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ABSTRACT OF THESIS. 

A range of topics relating to the chemistry of fluorophosphie 

derivatives of group VI elements have been investigated, with 

particular reference to fluorophosphine sulphides. A brief 

outline of the early developments in this field is presented, and 

greater attention is paid to more recent work concerning 

preparative methods, 19F and 31P nuclear magnetic resonance 

spectroscopy, structural properties, and U donor properties. The 

behaviour of the three classes of compounds are compared, 

phosphorus (III) difluorides, four-coordinate phosphorus (v) 

fluorides (phosphoryl compounds) and five-coordinate phosphorus 

CV) fluorides (fluorophosphoranes). 

The use of bis_(difluorophosphino)sUlPhide as a preparative 

agent is examined, in particular for the preparation of silyl 

and germyl thiodifluorophosphifle derivatives, and fluorothio-

phosphoryl chlorides. These reactions led to the successful 

preparation of the novel compound, difluoro(germylthio)phOSphifle. 

The preparation, spectroscopic and chemical characterisation are 

described, together with some reactions of GeH3SPF2  with diborane 

and norbornadienetetracarbOflYllf101Ybdeflum (0), four coordinate 

platinum (II) compounds, and chiorodiphenyiphosphine. The gas 

phase molecular structure of the compound has been studied using 

electron diffraction, and the molecular parameters obtained are 
those of 

compared with Aother fluorophosphines. The conformation of the 

molecule has been discussed in terms of weak hydrogen-fluorine 

interactions stabilizing the structure with the Ge-S bond trans 

to the phosphorus lone pair. 

The preparation and uses of group VI fluorophosphine anions 



(YPF2 ) -  (Y = 0 9  S. Se) as synthetic intermediates have been 

investigated. The possible oxidation state of the phosphorus 

atom in these ions is discussed, but not conclusively 

identified. The reactions of the ions with chiorophosphines are 

described and explained, but the reactions with trialkylsilyl- 

halides are confusing, and no positive results were obtained. It 

is suggested that the formation of silicon fluorides leads to 

the formation, of the complex anion (SP(PF2 (S)) 2Y or a similar, 

neutral compound. 

Included as an appendix is a copy of a paper "The preparatiom, 

properties and gas-phase molecular structure of dlfluoro(germylthio) 

phosphine. 
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CHAPTER 1 

1.1 Early history tOf fluorophosphine-sulphur chemistry. 

The first preparation of the parent compound trifluorophosphine 

was reported by Moissan in 1884 (1), but relatively little work 

was carried out in the field untilthe 1950 1 8. Chiorodifluoro-

phosphine(2) and bromodifluorophosphine (3) were reported in 1939. 

Detailed study of these:compounds made full use of vacuum line 

techniques, as they are poisonous gases or volatile liquids, with 

a tendency to hydrolyse or ignite in air, and having a very bad 

odour. However the field of study widened in the fifties and 

sixties, the main areas of interest being fluorophosphites, aryl-, 

halogeno- and pseudohalogeno-fluorophosphines, phosphoryl di-

f1urides and fluorophosphoranes, and the extensive coordination 

chemistry of fluorophosphines. 

Much of this work took place before 1970 and has been 

comprehensively reviewed. Schmutzler (Lf) in 1965 covered general 

phosphorus-fluorine compounds, and Kruck (5) reviewed the 

coordination chemistry of trifluorophosphine with transition metals. 

Nixon (6) specifically covered fluorophosphine chemistry up to 

1970. More recently, Schmutzler and Fild (7) reviewed phosphorus 

halides in general, including a section on fluorophosphines. 

Despite the interest shown, many main group derivatives remained 

unknown, particularly derivatives of the group V and group VI 

elements. Derivatives of nitrogen have now been extensively 

studied, since Rankin (8) and Cohn (8a) prepared aminodifluoro-

phosphine in 1971. Many substituted amines F2PNHR and F2PNR2  

(6,9) had been known for a long time previously. The secondary 
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and tertiary an2inofluorophosphines (PF 2 ) 2NH (10) and (PF2 ) 3N 

(lOa) have been prepared, and a wide range of silyl and 'ermyl 

derivatives 	 (M= Si, Ge; x= 1, 2; 

Y= 0 9  1), and F2PN(Me)(SiMe3) (12). A wide range of biphosphines 

have also been prepared and studied, for example F 2PPF2  (13), 

F2PPff2 (144  p(PF2 ) 3  (15) 9  F2PP(CF3 ) 2  (16) and more recently 

F2PP(GeE) 2  and F2PP(SiH3 ) 2  (17). 

In the field of group VI, most of the efforts have been 

directed towards oxygen, with fluorophosphites F2POR (R= aryl, 

alkyl) well known. Group VI compounds are particularly interesting 

from the point of view of oxidation-reduction chemistry. Therefore 

as well as the range of difluorophosphites, there are equivalent 

phosphoryl fluorides for study (0)PF2P. In the range of sulphur 

compounds, the possible use of (PF2 ) 2S (18) has been studied as 

a synthetic intermediate, reacting for example with alcohols 

ROH to form the tervalent species POPF 2 , and releasing (S)PF2Ih 

(PF2 ) 2S and ((CF3 ) 2P) 25 combine to form PF2SP(CF3 ) 2  (19). Other 

compounds F2PSR have recently been prepared (20-23). 

The fluorophosphine hydride derivatives of group VI elements 

exist exclusively in the pentavalent oxidation state, (Y)PF 2E 

(24,25) as do the phosphoryl halides YPF2X (Y= 0'9 S 9 Se; X=halogen) 

(26-28). Other sulphur derivatives which have been reported are 

(S)PF2SH (29) 2  F2PSP(S)F2  (30), (S)PF2SCH
39
' (3)PF20CH3  (31), and 

((S)PF2 ) 2Y (32) (Y=0,S). The nuclear magnetic spectra of 

Cl(CE3 ) 2SnSP(S)F2  and (CH 3 ) 3SiSP(S)F2  (33) have been described. 

The thiophosphoryl compounds mentioned above are examples 

of four-coordinate phosphorus(V). Also reported are some five- 

coordinate thiophosphoranes, RSPFk, (IRs)P'PF 3  and (PS)P' 2PF2  (34) 

(R,. R'= Me, Et, Ph). 
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1.2. Preparative methods. 

The normal starting point for the preparation of fluoro-

phosphines is dimethylaminodifluorophosphine F 2PNNe2 , which is 

readily converted to the halogenodifluorophosphine F 2PX by 

reaction with the relevant hydrogen halide (35). An alternative 

route to F2PX is direct fluorination of the phosphorus trihalide 

PX3  using antimony trifluoride, or sodium fluoride (52). This 

route is not a convenient synthesis however, as the rnonofluoro-

and trifluoro-phosphines are also prepared as by products, and 

strict control of the reaction conditions must be maintained to 

maximise the yield of the difluorophosphirie halide. The halides 

themselves offer convenient routsto a wide range of ter- and 

penta-valent fluorophosphines. Difluoroiodophosphine will react 

with sulphur to form (S)PF2H (37). When shaken on its own with 

mercury, F2PI forms F2PPF2  (13). 

Bromodifluorophosphine reacts with bis-(trl-n-butyltin) 

sulphide to form (PF2 ) 2s, a more convenient route than the 

reaction of PF2Br and (Si) 2s (38). (PF2 ) 2s itself has been 

found to be a useful synthetic intermediate, with cleavage Of 

one phosphorus-sulphur bond being observed. Thus main group halides 

Mff3X react to form F2PSMH3  and F2PX (M= Ge, X= Cl; M= Si ) X= I). 

The analogous reaction with alcohols ROH (39) has already been 

mentioned, and some progress has been made studying the reaction 

of thiols RSH, to form PSPF2  (23).  An alternative route to alkyl 

fluorophosphine sulphides is the reaction of methyl(tri-n-butyltin) 

sulphide with F2PBr, leading to F2PSCH3  in good yield (23). 

In the preparation of thiophosphoryl fluorides,(PF 2I and 

($I'F2SH have played an important part. (4PF 2SH is formed by the 



rj 

reaction of CPF2H and elemental sulphur, or alternatively the 

reaction of(PF2I and hydrogen sulphide (29). OPF2I eliminates 

iodine when shaken with mercury, and forms (S)PF2SPF2  (30). It 

will also react with oxygen to form ((S)PF2 ) 20 (32). (S)PF2SH 

reacts with F2PNMe2  to form (S)PF2SPF2  (30), and reacts with 

group IV compounds; for example trimethylsilane reacts to form 

Me3SiSP(S)F2 , and trimethyltin chloride reacts to form C1Me 2SnSP(S)F2  

(33). 

Thiofluorophosphoranes have not been so widely studied. 

Their preparation involves the reaction of (trimethylsilyl) 

alkyl sulphides PSS1Me3  with alkyl fluorophosphoranes, P'XPF5X 

(R,R'=Me, Et, Ph; x= 0, 1, 2). 	Trialkylsilyifluoride R3SiF is 

eliminated, giving rise to ( PS)P I XPFk_x  (319 34). 

1.3 Nuclear magnetic resonance spectroscopy of fluorophosphine-

sulphur compounds. 

Nuclear magnetic resonance (n.m.r.) spectroscopy has been-of 

particular importance in the study of fluorophosphines, as both 

elements have nuclear spin I = in 100% natural abundance. The 

spectra of simple fluorophosphine compounds are usually first 

order, but most bis- and tris-difluorophosphines have extremely 

complex spectra, of which the most common are the 	 -" 

systems (kO). The spectra of (PF2 ) 2 S, (PF2 ) 2Se and (PF2 ) 2NH have 

been analysed using the equation of Harris. A great deal of 

interest has centred on the variations u temperature of the vicinal 

and long range fluorine - fluorine coupling constants, and the 

phosphorus - phosphorus coupling constants, and these fluctuations 

have been-explained in relation to the structures of bis-

difluorophosphine systems ()1, 42). 



The values of the 31P and 19F chemical shifts, and the value 

of the phosphorus - fluorine coupling constants 1PF'  give a 

good indication of the type of compound being studied, and this 

work has tried to apply these observations whenever possible 

in the identification of unknown or novel compounds. Trivalent 

phosphorus fluorides are generally observed to high frequency 

(positive chemical shift) of the conventional standard, 85% 

phosphoric acid. PF3  is observed at the lowest chemical shift 

(-.'lOO ppm) and the range of shifts extends to about 300ppm 9  with 

(PF2 ) 2Te (43) one of the highest phosphorus chemical shifts 

reported. Within this range, types of compounds can be listed .in 

order of decreasing chemical shift: PPF 2 PF2I>PSPF2 PF2Br 

PF2C1 >PF2NR2 > PF2OR>PF3 . 

Pentavalent phosphoryl fluorides are observed at lower 

frequencies, generally in the range 0 to +lOOppm. Divisions 

between types of compounds are less distinct than shown by the 

trivalent phosphorus compounds and there are several anomalies. 

For example, when comparing the two series of fluorophosphine 

halides,,. PF2X and (s)PF2X, it is observed that the trivalent 

halides are arranged in order of decreasing chemical shifts I>BrCl 

P. but the pentavalent compounds are arranged I)Cl>1)Br. 

A selection of n.m.r. data for a wide range of fluorophosphiiae 

compounds is presented in table 1.1. A more specific selection of 

data for fluorophosphine - sulphur compounds is summarised in table 

1.2. These figures clearly show the division between trivalent 

and pentavalent phosphorus sulphides. Simple thiophosphines are 

generally observed above 200ppm, an exception being Me2NC(S)SPF2  

(SP= 153pprn).  This is probably a result of intramolecular 

exchange of the PF2  group between the two sulphur atoms. In the 
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TABLE 1. 1. 

31P and 19F Nuclear Magnetic Resonance Parameters of a selection of 

Fluorophosphine Compounds. 

Compounds 	GP 	SF 	1(pF) 	Reference 

(ppm) 	(ppm) 	(Hz) 

PF3  104 -34 1400 6 

PF2 C1 176 -37 1390 51, 52 

PF2Br 218 -40 1388 51 

PF21 214.2 -46 1340 53 

PF2 CK3  250 -93 1157 54, 56 

PF2OCK3  110 -53 1278 4 

PF2SCK3  237 -62 1261 21 

PF2SeSiH3  255 -59 1286 43 
PF2 NH2  147 -58 1200 8 

PF2NRCH3  140 -71 1191 57 

PF2N(CH3 ) 2  143 -65 1197 45 

PF2PE2  293 -88 1203 14 

(PF2 ) 20 111 -38 1358 43, 53 

(PF2 ) 2S 219 -64 1303 43 

(PF2 ) 2NH 144 -62 1253 14.3 

(PF2 ) 3N 150 -62 1224 43 

(PF2 ) 3P 245 -88 1225 15 

(o)PF3  -35 -93 1055 26 

(S)PF3  -32 -51 1182 26, 27 

(0)PF2H - 5 -62 1121 24 

(S)PF2H 68 _49 1153 24 

(Se)PF2H 76 -37 1217 25 

PF5  -30 -72 930 52 

PF4 C1 -50 +23 1030 43 

.PF3 C12  -26 +31 1048 52 

PF2C13 - 9 +115 1045 52 

PFC1 4  -23 +143 996 52 
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TABLE 1. 2. 

and 19F Nuclear Magnetic Resonance Parameters of a.selection of 

Fluorophosphine-sulphur Compounds. 

Compounds 	 8P 	 SF 	'(PF) 	Reference 

(ppm) 	•.(;ppm) 	(Hz) 

CH3SPF2  233 (237) -62 1248-(1261) 20(21) -.; 

CF3SPF2  212 (215) . -69 1307 (1302) 20(22) 

p-CH3C6H4SPF2  222 -66 1272 20 

GeK3SPF2  232 -57 1285 43 

S1H3SPF2  229 -57 1298 43 

PF2SPF2  219 -64 1303 43 

(s)PF2sPF2  148/264 -14/-66 1217/L322 58930 

(s)PF3  -32 -51 1182 26,27 

(s)PF2cl 5G -16 1219 26 

(S)PF2Br 28 - 2 1250 26 

(S)PF21 70 +11 1271 26 3,28 

(s)PF2H 68 -46 1153 24 

(S)PF2OCH3  n.o. -48 1126 28 

(s)PF2sCH3  n.o. -27 1207 28 

(S)PF2SSi(CH3 ) 3  88 -12 1200 33 

(S)PF2SSnC1(CH3 ) 2  98 -14 1210 33 

((s)PF2 ) 20 25 -40 1171 32,59 

((S)PF2 ) 2S 60 -17 1254 32 9 59 
((s)PF2 ) 2  NCH 3  55 -40 1133 32 

(0)PF2OPF2 (S) n.o. -41 1177 32 

CH3SPF4  -34 -45 1032 34 

(CH3S)PF3  2 L..2 	(a) 925 34 

-75 (e) 1062 

(CH3s)(C6fl) 2PF2  -39 -25 760 34 

n.o. not observed 

(a) axial 

() equatorial 
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range of pentavalent compounds, (S)PF2SPF2  is observed to have 

a high phosphorus (V) chemical shift (148ppm) and also a high value 

for the phosphorus (III) shift (26 14ppm).. 

The largest directly bonded phosphorus - fluorine coupling 

constant is observed in trifluorophosphine 	li+OOz), and 

the absolute value of 1 
 J 	 for a series of compounds PF2Z increasesPF  

along the series Z = R-(R2N-<CX3-<RO-CF, (R= alkyl,X= halogen), 

and similarly in order I<Br<Cl<F (44).  Generally, trivalent 

phosphorus fluorides haveiager coupling constants than the 

equivalent pentavalent phosphines. The five-coordinate phosphoranes 

exhibit still smaller coupling constants. 

Fluorine chemical shifts also appear to depend largely on the 

electron.egativity of the substituents, and are spread over a 

narrower range than the phosphorus shifts. Within structurally 

similar series PF2X, the value of SC F) increases regularly with 

the electronegativity of X (X = F, OR, NR 2 )(45), which is in the 

opposite direction to 5( 31P). Correlation between phosphorus and 

fluorine chemical shifts appears to be much better in the phosphoryl 

fluorides XYP(0)F, depending on the nature of X and Y, and it has 

been suggested that this may reflect smaller bond angle changes 

at phosphorus within the whole series (46). 

N.m.r. parameters are being used to predict overall structural 

properties of fluorophosphines. The molecule CH3SPFk (3+) has 

been shown to have non-equivalent axial fluorine atoms at low 

temperature, and this has been attributed to the interaction 

between one axial fluorine and the protons of the methyl group. 

Similarly, the nioleculF2PNH(GeH3 ) aind (PF2 ) 2NGeH3  (47) have been 

described as existing in conformations with the fluorine atoms 

close to the germyl protons, on the basis of 2  1 being maximised
PH 
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(by interaction of the proton with the phosphorus lone pair) and 

3%T PH minimised with the lone pair of the phosphorus remote from 

the germyl group. The proposed conformations of GeH 3SPF2  and 

SIH3SPF2  (43) were suggested on the basis of 411PF being positive 

and this has been shown to be a valid assumption by the electron 

diffraction study described in this work. Some recent gas phase 

diffraction studies have shown. that weak F----E interactions have 

a significant effect on the conformations of group V and group VI 

fluorophosphine compounds (48,49). 

l.L.. Some structural properties at' fluorophosphine compounds. 

The.nature of fluorophosphine compounds, generally gases or 

volatile liquids, makes them ideal for structural investigation, 

using gas phase electron diffraction methods. Microwave spectro-

scopy has also been used in the study of some of the simpler 

fluorophosphines. In table 1.3, some structural parameters, 

relevant to trivalent and pentavalent fluorophosphine sulphur 

compounds, are recordöd 

The contrast between trivalent and pentavalent phosphorus 

sulphides is best shown by the three parameters r(P.-S), r(P-F) 

and the angle FPS. As one might expect the P=S double bond length 

(186 - 187 pm) is significantly shorter than the P - S single bond 

(207 - 213 pm). The P - F bond length is also marginally shorter 

In compounds with the phosphorus atom in the higher oxidation 

state. In the trivalent compounds the effect of the lone pair is 

observed to tighten the bond angles at phosphorus, the FPF angle 

is slightly smaller in the trivalent phosphines, and the FPS 

angle is sigificant1y smaller. Alternatively, the FPS angle in 

phosphorus (III) compounds can be compared with the PPX angle 
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TABLE 1.3. 

Some Bond Lengths and Angles of some Trivalent and Pentavalent 

Fluorophosphine-sulphur Compounds. 

Compound r()P-S) r(P-F) LFPF /-FPS LFPX Reference 

(s)PF2r 187.6 155.1 98.3 115.9 103.4 60 

(S)PF2 C1 186.4 153.7 100.6 115.7 102.0 61 

(S)PF2Br 188.1 154.3 98.3 118.2 100.1 62 

CK3SPF2  207.6 157.7 98.1 101.0 - 63 

F2PSPF2  212.7 157.3 97.5. 98.9 - 64 

GeE3SPF2  211.5 159.0 97.0 99.9 This work 

Distances in pm 

Angles in degrees 
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in pentavalent phosphin.e sulphides; in this case imagining the 

sulphur atom to be'in the lone pair position (see figure 1.1). 

The comparison of thse angles shows that the bond angles at 

phosphorus are generally smaller in trivalent fluorophosphines. 

Lone Pair 	 S 

Figure 1.1. 

Structural Arrangement of Tr1 and.Pentavalënt FlüorQphosphines. 

Structural studies of fluorophosphine - group VI compounds are 

helpful in understanding the observed equilibria between phosphorus 

(III) and phosphorus (V) compounds. For example the compounds 

F2PYMH3  (M= C, Si, Ge; Y= 0 9  S. Se) (II, 43) and (CF 3 ) 2 PSR (50) 

appear to exist exclusively wiih phosporus in the +3 oxidation 

state, whereas (Y)PF2H (60) exist with pentavalerit phosphorus. 

The compounds of trivalent phosphorus have the capacity to form five 

membered rings, wiht weak F ---- ff interactions to stabilize the 

structures, whereas the pentavalent isomers are unable to so this. 

Similarly, F2PYW can only form at best a four-membered ring, and 

the Y - H bond would be polarised to such an extent that intra-

molecular rearrangement would be quite impossible. Even at 

temperatures as low as 173K  no evidence for the trivalent F2PYH 

compounds is observed. 

1.5. Fluorophosphine complexes with transition metals and borane. 

Phosphines generally behave as soft bases and coordinate to 

compounds classified as class B acids by Chatt (65) or soft acids 
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by Pearson (66). The presence of fluorine atoms significantly 

lowers the ability of the phosphorus atom to donate its lone pair, 

with the result that trifluorophosphine is a very weak base. The 

basicity is considerably enhanced if one or more fluorine atom 

is replaced by an electropositive group, for example an alkylamino 

group.. 

The bonding in such complexes can be described as a combination 

of a a- -bond contribution and a d. - d 1, interaction from a filled 

metal orbital to the empty 3d orbitals of the phosphorus (67). 

The importance of this Tr bonding has been questioned (68-71) and 

the soft character of the ligands has been attributed to the 

domination of the cr effects; but in fluorophosphine - transition 

metal complexes their effect could be more important as the 

presence of fluorine atoms should enhance the back - donation 

of metal electrons by lowering the energy of the phosphorus 3d 

orbitals. 

Early studies of fluorophosphine - transition metal complexes 

concentrated on the use of PF3  as the ligand, and its properties 

as a ligand were compared closely with those of carbon monoxide 

(5). More recent interest has centred on the possible use of bis-

and tris-difluorophosphino compounds as multidentate ligands. 

King (72-77) has used methylamino (bis-difluoro-)phosphine as a 

monodentate, bidentate and bridging ligand, isolating a wide 

range of compounds, examples of which are shown In figure 1.2. 

	

2\. 	 MeN-PF 
FV 	'PF 	 .2 

	

2 	2 	 F 

	

I 	I 
OC _Co 

/.,CO>_CO 	
F2I 	

IO\ 
\Ne 

2 	-PF2 	 Me N. 	
PF2 2 

Figure 1.2. Examples of the coordination behavicirof MeN(PF2)2. 
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(PF2 ) 2S has been observed to act as a bidentate ligand 

towards the Mo(CO) moiety, and there is also some evidence for 

monodentate behavior. Whitelock (8) has prepared a wide range 

of group VI uluorophosphine platinum complexes of the form 

(PEt3 ) 2XPtPF2 (Y) (X= H s  Cl, Br, I; Y= 0, S. Se), and Hunter (81) 

is currently investigating the use-of (0)P(OPF 2 ) 3  as a triit 

ligand. 

Another area of interest lies in the formation of complexes 

with borane. There have been several attempts to relate the n.m.r. 

parameters of phosphine - borane complexes to the base strength 

of phosphines, but the empirical relationship between IJ01P - UB) 

and dative bond strength is useful only for restricted ranges of 

similar phosphines. 

An interesting point concerning bis-diflurophosphine 

compounds is the apparent difficulty of binding two BH3  groups. 

(PF2 ) 20 (78) and (PF2 ) 2S (38) only bind one BH3  group, which has 

been explained as resulting from electron interchange between the 

PF2  units via the iT  system of the group VI atom (78). This 

enhances the base strength of the coordinated fluoropliosphine 

group and correspondingly reduces the base strength of the un-

coordinated group. This is not possible in (PF2 ) 2 CH2 , which is 

observed to bind two BH3  groups (79). Presumably two PF2  groups 

widely separated in the same molecule would also be able to bind 

two borane groups. P2Fk  is only observed to bind one borane group 

but n..r. studies suggest that there is rapid interchange of the 

BK3  group between the two phosphorus atoms (80). 

A convenient way of following the formation of complexes is 

to observe the change in n.m.r. parameters as the free ligand is 

bound to the Lewis acid. The phosphorus chemical shift of the 
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compound is normally observed to low frequency of the free ligand, 

and this is normally combined with a decease in the value of 

For example, the coordination shift Mo(CO)k((PF2)2S) is 

-78ppm, and for PF2SPF2 :BH3  -39ppm. There appears to be no 

simple relationship between the coordination shift and the type 

of compound formed. 

The chemistry described above forms the background to work 

described in this thesis, and the basis for the consideration of 

the results obtained. Some results have defied explanation, and 

for every question answered, another problem remains unsolved. 

However, the correct route to these answers will hopefully be clearer 

as a result of the experiments that are detailed here, and also 

some of the experiments which have not been carried out. 
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CHAPTER 2 

2.1 Introduction 

In the study of (PF2 ) 2Se. Arnold (13) reported several 

reactions as possible synthetic routes to a wide range of 

fluorophosphine compounds. The reactions of (Pr2 ) 2  S with alcohols 

and thiols have now been widely investigated (18 9 23),, but some of 

the other reactions have not been pursued to any great extent. 	- 

It was proposed to carry out some of these reactions on a preparative 

scale and investigate their suitability for synthetic work. In 

particular, the compounds (Se)PF 2C1 had not been previously reported 

and it was hoped that the compound could be isolated. The correspond-

ing sulphur compounds (S)PF 2X (X=C1, Br, I) (28,52,82-81+) have been 

studied in detail, and are useful synthetic intermediates in the 

formation of phosphorus (V) sulphides. The selenium compound would 

also be of interest structurally, for comparison with the sulphur 

series; and spectroscopically, for the magnetic study of 77Se is 

still at an early stage (92).  It seemed that the reaction of 

(PF2 ) 2Y with halogens would provide-a convenient route to(Y)PF2X 

compared with published methods. 

The reaction between chlorine and (PF2 ) 2S proceeds by cleavage 

of the P-S bond. In the same way, the reaction between (PF2 ) 2S 

and tr-group halides might react to form mixed silyl or germyl 

fluorophosphirtes, or mixed alkyl phosphine- fluorophosphine systems. 

Such compounds were first reported by Arnold (11) in the case of 

the group IV species, and by Hutchinson in the case of the group V 

compounds (17).  The reported form of these compounds provides an 

interesting contrast: the group IV species (H 3M)SPF2  are described 

as phosphorus (III) compounds, whereas the group V species are 
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described as mixed valance phosphines, with .the PF2  group being 

pentavalent (S)PF2PP2. The isolation of both types of compounds, 

with a view to comparing the structures, would be of great assistance 

in explaining the contrast. Unfortunately it was only possible 

to isolate one of the products (Geff3SPF2 ) observed in the 

preliminary experiments, and this is described fully in chapters 

3 and  k. 

2.2 Reaction of (PF) 2S with C12  

Arnold (43) reported that in addition to the cleavage of the 

phosphorus- selenium bond by chlorine, excess halogen caused further 

oxidation and disproportion of the initial products, leading to 

the full range of chiorofluorophosphoranes according to the reactions 

1-3 set out below. 

(PF2 ) 2Se + Cl2 	> PF2C1 + (Se)PF2C1 . . . . . (1) 

PF2C]. + Cl2 	> PF2C13 	 . . . . . ( 2) 

PF2C13 	 > PC12F3+ PClF+ PF5+PC1kF 

This occurred when an excess of chlorine was used. It was 

felt that under controlled conditions using only the minimum 

amount of chlorine necessary (an equimolar mixture of Cl 2  and 

(PF2 ) 2S), the reaction would not proceed beyond the first stage. 

The reaction between (PF2 ) 2S and Cl2  was carried out either 

by mixing the reagents as liquids in a single bulb, or by allowing 

the reactants to mix as gases at room temperature using a double 

bulb apparatus. The method made no difference to the products 

obtained, nor did the scale of the reaction, provided the reactants 

were present in equimolar quantities. If the chlorine was present 

in excess, the yield of PF2C1 decreased, and some PF2C13  was 

recovered in the less volatile fraction along with the (S)PF2C1. 
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The difference in volatilities of the two major products was such 

that no problems were experienced with the separation of the very 

volatile PF2C1 from the less volatile (S)PF2C1. Both products 

were identified by infra-red and 31P n.m.r. spectroscopy, and 

molecular weight measurements. The reactions proceeded almost 

quantitatively, with a very small amount of PF 3  formed as a by 

product. 

The present methods of preparing (S)PF2X (36) are generally 

time-consuming reactions. For example, the reaction of SPF2NMe2  

with hydrogen halides yields (S)PF2X (85), but the preparation of 

the amino compound. require.a reaction time of 5 days for the 

completion of the reaction between sulphur and PF 2NMe2 . Alternatively, 

the range of thiophosphoryl halo fluorides (s)PFX3  can be 

obtained by partial fluorination of thiophosphoryl trihalides 

(83,84). This however has the problem of separating the three 

products obtained. Given the correct starting materials, the 

reaction of (S)PF2NMe2  with HX is probably the most convenient route 

to (S)PF2X,. but in the absence of these reagents, the reaction of 

with chlorine provides a good alternative, giving rise to 

high yields of product, with little Impurity. 

The reaction between (PF2 ) 2Se and chlorine was not successful, 

either in the gas phase or the liquid phase. In each case the 

reaction proceeded with the deposition of large quantities of red 

solid (presumably selenium) on the walls of the reaction vessel and 

vacuum system. Analysis of the volatile products by n.m.r. and 

infra-red spectroscopy showed PF 2C1 as the only product collected. 

The results reported by Arnold (143) were obtained from a reaction 

carried out in a sealed n.m.r. tube with C6  D6 and SiMe 14  as solvent. 

(sPF3  is reported to be light sensitive (87), decomposing to 
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selenium and PF3 . A similar decomposition could be the cause of 

not observing (Se)PF2C1 in this case. In a sealed tube, being 

studied by n.m.r. spectroscopy, the reaction mixture would not 

be affected by light. Also, the decomposition may be inhibited in 

some way by the presence of solvent. 

23. The reactions of (PF2 ) 2S with silyl compounds 

These reactions were carried out in sealed n.m.r. tubes, with 

a mixture of toluene and deuteriated toluene as solvent. The 

reactions were studied using 31P n.m.r. spectroscopy. Several 

compounds were observed in more than one reaction:. the n.m.ro 

parameters of these compounds are listed in table 2.1. The 

parameters of the relevant products are noted in the text and 

summarised in table 2.2. 

2.3.1. (PF2 ) 2S + Me3S1C1 

The reaction mixture was warmed to room temperature but no 

reaction between the (PF2 ) 2S and silyl species was observed. In 

addition to (PF2 ) 2S, a large amount of (S)PF2E and some PF2C1 was 

observed, but no signal which could have been assigned to the 

expected product Me 3SiSPF2 . 

2.3.2. (PF2 ) 2S + Me 3SiBr 

As the tube was warmed to room temperature, reaction occurred. 

PF2Br was observed in the spectrum, along with some (S)PF2E, and 

unreacted (PF2 ) 2S. A triplet was observed centred at 5? = 238.3ppm, 

with a coupling constant 1 JPF= 1269 Hz. These figures are consistent 

with a trivalent phosphorus sulphide, and the resonance was assigned 

to Me3SiSPF2 . After allowing the reaction mixture to remain at 
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TABLE 2.1. 

31p n.m.r. parameters of the minor products observed in the reactions 

of (PF2 ) 2S with silyl and germyl halides 

Compound SP(a) 

ppm 

pF 

(Hz) 

PF3  102 - 104 11+00 

PF2C1 178 - 180 1390 

PF2Br 199 - 201 1364 

240 1335 

(PF2 ) 22 219 - 222 1303 (b) 

(s)PF2K 62 - 	65 1153 

Precise values depend on temperature and concentration. 

Splitting observed Is 1  1 	 + pF.PF 



TABLE 2.2. 

31P n.m.r. parameters of the major products observed in the reactions 

of (PFp) 2S with silyl and gerxnyl halides. 

Product 	 6? 31 PF 	 PH 

ppm 	 (Hz) 	 (Hz) 

Me3SiSPF2  

HS1SPF2  

MeGeK2SPF2  

if Ge SPF 3 	2  

238.3 

230.0 (229.5) 

236.8 

235. (232.0) 

1269 

1287 (1298) 

1272 

1272 (1285) 

114.6 (13.3) 

12.2 

13.4 (11.8) 

Values quoted in brackets are from reference 103. 

9r 
- j 
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room temperature overnight, no further reaction was observed. 

2.3.3. (PF2 ) 2S + MeSIH2C1 

Although the (PF2 ) 2S reacted as the tube was warmed to room 

temperature, with PF2C1 and (s)PF2H being observed in the phosphorus 

xi.m.r spectrum, no evidence for the expected product MeSUT2SPF2  

was observed. 

2.3.4. (PF2 ) 2S + S1W3 C1 

As in the previous reaction, the (PF2 ) 2S was observed to 

form (S).PF2E and PF2C1, but no evidence for the expected product 

Siff 3SPF2  was observed. This contrasts with reactions between 

(S1H3 ) 2S and PF2Br, when the mixed silyiuluorophosphine species 

was observed (ii). 

2.3.5. (PF2 ) 2S + SIH3Br 

As the reaction mixture was warmed to 233K,  the (PF2 ) 2S reacted 

to form PF2Br and a small amount of (S)PF2E. Also observed, to 

high frequency of the (PF2 ) 2S resonance was a triplet centred at 

SP = 230.Oppm, with a coupling constant 1  J = 1287Ez. WhenPF  

proton coupling was retained, each line of the triplet was further 

split into a quartet with splitting 3PH = 14.6Hz. This resonance 

was assigned to H3 iSPF2 , and the measured n.m.r. parameters are 

in agreement with those reported by Arnold (11,1+3).  The species 

was not stable as the solution was warmed to room temperature, and 

after a short time only PF 2Br and (S)PF2H were observed in the 

n.m.r. spectrum. 

This reaction was also carried out on a preparative scale in 

the absence of solvent. The volatile products were examined by 



n..m.r. spectroscopy, and although a small, quantity of H 3SISPF2  

was observed, this decomposed eventually, leaving PF 2Br and 

(S)PF2H as the only species present. 

2.36. (PF2 ) 2S + SiH3I 

When this reaction mixture was warmed to 233K,  almost 

equimolar quantities of (PF2 ) 2S, PF2OI and H3S±SPF2  were observed. 

On warming to room temperature the amount of (PF 2 ) 2S decreased, 

with .a corresponding increase in the amount of PF2I and R3SISPF2  

Although a small quantity of (S)PF2H was observed, the silyl 

species appeared to be more stable in this case than in the previous 

reaction. The31P n.m.r. spectrum of this reaction isshown in 

figure 2.1. 

2.4. Reactions of (PF2 ) 2S with Germyl Halides. 

As in the previous series of reactions, these were carried out 

in sealed tubes using toluene and deuteriated toluene mixed as a 

solvent. 	The n.m.r. parameters of the main products are listed 

in table 2.2. 

2.4.1. (PF2 ) 2S + ?4eGeH2 C]. 

The reaction proceeded at 233K,  and in addition to (PF2 ) 2S, 

PF2C1 and (S)PF2H a triplet was observed at SP = 236.8ppm, with. 

a coupling constant 1 1 = 1272Hz. When proton coupling wasPF 

retained, each line was further split into a triplet with a coupling 

constant 31 = 12.2Hz. This resonance was assigned to the expectedPH  

product MeGeH2SPF2. Spectra were obtained at room temperature and 

the product appeared to be quite stable at normal temperature. 

2.4.2 
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2.4.2. (PF2 ) 2S + GeH3C1 

Reaction was observed initially at 223K,  and a triplet was 

observed at SP = 235.4ppm, with a coupling constant 
1  J PF = 1272ffz.. 

With proton coupling retained, each line was split further into a 

quartet with coupling constant 3JP,= 13.4Hz. This resonance 

was assigned to the expected product II3GeSPF2 . At room temperature 

this species was the major product, along with PF 2C1, and small 

amounts of (PF2 ) 2S and (S)PF2H were also observed. Subsequent 

attempts 'o carry out this reaction on a preparative scal in the 

absence of solvent, were successful and are discussed fully in 

Chapter 4. 

2.4.3. (PF2 ) 2S • Ge}13 1 

This reaction proceeded along similar lines to those decribed 

above and H3GeSPF2  was observed in the n.m.r. spectrum at SP = 

235.4ppm with coupling constants 1pF = 1273Hz and 31 PH = l3- 

kHz-The extent of reaction appeared much lower than in the case of the 

reqction of GeH3C1 and a significant amount of (PF2 ) 2S remained 

unreacted. 

2.5. Discussion and Conclusions 

The first series of experiments show that the reaction of 

(PF2 ) 2S with chlorine is a very convenient route to (S)PF2 C1, but 

the analogous compound (Se)PF2 C1 apDears to be unstable. The 

logical extension of this reaction is to try and prepare (S)PF 2Br 

and (S)PF2I by the same method. However in these cases, the 

disadvantages of the reaction axe highlighted by the difficulty of 

handling bromine and iodine in a vacuum system, and a more convenient 

route to these compounds is the reaction between (S)PF2NMe2  and 
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hydrogen bromide or hydrogen iodide (85,86), which are easier to 

handle than the halogens. 

When studying the results obtained from the reactions of 

(PF2 ) 2S with the group IV halides (summarised in figure 2.2), the 

first point to note is the presence of (S)PF2R in so many of the 

reactions. This could arise in two' ways. Firstly, trace amounts 

of water in the reaction mixtures could react either with (PF 2 ) 2S 

directly to form (S)PF2H and (0)PF2HT, or with the silyl or germyl 

halide to form (P3M) 20 and HX, the hydrogen halide reacting in 

turn with (PF2 ) 25 to form PF2X and (S)PFI. This is more likely 

in the case of the liquid trialkyl silyl or germyl halides. 

Secondly, in the case of H3MX, traces of hydrogen halide could be 

present, reacting with (PF2 ) 2S as before. These routes are 

summarised in equations 4 - 6 below. 

H 2  0 + (PF2 ) 2S 	 (o)PF2H + (s)PF2E 	• • . 

H 2 
 0 + 2P3MX 	 (R3M) 20 + 2HX 	. . . .( 5) 

HX 	(PF2 ) 2S 	 PF2X + (s)PF2H 	. . . . ( 6) 

The relative rates of reaction and equilibrium positions of 

the reactions involving the silyl halides follows the series 

I >Br >Cl, while the reverse is true for the germyl halides. This 

is consistent with studies of the reactivity of silyl and germyl 

halides (88,89). Also, the products of the reactions involving 

the silyl halides appear to be less stable than the germyl species. 

The major decomposition product appears to be silyl fluoride, which 

is often a major factor affecting the attempted preparation of 

silyl-fluorophosphine compounds, as silyl fluoride is the most stable 

silyl halide (89). It was this that prompted the extension of 

these experiments to investigate the preparation and properties of 

K3GeSPF2. 
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Figure 2.2. 

Summary of the reactions of (PF 2 ) 2S with main group halides. 
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The next point to note is the assignment of these compounds 

as trivalent phosphorus compounds. The basis for this assignment 

is the 31P chemical shift and the phosphorus-fluorine coupling 

constants (90). There are two main factors which will determine 

the oxidation state of the phosphorus atom. Firstly, a trivalent 

phosphorus compound of this type will be stabilised by delocalisation 

of the lone pair electrons of the sulphur atom into the vacant 

d-orbitals of the silicon or germanium and phosphorus atoms (91). 

Also with the hydrogen and fluorine atoms four bonds apart, it is 

possible to visualize the molecule in a conformation such that the 

hydrogen and fluorine atoms are close enough to form hydrogen bonds 

and stabilize the trivalent phosphorus state (48, 1+9). If one of 

these compounds could be prepared, it would be possible to confirm 

this through a gas phase electron diffraction study, and this was 

proposed as the next step after the characterisation of the compound. 

From the results obtained in this series of experiments, one compound 

stood out as offering the greatest chance of success. The following 

two chapters describe the preparation, properties and gas-phase 

structure of germyl(difluorophosphino-)sulphide. 
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CHAPTER 3 
3.1 Introduction 

There has been very little work on germyl-sulphur compounds. 

Early studies began with (Geff3 ) 2Z (93-95), H3GeSCH3  (96-98) and 

GeffSik (93), concentrating on spectroscopy and structural 

properties. GeH3SH (99) was also reported. More recently, Drake 

(100-102) has concentrated on alkyl germyl sulphides generally and 

has prepared a wide range of compounds of the type GeR YR and 

(.RGeH3 ) 2Y. (R = alkyl, Y = 0, S. Se, Te) 

The first report of the compound GeH3SPF2  (43,103) was in the 

study of exchange reactions of bromodifluorophosphine with digermyl 

sulphide already mentioned. Arnold was unable to build up high 

concentrations of the compound during the course of the reaction. 

The results from bhe previous chapter suggested that it would be 

possible to obtain GeH3C1 and (PF2 ) 2S, if careful attention was 

paid to the concentrations of the reactants. Compared with the 

analogous silyl compound, GeH3SPF2 , was more stable to temperature 

in solution, and as both (PF2 ) 2S and (GeIr3 ) 2 S are gaseous and easy 

to manipulate in vacuum systems it was hoped that the mixed 

compounds would also be as easy to handle. 

The main object of the preparation of this compound was to 

study the structure. Although the oxidation state of the phosphorus 

is determined by (p-d)ir bonding between the sulphur and the phosphorus 

and germanium atoms, the geometry of the molecule is probably 

governed by the formation of hydrogen bonds, as the fluorine and 

hydrogen atoms are separated by four bonds. This is supported by 

the shift to high frequency in the proton n.m.r. spectrum compared 

to (Geff3 ) 2S (43), and the positive values of 4  J., This conformation 

has been confirmed by an electron diffraction study which is reported 
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in detail in Chapter 4. 

One other point to investigate was the suitability of the. 

compound as a synthetic intermediate. The possibility of cleavage 

of the germanium-sulphur or phosphorus-sulphur bonds could give 

rise to a range of new germyl-sulphur or fluorophosphine-sulphur 

compounds. 

3.2. Preparation 

Arnold (43) reported that the reaction between (GeH3 ) 2S and 

PF2Br went completely to (PF2 ) 2S, no matter what ratio of the 

concentration of the reactions was used. However, the reaction 

between PF2C1 and (GeH3 ) 2S was very slow. It was therefore decided 

to approach the problem from the opposite direction, and study the 

reaction of (PF2 ) 2S and GeH3C1. Preliminary n.m.r. studies of the 

reaction gave favourable results, and on extension to a preparative 

scale, the reactionnof the two compounds in the absence of solvent 

also proceeded favourably. Other possible reactions were considered 

and rejected. C}I3SPF2 (21) had been prepared from CH3SH, Me3N and 

PF2Br. or more conveniently from Bu3&SMe and PF2Br (23), but the 

analogous reactions involving GeH3 SIi were not feasible because of 

the instability of germane thiol (99). The reaction between 

Bu3SnSPF2  and Ge5Cl was attempted, but Bu3SnSPF2  is prepared in 

the presence of Bu3SriBr (18) and exchange of the halogens occurred 

with Geff3Br recovered almost quantitatively. 

The reaction between GeH3C1 and (PF2 ) 2S proceeded cleanly, 

but care had to be taken with the quantities used. An excess of 

GeH3 C1 would lead to the formation of (Gel%) 2S, significantly 

decreasing the yield. An excess of (PF 2 ) 2S would lead to problems 

in the trap-to-trap distillation of the product. Both (PF2 ) 2S and 
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(GeH3 ) 2S would probably have similar volatilities to GeH3SPF2 , and 

the presence of either of these in the product mixture would make 

purification of the product more difficult. 

(S)PF2W was frequently observed in the reaction, and proved 

quite difficult to separate from the product. The likely source 

of this impurity was HC1 in the GeH 3C1 starting material, or trace 

amounts of moisture on the walls of the reaction vessel or the 

vacuum line. It was not seen to interfere with the reactions of 

GeK3SPF2 . 

3.3. Characterisation. 

GeH3SPF2  was characterised by its physical and spectroscopic 

properties, and its reactions with chlorine, hydrogen chloride and 

hydrogen bromide. 

3.3.1. Physical Properties 

GeH3SPF2  is a colourless liquid at room temperature with a 

vile smell. It Is water sensitive, and probably air sensitive also. 

The molecular weight was measured as 180.6 and measurements 

were consistently higher than the calculated value of 178.E . An 

impurity such as HPF2(5) would cause the value to decrease, and 

(PF2 ) 2S or (GeH3 ) 2S would have no significant effect as the molecular 

weights of these compounds are of the same order. The source of 

the error must therefore lie in the compound. dissolving in the 

grease on the tap of the molecular weight bulb, giving a higher 

weight of gas than expected for the pressure used. 

The vapour pressure at 273K  was measured as 31.5mm Hg and 

is lower than one might expect when compared with (PF 2 ) 2S and 

(GeK3 ) 2S. This could well be attributed to intermolecular hydrogen 
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bonding in the liquid state, forming dimers or chains as shown 

in figure 3.1. 

The melting point was measured in a plunger apparatus as 

199 1K. 

3.3.2 Nuclear Magnetic Resonance Spectra. 

The compound was fully characterised by direct observation 

of all the magnetic nuclei. The 31P spectrum consisted of a 

1:2:1 triplet centred at 6 233.7ppm with a coupling constant 

PF = 1280Hz. When proton coupling was retained each line was 

further split into a 1:3:3:1 quartet with 3J PH = 12.6Hz. This was 

complemented in the 19F spectrum by -a doublet of quartets, centred 

at SF = -56.5ppm with coupling constants 1 j = 1280Hz, ThePF 

proton spectrum consisted of a doublet of triplets centred at 

6K = 4.8ppm and coupling constants as observed above. The data are 

summarised in table 3.1., and the spectra shown in figures 3.2. and 

3.3. 

As described earlier, the phosphorus chemical shift is 

entirely consistent with a trivalent phosphorus-sulphur compound. 

The chemical shift is slightly higher than the corresponding silyl 

compound and significantly higher than the reactant (PF 2 ) 2S (43). 

The fluorine chemical shift varies little whether the MH 3  group 

is silyl or germyl, but the effect of substituting a methyl group 

is marked. The position of the proton resonance moves to higher 

frequency of (Ge15) 2S. This has been interpreted as being caused 

by hydrogen bond formation in a five membered ring. 

The observed coupling constants are entirely consistent with 

the compound as formulated, and all the observed parameters agree 

with those reported previously. 
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TABLE 3.1. 

Nuclear Magnetic Resonance of GeHSPF Compared With Some Other 

Di fluorophosphinosuiphides. 

Compound 8? 

ppm 

SF 

ppm 

SH 

ppm 

1 1 PF 

Hz 

3j, PH 

Hz 

41  FH 

Hz 

Reference 

GeE3SPF2  233.7 -56.5 4.8 28O 12.6 3.4 

SIH3SPF2  229.5 -57.3 4.35 1298 13.3 2.7 103 

CH3SPF2  n.o. -72.2 2.0 1248 7.3 2.2 21 

F2PSPF2  219.4 -64.3 - 1303 - - 103 
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Figure 3.2. 31 P n.m.r. spectrum of CeH 3 SPF 2 . 
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3.3.3. Vibrational Spectra. 

The position of the lines observed in the i.r. spectrum of 

GeE3SPF2  in the gas phase and in the Raman spectrum of the liquid 

phase are given in table 3.2. Reported values for (PF2 ) 2S and 

(GeH3 ) 2S are also given for comparison. The assignment of 

vibrational modes to particular frequencies is exceptionally 

difficult, as most of the bands are at fairly low frequencies. The 

electron diffraction study indicates that the moleculeis not 

greatly distorted from Cs  symmetry, and assignment of the vibrations 

have been made on that basis. 

The vibrational modes may be classified as in table 3.3., 

although considerable mixing is to be expected. The two A' modes 

and one All mode of the GeH3  stretching, vibrations are easily 

assigned as a group as are the P-S stretch (514 cm-1  ) and the S-Ge 

stretch (425  cm). However it is impossible in the infra red 

spectrum to distinguish the PF2  stretches from the GeH3  deformations. 

These are assigned in the Raman spectrum, the more intense band at 

868 cm 1  being attributed to one of the GeE3  deformations, and 

the weaker band at 830  cm to one of the PF2  stretches. The GeE3  

rocking modes are identified under the broad band at 590 cm. 

The lowest polarised mode in the Raman spectrum must be 

assigned to the PSGe bending vibration, 116 cm. This agrees well 

with the value reported for (GeH 3 ) 2S (110 czL)  (94) but not with 

that reported for (PF2 ) 2S (237 cm-1  ) (38). The depolarised band 

at 125 cm in the Raman spectrum of (PF2 ) 2S is unlikely to be 

assigned incorrectly as the bending mode would give rise to a 

polarised band, and torsional vibrations would appear as depolarised. 

The other frequencies are difficult to assign as they are observed 



TABLE 3.2. 

Vibrational Spectra of GeH 3 S.PF2 , compared with the related digerinyl-

and bis(difluorophosphiflO)-sulphides. 

GeH3SPF 	(GeH3 ) 2 S (91+) 	(PF2)S (38) 
	

Assignment 

I.R. 	Raman 	I.R. 	Raman 	I.R. 	Raman 

2114s 	2110 s,p 	2110 	2071 
	 2) (GeE3 ) 

2097 

830 	868 m,dp 	872 	865 	81+0 	855 w,p 	?(PF2 ), 8(GeE3 ) 
s , br 

810 	830 m,dp 	81+9 	81+2 	 835 w,p 

	

823 	800 	 820 w,pd 

816 

590 M 	600 ni,dp 	577 	608 

	

556 	585 	1498 	515 m,p 

1+90 vw,dp 

p(GeH3 ) 

S ( PF) 

514 s 	508 s,p 	1+12 

1+25 S 	1+22 s,p 	382 

380 s,p 

305 w,dp 

116 s,p 

1+08 	579 580 s,p 

370 	1+1+7 441 m,dp 

1+07 1+08 s,p 

1+01 

319 318 vw,dp 

110 237 s,p 

125 s,dp 

))(PS) 

(GeS) 

8, w(PF2 ) 

p ( PF2 ) 

$(GeSP) 

-t (PF2) 



TABLE 3.3. 

Vibrational Modes of Gel ,SPF2 (Point Group C 

A' All 

GeH3  Stretch 2 1 

PF2  Stretch 1 1 

GeE3  Deformation. 2 1 

PF2  Deformation 1 1 

GeS Stretch 1 

PS Stretch 1 

PSGe Deformation 1 

1 1 GeE3  Pock 

PF2  Pock 1 

GeS Torsion 1 

PS Torsion 1 

38 
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solely in the Raman spectrum. The torsional modes are probably 

too low to be observed. The remaining frequencies to be assigned 

are from deformations of the PF2  group. The wag and rock can be 

assigned with reference to (PF 2 ) 2S at 380 cin 1  and 305 cm 

respectively, but there are no bands observed in the 520 - 480 cm 

region comparable to those in the spectrum of (PF 2 ) 2S. The only 

possibility is that they are weak, or coincident with the absorption 

due to the P-S stretch at 514 cm. 

3.3.4. Mass Spectrum 

The main peaks in the mass spectrum are listed in table 3.4. 

Because of the number of isotopes of germanium (Mass nos 70, 72, 

73, 74, 76) each germyl fragment was shown as a multiplet, and it 

was difficult to determine the number of protons present in each 

fragment. It appears that the groups of peaks centred at 178 

and 109 mass units arose from ions with three hydrogen atoms, 

while the - group at 158 mass units arose from ions with two hydrogens. 

Breakdown of the parent ion can take place by three distinct routes. 

Firstly, the elimination of HF would give rise to the fragment of 

158 mass units. Secondly, cleavage of the P-S bond gives rise to 

the fragment at 109 mass units, or thirdly, cleavage of the Ge-S 

bond gives rise to the fragment at 101 mass units. The sequential 

loss of hydrogen does not appear to be a significant decomposition 

process. 

The strength of the (HPF2S) 4  peak at 102 mass units is not 

entirely unexpected, with GeE2  elimination a well known process (106). 

An alternative source of this fragment could be hydrolysis, or 

recombination of some fragments. 

3.3.5/ 



TABLE 3,4. 

Mass Spectrum of PF2 (SGe 3 ). 

mje 	 Relative Abundance 
	

Assignment 

40 

178 20 

158 20 

109 20 

102 100 

101 12 

88 5 

82 25 

69 50 

63 25 

50 5 

34 3 

32 2 

31 2 

20 1 

metastable 

39.5 weak 

(PF2 (SGeH3 ))' 

(PF(SGeH2 )) 

(GeH3 ) 4  

(PF2HS) 

(PF2s) 

(PF3  ) + 

(PFS) + 

(PF2 ) +  

(PS) + 

(PF) + 

(sH2 ) + 

(S) 

(P) +  

(FH) + 

(PF2S)t,F2  + 
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3.3.5. Chemical Characterisation 

Characterisation of the compound was completed by its 

reaction with chlorine, hydrogen chloride and hydrogen bromide. 

The reactions with Cl2  and HBr were carried out in n.m.r. tubes 

and in each case the only products observed were the expected products 

according to equations (1) and (2)0 

	

GeSPF2  + Cl2 	 ) GeK3C1 + (S)PF2 C1 	. . . (1) 

	

H3GeSPF2  + HBr 	) GeH3Br + (S)PF2H 	. , . (2) 

The products were identified by 31P and 1 H n.m.r. spectroscopy. 

The reaction of GeE3SPF2  with NC]. was carried out on an 

analytical scale. The products were separated by fractional trap 

to trap distillation and, after the quantities were measured, 

identified by infra-red and n.m.r. spectroscopy. The sole products 

obtained were GeH3C1 and (S)PF2N as expected. 

3.4. Donor Reactions of Phosphorus. 

A great deal of interest in phosphorus(III)chemistry lies 

in the behavior of these compounds as Lewis Bases. Many of the 

studies concerning fluorophosphines thave attempted to link the 

dative bond strength for the Bff3  adducts to the magnitude of 

Rudolph and Schultz (104) reported that for a series of phosphines 

such as Me3 _ 	: PFBE3, I5_PF:BK3 , PF2X (X = F,. Cl, Br) there was 

an emperial relationship between J and the dative bond strength,PB  

but in cases where the phosphines were of different types, the 

correlation was not carried over. Cowley and Damasco (105) 

studied a series of 15 different phosphines and also concluded that 

such a correlation existed, and it was explained as a combination 

of C effects, dative n bonding from substituents on the phosphine, 
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and borane hyperconjugation, arising from. interaction between 

the B-if bonding electrons and the phosphorus 3d orbitals. 

Foester and Cohn (21) paid particular attention to the effects of 

(p-d) w bonding in the series NePF2 ,. Me2NPF2 , MeOPF2 , MeSPF2 , 

(MeS) 2PF. The value of 	mirrored the base strength except 

for CH3PF2 , which is the strongest'base but has an intermediate 

coupling constant, and the series also reflected the smaller extent 

of (p-d) -w bonding expected. 

The borane adduct of GeH3SPF2  was prepared in solution in a 

sealed n.m.r. tube and the parameters are shown in table 3.5. 

The adduct was characterised by direct observation of all the 

magnetic nuclei. All spectra showed first order splitting patterns, 

The 31P spectrum appeared as a triplet 1  1 = 1255Hz) of 1:1:1:1PF  

quartets i PB = 47Kz), centred at LP = 193.9ppm. The 

spectrum consisted of a doublet 1PF = 1255Hz) of 1:3:3:1  quartets 

( 3j. 
	

= 18.2Hz). No coupling was observed to the boron atom. 

1 The B spectrunLconsistéd of a 1:3:3:1 quartet i BH = 

102.8Hz) of 1:1 doublets( PB  = 47Hz) centred at .6B = -60.6ppm. 

The 1  R spectrum showed a doublet (3j P(GeH = 8.7Hz) of triplets 
3 / 

F(GeH . = 2.0Hz) at 5ff = 5.17ppm, and a very broad 1:1:1:1 
3 ' 

quartet centred at 61T = 0.98ppm. Each broad line had the appear-

ance of a 1:3:3:1 quartet, but this in:-fact arises from the 

coincidence of the values of 2p(BH)  and  3 p(BH3 ) and is an 

overlapping doublet 2p(BH)  =16Hz) of triplets ( 31 ()  = 

18.2Hz). These spectra are shown in figures 3.4 and 3.5. 

The value of 1  1 pB 
 is consistent with the idea of (p-d)'rr 

bonding increasing the base strength of the phosphine (21). 

Although this effect is smaller when second row elements are 



TABLE 3.5. 

N.m.r* parameters of some fluorophospine-borane and molybdenum- 

tetracarbonyl adducts. 

Chemical shifts (ppm) 

A B C D E F 

SE 5.2 2.4 3.6 - .9 - 

SB' 1.0 n.o. n.o. 1.3 - - 

SB -60.6 -58.1 -65.0 -56.8 - - 

SF -54.1 -68.1 -65.6 -56.6 -15.7 -27.6 

SF' - - 
- -57.8 - - 

SP 193.9 164.9 93.7 182.1 226.6 156.3 

SI" - - 
- 200.8 - - 

Coupling Constants Hz 

1255 1235 1280 1267 1201 1299 
PF 

- 1336 - - 

3PF' - - 

PB 41.4 69.3 n.o. - - 

102.8 101.3 98.1+ 107 - - 

1.6 n.o. n.o. 12 - - 

2J - - 
- 68 1+5 82 

pp 

31 8.7 12.1+ 11.2 - - - 

PH 

31 - - 
- 3 47 

PF - 

18.2 15.1 15.1 19 - - 

FE' 

FR 2.0 2.1+ n.o. - - - 

41  - - - 75 
FF' - 

41 - - - n.o. 0.0 
FF' ' - 

43 



TABLE 3.5. (Cont). 

Reference A Geff3SPF2 (BH') 

B CH3SPF2 (BE' 3 ) 	(21) 

C CH3OPF2 (BK' 3 ) 	(21) 

D F' 2P'SPF2 (BH' 3 ) (38) 

E cis (GeR3SPF2)2Mo(CO)4 

F s(PF2)2Mo(CO)k  (38) 

44 
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Figure 3.4, N.m.r. spectra of GeH3SPFBH3 
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involved (hence 1 1 PH  for CH3SPF2 :BH3  (41.4Hz) is less than for 

CH3OPF2 :BH3  (69.3Hz)), the -w system will be extended throughout 

the molecule in GeH3SPF2 ,. involving the vacant germanium d-orbitals 

also, hence the greater value for 1 1PH in GeH 3SPF2 :BH3 . 

GeH3SPF2  undergoes a displacement reaction with tetracarbonyl 

(norbornadiene) molybdenum (0) to farm the bis-substituted 

(Geff3SPF2 ) 2Mo(CO) 4. The spectra were second order but not as 

complex as the (A(X) 2 ) 2  systems observed in the case of the 

corresponding (PF2 ) 2S and (PF2 ) 2Se adducts. This is probably 

because the - long--;, range F ... F and P...F interactions are much smaller 

as a result of the lack of constraint when two ligands are involved 

rather than a bidentate ligand. The complex is observed in the 

spectrum as a basic triplet, with the central peak flanked by two 

small doublets, and the outer peaks flanked by two peaks, as shown 

in figure 3.6(a). The chemical shift is 226.6ppm, with the triplet 

splitting 1197Hz, which is a measure of 	31 P (40).  ThePF 

spectrum shows only slight second order effects, and is basically 

- 

	

	a doublet (splitting 1197ffz) centred at SF = -15.7ppm with two 

smaller peaks associated with each of the main peaks. When proton 

coupling, is retained, no effect is seen in the fluorine spectrum, 

as can be seen in the figure 3.6(b). 

3.5. Reactions with Four-Coordinate Pt(II) Systems. 

Platinum (II) systems are reactive to a wide range of substrates. 

The important reaction to consider here is the oxidation addition 

process. In most systems this involves the formation of an 

octahedral Pt(IV) intermediate which then decomposes, usually with 

the loss of HX, H2  or X2  to the new Pt (II) compound, shown 

schematically in (3) below. 
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Figure 3.6. N.m.r. spectra of (CO)Mo(pF2sGeH3)2 
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XPtY + AB 	 X-7Pt—B 	 • . (3) .i ) 

PEt I 

	

pt 	 Y. 

	

V 	 (-Ax) 	 J,(_ XY) 	'N-BY) 

	

• 	 PEt V' 	 PEt' 	 PEt 

Y—Pt—B 	 A—Pt—B 	 X—Pt—A 

	

I 	 I 	 I 
PEt3 	 PEt3 	 PEt3  

It is seen that many different products can be formed by the 

decomposition of the octhedral intermediate, depending on the 

relative stabilities of the products, and the relative rates of 

elimination. A great deal of work has concentrated on the 

formation of platinum hydrides of main group elements, by the 

oxidative addition of the M-H bond (107, 108) for example equation 

(4) shows the reaction of Ge9Zwith trans-C1 2Pt(PEt3 ) 2 . 

PEt 	 . 	GeHC1 	 PEt 

	

3 	 2 	 3 
PEt 

	

__ 	'-3 
Ci Pt Cl + GeH C 	) Cl—Pt—H 	) C1—Pt----GeH Cl ...(+) 

• 	PEt' 
3 	

(-Hc1) 	
2 

	

PEt3 	 C]. 	 PEt3  

In this case, free HC1 can react with the starting material 

to set up an equilibrium mixture of the trans-C1 2Pt(PEt3 ) 2  and 

trans -HPtC1(PEt 3 ) 2  as in equation (5). 

	

PEt3 	 if 	 PEt3  

1 PEt 
3 	 I __ __/ 

	

C1—Pt----C]. + HC1 	) Cl Pt—Cl 	): H—Pt------Cl  

I 	 PEt3 I 

	

PEt3 	 Cl 	 PEt3  

• 

	

	Recent attention has been shown to the reaction of PF 2  

compounds with platinum (II) systems (109). The reaction of 

(Y)PF2H with such compounds appears to be straightforward oxidativel' 
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addition of the P-H bond to form a mixture of the compounds 

trans_XPt(PF2 (Y))(PEt3 ) 2  and trans_HPt(PF2 (Y))(PEt3 ) 2a8 in 

equation (6). 

P 	 H 	 p 	 P 

I 	
1/P 	 i 

X—Pt—X + (Y)PF2B —3 X-7Pt--PF2 (Y) -- 9 X—Pt--L + H—Pt—L 	...(6) 

(P= PEt3 ; L = PF2 (Y)..) 

PF2C1 also appears to react in this way, forming the unstable 

C1Pt(PF2HXPEt3)2 , which reacts further to form the binclear 

cationic species (Cl(PEt3)2Pt_PFPt(PEt3)2C1). This would 

involve a third type of reaction, displacement of a halide ion by 

a neutral phosphine, forming the singly charged Pt (II) cation. 

GeH3SPF2  therefore provides an interesting substrate for 

study. There are three possible routes of reaction shown in 

figure 3.7. The fluorophosphifle may displace another ligand: there 

may be oxidative addition with a P-S, a Ge-S or more likely a 

Ge-H bond adding across the platinum, perhaps followed by 

elimination: or there may be an exchange reaction with an SPF2  

or an SGeW3  group displacing another ligand. 

The reactions were carried out in sealed n.m.r. tubes and 

followed by 31P n.m.r. spectroscopy. The products observed are 

summarised in table 36. 	No six coordinate intermediates were 

observed, and the reactions appeared to proceed by the straight-

forward substitution of the halide by the PF 2S group, and 

evolution of GeH X. 

3,5.1. Reaction with trans-C12Pt(PEt3 ) 2  

The reaction was carried out in a sealed n.mr. tube with 

S. 
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CJC12  as the solvent, and the reaction proceeded rapidly as the 

mixture was warmed to room temperature. No evidence for any 

six-coordinate intermediates was observed (Identifiable by the 

small 'value of 1  1 	 (1600 - 1800Hz). In the proton decoupledPtP  

n.m.r. spectrum, a 1:2:1 triplet 1  1 	 = 1162Hz) of 1:1:1PF  
triplets-( 2 IT. 	= 24.4Hz) was observed at SP = 131.7 ppm, in thePp 

pentavalent fluorophosphine region of the spectrum. Platinum 

sateItes were identified as being associated with these peaks, 

with a coupling constant 1  1 	 = 5317Hz. In the ethylphosphinePtp 

region of the spectrum, a doublet ( 2J, = 24.14Hz) of triplets 

31 pF = 9H-z) was observed at SP = 18.9 ppm, with assoctd 

satellites observed with a coupling constant 1  1 = 2351Hz.PtP  
This was identified as trans-PtC1(PEt 3 ) 2 (PF2S) (109). Also 

observed were two single peaks in the ethylphosphine region, at 

SP = 16.0 ppm, 1  j 	 = 2192Hz and SP = 14.7 ppm, 1  1 	 = 2270Hz,Ptp 

which were not identifed. Germyl chloride was observed in the 

proton spectrum. 

3.5.2. Reaction with trans-PtEC1(PEt3 ) 2 . 

The reaction mixture was warmed to room temperature, and 

initially a 1:2:1 triplet of broad peaks J = 1201Hz) with
PF  

associated platinum satellites 1PP = 3062Hz), was observed at 

8? = 218.4 ppm. In the ethyiphosphine region, a broad peak was 

observed at 6? = 18.6 ppm. On cooling the reaction mixture to 

223K, the fine structure of the peaks was resolved, and a further 

triplet splitting ( 2J, = 29.3Hz) was observed in the fluorophosphine 

region. The ethyiphosphine signal was resolved into a doublet 

( 2  J 	= 29.3Hz) of triplets (3j PF = 6.1Hz), and platinum satellitesPP  

were observed with 1 1 	 = 2490Hz. At room temperature, withPtp 
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Figure 3.7. 

Three possible reactions of GeH 3SPF2  with trans-X2PtP2. 
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TABLE 3.6. 

Summary of reactions of GeH3SPF2  with 4-coordinate Pt(II) systems. 

Product XPtP2PF2S HPtP2PF2S Ger3X 	Other 

Substrate 

t-C22 .Pt(PEt3 ) 2  GeE3 C1 

t-HPtC1(PEt3 ) 2 1110,  GeK3C1 

t-I2Pt (PEt3)2  x GeH3I 	GeH3C1 

HPt(PEt3 ) 3 (BPh) GeH3 C1 	PEt3 
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proton coupling retained, a trans-proton coupling to the fluoro-

phosphine group was observed 2PH = 266Hz). This species was 

identified as trans-PtH(PEt3 ) 2 (PF2S). This product decomposed 

slowly at room temperature, to give trans-PtCl(PEt 3 ) 2 (PF2S) as 

the only product. GeH 3C1 was observed in the proton spectrum, 

but no Geffk  as would be expected from the decomposition. This 

suggests that the solvent, chloroform, must be involved in the 

reaction. / 

3.5.3. Reaction with trans-I apt, (PEt3 ) 2 . 

This reaction proceeded rapidly even at low temperature. At 

193K, a triplet 1PF = 1177Hz) of triplets Jpp  = 20.7Hz) with 

platinum satellites 1ptP = 5268Hz) was observed at SP = 138.4 ppm. 

Associated with this signal was a doublet ( 2J = 19.5Hz) ofPP 

triplets 	= 9.7Hz) at GP = 11.8 ppm, with platinum satellites 

observed with a coupling constant 1 1 	 = 2378Hz. This speciesPtP  

was identified as trans-PtI(PEt 3 ) 2 (PF2S) by comparison of the 

n.m.r. parameters with recorded data (109). In the proton spectrum, 

a small amount of GeH3I was observed, but about four times as 

much GeH3C1 was identified. 

3.5.4.. Reaction with PtH(PEt 3 ) 3 (BPbi4 ). 

The reaction proceeded c1ea'1y and rapidly at room temperature 

to give a species with similar 31P n.m.r. parameters to those 

observed in the case of trans-PtH(PEt3 )2 (PF2S), i.e. SPF2  = 

219.7 ppm, 1 1 PF = 1201Hz, 1  1 ptp = 3054Hz, 2 JPH = 268Hz, SPEt 3  = 

15.0 ppm. Free triethyl phosphine was observed when the sample 

was cooled to 190K,. at 6? = 18.2 ppm. The fine structure of the 

peaks was resolved, showing 2 
1 = 29.3Hz, 1PtPEt3 = 2468Hz,PP 
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SPEt3  = 18.1 ppm. In this case, decomposition to the chloride 

does not occur, but GeH3C1 Is observed in the proton spectrum. 

This is unexpected, and the solvent, dichioromethane, must be 

Involved in some way. One possible mechanism has been propsed 

which involves an unstable triethyl(germyl)phosphonium 

intermediate, which could react with dichioromethane to give 

chiorogermane. 

36. The Reaction of GeH3SPF2  with Chiorodiphenyiphosphirte. 

This reaction was performed to investigate the possible use 

of GeH3SPF2  as a synthetic intermediate to prepare mixed alkyl-

phosphine - fluorophosphine systems (17) 9  The reaction proceeded 

at room temperature and several products were observed. The 

major signal observed in the phosporus n.m.re spectrum was a 

triplet 	J= 127kHz) of doublets ( 1J = 366Hz) centred at SP =PP PF 

llLf.O. ppm; associated with a doublet ( 1J, = 366Hz) of triplets 

pF = 18.3Hz) centred at SP = -1.9 ppm. This was assigned to 

the mixea alkyiphosphine - uluorophosphine species (S)PF 2PPh2  by 

comparison with the parameters observed for (S)PF 2PMe2  (18). No 

evidence for the completely reduced species F 2PSPPh2  was observed. 

One other fluorophosphine species was observed, a triplet 

PF = 1157Hz) at SP = 68.7 ppm, assigned as (S)PF2IT. 

Two single lines were observed, and assigned to PPh2C1 

(Si' = 81.8 ppm) and PPh3  (BP = 22.9 ppm). Also observed was an 

AB pattern, the two lines to high frequency centred at Si' = 45.1pprn 

and showing a1itting 1 J = 253.9Hz. The two low freqeuncyPP  

lines wer.ésèparated by the same amount, and centred at Si' = -13.3ppm 

This was identified as (S)PPh 2PPh2  with reference to the parameters 

reported by Harris for (S)PMe 2PMe2  (110). The presence of this 
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compound would seem to indicate that some cleavage of the 

P-S bond also occurs, giving PPh2 (SGeR3 ) as an intermediate, which 

must react with free chlorodiphenylphosphine to give (PPh 2PPh2 . 

3.7. Conclusions. 

The reactions of difluoro(gerrnylthio)phosphine described 

in the preceeding sections are quite representative of the chemical 

properties of the compound. The reactivity of the compound 

appears to be governed by the strength of the Ge-S bond, and the 

cleavage of this bond. is the key to the use of GeH 3SPF2  as a 

synthetic intermediate. In this way It could be used in the same 

way as (PF2 ) 2Sto introduce thiodifluorophosphine- or germyl 

groups into a wide range of compounds. 

The reaction of (PF2 ) 2S with alcohols and thiols have already 

been discussed (18). The equivalent reactions involving 

GeH3SPF2  would result in the formation of germyl ethers and esters, 

as shown in equation (7). 

GeH3SPF2  + POH 	) 	Gea3OR + (s)PF2R 	. . . . (7) 

Recent extensions of the reaction of (P12 ) 2S with ROH species 

has led to the formation of (0)P(OPF 2 ) 3  (23). The corresponding 

germyl compound (0)P(POGeff3 ) 3  could be prepared from difluoro-

(germythio)phosphine. Other reactions involving the cleavage of 

the Ge-S bond leading to novel compounds are those with the 

heavier main group element halides, for example trialkyl tin 

halides and dialkyl arsines and stibines. 

The other majoruse of Ge}r3SPF2  is in the field of mixed 

metal compounds. The donor properties of the phosphorus atom 

towards Lewis acids have been demonstrated. If the lone pair 
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position could be blocked with the Mo(CO)k  group, the reactivity 

of the GeE3  group towards platinum (II) oriridium (I) complexes 

might be enhanced, with the possibility that a mixed molybdenum-

platinum complex could be formed, linked ,by a P-S-Ge bridge. 

Alternatively, a mixed molybdenum-platinum complex linked by a 

P-S bridge would be formed if a germyl halide was preferentially 

eliminated (equation (8) and (9)). 

(0C)Mo(PF2SGeK3 ) 2  + 2trans-PtX2 (PEt3 ) 2  

((PEt3)2X2PtGeH2SPF22Mo(CO)k . 	. ( 8) 

(0C)Mo(PF2SGeH3 ) 2  + 2trans-PtX2 (PEt3 ) 2  

((PEt3)2XPtSPF2 4.2Mo(C0) k 	• • • (9) 

The same principle could be used to form mixed metal 

compounds linked by a fluorophosphine-sulphur-alkylphosphine 

bridge. This could arise from the reaction between coordinated 

GeE3SPF2  and coordinated PP2X, eliminating GeH3X. This might 

result in an. eight-membered ring compound as shown in equation (10). 

(OC)4}4o(PF2SGeH3)2 + (PPh2C 1 )2Mo ( C0) k 

(CO) No' 	Mo(C0),4  

	

F 2  P 	 (] 

Alternatively, reaction of the coordinated GeH3SPF2  with 

free PP 2X might lead initially to the formation of unidentate 

F2PSPP2 , which could go bidentate with the displacement of 

unreacted GeH3SPF2  (equation (ii)). 

(OC) 4Mo(PF2SGeH3 ) 2  +2PPh2Cl 	) (OC)4Mo(PF2SPPh2 )2 +  

(0 C) 146
elePF2SPPI12 	 PPh 

) 	(CC) 	 + (PFS)PPh  
PF2SPPh2 	

L4, 	 2 	2 



There are therefore a wealth of reactions which could be 

investigated, leading to a wide range of products. The reaction 

involving mixed metal formation would be especially interesting 

in line with the current investigations in this field. 



CHAPTER 1 

4.1. Introduction 

Structural Studies of (PF2 ) 2Y (18, 1+3,111,112) and (MH3 ) 2 Y 

(113-118) have concentrated on the size of the angle at Y. and 

the bond lengths associated. with the central atom. The wide angles 

and short bond lengths when Y is oxygen (113, 116) led to 

suggestions that significant (p-d)n' bonding occurred from the lone 

pairs of' the oxygen. to the vacant d-orbitals of the phosphorus, 

silicon or germanium atoms. When Y is sulphur or selenium (111+-

117), the bond lengths and angles are found to be much closer to 

predicted values, and the conclusion is that (p-d)ff Interactions 

are not so important in these cases. 

An alternative explanation of bond lengths and angles has 

been developed from Bartell's concept of "hard sphere" radii (119). 

While bond lengths are determined by valence forces, bond angles 

are governed mainly by non-bonded forces between nearest 

neighbour atoms.. From these non-bonded contact distances, hard 

sphere radii were obtained for atoms bonded to a common central 

atom, and the sum of two such radii is a good estimate of the 

distance of minimum approach for the two atoms concerned. The 

intial studies related to carbon as the central atom, but later 

work has extended this to silyl derivatives of nitrogen and some 

fluorophosphine compounds, the latter study investigating 

specifically the non-bonded F....F distance In F 2  P moieties. Clearly 

these interactions will be important in determining the conformation 

of a molecule such as GeH3SPF2 , where the P...Ge non-bonded 

distance will have a bearing on any interactions between the 

fluorine and hydrogen atoms. 

As well as these bonds and angles being important, the other 
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parameters to be considered are the twists of the PF 2  and GeH3  

groups about the P-S and Ge-S bonds respectively. The symmetric 

molecules (PF2 ) 2Y and (MR3 ) 2Y show no twist about hese bonds, 

only a large amplitude of vibration about the mean position. As 

has been described earlier, the PF2  group in GeH3SPF2  might be 

expected to be fixed in a position almost 180 °  from the defined 

zero (see figure 4.1.),br1nging the lone pair of the phsophorus 

trans to the Ge-S bond and the fluorine atoms within possible 

hydrogen bonded distance of the GeH 3  group. Although a great deal 

of spectroscopic evidence has been presented for Ii...F interactions 

in this and similar compounds (1+3,103) very little direct structural 

evidence is available. Schmutzler (34) has interpreted the 

nuclear magnetic resonance spectra of some alkyithiofluorophos-

phoranes showing non-equivalent axial fluorines in terms of the 

interaction between one fluorine and the alkyl protons. Ebsworth 

(lii, 47) has used similar arguments to describe the possible 

structures of some germylarninodifluorophosphines having the lone 

pairs of the phosphorus atom trans to the it-Ge bond, thus 

maximising 2 J and minimising 3J. There is structural evidencePH  

for H...F interactions in HPF2  (NH 2 ) 2  (120) and, PF2NH2  has been 

shown to exist in two conformations in the gas phase, the major 

conformation with C 2  symmetry being stabilised by four such 

interactions, and the minor conformation showing only two interactions. 

More recently, PF2NHMe has also been shown to behave in such a 

way. It is not unreasonable therefore to expect a study of the 

structure of GeH3SPF2  to confirm that the orientation of the PF 2  

group will be such that at least one H...F contact is of the order 

of 260pm. 
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4.2. Molecular Model 

The starting point for the definition of the molecular 

model was to assume that the GeH3S group possessed local C3  

symmetry, and the PF2S group local C 5  symmetry. The.- .molecule 

was defined in terms of the P-F, P-S, S-Ge and -  Ge-R bond distances, 

the angles. PSGe, SGeH, FPF and FPS, and the two twist angles 

describing the rotation of the GeK3  and P?2  units about the Ge-S 

and P-S bonds respectively. 

The intial orientation of the molecule, with both twist angles 

zero, consisted of one hydrogen atom in the same plane as the 

PSGe skeleton and trans to the P-S bond. The bisector of the FPF 

angle was also in this plane and trans to the Ge-S bond. With the 

sulphur atom placed at the origin, this conformation is shown in 

figure 4.1. 

R 
F 

\P% 	 _  __ S )X 

Figure 4.1. 

A positive twist angle was defined as a clockwise rotation 

about the bond in question, when viewed from the phosphorus atom 

or germanium atom towards the sulphur atom. The combination of 

two general subroutines defining respectively the coordinates of 

an XMH3  group and an XPF2  group enabled the model to be easily 

compiled. 

There was no evidence to suggest that there would be any 

problems arising from a mixture of conformers as was the case in 

the recent study of (PF2 ) 2NH by Huntly (49). The radial distribution 
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curve did not appear to show any impurities as was the case in 

the studies of (PF2 ) 25 and (PF2 ) 2Se. which necessitated the 

inclusion of a correction factor for the presence of .(S)PF 2E or 

(Se) PP2  H. 

4.3. Refinement. 

With the bonded distances and bond angles set at typical 

values, a series of refinements was carried out to determine 

which of the parameters would refine satisfactorily. These 

proved to be the P-S, Ge-S, Ge-H and P-F bond distances, and the 

PSGe and FPS bond angles. The amplitudes-of the P-F bonded 

distance and F ... S and P...Ge non bonded distances refined 

satisfactorily and also, when tied together the P-S and Ge-S 

amplitudes. When other parameters were allowed to refine with this 

combination the value of Rg  was unstable and invariably increased. 

With the above parameters refining freely, several R 
V 

factor loops were carried out to fix the other parameters at 

their optimum values. This entailed plotting the value of R  over 

a wide range of values of the parameters in question. In this way 

the SGeE and FF bond angles were determined, and the two twist 

angles about the P-S and Ge-S bonds. These parameters were then 

included in the combination of refining parameters, but this was 

not entirely satisfactory. The F?F ang1e did not move significantly 

from the value obtained from the R  plot. When the P-S twist angle 

was allowed to refine the e.s.d. observed was very large comapred 

to the errors observed for the other refining angles, so this 

parameter was fixed. On refining the SGeH or GeS twist angles 

the value of R  increased rapidly, and the effect was seen in the 
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correlation matrix, so these values were also fixed. The R  
loops are shown in graph form in figures 4.5. to 4.8., plotting 

R against angle. 
Most of the significant amplitudes refined satisfactorily, 

the exception being that related to the F ... Ge distances. When 

this was allowed to refine the value rose dramatically, and the 

e.s.d. was much greater than the other e.s.d's listed. The 

independent parameter having the greatest effect on this amplitude 

is obviouslythe PS twist angle, so a series of P-factor loops 

were •carried out on this angle, with the amplitude fixed at 

different values from 15 to 35 pm. These plots are shown in figure 

4.9. and suggest that a value of about 25 pm is the optimum setting, 

The final value of Pg  was 0.08. 

+.k. Results and Discussion. 

The parameters obtained in the refinement are given in table 

4.3. while elements of the correlation matrix and the weighting 

function correlarion parameters and scale factor information are 

presented in tables 4.2. and 4.1. 	The intensity data and radial 

distribution curves are shown in figures 4.2. to 4.4. 

The bond lengths are all slightly longer than might be 

expected when compared with the Shoemaker-Stevenson calculated 

values (121). With these values being higher than expected, the 

possibility of an overall sealing error must be considered. The 

calibration procedure used for wavelength determination should 

eliminate this possibility. The 'procedure involves recording the 

diffraction patterns of benzene and of GeE 3SPF2  in the same 

experiment, and analysing the benzene structure as if it were an 

unknown compound. The wavelength is then adjusted to bring the 



TABLE 4.1. 

Weighting functions, correlation paramenters and scale factors. 

Camera 	S 	S
min 	swi 	sw 	max 2 	s 	p/h 	Scale 

height 	 factor 

mm 	nm 	nm 	nm 	nm 	nm 

128.35 L. 60 80 280 300 0.20 0.866(19) 

285.56 2 30 38 120 138 0.25 0.854(17) 

64 
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TABLE 4.2. 

Least squares correlation matrix multiplied by 100 (only elements 

greater than 50 are included). 

ri 	r2 	r3 	rk 	.l 	42 43 	ul 	u3 	u6 	u7 	Id 	k2 

100 	54 61 ri 

100 	 51 -51 r2 

100 	81 	-79 61 r3 

100 r4 

100 	-84 59 1 

100 -63 2 

100 3 

100 ul 

100 	 58 u3 

100 u6 

100 u7 

100 	63 ki 

100 k2 



TABLE 4,3. 

Molecular parameters for Ge!t3 '2  (a) 

Distance/pm 	Amplitude/pm 
Independent Distances 

1 P-s 	 211.5(8) 
5.6(8) 

r 2 Ge-S 	 225.6(4) 

r 3 P-F 	 159.0(9) 	 5.7(5) 

r Lf Ge-R 	 153.8(15) 	 7.1(fixed) 

Dependent Distances 

d 5 F ... F 238.3(14) 6.7(fixed) 

d 6 S..F 285.7(13) 8.5(6) 

d 7 Ge ... P 332.6(17) 12.5(9) 

d 8 Ge...F 299.5(18) 
22.3 ( fixed) 

d 9 Ge...F 350.6(16) 

Shortest F...H 271.3(17) 

Independent Angles 
/0 

1 Ge-S-P 99.0(6) 

£ 2 F-P-F 97.0(10) 

L3 S-P-F 99.9(4) 

L k S-Ge-s 110 	(3) 	(b) 

L 5 PF2  twist 161.8(17) 	(b) 

6 GeE3  twist 29 	(14) 	('b) 

All distances are ras quoted errors are estimated standard 

deviations obtained in the least squares analysis, increased 

to allow for systematic errors. 

See text. 



a) Camera height = 128 mm 

-1 nm 

ça —, 
01 

Figure 4.2. Intensity data. 
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Figure 4.3. Combined intensity data. 

Figure 11.4.  Radial distribution curve. 
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C-C distance of benzene to 139.70 pm, thereby eliminating the 

possibility of a systematic scaling error. 

The P-S bond length (211.5 pm) is slightly shorter than that 

observed in (PF2 ) 2S (212.7 pm) (18) and longer than the equivalent 

bond in PF2SCE3  (207.6 pm) (63) . The Ge-S bond on the other hand 

is significantly longer than the bond length observed in (GeH3 ) 2S 

(220.9 pm) (ilk):  As the expected Ge-S bond length, based on co- 

valent radii derived from structures of ethane (119), dimethylsuiphide 

(122) and methylgermane (123) is 221.3 pm, the observed bond 

length of 225.6 pm must be regarded as being exceptionally long. 

The P-F (159.0 pm) and Ge-a (153.8  pm) bond lengths are 

longer than observed in (PF2 ) 2S (157.3 pm) and (Geff3 ) 2S (151.2 pm), 

and while the two P-F bonds have been defined as being of equal 

length, and likewise the three Ge-H bonds, there is probably a 

difference in size between the bonds to the fluorine and hydrogen 

atoms which are interacting, and the bonds to the remaining fluorine 

and hydrogen atoms. The FF angle (97.00)  is slightly narrower 

than is found in..(PF2 ) 2S (97.50 ), although the values are within 

experimental error,and the non-bonded F ... F distance of 238.3 pm 

compares well with the sum of the hard sphere radii for fluorines 

bonded to phosphorus (238 pm) while the distance in (PF2 ) 25 

(236 pm) is smaller than this figure. 

The twist of the PF2  group about the P-S bond and the GeH3  

group about the Ge-S bond clearly shows that some interaction 

between the fluorine and hydrogen atoms is present. (In the 

diagram of the molecule shown in figure 4.10,  the P_F (1)  bond 

and the Ge_H (1)  bond are almost coplanar). This twist contrasts 

with the symmetric sulphides where (PF 2 ) 2S is described as having 

a large torsional vibration about the zero position with each 



GEH3SPF2 

75 

Figure i+.iO.. 

Configuration of GeE3SPF2 
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phosphorus lone pair eclipsing the further S-P bond, and (GeH 3 ) 2S 

is described as having opposite twists of about 150  about each 

Ge-S bond, to preserve the overall symmetry of the molecule. 

CI5SPF2  exhibits a smaller twist angle (1100) but this does bring 

the fluorine and hydrogen atoms closer together than in GeSPF2, 

the closest F...H'distance in CHSPF2  being about 265 pm, 

compared to 271.3 pm in GeH3SPF2 . This smaller twist is no doubt 

as a result of the CH  group being closer to the PF2  group because 

of the shorter C-S bond length. These F...H distances compare 

with a value o.f 255 pm for the sum of the van der Waal's radii of 

fluorine and hydrogen. Some notably short F...H distances which 

complete a five-membered ring are observed in PF 2N(C 3 ) 2  (253 pm) 

(8) 9, PF2NKSIH3  (267 pm) (11) and PF2 C6H 5  (228.3 pm) (124).  The 

major conformer of PF2NHSiK3  is also stabilised by a short N(H)...F 

interaction of 252.pm (11), with the minor conformer showing two 

N(H) ... F interactions with the separation slightly wider. 

These distances would appear to indicate that other factors 

should also be takeninto consideration. The value of r(P...Ge), 

333.5 pm is significantly larger than the sum of the hard sphere 

radii of phosphorus and germanium bonded to sulphur, so there is 

no real problem sterically. If the FPSGeH ring were completely 

coplanar the F ... H distance would be of the order of 210 pm. 

This is obviously too close, but there is still no real steric 

hindrance even if the atoms were separated by the sum of their 

Van der Waal's radii. The conclusion must be that the conformation 

is not strained. 

The bond angle at sulphur is the same as that in (GeH3 ) 2S, 

but wider than (PF2 ) 2 S and slightly narrower than CH 3SPF2 . In 

(PF2 ) 2S, the lone pairs of the phosphorus atoms are pointing 
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towards each other, but the steric interaction of the two groups 

is minimal, hence the narrower angle at sulphur. In CH 3SPF2  the 

methyl group is closer to the PF2  group generally, hence the wider 

PSC angle and smaller twist angle than GeH3SPF2 . The relevant 

parameters for these molecules and some other fluorophosphine 

compounds are compared in table +.Ll. 

The early-predictions of Arnold (id, 103) concerning the 

structure of GeSPF2  have been confirmed. The structure also 

supports the conclusions of Ebsworth (11(a), 147) and Sc2tzler (314) 

about the possible structures of other group IV fluorophosphine 

and fluorophosphorane compounds. Structural studies of these 

compounds would be very useful for comparative purposes, as would 

low temperature x-ray crystal studies. This would show any 

association in the solid phase, and any change of conformation 

caused by such association. 



TABLE 4.4. 

Comparison of some structural parameters of GeE3 SPF2  with r1ated 

compounds, X-Y-PF 

X Y r(P-X) r(X-Y) r(P-F) (XYP) (FPF) Shortest 

r((M)H ... F) 

GeK3  S 211.5 225.6 159.0 99.0 197.0 271.3 

CH  S 207.6 157.7 103.2 98.1 267 

PF2  S 212.7 - 157.3 95.6 97.5 - 

(GeIr3 ) 2  S - 2.209 - 98.9 - - 

Ca3  NCH  168.0 147.9 158.3  122.0 95.3 253 

CK3 . NH 164.8 144.8 159.3 125.3 94.1 250 

NH 166.1 158.1 95.3 - 

SiR3  NH 165. 14. 157.14. 127.9 100.8 267 

73 
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CHAPTER 5 

5.1. Introduction 

Nucleophilic substitution of halides has always been a 

particularly useful synthetic route, which is not confined to 

organic chemistry. There hatbeensome attempt5 recently to 

introduce small inorganic groups into molecules with a certain 

amount of success. Jessep (125) was able to generate the (YSIH 3 Y 

ions (Y=S,Se) and reacted them with several different systems with 

a view to forming new compounds containing silicon-sulphur 

linkages. The analogous fluorophosphine anions (YPF 2 5, (YO,S,.Se) 

have been reported (24,. 78 9. 126), but no attempts have been 

made to characterize them. Chariton (24) observed in the reaction 

between. trimethylamine and (B)PF2H a white solid in acetonitrile 

at .238K. The proton magnetic resonance spectrum showed the 

presence of the trimethylammonium ion and the 19F spectrum 

showed a simple doublet at SF = -34ppm, with a coupling constant 

= 1180Hz. This signal was assigned to the ion (SPF2 )_ but 

it was stated that "... because of the extreme instability of 

the species in solution further characterization was not possible". 

Centofani (78) has identified the oxygen analogue, and Campbell 

(126) observed some evidence for (SePF2 ). 

The intention was to carry out a preliminary study on these 

systems, and expand on those experiments offering a chance of 

success. Although some evidence for new compounds was observed, 

the study showed severe limitations in the use of these anions as 

synthetic intermediates, and no preparative experiments were 

attempted. 

5.2/ 



5.2. The reactions of (Y)PF2H with strong base. 

The reactions of the fluorophosphoryl compounds with 

trimethylamine were carried out in sealed n.m.r. tubes at 220K, 

using deuteriated chloroform as solvent. Products were identified 

by phosphorus n.m,r. spectroscopy. In each case, when the reaction 

mixture was warmed to room temperature 'a yellow solid was 

deposited and the only product observed in the spectrum was PF3 . 

5.2.1. (0)PF2H + Me3N 

When the reaction mixture was warmed to 220K, a triplet 

was observed in the phosphorus spectrum, (proton decoupled), 

crvtred at SP = 125.6ppm, with a coupling constant 1PF = 1209Hz. 

This signal was e.ttributed to the anion (OPF 2 ) - . Other products 

observed in small but significant quantities were a quartet 

= 11+00Hz) centred at SP = 10 1 ppni 9  identified as PF3 , and a 

doublet 	= 975Hz) centred at 8? = 1.3ppm, which on furtherPF  

examination showed a proton coupling, 1 1 = 681Hz. AlsoPH  

observed, at very low frequency, was a doublet (J = 957Hz) of 

quintets (J = 823.6Hz) of doublets (J = 732.1Hz). These peaks 

were not initially assigned, and the fluorine spectrum was 

recorded also at 220K. In this spectrum, a doublet 1pF=  1209&z) 

was observedat SF = -17.9ppm and was assigned to (OPF 2 ) - . 

Three other signals were observed: a doublet 'PF = 976Hz) at 

SF = 36.4ppm which also showed a doublet proton coupling 

HF = 125Hz) was identified as the pentavalent phosphorus 

anion (02PFH) -  (127): the coupling constants observed in the 

other signals suggested that they were associated with the same 

species. At SF = - 57.lppm, a doublet 1PF = 825Hz) of doublets 
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= 125Hz) of doublets 2FF = 1+5Hz) was observed, with a - 

doublet 'PF = 732Hz) of quintets ( 2J = 1+5Hz) at SF = -66.5ppm.FF  

The ratio of the intensities of these two signals was approximately 

4:1,. and the identity of the product was proposed as the 

octahedral anion (HPF5). This was confirmed by comparison with 

recorded spectroscopic data (128, 129). 

5.2.3. (S)PF2H 4 Me3N 

At 220K, the phosphorus spectrum consisted of a triplet 

pF = 1181Hz) centred at 6P = 276.6ppm. Also observed were 

a quartet i= 11+00Hz) at BP = l0ppm assigned to PF3  and 

a smaller amount of unreacted (S)PF2H, observed as a triplet 

pF = 1157Hz) at SP = 68.5ppm. In the fluorine spectrum, 

complementary patterns were observed as three doublets at 

SF = -37.1ppm 	= 1191Hz) SF = -34ppm 	pF = 11+00Hz) andPF 

SF = -48.7ppm 1  P = 1157Hz). The first mentioned signal was 

assigned to the anion (SPF2 ) - . 

The same reaction was carried out in deuteriated methylene 

chloride. The resultsobtained were substantially the same as 

those observed in CDC1
31
' with a slight change of the phosphorus 

chemical shift and coupling constant of the (SPF 2 ) -  ion. 

($P = 278.0ppm, 1PF = 1183Hz). Also observed were a quartet 

assigned to PF3 ,. and two doublets, at GP = 103.Oppm9. 	= 1023HzPF  

and SP = 61.5ppm, 1pF = 1018Hz. The intensity of the signal 

from the second species decreased as the reaction mixture was 

warmed to room temperature and the species was not identified. 

The first doublet was tentatively assigned to the anion (S 2PFH) - , 

although no spectroscopic evidence for the presence of hydrogen 

was obtained. 
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5.2.3. (Se)PF2E + Me3N 

This system was studies in detail by Campbell (126). The 

results were inconclusive, and not veryr.promising for future work. 

Several attempts were made to prepare the ion (SePF 2 ) -  from this 

reaction, varying the solvent, and only one attempt gave a result 

that could have been positive. In deuteriated acetone at 200K, 

a triplet 	= 1170Hz) was observed in the phosphorus 

spectrum at 6P = 315.1ppm. This is in broad agreement with the 

paramenters reported by Campbell, but the phosphorus-selenium, 

(77 Se) coupling constant was not observed. There were two other 

signals present in the spectrum; a quartet i = 1369Hz) atPF 

8? = 89.7ppm, and a triplet 	pF = 1335Hz) at SP = 113.5ppm. 

The chemicaishift and coupling constant of the first species is 

consistent with a coordinated PF3  species, but it is difficult 

to see what the acceptor could be. The second species is 

probably (?F2 ) 20, with the difference between the observed and 

reported n.m.r. parameters attributed to the reaction conditions. 

5.2.4. Discussion 

The first point to note concerning the preceeding results 

is that they were not consistent. The experiments were 

repeated on several occasions, and although the anions were 

usually observed in the spectra, the identity of the minor 

products varied considerably, which complicated the interpretation 

of the results.. 

The generation of the anion (02PFH) was not entirely 

unexpected. Centofani has reported the decomposition of (0)PF2H 

according to equation 1, and suggested that the reaction with 



Q 
Li- 

base can be represented by equation 2 (127). 

2(0)PF2H 	 ) 	
PF3  + HPF(0)(OH) 

2(0)PF2K + Me3N 	 PF3  + ( O2PH)(Me3  NH) ' .02 

This has been rationalised by the suggestion that in the 

liquid phase, (0)PF2H. is associated- through extensive (p-d)W 

donation between the oxygen and phosphorus atoms forming chains 

of molecules as in figure 5.1.a), hence facilitating 

disproportionation. Association through hydrogen bond interactions 

is also possible, but the decomposition would be a different route 

(figure 5.1.(b)). 

The origin of the (HPF5 ) ion is unclear, but might well 

involve the generation of fluoride Ions in a similar manner to 

that proposed by Cowley for the reaction between base and 

HPF (figure 5.2.). The first step involves the formation of an 

amine-phosphine adduct, which ionises, forming (PFk)-.  This 

decomposes to PF3  and a fluoride Ion, which attacks a second 

HPFk molecule to give the octabedral (HPF5 ) -  ion. Alternatively, 

traces of HF caused by hydrolysis could promoted the reaction. 

The spectra of the major ionic products were relatively easy 

to assign, by comparison with reported data. Rationalisation of 

the observed paramenters was not so straightforward. The results 

are summarised in table 5.1. with the n.m.r. parameters of the 

parent phosphoryl compounds and related difluorohalophosphines 

included for comparison. The high chemical shifts observed are 

consistent with the anions being described as trivalent 

phosphorus compounds, but the coupling constants are comparable 

with the pentavalent phosphlnes. The high chemical shifts are 

the more important factors when considering the charge distribution, 



TABLE 5.1. 

Observed n.mr. parameters for (Me3  NH) (YPF2 Y compared with (Y)PF2H 
and_.LF?X.  

PF 	Reference 

ppm 	 ppm 	 Hz 

0PF2  125.6 -17.9 1209 

(0)PF2H -k.? -62.0 1121 24 

PF3  104,0 -34.0 lkOO 1 

SPF2  276.6 -36.8 1189 

(s)PF2H 62.3 -48.7 1153 24 

PF2 C1 180.5 -36.6 1390 51 9,52 

SePF2  305.6 n.o. 1186 126 

(Se)PF2H 74.2 -37.0 1192 25 

PF2Br 201.1 -39.7 1364 51 
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2(0)PF2K 	 I. PF3  + (o)PFH(OH) 

(a) 	Association of (0)PF2H through (p-d)n' bonding. 

(b) 	Association of (0)PF2H through hydrogen bonding. 

Figure .i. 
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3_4PFkE 	 (R3ftH) (PF4Y 

I 
+ 

R2NPF2  + 2EF 	 (P3NH) F + PF3  

	

(+2R3ici) 	 .1. 
2(RNH)F 	

(R3NH)(IrPF5Y' 

(+2HPFk )  
(PNH)(EPF5 ) - 

Stoichiometries: 

3R3N + 3HPF4 
	 2(R3NH)(HPF5) + R2NPF2  

R3N + 2HPF4 
	 (R3NI(HPF5 ) -  + PF3  

Figure 5.2. 

Suggested mechanism for the reaction between HPFk  and 

amines. For tertiary amines, (B) must be the pathway 

as amine substitution is impossible. 
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and suggest that the negative charge is concentrated on the 

oxygen, sulphur or selenium atom, with the phosphorus atom 

essentially in the trivalent state. This would lead to a large 

deshielding effect being experienced by the phosphorus atom. 

The small value of 
1  1 probably reflects the effects of the 

negative charge on the bonding in the molecule. 

Because of the thermal instability of the salts, no attempts 

were made to purify and isolate them on a preparative scale for 

analysis or further characterisation. An attempt was made to 

study the infra-red spectrum of the sulphide by preparation 

in situ in a low temperature infra-red cell, but apart from 

showing the presence of a trimethylammonium salt, no further 

information was obtained. Further characterisation would be 

obtained from the proposed reactions. To this end, the various 

minor products observed in the reactions described above wereiio't 

expected to interfere with the course of the proposed experiments. 

One or two preliminary reactions were carried out using the 

oxide, but most were performed with the sulphide. In all cases 

the reactants (amine,phosphine and substrate) were mixed in 

deuteriated solvents in a sealed n.m.r. tube at 195K,  and the 

spectra recorded at about 210K. It is convenient to discuss the 

reactions with reference to the type of substrates used, and the next 

section can be divided into the reaction with group IV compounds 

and those with group V compounds. 

5.3. Reactions of the ions 	with group IV halides. 

5.3.1. (OPF2 ) -  + Me3SiC1 

This reaction was carried out in deuterochioroform at 210K. 



In the phosphorus spectrum a triplet 11PF  = 1299ffz) was observed 

at 6P = 111.6ppm. In the fluorine spectrum a doublet 1PF = 1299Hz) 

was observed at SF = -33.2ppxn. These signals were assigned to 

the trivalent compound F2POS1Me3  on the basis of the observed 

chemical shifts and coupling constant. Also observed in both 

spectra were significant amounts of PF3 , but no other product.: 

5.3.2. (SPF2 ) -  + Bu3SnC1 

This reaction was studieat 210K, with CDC1 3  as the solvent. 

In the phosphorus spectrum a triplet 	= 1243Hz) was observedPF  

at SP = 253.Oppm. These parameters are similar to those reported 

for the trivalent phosphine F2PSSnBu3  (39). Also observed was 

a triplet 1PF = 1243Hz) centred at SP = 120.7pp. This could 

be attributed to a pentavalent phosphine sulphide (S)PF 2SnBu3 , 

or alternatively the trivalent compound F2POSnBu3 , whose parameters 

have been reported (39). A triplet ( 1J 	= 1101Hz) centred atPF 

SP = 46.lppni was not identified, but could be attributed to the 

pentavalent (0)PF2SnBu3 . In the fluorine spectrum, doublets were 

observed to correspond with the above species at SF = -49.3ppm 

pF = 1243Kz), SF = -21.6ppm 1PF = 1243Hz), and SF = -35.7ppm 

pF = 1101Hz) respectively. Also observed in both spectra was 

a significant amount of PF3 . An interesting point is that 

couplings to the magnetic tin nuclei, 	7Sn and 119  S are not 

observed. This suggests intermolecular exchange of the (SPF2 ) 

groups, by cleavage of either the Sn-S or S-P bond. This would 

be an unusual process in such a system, involving fast exchange 

of relatively bulky groups at low temperatures. On warming, a 

yellow deposit was observed to form in the tube and the only species 

observed in the spectra was PF3 . A similar effect was observed 
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in all other reactions of this type. 

5.30. (sPF2 ) 	+ Me3six 

This reaction was the first in a series of reactions with 

alkyl silyl halides which produces so many inconsistencies that 

the work was finally abandoned in a confused and unsatisfactory 

state. Initially the reactions were relatively straigltforwardr-

and the results looked promising, but once the complications 

arose the results were almost impossible to-rationalize. 

The initial reaction performed was between (SPF 2 ) -  and 

trimethylsilyl chloride in CD212.  In the phosphorus spectrum at 

210K a triplet (1TPF = 1188Hz) was observed at GP = 275.5ppm and 

assigned as the unreacted anion. Another triplet J = 1268Hz)PF  

was observed at $P = 239.9ppm. These paramenters are consistent 

with the expected trivalent phosphine product F2PSSiMe3  ( and 

are comparable with the parameters recorded for F2PSSIK3 ). A 

third signal was observed at SP = 116.4ppm with a triplet splitting 

(Jp  = 1167Hz), the parameters being characteristic of a 

pentavalent difluorothiophosphoryl compound. PF3  and (S)PF2H 

were also identified. 

The fluorine spectrum at 210K complemented the phosphorus 

spectrum and the products were identified as follows: F 2PSSiMe3  

showed a doubletJ. = 1269Hz) at SF = -60.7ppm; (SPF2Y 
appeared as a doublet 1PF = 1180Hz) at SF = 37ppm3PF3  and 

(S)PF2H were identified; and the unknown thiophosphoryl compound 

was observed as a doublet 	= 1168Hz) at SF = -6.lppm.PF  

Further reaction must have occurred while the fluorine spectrum 

was being recorded, because new signals were observed at SF = -kcppm, 

a doublet j = 1030Hz) of doublets J. = 89Hz), and atPF 
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&F= -16ppm, a doublet 1(TpF= 1260Hz) of doublets 2PF = 63Hz), 

which seemed to exhibit some second order effects. The spectrum 

is shown in figure 5.3. 

The phosphorus spectrum was recoied again, and a complex 

pattern of lines was observed centred at 61' = 139ppm. The pattern' 

under low resolution appeared as a triplet J = 1257Hz) ofPF 

doublets (J = 628Hz') of doublets (J = 33Hz). Under higher 

resolution the peaks were split further, and the spectrum is shown. 

in figure 5.4. At this stage the product was not identified, and 

the reaction was repeated. 

The results from this second reaction were not consistent 

with the earlier observations. No evidence was observed for the 

product F2PSSIMe3  or for the unreacted anion, but at a higher 

frequency a doublet ( 1J1'  = 1177Hz) was observed,, at SP = 304ppm.. 

After some consideration this was assigned to the ion (SPFC1) 

formed presumably by straightforward halogen exchange at silicon. 

in' conjunction with the formation of Me3SiF, a frequent 

reaction in R3SiX/F2PX systems (34, 130). The unidentified secod 

order pattern was observed, at SP = 139ppm, along with several 

other products. To try and elucidate the processes involved, 

a series of reactions were performed in scaled tubes and the 

results are listed in table 5.2. 

The majority of the species have not been identified with any 

degree of certainty. Some, of course, such as PF3  (product C), 

(PF2 ) 20 (product D) and (S)PF2H (productF ) have been observed 

throughout the work. The species with coupling constants greater 

than abot4t 1200Hz, and phosphorus chsmical shifts greater than 

lOOppm are likely to be trivalent F2PO- compounds. Those with 
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TABLE 5.2. 

Products observed during the reactions of (SPF2)iwith methylsilyl 

halides. 

a)n.m..r. paramenters 

Sp SF 1 1 	 Other J PF  
Assignment 

ppm ppm Hz 	 Hz 

A 139 - 16 1259 	'J628 21pF61+ (SP(PF2(S))2Y 

303.2 - 69.0 1179 (SPFC1) -  

C 102 - 32.5 11+01 PF3  

D n.o. - 37.7 1376 (PF2 ) 20 

E 37.8 - 1+6.0 1195 (S)PF3  

F 70.3 n,o. 1157 (S)PF2H 

G 108.2 - 33.1+ 1311+ 

H 111.8 -102.1+ 1299 

n.o. - 38.6 1133 

K 118.2 - 29.2 1271 

L n.o. - 36.6 1100 

M 116.8 n.o. 1161+ 

N 109.2 n.o. 1250 

P 55.1 n.o. 1300 
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TABLE 5.2. 

b) Substrates used in the reactions of (SPF2 ) -  and methylsilyl halides. 

Me3S1C]. Me2S1C12  3-Me2SiCl2  Ph2 SiC12  -Ph2SiCl2  Me3GeC1 

A P  P P F F F 

B PP PP PP P PP PP 

C P  PP P  P F PP 

D F F 

E F P  P F F F 

F PP F F F F 

G F F F 

H P- P P 

S. F 

K P P F 

L - F 

P P 

N P 

P P 

P- Product observed in 31P n.m.r. spectrum 

F- Product observed in 19F n,m.r, spectrum 
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Figure 5.4. N.m.r. spectrum of the reaction (SPF 2 ) + M83SiCl. 
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smaller coupling constants (1100 - 1200Hz) could be pentavalent 

(S)PF2- compounds. However, the major products in the reactions 

appeared to be the (SPFX) -  ion observed as a doublet 

_ 1180Hz) at SP ^j 305ppm, and the as yet unidentified 

second order spectrum at SP ^J 139ppm. It seemed that the 

spectrum as seen. was incomplete. It was suggested that the 

large doublet coupling (J = 628Hz) was a directly bonded 

phosphorus-phosphorus coupling. The phosphorus spectrum was 

recorded on a very wide spectral width, and a second order 

pattern was observed at SP = -109ppm, shown in figure 5.5. This 

was a pair of quintets of doublets flanking a complex pattern of 

lines. The separation between the sets of quintets was 620Hz, 

the quintet splitting 65Hz and the small doublet splitting about 

15Hz. The patterns observed are similar to those described (17)by 

Hutchinson for RP(PF2 ) 2  species, and the species has been 

tentatively identified as the anion ((S)P(PF 2 (S) 2 ) - . The value 

of 1  J 	 = 628Hz is one of the largest reported, and from the
PP 

chemical shift of the diflu:.-omphosphino groups they are presumed 

to be in the pentavalent oxidation state. No other groups can 

be identified as being bound to the central phosphorus atom, 

but the presence of groups such as Me 3Si- or Me3S1S- cannot be 

eliminated. The only route that has been suggested for the 

formation involves the sequential reaction of (SPF2Y with 

the silyl compound, forming (SPFC1) - , then attack by (SPF2 ), 

and repeating the process. 

The reaction scheme is summarised in equations (3) to (6). 

(SPF2 ) ' 
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(SPF2 )_ + Me3SjC]. 	-.-- (SPFC1) - + Me3S1F 	 ....(3) 

(SPFc1) -  + (sPF2 ) - 	—3(SPFPF2s) -  + Cl 

(SPFPF2S) + Me3S1C1 —4 (SPC1PF2S)_ + Me3SIF 

(SPC1PF2S)_ + (sPF2 )_—, (sP(PF2s) 2 ) -  + Cl 

Overall: 

3(SPF2 ) - + 2Me3S1C1 --- 3(SP(PF2S) 2 ) -  + 2Me3S1F + 2C1 	....(7) 

The ion could then react with a third molecule of substrate to 

form the silyl species Me3SiSP(PF2S) 2  as in equation (8). 

(SP(PF2S) 2 )_ + Me3SIC1 —*Ne3SISP(PF2S) 2 	 ....(8) 

With so many different processes occurring in these systems, 

it is not possible to ensure that the reaction will follow the 

intended pathway. Therefore these reactions of the 

thiofluorophosphine anion with the group IV alkyl halides were 

not pursued further, as the prospect of developing the reaction 

to a valid preparative method seemed very remote indeed. 

5.4. Reactions of SPF with chiorophosphines. 

The two reactions studies used dimethyichiorophosphine 

and diphenyichiorophosphine. The point of interest with these 

reactions was the oxidation state of the phosphorus atoms in 

the final products, and the location of the sulphur. The three 

types of products which could be formed would all be easily 

distinguished in the phosphorus n.m.r. spectrum. The species 

R2PSPF2  would show a high SP for the fluorophosphine group 

( >200pprn) and a low SP for the PR  group (<Oppm). A 

product of the form (S)PF2PR2  would show a low PF2  shift ("lOOppm) 

and a low PR  shift, and also a higher phosphorus-phosphorus 
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coupling constant 	= 200 - 1+00Hz). The third possibility 

(S)PR2PF2  would show a large PF2  shift and a higher PR  shift 

(5P"Oppm). The n.m.r. data from these reactions are summarised 

in table 5.3. 

54.1. (SPF2 ) -  + Me2PC1, 

At 210K, the phosphorus spectrum showed a triplet 

1PF = 1260Hz) of doublets ('J = 31+7Hz) centred at SP = 133.6ppm.Pp  

At a chemical shift 8P = -39.5ppm a doublet ('T = 31+7Hz) of 

triplets (2rPF = 17Hz) was observed. These parameters identified 

the product as (S)PF2PMe2 . On allowing the reaction mixture to 

warm to room temperature, the intensity of the signals decreased,,. 

and new signals appeared. A pair of doublets formed an AB type 

pattern, the high frequency doublet at SP = 37.6ppm, separated 

by 221Hz, and the low frequency doublet at 6? = -56.2ppm, with 

the same separation. A singlet was observed at 6? = 5.Oppm. 

With proton coupling retained the peaks of the doublets 

broadened and could not be resolved. The single peak split into 

a doublet (l JP, - = 1+50Hz) of septets 2PH = 11+.lHz), and these 

parameters are consistent with the pentavalent thiophosphine 

(S)PMe2E. The AB pattern is consistent with the biphosphine 

(S)PMe2PMe2 , and the recorded parameters for both species are in 

agreement with reported data (131, 132). 

The mechanism for the formation of these products is not 

clear, but it is possible that they arise from the decomposition 

of the mixed fluorophosphine-alkyl phosphine. The migration of 

sulphur and selenium from the fluorophosphine group to the more 

basic alkyiphosphine group is a well known process, and it could 

be fast under these conditions. In the fluorine n.m.r. spectrum 



TABLE 5.3. 

N.m.r. parameters of products observed in the reactions between 

and P'P2C].. 

('F2P'Me2 (VF 2P'Ph2  $"Me2It ($'Ph2H (,'Me2P'Me2  ($'Ph2P'Ph2  

Sp 133.6 115.5 	- 	- - 56.2 - 13.8 

Bps - 39.5 - 	 4.6 	5.0 	22.0 37.6 45.5 

SF - 37.8 - 36.2 	- 	- - - 

1260 1277 	 - 	 - - - PF 
ii Ppf 347 369 	- 	- 221 254 

- - 	 450 	474 n.r. n.r. 

17 19.5 	- 	 - - - 

n.o. - 	 14 	- n.r. - 

n.o. not observed 

n.r. not resolved 

93 
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at 210K the product is observed as a doublet 	= 1260Hz) of 

doublets 2pF = 17Hz) centred at SF = -37.8ppm. A small 

amount of PF3  was observed, and some unreacted (S)PF2H. A 

possible mechanism would involve the rearrangement of the 

biphosphizie (S)PF2PP2 , with sulphur migration, to form (S)PP2PR2  

and PF2SPF2  as in equations (9) and (10) but there is no direct 

evidence to favour any particular mechanism. 

(S)PF2PMe2  + (S)PF2H 
	

F2PSPF2  +,(S)PMe2H 	.... (9) 

(S)PMe2K + (S)PF2PMe2 	) (S)PMe2PMe2+ (S)PF2R. 	.... (ba) 

or 	(S)PMe2H + Me2PC1 
	

) (S)PMe2PMe2  + HC1 	.... (lob) 

5.4.2. (sPF2 ) -  + Ph2Pc1. 

In deuterochloroform at 210K, a similar reaction was observed 

between (SPF2 ) -  and chlorodiphenylphosphine. The phosphorus 

spectrum consisted of a triplet 'PF = 1277Hz) of doublets 

( 1J = 369Hz) centred at SP = 115.5ppm, with a doubletPp  

( 1J 	= 369Hz) of triplets ( 2J = 19.5Hz) centred at SP = -.6ppm.Pp 

These peaks were assigned to (S)PF2PPkL2 . The fluorine spectrum 

consisted of a doublet( 1PF=  1277Hz) of doublets 1PF = 195Hz) 

centred at SF = -36.2ppm. As the tube was warmed to room 

temperature, an AB pattern was observed, the high frequency doublet 

('J Pp  = 251+Hz) at SP = 45.5ppm and the low frequency doublet at 

8? = -13.8ppm with the same separation. This was assigned to 

(S)PPh2PPh2 . A single peak at SP = 22.Oppm which split into a 

doublet 1pH = 1+74Hz) of unresolved multiplets when proton 

coupling was retained was assigned to (S)PPh 2E. Despite careful 

variable temperature experiments, no intermediates in the 

decomposition of the original biphosphine product could be identifed. 
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In the reaction mixture at room temperature, the relative 

intensities of the alkyl phosphine peaks and fluoroposphine 

peaks in the phosphorus spectrum suggested that the major part 

of the phosphorus was as alkyl phosphine, with only a small 

quantity of PF3  and (S)PF2H present. In fact this can be 

explained by the different sensitivities of the different types 

of phosphorus nuclei, arising from different relaxation times. 

Therefore, although the apparent proportion of fluorophosphine as 

observed in the phosphorus spectrum is very sal1, the true PF2  

concentration is of the same order as the alkyl phosphine 

concentration, in the form of (S)PF 2H and PF3 . 

5.4.3. (SPF2 ) 	+ PF2X (x = Cl,Br) 

The reactions were carried out in deuterochioroform at 210K, 

and the phosphorus spectrum showed no evidence for the expected 

products (PF2 ) 2s. The unreacted halodifluorophosphines were 

observed at the relevant phosphorus chemical shifts, and the 

ionic: species was also observed. On warming to room temperature 

the peaks attributed to the anion decayed, to be replaced by 

peaks assigned to PF3 , but PF2X species did not react. 

5.5. Conclusions. 

The foregoing series of experiments highlighted the difficulty 

of handling highly reactive species with conventional techniques. 

The results suggest that the ionic conditions in the solutions 

were too severe for the reactants and products. Consequently 

many side reactions were observed, leading to unexpected products, 

and aiding the decomposition of the expected products. Despite 

this, the experiments proved a useful excercise and brought up 



one or two interesting points, 

The first interesting point is the description of the 

oxidation state of the phosphorus atom in the anions, which has 

already been discussed. The second point to consider is the extent 

of halogen exchange which is observed in the silyl systems. 

While this process is well known in'simple silyl systems (89, 133) 

it was not expected under these conditions. Halogen exchange - 

must therefore be an important factor when discussing attempts 

to prepare silyl-fluorophosphine derivatives. It may well be that 

the trifluorosilyl-fluorophosphine compounds are more stable than 

their simple silyl counterparts. 

The third, and probably most important point to consider, 

is the oxidation states of the products formed during the course 

of these reactions. The group IV fluorophosphines were observed 

to have an N-S-P backbone, with a trivalent phosphorus atom, 
I 

whereas the alkyl phosphine-fluorophosphines formed a P-P bond, 

with the fluorophosphine group being pentavalent. This contrasts 

with evidence that it is the tendency of the more basic alkyl 

phosphines to become pentavalent, with transfer of the sulphur 

(or selenium) atom (60, 134). It may be that such a process is 

occurring on an inter- or intra-molecular basis, causing 

coalescence of the phosphorus n.m.r. spectrum as the reaction 

mixture approached room temperature, and at high temperatures a 

similar effect might be observed in the spectrum of the (S)PP 2PR2  

species observed at room temperature, as observed by Brown (134). 

However, the spectra show no sign of line broadening, so this 

does appear unlikely. 

An alternative explanation may lie in the structure of the 

different compounds. The structures of compounds of the form 
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ME3SPF2  have already been discussed, in terms of R ... F interactions 

stabilizing the molecule in five membered ring conformation. 

By the same reasoning,, alkyl phosphine compounds, if trivalent, 

would form a six-membered ring and this would also be expected to 

stabilize the structure. But there might be steric and strain 

effects caused by the presence of two lone pairs, and the steric 

interference of the methyl groups. This would be less marked if 

the molecule had one pentavalent phosphorus atom, yet the 

orientation would still allow for H ... F interactions to 

complete a five-membered ring. The mixed oxidation state structure 

would also :allow interaction of the trivalent phosphorus lone 

pair with empty 3d orbitals of the pentavalent phosphorus atom, 

and allow for the phosphorus-sulphur ir system to be extended to 

the trivalent phosphorus atom.. 

The reactions decribed in this chapter were eventually of 

more interest because of the anomalies that were observed in 

the results rather than the results themselves. It has been shown. 

in earlier chapters that the type of compounds that were 

expected to be prepared are accessible by less severe reactions, 

and the use of anions as synthetic intermediates was not a 

viable proposition. It would however be a worthwhile exercise 

to study the systems and try and explain their anomalous 

behaviour. 

In particular the triphosphine species is a suitable 

product for further investigation. This would complement 

recent work by Hutchison (17) and Hunter (23)  concerning multi-

fuctional fluorophosphine compounds such as GeH3P(PF2 ) 2  and 

OP(OPF2 ) 3. A similar mechanism was observed by Bett (135)  in 

the reaction of trisilylborate (SiH3O) 3B and bromodifluorophosphine, 



-1 C' 

leading to the formation of (F2  PO) 2PF. These compounds will be 

of particular interest in the continuing research into multi-

dentate ligands for transition metals. 
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CHAPTER 6 

6.1. General 

All volatile compounds were handled on a glass vacuum line 

fitted with Sovirel greaseless taps and ground glass joints. 

A rotary oil pump in series with a mercury diffusion pump 

pulled a vacuum of lO torr, monitored by a Pirani gauge. 

Pressures in the line were measured with a spiral gauge balanced 

against a mercury monometer. Quantities of materials were 

measured in a calibrated section of the vacuum line. 

Volatile compounds were purified by trap-to-trap distillation 

using acetone/solid CO  (195K)  or solvent/liquid nitrogen slush 

baths (chlorobenzene 227K 1, chloroform 209K,. toluene 177K, 

diethylether 153K)..  An intial assessment of the purity of a 

compound was made on the basis of its infra-red spectrum. 

Having obtained a satisfactory infra-red analysis, with any 

major impurities reduced to a low concentration in the spectrum, 

the molecular weight was determined, and the product was 

acceptable if this was within 2-3%  of the calculated value. In 

most cases, the compound would also be checked for nuclear 

magnetic resonance spectroscopic purity, an important factor 

when the product was intended for use in small scale reactions to 

be studied by n.m.r. spectroscopy. When a high degree of purity 

was required, such as the sample required for elctron diffractiom, 

the vapour pressure was also determined and the sample treated 

until the measurements were consistent to within 0.5 torr. 

Solvents for n.m.r. spectroscpoy were obtained commercially, 

degassed and stored over molecular sieves in ampoules fitted with 

11 
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with Sovirel greaseless taps. Other products were stored in 

sealed ampoules at 77K when not in use. 

6.2. Instrumentation. 

Infra-red spectra were recoed in the range 4000-200cm 

using a Perkin Elmer 577 grating spectrometer, using a 10cm 

gas cell, with caesium iodide end plates. Raman spectra were 

obtained using a Cary 83 spectrometer, with 488nm argon-ion 

excitation. For mass spectra, an AE1 MS902 was used with an 

ionization potential of 70eV. For nuclear magnetic resonance 

spectra, a number of different instruments were used: JEOL FX 60 

(1B 31,) Varian )100 ( 31P, 19F), and Bruker WIY360 ( 1H, "B) 

spectrometers were all used depending on the resolution required. 

Apart from normal proton noise decoupling, double resonance 

experiments were not found to be necessary because of the 

availablity of direct observation facilities on the instrumentation. 

Double resonance experiments would have been of most value if' it 

was required to determine the signs of coupling constants. 

However, sign determination was not felt to be within the scope 

of this work, as many of the compounds considered here had 

already been studied for this purpose. 

Most of the quoted n.m.r. parameters were measured from 

and 19?  spectra recored over a 5000Hz range. The resolution 

at this spectral width is 1.2ffz, so coupling constants are 

accurate to about 2.5Hz, and chemical shifts are accurate to 

about 0.2ppm. 1H spectra were recorded over a range of 1000Hz, 

with a resolution at this spectral width of 0.2Hz, and data 

quoted from these spectra should be accurate to 0.5Hz or 0.2ppm. 
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Electron Diffraction scattering intensities were recorded 

using the Cornell University diffraction apparatus now installed 

at Edinburgh University (+9,. 136). The apparatus was operated 

in the conventional convergent beam mode, using a sector 

designed to give uniform intensity from the centre. The sample 

and nozzle were maintained at room 'temperature (293K) during 

experiments. Photographs were recorded on Kodak Electron Image 

Plates, at two camera distances, 128mm and 286mm (3 plates at 

each distance), giving a range of scattering variable s, of 

30-300nn. The electron wavelength, 5.779±.0.003pm,  was 

determined from the diffraction pattern of gaseous benzene. 

Intensities were converted into digital form using a 

Jarrell-Ash double beam microphotometer (137)  with spinning plates. 

Calculations were performed on an ICL 2970 using established 

data reduction (49) and least-squares refinement (138) programmes. 

In all calculations the complex scattering factors of Schafer 

Yates and Bonham (139)  were used. 

6.3. Reagents. 

Reagents were either prepared according to published methods 

or obtained commercially. Preparative methods have been considered 

generally in chapter 1, and the specific reactions used throughout 

this work are listed in table 6.1. 

In one or two cases, published methods were found to be 

unsuitable, giving lower than expected yields of product. 

Alternative reactions were therefore used for the preparation of 

(0)PF2H and (S)PF2E. 

6.3.1.! 
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6.3.1. Preparation of (0)PF2H. 

(0)PF2H was frequently observed as an impurity in the 

preparation of PF2Br. and was attributed to traces of water 

vapour in the reactants. This tendancy to hydrolyse was there-

fore put to use in the preparation of (0)PF 2H. 

In a typical experiment, water (0.5m1) was frozen into a 

500mi bulb and the apparatus evacuated. PF2Br (15mmol) was: 

frozen into the bulb, and the mixture was allowed to warm to roam 

temperature and stand for about one hour. The products were 

removed from the bulb and separated by trap-to-trap distillation. 

Excess water was held at 195K,  and (0)PF2R (14.5mrnol) was held 

at 153K.  A small amount of PF3  passed through the 153K  trap 

and was held at 77K, along with HBr (13mmol).  Presumably some 

HBr remained dissolved in the water. 

6.3.2. Preparation of (S)PF2It. 

In a method analogous to the above reaction, PF2Br and H 2  S 

were co-condensed in a bulb,. and allowed to react at room temperature. 

After one hour, the volatile products were removed and separated, 

and showed only 20% conversion to (S)PF2H. A more rapid reaction 

was observed between (PF2 ) 2S and H 2S. This also has the advantage 

of converting all the reactants into only one product, thereby 

simplifying the purification procedure. Typically, (PF2 ) 2S 

(10nmtol) was condensed in a 250ml bulb with an excess of H 2  S 

(15mmol) and the mixture left at room temperature for about half 

an hour. The products were passed into a trap held at 177K, 

through which the excess ff2S passed. (S)PF2H (19mmol) was 

recovered from the 177K trap. 
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6.4. Reactions of (pF2 ) 2S with halogens and main group halides. 

6.4.1. 	(PF2 ) 2Y + Cl2  (Y = S. Se) 

These reactions were performed in both vapour and liquid 

phases. In the vapour phase, (PF2 ) 2S (5mmol) and Cl2  (5mmol) 

were frozen into the separate compartments of a double-bulb 

apparatus of capacities 250ml and 50m1 respectively. The 

reactants were warmed to room temperature before the connecting 

tap was opened to allow mixing of the the vapours. The yellow 

colour of the chlorine disappeared within 2-3 minutes of 

mixing, when the volatile compounds were removed and separated 

by trap-to-trap distillation. (S)PF 2C1 (5mmol) was held in a 

trap at 153K,  and PP 2C1 (5mmol) passed through this trap and was 

collected at 77K. 

Alternatively, (PF2 ) 2S (2.5rnmol) and Cl 2  (3.Ommol) were 

condensed Into a 250ml bulb and the mixture allowed to warm to 

room temperature. After 2-3 minutes the volatile products were 

removed and fractionated. (S)PF2C1 (3.Onnnol) was recovered at 

153K, and PF2C1 (2.Omrnol) recovered at 77K. On examination or 

the 31P n.mr. spectrum of the less volatile product, a weak 

tripletJPF 
 = 1048Hz) was observed at SP = -9.8ppm, in 

addition to the signal from (S)PF 2C1 (triplet li.= 1220Hz, 

SP = 50.5ppm). 	The intensities of the two signals were in the 

ratio of about 1:5, and this indicates that some 20% of the 

PF2C1 has been oxidised to PF2C13  by the excess chlorine 

present in. the reaction mixture. 

The reactions were performed using (PF 2 ) 2Se, on 

approximately the same scale and using the same technique. On 

mixing the vapurs, a red solid was deposited on the walls of the 
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bulb, and PF2C1 was recovered as the only volatile product, with 

some PF3  impurity also observed. 

61+.2. (PF2 )2S + i 3six 

Six reactions were performed in sealed nm.r. tubes using 

as substrates trimethyl-chioro- and bromo-silane, monomethyl- 

chiorosilane, and silyl chloride, bromide and iodide. Typically, 

equimolar quantities (0.2inmol) of (PF2 ) 2S and R3Six were condensed 

in a 5mm n.m.r. tube along with spectroscopic grade toluene 

and deuterotoluene as solvent. The tube was sealed under vacuum 

and kept at 77K until it was possible to record the n.m.r. 

spectra of the reaction mixtures. 

The reaction between (PF2 ) 2S and SiIr3Br was also performed 

on a preparative scale. (PF2 ) 2S (immol) and SiH3Br (immol) 

were condensed into a 250m1 bulb and the mixture allowed to warm 

to room temperature. The volatile products were removed after 

2-3 minutes and a sample (0.2mmol) sealed into an n.m.r. tube 

with toluene and deuterotoluene as solvent. The 31P n.m.r. 

spectrum showed only a trace of SiI 3SPF2  which ,decomposed, so the 

products were discarded. 

6.4.3. (PF2 ) 2S + P3GeX 

The substrates used were monomethylcIorogermane, germyl 

chloride and germyl iodide. (PF 2 ) 2S (0.2mmol) and P3GeX 

(0.2mmol) were condensed in an n.m.r. tube with toluene and 

deuterotoluene as solvent. The reactions were monitored by 

31 n.m.r. spectroscopy. 

6.5.! 
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6.5. Preparation and Reactions of Geff3SPF2 . 

6.5.1.. Preparation of GeH3SPF2 . 

Chlorogermane (5.Omxnol) was condensed with (PF2 ) 2 S 

(5.5mnol) in a dry glass bulb (250m1), and the reagents were then 

warmed to 209K for 2 hours. The volatile products were examined 

by n.m.rt spectroscopy to ascertain the extent of reaction and 

the exact amount of Ge}%C1. required to convert the remaining 

(PF2 ) 2 S was added. In this way allowance could be made for 

imbalance of quantities of the reagents, caused by slight 

impurities, reaction with surface moisture etc. Products were 

separated by fractional condensation, and difluoro(gerrnylthio)-. 

phosphine (4.8mmol, 87% yield) was collected at 209K. (M.wt 180.6 

(Caic 178.7); V.P. (273K) 31.5mm; m.pt 199K). The other major 

product was PF2C1 (5.Onimol), with traces of (S)PF2H, GeL and 

GeH3C1. 

6.5.2. Reaction with KC1. 

Geff3SPF2 (2.5.mmol)  and HC1 (2.5mmol) were condensed into a 

glass bulb (250m1) and warmed to room temperature for 5 minutes. 

The products were separated by fractional condensation yielding 

GeK3C1 (2.5mmol)  and (S)PF2H (2.5mmol), identified by i.r. and 

n.m.r. spectroscopy. 

6.5.3. Reactions with HBr. Cl2  and PPh2 C1. 

In each case 0.2mmol of each reagent was taken and they 

were allowed to mix in CDC1 3 (0.5rnl)  at room temperature. 

The reactions were monitored by K, 19F and 31P n.m.r. 

spectroscopy. 
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6.5.14. 	Reactions with B2K6 . 

GeH3SPF2  (O.kmmol)  and B21T6  (0.2rnmol) were condensed in an 

n.m.r. tube with CDC1 3  (0.5m1)  as solvent. N.m.r. spectra 

were recorded at 273K.  In a second reaction GeH3SPF2  (0.8mmol) 

was condensed in a glass ampoule with B 2  H  6  (1.1mmo].), without 

a solvent. After warming to 195K  for 5 minutes excess B2ff6  

(0.7mmol) containing a trace of GeH, was removed. The combining 

ratio GeH3SPF2 : B2W6  = 2:1 was thus established. 

6.5.5. Reaction with Mo(CO)k(C7H8). 

GeSPF2  (O.kmmol) was added to an n.m.r. tube containing 

Mo(CO)(C7H8 ) (0.060g, 0.2mmol) in CDC13 , and the solution was 

warmed to room temperature before 31P. 	F and 1H n.m.r. spectra 

were recorded. 

6.5.6. Reactions with platinum complexes. 

The platinum complexes used as substrates were : trans.. 

PtC12 (PEt3 ) 2 , trans-Pt1TCl(PEt3 ) 2 , trans-Pt12 (PEt3 ) 2 , and 

PtK(PEt3 ) 3BPh, In each case the platinum complex (0.2mmol) was 

weighed and dissolved in CDC1 3  or CD2C12  in an n.m.r. tube, and 

GeE3SPF2  (0.2mmol) was added. The progress of reactions was 

monitored by 31P n.m.r. spectroscopy. When reactions were 

complete 19 F spectra were also recorded. 

6.6. Preparation and reactions of (YPF2 ) -  ions (Y = 0, s, Se). 

6.6.1. Reaction of (Y)PF2H with trimethylamine 

The reactions were performed in sealed n.mr. tubes using 

CDC13  or CD2 C12  as a solvent. (Y)PF2H (0.2mmol) and Me3N (0.2xrunol) 



115 

were condensed into the tube with solvent and kept at 77K,, 

until spectra were recorded at 220K. 

6.6.2. Reactions of (YPF2 ) -  with group IV and group V halides. 

The reactions were carried out in sealed n.m.r. tubes at 

195K. The substrates have been listed in table 5.2. In a 

typical experiment, (Y)PF2H (0.2mmol) and Me3N (0.2mmol) were 

condensed in an n.m.r. tube along with CDC1 3  as the solvent. 

The mixture was then allowed to stand at 195K  for about 10 minutes 

to ensure the formation of theanion. - The sllyl substrate was 

then condensed into the mixture and the tube sealed. Spectra 

were recorded at 210K. 
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PAT. 

Methods of preparation of some common starting material. 

Reagent 
	

Method 
	

Reference 

PC12NMe2  

PF2NNe2  

PF2X (X = Cl, Br,. I) 

(Bu 3Sn) 25 

(Bu 3Sn) 2Se 

(PF2 ) 2Y (Y = S. Se) 

(0) PF2H. 

(S)PF2H 

Ge H3  Cl 

C7H8M0( C0) 4 

B2ff6  

PCi3  + 2ffNMe2  35 

PC12NMe2  + NaF 35 

PF2NNe2  + 2HX 35 

2Bu3SnC1 + Na25 38 

2Bu3SnC1 + NNe3  + H2Se 38 

(Bu 3Sn.) 2Y + 2PF2Br 38 

PF2Br + HO This work 

(PF2 ) 2S + 1r2S This work 

GeL + SnClk ikO 

MO(CO) 6  --C-4Hv In TH lLfi 

KBH 	+ ff3P0 142 
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TABLE 6.2. 

Standard Reference Compounds for n.m.r. spectroscopy. 

Nucleus 	 Compounds - 	 Resonance 

Frequency(MHz) 

la 	- 

 

(CH 3)kSi 59.7 (FX60) 

100.1 (XL100) 

360.0 (wH360) 

(CH 30) 3 B 115.5 (wH360) 

C13 CF 94.1 (xLiOO) 

(85%) 24.2 (FX60) 

40.5 (xLlOO) 
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CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK. 

The work described in this thesis has provided considerable 

cause for thought. The bulk of the chemistry has involved the 

biphosphine bis(difluorophosphino)sulphide, whose reactions 

eventually led to the preparation and characterisation of the new 

compound difluoro(monogerrnylthio)phoephjne. The suitability of 

these compounds for the preparation of related fluorophosphines 

has been shown. On the other hand, the reactions of the 

difluorothiophosphoryl anion were shown to be poor routes to 

new compounds. 

The behavior of (PF2 ) 2S was not unexpected, and a significant 

amount of work has been done (18, 23) with a view to the 

preparation of rnultidentate fluorophosphine derivatives of 

polyfunctional alcohols. This could be extended to include 

fluorQphosphine derivatives of organic acids which would possibly 

be fluxional molecules, with the fluorophosphine group undergoing 

intramolecular transfer from one oxygen to the other. An 

Interesting molecule for study would be RCOS(PF 2 ), to determine 

whether the fluorophosphine group would bind preferentially to 

the oxygen or sulphur atom, or similarly RCONH(PF 2 ). Such 

systems would make interesting subjects for study using n.m.r. 

spectroscopy. 

The characterisation of GeH3SPF2  is almost complete, but 

there are one or two areas that would benefit from further 

investigation. Particularly, the crystal structure of the 

compound would give an indication of any intermolecular 

interactions present at lower temperatures. Low temperature 

vibrational spectroscopy would complete the picture. 



119 

The uses of GeH3SPF2  are twofold. Firstly, it provides a 

convenient route to germyl ethers and esters, which complements 

recent work on silyl esters (135). Secondly it offers a 

potential route to some novel metal compounds, using the donor 

properties of the phosphorus atom, and the oxidative addition 

properties of Ge-H bonds towards platinum and indium compounds 

(11+3). These possibilities have been discussed in chapter 3. 

The ionic nature of the (YPF2 ) species proved to be unsuited 

for the simple preparation of fluorophosphine compounds. However, 

the experiments were not entirely fruitless as they did throw some 

light on the behavior of such species, and showed that there is 

scope for further Investigation of the systems, for example, the 

route to the formation of the ((S)PF2 ) 2PS-  ion, and the identity 

of some of the other compounds. Perhaps the answer lies in 

using different substrates, as most of the problem seemed to be 

the ease of formation of silicon - fluorine compounds with the 

resulting breakdown of the fluorphosphine compounds. 

Most of the proposals for future work have been outlined in 

the text, and they are generally under investigation at present. 

Three areas which are likely to be of most interest are the 

preparation of mixed alkylphosphine - fluorophosphine compounds 

for use as multidentate ligands, the use of GeH 3SPF2  to prepare 

mixed metal complexes, and the continuing spectroscopic and 

structural analyses of fluorophosphine compounds. In particular, 

the reaction between GeH3SPF2  and silyl iodide could result in 

exchange of the silyl and germyl groups, and this would be the 

most promising way of isolating S1H 3SPF2 . The reaction between 

(PF2 ) 25 or GeH3SPF2  with dichiorophosphines would appear to be a 

suitable method of preparing alkyl phosphine-bis(difluorophosphine) 
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compounds. Such experiments will undoubtedly be performed in the 

near future. 

The main successes of this work have been the confirmation of 

the usefulness of (PF2 ) 2S as a synthetic intermediate, and the 

isolation and characterisation of GeK3SPF2 . The predictions of 

Arnold concerning the structure of'GeH3SPF2  have been confirmed, 

and it has been shown that n.m.r. spectrospopy is a valuable 

and accurate investigative technique. However, the limitation 

of n.m.r. spectroscopy is clear when more than three or four 

compounds are present in the system, and peaks become difficult 

to assign. The lack of positive results from the reactions 

involving the fluorophosphine anions was a disappointment, and 

perhaps a different approach will be required to unravel these 

confused systems. There are, however, many other aspects of the 

subject to be investigated, and with instrumentation and 

techniques continually being improved, some of the results that 

have eluded this work will be easier to obtain in the future. 
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Difluoro(germylthio)phosphine, PF 2 (SGeH3 ), has been prepared by the 
reaction of S(PF2 )2  with GeH3CI, and has been characterised by jr., Raman, 
n.m.r. and mass spectroscopy. Cleavage reactions with C1 2  and EIBr, donor 
reactions of the phosphorus atom and exchange reactions with platinum 
complexes have been studied. The molecular structure of.PF 2 (SGeH3 ) in the gas 
phase has been determined by electron diffraction. Principal parameters (ra ) 

are: r(Ge—S) 225.6(4)pm; r(P—S) 211.5(8)pm; r(P—F) 159.0(9)pm; 
<(GeSP) 99.0 (6) ° ; <(SPF) 99.9 (4)°; <(FPF) 97.0 (10)°. The conformation 
adopted is such that there are short non-bonded F• • H contacts, with the PF 2  
group twisted 18° from the position in which the FPF angle bisector eclipses the 
Ge—S bond. 

[Keywords: B-li NMR; Difluoro(gerniylthio)phosphine; Electron diffrac-
tion, PF2 (SGeH3 ); F-19 NMR; Germylthiopliosphine, difluoro-; Molecular struc-
ture, PF2 (SGeH3 ); Phosphine, difluoro(germylthio) -; P-31 NMRJ 

Difluor(gerniylthio)phosphin. Darstellung, Eigenschaften und Molekiilstruktur in 
der Gasphase 

PF2 (SGeH3 ) wurde iiber die Reaktion von S(PF 2 )2  mit GeH3CI dargesteilt 
und mittels IR, Raman, NMR and MS charakterisiert. Es wurden Spaltungs-
reaktionen mit C1 2  und HBr, Donor- Reaktionendes Phosphor und Austausch-
reaktionen mit Platinkomplexen untersucht. Die Molekülstruktur von 
PF2 (SGeH3 ) in der Gasphase wurde mittels Elektronendiffraktion bestimmt. 
Die Hauptparameter (ra)  sind: r(Ge—S) 225,6(4)pm; r(P—S) 211,5(8)pm; 
r(P—F) 159,0(9)pm; <(GeSP) 99,0(6) ° ; <(SPF) 99,9(4)°; <(FPF) 
97,0(10) - . 

Introduction 

Although compounds with two or more silyl 1 , germyl 2  or difluoro-

phosphin0 3  groups bound to a single atom have been known for many 
years, it is only relatively recently that the first compounds containing 

0026-9247/80/0111/0221/$ 02.60 
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a difluorophosphino group and a silyl or germyl group bound to a 
common atom have been reported 4 . Such species are of particular 
interest for three reasons. In the first place, if delocalisation of lone 
pairs of electrons on the central atom into vacant d orbitals on 

/ neighbouring atoms takes place, there may be expected to be corn-
petition between phosphorus and the group IV atoms for the available 
electrons, which will be reflected in the spectroscopic and structural 
properties of the compounds. Secondly, the conformations adopted by 
the molecules are important, and it seems that the most favourable 
arrangements are stabilised by weak H"' F contacts 4 . Finally, they 
have potential as reagents for bridging between metal atoms in 
complexes, as substituted fluorophosphines are well known as electron 
pair donors 5 , behaving generally in a similar way to carbon monoxide, 
whereas silyl and germyl compounds readily undergo oxidative addi-
tion reactions to coordinatively unsaturated systems such as square-
planar four-coordinate platinum(II) 6  or iridium(I) 7 . 

So far, the only reports of mixed difluorophosphino—silyl or germyl 
compounds being isolated have concerned amines 489 . No similar 
mixed -substituent oxides have been reported, although the parent 
symmetrical oxides are well known' -3 . The only stable mixed deriv-
ative of second row elements to have been isolated is 1,1-difluoro-2,2-
digermyl-biphosphine'°. A study of the exchange reactions of disilyl 
and digermyl derivatives of sulphur, selenium and tellurium with 
bromodifluorophosphine'l showed that both silyl or germyl groups 
could be replaced. 

Y(MH 3 )2  + PBrF2  - PF2 ( YMH 3 ) + MBrH3  

PF2 (YMH3 ) + PBrF2  -* Y(PF2 )2  + MBrH3  [M = Si, Ge; Y = 5, Se, Te 

The two substitutions took place simultaneously, and it seemed that it 
would be impossible to obtain the mixed intermediates without dis-
proportionation occurring. However, we have now studied the reverse 
exchanges, using Y(PF2 )2  and MH3C1, and find that in one case it is 
possible to obtain the intermediate, free from either of the symmetrical 
species, and that disproportion ation is very slow. We report here the 
results of our studies of PF 2 (SGeH3 ). 

Results and Discussion 

Preparation of PF2  (SGeH3 ) 
• W1T equimclar aiñuiits ofP) 2  and e 3Cl were allowed to 
react together in the liquid phase at room temperature, an exchange 
reaction took place, yielding PF 2 (SGeH3). Great care was needed to 
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ensure that the relative quantities of reagents were correct, as the 
product could not be separated from either S(PF 2 )2  or S(GeH3 )2  by 
trap-to-trap distillation. Similarly, traces of. moisture in the vacuum 
system or of HC1 in the GeH 3CI gave rise to PF 2H(S), which also was 
inseparable from the desired product. 

The observation that the first exchange of GeH 3  for PF2  went to 
completion before the second one started was unexpected in view of the 
results for the reverse process reported earlier 11 . It would appear that 
PF2 (SGeH3 ) is stable with respect to disproportionation, at least for 
short periods, but that the two stages of the exchange reaction of 
S (GeH3 )2  with PBrF2  take place at comparable rates. 

Vibrational Spectra 

Details of the gas-phase i.r. and liquid-phase Raman spectra are 
given in Table 1. These spectra provide strong evidence for the identity 
of the compound as there are peaks which may be assigned to 
stretching, deformation and rocking modes of the Gel 3  group, and 
others in the regions associated with vibrations of the PF 2  group. In 
addition there are three strong, polarised bands in the Raman spec-
trum, which we assign to the vibrations of the PSGe skeleton. The 
highest frequency band of this group is at 508 cm -1 , compared with 580 
and 444 cm for the skeletal stretches of S (PF 2 )2 12 , and 512 cm-1  for 
the P—S stretch in PF 2 (SCH3 ) 13 , and so is assigned as the P—S stretch 
in this case also. The second band, at 425 cm 1 , is assigned to be the 

Table 1. Vibrational spectra of PF2 (SGeH3 ) 

I.r (gas) 	 Raman (liquid) 	Assignment 

2114s 2110s,p v(GeHq ) 

868m,dp) 
830Is, 

 
 br (PF2 ),(GeH3 ) 

810 830m,dpi 

590m 600m,dp p(GeH3 ) 

514s 508s,p V (P—S) 

425s 422s,p .(Ge—S) 

380s,p 8, O(PF2 ) 

305 w,dp p(PF2 ) 

116s,p a (GeSP) 

s = strong, 	m = medium, 	w = weak, 	br = broad, 	p = polarised, 
dp = depolarised. 
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Ge—S stretch; equivalent stretches in S (GeH 3 )2  are at 408 and 
370 cm-12 . The third band, at 116 em -1 , must be the skeletal deforma-
tion, which comes at llOcm' in S(GeH 3 )2 , but the analogous mode in 
S(PF2 )2  is at 237cm-1 . There is a band at 125cm' in the Raman 
spectrum of the latter compound but it is not polarised, and has been 
assigned as a torsion of the PF 2  groups. 

Table 2. N.m.r. parameters of PF2 (SGeI-13 ) and some derivatives 

Compound 	 PF,(SGeH,) 	L BH3' 	Mo(CO)4L2  

('H)/ppm 4.8 5.8 4.9 
('H')/ppm 1.0 
(B)/pp-' —60.6 
(19F)/ppm1 —56.5 —54.1 —15.7 
(31P)/ppmC 233.7 193.9 226.6 

if (31p19)/HZ 1280 1255 1201 
',J ("B'H')/Hz . 102.8 
V (31P"B)/Hz 47 
2,J ('lIP'H')/Hz 16 
2j (31P31P)/Hz 45 
3f(31P1H)/Hz 12.6 8.7 2.5 
3J (19F1H')/}.Jz 18.2 
3J (31P 19 .F)/Hz 3 
4j ( 19F 'H)/Hz 3.4 2.0 <2 

a Relative to B (OM  e),; b  relative to CCI,F; C  relative to 85% H3PO4 . 

N.m.r Spectra 

The 'H, 19F  and 31 P spectra of PF 2 (SGeH3 ) provide unequivocal 
evidence of its identity and purity. In particular, the high 31P  chemical 
shift confirms that it is a phosphorus(III) species and not a phos-
phorus(V) derivative, 8=PF 2 (GeH3 ). The n.m.r. parameters are listed 
in Table 2. 

Mass Spectrum 

Details of the mass spectrum of PF 2 (SGeH3 ) are given in Table 3. 
The multiplicity of germanium isotopes can make analysis of the 
spectra of Gel3  derivatives difficult, but in the present case it appears 
that the groups of peaks centred at 178 and 109 mass units arose 

while the group 
at 158 mass units arose from ions with two hydrogens. Thus sequential 
loss of hydrogen atoms does not occur to any great extent. Breakdown 
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of the parent ion can take place by three distinct routes, involving as 
the initial step elimination of HF, or cleavage of either P—S of Ge—S 
bonds. The strength of the peak due to PF 2HS+ suggests that elimina-
tion of GeH2  is also an important process. 

Table 3. Mass spectrum of PF2 (SGeH3 ) 

rn/c 	 Relative Abundance 	Assignment 

178a 20 [PF2 (SGeH3 )]+ 
158a 20 [PF(SGeH2 )]+ 
1 o9a 20 [GeII3S]+ 
102 100 [PF2HS]+ 
101 12 [PF2S]+ 
88 5 [PF3]+ 
82 25 [PFS] 
69 50 [PF2]+ 
63 25 [PS] 
50 5 [PF]+ 
34 3 [SH2]+ 
32 2 {S]+ 
31 2 [PJ+ 
20 1 [FH]+ 

metastable 

39.5 	 weak 	 [PF2S] — F2  + [PS] 

Cleavage Reactions of the Ge—S Bond 

When HC1, HBr and C12  were allowed to react with PF2 (SGeH3 ), in 
each case cleavage of the Ge—S, rather than the P--S, bond took place, 
with a germanium—halogen bond being formed. 

PF2 (SGeH3 ) + HX — GeH3X + .PF2H(S) [X = Cl, Br] 

PF2 (SGeH3 ) + C12  —* GeH3C1 + PC1F2 (S) 

It seemed probable that similar reactions could be used to synthesize 
compounds containing SPF 2  groups and one such reaction was studied. 
At room temperature chlorodiphenylphosphine gave S = PF 2PPh2  as 
the major product, identified by its n.m.r. parameters [P 114.0, 
—1 . 9 PPM, 1JPF 1,274Hz, 2JPF  18.3 Hz, lJpp 366 Hz]. A small amount 
of S = PP/i2PPh., was also formed [3 P 45.1, —13.3 ppm, 'Jpp  254Hz]: 
this would seem to indicate that some cleavage of the P—S bond also 
occurs, giving PPh2 (SGeH3 ) as an intermediate. 

15 Monatshefte für Chemie, Vol. 111/I 
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Donor Reactions of PF2 (SGeH3 ) 

On reaction with diborane, PF 2 (SGeH3 ) behaved as other fluoro-
phosphines, giving a complex in which the phosphorus atom was the 
donor. There have been several attempts to relate n.m.r. parameters of 
borane-phosphine complexes to the base strengths of the phosphi-

nes13-15, but the empirical relationships between 1J (31P 11B) and dative 
bond strength are useful only for restricted ranges of similar phos-
phines 14 . The n.m.r. parameters for GeH 3SPF2  BH3  (Table 2) show the 
usual coordination shifts and coupling constants similar to those in 
related molecules. The 31p  "B coupling is clearly resolved, although it is 
unresolved in F2PSPF2  BH, with a coupling constant of 47 Hz, 
compared with 41 Hz in PF2 (SCH3 ) 14 . This is consistent with the 
suggestion 13  that base strength is increased by Tr-bonding, which is 
extended in the present case through sulphur to germanium. 

A displacement reaction occurred with tetracarbonyl(norborna-
diene)molybdenum to form Mo(CO)4(PF2SGeH3 )2 , identified by its 
n.m.r. spectra. These were second order, and proton-decoupled spectra 
were analysed as arising from an [AX 2]2  spin system, with very small 
long-range XX couplings: the n.m.r. parameters are listed in Table 2. 
The most noticeable feature is the small 31p  coordination shift (7 ppm) 
compared with that found for Mo(CO) 4[S(PF2 )2] (78 ppm) 12 . 

Reactions with Platinum Complexes 

In reactions of PF 2 (SGeH3 ) with four-coordinate Pt(II) complexes, 
there are three possibilities. The fluorophosphine may displace another 
ligand: there may be oxidative addition, with a P--S, a Ge—S, or most 
likely a Ge—H bond adding across the platinum, perhaps followed by 
elimination: or there may be an exchange reaction, with an SPF 2  or an 
SGeH3  group displacing another ligand. 

In the reaction with trans-Pt01 2 (PEI3 )2 , exchange occurred, giving 
GeC1H3  and trans-PtC1(PEt 3 )2 (PF2S), identified by its n.m.r. para- 
meters 16 , with small amounts of two other unidentified platinum 
complexes. Similarly, tran8-PtC1H(PEt 3 )2  gave GeC1H3  and trans- 
PtH(PEt3 )2 (PF2 S) 6 , but on standing at room temperature the pla- 
tinum product slowly gave PtCl(PEt 3 )2 (PF2S). As Ge114  was not formed 
at the same time, it would appear that the solvent, chloroform, must be 
involved in the reaction. A third PF 2S complex, tran8-PtI(PE4(PF 2S), 
was also formed by an exchange reaction, with tran8-Pt1 2 (PEt3 )2 . With 

again formed, to- 
gether with PEt3  and GeCIH3 . The last product is unexpected, and its 
formation must involve the solvent, dichloromethane. One possible 
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mechanism would involve an unstable triethyl(germyl)phosphonium 
intermediate, which could react with dichioromethane to give chioro-
germane 

Molecular Structure 

In the refinements of the structure of PF 2 (SGeH3 ) it was assumed 
that the SGeH3  group had local C3  symmetry, and that the SPF 2  group 
had local C  symmetry. With these constraints the molecular geometry 

Fig. 1. Radial distribution curve, P (r)/r, for PF2 (SGe1-13 ). Before Fourier 
inversion the data were multiplied by s exp [(-0.00002 s2)/(Zp—fp) 

(Z0e fee)] 

was defined by 10 parameters, chosen to be the P—F, P—S, Ge—S and 
Ge—H bond lengths, the P—S—Ge, S—Ge—H, F—P--F and 
F—P—S bond angles, and twist angles, which defined the conforma-
tion about the Ge—S and P—S bonds. The Ge—S twist angle was zero 
when one Ge—H bond was trans to the P—S bond, and the P—S twist 
angle was taken to be zero when the FPF bisector was trans to the 
Ge—S bond. Both twist angles were defined to be positive for a 
clockwise rotation of the GeH3  or PF2  group when,viewed from Ge or P 
towards S. 

The radial distribution curve (Fig. 1) shows four strong peaks. The 
first one includes contributions from two bonded distances, P—F and 
Ge—H, and although both distances could be refined, only one 
amplitude could be included. Similarly, the second peak had P—S, 
Ge—S and F F components, and again the geometrical parameters 
dependent on these (the two bonded distances and the FPF angle) 
could be refined, but with only one amplitude of vibration. The third 
peak was attributed to just the S "F atom pairs, and the associated 
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Table 5. Molecular parameters for PF2 (SGeH3 )a 

Distance/pm 	Amplitude/pm 

Independent distances 

ri P—S 211.5(8)1 
5.6(8) 

r2 Ge—S 225.6(4)) 
r3 P—F 159.0(9) 5.7(5) 
r4 Ge—H 153.8(15) 7.1 (fixed) 

Dependent distances 

d5 FF 238.3(14) 6.7 (fixed) 
d6 S ... F 285.7(13) 8.5(6) 
d7 Ge ... P 332.6(17) 12.5(9) 
d8 Ge ... F 299.5(18)) 

22.3 (fixed) 
d9 Ge ... F 350.6(16)) 

Shortest F  271.3(17) 

Independent angles/' 

<1 Ge—S—P 99.0(6) 
<2 F—P—F 97.0(10) 
<3 S—P—F 99.9(4) 
<4 S—Ge—H 110(3)b 
<5 PF2  twist 161.8(17)b 
<6 GeH3  twist 29(14)b 

a All distances are ra . Quoted errors are estimated standard deviations 
obtained in the least squares analysis, increased to allow for systematic errors. 

b See text. 

distance must be regarded as being exceptionally long. As the other 
bond lengths are towards the high end of their normal ranges, the 
possibility of an overall scaling error must be considered. The calibra-
tion procedure used for. wavelength determination involved recording 
of the diffraction patterns of benzene and of PF 2 (SGeH3 ) in the same 
experiment, and analysing the benzene structure using the full pro-
cedure normally used for unknown structure determination. The 
wavelength was then adjusted to bring the C—C distance of benzene to 
39.70 pm, thereby eliminating any possible systematic scale error. 

The conformation adopted contrasts strikingly with those adopted 
by other PF2SR compounds. In S (PF2 )2  the overall symmetry is C2 ,, 
with each phosphorus lone pair of electrons eclipsing the further S—P 
bond 17 . In PF2 (SCH3 ) the PF2  group is twisted 1100,  at which point the 
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Experimental 

All volatile compounds were handled on a glass vacuum line fitted with 
ovirel greaseless taps. Bis(difluorophosphino)sulphide was prepared from 
is(tributylstannyl)sulphide and bromodifluorophosphine", and chloroger-
rsane from monogermane and stannic chloride 23 . Other reagents were prepared 
y published methods or obtained commercially. 

Infra-red spectra were recorded in the range 4,000-200 cm -' using a Perkin 
lmer 557 spectrometer and Raman spectra were obtained using a Cary 83 

pectrometer, with 488 nm argon-ion laser excitation. For mass spectra, an AEI 
1S902 spectrometer was used, and n.m.r. spectra were recorded on Varian 
IL100 (31P, 19F), HA100( 1 H), JEOLFX60(31 P) and Bruker WH360("B) 
pectrometers. 

Electron diffraction intensities were recorded photographically on Kodak 
lectron Image plates using the Cornell/Edinburgh diffraction apparatus 24 ' 25 . 

ample and nozzle were maintained at room temperature (293K) during 
xperiments. Data were collected using two camera distances, 128 mm (3 
lates) and 286 rum (3 plates), giving data over a range of 30-300 nm -1  in the 
cattering variable, s. Intensities were obtained in digital form using a Jarrell-
sh double-beam microphotometer 26  with spinning plates. The electron wave-

sngth, 5.779±0.003pm, was determined from the diffraction pattern of 
aseous benzene. 

Calculations were performed on an ICL 2970 computer using established 
Lata reduction 25  and least-squares refinement 27  programmes. Weighting points 
sed in setting up the off-diagonal weight matrix are given in Table 6, together 
vith scale factors and correlation parameters. In all calculations the complex 
cattering factors of Schafer, Yates and Bonham 28  were used. 

Table 6. Weighting functions, correlation parameters and scale factors 

Camera 	z\s 	5mjn 	sw 8w2 	Smax 	p/h 	Scale 
height 	 factor 

mm 	nm' nm' nm 1  flnr' nm' 

128.35 	4 	60 	80 	280 	300 	0.20 
	

0.866(19) 

285.56 	2 	30 	38 	120 	138 	0.25 
	

0.854(17) 

Dreparation  of PF2 (SGeH3 ) 

Chlorogermane (5.0 mmol) was condensed with 8(PF 2 )2  (5.5 mmol) in a dry 
lass bulb (ca. 250 ml), and the reagents were then warmed to 209 K for 2 hours. 
['he volatile products were examined by n.m.r. spectroscopy to ascertain the 
xtent of reaction and the exact amount of GeCIH 3  required to convert the 
'emaining S(PF2 )2  was added. In this way allowance could be made for 
mbalance of quantities of the reagents, caused by slight impurities, reaction 
vith surface moisture etc. Products were separated by fractional condensation, 

difluoro(germylthio)phosphine (4.8 mmol, 87% yield) was collected at 209K: 
M.wt. 180.6 (Cale. 178.7); v.p. (273 K) 31.5 mm; m.pt. 199 K]. The other major 
)roduct was PC1F2  (5.0 mmol), with traces of PF 2H(S), GeH4  and GeC1H3. 
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Reaction with HCl 

PF2 (SGeH3 ) (2.5mmol) and HCl (2.5mmol) were condensed into a glass 
bulb (250 ml) and warmed to room temperature for 5mm. The products were 
separated by fractional condensation yielding GeCIH 3  (2.5 mmol) and PF 214(8) 
(2.5 mmol), identified by i.r. and n.m.r. spectroscopy. 

Reactions with HBr, C12  and PCIPh2  

In each case 0.2 mmol of each reagent was taken and they were allowed to 
mix in CCI3D (0.5 ml) at room temperature. The reactions were monitored by 
'H, 'F and 31P n.m.r. spectroscopy. 

Reactions with B2H6  

PF2 (SGeH3 ) (0.4mmol) and B 2H6  (0.2mmol) were condensed in an n.m.r. 
tube with CCI3D (0.5 ml) as solvent. N.m.r. spectra were recorded at 273 K. In a 
second reaction, PF 2 (SGeH3 ) (0.8 mmol) was condensed in a glass ampoule with 
B2H6  (1.1 mmol), without a solvent. After warming to 195K for 5 min excess 
B2H6  (0.7 mmol containing a trace of GeH 4) was removed. The combining ratio 
PF2 (SGeH3 ): B2116  = 2: 1 was thus established. 

Reaction with Mo(CO)4 (C7H8 ) 

PF2 (SGe}{3) (0.4mmol) was added to an n.m.r. tube containing 
Mo(CO)4 (C7H8 ) (0.060g, 0.2mmol) in CCI 3D, and the solution was warmed to 
room temperature before 31p,  'F and 1 11 n.m.r. spectra were recorded. 

Reactions with platinum complexes 

In each case the platinum complex (0.2 mmol) was weighed and dissolved in 
CCI3D or CCI,D, in an n.m.r. tube, and PF 2 (SGeH3 ) (0.2 mmol) was added. The 
progress of reactions was monitored b y  31P n.m.r. spectroscopy. When reactions 
were complete 'F spectra were also recorded. 
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