublets 2 J1 = 7.62 Hz 

J2 = 13.13 Hz 

8 

7.42 triplet 1 N/A 4 

7.33 triplet 2 N/A 8 

3.98 triplet 0.5 J = 13.43 Hz 2 

 

A-7.3. Analysis by Microscopy  

 

A micrograph of the crystals of H2C(Ph2PS)2_1, obtained under polarised light, is 

given in Figure A-7.8.  

 

 

Figure A-7.8: Crystals of H2C(Ph2PS)2_1 under polarised light. 

 

A-7.4. Analysis by Powder X-ray diffraction 

 

The experimental PXRD pattern for H2C(Ph2PS)2_2b is given in Figure A-7.9 

along with the calculated PXRD patterns of the two published polymorphs, namely the 

polymorph published by Carmalt in the space group P21/n and the polymorph in C2/c 

space group published by Thirumoorthi (both calculated in Mercury).35,297 
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Figure A-7.9: PXRD patterns of H2C(Ph2PS)2_2b (blue), P21/n (orange) and C2/c (red). 
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APPENDIX 8: EXPERIMENTAL DATA FOR LnI3(THF)3.5 STARTING 

REAGENTS. 

 

A-8.1. Characterisation of NdI3(THF)3.5  

 

A-8.1.1. Analysis by Infra-red spectroscopy   

 

The spectra of NdI3(THF)3.5_1, is given in Figure A-8.1. Samples for 

NdI3(THF)3.5_1 were prepared in Nujol mull on salt windows. The peaks typical of the 

Nujol mull were visible as the broad band in the range 3000-2850 cm-1, the two strong 

bands at 1462 cm-1 and 1377 cm-1,  along with the shoulder at 1366 cm-1 and the distinct 

medium sized band at 723 cm-1.280 The spectrum of NdI3(THF)3.5_1 in Nujol mull in the 

wavenumber range 1800-400 cm-1 is given in Figure A-8.2, along with literature data for 

NdI3(THF)3.5 (in Nujol Mull),137 NdI3(THF)4 (in KBr) and THF (liquid film) for 

comparison.151,280 In these cases bands, listed as weak, medium and strong in literature, 

are plotted at a transmittance of 70 %, 50 % and 0 % respectively, so as to provide better 

comparison.  

 

 

 

Figure A-8.1: IR spectra of NdI3(THF)3.5_1 in Nujol (blue). 
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Figure A-8.2: IR spectra of NdI3(THF)3.5_1 (blue), NdI3(THF)3.5 (red),  NdI3(THF)4 (green) and THF (black). 
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A-8.1.2. Analysis by UV-visible light spectroscopy  

 

NdI3(THF)3.5_1 was analysed qualitatively using UV-visible light spectroscopy. 

Sample solutions were prepared by heating and stirring small suspensions of the solids in 

THF.  NdCl3.nH2O was used as a reference to indicate the presence of the Nd3+ in a THF 

solution, since the absorption peaks of lanthanides are typically unaffected by ligands 

present and therefore unlikely to shift drastically between the iodides and the chloride.23 

A detail of the spectra of NdI3(THF)3.5_1 (which had been left under vacuum at 140 ℃ 

but was not washed to remove excess iodine) and NdCl3.nH2O in the wavelength range 

500-900 nm is shown in Figure A-8.3. 

 

Figure A-8.3: UV-vis spectra of NdI3(THF)3.5_1 (blue) and NdCl3.nH2O (orange) in the range 400-

900 nm. 

The peaks labelled a to f are due to the neodymium (III) cation transitions as listed 

below:413,414 

 a - 4I9/2    2K13/2, 
4G7/2, 

4G9/2 

 b - 4I9/2    4G5/2, 
2G7/2 

 c - 4I9/2    4F9/2 

 d - 4I9/2    4F3/2, 
4S3/2 

 e - 4I9/2    4F5/2, 
2H9/2 

 f - 4I9/2    4F3/2 

 

The product NdI3(THF)3.5_1 was analysed by UV-visible spectroscopy after 

vacuum removal of iodine and after the final washing of the solid with multiple portions 

of 40-60 ℃ petroleum ether and THF. The different spectra obtained are given in Figure 

A-8.4, with spectrum NdI3(THF)3.5_1a for the unwashed sample and spectrum 

NdI3(THF)3.5_1b for the washed sample.  
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Figure A-8.4: UV-vis Spectra of NdI3(THF)3.5_1a (blue) and NdI3(THF)3.5_1b (orange)  

 

A-8.2. Characterisation of SmI3(THF)3.5 

 

A-8.2.1. Analysis by Infra-red spectroscopy 

 

The initial solid product from the SmI3(THF)3.5 reaction was washed under 

solvent extraction in a filtration tube followed by elemental iodine removal under vacuum 

at 140 ℃ to yield the first product SmI3(THF)3.5_1. A portion of this was than purified 

further by Soxhlet extraction to give the product SmI3(THF)3.5_2. The IR spectra of the 

two solids, SmI3(THF)3.5_1 and SmI3(THF)3.5_2, in Nujol mull are given in Figure A-8.5. 

 

 

Figure A-8.5: IR Spectra of SmI3(THF)3.5_1 (blue) and SmI3(THF)3.5_2 (orange) in Nujol mull. 

 

A detail of the spectra of SmI3(THF)3.5_1 and SmI3(THF)3.5_2 (in the region of 

1800-400 cm-1) along with the literature data for Nujol and for SmI3(THF)3.5 are given in 

Figure A-8.6.137
  For the two spectra reproduced from published data, bands listed as 
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weak, medium and strong in literature, are plotted at a transmittance of 70 %, 50 % and 

0 % respectively.137,280 For both experimental spectra the peaks typical of the Nujol were 

visible as the strong broad bands in the range 3000-2850 cm-1, the two strong bands at                

1462 cm-1 and 1377 cm-1, along with the shoulder at 1366 cm-1 and the distinct medium 

sized band at 723 cm-1.280  

 

 

Figure A-8.6: IR spectra of SmI3(THF)3.5_1 (blue) and SmI3(THF)3.5_2 (orange), SmI3(THF)3.5 in 

literature (black) and Nujol (green) in the region of 1800-400 cm-1. 

 

A-8.2.2. Analysis by Powder X-ray Diffraction 

 

Both solids SmI3(THF)3.5_1 and SmI3(THF)3.5_2, were observed under a 

microscope using plane polarised light. The solid SmI3(THF)3.5_1 was likely to be 

amorphous as no extinction of plane polarised light was observed. In contrast the orange-

yellow solid SmI3(THF)3.5_2 was crystalline, as can be observed in Figure A-8.7. The 

crystalline solid SmI3(THF)3.5_2 was characterised using PXRD. The solid was prepared 

in a 0.3 mm capillary, sealed under dry nitrogen, and data was collected at synchrotron 

radiation. The powder pattern of SmI3(THF)3.5_2 is given in Figure A-8.8, together with 

the PXRD pattern of SmI3(THF)3.5 calculated from the literature data, as obtained from 

Mercury software.137,297  
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Figure A-8.7: Micrograph of SmI3(THF)3.5_2. 

 

 

 

Figure A-8.8:PXRD patterns of SmI3(THF)3.5_2 (blue) and calculated SmI3(THF)3.5 literature data 

(orange). 
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APPENDIX 9: ADDITIONAL IR, NMR AND PXRD RESULTS FROM THE 

PREPARATON ATTEMPTS OF [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3). 

 

A-9.1. IR spectroscopy 

 

In all four preparation attempts for the complex 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3) numerous products were obtained and analysed 

by IR spectroscopy. Most of these yielded results which indicated moisture induced 

decomposition through the reformation of the neutral free ligand H2C(Ph2PS)2 rather than 

complexation. This IR data is presented hereunder in Figures A-9.1 to A-9.9 with the 

various spectra obtained compared to the IR spectra of the two H2C(Ph2PS)2 polymorphs 

and other starting reagents.  

 

 

Figure A-9.1: IR spectra of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1a (blue) and H2C(Ph2PS)2_1 

(orange). 

 

 

Figure A-9.2: IR spectra of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1b (blue) and 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_1c (black) and H2C(Ph2PS)2_C2/c polymorph (green) and 

H2C(Ph2PS)2_P21/c polymorph (orange), in the region 2000 cm-1 to 400 cm-1. 
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Figure A-9.3: IR spectra of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a (blue) and H2C(Ph2PS)2_C2/c 

polymorph (orange), in the region 1800 cm-1 to 400 cm-1. 

 

 

Figure A-9.4: IR spectra of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_2 (black) and 

H2C(Ph2PS)2_C2/c polymorph (green) and H2C(Ph2PS)2_P21/c polymorph (red), in the region of 1600 

to 400 cm-1. 

 

 

Figure A-9.5: IR spectra of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b (blue) and H2C(Ph2PS)2_C2/c 

polymorph (red) and H2C(Ph2PS)2_P21/c polymorph (green) and SmI3.THF3.5_2 (black), in the region 

1600 cm-1 to 400 cm-1. 
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Figure A-9.6: IR spectra of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3a (black) and H2C(Ph2PS)2_C2/c 

polymorph (orange) and H2C(Ph2PS)2_P21/c polymorph (blue). 

 

 

Figure A-9.7: IR spectra of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3a (blue) and H2C(Ph2PS)2_C2/c 

polymorph (green) and [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_1 (orange). 

 

 

Figure A-9.8: IR spectra of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a (blue) and H2C(Ph2PS)2_C2/c 

polymorph (green) and H2C(Ph2PS)2_P21/c polymorph (orange) in the region 1800 cm-1 to 400 cm-1. 
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Figure A-9.9: IR spectra of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a_1 (blue) and 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_4a (orange). 

 

A-9.2. NMR Spectroscopy 

 

Only three products from the four preparation reactions for 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3) were analysed by 1H NMR spectroscopy. These 

products were [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a, _2b and _3b_2. The 1H NMR 

spectra of the former two in CDCl3 are given in Figure A-9.10 along with the spectrum 

of H2C(Ph2PS)2 in the same solvent, while the 1H NMR spectra of 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_2 and H2C(Ph2PS)2 in benzene-d6 are given 

in Figure A-9.11. Discussion of these spectra is given in Section 4.1.3.3.2. 

 

Figure A-9.10: 1H NMR spectra of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a (blue) and 

[Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2b (green) and H2C(Ph2PS)2 in CDCl3 (red).  
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Figure A-9.11: 1H NMR spectra of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_3b_2 (blue) and 

H2C(Ph2PS)2 in benzene-d6 (red). 

 

For samples in CDCl3 impurity peaks were observed at 3.78 ppm and 1.85 ppm 

for THF, 3.48 ppm and 1.21 ppm for diethyl ether and at 0.07 ppm for silicone grease. 

For the sample in benzene-d6 peaks at 1.36 ppm, 0.92 ppm and 0.29 ppm were due to 

grease and silicone grease as impurities. 

 

A-9.3. Powder X-ray diffraction 

 

 [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1 and _2b were analysed by PXRD. 

Both diffraction patterns are discussed in Section 4.1.3.3.4. The diffraction pattern for the 

former is given in Figure A-9.12.  

 

Figure A-9.12: PXRD pattern of [Sm2(C(Ph2PS)2)2I2THF4]·4(C6H5CH3)_2a_1. 
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APPENDIX 10: EXPERIMENTAL DATA FOR Et2NH2Cl 

 

During the synthesis of O((Et2N)2PO)2_1 a colourless crystalline solid mass was 

initially obtained. This was determined to be mainly composed of the expected side-

product diethylammonium chloride (Et2NH2Cl), as characterised below. This brief 

characterisation is given since literature data was not available. This data was used in the 

discussion of the products O((Et2N)2PO)2_1 and O((Et2N)2PO)2_1_f13.  

 

A-10.1. Characterisation of Et2NH2Cl 

 

The Et2NH2Cl salt was analysed using 1H NMR spectroscopy, in CDCl3. This 

yielded the fairly clean spectrum given in Figure A-10.1, wherein three main peaks were 

observed, namely the singlet at 9.55 ppm, a quartet at 3.03 ppm and a triplet at 1.48 ppm.  

 

 

Figure A-10.1: 1H NMR spectrum of Et2NH2Cl. 

 

The quartet at 3.03 ppm and the triplet at 1.48 ppm, both having a coupling 

constant of 7.30 Hz, with an integration ratio of 2.10:3.11 respectively, were indicative 

of the presence of the methylene and methyl groups of the expected ethyl moieties. 
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Therefore, it was concluded that the methylene protons were deshielded when compared 

to the methyl protons, indicating that the methylene protons were vicinal to an 

electronegative atom or group. This is expected given that the methylene protons are 

closer to the nitrogen atom. However, the most important peak for characterisation was 

the broad singlet at 9.55 ppm. The protons related to this peak were highly deshielded, 

having a chemical shift higher than the typical (approximately 8.50 ppm) value for NHn
+ 

(𝑛 = 1 − 3) in aliphatic ammonium salts. This value of 9.55 ppm was significantly 

downfield of the amine peak in diethylamine which typically occurs at 0.85 ppm. This 

downfield shift is due to the cationic charge centred on the ammonium nitrogen, which 

causes an increased electronegativity and deshielding of the ammonium protons. The 

broad nature of the peak is typical of such salts and is due to moderate to rapid proton 

exchange rates for the ammonium protons as well as the effect of the electron quadrupole 

moment on the 14N atom. The integration ratio of 1:2.10 for this peak with respect to the 

methylene proton peak further confirmed the presence of the organic ammonium moiety 

as expected for Et2NH2Cl. Therefore, the three peaks were assigned as given in Table A-

10.1. 

 

Table A-10.1: 1H NMR experimental data and assignment for proton peaks of Et2NH2Cl in CDCl3. 

1H NMR experimental data and assignment for proton peaks of Et2NH2Cl in 

CDCl3 

ppm Multiplicity Integration Coupling Assignment 

9.55 broad singlet 1.00 N/A NH2
+ (amine salt) 

3.03 quartet 2.10 J = 7.30 Hz  CH2 (Ethyl) 

1.48 triplet  3.11 J = 7.30 Hz  CH3 (Ethyl) 

 

The IR spectrum of Et2NH2Cl is given in Figure A-10.2, along with the spectrum 

of diethylamine (Et2NH). The broad band in the range 3441-3173 cm-1 was indicative of 

the ν N–H stretching vibrations. This band corroborated the presence of the organic 

ammonium species indicated by the peak at 9.55 ppm in the 1H NMR spectrum of the 

solid. The bands at 2985 cm-1 and 2810 cm-1 were due to the presence of ν C–H of both 

methyl and methylene moieties, indicating the presence of the ethyl group of the 

diethylamine structure (Et2N). The presence of these ethyl groups in Et2NH2Cl was 
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further corroborated by the presence of bands at 1454 cm-1 and 1394 cm-1, believed to be 

due to the bending vibration δ C–H of the methyl and methylene groups respectively. The 

band at 1048 cm-1 was easily assigned to the ν C–N stretching vibration, indicating the 

presence of the entire Et2N group observed at a lower wavenumber when compared to 

the analogous band in the amine at 1143 cm-1.415 This was indicative of a change in the 

environment of the nitrogen atom, yielding weaker C–N bonds and could correspond to 

multiple chemical changes such as the protonation attested by the 1H NMR data. The 

three bands at wavenumbers 2504 cm-1, 2358 cm-1 and 2261 cm-1 were unusual and 

distinctive of combination bands typical of the organic ammonium salts of secondary 

amines.281 This corroborated the 1H NMR data in proving that the solid was Et2NH2Cl. 

 

 

Figure A-10.2: IR spectra of diethylamine (blue) and diethylammonium chloride (orange). 

  



424 

 

APPENDIX 11: ADDITIONAL NMR RESULTS FOR O((Et2N)2PO)2_1 AND 

O((Et2N)2PO)2_1_f13. 

 

A-11.1. 1H NMR spectroscopy 

 

1H NMR spectra of liquid products collected from the reaction O((Et2N)2PO)2_1 

and its workup were obtained. The full spectra for O((Et2N)2PO)2_1 and 

O((Et2N)2PO)2_1_f13 are given in Figures A-11.1 and A-11.2 respectively. 

  

 

Figure A-11.1: 1H NMR spectrum of O((Et2N)2PO)2_1. 
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Figure A-11.2: 1H NMR spectrum of O((Et2N)2PO)2_1_f13. 

 

A-11.2. 31P NMR spectroscopy 

 

As discussed in Section 4.2.1.3.3. both products O((Et2N)2PO)2_1 and 

O((Et2N)2PO)2_1_f13 were analysed using 31P NMR spectroscopy. In addition to the 

spectra given in Section 4.2.1.3.3. other spectra, which were only briefly discussed or 

that did not yield further structural information were collected. These are given in Figures 

A-11.3, A-11.4 and A-11.5. 
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Figure A-11.3: 31P{1H} NMR spectra of PPTC (blue) and O((Et2N)2PO)2_1 (light red). 

 

 

Figure A-11.4: 31P NMR spectrum of O((Et2N)2PO)2_1 with detail of peak at 8.50 ppm given in 

inset. 
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Figure A-11.5: Detail of 31P NMR spectrum of O((Et2N)2PO)2_1_f13. 
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APPENDIX 12: CRYSTALLOGRAPHIC DATA FOR PRODUCT 

O((Et2N)2PO)2_1_f13. 

 

Hereunder is the data regarding the crystal structure of the single crystal obtained 

from O((Et2N)2PO)2_1_f13. 

 

 

Figure A-12.1: Crystal used in structure determination of O((Et2N)2PO)2_1_f13. 

 

Table A-12.1: Crystal data and structure refinement for O((Et2N)2PO)2_1_f13. 

Identification code O((Et2NH)2PO)2_1_f13 

Empirical formula C32H84N12O20P4Ca2 

Formula weight 1161.15 

Temperature/K 150(2) 

Crystal system monoclinic 

Space group P21/n 

a/Å 10.6249(7) 

b/Å 15.5774(12) 

c/Å 17.0925(10) 

α/° 90 

β/° 96.707(5) 



429 

 

γ/° 90 

Volume/Å3 2809.6(3) 

Z 2 

ρcalcg/cm3 1.373 

μ/mm-1 3.503 

F(000) 1240.0 

Crystal size/mm3 0.06 × 0.22 × 0.07 

Radiation CuKα (λ = 1.54186) 

2Θ range for data collection/° 7.702 to 131.288 

Index ranges -12 ≤ h ≤ 9, -18 ≤ k ≤ 17, -20 ≤ l ≤ 15 

Reflections collected 27010 

Independent reflections 4816 [Rint = 0.0983, Rsigma = 0.0513] 

Data/restraints/parameters 4816/0/325 

Goodness-of-fit on F2 1.048 

Final R indexes [I>=2σ (I)] R1 = 0.0371, wR2 = 0.1008 

Final R indexes [all data] R1 = 0.0389, wR2 = 0.1026 

Largest diff. peak/hole / e Å-3 0.45/-0.42 

 
Table A-12.2:  Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for O((Et2N)2PO)2_1_f13. Ueq is defined as 1/3 of the trace of the 

orthogonalised UIJ tensor. 

Atom x y z U(eq) 

Ca1 6836.4(3) 5455.2(2) 4793.8(2) 19.00(12) 

P002 4534.8(4) 2672.8(3) 4316.0(2) 18.23(13) 

P003 6293.8(4) 3599.6(3) 3384.0(2) 18.61(13) 

O004 3810.4(12) 3468.6(8) 4392.9(7) 22.7(3) 

O005 5529.5(12) 4552.1(8) 5607.7(7) 24.5(3) 

O006 5608.4(11) 2792.5(7) 3735.3(7) 20.5(3) 

O007 6625.6(12) 4266.6(8) 3986.4(7) 25.4(3) 

O008 8300.1(13) 4836.3(10) 5776.8(8) 33.6(3) 

O009 4452.0(13) 3872.1(9) 6402.1(8) 29.5(3) 

O00A 6496.5(14) 3972.7(11) 6667.2(9) 41.6(4) 

O00B 9031.6(14) 5587.4(9) 4243.2(10) 38.0(4) 

O00C 8096.2(14) 6752.1(10) 4509.9(11) 43.8(4) 

N00D 5505.0(14) 4128.9(10) 6239.6(9) 24.2(3) 

N00E 5315.4(14) 3878.7(10) 2622.4(9) 24.1(3) 

N00F 3620.6(14) 1908.9(9) 3928.4(9) 23.4(3) 

O00G 9937.1(15) 6814.2(11) 4080.4(11) 48.1(4) 

N00H 7575.6(14) 3214.2(10) 3081.6(9) 25.0(3) 

N00I 9042.7(15) 6397.0(11) 4276.7(10) 29.2(4) 

N00J 5372.6(15) 2283.1(10) 5097.1(9) 24.3(3) 

C00K 4176.9(19) 1093.7(12) 3708.6(12) 28.0(4) 

C00L 7476.2(19) 2565.1(13) 2446.8(11) 28.4(4) 

C00M 8816.1(18) 3306.9(14) 3558.9(12) 31.2(4) 

C00N 4125.0(17) 3451.7(13) 2315.6(11) 26.7(4) 
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C00O 6738.4(19) 2432.6(14) 5306.0(12) 31.7(4) 

C00P 5696(2) 4627.3(13) 2178.3(12) 33.8(5) 

C00Q 2244.8(18) 2013.9(13) 3710.8(13) 31.9(4) 

C00R 4636(2) 1965.0(13) 5724.3(12) 31.1(4) 

C00S 4233(2) 994.6(14) 2831.6(13) 39.8(5) 

C00T 7649(2) 1649.2(14) 2733.4(13) 38.0(5) 

C00U 4689(2) 1003.9(13) 5832.9(13) 38.5(5) 

C00V 2969(2) 4008.3(18) 2351.3(15) 45.7(6) 

C00W 7569(2) 1708.4(17) 5074.0(14) 42.4(5) 

C00X 1472(2) 1456.6(16) 4201.8(18) 49.6(6) 

C00Y 9789(2) 3691(2) 3102.9(18) 57.7(7) 

C00Z 5929(3) 4424.6(17) 1339.6(14) 49.1(6) 
 

Table A-12.3: Anisotropic Displacement Parameters (Å2×103) for O((Et2N)2PO)2_1_f13. The 

Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

Ca1 15.7(2) 17.64(19) 23.32(19) -3.19(12) 1.03(14) 1.16(12) 

P002 18.2(2) 15.3(2) 21.3(2) -0.61(15) 2.31(17) 1.38(16) 

P003 16.2(2) 18.3(2) 21.4(2) -3.02(16) 2.36(17) -0.19(16) 

O004 22.9(6) 18.4(6) 27.1(6) -1.2(5) 4.6(5) 3.2(5) 

O005 21.4(6) 26.0(7) 25.5(6) 3.9(5) 0.5(5) 1.7(5) 

O006 19.9(6) 18.2(6) 23.8(6) -2.2(5) 3.9(5) 1.7(5) 

O007 25.3(6) 23.0(6) 27.8(7) -7.1(5) 2.5(5) -1.7(5) 

O008 20.5(6) 42.1(8) 37.3(7) 5.9(6) -0.4(6) 5.7(6) 

O009 28.1(7) 29.9(7) 31.0(7) 3.5(5) 5.8(6) -0.7(6) 

O00A 28.5(8) 58.6(10) 34.8(8) 10.4(7) -8.7(6) 4.3(7) 

O00B 31.9(8) 27.6(7) 56.3(9) 2.0(6) 13.2(7) 4.0(6) 

O00C 28.7(8) 31.2(8) 75.6(11) -3.3(7) 23.5(8) 1.0(6) 

N00D 22.5(8) 24.5(8) 24.7(8) -2.1(6) -0.5(6) 2.0(6) 

N00E 21.9(8) 22.1(7) 27.6(8) 2.8(6) 0.1(6) -2.8(6) 

N00F 18.8(7) 18.0(7) 32.9(8) -1.9(6) 1.4(6) 0.2(6) 

O00G 28.0(8) 46.2(9) 72.7(11) 10.6(8) 17.4(8) -8.1(7) 

N00H 18.3(8) 29.4(8) 27.5(8) -7.3(6) 3.5(6) 0.4(6) 

N00I 19.6(8) 32.1(9) 36.0(9) 3.3(7) 3.2(7) -1.4(7) 

N00J 25.5(8) 23.7(8) 23.5(7) 2.5(6) 1.8(6) 3.1(6) 

C00K 27.6(10) 17.3(9) 37.8(10) -3.7(7) -1.2(8) 1.8(7) 

C00L 26.0(9) 32.8(10) 27.4(9) -8.4(8) 7.4(7) 0.7(8) 

C00M 19.2(9) 36.4(11) 37.3(10) -5.2(8) 0.5(8) 0.1(8) 

C00N 21.3(9) 31.6(10) 26.0(9) -0.2(7) -2.2(7) -2.6(8) 

C00O 30(1) 34.7(11) 27.9(9) 1.5(8) -6.9(8) 0.0(9) 

C00P 39.7(12) 26.8(10) 33.7(11) 6.3(8) -0.9(9) -6.2(9) 

C00Q 21.5(9) 27.1(10) 45.4(12) -2.6(8) -2.8(8) 0.8(8) 

C00R 39.8(11) 27.4(10) 27.1(9) 5.5(7) 7.5(8) 6.7(9) 

C00S 43.2(12) 34.5(11) 40.1(12) -13.1(9) -2.4(10) 7.7(10) 

C00T 40.9(12) 32.1(11) 40.6(11) -9.9(9) 3.7(10) 10.5(9) 
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C00U 47.9(13) 28.3(11) 40.0(11) 7.6(9) 8(1) 0.6(9) 

C00V 26.4(11) 60.2(15) 49.4(13) 5.3(11) -0.6(10) 10.8(10) 

C00W 30.0(11) 56.4(14) 40.2(12) 1.5(10) 0.9(9) 10.7(10) 

C00X 27.1(11) 45.1(14) 77.2(18) 0.2(12) 9.2(12) -8.3(10) 

C00Y 28.9(12) 79(2) 64.8(17) 8.7(14) 3.6(12) -18.6(13) 

C00Z 62.7(16) 47.2(14) 40.3(13) 10.9(10) 18.7(12) -0.6(12) 

 

Table A-12.4: Bond Lengths for O((Et2N)2PO)2_1_f13. 

Atom Atom Length/Å   Atom Atom Length/Å 

Ca1 O0041 2.3319(12)   O00A N00D 1.234(2) 

Ca1 O0051 2.5272(13)   O00B N00I 1.262(2) 

Ca1 O005 2.5087(13)   O00C N00I 1.253(2) 

Ca1 O007 2.3045(13)   N00E C00N 1.470(2) 

Ca1 O008 2.3582(14)   N00E C00P 1.473(2) 

Ca1 O0091 2.5489(14)   N00F C00K 1.468(2) 

Ca1 O00B 2.6232(15)   N00F C00Q 1.475(2) 

Ca1 O00C 2.5021(16)   O00G N00I 1.230(2) 

P002 O004 1.4732(13)   N00H C00L 1.478(2) 

P002 O006 1.6080(12)   N00H C00M 1.474(2) 

P002 N00F 1.6272(15)   N00J C00O 1.472(3) 

P002 N00J 1.6327(15)   N00J C00R 1.484(2) 

P003 O006 1.6043(13)   C00K C00S 1.515(3) 

P003 O007 1.4763(13)   C00L C00T 1.513(3) 

P003 N00E 1.6271(15)   C00M C00Y 1.490(3) 

P003 N00H 1.6269(15)   C00N C00V 1.511(3) 

O004 Ca11 2.3319(12)   C00O C00W 1.513(3) 

O005 Ca11 2.5273(13)   C00P C00Z 1.516(3) 

O005 N00D 1.268(2)   C00Q C00X 1.514(3) 

O009 Ca11 2.5489(14)   C00R C00U 1.509(3) 

O009 N00D 1.250(2)      
11-X,1-Y,1-Z 

 

Table A-12.5: Bond Angles for O((Et2N)2PO)2_1_f13. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

O0041 Ca1 O005 81.48(4)  O007 P003 N00E 116.63(8) 

O0041 Ca1 O0051 79.17(4)  O007 P003 N00H 109.92(8) 

O0041 Ca1 O008 94.87(5)  N00H P003 N00E 108.95(8) 

O0041 Ca1 O0091 90.83(4)  P002 O004 Ca11 148.38(8) 

O0041 Ca1 O00B 119.59(5)  Ca1 O005 Ca11 116.70(5) 

O0041 Ca1 O00C 74.74(5)  N00D O005 Ca1 146.25(11) 

O005 Ca1 O0051 63.30(5)  N00D O005 Ca11 96.33(10) 

O0051 Ca1 O0091 50.21(4)  P003 O006 P002 135.05(8) 

O005 Ca1 O0091 113.27(4)  P003 O007 Ca1 169.04(9) 

O005 Ca1 O00B 144.67(5)  N00D O009 Ca11 95.80(10) 
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O0051 Ca1 O00B 143.21(5)  N00I O00B Ca1 93.79(11) 

O007 Ca1 O0041 156.89(5)  N00I O00C Ca1 99.94(11) 

O007 Ca1 O005 81.96(4)  O009 N00D O005 117.62(15) 

O007 Ca1 O0051 79.04(4)  O00A N00D Ca11 178.52(13) 

O007 Ca1 O008 96.20(5)  C00N N00E P003 127.37(13) 

O007 Ca1 O0091 81.05(5)  C00N N00E C00P 116.76(15) 

O007 Ca1 O00B 82.91(5)  C00P N00E P003 115.83(13) 

O007 Ca1 O00C 123.32(5)  C00K N00F P002 119.85(12) 

O008 Ca1 O005 74.77(5)  C00K N00F C00Q 116.63(15) 

O008 Ca1 O0051 138.07(5)  C00Q N00F P002 123.26(13) 

O008 Ca1 O0091 170.83(5)  C00L N00H P003 119.67(13) 

O008 Ca1 O00B 75.39(5)  C00M N00H P003 121.04(13) 

O008 Ca1 O00C 98.34(6)  C00M N00H C00L 117.13(15) 

O0091 Ca1 O00B 95.55(5)  O00C N00I O00B 116.87(16) 

O00C Ca1 O0051 119.25(5)  O00G N00I O00B 121.25(17) 

O00C Ca1 O005 154.64(5)  O00G N00I O00C 121.88(17) 

O00C Ca1 O0091 76.22(5)  C00O N00J P002 124.58(13) 

O00C Ca1 O00B 49.37(5)  C00O N00J C00R 117.76(15) 

O004 P002 O006 111.91(7)  C00R N00J P002 115.56(13) 

O004 P002 N00F 111.01(8)  N00F C00K C00S 113.88(16) 

O004 P002 N00J 118.72(8)  N00H C00L C00T 114.33(16) 

O006 P002 N00F 105.44(7)  N00H C00M C00Y 112.32(18) 

O006 P002 N00J 100.92(7)  N00E C00N C00V 113.29(17) 

N00F P002 N00J 107.67(8)  N00J C00O C00W 114.02(17) 

O006 P003 N00E 103.49(7)  N00E C00P C00Z 114.03(18) 

O006 P003 N00H 105.26(7)  N00F C00Q C00X 112.47(17) 

O007 P003 O006 111.86(7)  N00J C00R C00U 113.89(17) 

O0041 Ca1 O005 81.48(4)  O007 P003 N00E 116.63(8) 

O0041 Ca1 O0051 79.17(4)  O007 P003 N00H 109.92(8) 

O0041 Ca1 O008 94.87(5)  N00H P003 N00E 108.95(8) 

O0041 Ca1 O0091 90.83(4)  P002 O004 Ca11 148.38(8) 

O0041 Ca1 O00B 119.59(5)  Ca1 O005 Ca11 116.70(5) 

O0041 Ca1 O00C 74.74(5)  N00D O005 Ca1 146.25(11) 

O005 Ca1 O0051 63.30(5)  N00D O005 Ca11 96.33(10) 

O0051 Ca1 O0091 50.21(4)  P003 O006 P002 135.05(8) 

O005 Ca1 O0091 113.27(4)  P003 O007 Ca1 169.04(9) 

O005 Ca1 O00B 144.67(5)  N00D O009 Ca11 95.80(10) 

O0051 Ca1 O00B 143.21(5)  N00I O00B Ca1 93.79(11) 

O007 Ca1 O0041 156.89(5)  N00I O00C Ca1 99.94(11) 

O007 Ca1 O005 81.96(4)  O009 N00D O005 117.62(15) 

O007 Ca1 O0051 79.04(4)  O00A N00D Ca11 178.52(13) 

O007 Ca1 O008 96.20(5)  C00N N00E P003 127.37(13) 

O007 Ca1 O0091 81.05(5)  C00N N00E C00P 116.76(15) 

O007 Ca1 O00B 82.91(5)  C00P N00E P003 115.83(13) 
11-X,1-Y,1-Z 
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Table A-12.6: Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 

(Å2×103) for O((Et2N)2PO)2_1_f13. 

Atom x y z U(eq) 

H00A 8884 4562 5565 50 

H00B 7934 4440 6025 50 

H00C 3684 625 3888 34 

H00D 5029 1049 3979 34 

H00E 8110 2689 2098 34 

H00F 6650 2617 2142 34 

H00G 9105 2747 3753 37 

H00H 8721 3667 4011 37 

H00I 4033 2932 2617 32 

H00J 4171 3286 1773 32 

H00K 6903 2519 5871 38 

H00L 6973 2956 5052 38 

H00M 6463 4869 2455 41 

H00N 5038 5060 2166 41 

H00O 2035 1869 3159 38 

H00P 2020 2611 3778 38 

H00Q 3758 2137 5598 37 

H00R 4956 2237 6218 37 

H00S 3395 1050 2557 60 

H00T 4568 439 2728 60 

H00U 4770 1432 2654 60 

H00V 7485 1264 2295 57 

H00W 7069 1532 3111 57 

H00X 8502 1570 2976 57 

H00Y 4315 729 5359 58 

H 4229 846 6262 58 

HA 5556 825 5946 58 

H00Z 3033 4510 2033 69 

HB 2917 4177 2887 69 

HC 2223 3691 2157 69 

H00 7432 1628 4514 64 

HD 7359 1189 5333 64 

HE 8443 1848 5229 64 

H0AA 590 1507 4009 74 

HF 1605 1640 4741 74 

HG 1732 869 4166 74 

H1AA 9959 3304 2691 87 

HH 10555 3790 3448 87 

HI 9480 4225 2876 87 

H2AA 5159 4219 1050 74 

HJ 6573 3992 1344 74 

HK 6202 4935 1093 74 
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Experimental 

Single crystals of C32H84N12O20P4Ca2 [O((Et2N)2PO)2_1_f13] were [collected on 

prolonged storage of liquid product]. A suitable crystal was selected and [Collected in 

oil and frozen] on a diffractometer. The crystal was kept at 293(2) K during data 

collection. Using Olex2 [1], the structure was solved with the ShelXT [2] structure 

solution program using Intrinsic Phasing and refined with the ShelXL [3] refinement 

package using Least Squares minimisation. 

1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. 

(2009), J. Appl. Cryst. 42, 339-341. 

2. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8. 

3. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8. 

 

Crystal structure determination of [O((Et2N)2PO)2_1_f13] 

Crystal Data for C32H84N12O20P4Ca2 (M =1161.15 g/mol): monoclinic, space group 

P21/n (no. 14), a = 10.6249(7) Å, b = 15.5774(12) Å, c = 17.0925(10) Å, β = 

96.707(5)°, V = 2809.6(3) Å3, Z = 4, T = 293(2) K, μ(CuKα) = 3.503 mm-1, Dcalc = 

1.373 g/cm3, 27010 reflections measured (7.702° ≤ 2Θ ≤ 131.288°), 4816 unique (Rint = 

0.0983, Rsigma = 0.0513) which were used in all calculations. The final R1 was 0.0371 (I 

> 2σ(I)) and wR2 was 0.1026 (all data). 

 

Refinement model description 

Number of restraints - 0, number of constraints - unknown. 

Details: 

1. Fixed Uiso 

At 1.2 times of: 

All C(H,H) groups 

At 1.5 times of: 

All C(H,H,H) groups, All O(H,H) groups 

2.a Rotating group: 

O008(H00A,H00B) 

2.b Secondary CH2 refined with riding coordinates: 

C00K(H00C,H00D), C00L(H00E,H00F), C00M(H00G,H00H), C00N(H00I,H00J), 

C00O(H00K,H00L), C00P(H00M,H00N), C00Q(H00O,H00P), C00R(H00Q,H00R) 
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2.c Idealised Me refined as rotating group: 

C00S(H00S,H00T,H00U), C00T(H00V,H00W,H00X), C00U(H00Y,H,HA), 

C00V(H00Z,HB,HC), C00W(H00,HD,HE), C00X(H0AA,HF,HG), 

C00Y(H1AA,HH,HI), C00Z(H2AA,HJ,HK) 
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APPENDIX 13: EXPERIMENTAL DATA FOR (iPrNH)3PO 

 

A failed attempt to prepare O((iPrNH)2PO)2 resulted in the production of 

(iPrNH)3PO. A detailed characterisation of this product is given hereunder as this species 

appears as an impurity in the attempts that yielded the desired product and therefore this 

data could be used for comparative purposes.  

 

A-13.1. Synthesis of (iPrNH)3PO 

 

A 100 ml Schlenk tube was charged with 5.8 ml (0.071 mol) iso-propyl amine. 

The amount of amine used was in excess of that required. This was cooled to -78 °C using 

a dry ice-acetone bath and stirred using a magnetic stirrer. When the required temperature 

was reached, 1 ml (0.007 mol) PPTC was added dropwise to the reaction solution using 

a glass syringe. The formation of white fumes was observed during the addition of the 

PPTC, however these dissipated soon afterwards. After addition of the PPTC the cooling 

bath was removed and the reaction mixture was allowed to react at room temperature 

overnight, with continuous stirring. This yielded a thick dull yellow paste. The solid was 

dissolved in a mixture of 5 ml distilled water and 6 ml chloroform to yield a two-layer 

system having a dull yellow chloroform phase and a clear aqueous phase which contained 

the expected ammonium salt by-product. Extraction was undertaken using chloroform to 

obtain a total of 25 ml chloroform solution of the dull yellow product. The solvent was 

removed under vacuum to yield a dull yellow paste. The paste was dissolved in a 3ml 

mixture of 1:2 by volume acetonitrile/methanol solution. This was left standing for 2 

weeks to obtain a number of colourless crystals as the final product. FT-IR (KBr, cm-1): 

3400 (s), 3252 (bs), 2965 (s), 2933 (w), 2869 (w), 1462 (s), 1413 (s), 1379 (s), 1368 (s), 

1309 (m), 1195 (sh), 1187 (sh), 1166 (s), 1139 (s), 1048 (s), 1016 (s), 909 (s), 890 (s), 

752 (m). 1H NMR (CDCl3): 3.38 ppm (m, 1.00H, CH), 2.04 ppm (bs, 1.17H, NH), 1.14 

ppm (d, J = 6.60 Hz, 6.15H, CH3). 
31P{1H} NMR (CDCl3): 12.29 ppm. GC-MS (EI; 70 

eV) m/z: 44.11, 58.01, 79, 121.1, 163.1, 206.2, 221.2 [(iPrNH)3PO]+. 

 

 

 

 



437 

 

A-13.2. Characterisation of (iPrNH)3PO 

 

Single crystals of the product of this reaction, shown in the micrograph in Figure 

A-13.1, were collected and analysed by SXRD. Crystals were mounted in oil. Data was 

collected using a STOE Stradivari diffractometer with a microfocus Mo-Kα1 source, at 

293 K. Unit cell and space group determination was undertaken using X-Area and 

structure solution was undergone using Olex2.351,352 On unit cell determination an 

orthorhombic unit cell with parameters a = 9.0574 Å, b = 18.1994 Å, c = 8.052 Å and 

where α = β = γ = 90° with a space group Pnma was obtained. Structure solution and 

refinement yielded a crystal structure for (iPrNH)3PO. This crystal structure was 

observed to be in agreement with the literature data for this compound as published by 

Gupta, A.K. and co-workers.383  

 

 

Figure A-13.1: Micrograph of (iPrNH)3PO. 

 

This was confirmed through both 31P NMR and GC-MS. The 31P{1H} NMR 

spectrum of (iPrNH)3PO given in Figure A-13.2 gave a single peak at 12.29 ppm, while 

the gas chromatograph given in Figure A-13.3 gave only one significant peak at 7.244 

minutes. The peak described by the 31P{1H} NMR spectrum at 12.29 ppm was found to 

be in agreement with the peak at 12.84 ppm described by Gupta, A.K. and co-workers 

for (iPrNH)3PO, further showing that the product obtained in the current study was 

(iPrNH)3PO.383 This was further confirmed through the MS data collected in the current 

study, and shown in Figure A-13.4, wherein the highest significant m/z value was at  

221.2, which was indicative of the M+ ion for (iPrNH)3PO, namely [(iPrNH)3PO]+. The 

remaining significant peaks could all be assigned to viable and expected fragments. The 

peak at 44.11 m/z was assigned to the [iPrH]+ fragment, the peak at 58.01 m/z to the 
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[iPrNH]+ fragment, the peak at 79 m/z to the [(NH2)2PO]+ fragment, the peak at 121.1 

m/z to the [(iPrNH)(NH2)2P]+ fragment, the peak at 163.1 m/z to the [(iPrNH)2PO]+ 

fragment and the peak at 206.2 m/z to the [(iPrNH)2PO + iPr]+ fragment. 

 

 

Figure A-13.2: 31P{1H} NMR spectra of (iPrNH)3PO. 

 

Figure A-13.3: Gas chromatograph of (iPrNH)3PO. 
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Figure A-13.4: Mass spectrum of (iPrNH)3PO. 

 

Further data was collected through 1H NMR and IR spectroscopy which further 

supported the characterisation of this product as (iPrNH)3PO. The 1H NMR spectrum is 

given in Figure A-13.5 while the IR spectrum is given in Figure A-13.6. The assignment 

and descriptions of the peaks observed in the 1H NMR spectrum are given in Table A-

13.1 and these were in close agreement with the 1H NMR data from literature.383 The IR 

spectrum given in Figure A-13.6 also shows assignments of the various bands.  

 

Table A-13.1: 1H NMR experimental data and assignment for proton peaks of (iPrNH)3PO in 

CDCl3: 

1H NMR experimental data and assignment for proton peaks of (iPrNH)3PO in 

CDCl3 

ppm Multiplicity Integration Coupling Assignment 

3.38 multiplet 1.00 N/A CH (Iso-propyl) 

2.04 broad singlet  1.17 N/A NH  

1.14 doublet  6.15 J = 6.60 Hz  CH3 (Iso-propyl) 
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Figure A-13.5: 1H NMR spectrum of (iPrNH)3PO. 

 

 

Figure A-13.6: IR spectra of (iPrNH)3PO. 
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APPENDIX 14: CRYSTALLOGRAPHIC DATA FOR PRODUCT 

O((iPrNH)2PO)2_1_b1. 

 

Hereunder is the data regarding the crystal structure of the single crystal obtained 

from O((iPrNH)2PO)2_1_b1. 

 

 

Figure A-14.1: Crystal used in structure determination of O((iPrNH)2PO)2_1_b1. 

 

Table A-14.1: Crystal data and structure refinement for O((iPrNH)2PO)2_1_b1. 

Identification code  O((iPrNH)2PO)2_1_b1  

Empirical formula  C12H32N4O3P2  

Formula weight  342.35  

Temperature/K  293  

Crystal system  orthorhombic  

Space group  Pca21  

a/Å  20.3379(4)  

b/Å  5.04400(10)  

c/Å  19.1488(5)  

α/°  90  
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β/°  90  

γ/°  90  

Volume/Å3  1964.37(8)  

Z  4  

ρcalcg/cm3  1.158  

μ/mm-1  2.131  

F(000)  744.0  

Crystal size/mm3  0.8 × 0.4 × 0.02 

Radiation  CuKα (λ = 1.54186)  

2Θ range for data collection/°  8.696 to 136.94  

Index ranges  -24 ≤ h ≤ 23, -3 ≤ k ≤ 6, -20 ≤ l ≤ 23  

Reflections collected  38282  

Independent reflections  3317 [Rint = 0.0617, Rsigma = 0.0292]  

Data/restraints/parameters  3317/1/214  

Goodness-of-fit on F2  1.045  

Final R indexes [I>=2σ (I)]  R1 = 0.0411, wR2 = 0.1087  

Final R indexes [all data]  R1 = 0.0417, wR2 = 0.1092  

Largest diff. peak/hole / e Å-3  0.28/-0.24  

Flack parameter -0.01(3) 

 

 
Table A-14.2: Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for O((iPrNH)2PO)2_1_b1. Ueq is defined as 1/3 of the trace of the 

orthogonalised UIJ tensor. 

Atom x y z U(eq) 

P001 6360.1(4) 6372.4(14) 5384.6(5) 36.3(2) 

P002 6969.9(4) 4128.7(14) 4136.5(5) 36.8(2) 

O003 6028.8(13) 8460(4) 4977.2(14) 45.2(6) 

O004 7103.0(15) 6597(5) 3751.3(16) 52.4(7) 

O005 6913.5(11) 4796(5) 4965.8(14) 42.9(6) 

N006 7537.9(15) 1902(6) 4121(2) 51.9(8) 

N007 6704.8(19) 7720(7) 6058.2(18) 53.8(8) 

N008 5922.4(18) 3903(6) 5678.8(19) 46.4(7) 

N009 6288.9(16) 2676(7) 3922.4(17) 44.7(7) 

C00A 8198.4(19) 2256(8) 4398(3) 63.1(13) 

C00B 5907(2) 3307(9) 3310(3) 63.0(12) 

C00C 5319(3) 4368(9) 6074(3) 67.7(14) 

C00D 7058(3) 6396(12) 6625(3) 74.2(15) 

C00E 5235(5) 2296(15) 6625(5) 138(4) 

C00F 8274(5) 578(18) 5058(6) 140(4) 

C00G 7793(5) 6490(30) 6541(7) 154(4) 
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C1 6866(6) 7720(30) 7311(4) 154(5) 

C4 8706(4) 1720(30) 3861(7) 172(6) 

C0AA 6091(8) 1494(19) 2712(4) 153(5) 

C3 4738(3) 4500(30) 5604(6) 149(4) 

C6 5197(5) 3080(40) 3483(8) 241(10) 

  

Table A-14.3: Anisotropic Displacement Parameters (Å2×103) for O((iPrNH)2PO)2_1_b1. The 

Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

P001 47.0(4) 26.9(4) 35.0(4) -0.1(3) -1.1(4) 0.2(3) 

P002 44.7(4) 24.0(4) 41.8(4) -1.6(4) 3.0(3) -5.4(3) 

O003 57.6(14) 32.3(12) 45.7(14) 5.7(10) -0.7(11) 5.0(10) 

O004 77.8(18) 29.6(13) 49.8(16) 2.9(11) 9.6(13) -13.4(12) 

O005 43.8(12) 44.0(13) 40.8(13) -2.3(11) -0.1(9) 4.2(9) 

N006 45.6(16) 27.9(14) 82(2) -14.0(17) 4.8(17) -4.3(12) 

N007 78(2) 38.5(18) 45.1(18) -2.4(13) -14.3(15) -1.4(14) 

N008 66(2) 25.0(15) 48.5(17) -2.8(13) 13.5(15) -1.4(12) 

N009 54.6(17) 32.4(16) 47.0(18) 4.7(13) -9.1(12) -8.5(12) 

C00A 43.6(19) 43(2) 103(4) -17(2) -2(2) -2.3(15) 

C00B 72(3) 50(2) 67(3) 13(2) -23(2) -7.2(19) 

C00C 81(3) 41(2) 82(3) 1(2) 37(3) 1.0(18) 

C00D 100(4) 71(3) 52(3) 5(2) -25(3) 2(3) 

C00E 191(9) 81(4) 142(7) 38(5) 113(7) 24(5) 

C00F 114(6) 119(6) 186(10) 35(6) -70(7) -9(5) 

C00G 105(6) 210(12) 148(9) 13(8) -55(6) 24(7) 

C1 201(10) 215(12) 47(4) -13(5) -38(5) 58(9) 

C4 58(4) 255(14) 204(12) -103(11) 41(5) -18(5) 

C0AA 283(14) 108(6) 66(4) -20(4) -54(7) -2(7) 

C3 57(4) 235(12) 154(9) 6(8) 18(4) -5(5) 

C6 65(5) 460(30) 195(14) 92(17) -36(6) 33(10) 

  

 

Table A-14.4: Bond Lengths for O((iPrNH)2PO)2_1_b1. 

Atom Atom Length/Å   Atom Atom Length/Å 

P001 O003 1.474(2)   N008 C00C 1.462(6) 

P001 O005 1.594(3)   N009 C00B 1.443(6) 

P001 N007 1.618(3)   C00A C00F 1.528(11) 

P001 N008 1.631(3)   C00A C4 1.482(9) 

P002 O004 1.472(3)   C00B C0AA 1.513(11) 

P002 O005 1.627(3)   C00B C6 1.485(12) 
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P002 N006 1.611(3)   C00C C00E 1.494(8) 

P002 N009 1.620(3)   C00C C3 1.486(11) 

N006 C00A 1.456(5)   C00D C00G 1.503(11) 

N007 C00D 1.463(6)   C00D C1 1.524(11) 

  

Table A-14.5:  Bond Angles for O((iPrNH)2PO)2_1_b1. 

Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚ 

O003 P001 O005 114.38(16) C00C N008 P001 121.0(3) 

O003 P001 N007 108.66(17) C00B N009 P002 124.5(3) 

O003 P001 N008 118.62(17) N006 C00A C00F 109.1(5) 

O005 P001 N007 107.73(18) N006 C00A C4 111.5(6) 

O005 P001 N008 100.26(16) C4 C00A C00F 113.8(8) 

N007 P001 N008 106.4(2) N009 C00B C0AA 110.4(5) 

O004 P002 O005 109.09(16) N009 C00B C6 109.0(6) 

O004 P002 N006 116.64(19) C6 C00B C0AA 111.3(10) 

O004 P002 N009 114.40(18) N008 C00C C00E 110.4(5) 

N006 P002 O005 102.28(19) N008 C00C C3 111.1(5) 

N006 P002 N009 107.03(17) C3 C00C C00E 111.6(7) 

N009 P002 O005 106.28(15) N007 C00D C00G 113.2(6) 

P001 O005 P002 130.07(16) N007 C00D C1 108.3(5) 

C00A N006 P002 124.7(3) C00G C00D C1 109.5(8) 

C00D N007 P001 127.8(3)        

  

Table A-14.6: Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 

(Å2×103) for O((iPrNH)2PO)2_1_b1. 

Atom x y z U(eq) 

H00A 8242 4119 4536 76 

H00B 6000 5141 3173 76 

H00C 5361 6087 6309 81 

H00D 6919 4537 6641 89 

H00E 5137 626 6408 207 

H00F 4882 2789 6930 207 

H00G 5635 2141 6889 207 

H00H 7921 971 5375 209 

H00I 8687 977 5277 209 

H00J 8261 -1267 4936 209 

H00K 7908 5894 6080 231 

H00L 7994 5353 6881 231 

H00M 7944 8273 6606 231 

H1A 7112 9332 7367 232 
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H1B 6961 6547 7692 232 

H1C 6405 8122 7305 232 

H4A 8640 -15 3670 259 

H4B 9134 1823 4070 259 

H4C 8672 3018 3495 259 

H0AA 6555 1615 2627 229 

H0AB 5856 2016 2299 229 

H0AC 5979 -300 2829 229 

H3A 4831 5676 5222 223 

H3B 4366 5152 5860 223 

H3C 4643 2764 5427 223 

H6A 5115 1394 3698 362 

H6B 4942 3226 3063 362 

H6C 5076 4475 3799 362 

H008 5934(19) 2800(90) 5460(20) 39(11) 

H006 7430(20) 630(90) 4080(20) 40(11) 

H007 6710(30) 9620(120) 6020(30) 75(16) 

H009 6230(20) 1310(110) 4150(30) 54(12) 

 

Experimental  

Single crystals of C12H32N4O3P2 [O((iPrNH)2PO)2_1_b1] were [Layering CHCl3 

solution with 30-40 petroleum ether]. A suitable crystal was selected and [Collected in 

oil and frozen] on a STOE STADIVARI diffractometer. The crystal was kept at 293 K 

during data collection. Using Olex2 [1], the structure was solved with the ShelXT [2] 

structure solution program using Intrinsic Phasing and refined with the ShelXL [3] 

refinement package using Least Squares minimisation. 

4. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. 

(2009), J. Appl. Cryst. 42, 339-341. 

5. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8. 

6. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8. 

 

Crystal structure determination of [O((iPrNH)2PO)2_1_b1]  

Crystal Data for C12H32N4O3P2 (M =342.35 g/mol): orthorhombic, space group Pca21 

(no. 29), a = 20.3379(4) Å, b = 5.04400(10) Å, c = 19.1488(5) Å, V = 1964.37(8) Å3, Z = 

4, T = 293 K, μ(CuKα) = 2.131 mm-1, Dcalc = 1.158 g/cm3, 38282 reflections measured 

(8.696° ≤ 2Θ ≤ 136.94°), 3317 unique (Rint = 0.0617, Rsigma = 0.0292) which were used 

in all calculations. The final R1 was 0.0411 (I > 2σ(I)) and wR2 was 0.1092 (all data).  
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Refinement model description  

Number of restraints - 1, number of constraints - unknown.  

Details: 

1. Fixed Uiso 

At 1.2 times of: 

All C(H) groups 

At 1.5 times of: 

All C(H,H,H) groups 

2.a Ternary CH refined with riding coordinates: 

C00A(H00A), C00B(H00B), C00C(H00C), C00D(H00D) 

2.b Idealised Me refined as rotating group: 

C00E(H00E,H00F,H00G), C00F(H00H,H00I,H00J), C00G(H00K,H00L,H00M), 

C1(H1A,H1B,H1C), C4(H4A,H4B,H4C), C0AA(H0AA,H0AB,H0AC), 

C3(H3A,H3B,H3C), C6(H6A,H6B,H6C) 
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APPENDIX 15: SUMMARY OF THE STRUCTURE COMPARISON OF KNOWN MONO-N-SUBSTITUTED 

PYROPHOSPHORAMIDES. 

 

Spacegroups P21/c Pccn Pca21 

Compound O((tBuNH)2PO)2 

O((2-MePhNH)2PO)2 

O((4-MePhNH)2PO)2 O((iPrNH)2PO)2 

Data collection temperature tBu - 150K 90K 293K 

2-MePh (Poarayoubi) - 150K  

2-MePh (Cameron) - 295K  

Pyrophosphoramide 

conformation (P–O–P oxygen in 

orange and direction of hydrogen 

bonding from H-donor to H-

acceptor in red) 

O

N N

O
N

O
N

 

O

N N

N

O O

N

H

:

 

N

N

N

O

O

N

O

H :

 

Intramolecular bonding  

Hydrogen bonding P=O---H–N (non-intermolecular 

bonding)  

None 

 

None 

Non hydrogen bonding tBu - None None None 
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2-MePh - Ph---H–C(Me) (causing 

stacking) 

Intermolecular bonding  

Hydrogen bonding 

O

N

P

R

H

H N

P

O

R  

P
O

P

N

H

N

H

4-MePh 4-MePh

O

P
O

O

P

CH2CH2

CH3CH3

 

O

P

H

P

N

O
P

N i-Pri-Pr

H

O

P

P

N i-Pr

H

O

 

Non hydrogen bonding tBu - None Ph---H–C(Me) 

Ph---H–N 

P=O---H–C(Ph(C2)) 

None 

2-MePh (Poarayoubi) - Ph---H–

C(Ph) (causing interlocking) 

2-MePh (Cameron) - Ph---H–

C(Me) (causing stacking) 

Supramolecular bonding motif Chain like structure with two 

molecules as components, growth 

in c-axis direction and 

perpendicular to c-axis direction. 

Chain like structure with two 

molecules as components, growth 

in c-axis direction. 

Chain like structure with one 

molecule as component, growth in 

b-axis direction. 
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Supramolecular bonding motif 

(diagram) 

 
  

Packing of neighbouring chains tBu -  

Parallel along a-axis direction 

(related by translation) 

Antiparallel along b-axis direction 

(related by 21 screw axis) 

Antiparallel along b-axis direction 

(related by glide plane) 

Parallel along a-axis direction 

(related by translation) 

Antiparallel along a-axis direction  

(related by 21 screw axis) 

Parallel along b-axis direction 

(related by glide plane) 

2-MePh (Poarayoubi) – 

Parallel in a-axis direction 

(related by translation) 

Antiparallel in b-axis direction 

(related by 21 screw axis) 
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2-MePh (Cameron) – 

Parallel in a-axis direction 

(related by glide plane) 

Antiparallel in b-axis direction 

(related by 21 screw axis) 
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APPENDIX 16: ORGANIC CO-FORMER PXRD ANALYSIS. 

 

The three co-formers used in the current study were analysed using PXRD to 

determine their chemical and structural nature. In all three cases the crystalline phases 

used in this study were found to be the same as phases previously published in literature.  

The biphenyl used proved to be the same polymorph described in most 

publications. In Figure A-16.1 it is compared to the most representative data, that is the 

structure published by Charbonneau and co-workers in 1977.403  

 

 

Figure A-16.1: Experimental PXRD patterns of biphenyl (blue) and calculated PXRD pattern of 

BIPHEN04 (orange). 

 

Two crystal structures of 4,4`-bipyridine are known in literature, namely the 

anhydrous 4,4`-bipyridine (in P-1) published by Candana and co-workers and the             

di-hydrate (in C2) published by Huang and co-workers. Comparison with the calculated 

powder patterns of the two showed that the solid used in the current study was the 

anhydrous solid published by Candana and co-workers, as given in Figure A-16.2. 
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Figure A-16.2: Experimental PXRD patterns of 4,4`-bipyridine (blue) and calculated PXRD 

pattern of anhydrous 4,4`-bipyridine in a spacegroup P-1 (orange). 

 

Two very structurally similar polymorphs of 4,4`-oxydianiline are known in 

literature, described by the refcodes SUCVER and SUCVER01 in the CSD.406,407 On 

comparison of the calculated powder patterns of both with that of the 4,4`-oxydianiline 

used in the current study it was observed that the solid used was the polymorph SUCVER 

as shown in Figure A-16.3. 

 

 

Figure A-16.3: Experimental PXRD patterns of 4,4`-oxydianiline (blue) and calculated PXRD 

pattern of SUCVER (orange). 

  



453 

 

APPENDIX 17: RAMAN SPECTROSCOPY OF CO-CRYSTALLISATION 

PRODUCTS. 

 

Raman data was collected for all the organic co-formers used in this study and all 

three co-crystallisation products of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4. Given that 

the data for the organic co-formers is not novel and the data for the co-crystallisation 

products yielded low quality spectra, a brief discussion is given in Section 4.3.1.3 while 

the spectra referred to in the text are presented hereunder. 

 

 

Figure A-17.1: Raman spectrum of biphenyl. 

 

 

Figure A-17.2: Raman spectrum of 4,4'-bipyridine 



454 

 

 

Figure A-17.3: Raman spectrum of 4,4'-Oxydianiline. 

 

 

Figure A-17.4: Raman spectra of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:biphenyl (blue) and 

biphenyl (orange). 

 

 

Figure A-17.5: Raman spectra of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine (orange) 

and 4,4`-bipyridine (blue). 
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Figure A-17.6: Raman spectrum of [Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-oxydianiline. 
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APPENDIX 18: INITIAL CRYSTALLOGRAPHIC DATA FOR 

[N(Ph2PCH3)(Ph2PNH2)][Cl]·Ph2P(O)NH2. 

 

Hereunder is the data regarding the crystal structure of the single crystal of 

[N(Ph2PCH3)(Ph2PNH2)][Cl]·Ph2P(O)NH2 obtained from 

[Sm(C(Ph2PNSiMe3)2)(NCy2)(THF)]_4:4,4`-bipyridine. The data provided is 

provisional as structure solution is still ongoing. 

 

Table A-18.1: Crystal data and structure refinement for [N(Ph2PCH3)(Ph2PNH2)][Cl]·Ph2P(O)NH2. 

Identification code [N(Ph2PCH3)(Ph2PNH2)][Cl]·Ph2P(O)NH2 

Empirical formula C15H19N4OP3Cl 

Formula weight 399.70 

Temperature/K 293(2) 

Crystal system triclinic 

Space group P-1 

a/Å 9.038(5) 

b/Å 9.815(5) 

c/Å 18.486(11) 

α/° 93.92(5) 

β/° 91.98(5) 

γ/° 91.87(5) 

Volume/Å3 1634.0(16) 

Z 2 

ρcalcg/cm3 0.812 

μ/mm-1 0.270 

F(000) 414.0 

Crystal size/mm3 ? × ? × ? 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.846 to 70.312 

Index ranges ? ≤ h ≤ ?, ? ≤ k ≤ ?, ? ≤ l ≤ ? 

Reflections collected 13173 

Independent reflections 13173 [Rint = ?, Rsigma = 2.3050] 

Data/restraints/parameters 13173/0/229 

Goodness-of-fit on F2 0.667 

Final R indexes [I>=2σ (I)] R1 = 0.1477, wR2 = 0.3299 

Final R indexes [all data] R1 = 0.6250, wR2 = 0.5199 

Largest diff. peak/hole / e Å-3 0.70/-0.70 
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Table A-18.2: Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for [N(Ph2PCH3)(Ph2PNH2)][Cl]·Ph2P(O)NH2. Ueq is defined as 1/3 of the 

trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

Cl01 4958(5) 11087(4) 7446(2) 49.2(13) 

P002 6535(5) 6991(4) 7249(2) 34.9(12) 

P003 3876(5) 8075(4) 9653(3) 36.9(13) 

P004 3508(5) 6613(4) 6666(2) 36.4(13) 

O005 5203(12) 8442(10) 9261(5) 38(3) 

N006 5066(13) 6170(12) 6938(6) 31(3) 

N007 6390(13) 8329(13) 7820(7) 29(3) 

N008 3829(15) 8535(11) 10526(7) 50(4) 

C009 7559(15) 7660(14) 6556(7) 25(4) 

C00A 852(17) 5315(16) 6350(8) 37(4) 

C00B 811(16) 8467(14) 9492(8) 26(4) 

C00C 8238(16) 7305(14) 5273(9) 31(4) 

C00D 9017(17) 6184(15) 7992(8) 35(4) 

C00E 2284(18) 5108(15) 6570(8) 33(4) 

C00F 4015(16) 5527(14) 8985(8) 28(4) 

C00G 7544(17) 5791(14) 7657(8) 31(4) 

C00H 2395(18) 9795(14) 8749(8) 33(4) 

C00I 1132(17) 10313(14) 8473(8) 30(4) 

C00J 9415(18) 3926(15) 8300(8) 41(5) 

C00K 3531(17) 6272(14) 9556(8) 30(4) 

C00L 7127(18) 4405(14) 7686(8) 34(4) 

C00M 279(19) 2930(16) 6534(8) 40(4) 

C00N 7466(16) 6963(14) 5850(8) 27(4) 

C00O 9819(19) 5283(15) 8324(9) 39(4) 

C00P -209(19) 9961(15) 8707(9) 40(4) 

C00Q 3380(17) 8694(16) 5695(9) 40(4) 

C00R 3736(18) 4084(16) 8863(9) 42(5) 

C00S 8604(17) 8728(15) 6657(8) 32(4) 

C00T 2891(17) 3529(16) 9399(8) 33(4) 

C00U 2780(20) 3852(16) 6753(9) 48(5) 

C00V 9530(20) 9030(17) 6068(9) 48(5) 

C00W 2718(18) 5616(16) 10048(9) 40(4) 

C00X 3853(18) 6886(16) 4481(9) 41(5) 

C00Y 2714(18) 7844(15) 7243(9) 43(5) 

C00Z 3495(17) 7294(15) 5778(8) 32(4) 

C010 3673(19) 8243(17) 4419(10) 49(5) 

C011 1759(18) 2748(16) 6735(8) 39(4) 

C012 3434(17) 9140(16) 5003(9) 38(4) 

C013 3697(17) 6402(16) 5167(8) 35(4) 

C014 9401(19) 8282(15) 5378(9) 41(5) 

C015 -167(19) 4151(16) 6315(9) 44(5) 
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C016 8034(18) 3450(16) 7986(8) 40(4) 

C017 2427(17) 4188(15) 9980(9) 37(4) 

C018 2249(18) 8867(15) 9287(9) 37(4) 

C019 -405(19) 9081(15) 9205(9) 41(4) 

  

Table A-18.3: Anisotropic Displacement Parameters (Å2×103) for 

[N(Ph2PCH3)(Ph2PNH2)][Cl]·Ph2P(O)NH2. The Anisotropic displacement factor exponent takes the 

form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

P002 27(3) 36(3) 40(3) 7(2) -20(2) -11(2) 

P003 38(3) 34(3) 37(3) 6(2) -14(2) -11(2) 

P004 33(3) 33(3) 41(3) 2(2) -23(2) -8(2) 

O005 38(7) 50(7) 24(7) -22(5) 16(5) -4(6) 

N006 20(7) 55(8) 15(7) -5(6) -10(5) -15(6) 

N007 24(8) 41(8) 20(8) -5(6) -7(6) -14(6) 

N008 53(10) 19(7) 72(12) -18(7) -22(8) -8(7) 

C009 18(8) 38(9) 18(8) 7(7) -15(6) -21(7) 

 

Table A-18.4: Bond Lengths for [N(Ph2PCH3)(Ph2PNH2)][Cl]·Ph2P(O)NH2. 

Atom Atom Length/Å   Atom Atom Length/Å 

P002 N006 1.598(11)   C00F C00R 1.432(19) 

P002 N007 1.639(13)   C00G C00L 1.405(18) 

P002 C009 1.757(15)   C00H C00I 1.362(19) 

P002 C00G 1.713(15)   C00H C018 1.399(19) 

P003 O005 1.470(11)   C00I C00P 1.34(2) 

P003 N008 1.648(14)   C00J C00O 1.367(19) 

P003 C00K 1.783(15)   C00J C016 1.41(2) 

P003 C018 1.817(16)   C00K C00W 1.37(2) 

P004 N006 1.564(12)   C00L C016 1.395(19) 

P004 C00E 1.812(16)   C00M C011 1.40(2) 

P004 C00Y 1.746(16)   C00M C015 1.361(19) 

P004 C00Z 1.813(15)   C00P C019 1.317(19) 

C009 C00N 1.430(18)   C00Q C00Z 1.400(18) 

C009 C00S 1.386(18)   C00Q C012 1.38(2) 

C00A C00E 1.37(2)   C00R C00T 1.40(2) 

C00A C015 1.44(2)   C00S C00V 1.44(2) 

C00B C018 1.42(2)   C00T C017 1.304(19) 

C00B C019 1.379(19)   C00U C011 1.40(2) 

C00C C00N 1.350(19)   C00V C014 1.43(2) 

C00C C014 1.40(2)   C00W C017 1.414(19) 

C00D C00G 1.48(2)   C00X C010 1.359(19) 

C00D C00O 1.330(18)   C00X C013 1.39(2) 

C00E C00U 1.386(19)   C00Z C013 1.40(2) 

C00F C00K 1.337(18)   C010 C012 1.37(2) 
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Table A-18.5: Bond Angles for [N(Ph2PCH3)(Ph2PNH2)][Cl]·Ph2P(O)NH2. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

N006 P002 N007 119.3(7)   C00P C00I C00H 121.7(15) 

N006 P002 C009 112.1(6)   C00O C00J C016 120.5(15) 

N006 P002 C00G 104.3(7)   C00F C00K P003 120.7(12) 

N007 P002 C009 102.4(7)   C00F C00K C00W 118.1(14) 

N007 P002 C00G 109.2(7)   C00W C00K P003 121.1(13) 

C00G P002 C009 109.4(7)   C016 C00L C00G 123.4(15) 

O005 P003 N008 118.6(7)   C015 C00M C011 120.7(16) 

O005 P003 C00K 109.9(7)   C00C C00N C009 125.8(15) 

O005 P003 C018 111.1(7)   C00D C00O C00J 122.2(16) 

N008 P003 C00K 106.9(7)   C019 C00P C00I 123.0(17) 

N008 P003 C018 102.4(7)   C012 C00Q C00Z 118.1(16) 

C00K P003 C018 107.3(7)   C00T C00R C00F 113.3(16) 

N006 P004 C00E 108.1(7)   C009 C00S C00V 118.9(15) 

N006 P004 C00Y 114.1(7)   C017 C00T C00R 126.2(16) 

N006 P004 C00Z 114.0(7)   C00E C00U C011 118.2(17) 

C00Y P004 C00E 108.7(8)   C014 C00V C00S 122.4(17) 

C00Y P004 C00Z 106.0(7)   C00K C00W C017 122.0(16) 

C00Z P004 C00E 105.6(7)   C010 C00X C013 117.1(16) 

P004 N006 P002 133.8(8)   C00Q C00Z P004 121.6(12) 

C00N C009 P002 118.6(10)   C00Q C00Z C013 119.5(14) 

C00S C009 P002 124.8(11)   C013 C00Z P004 118.9(11) 

C00S C009 C00N 116.0(13)   C00X C010 C012 122.8(17) 

C00E C00A C015 117.0(15)   C00M C011 C00U 119.9(16) 

C019 C00B C018 119.5(14)   C010 C012 C00Q 120.8(16) 

C00N C00C C014 118.9(16)   C00X C013 C00Z 121.4(15) 

C00O C00D C00G 121.0(14)   C00C C014 C00V 117.0(16) 

C00A C00E P004 115.9(12)   C00M C015 C00A 120.4(16) 

C00A C00E C00U 123.5(15)   C00L C016 C00J 117.6(15) 

C00U C00E P004 120.5(13)   C00T C017 C00W 116.8(15) 

C00K C00F C00R 123.5(14)   C00B C018 P003 120.7(11) 

C00D C00G P002 119.4(11)   C00H C018 P003 120.1(13) 

C00L C00G P002 125.8(12)   C00H C018 C00B 119.0(14) 

C00L C00G C00D 114.8(13)   C00P C019 C00B 119.0(16) 

C00I C00H C018 117.6(15)          
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Table A-18.6: Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 

(Å2×103) for [N(Ph2PCH3)(Ph2PNH2)][Cl]·Ph2P(O)NH2. 

Atom x y z U(eq) 

H00A 6490(150) 9220(130) 7570(70) 35 

H00B 5600(140) 8440(120) 8420(70) 35 

H00P 3904 9442 10592 60 

H00I 4581 8173 10761 60 

H00K 2978 8238 10698 60 

H00C 551 6170 6228 44 

H00R 689 7796 9819 31 

H00D 8001 6898 4813 37 

H00E 9389 7075 7970 42 

H00T 4562 5971 8648 33 

H00W 3320 10049 8587 39 

H00Y 1201 10926 8112 36 

H00J 10057 3311 8492 49 

H00L 6197 4108 7496 41 

H00M -409 2208 6551 48 

H00N 6816 6207 5782 33 

H00O 10684 5587 8581 47 

H00Z -1037 10357 8508 48 

H00Q 3271 9307 6095 48 

H00 4081 3566 8468 50 

H00S 8704 9241 7099 38 

H0AA 2638 2601 9336 40 

H00U 3774 3745 6883 57 

H00V 10239 9739 6139 57 

H1AA 2347 6126 10440 48 

H00X 4070 6305 4083 49 

H00F 2595 7493 7710 64 

H00G 1763 8063 7043 64 

H00H 3346 8653 7293 64 

H010 3714 8578 3961 59 

H011 2064 1895 6857 47 

H012 3306 10058 4932 46 

H013 3728 5468 5220 41 

H014 10060 8437 5015 50 

H015 -1135 4235 6141 53 

H016 7738 2533 7979 48 

H017 1929 3740 10331 44 

H019 -1350 8877 9360 49 

  

 

 


