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I. Introduction 

Fluorophosphines are tervalent phosphorus compounds containing 
phosphorus-fluorine bonds and they often show markedly different 
chemical behavior compared with other halogenophosphines. This article 
is mainly concerned with recent advances in the chemistry of derivatives 
of PF, of the type PF3-nXa, with particular reference to (a) synthesis 
of new structural types, ( b )  the role of fluorophosphines as ligands, 
particularly in transition metal complexes, and ( c )  nuclear magnetic 
resonance (NMR) studies. 

Since fluorophosphines form part of a general review of phosphorus 
fluorides (Hi?), and there is an excellent account of transition metal- 
trifluorophosphine complexes (1527, the present article is not intended 
to be comprehensive, but rather to highlight some of the more recent 
developments in this expanding area of inorganic chemistry. 

I I ~ Trifl uoro p hos p h i ne 

The parent compound trifluorophosphine (b.p. -101.4OC) will only be 
discussed briefly since preparative methods, physical properties, and 
general reactions have been adequately discussed previously by 
Schmutzler (282) and will not be repeated here. Usually trifluorophos- 

Pc13 4 PF3 (MF, = KF, ZnFz, SbF3, AsF3) 

phine is obtained by fluorination of other phosphorus trihalides, but 50 
gm quantities have also been obtained by reacting anhydrous hydrogen 
fluoride and orthophosphorous acid a t  -78°C in a polythene vessel (27). 

MF, 

HB ~~ 

+ PF3 + PF4H 
- 78°C 
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A. STRUCTURE 

The molecular structure of trifluorophosphine has been the subject 
of several papers and considerable differences in bond length and bond 
angles have been reported. The very early work by Brockway et al. (33, 
258) gave r(P-F) = 1.52 A, B(FPF) = 104", andmorerecently Hersh (131) 
found r(P-F) = 1.537 f 0.04 A, O(FPF) = 98.2" f 0.6". In  neither case, 
however, were these data consistent with microwave studies (113, 208, 

I n  a very recent electron diffraction study (211) r(P-F) is found to 
be 1.570 A and B(FPF) = 97.8" and these results are in accord with the 
microwave data.' 

209). 

1.570 ./\hF 
F 

97.80 

The new data means that the XMX bond angles in the Group V 
trihalides MXs (X = halogen, M = P, As, Sb) increase fairly systemati- 
cally on going from the fluorides to the iodides, and likewise the FM'F 
bond angle (M' = N, P, As, Sb) steadily decreases down the group (see 
Table I ) .  This necessitates a modification of the ideas of Gillespie (112), 

TABLE I 

XMX BOND ANGLES IN GROUP V TRIHALIDES (MX3)a 

Halogen( X) Nitrogen Phosphorus Arsenic Antimony 

F 102.17' f 0.14" 97.8" f 0.2" 96.1" f 0.2" -88" 
98.2" & 0.6" 95.8" 5 0.7" 

- c1 100.27' f 0.09" 98.7" f 0.3" 99.5" & 1.5" 

Br - 101.5' 99.6" It 0.26" -97" 
I - 102" 100.2' f 0.4" 99.1" f 2" 

100.1" 98.4" 

6 For individual references see (211).  

who has previously invoked partial double-bond character in the P-F 
bonds to explain the apparent anomaly of a large FPF bond angle. 

There is disagreement about the importance of d-orbital participation 
in trifluorophosphi'ne. On the basis of dipole moment data and using a 

Hirota which gives r(P-F) = 1.565"A (FPF) = 96.3". 
1 In (212)  there is a reference to an unpublished microwave study of PF3 by 
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C.N.D.O. procedure, it has been concluded that d-orbital participation 
in the bonding is important (280),  but this has been disputed (36) .  

Hillier and Saunders ( 1 3 1 ~ )  have recently carried out an all electron 
ab initio SCF-MO calculation on PF3 and find that there is a relatively 
large 3d-population (0.7e). There is significant r-bonding between the 
phosphorus 3p and 3d and fluorine 2 p ~  orbitals, the major contribution 
being of the 3 d r - 2 ~ ~  type. Such T-bonding is absent in PMe,. The highest 
occupied orbital is localized on the phosphorus atom (i.e., the lone pair 
orbital) and has approximately equal (ca. 35%) 3s and 3p components. 
The calculated first ionization potential (assuming Koopmans’ theorem) 
is 12.69 eV which is in very good agreement with the experimental value 
(12.31 eV) obtained from photoelectron spectroscopy ( 9 8 ~ ) .  

B. HYDROLYSIS 

The slow hydrolysis of trifluorophosphine compared with the other 
trihalogenophosphines has been long known (282) and the gas may be 
washed with water without any significant loss. This offers a convenient 
way of removing small amounts of H F  and Sip4 from trifluorophosphine 
during its preparation. The ultimate products of hydrolysis of trifluoro- 
phosphine are hydrogen fluoride and orthophosphorous acid (282).  

PF3 + 3 HzO + + 3 HF 

Aqueous base, on the other hand, rapidly hydrolyzes trifluorophos- 
phine, but early workers (215) found no evidence for intermediate P-F 
compounds. A detailed study, however, now shows that whereas hydro- 
lysis by aqueous potassium hydroxide affords fluoride and phosphite, 
dilute alkaline bicarbonate solutions produce salts of monofluorophos- 

0 
2% 11 /F 

KHCO, OH 
PF3+2HzO ___j H-P, -t 2HF 

phorous acid (H,PO,F) (28). This acid is stable against iodine oxidation 
in alkaline bicarbonate, but bromine oxidizes i t  a t  a measurable rate. 
Orthophosphate and monofluorophosphorous acid rapidly form salts of 
the acid HP(O)(OH)OP(O)(OH),. 

An equilibrium amount of H,P02F is also found in solutions of 
H,PO, in hydrofluoric acid (28) .  

+ HF + HP(O)F(OH) + HzO 

OPFzH can be isolated among the products from the vapor phase 
hydrolysis of PF,, and is also obtained by treating halogenodifluoro- 
phosphines PFzX with Me3SnOH (50 ) .  
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C. OTHER REACTIONS 

The extensive coordination chemistry of PF, is discussed in detail 
in Sections VII I  to X. Newer examples of the well-known oxidation of 
PF, to the pentavalent fluorophosphorane have appeared (110,99), and 

PF3 + TeFSC1 + PF3C12, PF4C1, PFs 

PF3 + (CF3)zNCl + (CFz)zNPF3Cl 

there is an interesting report of the addition of the bis( trifluoromethy1)- 
nitroxide free radical (303). 

PF3 + 2 (CF3)zXo' + P F ~ [ ( C F ~ ) Z N O ] ~  

I I I. FI uo ro p hos p h i nes Contain i n g P h 0s p horu s-Car bo n Bonds. Al kyl- or 
Arylfluorophosphines, RnPF3-n 

Although the parent compound trifluorophosphine has been known 
for at least SO years, organic derivatives of tervalent phosphorus fluorides 
were first described only about 10 years ago (183).  They are volatile 
liquids or gases which often exhibit strongly reducing properties and 
spontaneous inflammability in the atmosphere. Much of the synthetic 
work therefore necessitates the use of the high-vacuum manifold or 
rigorous exclusion of air and moisture from the system. 

The main preparative methods are listed below. The suitability of 
the particular method is largely determined by the nature of the sub- 
stituent group R; for example, the easy oxidation of RPF, or R,PF to 
pentavalent phosphorus compounds, when R = alkyl or aryl, precludes 
the use of antimony (or arsenic) trifluoride as a fluorinating agent (see 
below), whereas when R contains an electronegative group, e.g., CH,Cl, 
CCl,, CP,, or C6P5, this method is entirely suitable. The known alkyl- 
or arylfluorophosphines are listed in Table I1 together with the appro- 
priate method of synthesis. 

A. PREPARATIVE METHODS 

1. Fluorination of Elalogenophosphines Using Antimony or Arsenic 
TriJluoride 
In  1959 Kulakova et al. (183) reported the successful isolation of 

several rather unstable alkyl- and aryldifluorophosphines RPF, (R = Me, 
Et, Ph, n-Bu) by reacting the corresponding dichlorophosphines RPCl, 
with antimony trifluoride in an inert solvent under mild conditions. 
The resulting difluorophosphines are inflammable liquids or gases which 



TABLE I1 

FLUOROPHOSPHINES CONTAINING PHOSPHORUS-CARBON BONDS 

4 
Method of 0 

X 
preparationa 2 

(section Boiling point r 
z Compound number) ("C/mm) n D  ("c) dL,' Refs. + F ~  6pc J P F ~  Refs. 

MePFz (l), 2, 4-6 -28 - - - (183, 84, 298, 92.9 -250.7 1157 (84, 298, 97) 2 
97) 

6-7 
2-3 
33.5-34.5 
58 
73.1 (m.p. 15.8- 

16.4) 
70-72 
54 
-43 
15.8 (est.) 
30-31/20; 64/70 

(183, 84, 97) 104.5 
(307, 308, 69c) 103.6 
(281) 96.3 

(229, 230) 88.0 
(103) 98.8 

(183)  - 
(103)  111.5 
(183)  104.1 
(231) 102.5 
(183, 82, 83, 92.3 

84, 292) 

-234.1 
- 

-201.8 
-164.2 
-130.9 

- 
-231.2 
-158.3 
-167.8 
-208.3 

1114 
1202 
1190 
1283 
1285 

- 
1215 
1245 
1257 
1173 

- 
(103)  

(292) 

(226, 230) 
(231,226)  



C&,CHzPFz 2, 3 43-451 10 1.4974 20 - (83, 84 )  97.6 -223.8 1190 (84) 
CsF5PFz 1, (3) 30-3 1/20 - - (15, 102) 94.5 -193.4 1215 (102, 15)  
p-CICsH4PFz 2 33-35/5 1.4957 20 1.3209 (83,  84) - -196.8 1118 (84) 
p-MeCsH4PFz 2,5,  6 70-72150 1.5040 20 1.2041 (82, 83, 84) 92.1 -205.3 1130 (84 )  

- 

- 1074 (266) 
1182 (266)  

- (266) 90.4 - P - F C ~ H ~ P F Z  3 58/40 - 
m-FC6H4PFz 3 47/22 1.4648 25 - (266)  
ICHzPFz - - 
C&(PFz)z - - - 
MezPF 4 26.3 (m.p. -109) - - - 
(CFz=CF)zPF 1 63-65 - - (307, 308) - - 
(CF 3) zPF 1 , 7  

(CtiF5)zPF (I), 3 104-1 06/0.02 - - 

(t-Bu)zPF 3 67-70/48 - 

a Parentheses denote not best preparative method. 

92.2 - 
- - - - I 

- - - - - 
(29 )  
(29 )  

- - 
- 

(296, 297) 195.5 -187 823 (296, 297) 
- - - 

- - (183, 38)  219.0 -123.9 1013 (231, 226, 

(C3F7)zPF 1 92.2 (est.) - - (231) 215.5 -138.8 1025 (231,226)  

-1 1 - 
E 

- 253) m 

- (102) 216.6 -136.0 1002 (102)  * 
(m.p. 49) 0 

- - - - - _  - -182 -820 (301)  m 
- - (103)  223.5 -210.4 848 (103)  F 

x" 

2 z 

3 
EtPFMe 

3 
ti 
0 

b I n  ppm relative to CC13F. 
c I n  ppm relative to H3PO4. 
d In  Hz. 

m 
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on standing rapidly disproportionate to the corresponding pentavalent 
fluorophosphorane and cyclic polymers. 

nRPFz + RPF4 + [RP], 

Difluorotrifluoromethylphosphine, on the other hand, is stable (183) and 
was also isolated during the syntheses of the cyclic phosphines [CF3PI4, 
by treating CF3PIz with mercury (41 ) .  

A report that CzH5PFz and C2H,PFCl are formed in the antimony 
trifluoride-ethyldichlorophosphine reaction (134) was later shown to be 
erroneous (289), and the products correctly identified as ethyltetra- 
fluorophosphorane, CzH,PF4, and its hydrolysis product ethylphos- 
phonic difluoride, C2H,POF2. 

Indeed the reaction between alkyl- or arylchlorophosphines R,PCl,-, 
and either antimony (or arsenic) trifluoride in the absence of solvent offers 
a convenient route to the pentavalent fluorophosphoranes R,PF,-, 
(151, 283, 286, 298). 

3 RPClz + 4 MF3 + 3 RPFi + 2 M + 2 MC13 

3 RzPCl + 3 MF3 -+ 3 RzPF3 + 2 M + MC13 

(M = As or Sb)  

These reactions involve the oxidation of the phosphine and reduction 
of the Group V metal trifluoride to the metal. 

On the other hand, when the group R contains an electron-withdraw- 
ing substituent , fluorination affords only the corresponding tervalent 
fluorophosphine (229), 

3 CC13PClz + 2 SbF3 -+ 3 CC13PF2 + 2 SbCl3 (229, 230) 

3 (CF3)zPI + SbFs  -+ 3 (CF3)zPF + SbIs  (38,  183) 

(321)  

(102)  

(281)  

3 C3F7PIz + 2 SbF3 + 3 (C3F7)PFz + 2 SbI3 

3 C s F ~ P c l z  + 2 SbF3 + 3 CsF5PF2 + 2 SbC13 

3 ClCHzPClz + 2 SbF3 + 3 ClCHzPFz + 2 SbCls 

the redox reaction being suppressed. In  the case of monochloromethyl- 
dichlorophosphine the presence of the single chlorine atom in the side 
chain is sufficient to stabilize the tervalent fluorophosphine, CICHzPFz, 
relative to the pentavalent fluorophosphorane, ClCH,PF,, and the com- 
pound can be distilled unchanged, in contrast with the analogous methyl 
derivative. Only trace amounts of C6F5PF4 are obtained in the 
SbF3/C,F5PC12 reaction (102),  whereas a considerable amount of 
(C,F&PF3 is formed, in addition to (C6F&PF, when (C,F,),PCl is 
fluorinated. 
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Antimony trifluoride fluorination of m- or p-fluorophenyldichloro- 
phosphines affords only the pentavalent derivatives (266). 

Although trifluoromethyldifluorophosphine, CF3PF2, is essentially 
unchanged after storage for 6 months at  room temperature, the use of 
elevated temperatures (e.g., 115'/4 hours) produces small amounts of the 
tetrafluorophosphorane ( 4 ) .  The stability of the RPF, fluorophosphines 
is significantly greater than the corresponding R,PF derivatives and 
decreases along the series CF3 S- Ph > Me (see Section III,B,l). 

Very recently it has been found that the tertiary butyl derivative 
(t-Bu)PF2 (b.p. 54'C) can be isolated from the chlorophosphine using 
antimony trifluoride as fluorinating agent (103), suggesting that steric 
effects may be important in the redox reactions. 

Following the establishment of the redox fluorination of alkyl- or 
aryldichlorophosphines, doubts were expressed regarding the repro- 
ducibility of the original results of Kulakova et al. (183), and a further 
complication resulted from a misprint in the last paper in which the 
boiling point of PhPF, was listed as 64O-7OoC rather than 64"-65"C/70 
mm. The situation has now been clarified by a detailed study (83, 84) 
of the effect of solvents on the yields of alkyl- and aryldifluorophosphines 
by the SbF,/RPCl, method. 

2. Fluorination in the Presence of Solvents, e.g., Pyridine or 
N , N -  Dialkylaniline 

In  the absence of solvent methyldichlorophosphine and antimony 
trifluoride afford only a 6% yield of methyldifluorophosphine (84), 
whereas use of an inert solvent increases the yield to 25-30y0. Aryl- 
dichlorophosphines and antimony trifluoride in ether or benzene solution 
give inseparable mixtures of the tervalent and pentavalent phosphorus 
fluorides RPF, and RPF4 (84). 

The halogen exchange reaction can be accelerated in polar solvents 
and 85 yo yields of alkyldifluorophosphines are obtained when pyridine 
or N,N-dibutylaniline are used as reaction media. A pyridine complex 
SbF3. 2CkH,N has been identified. 

RPClz + SbFa 
pyridine or 

RPFz 
N,N-dibutylaniline 

(solvent) 

Nitrobenzene is less useful as a solvent because of its pronounced 
tendency to oxidize the product to the corresponding phosphonic di- 
fluoride RP0F2 (84). 
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3. Fluorination with Sodium Fluoride in Tetramethylene Sulfone 
Phenyldifluorophosphine is obtained in high yield from phenyl- 

dichlorophosphine when sodium fluoride in tetramethylene sulfone 
(TMSO) is the fluorinating agent (292). Under these nonoxidizing con- 
ditions no phenyltetrafluorophosphorane is formed, although as in the 
case of the alkyldifluorophosphines on standing a t  room temperature the 
compound slowly disproportionates (292). Phenyldifluorophosphine is 
smoothly converted to phenyltetrafluorophosphorane on heating with 
antimony trifluoride (292). 

TMSO 
PhPClz + 2 NaF ___f PhPFz + 2 NaCl 

room 

temperature 
PhPFz ____f [PhPIs + PhPF4 (fairly slow) 

3 PhPFz + 2 SbF3 ____f 3 PhPF4 + 2 Sb 

Although both pentafluorophenylfluorophosphines C6F,PF, and 
(C6F,),PF may as expected be isolated (102) from the sbP,/(C6F,)-PC1,-, 
reactions on account of the electronegativity of the pentafluorophenyl 
group, there is still significant oxidation in the case of the monofluoro- 
phosphine and it is best prepared using sodium fluoride in acetonitrile 
solvent (102). A report that NaF/TMSO fluorination of C6F5Br2 is a 
convenient route to C6F5PF2 (207) could not be substantiated (102). 

m- and p-fluorophenyldichlorophosphines are converted to the corre- 
sponding difluorophosphines by NaF/TMSO, although smaller amounts 
of the tetrafluorophosphoranes are also formed presumably via dis- 
proportionation reactions (266). 

Interestingly, potassium bifluoride is not a suitable fluorinating 
agent for the synthesis of alkyldifluorophosphines since addition of 
hydrogen fluoride occurs affording the pentacoordinate trifluorophos- 
phorane RPF3H (139) (see also Section 111, B). 

RPClz *+ RPFz 

RPClz + 2 KHFz RPF3H + 2 KC1 + HF 

Potassium fluorosulfinate, KS02F, reacts with alkyl- or aryldichloro- 
phosphines to form phosphonic acid fluorides RPOF, and phosphono- 
thioic acid fluorides RPSF, rather than the desired difluorophosphine 
(285). Contrary to a previous report (299), KS0,F fluorination of 
dimethylchlorophosphine affords dimethylphosphonic acid and di- 
methylphosphinothioic fluorides (CH3),POF and (CH3),PSF rather 
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than dimethylfluorophosphine (285). Surprisingly only very small yields 
of chloromethyldifluorophosphine result from the reaction between 
KSOzF and C1CH2PC12 in spite of the presence of the chlorine atom in 
the side chain (281). 

4 .  Fluorination with “Active” Potassium Fluoride 

See1 and co-workers (296-298) have obtained methyldifluorophos- 
phine and dimethylfluorophosphine by reacting the vapor of the corre- 
sponding chlorophosphine with “active” potassium fluoride formed by 
pyrolysis of potassium fluorosulfinate in vacuo. 

“active” KF 
MePClz ___f MePFz 

MezPCl ____f MezPF 

As expected dimethylfluorophosphine (b.p. 26.3”, m.p. -109°C) is 
spontaneously inflammable and undergoes a rapid disproportionation 
to dimethyltrifluorophosphorane and tetramethyldiphosphine (296,297) 
at room temperature. 

3 MezPF + MezPF3 + MeZP-PMe2 

5. Dehydrofuorination of Tri$!uorophosphoranes, RPF3H 

Another more recent synthesis of aryl difluorophosphines involves 
dehydrofluorination of an aryltrifluorophosphorane with potassium 
fluoride a t  100°-1200C (84). 

KF 
RPF3H + RPFz + KHFz 
(R = Ph, CHsC&-) 

On the other hand, it is impossible to remove hydrogen fluoride from 
methyltrifluorophosphorane under similar conditions (82) .  

When tertiary amines are used as dehydrofluorination reagents both 
alkyl- and aryldifluorophosphines are formed in 30-35 yo yield according 
to the following scheme : 

RPF3H + R;N -+ [RPFsH-NR;] + RPFz + RjNHF 

RPF3H + RiNHF + [R;NH]+[RPF4H]- 

These dehydrofluorination reactions are particularly interesting in view 
of reports of the oxidation of certain fluorophosphines to derivatives of 
the hexafluorophosphate ion by bifluoride ion (235,238, 249), namely, 

R,PFa-, + HFz a 
(R = CF3, F) 

[RnPF5-,H] a 
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6. Addition of Hydrogen Fluoride to Halogenophosphines Followed by 
Dehydrochlorination 

Although the direct reaction between alkyl- or aryldichlorophos- 
phines and hydrogen fluoride only produces 10-1 5 O / ,  yields of aryldi- 
fluorophosphines and no isolable alkyl derivatives (ad ) ,  treatment of the 
intermediate products of the reaction with tertiary amines significantly 
increases the yields (30-3576, R = aryl: 15-200/0, R = alkyl). 

The following reaction scheme has been suggested : 

HF R,” 
RPClz ___j [RPHFzCl] + RPFz i K;N*HCl 

although no evidence for an intermediate of the type RPF,HCl [I3 = CH,, 
CCl,] was found in two independent NRIR studies of RPF,-HCl mixtures 
(82, 233). 

7 .  Other Methods 

Very recently phenyldifluorophosphine has been synthesized in an 
interesting reaction in which phenyltetrafluorophosphorane is reduced 
by (diphenyl) trimethylsilylphosphine (220). 

room 

temper,iturr 
PhPF4 r 2 PhZPSiMeS PhPFz + PhzPPPhz + 2 Me$3iF 

Diphenyltrifluorophosphorane, on the other hand, gives only tetra- 
phenyldiphosphine and trimethylfluorosilane 

150°C 
PhzPFa + 3 PhzPSiIVIed + 2 PhzPPPhz + 3 Me3SiF 

1 hours 

the reaction presumably involving the intermediate diphenylfluoro- 
phosphine which could not be isolated, namely, 

3 PhePF + Ph4Pz i- PhzPF3 

Diphenylfluorophosphine is also suggested as the intermediate in the 
reaction between diphenylphosphine and perfluorocyclobutene ( 7 1 ) .  
Similarly, initial formation of dimethylfluorophosphine would account 
for the isolation of dimethyltriflnorophosphorane from the products of 
the reaction between dimethylphosphine and difluorotrichlorome- 
thylphosphine ( l a ) ,  e.g., 

CClAPFa + BIezPH + CC13K + [BlezPPFz] + [BIezPF] + Jle2PF3 

There is also a report of fluorophosphine formation via fluorine 
migration from carbon to phosphorus in the thermal decomposition of 
bistrifluoromethyldiphosphoxane ( 719). 

(CF3)zPOP(CF3)z 3 (CF3)zPF + CO + (CF3)3P t PF3 

Formation of phosphorus-fluorine bonds is known to be an important 
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process from electron impact studies of many trifluoromethylphosphines 
(45, 46).  

B. REACTIONS 

Oxidation of trifluorophosphine by halogens is well known (282) and 
although corresponding reactions with alkyl or aryl fluorophosphines 
have received only little attention, it has become apparent that oxidation 
to the pentavalent phosphorus fluorides can be brought about by a wide 
variety of reagents. I n  certain cases the reducing property of the fluoro- 
phosphine has been utilized in the synthesis of zero-valent transition 
metal fluorophosphine complexes (Section IS). 

Oxidation to the Pentavalent Fluorophosphorane 

a. Spontaneously. The strongly reducing property of the alkyl- or 
arylfluorophosphines is reflected by their spontaneous inflammability in 
the air, and as already mentioned in Section II1,A they show a varying 
tendency to disproportionate to the corresponding fluorophosphorane 
and diphosphine or cyclic polyphosphine. The behavior of several fluoro- 
phosphines a t  room temperature is shown below : 

3 MezPF + MezPPMez + MezPF3 very rapid (296, 297) 

10 MePFz --f [MePIs + 5 MePF4 rapid (183)  

10 PhPFz + [PhP]5 -t 5 PhPF4 fairly slow (4, 292) 

C ~ F ~ P F Z  + [CsF5P]z + CsFtiPF4 very slow (102) 

ClCHzPFz + [ClCHzP], + ClCHzPF4 very slow (228) 

CF3PF2 + (CF3P)4,5 + CF3PF4 very, very slow ( 4 )  

b. B y  Halogens. Like the parent trifluorophosphine, controlled ad- 
dition of halogen to fluorophosphines R,,PF,-, affords the corresponding 
pentacoordinate halogenofluorophosphorane, e.g., 

CC13PFz + X2 + CC13PF2Xz 

(X = C1, Br) (229, 230) 

R,PF3-n + Clz + R,PF3-,C12 

(R = CF3, n = 1 , 2 ;  C3F7, n = 1) ( 2 4 4 )  

Attempts to  prepare the corresponding alkyl or aryl difluorodihalo- 
genophosphorane, RPF,X, (R = alkyl, aryl; X = C1, Br) were un- 
successful because of a rapid intermolecular exchange process (86,102). 

c. B y  Transition Metal Halides. The reaction between platinous 
chloride or potassium chloroplatinite and trifluoromethyldifluorophos- 
phine or bistrifluoromethylfluorophosphine affords the tetrakisfluoro- 
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phosphine platinum(0) complex and the corresponding dichlorofluoro- 
phosphorane (see also Section IX) (234, 247‘). 

5 CF3-,PF3-, + PtClz -+ P ~ [ ( C F S ) ~ P F ~ - ~ ] ~  i- (cF3)nPF~-~C12 ( n  = 1, 2 )  

KzPtC14 + 5 (CF3)zPF + Pt[(CF3)2PF]4 + 2 KC1 + (CF3)zPFClz 

d .  B y  Ant imony  Trijiuoride. Phenyldifluorophosphine is smoothly 
converted to the pentavalent derivative by heating with SbF,. 

3 PhPFz + 2 ShF3 + 3 PhPF4 + 2 Sh (292) 

e. By Hydrogen Fluoride. Several alkyl- and aryldifluorophosphines 
RPFz have been found to form 1 : 1 adducts (I) with hydrogen fluoride 
(82) .  19F and nuclear magnetic resonance studies show clearly that 
the compound formed is a trifluorophosphorane RPF,H, containing a 
phosphorus-hydrogen bond. 

RPFz + HF + RPF3H 

(1) (11) 
Similarly dimethylfluorophosphine and hydrogen fluoride produce di- 
methyldifluorophosphorane, Me,PF2H (11) (256),  the latter also being 
formed as a by-product when dimethylfluorophosphine and dimethyl- 
phosphine are condensed together (256),  or by reacting Me,P, with HF. 

MeZPF+HF + MezPFzH 

2 MezPF + MezPH + MezPPMez + MezPFzH 

f. B y  Bijluoride Ion .  Trifluoromethyldifluorophosphine and bis- 
trifluoromethyl fluorophosphine are oxidized to hexacoordinate phos- 
phorus anions [( CF,),PF”,,H]- when heated with potassium bifluoride 
(235). The reactions occur even more readily in the presence of aceto- 
nitrile a t  room temperature. 

CF3PF2 + HFze + [CFSPF~H]~ cis (IIIa) and trans (IIIb) 
(CF3)zPF + HFzO + [(CF8)2PF3HIe (IV) 

0 

H 

(IIIb) 

CF3 

F 
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19F and *H NMR studies have shown that of the three possible isomers, 
the structure of (CF3)2PF,H@ is as shown in (IV). 

Similar behavior has been observed for the parent PF, which gives 
the [PF,H]e ion (238). 

The mechanism probably involves the following steps 

HFz" $ H F + F @  

RPFz + HF -+ RPF3H 

RPF3H + F"+ [RPF4H] 

g. B y  Alcohols. Primary alcohols R' OH add to alkyldifluorophos- 
phines at low temperatures (94, 96, 140) to give the pentacoordinate 

F 

R'O 
F 

(V) 

RPF',H(OR'), which have a trigonal-bipyramid structure (V) with 
fluorine atoms occupying axial positions. When the reaction is carried 
out in the presence of triethylamine, a crystalline salt is also formed for 
which the structure Et,NH+[RPF,H(OR)]- has been suggested (96) .  

B- 
RPFz + ROH + RPFzH(0R) ----+ RPF3H(OR)- 

h. B y  Amines. ( i . )  Primary amines. Methyldifluorophosphine reacts 
with primary amines R'NH,, in ether at  -40" to -60°C to give distillable 
1 : 1 adducts (VI), whose identity as trigonal-bipyrimidal alkylamino- 
difluorophosphoranes MePHF,(NHR') (87, 88) was confirmed by NMR 
studies. Similarly ethylenediamine affords a 1 : 2 adduct formulated as 
(VII) on the basis of its phosphorus and fluorine NMR spectra. 

MePFz + R'NHz + BlePHFz(NHR') 

2 BfoPFz + HzNCHzCHzNHz + (MePFzH)z(NHCHzCHZNH) 

(87, 88) 

(81) 

(VI) ( V W  

(ii.) Secondary amines. Both trifluoromethyldifluorophosphine and 
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fluorobistrifluoromethylphosphine have been shown to form hexa- 
coordinate phosphorus anions [(CF3),PF,-,H] 8 when treated with 
dimethylamine under mild conditions (49, 249). 

3 CF3PFz + 3 MezNH --f 2 CFaPF(NMe2) + (MezNHz) Q[(CFsPF4H] 0 

(CF3)zPF __f (CF3)zPNMez + [Me2NHz] @[(CF~)ZPF~H] 

and the reaction has been shown to involve the intermediate bifluoride 
salt (see also Section V).  The [(CF,),PF‘,]e ion has also been obtained 
as a reaction product from the aminolysis of fluorobistrifluoromethyl- 
phosphine and shown to have the trans structure (26, 249). 

i. Substitution reactions not involving oxidation. Secondary amino- 
lysis of alkyldifluorophosphines affords 35-45 yo yields of the RFP(NR4) 
compounds (87) and a recent report describes the synthesis of the related 

MeaNH 

Ra’NH 
RPFz + RPF(NR;) 

R = Me, R’ = n-Bu, i-Bu 

R = E t ,  R’ = n-Bu 

methylphosphonofluoridous esters MePF(0R’) by the low-temperature 
reaction between methyldifluorophosphine and sodium alkoxides (185).  

R O N a  

- 50°C 
MePF2 ---+ MePF(0R’) + NaF 

IV. Halogeno- and Pseudohalogenofluorophosphines 

A. CHLORO- AND BROMOFLUOROPHOSPHINES 

Chloro- and bromofluorophosphines of  the type PFzX and PFX, 
(X = C1, Br) have been known for a long time and originally were 
obtained by incomplete fluorination of the appropriate PX3 compound 
with a variety of fluorinating agents, e.g., antimony trifluoride (282,133, 
149), calcium fluoride ( 3 2 ) )  or ammonium fluoride (324) ,  sometimes with 
the addition of SbC1, or PX, as a catalyst (133, 149). Separation of the 
mixtures of products may be effected by fractional distillation or 
facilitated by selectively removing the desired product as rapidly as 
possible from the reaction site. 

Equilibration of  PCl, and PE’, a t  high temperature affords either 
PF,Cl or PFCl,, and likewise warming mixtures of PCI, and PF,NMe2 
produces chlorodifluorophosphine (138) .  More recently PF,C1 and PF,Br 
have been obtained by the facile cleavage of the phosphorus-nitrogen 
bond in dialkylaminodifluorophosphines (47 ,  107, 213) or alkylamino- 
bisdifluorophosphines (236, 237).  The ready availability of  these amino- 
difluorophosphines makes this an attractive route. 
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Bromodifluorophosphine is also obtained by HBr cleavage of the 
phosphorus-oxygen bond of p-oxobisdifluorophosphine (50),  and there 
is one report of HC1 cleavage of a phosphorus-sulfur bond (48) 

RzNPFz + 2 HC1 + PFzCl + RzNHzCl 

EtN(PFa)Z + 3HCl + 2 PFzCl+ EtNHzHCl 

PFzOPFz + HBr + PFzBr + OPFzH 

TABLE I11 

HALOGENO- AND PSEUDOHALOGENOFLUOROPHOSPHINES 

Boiling Melting 
point point 

Compound ("C/mm) ("C) Refs. $ ~ a  6 p b  JPF' Refs. 

PF2Cl 
PFzBr 
PFzI 
PFClzd 
PFBrz 
PFClBr 
CFsPFCl 
CeHSPFC1 
(MezN)PFBr 
(Me2N)PFCl 
(Et 2N)PFCl 
(Me0)PFCl 
PFzCN 
PFzNCO 
PFzNCS 
PF(NC0)z 
PF(NCS)z 
MePFC1 

-47.3 
-16.1 
26.7 
13.8 
78.4 

- 
37/20 
44/85 
35/12 
38.9 

12.3 (dec.) 
54.5 
98.7 
51/1.5 

- 

-164.8 
-133.8 
-93.8 

-144.4 
-115 

(217, 219, 213) 38.1 -176 
(217, 213) 40.1 -218 
(277, 213, 47)  46.0 -242.2 

(217, 219) 70.4 -255 
(217, 219) 55.9 -224 

( 7 8 )  
(227)  

- - 

144 - 
(87 ,  89) 72 
( 6 4 )  76.1 - 

(273a)  70.0 - 

(273a)  67.3 - 

(105, 274) 89.7 -140.8 

54.2 -132.0 
- -127.9 

80.3 -126.5 
- -240 

- 

- - (202)  

(273)  
(109, 3 )  
(273)  
(301)  

(105, 3 )  39.2 -130.6 

1390 (217 ,133)  
1388 (217)  
1340 (277)  
1320 ( 2 1 7 , 1 3 3 )  
1301 (217)  

1178 (227)  
1050 (87 ,  89) 
1172 (64)  
1170 (273a)  
1164 (273a)  

1273 (274)  
1361 (105,  109)  
1336 (273)  
1226 (109) 
1252 (273)  
1040 (301)  

- - 

_ -  

a In  ppm relative to CC13F. 
b In  ppm relative to HsP04. 
c In  Hz. 
d P-F = 1.55 + 0.05"A; P-C1 = 3.02 + 0.03"A; FPCl= 102 + 3" (282) .  

There is Raman spectroscopic evidence for the presence of bromo- 
chlorofluorophosphine PFClBr in the equilibrium mixture of PFBr, and 
PFCl,, and also for other mixed halogenofluorophosphines obtained in 
PF3/PX3 mixtures (X = C1, Br) (77, 78,217-219,222). 

PFBrz + PFClz + 2 PPClBr 

Revised Raman and infrared data for several mixed halogenofluoro 
phosphines have been published (219,222) and thermodynamic functions 
in the 20O0-200OoK range have been calculated. 
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Although PBrClF cannot be isolated in the pure state from the above 
reactions, Clune and Cohn (64 )  have very recently obtained the un- 
symmetrical fluorophosphine Me,NPFBr by reacting cyanogen bromide 
with dimethylaminodifluorophosphine. The formula of the compound 

2 MezNPFz + BrCN --f MezNPFBr + MezNPF3CN 

(b.p. 37"C/20 mm, m.p. -73" & 5°C) is established by its mass spectrum 
and its proton and fluorine NMR spectrum. It will be of interest to  see 
if PFClBr can be synthesized by cleavage of the phosphorus-nitrogen 
bond in Me,NPFBr with hydrogen chloride. Roesky (273a) has very 
recently obtained compounds of the type R,NPFCl (R = Me, Et) in low 
yield by partial fluorination of the corresponding R,NPCl, with antimony 
trifluoride. 

Hydrogen chloride reacts with CF3PF(NMe2) to  afford CF,PCl,, 
CF3PFC1 and CF,PF, (227) .  NMR and infrared studies show that 
CF3PFC1 is also formed when CF3PF,/CF3PC1, mixtures are heated 
to  60°C (227) .  CGH,PFC1 is a likely product from the reaction 
between HF and C6HBPC1, (87 ) .  

B. DIPLUOROIODOPHOSPHINE, PF,I 

The only known iodofluorophosphine, difluoroiodophosphine, PF21, 
first synthesized in 1966 by Rudolph, Morse, and Parry (277) ,  plays a 
Bey role for the introduction of the PF, group into other compounds. 
It can be readily obtained (in 94% yield) via hydrogen iodide cleavage 
of the phosphorus-nitrogen bond of dimethylaminodifluorophosphine 
(47,  213, 277) (Section V). 

FzPNMez + 2 HI + PFzI + MezNH .HI 

The compound (b.p. 26.7"C, m.p. -93.8" to  -93.3"C) is reasonably 
stable in the vapor phase at  room temperatme, but the rate of dis- 
proportionation to trifluorophosphine and phosphorus triodide (277, 47 )  
i.e., 

is greatly enhanced a t  high vapor pressures. 

1. Reactions 
The synthetic utility of difluoroiodophosphine may be seen from 

Fig. 1, which summarizes some of its main reactions. 
The weak phosphorus-iodine bond is readily cleaved by a variety 

of reagents, for example, mercury readily affords tetrafluorodiphosphine 
(274) ,  and cuprous oxide gives the p-oxobisdifluorophosphine in good 
yield (274) .  

3 PFzI + 2 PF3 + PI3 
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PF,OPF, 
2 74 (CF,),C(OPF,)I 

OPF,H 

F,PPH, 
275 

105 

FIG. 1. Some reactions of difluoroiodophosphine, PFzI. 

Hydrogen chalcogenides HzX (X = S, Se, Te) react differently with 
difluoroiodophosphine in the presence of mercury. The sulfur and 
selenium derivatives give the pentavalent compound XPF,H (X = S, Se), 
whereas hydrogen telluride produces a mixture of phosphine, hydrogen 
halides, and elementary tellurium (257). 

PFzI + HzX + XPFzH + HI 

(X = S, Se) 

PFzI + 3 HzTe + PH3 + HI + 2 HF + 3 Te 

2. Reactions of other hulogenojluorophosphines 

Me,SnOH reacts with all the halogenodifluorophosphines PF,X 
(X = C1, Br, I) to give the pentavalent compound OPFzH rather than 
the trivalent FzPOH (274) (see Section V1,A.). 

The greater reactivity of the P-X bond compared with the P-F bond 
is also evident from metathetical reactions with silver pseudohalides 
(105, 274) and silver salts of perfluorinated carboxylic acids (105), e.g., 

PF2X + AgY -+ PFzY + AgX 

(Y = CN, CNO) 

PFzX + AgCOzRf 4 PFzCOzRf + AgX 

(Rf = CF3, CZF5, n-C3F7, Me-) 
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Similarly alcohols readily react with PFC1, to produce monofluoro- 
phosphites (55, 67, 205), while amino alcohols and amino thiols afford 
cyclic compounds (179, 203).  

PFClz + 2 R O H  - (R0)zPF + 2 HCl 

(X = 0 or S) 

Mixed halogenofluorophosphoranes PF,-,X, may be obtained by 
controlled react'ions between the appropriate fluorophosphines with a 
halogen. 

PE'3 + Clz --t PF3C12 

P F z C l +  Clz + PFzC13 

PFBrz+I3r2  + PFBr4 

These reactions have been discussed in more detail elsewhere (133, 
282). A closely related reaction is the addition of bis(trifluoromethy1)- 
chloroamine to chlorodifluorophosphine (99). 

(CFs)zNCl+ PFzCl --t (CF3)2NPFzClz 

In  the presence of antimony pentachloride PFCl, and chlorine afford 
a salt [PFC1,][SbC16], which is also formed more slowly from SbC1, and 
PFC1, directly. NMR and IP, studies indicate the presence of the PFCl,+ 
cation (278) .  

PClnF -t FibCls + Clz + [PFC13][SbCls] 

Phosphorus-oxygen bonds are formed when either bromo- or iodo- 
difluorophosphine react with hexafluoroacetone (194) (see also Section 
V1,B. ) . 

Sulfur adds to difluoroiodophosphine at  50"-90"C to give 50 yo yields 
of SPF,I (302).  

c. CYANODIFLUOROPHOSPHINE, PF2cN 

This rather unstable volatile liquid is obtained in 32% yield on 
warming a mixture of iododifluorophosphine and cuprous cyanide from 
the temperature of liquid nitrogen to room temperature (274).  Even at  

PFzI + CuCN --f PFzCN + CUI 

-20°C there is significant disproportionation to  trifluorophosphine and 
a white solid, presumably P(CN),. The formulation of PF,CN as a 

- 20°C 
3 PFzCN + 2 PF3 + P(CN)3 
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cyanide rather than an isocyanide is based on the breakdown pattern 
in the mass spectrum. 

There is also a report that PF2CN, formed from PFJ and AgCN, is 
stable when dry, but decomposes slowly in the presence of moisture 
affording p-oxobisdifluorophosphine (105, 106). 

2 PFaCN + HzO + FzPOPFz + 2 HCN 

D. ISOCYANATES AND ISOTHIOCYANATES 

The isocyanate compounds F,PNCO and FP(NCO)2 were first 
obtained by Anderson ( 3 )  via fluorination of P(NCO)3 with antimony 
trifluoride. Similarly PF,(NCS) was said to be formed from P(NCS),. 
More recent work (273))  however, has indicated that Anderson's product 
is identical with the pentavalent phosphorus compound SPF,(NCS) 
formed by fluorination of SP(NCS)3. 

Both PF,NCS and PF(NCS)2 can be formed in about 15% yield by 
fluorination of P(NCLS)~ with antimony trifluoride, but some SPF,(NCS) 
is also formed. The concentration of the latter may be reduced by using 
freshly prepared P(NCS)3 (273) .  

A convenient route to PF,NCO using difluoroiodophosphine and 

PFzI + AgOCN + PFzNCO + AgI 

silver cyanate has recently been described (105).  The mass spectrum 
confirms that the compound is an isocyanate rather than a cyanate. 

Stractures 
Rankin (266a) has recently determined the structures of three pseudo- 

halofluorophosphines PF2X (X = CN; NCO; NCS) by electron diffrac- 
tion. The relatively short P-N bond lengths in PFzNCO (1.68 O.02"A) 
and PF,NCS (1 .70 5 0.02"A) and the very wide PNC bond angles (ca. 
150") suggest r-contributions to  the P-N bonds are important. 

Table I11 lists the known halogeno- and pseudohalogenofluoro- 
phosphines. 

V. Fluorophosphines Containing Phosphorus-Nitrogen Bonds 

A. DIALKYLAMINOFLUOROPHOSPHINES (PHOSPHORAMIDOUS 
FLUORIDES) ) (R2N),PF3-, 

1. Xynthesis 
The first report of this type of compound in the patent literature 

erroneously describes Et2NPF2 as a gas which condenses a t  -78°C (294);  
however, this could not be subsequently confirmed and later work 
showed that the compound in fact boils a t  96°C (287). 



TABLE I V  

FLUOROPHOSPHINES CONTAINING PHOSPHORUS-NITROGEN BONDS 

Boiling point 
Compound (OC/mm) n D  ("c) d2,' Refs. 6 p b  J p ~ c  Refs. 

Et 

\ 
0 

48, 50.3 

33/20 
96-97, 47/100 

129-130 
165-167 
32-33/27 
134-1 35 

138-139 
97-98/40 
52-53 (dec.) 
125.9, 50-51/50 

(m.p. -90) 
46.5-47.511.3 

1.3580 
1.3840 

1.3985 
1.4160 

1.4252 
1.4276 
1.4300 
1.4906 

- 

- 

- 

- 

__ 

20 
20 

20 
20 

26 
20 
20 
20 

- 

- 

- 

- 

- 

- 
1.0495 

0.9873 
0.9809 

1.1434 

1.2787 
1.1625 

- 

- 

- 

- 
- 

- 

(225,287,  47 ,107)  65.3 

(138) 
(138)  

(138, 287, 13)  64.8 
(291)  63.7 

- 

- 

(13 )  67.9 
(138, 287, 13)  65.2 

- (155) 
(138)  - 

(11 )  70.6 
(270, 47, 107) 100.6 

(273u) 98.1 

-143.0 
-144.0 
-142.2 
- 
- 

-146.2 
-139.1 

- 
- 

-140.5 
-151.0 

- 

1197 (270) 
1194 (270) 
1202 (291)  
- - 
- 4 

0 

!l 

- 8 

1198 (13 )  
1193 (270 ,13 )  

r 
- 

1191 (11 )  
1046 (270) 

1037 (273a) 

52-53/50 1.4275 20 1.1750 (203) - - - 

70-71/50 1.4330 20 1.1400 (203) - - - 



Et 
N i  

Et 

S-- 

(Me2N)PF (OMe) 
(Me2N)PF(OEt) 
(EtZN)PF(OMe) 

(Me2NNMe)PF 2 

(Me2NNMe)zPF 
(MeN0Me)PFZ 
(MeN0Me)gPF 
MePF(NMe2) 

(Et2N)PF(OCsHiI-i) 

MePF( NEt  2 )  

MePF(NBu2) 
MePF [N(i-Bu)z] 
MePF ( NC4H *) 
MePF (NCSHi0) 
MePF [NH(i-Pr)] 

57-58/60 1.4240 20 1.1099 (203) 

89-91/50 1.4305 20 1.0742 (203) 

60/1 

28-31/100 
44-46/100 
66-68/ 140 
85-87/10 
154 (est.) 
30/10-4 
198 (est.) 
- 
85-86 
29-30/100 
52-54/80 
56-57/4 
49-50/3 
67-69/6 
50-52120 
31-32/90 

1.5148 

1.3895 
1.3947 
1.4120 
1.4250 
- 
- 
- 

- 
- 

1.4200 
1.4135 
1.4069 
1.4075 
1.4765 
1.4450 
1.4254 

20 

20 
20 
20 
20 
- 
- 
- 

- 
- 

20 
20 
20 
20 
20 
20 
20 

1.2045 (179) 

1.0215 (91 )  

0.9897 (91 )  
0.9334 (91)  

(91 )  

(115)  
(115) 
(115) 
(115) 

- 

- 
- 
- 

- 
- (87,290)  

0.9473 (89 )  
0.9460 (87-89) 
0.8929 (87-89) 
0.8876 (87, 89)  
1.1316 (87 )  
1.0340 (87 )  
0.9776 (90 )  

- 

-153 
-151 
-151.9 
-152 
- 
- 
- 
- 

-165.9 

-165.2 
-166.9 
- 

- 
-165.1 
-169.0 

- 

1136 
1130 
1126 
1123 
- 
- 
- 
- 
915 

914 
924 
- 

- 
927 

1065 



W 
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TABLE IV-cont. 00 

FLUOROPROSPHINES CONTAINING PHOSPHORUS-NITROGEN BONDS 

Method of 
preparationa 

(section Boiling point 
Compound number) ("C/mm) n D  ("C) Go Refs. 4~~ ape J P F ~  Refs. 

MePF [NH(i-Bu) ] 
PhPF(NMe2) 
PhPF(NEt2) 

CF3PF(NMe2) 
CFZHCH 2PF (NMe 2) 

EtPF(NBu2) 
PhPF [NH(i-Bu)] 
MePF (NHC3H (3) 

(FPNt-Bu)z 

36-38/60 1.4214 

83-8412 - 1.4980 
54-5610.25- 
75 

52-5411.5 1.4167 

88-90/15 - 

- 
- - 

23.5/4 (m.p. 17-18) - 

20 

20 
- 

0.9650 

1.0375 
- 

(90 )  
(88, 290) 
(87, 288, 290) 

104.0 
128.5 
123.5 

134.3 
119.5 

- 
22.2 

- 

-159.8 
-154.9 

- 
-135.8 
-151 
-164 

1040 
989 
964 

1010 
886 

920 
873 

1190 

- 

a In ppm relative to CC13F. 
* In  ppm relative to H3P04. 
e In  Hz. 
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Dialkylamino- and alkylarylaminodifluorophosphines which are 
listed in Table I V  are colorless, mobile liquids with an unpleasant smell. 
They are hydrolyzed only fairly slowly by cold water and fume slightly 
in air. 

Several synthetic approaches to  this class of compounds have been 
developed, the most convenient being fluorination of the corresponding 
dialkylaminochlorophosphine with either antimony trifluoride (287, 1 3 ,  
138), zinc fluoride (138, 252), or sodium fluoride in tetramethylene 
sulfone (287, 291, 270, 213). No redox reactions of the type discussed 
in Section I11 are observed. 

3 MezNPClz + 2 SbF3 + 3 MezNPFz + 2 SbC13 

MezNPClz + 2 NaF 4 MezNPFz + 2 NaCl 

Several dialkylaminodifluorophosphines can also be prepared by 
treating difluorotrichloromethylphosphine with the appropriate second- 
ary amine at room temperature (13, 285)) the reaction involving an 

CC13PFz + RzNH + RzNPFz + CHC13 

(R = Me, Et;  RZ = C ~ H ~ , C ~ H I ~ )  

unusual preferential cleavage of the phosphorus-carbon rather than the 
phosphorus-halogen bond. The corresponding trifluoromethyl derivative 
CF3PFz reacts differently affording dimethylaminofluorotrifluoro- 
methylphosphine, CF3PFNMe2 (227) ,  and this may be related to the 
relative stabilities of the CX,- carbanions (225) .  

Trifluorophosphine and dimethylamine readily afford either di- 
methylaminodifluorophosphine or bis(dimethy1amino)fluorophosphine 
(47 ,107) .  The latter until recently was the only well-characterized mem- 

PF3 
MeaNR 
__f PFzNMez 

MeaNH 
__f 

ber of this particular class of compounds; however, coordination com- 
pounds of other (R2N)zPF ligands are known (245).' The PF,-Me,NH 
reaction was originally believed to afford the dimethylammonium 
bifluoride salt (47 ) ,  but more recently the novel anion [PF,H]- has also 
been identified in the reaction products (238) (see also Section 111). 

Almost quantitative yields of dimethylaminodifluorophosphine are 
obtained when trifluorophosphine and dimethylaminotrimethylstannane 
react at room temperature (246).  

PF3 + MesSnNMez + MezNPFz + MesSnF 

Very recently the ethyl analog has been obtained by fluorinating (Et2N)ZPCl 
with sodium fluoride in sulfolane ( 2 7 3 ~ ) .  
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Exchange of groups attached to phosphorus occurs when trifluoro- 
phosphine or phosphorus pentafluoride and dimethylaminophosphines 
R,P(NMe,),_,, (R = Me; n = 0, 1,  2), are heated together forming mix- 
tures of Me2NPF2 and (Me2N),PF (34) .  Similarly boron trifluoride and 
tris(dimethy1aminophosphine) produce dimethylaminodifluorophos- 

F'  

FIG. 2. ORTEP drawing of the (CH3)zNPFz molecule with 50% thermal 
motion ellipsoids for the nonhydrogen atoms. Bond lengths (in Angstroms) and 
angles (in degrees) are given with standard deviations expressed in units of the 
last significant figure (212) .  

phine when BF, is not present in excess, otherwise trifluorophosphine 
is formed in high yield (252, 132). 

P(NMe& + PF3 --f MezNPFz + (Me2N)zPF 

P(NMez)3 + BF3 + MezNPFz + (Me2N)zBF 

Very recently diethylaminodifluorophosphine has been obtained by an 
interesting route which involves the reduction of the pentavalent 
diethylaminotetrafluorophosphorane with Me,SiPPh2 (220).  

E t N P F 4  + 2 PhzPSiMes --f EtzNPFz + PhzPPPhz + 2 MesSiF 

2. Structure. 

The infrared and Raman spectra of Me,NPF, were interpreted in 
terms of a pyrimidal arrangement of bonds around both nitrogen and 
phosphorus (108), but a recent X-ray study (212) shows that the two 
carbon atoms and the phosphorus and nitrogen atoms are all coplanar 
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(Fig. 2 ) ,  which suggests that  thelone-pair on nitrogen is involved inpr-dn 
bonding with the phosphorus atom. It is interesting to compare the 
phosphorus-nitrogen bond length in MezNPFe (1.628 f 0.005 A) with 
the reported value (323) for Me2NPC1, (1.694 f 0.03 A). This significant 
shortening can be understood in terms of a further enhancement of the 
partial double-bond character by the more electronegative fluorine 
atoms. Both values are substantially less than the sum of the covalent 
radii (1.84 A) or that calculated from the Stevenson-Schomaker equation 
(1.75 A). I n  dialkylaminodifluorophosphines i~ bonding between nitrogen 
and phosphorus should increase the donor property of the phosphorus 
atom and this aspect is discussed in Section I X  and X on coordination 
complexes. 

B. ALKYLAMINODIFLUOROPHOSPHINES, RHNPF,, AND 

ALKYL(ALKYLAMINO)FLUOROPHOSl’HINES, R(R’NH)PF 
Only one example of the first class of compounds has so far been 

synthesized ( I I ) ,  namely, for R = methyl, although it  was previously 
known as its borane adduct MeNHPF,-BH3, which was synthesized by 
partial aminolysis of the PF,BH3 complex (148). The free aminofluoro- 
phosphine [b.p. 52”-53”C (dec.)] can be obtained from methylamine and 
difluorotrichloromethylphosphine in an analogous way to the syntheses 

of R,NPF, using secondary amines (Section V,A). An alternative method 
involving equilibration of methylamine and methylaminobisdifluoro- 
phosphine (11) (see Section V,C) avoids difficulties in isolation of the 
product. Although the compound is rather unstable, it was fully charac- 
terized by NMR spectroscopy. On standing at  room temperature, it 
readily forms MeN(PF,), and other unidentified products. 

MeN(PF2)z + MeNHz + 2 MeNHPFz 

CC13PF2 + MeNHz + MeNHPFz + CHC13 

Direct primary aminolysis of trifluorophosphine apparently gives 
1 : 1 adducts of the type RNHPF,.RNH, under varying reaction con- 
ditions, the main evidence for the presence of the RNHPF, species 
coming from lgF nmr studies (90). 

First reports of methyl(monoalky1amino)fluorophosphines MePF- 
(NHR’) have appeared only recently. Drozd et al. (90) have obtained 
these compounds in fairly low yield using a two-step process involving 
addition of the primary amine R‘NH, to methyldifluorophosphine to 
afford the pentavalent fluorophosphorane MePF,H(NHR’) (see also 
Section 111), followed by dehydrofluorination with tertiary n-butylamine 
a t  60”-70”C. 

R”H2 - HF 
MePFz + MePFzH(NHR’) + MePF(NHR’) 
(R’ = i-CzH7, i-C4H9) 
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C. ALKYL- OR ARYLAMINOBISDIFLUOROPHOSPHINES, RN( PF2)2 

Representatives of the class of compounds listed in Table V were first 
obtained in 1967 by fluorination of the corresponding bisdichloro deriva- 
tives with antimony trifluoride (236 ,237) .  

- HC1 SbBs / PFz 

PFz 
RNHz*HCl+PClS __f RN(PC1z)z + R-N, 

(R = Me, Et, Ph, m-ClCeH4) 

TABLE V 

ALKYL- OR ARYLARIINOBISDIFLUOROPHOSPHINES, RN(PF2)z 

Boiling point 
Compound (OCimm) Refs. 

MeN(PP2)Z 40-2 ( 2 3 6 ,  2 3 7 )  
EtN(PFz)z 62-3 (236 ,  237)  
PhN(PFz)z 41/10 [m.p. 26’1 (239 ,  2 2 4 )  
nz-C1CsH4N(PFz)z 50/10 (239 ,  2 2 4 )  

An alternative route involves fluorination of the products from the 
reaction between phosphorus trichloride and heptamethyldisilazane 
(141)  or ethylhexamethyldisilazane (224) .  In  the former case the inter- 
mediate Me,SiNMePF, (b.p. 20/6 mm) has recently been isolated (146a). 

(Jle3Si)zNR’ + 2 PC13 + 2 MesSiCl + R’N(PC12)z 

3 R’N(PC1z)z + 4 SbF3 + 3R’N(PFz)z + 4 SbC13 

(R =Me, Et) 

It is interesting to note that there is apparently no reaction between 
heptamethyldisilazane and trifluorophosphine (293) .  

Alkyl and arylaminobisdifluorophosphines are colorless, mobile 
liquids which are much more volatile than their chloro analogs and only 
hydrolyze slowly in air. They are stable a t  room temperature in sealed 
glass ampoules over a period of several months, in sharp contrast to the 
fairly rapid decomposition of the structurally related p-oxobisdifluoro- 
phosphine F2POPF2 (Section VI). 

The identity of RN(PF’,), compounds can be confirmed by their 
quantitative reaction with hydrogen chloride (237)  and by their charac- 
teristic fluorine and phosphorus NMR spectra (239)  (Section XI).  

RN(PF2)z + 3 HCl + 2 PFzCl+ RNHz -HCl 
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Although no stable complex can be obtained with boron trifluoride, these 
aminofluorophosphines do act as bidentate ligands toward metal car- 
bonyls (144) (Section IX).  

D. ALKYL- OR ARYLDIALKYLAMINOFLUOROPHOSPHINES, RPF(NRB) 

The first report of compounds with this type of structure concerned 
the trifluoromethyl derivative CF,PF(NMe,) (227) ,  which is obtained 
either by Eq. ( 1) controlled aminolysis of difluorotrifluoromethylphos- 
phine or Eq. ( 2 )  by fluorination of CF,PCl(NMe,) (synthesized by partial 

3 CF3PF2 + 3 MezNH --f 2 CF3PF(NMe2) + [M~~NH~]+[CF~PF.IH]-  (1) 

CP3PC12 + CF3PCl(NRle2) ---+ CFsPF(NMe2) (2)  

aminolysis of CF,PCl,). In  Eq. (1) only two moles of CF,PF(NMe,) are 
obtained from three moles of CF,PF, on account of the formation of 
the novel anion [CF,PF,H]- (49) .  

On the other hand, fluorination of alkyl- and aryldialkylaminochloro- 
phosphines, RPCl(NR;), with antimony (or arsenic) trifluoride under 
similar conditions to reaction ( 2 )  affords only the pentavalent fluoro- 
phosphorane RPF,(NRH) (288,290) via the same type of redox reaction 
discussed previously in Section II1,A for alkyl- and arylhalophosphines. 

MetNH SbF3 

3 RPCl(NR;) + 3 MF3 + 3 RPF3(NRL) + 2 M + MC13 
(M = As or Sb; R = alkyl or aryl) 

If milder conditions are employed some trivalent phosphorus compound 
can be isolated (87) ,  and when fluorination is carried out under non- 
oxidizing conditions, eg. ,  by sodium fluoride in tetramethylene sulfone 
solution, good yields of the alkyl- or aryldialkylaminofluorophosphines 
are obtained (288, 290). 

tctraniethj ltne 
RPCl(NR;) + NaF - RPF(NR;) + NaCl 

sulfone 

A detailed study by Drozd et al. (87)  has shown that antimony 
trifluoride and even antimony pentafluoride may be used successfully 
in the fluorination of RPCl(NR;) to RPF(NR;) if the reactions are 
carried out in ether or dibutylaniline solution. Low-temperature re- 
actions between secondary amines and alkyl- or aryldifluorophosphines 

Ka'NH 
RPFz - RPF(NRL) 

-30" to -40°C 

offer an alternate route to these compounds (87) .  Primary amines, on 
the other hand, readily afford 1 : 1 adducts RPF,.R'NH2, which are 
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distillable liquids and have been shown to be pentacoordinate phosphorus 
compounds (88-90) having axial fluorine atoms (VIII). Allylamine reacts 

RPFz + R'NHz 3 RPFzH(NHR') 

F 

(VIII) 

to give very small amounts of the allylaminofluorophosphine in addition 
to (VIII). It was not possible, however, to  synthesize the tricoordinate 
compound RPF(NHR') ( R  = Me, R' = i-C4HS) by elimination of HI? 
from (VIII) by heating with potassium fluoride (87). 

The interconversion of a dimethyhmino to a di-n-butylamino deriva- 
tive of methylfluorophosphine has been achieved by the following route 
(87) ,  although the intermediate chlorofluorophosphine cannot be iso- 
lated. Similarly treatment of the reaction mixture formed by the 

HCI n-BuaNH 
MePF(NMe2) __f [MePPCl] - MePF(NBu2) 

addition of hydrogen fluoride to phenyldichlorophosphine with diethyl- 
amine produces a 15 yo yield of phen yldiethylaminofluorophos 
The latter is also obtained directly from phenyldifluoroph 
diethylamine (288). 

A particularly interesting synthesis ofthis type of compomd has been 
reported (118). The reaction between 1,1,2,2-tetrafluoroethylphosphine 

HF EtaNH 
PhPClz + [l'hPFq PhPF(NEt2) 

EtaNH 
PhPFz + PhPF(NEt2) 

and dimethylamine affords a 64% yield of 2,.2-clifluoxoet'hyl-N,.N- 
dimethylphosphoramidous fluoride CFzHCHzBF(X 
mechanism outlined below invoheB a p,Kosphm@lh 
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The known alliyl- or aryldialkylaminofl uorophosphines RPF(NRS) 
are listed in Table IV. They are all colorless, mobile liquids, usually stable 
on distillation in an inert atmosphere, and may be stored at room 
temperature in sealed glass tubes over several months. I n  contrast to 
the spontaneously inflammable alkyl- or aryldifluorophosphines from 
which they are derived, they are only slowly oxidized in air. 

E. HYDRAZINO- AND HYDROXYLAMINOFLUOROPHOSPHINES 

Fluorination of the products from the reaction between 1, 1,2-tri- 
methylhydrazine and phosphorus trichloride affords the corresponding 
trimethylhydrazinofluorophosphines F,PN(CH3)N(CH3), and FP- 
“(CH,)N(CH3),1, W5),  e.g.2 

- HC1 excem 
PC13 + (CHa)tNNH(CHs) ___f 2 ClzPN(CH3)N(CH3)2 _I ClP[N(CHa)N(CH3)z]z 

hydrawne 

SbP3 1 
The bishydrazino derivative, which cannot be prepared by reacting 
F,P[N(CH,)N(CH,),], with excess 1,1,2-trimethylhydrazine, tends to 
disproportionate a t  its boiling point to  the monohydrazino compound. 

Analogous reactions using 0,N-dimethylhydroxylamine gave the 
much less stable compounds F,P(NCH,0CH3) and FP(NCH,0CH3), 
(115), whose formulas were established mainly by I R  and NMR spectro- 
scopy and molecular weight measurements. 

F. 1,3-DIALKYL-2,4-DIFLUORODIAZADlPHOSPHOSPHETIDINES, [RNPF], 

Several attempts to  synthesize this type of ring compound 

F\P-N /R 

(R = Me, Et) were unsuccessful (141), the isolable products being alkyl- 
aminobisdifluorophosphines RN(PF,),. However, very recently the first 
example of this class of compounds has been obtained (R = t-Bu; m.p. 
17-18’C; b.p. 23.5/4mm) (250n). It seems very likely that the ring 
structure is stabilized by the presence of the bulky1 tertiary-butyl group. 
The cyclic structure has been confirmed by NMR studies ( 2 5 0 ~ )  (Section 
XI,  A). 
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G. OTHER FLUOROPHOSPHINES CONTAINING P-N BONDS 

Recently Martynov et al. (179, 203) have synthesized some cyclic 
aminofluorophosphines containing phosphorus-oxygen or phosphorus- 
sulfur bonds by the following routes. 

Fe I FPCla + NHRCHtCHR’OH __j 

O-CHR’ 
R = Me, Et 
R’ = Me, Et, H 

Et 

SbFs 
PCls + EtNHCHzCHzSH P F-P 

\ 
b-CH2 

The compound (MeO)PFNEt, has been identified by its NMR 
spectrum in the produots from the SbF, fluorination of mixtures of 
Et2NPC12 and MeOPC1, (292), and there is a brief report (91) dof other 
compounds of this type (see Table IV).  

H. REACTIONS 

The reachions of dimethylaminodifluorophosphine have been studied 
in some detail and are summarized in Fig. 3. 

(NlepPF,),,, M(CO),,, 

// 

- M e p P F , C N  + M e p P F B r  

F,PXF, 

[M = C r ,  Mo, W] 

[X = 0 o r  S] 

[Y = Halogen] 

Me,NPF,BF, 

a s - P t C I ,  [(Me,N),PF], 

FIG. 3. Some reactions of MeZNPFz. From E. D. Morris and C. E. Nordman, 
I n o r g .  Chem. 8, 1673 (1969) with permission. 
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1. Disproportionation Reactions 
There is no significant disproportionation of dialkylaminodifluoro- 

phosphines RzNPFz, when the compounds are heated to  60°C (e.g., 
R = Me, no disproportionation after 24 hours; R = Et,  0.9% after 7 days; 
Rz = C5HI0, 2.5% after 7 days) (241, 245).  The pyrrolidino derivative, 
however, does undergo disproportionation to an observable extent even 
at  room temperature (13 ) .  Similarly a sample of bis(dimethy1amino)- 

2 CdHeNPFz + (C4HsN)zPF + PF3 

fluorophosphine was found to disproportionate after several months 
storage at room temperature (290). 

2 (Me2N)zPF + MezNPFz + (MezNj3P 

The exchange of groups on phosphorus is greatly facilitated by 
prolonged heating of dialkylaminodifluorophosphines with platinous 
halides (241,245)  or gallium trichloride, and to a lesser extent by cuprous 
chloride (30,  6 5 )  (see also Section IX). For example, 

prolonged 

heating 
PtClz + 4 RzNPFz ___f ci~-[PtClz[(R~NjzPF]z] + 2 PF3 

Chlorodifluorophosphine may be obtained by heating mixtures of 
dimethylaminodifluorophosphine and phosphorus trichloride (138), but 
there is no evidence for Me,NPFCl when excess dimethylaminodifluoro- 
phosphine is used. 

MezNPFz + PC13 + MezNPClz + PFzCl 

2.  Phosphorus-Nitrogen Bond Cleavage 

halides (47,  107, 118, 236, 277, 213, 237). 
The phosphorus-nitrogen bond is readily cleaved by hydrogen 

RzNPFz + 2HX + PFzX + RzNHzX 
(X = C1, Br, I) 

(3)  

RN(PFzj2 + 2 HCl -+ 2 PFzCl + RNH3Cl (4) 

R W N R h j  + 2 HC1 --f [RPFc~] + R;NH&I 

(R = CH3, CF3, CF~HCHZ) 

Reaction (3) offers a particularly useful route for the synthesis of 
PFzI (see Section IV), while in reaction ( 5 )  the mixed fluorochloro- 
phosphines are not isolable, but their presence may be established by 
IR, NMR, or chemical means (227, 87) .  

The reaction between dialkylaminodifluorophosphines and hydrogen 
fluoride has not been reported, but other studies (238, 249) using 
bifluoride ion suggests that the resulting trifluorophosphine (or any 
unreacted dialkylaminodifluorophosphine) will react further with the 
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dimethylammonium bifluoride salt to  afford the hydridopentafluoro- 
phosphate ion [PF,H] e. 

Me2NPFz + 3 HF + PF3 + MezNHz O H F z  0 

MezNPF2 + 3 HFz + MezNHz + [PFsH] + 3 F 

PF3 + HFz + [PFsH] 0 

Two interesting examples of phosphorus-nitrogen bond cleavage 
have been reported by Cave11 et al. (48), (50b) who found that dimethyla- 
minodifluorophosphine reacts with difluorophosphoric acid or difluoro- 
phosphorothioic acid F,P(X)XH (X = 0 or S) to give compounds of 
empirical formula [F,PX],, which contain phosphorus in both tervalent 
and pentavalent oxidation states, e.g. (see also Section VII, E), 

8 8 
/ I  I /  

FzPSH + FzPNMez + FzPSPF2 

0 0 
/ I  I /  

FzPOH + FzPNMez 4 FzPOPF2 

3. Oxidation 
Molecular chlorine or bromine readily oxidize dialkylaminodifluoro- 

phosphines to the mixed dihalogenodi fluorodimethylaminophosphoranes 
Me,NPF2X, (X = C1, Br) (138,65, S6). Me,NPF,Cl, is also obtained by 
treating dimethylaminodifluorophosphine with cupric chloride along 
with the corresponding dimethylaminodifluorophosphine cuprous com- 
plex ( 6 4 ) .  Treatment of the fluorophosphorane with sulfur dioxide affords 
high yields of the dimethylphosphoramidic difluoride (138). 

SOa 
MezNPF2 + Cl2 + MezNPFsCl2 __f Me2NPOF2 

MezNPFz + CuClz + MezNPFzClz + [CuClMe2NPF2]4 

I n  certain cases disproportionation of the products can take place 
(W, e.g.9 

EtzNPFz + Br2 + EtzNPFzBrz + Et2NPF4 + EtZNPF3Br 

Bisdimethylaminofluorophosphine and alkyl- or aryldialkylamino- 
fluorophosphines can also be readily oxidized by halogens (86) 

(MezN)zPF + X2 + (Me2N)%PFXz 

RPF(NR;) + X2 + RPF(NR;)X2 

(R = Me, Ph; R’ = Me, Et; X = C1, Br) 
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The pseudohalogen cyanogen bromide undergoes cleavage of the 
carbon-bromine bond when treated with dimethylaminodifluorophos- 
phine 

2 MezNPFz + CNBr --f MezNPF3CN + MezNPFBr 

Methyldiethylaminofluorophosphine can be oxidized directly to the 
fluorophosphorane MePF,(NEt,) with antimony trifluoride in the 
absence of solvent (87 )  ; however, the corresponding piperidyl and 
pyrrolidyl derivatives are unaffected. MePFNEt, and 2,3-butanedione 

3 MePF(NEt2) + 2 SbF3 + 3 MePFa(NEt2) + 2 Sb 

form an adduct whose structure has been established as a cyclic five- 
coordinate phosphorus compound (85 )  rather than the four-coordinate 

Et2N\ I / O-CMe 
F 

p I/ 
Me/ \O-CMe 

methylphosphonofluoridic ester. 

sponding pentavalent phosphorus sulfide (79 ) .  For example, 
Addition of sulfur to CF,PFNMe, or PF,NMe, affords the corre- 

MezNPFz + 8 + MezNP(S)Fz 

VI. Fluorophosphines Containing Phosphorus-Oxygen Bonds 
(Fluorophosphites) 

A. p-OXOBISDIFLUOROPHOSPHINE, F,POPF, 

Three independent syntheses of p-oxobisdifluorophosphine (b.p. 
-18.3'C, m.p. -132.1'to -131.8"C) were reported almost siniultaneously 
(274, 192, 272).  Parry and co-workers (274) obtained F2YOPF2 in 72% 
yield by reacting cuprous oxide and the newly synthesized difluoro- 
iodophosphine (Section IV). Lustig et al. (192) identified the same 

2 PFzI + CUZO + FzPOPFz + 2 CUI 

compound as a side product in the preparation of tetrafluorodiphosphine, 
and subsequently found that 67% yields of F,POPF, are obtained by 
addition of O2 to P2F4. It has been suggested (2'74) that p-oxobisdifluoro- 
phosphine may also be formed by hydrolysis of the latter : 

2 FzPPFz + HzO + 2 PFzH + FzPOPFz 

Riess and Van Wazer (272) were able to characterize F2POPF2 in the 
products from the reaction between P,06 and BF,.Et,O. 
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p-Oxobisdifluorophosphine decomposes a t  a rate of about 1 yo per 
day at  25°C and is totally converted to trifluorophosphine when brought 
into contact with an adsorbent surface (e.g., asbestos) under the same 

FzPOPFz + PF3 + (POF), 

conditions. It is thus much less thermally stable than the structurally 
related alkylaminobisdifluorophosphines RN(PF,), (236).  

Hydrogen bromide and p-oxobisdifluorophosphine react a t  25OC in 
the vapour phase to give bromodifluorophosphine and OPFsH (50) .  A 

FzPOPFz + HBr --f OPFzH + PFzBr  

four-center intermediate (IX) has been postulated involving initial 
attack of the proton toward oxygen rather than phosphorus, followed 
by breaking of the P-0-P bond and rapid rearrangement of F,POH to 

OPF,H. The identity of the latter is confirmed by the observation of 
a very large directly bonded phosphorus-hydrogen coupling constant 
(lJPH = 878 Hz). It is interesting to  note that the analogous trifluoro- 
methyl derivative (CF,),POH does not undergo the same rearrangement 
to  (CF,),HPO ( 1 1 9 ) ;  indeed the latter compound is completely con- 
verted into (CF,),POH (120). It was originally thought that the strong 
withdrawal of electrons from phosphorus by the CF, groups reduced 
the bonding power of the lone-pair toward the proton, but in view of 
the failure to isolate F,POH, it seems that other factors, e.g., steric 
interference or possible fluorine --f phosphorus r bonding, may also be 
important. 

B. p-OXODIFLUOROPHOSPHINE HEXAFLUOROPROPANES AND 

DIFLUOROPHOSPHINE CARBOXYLATES 

Lustig (194) has described syntheses of 2-iodo- and 2-bromo(pL-oxo- 
difluorophosphine)hexafluoropropane, (CF',),C(OPF,)X (X = Br, I) from 
hexafluoroacetone and the appropriate difluorohalogenophosphine 
PF2X. The mechanism is believed to involve the 1,3-dipolar intermediate 

(CF3)zCO + PFzX + (CFs)zC(OPFz)X 

(X = Br, I) 
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(CF,),C@O-P@F,X, which rearranges by transfer of positive halogen 
from phosphorus to carbon (194).  

The hydrido derivative may be prepared from the iodo compound 
by treatment with mercury and hydrogen iodide. Similarly the cyano 

(CF3)zC(OPFz)I + HI + 2 Hg -> (CF3)zC(OPFz)N + HgzIz 

derivative is formed by nucleophilic substitution of the bromine atom 
of bromodifluorophosphine with the 2-cyanoperfluoroisopropoxide ion 
(193).  A different reaction occurs with the cyanate ion, carbon dioxide 

PEzBr 
NaCN + (CF3)zCO + Na@[(CF3)2C(CN)OIe ---+ ( C F ~ ) Z C ( O P F Z ) C N  + N a + B r -  

being liberated at  the first stage, presumably forming an imine anion 
[(CF,),C=N] 0, which, in turn, gives an aza anion with hexafluoroacetone, 
and on subsequent treatment with PF,Br affords the azopentene 
derivative (CF,),C=NC(OPP,)( CF,), (193). 

0CN-  
__f [(CF3)zC=N] @ 

A new class of carboxylate compounds, RfCOOPF,, is formed by 
treating difluorohalogenophosphines with silver carboxylates (105) 

PFzX 
RfCOzAg RfCOOPFz + AgX 

(Rf = CF3, CzF5, C3F7, CH3; X = C1, Br, I) 

C. FLUOROPHOSPHITES (PHOSPHOROFLUORIUITES), (RO),PF,-, 

The main synthetic route to these compounds is via fluorination of 
the corresponding chlorophosphite usually with SbF, (136,284,201,202, 
260,304),  AsF, (136),  NaF (284),  or potassium fluorosulfinate (284,295) .  

MF. 
ROPClz __f R O P F z  

The reactions are invariably strongly exothermic. Cyclic monofluoro- 
phosphites containing 5-, 6-, 7-, 9-, and 13-membered rings and the 
deutero compound CD,OPF, have been obtained by this method (268, 
93).  Mixed alkylarylmonofluorophosphites are more conveniently ob- 
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tained by treatment of an alkyldifluorophosphite with the sodium salt 
of the phenol (136),  for example 

ROPFz + NaOPh + (RO)PF(OPh) 

Fluorophosphites are also among the products from reactions between 
(u)  trimethylphosphite and tungsten hexafluoride (251),  ( b )  alcohols and 
dichlorofluorophosphine (55, 67, 205), (c) phosphorus pentafluoride or 
trifluorophosphine and trimethylphosphite (35) ,  and ( d )  epoxides and 
trifluorophosphine in the presence of a tertiary amine (150),  but these 
are of less importance from a preparative viewpoint. The attempted 

WF6 + (Me0)aP __f (Me0)zPF + other products 
00 

ROH 
PFClz ___f PF(0R)z 

P(0Meh 
PFs or PF3 - PF,(OMe)3-, 

(n = 1, 2) 
R;N 

CHZ-CHMe + PF3 - FzPOCHzCHFMe 

\ /  
0 

fluorination of PhOPC1, with anhydrous hydrogen fluoride led to  
cleavage of the phosphorus-oxygen bond (136).  Table VI lists the known 
members of this class of compounds and their method of preparation. 

3HF 
PhOPClz ----+ PhOH + PF3 + 2 HCl 

D. ALKYLPHOSPHONOFLUORIDOUS ESTERS 
(ALKOXYALKYLFLUOROPHOSPHINES), RPF(0R’) 

Relatively few examples of this type of compound are known (Table 
VI). Alcohols react with alkyldifluorophosphines at -40” to -50°C (in 
the presence of a dialkylaniline) to afford only small amounts of these 
tricoordinate compounds, the main products being the pentacoordinate 
alkoxyalkyldifluorophosphoranes (94, 96, 97, 140). The yields can be 

RPFz + R’OH -+ RPHFz(0R’) 

improved, however, by using stronger base, e.g., triethylamine.3 The 
products are difficult to  purify, although when ammonia is used the pure 
product can be obtained in 25-35% yield. 

NRI ( -  40°C) 

- HF 
RPFz + R’OH -+ RPHFz(0R’) RPF(oR’) 

The first alkylphosphonofluoridothioites MePF(SR) (R = Et, Bu) has 
recently been obtained by this route using MePFz and the appropriate thiol (97b, 
94) .  
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A series of methylphosphonofluoridous esters has been synthesized 
recently using either the low-temperature reaction between methyl- 
difluorophosphine and the sodium alcoholate, or via antimony trifluoride 
fluorination of the corresponding chloridous ester (185). Alkylphos- 

- 60°C 
RPFz + NaOR’ - RPF(0R’) + NaF 

3 RPCl(0R’) + SbF3 + 3 RPF(0R’) + SbC13 

phonofluoridous esters are mobile liquids which are stable when stored 
a t  low temperatures. It is interesting to note tjhat i t  has proved impossible 
to eliminate H F  from RPHB,(OR’) even when distilling the fluoro- 
phosphoranes with potassium fluoride (96). 

E. REACTIONS 

Difluorophosphites are colorless, volatile liquids with unpleasant 
smells which do not rapidly attack glass in the absence of moisture, but 
are violently hydrolyzed by water. Monofluorophosphites, in general, 
are less rapidly hydrolyzed. Difluorophosphites fail to add sulfur even 
under forcing conditions (136) ; however diethylfluorophosphite 
( EtO),PP is oxidized to a phosphorofluoridothiolaee with alkylsulphenyl 
chlorides (260). The reaction of difluorophosphites with chlorine or 

(Et0)zPF + RSCl + (EtO)P(O)F(SR) + EtCl 

bromine a t  low temperatures affords alkyl halides and good yields of 
the corresponding halogenophosphonic difluorides (95). This reaction 
represents a more convenient route to the latter compounds than direct 
fluorination of OPX, ; for example, 

~ 70°C 
UuOPFz -t Brz + OPBrFz 

(i-Amy1)OPFz + Clz + OPClFz 
- 50°C 

The corresponding reaction with iodine or IC1, however, gives a more 
complex mixture of products including the expected alkyl iodide. 
Monofluorophosphites are converted by chlorine into alkylphosphoro- 
chlorofluoridates (RO)P(O)FCl (137) ,  and also undergo an Arbuzov 

(R0)zPF  + Clz 4 RCl + (RO)P(O)FCl 

(R = Et) 

(CHz0)zPF + Clz + (ClCHzCHzO)P(O)FCl 

reaction with methyl iodide (55)  and methyl or phenyl acid chlorides 
(304). Similarly A’-chloroimides readily eliminate alkyl chloride from 



TABLE VI 
I@ 

te 
FLUOROPHOSPHINES CONTAINING PHOSPHORUS-OXYGEN BONDS 0 

Boiling point 
Compound ("C/mm) n D  ("c) Refs. + ~ a  S p b  J p ~ c  Refs. 

-18.3 (m.p. -132.1) 
-15.5 (m.p. -117.3) 
-7-9 
44-45 
82.7 (m.p. -88) 
36-38 
74-75 
42 
126-127 
58/60 
SO/l80 
59/12 
147-150 
153-155 
154-155 
17.3 
35.5 
62.9 
241120 
30.7 (m.p. -90 2) 
74.4 (m.p. -98.4) 

51.7 & 0.6 (m.p. -90) 
84.7 f 1 (m.p. -58.7) 

- 

61-63 
101-103 
68-70136 
1 19-1 2013 

-111 
-110 
-110 
-111.5 

1358 
1278 
1280 
1288 
- 
- 

1288 
1290 

- 

1.3400 
- 
20 

18 
20 

- - 

1.0325 
1.0333 

1.2470 
- 

- 

1.3310 
1.3631 

1.4613 
1.4575 
1.3523 
1.4488 
1.4700 
1.4630 
1.4630 

- 

- 

-111.9 
-111.9 - 

18 
27 
26 
23 
18 
18 
24 

-110.1 
-1 12.0 
-109.8 

1326 
1301 
1328 

1.2152 
1.2106 
1.1997 

1389 
1389 
1388 
1350 
1344 
1384 
1384 
1380 
1176 
1210 
1209 

- 

- 
20 
20 
20 
20 

- 
- 

1 .0880 
1.0350 
0.9830 
1.2167 

- 

1.3673 
1.3940 
1.4000 
1.5457 

- 

-131.6 
-131.0 
- 



FP(i-PrO)(PhO) 
FP(BuO)(PhO) 
FP(o-MeC,jH4O)(PhO) 
FP (m-MeCsH40) (PhO ) 
FP(o-MeCsH40)z 
FP(rn-MeC6H4O)z 
FP(p-MeCsH&)z 
FP(OCHz)z 

FP(OzC3H6) 
FP(0CHMe)Z 
FP(OzC4Hs) 
FP (0zCsHi 8)  

FP (0 zc 6Hi 0 )  

FP(OzCsH4) 
FP(0CHzCHz)z 
FP[O(CHz)31z 
FP[O(CHz)51z 
FP(03C6H4) 
MePF (OMe) 
MePF(0Et)  
MePF( OPr ) 
MePF (0 -i-Bu) 
MePF(0-i-Pr)  
MePF( OBu) 
MePF (OCHEtMe) 
MePF( OC6Hll) 
MePF(0Ph)  
EtPF(OC6Hii) 
B u P F ( 0 E t )  
MePF( OCHzCHMez) 

79-80/10 
99-101/9 
143-146/9 
145-147/7 
138-140/5 
140-141/3 
147-148/5 
26/18 
48/170 
44/100 
28/16 
37/16 
6 l / l  
34/1 
38/6, 36.5/6 
38/16 
66/1 
Sol2 
44-47/0.15 
56-58/750 
63-65 
26-28/120 
47-48; 37-39/100 
67-69/750 
43-44/65 
49-50/125 
53-55/26 
58-59/14 
75/25 
30-32/12 
47-48/100 

1.4760 
1.4791 
1.5444 
1.5453 
1.5460 
1.5405 
1.5400 
1.4039 
1.4003 
1.4035 
1.4020 
1.4160 
1.4765 
1.4586 
1.5160 
1.4450 
1.4270 
1.4798 
1.5390 

1.3967 
1.3990 
1.3907 
1.3820 
1.4000 
1.4112 
1.4502 
1.5020 
1.4500 
1.4120 
1.3990 

- 

18 
19 
18 
18 
18 
20 
20 
20 
23.5 
20 
20 
20 
20 
20 
20 
20 
20 
20 
25 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 

- 

1.0992 
1.0852 
1.1894 
1.1897 
1.1742 
1.1617 
1.1599 
1.3552 

1.2226 
1.1568 
1.1857 
1.1241 
1.2140 
1.3592 
1.2180 
1.0840 
1.1041 

1.0150 
1.0396 

__ 

- 

- 
- 

0.9300 
0.9701 
0.9702 
1.0483 
1.1320 
1.0332 
0.9203 
0.9529 

- - 
- 

1223 (270)  

- - 

- g  

z: 

- 
1079 (96) W w 1090 (96) 
1080 (96) z 

- - 

- g  

z: 

- 
1079 (96) W w 1090 (96) 
1080 (96) z 

a In ppm relative t o  CC13F. 
b In ppm relative t o  H3P04. 
c In Hz. 

IP 
0 
0 
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both di- and monofluorophosphites (261).  Cyclic monofluorophosphites 

(R0)zPF + Me1 + MeP(O)F(OR) + RI  

( R 0 ) z P F  + R'COCl + R'COP(O)F(OR) + RCl 

(R0)PFz + RzCZNC1 + RzC=NP(O)F2 + RC1 

are found to  be much less reactive toward nucleophilic reagents than 
their chloro analogs (268); for example, they do not react with alcohols 
in the presence of tertiary amines and esters are obtained only by 
reaction with the sodium alkoxide. Low yields of the amides &re 
obtained from secondary amines in the presence of tertiary base and 
sulfur is added on prolonged heating (268) .  

Petrov and co-workers (100, 101, 269) have studied the reaction 
between cyclic monofluorophosphites and 1 : 3 dienes. I n  contrast to the 
behavior of their chloro analogs which afford chloroalkyl esters of 

CH2-0, 

CHZ-0 
11, f I ,PC1 ___f 

R' 

3-phospholene-1-oxide [Eq. ( 6 ) ] ,  the fluorophosphites yield l-fluoro-3- 
phosphole-1 -oxides with elimination of the substituted ethylene 

R" R" 
\ 

HC -0, 
R 

H C  -%, 

R' 
H C  -0 
I 

R "' 

J 
r 1 
R" 1);:" n 

o\pgR I 

F R' 
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oxide. The different behavior is attributed to the relative strength of 
the phosphorus-chlorine and phosphorus-fluorine bonds. More recent 
work (268) suggests that in the first stage of the reaction phosphorus 
displays electrophilic character. 

On the other hand, 1 : 3 dienes react with acyclic aliphatic mono- 
fluorophosphites in a sealed tube via the usual Arbuzov rearrangement 
eliminating the alkyl fluoride (267) ,  and it has been suggested that in 
the cyclic esters the rigidity of the ring makes the P-0 bond less stable. 

(R = H, Me) 

Butadiene also eliminates methyl fluoride from methyldifluoro- 

phosphite (267), while trifluoroniethylazide adds to diethylfluorophos- 
phite to  produce the interesting pentavalent fluorophosphorane which 

contains a phosphorus-nitrogen double bond (182). MePP( OEt) behaves 
in a similar way (182) and also undergoes the Arbuzov rearrangerncnt 
with methyl iodide (184). 

McP(0R’)F + Me1 --j. BleaP(0)F + R’I 

Alkylphosphonofluoridous esters are easily oxidized to the penta- 
valent compounds on standing in dry air and also combine with sulfur 
in the presence of aluminium trichloride (185). Simultaneous elimination 

air 
RPF(0R’) + I’,P(O)F(OR’) 

RPF(0R’) + RP(S)F(OR’) 

of an alkyl halide and formation of a P=O double bond occurs when 
dialkylaminomonofluorophosphites (R,N)(R’ 0)PF or MePF(0R) are 

S/AlCh 
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treated with either halogen or alkyl halides (91, 97a). 

(R%N)(R’O)PF + Xz -+ RzNP(O)FX + R’X 

(RzN)(R’O)PF + R”X + R”(RzN)P(O)F + R’X 

(X = C1, Br; R = M e  or Et;  R’ =Me, Et, i-C~H11) 

Monofluorophosphites have recently been found to form 1 : 2 adducts 
with hexafluoroacetone (92). 

VII. Other Fluorophosphines 

A. DIFLUOROPHOSPHINE, PF,H 

Difluorophosphine, first reported in 1965, is a relatively stable 
gas [b.p. (extrapolated) -64.6’C, m.p. -124.2’ to -123.6’C], which 
is formed in about 55% yield by reacting equal amounts of hydrogen 
iodide and difluoroiodophosphine (Section IV) in the presence of 
mercury (276).  It has been suggested (275) that tetrafluorodiphosphine 

PFzI + HI + 2 Hg + PFzH + HgzIz 

P,F, (Section VI1,B) is a precursor in this synthesis. The yield may be 

2 PFzI FzPPFz 
HI 
+ PFzI t  PFzH 

improved considerably (90%) if phosphine is used instead of hydrogen 
iodide (275) ,  and this method is similar to that used in the synthesis 

PFzI + 2 Hg + PH3 4 2 PFzH + HgzIz + [PHI 

of (CF3),PH (127) and CF3PH2 (40 )  from the corresponding trifluoro- 
met hyliodophosphines. 

It is interesting to note that although PF,H can be decomposed to  
HF and PF, it has not so far been possible to prepare PF,H from PF,H, 

Difluorophosphine is less that 5 yo decomposed at  room temperature 
and saturation pressure over a period of 5 hours, and thus contrasts 
markedly with difluoroamine (NF,H) which is very unstable. 

Vapor pressure measurements lead t o  a Trouton constant of 24.7 cal 
deg-l mole-’ suggesting that association occurs in the condensed phase. 
Gas phase molecular weight measurements, however, indicate that the 
vapor is monomeric (276). 

The basic hydrolysis was initially represented by the equation : 

(27) .  

HPF2 + HzO 4 PFzOH + Hz 
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complicated by a secondary reaction, and was originally believed to 
suggest hydridic behavior for the hydrogen attached to phosphorus. It 

glass 
HPFz + 2 HzO + HP(0H)z + 2 HF ---+ SiF4 

was found subsequently that hydrolysis of the deutero derivative PF2D 
afforded deuterium-free hydrogen, indicating that the hydrogen is 
protonic in character (276) 

Structure 
The pyramidal structure of difluorophosphine has been established 

by microwave studies (180). The molecule has a dipole moment of 
1.32 0.01 D for PF, and 0.58 D 
for PH,) which i t  resembles structurally. There is a slight increase in 

0.01 Debyes (compared with 1.03 

the P-F bond length compared with trifluorophosphine (1.570 A).  

B. TETRAFLUORODIPHOSPHINE, P,F4 

Early attempts to synthesize tetrafluorodiphosphine (b.p. -6.2" 
5 0.4OC) by fluorination of P2C14 or P,14 invariably led to  the formation 
of trifluorophosphine (104, 128), though theoretical considerations (37)  
suggested that the stability of P,F4 should be greater than P2C1, and 
comparable with N2F4. 

The first successful synthesis of P2F, by Parry et al. (274) involved 
the coupling of two PF, groups by reacting PFJ and mercury a t  room 
temperature, e.g., 

2 PFzI + 2 Hg + PzF4 + HgzIz 

High yields are obtained when the pressure of PF21 is about 50 mm; 
whereas at higher pressures the PF,I undergoes disproportionation. 

3 PFzI + 2 PF3 + PI3 
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There is some evidence that P2F, is hydrolyzed by water to  give 
PF,H and F,POPF, (274) ,  and it may well also be an intermediate in 
the formation of PF,H from PF,I (see Section VI1,A). EPR, studies 
suggest that like N2P,, P2F, yields &IF2 free radicals (274) .  PF, free 
radicals are also formed by electron impact on P,F4 (305), by y-irradia- 
tion of ND4PF, (323a) or by P-irradiation of trifluorophosphine in an 
SF, matrix ( IOIa) .  The electron spin resonance spectrum of PF,, 
generated by pyrolysis of PF,H or P,F4 above 200" and trapped in an 
argon matrix at 20"K, shows 12 lines indicating that the radicals are 
randomly orientated and non rotating ( 3 2 3 ~ ) .  The data suggest that the 
unpaired electron in PF, is localized to a much greater extent on the 
central atom than it is in the NF, radical. 

Xtructure 
The identity of tetrafluorodiphosphine, established by molecular 

weight and mass spectral data, is confirmed by 19F and 31P NMR studies 
(143) ,  which show that the molecule is an example of an XX' AA' X" X 
nuclear spin system (X = fluorine, A = phosphorus) (see also Section 

The infrared and Raman spectra suggests that  the trans structure 
XI), 

Q 

(X) is most likely, and the observation of two different vicinal 
fluorine-fluorine coupling constants from the analysis of the variable 
temperature 19F NMR spectrum (Section XI), indicated that one 
rotamer must predominate (143) .  However semiempirical and extended 
Huckel LCAO-MO calculations suggest that the stability of the various 
conformations for P,F, decreases in the order gauche > cis > trans- (69~). 

C. PHOSPHINODITLUOROPHOSPHINE, F2PPH, 

This interesting compound has been obtained only recently by 
reacting a mixture of iododifluorophosphine and tetrafluorodiphosphine 
with phosphine. Apparently only small amounts of F,PPH2 are formed 

PH3 + PFzI -+ FzPPHz + HI (6) 
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via Eq. (6) while Eq. (7)  may explain the involvement of both PFJ and 
PZF4. 

PH3 + PFzI + FzPPHz + HI 

FzPI i- FzPH (7)  

The identity of phosphinodifluorophosphine was confirmed by proton, 
fluorine, and phosphorus NMR studies (Section XI) and by observation 
of the parent ion in the mass spectrum (275) .  

D. TRIS( DIFLUOROPHOSPHINO)PHOSPHINE, P( PF,) 

This unusual compound is a product from the decomposition of 
tetrafluorodiphosphine (305) and has been identified by (1) its .mass 

9000 Transparent yellow P(PF2)s colorless 

3 torr fractions (m.p. -68°C) 
PzF4(g) ---+ solid + other + liquid 

spectrum which showed the parent ion peak (m/e = 238) and ( 2 )  the 
characteristic almost first-order lgF and 31P NMR spectra. 

The compound decomposes in the vapor phase above 10°C. It is 
interesting to speculate as to whether all four phosphorus atoms are 
coplanar in this molecule. 

E. MIXED VALENCE FLUOROPHOSPHINES F,PXP(X)P, (X = 0, S) 

1.  Difluorothiophosphoryl-p-thiodifluorophosphine, F4P2S2 
This moderately stable liquid (b.p. 85.7'), has been obtained recently 

from the reaction between SPF,I and a stoichiometric amount of 
mercury, or more conveniently by reaction dimethylaminodifluoro- 
phosphine with dithiodifluorophosphoric acid (50b) .  

2SPFzI + Hg + FzPSP(S)Fz + HgI2 

2SPFzSH + FzPNMez --f F2PSP(S)Fz + MezNHZ-PSzFz 

Although F4P2S2 reacts almost quantitatively with hydrogen chloride 
tJo give PF2Cl and SPF,SH, it was not possible to add sulphur to  
FE',PSP( S)F2 to give the known fully pentavalent compound (SPF,),S 
(50b).  
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2. Dijhorophosphor yl-p-oxodijhorophoqhine F eP,O 
This compound (m.p. -31°, b.p. 4S0-500), which is much less 

thermally stable than its sulfur analog has been obtained independently 
by Cave11 (506) and Des Marteau (78a) by the following routes : 

2 OPF,Br + excess Hg- F,POP(O)F, + Hg,Br, 

OPF,OH + Me,NPF, - F,POP(O)F, + Me,NH,-PO,F, 

The structures of both these mixed valence compounds have been con- 
firmed by NMR studies (Section XI,  A). 

VIII. Coordination Complexes 

BONDING IN FLUOROPHOSPHINE COMPLEXES 

Interest in the coordinating ability of fluorophosphines stems from 
Chatt’s studies (52, 53) on trifluorophosphineplatinum(I1) complexes. 
This clarified early work on the [PtF2.PF3], complex (210) and together 
with Wilkinson’s synthesis of Ni(PF,), (325),  suggested that trifluoro- 
phosphine and carbon monoxide have somewhat similar characteristics 
as ligands. The large number of transition metal carbonyl compounds 
reflects the great interest in carbon monoxide as a ligand and more 
recently a wide range of analogous trifluorophosphine and fluorophos- 
phine (R,PF,-,) complexes have been synthesized (Table VII). 

The presence of highly electronegative fluorine atoms on phosphorus 
in trifluorophosphine significantly lowers its ability to donate its lone- 
pair electrons to an acceptor atom or molecule and it behaves as a very 
weak base. The donor properties can be considerably enhanced if one 
or more fluorines are replaced by other groups, e.g., in Me,NPF,. 

Phosphines PX3 (X = alkyl or aryl, RO-, halogen) generally exhibit 
a distinct preference for coordination with heavy Group VIII metals, 
i.e., those defined by Chatt, Ahrland, and Davies (51) as having class 
“b” character. Alternatively, using Pearson’s classification (259), phos- 
phines are considered to be “soft” bases and thus readily coordinate with 
“soft” acids, e.g., Group VIII metal ions and other transition metals 
in low- or zero-oxidation states. 

The bonding in such complexes has been discussed in terms of (i) 
a u-bond contribution arising from donation of the phosphorus lone-pair 
electrons into suitable empty orbitals of the acceptor atom or molecule 
and (ii) d,-d, bonding which involves donation of electrons from filled 
metal ncl orbitals into empty phosphorus 3d orbitals (69) (Fig. 4). Such 
a process would operate synergically. 

The importance of 7~ bonding in phosphine complexes of transition 
metals in their usual oxidation states has recently been questioned (262, 
321, 1, 98) and the “soft” character of phosphorus ligands attributed 
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to a-bonding effects. It should be noted, however, that d,-d, bonding 
could become significantly more important in fluorophosphine-metal 
complexes on account of the presence of the electronegative fluorine 
atoms which will enhance back-donation of metal electrons by lowering 
the energy of the phosphorus 3d orbitals. This is most likely to be im- 
portant when the metal itself is in a low- or zero-oxidation state. 

Donor and acceptor properties of phosphines are related to the energy 
and form of the highest occupied and first virtual orbitals. Recently ab 
i n i t i o  SCF-MO calculations (131a) on PH,, PMe,, and PF, show that 

Empty dxz orbital 
/ 2 

Filled d,, Overlop 
orbital 

FIG. 4. Diagram showing the back bonding from a filled metal d orbital to 
an empty phosphorus 3d orbital in the PX3 ligand, taking the internuclear axis 
as the z axis. An exactly similar overlap occurs in the yz plane using the dyz 
orbitals (69). 

the highest occupied orbital (the one localized on phosphorus), has 
roughly equal 3s and 3p components for PF, and about 60-70% p -  
character for PIE, and PMe,. Although the first ionization potential for 
PF, (12.31 eV) is distinctly larger than the other phosphines, the energy 
separation between the lone-pair orbital and the first empty orbital is 
nearly the same in all three phosphines, which means that PF, has the 
lowest lying virtual orbital. 

The extensive range of very thermally stable complexes of fluoro- 
phosphines with transition metals in low-oxidation states (Section IX), 
which is to be contrasted with the nonexistence of analogous compounds 
containing nitrogen trifluoride, lends some support to the rr-bonding 
theory. Other evidence cited in favor of this bonding picture includes 
the rather low dipole moment found for cis-Pt(PP3),C1, (53),  the failure 
so far to obtain fluorophosphine complexes of transition metals in formal 
oxidation state higher than two, and the observation that while the 
P-F-stretching frequency in zero-valent metal fluorophosphine com- 
plexes (155, 160, 171, 173) and hydrido- or halogenotrifluorophosphine 
metal complexes (164, 166) invariably occur a t  higher wave numbers 
than the free ligand, corresponding values in fluorophosphine complexes 
containing stronger bases, e.g., M(PF3),L4-, [M = Ni, Pt, L = AR,; 
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A = N, P, As, Sb]; M'[(CF3),PF3-,l2L;, [M' = Pt; L = Ph,P, Ph,MeP, 
PPhMe2] (173,174,247,160),  and anionic species [M"(PF,),-], (M" = Co, 
Rh, Ir) (162, 164, 152), are always much lower. 

This has been rationalized by Kruck (152) who suggested that the 
F +- P yn-d, bond in uncoordinated PF3 is strengthened slightly when 
the ligand becomes coordinated to a zero-valent metal. The donor bond 
leads to a decrease in the electron density a t  phosphorus, but this is 
opposed by d,-d, bonding from metal to phosphorus. 

When the metal carries a more negative charge, e.g., in anions 
[M(PF3)J or in fluorophosphine-metal complexes containing strongly 
donating substituents, there is an increase in the metal + phosphorus 
T bond which, in turn, decreases the pT-d, component of the P-F bond. 

Force constant calculations for Ni(PF,), (190, 326) indicate that 
K(P-F) is similar to  that in free trifluorophosphine and the metal- 
phosphorus force constant (about 2.4 mdyne/8), is only in the range 
expected for a single bond. Very recently, structural data for Ni(PF,), 
have become available from electron diffraction studies ( l a ,  2'79a) 
(Section IX,C) and the phosphorus-fluorine bond length (1.561% 
0.0038) is indeed very similar to the free ligand value. On the other 
hand, the nickel-phosphorus distance (2.099 0.0038) is very much 
shorter than the values reported in other phosphine-nickel complexes, 
which suggests that the metal-phosphorus bond in Ni(PF,), may indeed 
have significant rr-character. A a-bond order of one has been estimated 
from the magnitude of the 59Co-31P coupling constant in the [Co(PF,),]@ 
ion (191)., 

The ease of substitution of metal-fluorophosphine complexes has also 
been related to the o-donor and rr-acceptor characteristics of the sub- 
stituting ligand (152)) since only ligands of high rr-acceptor ability (e.g., 
CO, phosphites) can completely displace the coordinated fluorophos- 
phines, whereas tertiary amines, phosphines, arsines, and stibines usually 
form partially substituted products (see Section IX, 6).  

The similarity in the coordinating ability of CO and trifluorophos- 
phine toward transition metals is illustrated by mass spectroscopic 
studies on HCo(PF,),(CO),-,, which show that the Co-CO and Co-PF, 
bond energies are both 56 f 15 kcal (279).  Along the series x = 4 + 0, 
the A H  formation of the complex becomes progressively more negative 
by about 200 kcal/mole, which is approximately the difference between 

4 Averyrecent determination of the Co-P distances in HCo(PF3)4 [2 .052(5)  A] 
indicates that there is considerably more multiple bonding than in other cobalt- 
PR3 bonds where R is alkyl or aryl. (B. A. Frenz and J. A. Ibers, in press, personal 
communication May 1970.) However the synergic effect is less pronounced in the 
case of the third row transition metal complex Pt(PF3)4 (200a). 
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the heats of  formation of PF, and CO. Analogous results are obtained 
for nickel (147). 

As in the case of  carbon monoxide, metallic nickel reacts readily with 
fluorophosphines R,PF,-, (R = F, CF,, CCI,, R,N; n = 1 or 2 ) ,  under 
mild conditions to form Ni(R,PF,-,), complexes (160, 234, 240). 
Furthermore, PF, and certain fluorophosphines are among few mono- 
dentate ligands which can completely displace carbon monoxide from 
metal carbonyls (42, 59, 56-58). Infrared and Raman studies on mixed 
carbonyl-fluorophosphine complexes, Ni(CO),-,(R,PF,-,), (R = CF3 ; 

(CF,),PF, CCl,PF,, R,NPF,; n = 2 ,  3 )  (125, 68, 8 ) ,  Fe(CO)5-,(PF3),, 
and Mn2(CO)lo-,(PF3), (254, 125, 317) indicate that the CO-stretching 
force constant (Kco), changes less on replacing carbon monoxide by a 
fluorophosphine ligand than by any other ligands (except possibly NO). 
This again underlines the similarity between CO and R,PP3-,.5 Carbonyl- 
stretching frequencies have been used to list fluorophosphines in order of 
their decreasing rr-acceptor ability (8, 11 7 ) .  An alternative approach by 
Bigorgne (21, 22) which relates carbonyl-stretching frequencies in 
phosphine-carbonyl compounds to changes in the U* parameter of the 
groups attached to phosphorus attributes the high vc0 values in PF,- 
metal-carbonyl complexes to the weak a-donor ability of the ligand, but 
considerable differences of  opinion have been expressed in the literature. 
Support for this view has also come from other workers (5 ,  6 ,  80) .  I n  
one case the data used was subsequently reinterpreted using a T-  rather 
than a a-bonding approach (309).  Others (73)  suggested rr-bonding 
between metals and phosphorus is probably important, the evidence 
coming from infrared band intensities rather than from frequencies. 

I n  short, although it clearly remains uncertain what relative im- 
portance should be attached to the a and rr contributions of the transition 
metal-phosphorus bond in metal-phosphine complexes, it is probably 
not without significance that fluorophosphines mainly stabilize the metal 
in an electronic configuration which maximizes the number of d electrons, 
i.e., in a low, zero, or formally negative oxidation state. Some metal salts 
have been reduced directly from a high to a zero-valent state by the 
coordinating fluorophosphine (Section IX).  

The ready synthesis of complexes of the type R,PF,-,BH, (R = CF, ; 
n = 2, 1, 0 )  from diborane and the corresponding fluorophosphine (38, 
39, 255) is unexpected in view of the preceding discussion, and the 
stability of F,P .BH, was first ascribed (116) to the hyperconjugative 
effect of electrons in the B-H bonds rr bonding to phosphorus. This idea 
is supported by the nonexistence of PF,.BF, (31) .  

y=O,  1, 2 )  (190, 125, 23, 24, 42 ) ,  Mo(CO),-,L, (L-PF3, CFSPF,, 

Very recent 55M~l  NMR data on the series HMn(C0)5JPF3), are consistent 
with the assumption that PF3 is a better o-donor than CO (206a). 
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More recent work shows that although PF, does not form complexes 
with aluminum or boron trifluorides, it is possible to obtain the complex 
PF,AlCl, ( 2 )  which above -20°C affords AlF, and PCl,. This has led 
to the suggestion by Parry and co-workers (256) that although d,-d, 
bonding may be important in transition metal-fluorophosphine com- 
plexes, the ease of deformation of the Lewis acid may also play a 
significant role in complex formation with boron acceptors. 

Calculations (256) suggest that the deformation energy of BF, is 
about three times as large as BH, and the latter should therefore more 
easily coordinate with weak bases. The formation of AlCl,.PF, is 
attributed to the low deformation energy and the greater ease with which 
aluminum attains a four-coordinate structure. As expected the more 
basic fluorophosphine Me2NPF, readily forms 1 : 1 complexes with both 
BF, and BH,, and 2 : 1 complexes with aluminum and gallium trichloride. 
Neither PF20PF2 nor EtN(PF,), form BF3 adducts, however, although 
the former will give a stable monoborane adduct. 

IX. Transition Metal-Fluorophosphine Complexes 

A. PREPARATIVE METHODS 

Many synthetic approaches have been employed and these are sum- 
marized below. Only in certain cases are the methods specific for a 
particular metal or ligand (Table VII) .  

1. Directly from the Metal 
Trifluorophosphine complexes of nickel, palladium, and platinum 

have been obtained by direct reaction of PF, with the metal a t  elevated 
temperatures and pressures (1 72) .  Similarly several fluorophosphine 
complexes of zero-valent nickel can be made under very mild conditions 
(60°C) using metallic nickel formed by decarboxylation of nickel oxalate 
(240) or Ni(C0)4 (310).  Tetrakis(trifluorophosphine)cobalt hydride 

temperature 

high pressure 
M + 4 PF3 M(PF3)4 

(M = Ni, Pd, Pt) 

60°C 
Ni + R,PF3-, + Ni(R,PF3-,)4 

(R = F, CF3, CC13, R2N; n = 1 or 2) 

HCo(PF,), is obtained in almost quantitative yield from the metal, PF,, 
and hydrogen (172) ,  and when carbon monoxide is included in the 

200 atm 

250°C 
CO + 4 Hz + 4 PF3 HCo(PF3)4 
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co 
CO + 4 Hz + 4 PF3 

(7% = 1, 2, 3) 
HCo(PF3)4-,(CO), 

reaction mixture the corresponding mixed carbonyl-trifluorophosphine 
cobalt hydride complexes HCo(PF,),(CO),-, are formed (172).  

It is noteworthy that there is no evidence for formation of pentakis- 
(trifluorophosphine)iron( 0) when iron [made thermally by decomposition 
of iron(I1)oxalate or iron pentacarbonyl] and 600 atm trifluorophosphine 
are heated at  300°C. (171) 

Timms (316a) has recently described very interesting syntheses of 
several metal-trifluorophosphine complexes using the technique of 
co-condensing vapors of transition metals (formed a t  temperatures 
between 1300” and 1700’) with PF, at liquid nitrogen temperature. 
Chromium, nickel, cobalt, and iron vapors readily afford the known 
compounds Cr(PF,), (70% yield), Ni(PF,), ( loo%), Co,(PF,), (Ed)%), 
and Fe(PF3)5 (25%).  I n  the latter case a newred, diamagnetic, crystalline, 
volatile dimeric compound is also obtained in 25% yield. I ts  structure 
is formulated as 

/PFZ, 
(FsP)&- F e ( P F d 3  

‘PFz’ 

on the basis of NMR and mass spectroscopic studies. The method also 
seems capable of producing a variety of organometallic fluorophosphine 
complexes, e.g., C6H6Cr(PF3)3 is formed when chromium is co-condensed 
with PF, and benzene (316a). 

2.  B y  Direct Reaction with Metal Salts 

The strong reducing properties of certain fluorophosphines’ can, in 
certain cases, lead directly to fluorophosphine complexes of the metal 
in its zero-valent state (173, 234, 247),  for example, 

PF3 heat 

PF3 
PtClz ---+ c i s - ( P F ~ ) z  PtClz + Ptz(PF3)&14 ( 5 3 )  

(173)  
PF3 

MC14 or MClz ---+ M(PF3)4 + PF3C12 
(M = Pd, Pt) 

(L’ = PhCN, CO) 

whereas passing PF3 over heated PtCl, affords cis-(PF,),PtCI, or dimeric 
(PF3),Pt2C1, the zero-valent complex Pt(PF3)4 is obtained when high 
pressures of trifluorophosphine are used (173,247).  Similarly Fe(PF3)41z 



TABLE VII 

SOME FLUOROPHOSPHINE-TRANSITION METAL COMPLEXES 

Method of 
preparation Melting point 

(section ("C) or boiling 
Complex number) point (.C/mm) Refs. +FR 6 2  J P F ~  Refs. 

IX,  A, 7 , l  
IX,  A, 5, 7 ,9  
IX,  A, 5 ,7  
IX,  A, 5, 7 
IX,  A, 5 
IX,  A, 5 
IX, A, 5 
IX,  A, 5 
IX,  A, 5 
IX, A, 1,5,6,7 
IX,  A, 7 

IX, A, 3, 5, 7 
IX,  A, 7 
IX,  A, 7 
IX,  A, 7 
IX,  A, 5, 7 ,9  
IX,  A, 5 ,7  
IX,  A, 5, 7 
IX,  A, 7 
IX,  A, 7 
IX,  A, 5 
IX,  A, 5 
IX,  A, 5 
IX,  A, 5 

193 
34 
Liquid 
Liquid 
55.6 

Liquid 
Liquid 
Liquid 

- 

196 
45 
- 

- 

64 
42 
27-28; 32 
10 
5 

Vol. liquid 
Vol. liquid 
Vol. liquid. 

- 

(153, 154, 316a) 
(153, 154) 
(145)  
(145)  
(145)  
(145)  
(145)  
(144)  
(250)  
(54, 152, 316a) 
(252a) 

(155, 59) 
(59) 
(59)  
(59)  
(155, 59, 6 8 )  
( 8 ,  59)  
( 8 ,  59)  
(322,  59)  
(59)  
(292)  
( 8 )  
( 8 )  
( 8 )  

- 

-0.2 
1.1 

28.1 
27.8 
44.1 
47.8 
- 

- 

2.1 

- 
- 

2.5 
3.0 
2.9 
4.0 
4.7 

46.1 
52.1, 56.3 

54.1 
137, 143 

- 

-173.2 
-177.2 
-203.0 
-209.4 
-211.2 
-170.7 
-235.0 

- 
-150.6 
-148.0 
- 

- 

-233.6 

-199.0 
- 

- 

- 

1311 
1318 
1128 
1123 
1187 
1301 
- 

__ 
1315 

- 
1300 
1305 
1320 
1310 
1113 

1155 
- 

- 



I X ,  A, 5 
IX, A, 5 
IX, A, 5 
I X ,  A, 5 
IX, A, 5 

IX, A, 5 
IX, A, 4 
I X ,  A, 5 , l O  
IX, A, 5 
IX, A, 5 
IX, A, 5 
IX, A, 5, 10 
I X ,  A, 5, 10 
IX, A, 7 
IX, A, 5 
IX, A, 5 
I X ,  A, 5 
IX, A, 5 
IX, A, 5 , 7  
I X ,  A, 5 
IX, A, 5 
IX, A, 5 
IX, A, 5 
IX, A, 6 

I X ,  A, 3 
IX, A, 7 
IX, A, 5 , 7  
I X ,  A, 5 
IX, A, 5 
IX, A, 5 
I X ,  A, 5 
IX, A, 5 
IS, A, 5 
IX, A, 5 

Vol. liquid 
95.5-96 
38.5-39.5 
Liquid 
Liquid (b.p. 

127/0.05) 
Vol. liquid 
Vol. liquid 
56-57 
Liquid 
Liquid 
Liquid 
100 
38-38.5 
142 (dec.) 
108-110 
127-128 
138-139 
79.5-80 
(b.p. 125/0.05) 
47 
89.5-91 
- ( 1 2 )  

Liquid (b.p.60/10-3)(144) 
160 (152)  

214 

Liquid 
22-25 
Liquid 
14-15 
Liquid 
Liquid 
Liquid 
Liquid 

- 
(158 ,  152)  
(322)  
(145)  

(144)  
(145)  
(145)  
(145)  

(145)  
(145)  

(250)  

142.0 
46.5 
47.1 
- 

- 

- 

51.5 
46.2 

31.3 
29.2 
29.8 
30.8 
31.0 
26.9 
59.7 
77.7 
84.7 

19.7 
13.1 
-1 

49.6 

- 

- 

- 

- 

- 

7.9 
6.0 

31.6 
51.6 
51.4 
47.6 

136.9 
53.9 
- 

-184.0 

-191.2 
-211.2 

- 

- 
- 

-232.6 
-255.4 

-180.5 
-182.4 
-179.5 
-177.4 

-183.1 
-182.3 
-194.6 
-185.5 

-157.5 
-150.1 
-171.6 

-144.8 

- 

- 

- 

- 

- 

- 

- 

-122.0 
-156.1 
-201.5 
-114.0 
-167.6 
-153.1 
-170.9 
-164.2 

976 

1196 
- 

- 

- 

- 

1120 
1065 

1118 
1104 
1100 
1120 

1079 
1034 
930 
990 

1220 
1240 
1270 

1284 

- 

- 

- 

- 

- 

- 

1245 
1282 
1096 
1106 
1277 
1171 
997 

1065 
- 

c1 
(271 ,  291)  

(322, 252n) 



TABLE VII- cont. 

SO~VE FLUOROPHOSPHINE-TRANSITION METAL COMPLEXES 

Method of 
preparation Melting point 

(section ("C) or boiling 
Complex number) point ("C/mm) Refs. ha 8 P b  JPFC Refs. 

IX, A, 10 
IX, A, 7 
IX, A, 7 
IX, A, 7 
IX, A, I 
IX, A, 10 
IX, A, 10 
IX, A, 7 
IX, A, I 
IX, A, 7 
IX, A, 7 
IX, A, 7 
IX, A, 7 
IX, A, I 
IX, A, 10 
IX, A, 7 
IX, A, 7, 10 
IX, A, 7 

IX, A, 3 

18.5 
90 
81 
45 
38 

- 

~ 

Liquid 
14-16 
-56 to -52 
-73 to -51 
1-108 
-56 to -24 

(153 dec.; 
sublimes 
20/10-2) 

Sublimes 20/10 
210 dec. 
182 
- 



IX, A, 2, 3, 1 45 (dec. >270) (171 ,  157, 56, 316a)-1.9 -163.5 1275 (171)  
IX, A, I0 
I X ,  A, 4 
I X ,  A, 7 
IX, A, 10 
I X ,  A, 3 

I X ,  A, 3 , 6  
I X ,  A, 10 

I X ,  A, 10 

IX, A, 10 
I X ,  A, 7 
IX, A, 7 
I X ,  A, 7 
I X ,  A, 10 
IX, A, 10 
IX, A, 7 
I X ,  A, 10 

I X ,  A, 3 
I X ,  A, 3 
IX,  A, 10 
I X ,  A, 10 

I X ,  A, 3 
IX, A, 3 
IX, A, 10 
IX, A, 10 

(167) 

(171)  
b.p. 971727 (156)  

- 

(b.p. 80/720, dec.) (167)  
- ( 5 6 ,  317) 
- 

(dec. 118) 
Liquid (m.p. -80) ( 1 5 2 , 1 7 8 a )  
Liquid (b.p. 121) ( 1 7 6 )  

30 (dec. >155) 
-76, dec. 2290 

dec. 150 > 
- 

- 
-72 (dec. 340) 
- 

I X ,  A, 2, 3, 10 

IX, A, 10 - 

IS, A, 3, 1 - 

Dee. > 7 
I X ,  A, 3, 10 -51( b.p. 80/730) 

IS, A, 3 Liquid (b.p. 

(176)  

(152, l 7 8 a )  
(319)  

(319)  

(319)  

( 3 7 9 )  

( 3 1 9 )  

(323a)  
( I78n)  

( 1 7 1 )  
(152 ,  178~1)  
(152 ,  178a)  
( 1780) 

(171)  
( 1 5 2 , 1 7 8 ~ ~ )  

( I  78u)  

(164 ,  175)  

( 1 5 2 )  

- - __ 
~ - - - 

6.22, 5.59 - 1329,1322 (25%) 
- - - - 

9.4 -174.3 1360 (186) 

2.9, 3.2 -148 1235, 1270 
1.0 -161.5 1260 (PF3) 

15.1 -170.9 1235 (PF2) 

1.5 -162.0 1265 (PF3) 
13.2 -135 1250(PP2) 

-2.4 -148.5 1320 
5.05, 3.57 -101 1320,1240 

~ __ - 

- - - 

1275,1225 6.55, 7.8 - 

(164 ,  172, 175)  7 .6  -147.7 1315 (186)  
(164 ,  172, 175, 191)  2.8 -159.2 1270 (186)  

13.2 __ 1330 (170)  
- __ (169,  3 1 6 ~ 1 )  - - 

(170)  c 
50/10-3 W 



TABLE VII- cont.  

SOME FLUOROPHOSPHINE-TRANSITION METAL COMPLEXES 

ip 
N 
0 

Method of 
preparation Melting point 

(section (“C) or boiling 
Complex number) point ( T / m m )  Refs. 4F‘I. 6 2  JPFC Refs. 

IX, A, 5 
IX,  A, 10 
IX, A, 6 
IX, A, 2 , 6  
IX, A, 7, 3 

IX, A, 10 
IX, A, 3 
IX, A, 7 
IX, A, 10 
IX, A, 7 
IX, A, 7 
IX, A, 7 
IX, A, 7 
IX, A, 2 
IX, A, 10 
IX, A, 10 
IX, A, 5 
IX, A, 5 
IX, A, 5 
IX, A, 6, 7 

IX, A, 3 
IX, A, 10 
IX, A, 3 

-8 (b.p. 51/13) 
Uec. 2190 
174-175 
Dec. >I44 
-67 (b.p. 

Dee. >I00 
-9% (b.p. 81/732) 

80.5/7 15) 

- 

__ 

- 

25 

-40 (b.p. 89/725) 

92.5 
- 



Ni(MePF2)d 
Ni[ (PhPFz] 4 

Ni( CF3PFt)d 
Ni( CC13PF2)4 
Ni(ClCHzPFz)4 
Ni[(CF3)zPF14 
Ni(PFzC1)4 

Ni(n-PrOPFz)r 

IX, A, 3 
IX, A, 5 
IX, A, 5, 6 
IX,  A, 10 
IX, A, 10 
IX, A, 10 
TX, A, 10 
IX,  A, 7 
IX, A, 7 , 5  
IX,  A, 7 
IX, A, 7 
IX, A, 3, 6 
IX, A, 6 

IX, A, 6 
IX, A, 3 
IX, A, 10 
IX,  A, 3 
IX, A, 5 
IX,  A, 10 
IX, A, 10 
IX, A, 10 

IX, A, 1-6 

IX, A, 4 
IX. A. 4.7 

- 

68-9 
112-13 
97-9 
85 (dec.) 
- 

- 

108.5-111 
Dee. >50 

Dee. >60 
-87 

- 

159-161 

134 
(Dee. 15) 
Dee. 225 
-39 (b.p. 95/732) 
76-8 
100-2 
113-14 
- 

-55.0 (b.p. 71) (232, 233, 160, 
62,  58, 172, 
310, 325,316a, 
240) 

(b.p. 66-68/3.5) (295)  
65-66 (295 ,281)  

21.6 
40.1 
___ 
- 

- 

__ 
56.8 
39.2 

46.3 
3.8 
15.4 

- 

- 

- 

-0.8 
6.4 
- 

- 
- 

- 

16.8 

- 

55.8 
I I ,  

IX, A, 1, 5, 7 -84 (b.p. -164) (233, 240, 42) 72.1 
IX,  A, 1,5 120-122 (233, 240) 58.0 
IX, A, 5 Oil (240)  62.0 
IX, A, 1, 5, 7 55-56 (b.p. -218) (233, 240, 42)  159.2 
IX,  A, 7, 10 Liquid (b.p. (177,113a)  - 

64/05)  

143/0.5) 
IX,  A, 7 (b.p. 140.5- (284)  29.2 

- 

- 

- 

- 

__ 
- 

- 

- 

__ 
__ 
- 

- 

- 

- 

-100.9 
-93.5 

~ 

- 

- 

- 

-137.7 

- 
-214.8 
-184.8 
-169.9 
-211.6 
-156.7 
- 

-146.0 

1310 
1098 
- 
- 
- 

- 
- 
- 

- 

- 
- 

1286 

- 

- 

1320 
1325 
- 

- 

- 

- 

1347 

- 

1113 
1207 
1221 
1140 
1005 
- 

1230 



'I'ABLE: VlI---cont. 

SOME FLUOROPHOSPHINE-TRANSITION METAL COMPLEXES 

Method of 
preparation Melting point 

(section ("C) or boiling 
Complex number) point ("C/mm) Refs. 9." &I* J P F ~  Refs 

IX ,  A, 4, 7 
IX ,  A, 4 
IX ,  A, 7 
IX ,  A, 7 
IX ,  A, 1, 7,lO 
IX ,  A, 1, 7 
IX,  A, 1, 7 
IX ,  A, 10 

IX ,  A, 10 
IX ,  A, 10 
IX ,  A, 10 
IX,  A, 10 
IX ,  A, 10 
IX ,  A, 7 
IX ,  A, 7 
IX ,  A, 7 
IX ,  A, 7 
IX,  A, 7 
IX ,  A, 7 
IX ,  A, 7 

IX ,  A, 7 
IX,  A, 7 
IX ,  A, 7 

Oil 
129-130 
Dee. >250 
Dec. 2300 
110.5-111.5 
46 
164-1 65 
Liquid (b.p. 110) 

- 

- 

Oil 
41 
0 il 
Oil 
Oil 
39.5 
Oil 
Oil 
97 
Identified by 

NMR 
NMR 
NMR 

NMR 

24.6 
13.9 
- 

- 

38.9 
38.6 
39.9 

*30.2 
17.51 
*2.0 
17.5 
- 

- 

- 

43.4 
42.2 
43.1 
68.7 
84.0 

41.6 

40.6 
41.5 
64.0 

- 

-139.6 
-157.1 
- 

- 

- 

-167.9 

*-142.5 
-138.7 
-123.0 
-142.0 

- 

- 
- 

- 

-168.5 
-168.8 
-164.6 
-181.0 
-184.4 
- 
- 

- 
- 

- 

1258 
1290 
- 

- 

1125 
1115 
1123 

*1255 
1340 

*I250 
1330 
- 
- 

- 

1149 
1145 
1148 
1039 
940 

1137 

1134 
1136 
1025 

- 

- 

( 2 7 1 , 1 9 8 )  
(271,  198)  
(271,  198)  
( 2 7 1 , 1 9 8 )  
(291)  

(198)  

(198)  
(198)  
(198)  

- 



IX,  A, 7 
IX, A, 7 
IX,  A, 7 
IX,  A, 6 
IX, A, 6 
IX,  A, 6 
IX,  A, 6 
IX, A, 6 
IX,  A, 6 
IX,  A, 6 
IX,  A, 6 
IX, A, 6 
IX,  A, 6 
IX,  A, 6 
IX,  A, 6 

IX,  A, 7 
IX,  A, 7 
IX, A, 7 
IX,  A, 7 
IX,  A, 6 
IX, A, 6 
IX,  A, 7 
IX, A, 7 
IX, A, 7 
IX, A, 2 
I X A  

IX,  A, 1, 2, 7 
IX, A, 6 
IX,  A, 6 

IX,  A, 1-3 
IX, A, 2 
IX,  A, 2 
IX, A, 6 
IX,  A, 6 

- 

NMR 
NMR 
NMR 
213 
123-125 
203-205 
89 

140 (dec.) 
96-7 
120 (dec.) 
(157 (dec.) 
180 (dec.) 
114 (dec.) 
225 (dec.) 
I n  mass spec. 

- 

- 

(b.p. 0/1.6) 
(b.p. -125) 

-93 (b.p. 0/88) 
-93 (b.p. 0/56) 
-(b.p. 0"/41) 

- 

-41 (dec. 2-20) 
156-158 (dec.) 

- 

-15 (b.p. 86/730) 
Vol. liquid 
45-47 
202 (dec.) 
121 

(198,  248) 
(198,  248)  
(198,  248) 
(174,  160)  
(174,  160) 
(160) 
(160)  
(174)  
(174)  
(174)  
(174)  
(174)  
(174)  
(174)  
(174)  

( 4 2 )  
( 4 2 )  
( 4 2 )  
( 4 2 )  
( 4 2 )  

(312)  

(42 )  
(58 ,  190) 
(58 ,  190, 4 3 )  
( 5 8 , 1 9 0 )  

(113a) 

(172 ,173 ,  313) 

(111)  

(173)  
(173)  

( 1 6 1 , 1 7 3 , 1 7 2 )  
(234,  247) 
(234,  247) 
(173)  
(173)  
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TABLE VII-cont. 

SOME FLUOROPHOSPHINE-TRANSITION METAL COMPLEXES 

Method of 
preparation Melting point 

(section ("C) or boiling 
Complcv number) point ("C/mm) Refs $Fa S D b  JPF' Refs. 

Pt(  C Fd'Fz)z( Ph3P)z IX,  A, 6 
P ~ ( C F ~ P F Z ) Z ( P ~ P M ~ ~ ) Z  IX,  A, 6 
Pt(CF3PFz)z(PhzPMe)z IX,  A, 6 
c~s-PtClz(PF3)z IX,  A, 2 
(PtC1zPF3)z IX, A, 2 
czs-PtClz(MezNPFz)z IX, A, 2 

czs-PtClz(EtzNPFz)z IX, A, 2 
cmPtC1z [(EtzN)zPF]z IX, A, 2 
czs-PtClz(CsHioNPFz)z IX, A, 2 
cU-PtClz [(Cr,Hio)zNPF]z IS, A, 2 
cis-PtBrz[(MezN),PF][MezNPFz] IX ,  A, 2 
~ib-PtRrz[(lllezN)zPF]z IX, A, 2 
cts-PtBrz(EtzNPFz)2 IX, A, 2 
cis-PtRrz(CsH1oNPFz)z IX, A, 2 

PtClz(PF3)(PEt3) IX, A, 6 

CuCl(Me,NPF,), I S ,  A,  2 

ck-PtC1,[(Me2N)zPF], IX, A, 2 

cas-PtBrz[(CsHlon'),PF]z IX, A, 2 

Copper 

153-155 
Oil 

102 
155-156 
104-106 
21 2.5-214 
108.5-110 
110-1 12 
Dee. >150 
181-183 
136-137 
229-238 (dec.) 
80-83 
Dec. > lo0  
184-185 
104 

- 

( 2 4 7 )  
( 2 4 7 )  
( 2 4 7 )  
( 5 3 )  
( 5 3 )  
(245 ,  242)  
(245 ,  241)  
( 2 4 5 , 2 4 1 )  
( U 5 ,  241)  
( 2 4 5 ,  241)  
(245 ,  242)  
( 2 4 5 ,  241)  
(245 ,  2 4 1 )  
( 2 4 5 ,  241)  
( 2 4 5 ,  2 4 1 )  
(245 ,  241)  
(130)  

(65) 

- 

29.0 

52.3 
59.7 
51.3 

53 2 
58.5 

57.2 
49.6 
52.3 
55.6 
34.7 

__ 

- 

__ 

53.0 

- 

-68.0 

-88.2 
-86.5 

- 

- 

- 

-71.0 

- 

1316 

1128 (32)e 
1023 (27) 
1130 (26) 

1138 
1028 (32) 

1027 (29) 
1125 (27) 
1129 
1028 (37) 
1299 

- 

- 

- 

a In ppm relative to CC13F. 
r~ In  ppm relative to H3PO4. 
c In  Hz. 
d Average value (see Section XI). 
e Numbers in parentheses are approximate values in Hz  for Z ( p ~ p , ) .  
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and PF3 a t  300 atm/10O0C form Fe(PF,), (171).  The more strongly 
reducing trifluoromethylfluorophosphines CF,PF, and (CF,),PF give 
good yields of zero-valent complexes of platinum even a t  6OoC (234,247).  

60°C 
PtClz + 5 RnPF3-n + Pt(RnPFs-n)4 + RnPF3-nC12 

(R = CF3; f i  = 1 , 2 )  

6OoC 
KzPtC14 + 5 (CF3)zPF -__f Pt((CF3)zPF)4 + (CF3)zPFClz + 2 KCl 

Coordination and partial reduction of the metal salt occurs in the 
reaction between dimethylaminodifluorophosphine and cupric chloride, 

2 CuClz + MezNPFz --f 2 CuCl + MezNPFzClz 

CuCl + MezNPFz -+ CuCl SFZPNMeZ 

the product being the tetrameric copper(1) complex [CuCl .F,PNMe2l4, 
which has a dissociation pressure of about 2 mm a t  27OC (65). 

There is also evidence for a slower process involving group exchange 
on the coordinated ligand (65). Cuprous chloride itself reacts with 

CuClz + 2 nMezNPFz 3 complex + C ~ C ~ Z [ ( M ~ Z N ) Z P F ] ,  + n PF3 

dimethylaminodifluorophosphine to give both 1 : 1 and 2 : 1 complexes. 
Platinum(I1) halides are not reduced by dialkylaminodifluorophos- 
phines, but give instead the stable cis-(R2NPF2)2PtX2 derivatives 
(R = Me, Et, R2 = C5Hlo; X = C1, Br). Prolonged heating in the presence 
of excess ligand, however, leads to quantitative evolution of trifluoro- 
phosphine and formation of the corresponding bis(dialky1amino)fluoro- 

PtXz + 2 RzNPFz + cis-(RzNPFz)zPtXz 

PtXz + 4 RzNPFz + cis-[(RzN)zPF]zPtXz + 2 PF3 

phosphine derivatives (245).  The cis configuration has been established 
by NMR studies (see also Section XI, C,5). 

cis-(RzNPFz)zPtXz + 2 RzNPFz + ~is - [ (RzN)zPF]zPtXz + 2 PF3 

Cobalt(I1) and nickel(I1) bromides react with Me2NPF2 to give the 
complexes MBr,. 2Me2NPF2, which readily dissociate back to  the free 
ligand and the metal halide with no apparent rearrangement of the ligand 
(66, 111). Certain metal difluorides react with trifluorophosphine to 
afford complexes of the type MF,.PF, (M = Os, Ir, Pd) (126),  which have 
not been studied in any detail. Similarly little is known about the black, 
insoluble complexes of formula 2M04.PF3 (M = Ru, 0s)  formed directly 
from the tetroxides (126).  



426 JOHN F. NIXON 

3.  B y  Reaction with Metal Halides in the Presence of a Reducing Agent 
Kruck and co-workers have used this method extensively for syn- 

thesizing transition metal-trifluorophosphine complexes. The scope of 
this approach may be seen from the following equations and the data 
summarized in Table VII. Usually this “reductive fluorophosphination” 
is carried out a t  elevated temperatures using high pressures of trifluoro- 
phosphine and copper 0s zinc as the reducing agent. The subject has 
been reviewed (152). The Co12/PF,/Cu reaction in the absence of 

Cu/EF3/higii piessiirc 

100”-250”C 
nix, __ - N(PE’3), + CUX (X = c1, I) 

(JI = Cr, Mo, W; Fe,  Ru, 0 s ;  Ni, 
Pd ,  Pt) (152)  (157)  (161)  
( 1 7 2 )  (171) (173) (% = 6,5,4) 

Cn/PF3/H2 
M’Xm Hzill’(PF3)n + CUX 

(M’ = Co, Rh, Ir; 
Fe,  Ru, Os, x = 1 
or 2; 7% = 4 )  (158)  
(162)  (172)  (152)  

Cull’F3 
M ” X m  + XM”(PF3), + C u X  

(nr’ = co; x = I, 
91 = 4) (164)  (152)  

n = 5 )  (166)  (152)  
(M” = Re, X = C1, 

hydrogen can in certain circumstances afford the binuclear complex 
[(F,P),COPF,]~ containing bridging PF2 groups (170).  

Cu/PF3 
[M”‘(NO)zX]z + fif’”(NO),(PF3)4-, 

(ill- = Fe,X = Br. 

Rh; X = C1, n = 1) 
(166)  (152)  

II .  = 2, M“‘ = CO, 

4 .  By Fluorination of Ha,logenophosphine-Metal Complexes 
Exchange of chlorine by fluorine can be easily effected by reacting 

the chlorophosphine-metal complex with antimony trifluoride (250),  
arsenic trifluoride (281), zinc fluoride (281), potassium fluorosulfinate 
(281, 284, 295), or potassium fluoride in tetramethylene sulfone (250).  
For example, 

Ni(PC13)4 + 12 KSOzF + 12 KCl + 12 SO2 + Ni(PF3)4 

Ni(PhOPClz)4 + 8 KSOzF 3 8 KCI + 8 SO2 + Ni(PhOPFz)4 

3 Ni(PhPClz)4 + 8 AsF3 + 3 Ni(PhPF2)4 + 8 AsC13 

Mo(C0)3(PC13)3 + 9 KSOzF + 9 KCl + 9 SO2 + M O ( C O ) ~ ( P F ~ ) S  
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This method is particularly useful in those cases where the fluorophos- 
phine itself is unstable with respect to disproportionation to the corre- 
sponding fluorophosphorane and cyclic polyphosphine (Section 111). 

5. By Displacement of Coordinated Organic Compounds 

The red, volatile, dimeric tetrakis(trifluoroph0sphine)-p,p'-dichloro- 

dirhodium complex is easily obtained by displacement of ethylene or 
cyclooctenc from the corresponding olefin-metal complex (63, 17) .  

Norbornadiene likewise is readily displaced from complexes of the 
type C7H,M(CO), (M = Cr, Mo, W) under mild conditions and this syn- 
thetic route is particularly useful for obtaining the c ~ ~ - L , M ( C O ) ~  isomer 
(L = fluorophosphine) (8-10,144,145,250) .  

C7HsM(C0)4 t- 2 L 4 cis-LzM(C0)4 + C7Hs 

(M = Cr;  L = PF3,  CC13PF2, ClCHZPFz, 
Me2NPF2) 

[M = Mo; L = PF3,  CFaPFz,  (CF3)2PF, 

CC12HPF2, CClSPFz; Lz = EtN(PF2)z 

(M = W; L = PF3, CCl3PF2, C F ~ P F Z ,  ClCHzPFz) 

ClCHzPFz, PFzNMe2, PFZNEt2, PFZNCsHlo, 

Cycloocta- 1,5-diene has also been displaced from a cobalt complex 
by fluorophosphines (243) .  

(R = F, MezN-, EtZN-) 

Cycloheptatrienemolybdenum tricarbonyl, C,H&TO(CO)~, has been 
used extensively as a route to  trisubstituted fluorophosphine-carbonyl 
complexes L,Mo(CO), ; however, the stereochemistry of the resulting 
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complex seems to depend on the reaction conditions and in certain cases 
trans rather than cis isomers are obtained (8 ,10 ,  281, 284, 286, 290). 

C ~ H ~ M O ( C O ) ~  + 3 L + L ~ M o ( C O ) ~  + C7H8 

[L = PF3, CF3PF2, (CFa)zPF, CCl3PF2, 
EtZNPFz, CsHlONPFZ, MeZNPFz, ClCHZPFz, 
n-PrOPFz,  PhOPFZ, C ~ H ~ O Z P F ,  MePFNMez, 
PhPFNMe2, (Me2N)zPFI 

Hexakistrifluorophosphinechromium (and molybdenum) complexes 
are formed by treating the corresponding dibenzene metal derivative 
with PF, at  high pressure (153, 155). Different products are obtained 
from benzenetricarbonylchromium and PF,, depending on whether the 
reaction is carried out a t  elevated temperatures and pressures or with 
UV irradiation (54,155). Mesitylenemetal tricarbonyl complexes behave 
similarly. 

M ( c s H ~ ) z  + 6 PF3 _ _ ~  + M(PF3)6 + 2 Cfi& 
(M = Cr, &lo) 

uv 
Cr&jCI(C0)3 + 3 PF3 ____z C6H&r(PF3)3 + 3 CO 

l O 0 O C  
CgHl~Cr(C0)3  + 3 PF3 - (PF3)3Cr(C0)3 + C9H1z 

high pressure 

A facile route to tetrakisfluorophosphine complexes of zero-valent 
nickel, NiL4, which avoids the separation difficulties encountered in 
displacing carbon monoxide from nickel carbonyl, involves displacement 

n-(CsHS)zNi + 4 L + NiL4 + 2 [C5H5] 

[L = PF3, C F ~ P F Z ,  CC13PF2, ClCHzPFz, 
(CF3)zPF, MezNPF2, EtzNPFz,  
c ~ H i o N P F z 1  

of both cyclopentadienyl rings from nickelocene (232, 233, 240). When 
cobaltocene is used one of the rings remains intact (165). 

n-(CsHs)zCo + 2 PF3 + ~ - C ~ H ~ C O ( P F ~ ) Z  

6. B y  Displacement of Coordiizated Phosphine Ligands 
An early synthesis of Ni(PF,)4 involved the displacement of phos- 

phorus trichloride from Ni(PCl,), (325). More recent studies using 
32P-labeled PCl, show that the mechanism involves ligand exchange 
rather than halogen exchange (62) .  A similar displacement of PCl, 

Ni(P*C13)4 + 4 PF3 + Ni(PF3)4 + 4 P*c13 

probably operates in the synthesis of complexes of the type cis- 
[PtCI2(PEt3)PF3] from Pt2C1,(PEt3), by treatment with trifluoro- 
phosphine in the presence of a trace amount of PCl, (130). No reaction 

PtzC14(PEt3)~ + 2 PF3 -+ 2 cis-[PtClz(PEt3)PF3] 
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is observed in the absence of the phosphorus trichloride. Rapid redistri- 
bution of groups attached to nickel is known in the case of complexes 
of the type Ni(PP,),(CO),_, (58) and HCo(PF3),,(C0),-, (320) and the 
products can be separated by vapor phase chromatography. A similar but 
much slower process is observed in mixed carbonyl-dialkylaminodi- 
fluorophosphine complexes of nickel (248) (see also Section XI). Tris- 
(trifluorophosphine)triphenylstibinenickel(O) can undergo group re- 
distribution to give the disubstituted product 

2 Ni(PF3)3SbPh3 + Ni(PF3)4 + Ni(PFz)z(SbPh3)z (174)  

Mixed phosphine-fluorophosphine (160, 247, 164, 173, I r a ) ,  phos- 
phite-fluorophosphine (174)) tertiary amine-fluorophosphine (174),  
carbonyl-fluorophosphine (160, 173, 56, 58, 59), tertiary arsine-fluoro- 
phosphine (174 ,175) ,  and stibine-fluorophosphine complexes are readily 
formed directly from the appropriate fluorophosphine-metal complex. 
Only in the case of carbon monoxide, chlorophosphines, and phosphites 
is it possible to completely displace all the fluorophosphine ligands from 
the metal. Some typical examples are quoted below: 

(a)  M(PF3)n + zCO + M(PF3),-x(CO)z + zPF3 
(M = Ni, Fe, Cr, Mo, Pt; z = 1-6, n = 4, 5,  or 6) 

co 
HM(PF3)g + HM(pF~)y-z(Co)x 
(M = Co, y = 4; M = Mn, y = 5) 

( b )  (i) (CF3PFz)4Pt + 2RnPR;-, + (CF3PFz)zPt(RnPR&.)z + 2 CF3PFz 
(R = Ph, It’ =Me;  n = 3, 2, 1) 

(R = Ph, n = 1, 2; R = PhO-, n = 4) 
Ni(PF3)4 + L, + Ni(PF3)4-,(L), + nPF3 
(L = Ph3A; A = P, As, Sb, n = 1, 2 ;  L = pyridine, n = 1 ;  L = PC13, n = 41 
Ni(PF3)4 + Lz’ + Ni(PF3)zLz + 2 PF3 
(Lz’ = 2,2’-dipyridyl, o-phen) 

(ii) Pt(PF3)4 + R3P + Pt(PF3)4-n(R3P)n 

(iii) HCo(PF3)4 + L” 3 HCo(PF3)sL + PF3 
(L” = Ph3P, PH3, AsPhs, SbPH3) 
[(PF3)4RhzClz] + RzPR’ + (RzPR’)zPF3RhCl 

(Ph3P)3RhCl+ XPFz + (PhsP)z(XPFz)RhCl+ Ph3P 

( i ~ )  
(R = Ph or Me) 

(X = F, cC13, MezN-) 
Rather surprisingly difluorotrichloromethylphosphine completely 

displaces trifluorophosphine from (PF3)4Rh2CI, (63) .  

7. Displacement of Carbon Monoxide 

Displacement of carbon monoxide from metal carbonyls has been 
widely used as a synthetic route to fluorophosphine-metal complexes. 
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Clark and co-workers have shown that trifluorophosphine can replace 
all the CO groups from certain metal carbonyl complexes (56,  58, 5 9 ) .  
Other fluorophosphines behave similarly, the reactions usually being 
thermally or photochemically induced (320, 57, 121, 284, 287, 61) .  In 
the case of HCo(CO),, however, substitution by PF, occurs rapidly and 
spontaneously even a t  -20°C (320).  

Some typical examples of carbonyl displacement reactions are quoted 
below : 

(a )  Ni(C0)4 + ZL + Ni(C0)4-,L, + zCO 
[Z = 4; L = PF3, CFaPF2, (CF3)2PF, RzNPFz, ROPF2, (RO)zPF, PFzCl; 
L, = [F~POROPFZ],]  
[Z = 3;  L = PF3, CFsPF2, (CF3)2PF, PF2C11 
[Z = 2;  L = PF3, CFzPFz, (CFs)zPF, RzNPPz, RPFNR;, (RzN)zPF, PF2ClI 
[Z = 1; L = PF3, (CF3)2PF, PFzH, PFzCI] 

L‘ 
( b )  M(CO)6 ---+ Mo(CO)s-nL; 

(M = Mo, L’ = PF3, ROPF2, RzNPFz; M = Cr, L’ = PF3) 
Fe(C0)S + Fe(CO)S-,LL 
L = (PF3, CF3PFz) 

500 atm 
COZ(CO)S + 2 HF + 6 PF3 

Coz(C0)s + H2 + 6PF3 ---+ 2 HCo(CO)(PF3)3 

2 HCo(CO)(PF3)3 + COFz + 5 CO 
200 atm 

70°C 
PF3 

RCo(C0)4 __f RCo(PF3),(C0)4-, 
(R = H, Me, CZF5, C3F7) 

PF3 
NOCo(C0)3 4 N O C O ( C O ) ~ - ~ ( P F ~ ) ~  

L I 

:o 

(L = EtzNPFz, C ~ H I O N P F Z ,  PF3) 

PFa 
AMn(C0)h ---+ AMn(C0)5-,(PE”3), 
(A = H  or R f ;  z = 1 -+ 5)  

Mnz(CO)lo + M ~ Z ( C O ) ~ O - ~ ( P F ~ ) ~ ;  PP2I gives (C0)4MnPFzIMn(C0)4 
(Y = 1, 2, 3) 

PF3 

RPPz --CO I excess 

(RPF2)aRhCl 

(R = cC13, RzN) 



CHEMISTRY O F  FLUOROPHOSPHINES 431 

Complete displacement of CO from [Rh(CO),Cl], is possible using 
fluorophosphines RPF,, the reaction with trifluorophosphine affording 

There is an interesting report of carbonyl substitution in the reaction 
between phosphorus pentafluoride and MeSiH,Co(CO), ( 1  24, 7 ) .  There 
is evidence that PF, is reduced by the silicon-hydrogen bonds yielding 
HCo(CO),, the fluorosilane, and trifluorophosphine ; the latter sub- 
sequently displaces carbon monoxide from the hydridocarbonyl com- 
plex. 

The same products are obtained, together with MeSiF,Co(CO), when 
mixtures of cobalt carbonyl, phosphorus pentafluoride, and methyl- 
silane react a t  room temperature (114) .  

[(PF,) 2RhC112 (250) .  

2 MeSiH3 + C o ~ ( C 0 ) 8  + 2 MeSiHzCo(C0)4 + H2 

MeSiHzCo(C0)4 + PF5 + MeSiFzH + PF3 + HCo(C0)4 

YF, 
HCo(C0)4 -4 H C O ( C O ) ~ ( P F ~ ) ~ - ~  (TZ  = 1, 2, 3) 

MeSiFeH 

MeSiFzCo(C0)4 + HZ 

8. B y  Displacement of Coordinated Nitrogen or Hydrogen 
Dimethylaminodifluorophosphine readily displaces nitrogen or 

hydrogen from the cobalt complexes HCoN,(Ph,P), and H,Co(Ph,P), 
(243) .  

HCoNz(Ph3P)s + 2 MezNPFz --f HCo(MezNPFz)z(PhsP)z + Nz + Ph3P 

H&o(Ph3P)3 + 2 n!te2NPF2 + HCo(MezNPFz)z(PhsP)z + Hz + Ph3P 

9.  B y  Displacement of Coordinated Ammonia 
Only one report of this type of displacement has appeared (153 ,154) .  

300 atm 
Cr(NH3)3(C0)3 + 3 PF3 - C r ( P r  3)3(C0)3 + 3 N H 3  

20oc 

The cis isomer apparently is formed exclusively. 

10. From Other Fluorophosphine-Transition Metal Complexes 
a. Cleavage of the P-C Bond of aCoordinated Pluorophosphine Ligand. 

Dialkylaminodifluorophosphine-molybdenum carbonyl complexes are 
formed by cleavage of the phosphorus-carbon bond of the corresponding 
difluorotrichloromethylphosphine-molybdenum carbonyl complex by 
secondary amines a t  room temperature (11). 

( C C ~ ~ P F Z ) ~ M O ( C O ) G - ~  + TZRZNH + nCC13H + (RzNPFz)nMo(CO)a-, 
(TZ = 2, 3) 
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b. Cleavage of the P-F Bond of a Coordinated Fluorophosphine. Con- 
trolled aminolysis or alcoholysis of the phosphorus-fluorine bond of 
coordinated trifluorophosphine likewise produces the corresponding 
aminofluorophosphine or fluorophosphite compound (319, 177, 60, 178, 
61) .  

RzNH 
Ni(PF3)4 + N ~ ( P F ~ ) ~ - , ( R ~ N P F Z ) ,  

(R = Me, Et, n-Pr, C5H10; n = 2, 3, 4) 

McOH 
Mnz(CO)gPF3 ---+ Mnz(CO)gPFs-,(OMe), 

(n = 1,  2 ,  3) 

iYnOMe 
Co(NO)(PF3)3 + C O ( N O ) ( P F ~ ) ~ ( P F ~ O M ~ ) ~ - ,  

Fe(CO),(PF3)5-, ---+ Fe(CO),(PFzOR)5-, 
ROH 

llJIlX 
31(PF3), + M(PFzX), + nM’F 

(M = Ni, Pt, Fe, Cr; M’ = alkali metal; 
X = OR, R, NR2) 

Alternatively by treating trifluorophosphine complexes with barium 
hydroxide in tetrahydrofuran, one fluorine atom can be replaced, and 
barium salts containing anionic fluorophosphine-transition metal com- 

3 Ni(PF3)a + Ba(OH)z 2 Ni(PF3)3(PFzOH) + BaFz 

Ba(OHh 1 
Ra2+[Ni(PF3)3PF20-12 + 2 HzO 

Bn(OH)z 
Fe(PF3)s - Ba2+[Fe(PF3)4PFz0-]2 

plexes can be obtained (176) and subsequently alkylated using 
[Et,O][BF,] to give high yields of the volatile liquid mixed trifluoro- 
phosphine-(diflusrophosphite) complexes. 

Ba[M(PF3),PFzO] + 2 EtaO.BF4 + 2 M(PF3),(PFzOEt) + Ba(L-IF& + 2 EtzO 

( X I  = Fe, n = 4; &I = Ni, 71 = 3) 

When dimethyl sulfate in diethyl ether is used as alkylating agent, 
there is considerable decomposition and a mixture of Ni(PF,), and 
Ni(PF,),PF,OR compounds (R = Me, Et, Pr, Bu) results (176). 

It is noteworthy that the mixed trifluorophosphine-difluorophos- 
phite complexes are more thermally stable than the parent trifluoro- 
phosphine complexes. The phosphorus-fluorine bond is apparently not 
susceptible to further attack by Ba(OH),. 

The mechanism has been discussed and two possible schemes pro- 
posed. In (a )  initial nucleophilic attack of the OH- ion a t  phosphorus 
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is followed by elimination of fluoride ion and loss of a proton under the 
influence of the base. 

,F OH- 
(FsP),M-P--F + 

\ F 

O / F  
(F3P)nM-P-F 

O H  
I ‘F 

OH 

(XIL) 

/F 

‘ 0 0  
(F3P) nM-P-F 

Alternatively, in ( b )  the proton may be lost initially from (XI) 
affording a doubly negatively charged anion (XII), which, in turn, 
eliminates fluoride ion. Since POF3 is never observed in these reactions, 
however, the possibility of the (PF3),M2- ion being a reaction inter- 
mediate can be ruled out even though this ion is known to exist in the 
case when M = Fe (152).  These studies on hydroxide ion attack on metal- 
trifluorophosphine complexes are particularly interesting in relation to 
analogous studies with metal carbonyls for which scheme ( b )  operates. 
In  the latter case there is subsequent loss of mrbon dioxide and formation 
of the carbonylate anion M(C0);;. 

c. Cleavage of the P-N or P-halogen Bond of a Coordinated Fluoro- 
phosphine. The ready fission of the phosphorus-nitrogen bond in dialkyl- 
aminodifluorophosphine-metal complexes enables other fluorophos- 
phine-metal derivatives to be readily obtained (177,178) ,  and these may 

Ni(MezNPF2)4 + 8 HCl + Ni(PFzC1)4 + 4 MezNHzCl 

Ni(PFzC1)4 + 4 MeOH 4 Ni(PFzOMe)4 + 4 HCl 

HA or A- 
M(PFzX)n - M(PFzA)n 

undergo further transformations which are of general synthetic applic- 
ability. 

d .  From Hydrido Derivatives. Hydrido derivatives containing tri- 
fluorophosphine are usually strong acids and hydridotetrakis(trifluor0- 
phosphine)cobalt(I) reacts with diazomethane at  -50°C in ether to give 
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high yields of the methyldiethyloxonium salt [Et,OMe] [Co(PF,),]. This 
complex is stable a t  0”C, but above 100°C is quickly converted to the 
methyl- and ethylcobalt complexes RCo(PP,), (R = Me, Et) (175).  

- 50°C 100°C 
CHzNz + HCo(PF3)4 + EtzO + [EtzOMe][Co(PF3)4] + 

MeCo(PF3)4 + EtCo(PF3)4 
(94%) (6%) 

Iodoform also reacts with hydridotetrakis( trifluorophosphine)cobalt 
(I) in pentane at 0°C (164) and the acidic hydrogen is also easily replaced 

HCo(PF3)4 + CI3H -+ I C O ( P F Q ) ~  + CHzIz 

by treatment with base or sodium (or potassium) amalgam to give crys- 
talline salts, which on acidification regenerate the hydride (164,175).  The 

HM(PF3)4 + B + BH+M(PF3)4- 

HM(PF3)4 + K/Hg + K+[M(PF3)4]- + +Hz 

HzM’(PF3)4 + K/Hg + 2K+[M’(PF3)4I2- 
(M’ = Fe, Ru, 0 s )  

KM(PF3)4 + D+ + DM(PF3)d 

(M = Co, Rh, Ir) 

method is useful for preparing deuterium analogs, and very recently the 
novel trimethylsilylammonium cation has been obtained using this route 

MejSiNMez + HCo(PF3)4 + [MeaSiN(H)Mez] Co(PFa)4e 
(19). 

Iodotetrakistrifluorophosphineiridium is formed by treating the 
potassium salt with iodine (166), and reduction of Fe(NO)2(PP,), with 

K/Hg in ether gives the air-sensitive potassium salt, which may be 
quantitatively converted to HFe(NO)(PF,), on acidification (156, 167). 

Fe(NO)z(PF3)2 __f K @[Fe(NO)(PF3)3] 0 ---+ HFe(NO)(PF3)3 

The orange, sublimable complex formed when hydridotetrakis( tri- 
fluorophosphine)rhodium decomposes on standing at room temperature 
is believed to have the same dimeric structure as its cobalt analog (175).  

KiHg H+ 

2 HRh(PF3)4 + [(PF3)zRhPFz]z + 2 HF 

B. PHYSICAL PROPERTIES 

Most of the metal(0) complexes and their hydrido-, halogeno-, and 
mixed carbonyl- or nitrosylfluorophosphine analogs are appreciably 
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volatile, and the vapors often have a strong oppressive odor necessitating 
careful handling. Many liquid fluorophosphine-metal complexes are 
known and usually they can be distilled without significant decomposi- 
tion (see Table VII). 

A striking feature of fluorophosphiiie-transition metal complexes is 
their high thermal stability, and this often contrasts markedly with the 
corresponding carbonyl derivative, e.g., HCo(CO), decomposes to an 
appreciable extent below room temperature, whereas HCo(PF,), is stable 
up to 250°C. The only exceptions appear to be some 4d metal complexes, 
e.g., Pd(PF,), and HRh(PF,),, which are both somewhat unstable a t  
room temperature, and halogenometal derivatives [e.g., ICo(PF,),], 
which readily loses trifluorophosphine, or halogenotrifluorophosphine 
complexes of the 5d metals which tend to polymerize]. Replacement of 
one or more PF3 groups with aryl phosphines considerably increase the 
thermal stability of the complex (152). 

I n  contrast to the often strongly reducing properties of the un- 
coordinated fluorophosphines R,PF,-, (Section 111), the corresponding 
metal complexes are usually stable in air and are only slowly hydrolyzed 
by water. Ni(PF,), can be steam-distilled without significant loss, 
although treatment with stronger nucleophiles causes phosphorus- 
fluorine bond cleavage. Trifluorophosphine complexes of Pt(II), on the 
other hand, are often very sensitive to hydrolysis (53) ,  whereas the 
corresponding dialkylaminofluorophosphine derivatives ( RzNPFz) ,PtXZ 
and particularly [(R2N),PF],PtX2 are stable in air over much 
longer periods (241). 

C. STEREOCHEMISTRY 

No X-ray studies on fluorophosphine-transition metal complexes 
have yet been reported, in detail, although it is mentioned in reference 
(254) that the manganese-manganese bond length in Mn2(CO)8(PF3), 
is identical with the value in Mn,(CO)lo (265), which again demonstrates 
the similar coordinating ability of trifluorophosphine and carbon mon- 
oxide. Only two dimensional X-ray data on Ni(PF,NC5Hl,), have been 
reported and a rough estimate of the nickel-phosphorus bond length has 
been made assuming the complex is tetrahedral (118c~).’~ 

The Raman spectrum of Ni(PF3)4 (326, 190) has been interpreted 
in terms of a regular tetrahedral arrangement of the PF3 groups about 
nickel. Tetrahedral stereochemistry is also suggested by IR and Raman 
studies on several niekel(0) and platinum(0) complexes ML4 [M = Ni, 
Pt; L = P F , ,  CF3PF,, (CF,),PF] (241) (XIII)  and by analysis of the 
l9F and 31P NMR spectra of certain NiL; complexes (L’ = PF,, CC1,PFz, 

6 See footnote p. 412. 
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R,NPF,, C1CH2PF2, CF,PF,, C6H402PF) (240,196,198) and M'(PF,),e 
ions (M' = Co, Rh, Ir) (186). 

PF3 

(XIII) (XIV) 

These results have been confirmed only very recently in the case of 
Ni(PF,), by two independent electron diffraction studies ( l a ,  279a). The 
four PF, groups are arranged tetrahedrally around the nickel atom (see 
Fig. 5) and undergo essentially free rotation about the Ni-P bonds. The 
molecular parameters are 

Ni-P = 2.099 i 0.003A 
P-F = 1.561 i 0.003A 

BNiPF = 118.4 f 0.3' 
BFPF = 99.3" 

The P-F bond length is very similar to the free ligand value, and the 
nickel-phosphorus bond length is very short indeed since the normally 
accepted covalent radius of phosphorus is 1.lOB and that of atomic 

FIG. 5 .  Structure of Tetrakistrifluorophosphine nickel (0). 
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nickel probably about 1.2-1.38. Most nickel-phosphorus bond lengths 
in phosphine complexes of Ni(0) or Ni(I1) are shorter than the sum of 
the two radii (typically in the 2.20-2.308 range) but the extremely 
short value in Ni(PF,), seems strongly suggestive of a n-contribution 
t o  the metal-phosphorus bond. (See also p. 412). 

The I R  spectra of the five-coordinate M”(PF3)5 complexes (M” = Pe, 
Ru, 0s)  are consistent with a trigonal-bipyramid structure (XIV) and 
the dipole moment of the iron derivative is found to be zero (171).  The 
19F and 31P NMR indicate that all five PF, groups are apparently 
equivalent because the molecule is undergoing an intramolecular inver- 
sion process (see Section X1,D). 

Infrared and NMR studies suggest C,, symmetry (based on a trigonal- 
bipyramid) for all the HM(PF,), complexes (M = Co, Rh, I r )  (XV) and 
HFe(NO)(PF,),; and C,, symmetry in the case of the dihydro complexes 
H,M’(PF,), (XVI) (M’ = Fe, Ru, 0 s ) .  The PF, ligands may be displaced 
slightly toward the hydrogen atoms (152, l78a) .  The “fluxional” be- 
havior of several pentacoordinate metal-fluorophosphine complexes has 
been studied in considerable detail by Bigorgne (317),  Sheline (125),  and 
Clark (318, 319). I n  contrast to the octahedral M(CO)z(PF3)6-z systems 
(M = Cr, Mo, W)  where the various isomers can be isolated by gas-liquid 
partition chromatography, the corresponding Fe(CO)z(PF3)5-z com- 
positions cannot be separated into isomers because of the intramolecular 
inversion process. The infrared spectrum of a very carefully purified 
sample of Fe(CO)(PF,), shows two strong bands in the CO-stretching 

PP3 
I 

(XV) (XVI) 

region, indicating the presence of two isomers having Csv and Czv sym- 
metry that are in equilibrium. Haas and Sheline (125) have calculated 

0 

F3P /JF3 = F3p4pF3 
PF3 PF3 

(C3V) ( C Z V )  
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the percentage abundance of all the various Fe(CO),(PF,),_, isomers, 
but their assignment of frequencies differs from those of Tripathi and 
Bigorgne (317).  

Alcoholysis studies on Fe(CO),(PF,)5-, compounds (x = 4, 3, 2) sup- 
port these conclusions and the products contain mainly one isomer. I n  
the case where x = 1 or 0,  however, the isomeric composition is affected 
much less (319).  For example, 

MeOH 
Fe(C0)4(PF3) __f Fe(C0)4PF3-,(0Me), 
(mixtures of (one isomer) 

isomers) 

The PF,-,(OMe), ligands show a strong preference for axial positions 
within the trigonal-bipyramid structure. 

Substitution of the bulkier trifluoromethylfluorophosphines CF,PF2 
or (CF,),PF into Fe(C0)5 occurs a t  equatorial sites, and the isomeric 
composition moves toward the corresponding structures. This suggests 
that the axial position adopted by the ligands after solvolysis is controlled 
by electronic rather than steric factors (319).  

The infrared spectra of hydrido and perfluoroalkylcobalt carbonyl- 
fluorophosphine complexes RCo(CO),(PF,),-, (R = H, CF,, CzF5, C3F7) 
have also been interpreted in terms of the presence of nonisolable isomers 
(320).  This contrasts with a report (159) that pure HCo(CO)(PF,), can 
be obtained directly from dicobalt octacarbonyl. As discussed in Section 
XI,D, there is convincing evidence from 19F NMR studies of stereo- 
chemical nonrigidity in CF,Co( PF,) (CO) ,. 

oc*co j 
oc 

c 
0 

(33%) 

0 
C 

oc OC* 3 

c 
0 

(67%) 

MeOH 

- HF 
' __ f  
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Geometric isomers can be readily isolated in the case of hexa- 
coordinate polyfluoroalkyl- and perfluoroarylmanganese carbonyl- 
trifluorophosphine complexes RfMn(C0)5_,(PF3),, whereas the corre- 
sponding hydrides HMn(CO)5-7r(PF3)12 cannot be resolved (206). This 
may be due to the small size of the hydride ligand, which lowers the 
activation energy of the intramolecular inversion process. Axial and 
equatorial substitution of trifluorophosphine into ICln,(CO), gives iso- 
lable isomers (61). The stereochemistry of many L,M(CO)s-, complexes 
(L = fluorophosphine ; M = Cr, Mo, W) has been determined from 
analysis of the CO-stretching region of the infrared or Raman spectra 
(8 ,  59, 125, 284, 287). Spectroscopic (287, 144, 9) and displacement (11) 
studies indicate that in aminofluorophosphine-metal complexes co- 
ordination always occurs via the phosphorus atom rather than nitrogen. 

0 
C 

0 
C 

X. Other Fluorophosphine Complexes 

A. FLUOROPHOSPHINE-BORANE COMPLEXES 

The known fluorophosphine-borane adducts are listed in Table VIII .  
Trifluorophosphine-borane can be made directly from diborane and 
excess trifluorophosphine (255) or by displacement of carbon monoxide 
from BH, .CO (255), which it closely resembles. 

The structure of PF, - BH, has been recently established by micro- 
wave studies on several isotopic species (181). The shortening of 0.032 A 
of the P-F bond compared with PF, itself may result from a lowering 

11.5" 0.4' / l . 5 3 8 i O . O O X  A 

1.836 *0.012 +F 
H--B P09.8"F 
H / I . O i  k0.006 A 'F 

of the lone-pair repulsion on coordination, and this may also account 
for the widening of the FPF bond angle (181). The phosphorus-boron 
bond length is the shortest known for this type of complex and this 
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correlates with the higher value for the heat of dissociation ( A H  = 24.5 
kcal) compared with other phosphine complexes of boron acceptors. 

Trifluorophosphine-borane has also been prepared in the gas phase 
reaction between boroxine and trifluorophosphine, but the method is 
somewhat hazardous and probably best carried out with small amounts 
of material (16) .  Kinetic studies indicate a first-order dependence on the 

B303H3 + PF3 -+ BH3PF3 + B203 (8) 

pressure of boroxine, but the rate is essentially independent of trifluoro- 
phosphine concentration suggesting that the rate-determining step 
involves the slow decomposition of B 3 0 3 H s  to BH3 followed by a rapid 

B303H3 -+ BH3+B203 (slow) 

BHa+PF3 + BH3PFs (fast) 

TABLE VII I  

FLUOROPHOSPHINE-BORANE COMPLEXES 

Melting point Boiling point 
Complex ("C) ("Clmm) Refs. 

BH3PF3 -116.1 -61.8 (16 ,  255, 181) 
BD3PF3 -115.1 -59.8 (255)  
BH3CF3PFz - 

BHdCF3)zPF (39 ,  38 )  
6.2 (276)  BH3PFzH - 

BH3MezNPF2 -56.7 119.4 (148)  
BH3PzF4 (214)  
BH3PF20PFz - - 

BH3MeNHPFz -65 i 3 129 (est) (148)  
RH3(MeNH)zPF - Involatile liquid (148)  

BHz(Me2N)zPF (148)  
(107)  BMe3 (Me zN ) 2PF 

B4HsPF3 - -47.716.1 (306 ,  39, 251a) 
B4HsPF2NMe2 -18 27.712.5 (314 ,187 ,  50a) 
BzH42PF3 -114.3 -44133 (75 ,  76) 
(BH3)2(PFz)zCHz - 

B4HsPFzH -80.4 t o  -79.3 90.2 (50a)  

- ( 3 9 )  
__ __ 

- - 

( 5 0 )  

- - 

- - 

- ( 2 9 )  

heterogeneous reaction with trifluorophosphine. Reaction (8) is exo- 
thermic to the extent of about 21 kcal. 

BH3PP, and oxygen react in the gas phase to form HZBzO3, hydrogen, 
trifluorophosphine, and B,03 (16) .  
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F,P .BH, is a spontaneously inflammable gas which is appreciably 
dissociated at room temperature. Trifluorophosphine is readily dis- 
placed by trimethylamine (255),  and treatment with ammonia between 
-1 11°C and room temperature leads to complete cleavage of phosphorus- 
fluorine bonds; although at  -78°C there is evidence for formation of 
(NH 2)2PF * BH3. 

F3P.BH3 + Me3N 1 Me3N-BH3 + PF3 

NH3 
F3PBH3 + [(NHz)zPF*BH3] + (NHz)sP*BH3 

Methylaminodifluorophosphine-borane, MeNHPF,-BH,, and bis- 
(methy1amino)Auorophosphine-borane, (MeNH),PF. BH,, are formed 
when methylamine reacts with the trifluorophosphine borane adduct 
(148) .  The uncoordinated (MeNH),PF is as yet unknown. 

-111°C 

EtzO 

25°C 

EtzO 

2 MeNHz + F3P - BH3 ---+ MeNHPFz - BH3 + MeNH3F 

2 MeNHz + MeNHPFz -BH3 ---+ (MeNH)zPF. BH3 + MeNH3F 

Corresponding reactions with dimethylamine afford Me,NH BH,, 
Me2NPF2 .BH,, or (Me2N)2PF *BH,, depending on the reaction condi- 
tions (148).  The last two can be more easily made directly from Me2NPF2 
or (Me2N),PF, and coordination via phosphorus rather than nitrogen 
is indicated by NMR and other studies (107). 

Displacement reactions indicate that the order of increasing base 
strength with respect to BH, is F,P < MeNHPF, - Me2NPF, < Me,N - Me,NH < (MeNH),PF - (Me2N)2PF. 

The decomposition of fluorophosphine-borane adducts L . BH, 
[L = PF,, CF,PF,, (CF,),PF] to B2H, and free fluorophosphine is found 
to occur by a similar mechanism to that known for BH, CO (39). 

kl 

kz 

k3 

LBH3 BH3+L 

BH3 t L.BH3 ---+ BzHs + L 

(kz  k3)  

First-order rate constants for the initial association a t  different 
temperatures enable a value for the dissociation energy of diborane to 
be obtained. A similar rate law is suggested for B,H8PF, (39). 

Bis(trifluoroph0sphine)-diborane (4) (m.p. -1 14.3OC) is obtained 
from trifluorophosphine and the dimethyl ether adduct of triborane (7) 
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a t  -15°C (75, 76) .  The complex decomposes to give hexaborane (12) and 
pentaborane (9 ) .  Treatment with hydrogen affords quantitative yields 

2 B ~ H ~ ( P F ~ ) Z  + i-B4Hs(PF3)z + 2 PF3 

B z H ~ ( P F ~ ) z  + i-BdHs(PF3)z + B6Hlz + 4PF3 

B6Hi-z + B ~ H ~ * ( P F ~ ) z  4 BSHg + B3H7 + 2 PF3 

of trifluorophosphine-borane, and reaction with diborane ( 6 )  g' ives an 
almost 100% yield of tetraborane (10) .  

BzH4(PF3)2 + Hz 4 2 BHa.PP3 

BzH4.(PF3)z + BZHB + B4Hlo + 2 PF3 

Difluorophosphine and diborane react a t  25°C to give HPF,BH3 
(276),  which shows unusual stability in sharp contrast to the high degree 
of dissociation found for both PH3.BH3 and F3P.BH3. The order of 
base strength for the three phosphines toward borane is found to be 
H,P < F3P < F,PH. The unusual stability of PF2H - BH, is rather 
difficult to rationalize. lH, lgF, and llB NMR studies indicate that 

(XVII) (XVIII) 

structures (XVII) and (XVIII) can be ruled out. Arguments based on 
hyperconjugation (116) would predict that PF3 should be a better accep- 
tor than PF,H. 

An alternative suggestion (276) invoked an internal hydrogen bond 
between the H of PF,H and the two fluorine atoms. This would allow 
closer approach between phosphorus and boron and reduce the effective 
positive charge on hydrogen allowing the phosphorus lone-pair electrons 
to form a strong P-B bond. A subsequent microwave determination of 
the bond lengths and bond angles in PF,H (1&0), however, does not 
support the internal hydrogen bond hypothesis (Section VII). PF,H is 
also a strong base towards B4H8 forming a 1 : 1 adduct which is more 
stable than either OC.B,H, or F3P-B,H8 (50a). The structure (shown 
below) assigned on the basis of "B NMR studies is very similar to that 
established for Me,NPP, .B,H, using X-ray methods (187).  

H 
I 



CHEMISTRY O F  FLUOROPHOSPHINES 443 

p-Oxobisdifluorophosphine F2POPF2, like its alkylamino analog 
RN(PF,), (236),  does not form a stable BF, adduct (so), and this has 
been attributed to the high deformation energy required to  convert the 
planar boron trihalide into the tetrahedral complex. The ready formation 
of the monoborane adduct, on the other hand, is due to the lower 
deformation energy of BH, (50). The coordination of only one BH, group 

/ BBaHs F2P0PF2*BH3 
FzPOPFz 

No complex 

may result from electron interchange between PF, units by way of the 
n system of the oxygen, since this enhances the base strength of the 
coordinated phosphorus and correspondingly reduces that of the un- 
coordinated phosphorus. 

This hypothesis is supported by the fact that (PF,),CH, binds two 
BH, groups rather strongly (29). 

B2H6 
F2PCHzPF2 4 H3B. PFzCHzPFz . BH3 

Tetrafluorodiphosphine affords only a monoborane adduct when 
reacted with diborane at  room temperature. The product which collects 

PzF4 + +BzHtj + FzPPFz -BH3 

a t  -100°C as a white crystalline solid shows no detectable PZF4 (compare 
the ready dissociation of F3P.BH3), suggesting that the diphosphine is 
a stronger base than trifluorophosphine. Slow decomposition of 
F,PPF,. BH, gives PF, - BH, and a yellow solid presumed to be [PF], 
polymer (214) .  NMR evidence indicates rapid exchange of BH, units 
between the two phosphorus atoms. 

The formation of only the monoborane adduct may result from 
partial double bond interaction ( pn-dn) between the phosphorus atoms 
of P2F, which enhances the basicity of one at the expense of the other, 
as was found for F2POPF2 (50). 

Although tetraborane(8) has not been isolated, it is known from its 
trifluorophosphine and dimethylaminodifluorophosphine adducts. The 
former complex can be made directly from pentaborane(l1) and the 

2PF3 
BbHll - B4Hs.PF3 + BH3PF3 
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latter by displacement of carbon monoxide from B4H8.C0 (306, 314). 
Dimethylaminodifluorophosphine-tetraborane( 8) (m.p. -1 8OC) is more 
stable than the other complexes and its structure has been elucidated 
by X-ray diffraction (Fig. 5) (187).  Coordination as expected is via the 
phosphorus atom, and as in the uncoordinated ligand the P-N-C, 
skeleton is essentially planar, but the P-N bond is even shorter than 
the free ligand value. lgF NMR measurements on Me2NPF,.B4H8 
indicate the presence of two isomers (50a). 

FIG. 6. Structure of Me2NPF2.B4Hs. From M. D. La Prade and C. E. Nordman, 
Inorg. Chem. 8, 1669 (1969) with permission. 

INTRAMOLECULAR DISTANCES AND ANGLES 

Bond distances (8) 
1.856 (8) Bl-B3 
i.844 (11) B2-B3 
1.826 (11) 

U-H (av, regular) 1.08 (0.98-1.15) 
B-H (av, bridge) 1.19 (1.10-1.40) 

1.581 (4) N-C1 
1.586 (5) N-C 2 

1.593 (6) C-H 

Angles (deg) 

55.6 (5) Fl-P-Bl 
55.9 (5) FZ-P-BI 

114.1 (7) FI-P-FZ 
107.6 (6) F1-P-N 
97.4 (5) F2-P-N 
97.8 (4) P-N-C1 

135.2 (5) P-N-C2 
117.6 (3) C 1 -N-C 2 

1.687 (12) 
1.759 (13) 
1.753 (14) 

1.483 (13) 
1.470 (9) 
0.8-1.0 

116.6 (3) 
113.1 (3) 
96.4 (3) 

107.1 (3) 
103.3 (3) 

123.7 (5) 
115.1 (6) 

121.0 (5) 



CHEMISTRY O F  FLUOROPHOSPHINES 445 

B. FLUOROPHOSPHINE COMPLEXES OF NONTRANSITION METAL HALIDES 

As discussed in Section VIII, no complex is formed between PF, and 
boron trifluoride (52, 53). Similarly neither F2POPF, or EtN(PF,), are 
basic enough to coordinate to BF, (50, 236). Me2NPF2, however, gives 
a solid 1 : 1 adduct with BF,, which is completely dissociated in the vapor 
phase (47,  107). Infrared and NMR studies have been interpreted in 

BB3 
EtN(PF2)z ---+ No complex 

BF3 
MezNPF2 MezNPFz.BF3 

terms of coordination being via nitrogen rather than phosphorus (107).  
This is unexpected since the coplanar arrangement of the two carbon 
atoms, the nitrogen and phosphorus in Me,NPF,, suggests that  there 
is nitrogen -> phosphoruspT-dT bonding which would enhance the donor 
character of phosphorus. Parry (256) has proposed that there may be 
a strong dependence of phosphorus coordination on the B-P internuclear 
distance and that coordination via nitrogen is less distance-dependent. 

A novel trifluorophosphine-tris(difluorobory1)borane complex 
B,F,.PF, (m.p. 55"C, b.p. 74°C) is formed by reacting the high-tempera- 
ture species boron monofluoride with PF, on a cold surface (316). The 
crystal structure has recently been determined by X-ray diffraction and 
is shown in Fig. 7 ( 7 4 ) .  

Although Chatt and Williams (53)  observed no reaction when 
trifluorophosphine was passed over Al,Cl, a t  temperatures up to 25OOC 
or when PF, was passed into a cyclohexane solution of Al,Br,, later 
work by Alton ( 2 )  using a sealed tube and 8 atm pressure of PF, 
quantitatively afforded PF,.AlCl,. Its identity was confirmed by a 
low-temperature molecular weight determination, displacement of the 
PF, by tertiary amine, and the combining ratios of PF, and AlCl,. 
Halogen exchange readily occurs even a t  low temperatures, but is 
inhibited in the presence of excess trifluorophosphine. No simple complex 

zF3P.AICl3 + zPC13 + [A1F3Iz 

could be isolated from Al,Me,-PF, mixtures, although there is evidence 
of a reaction. 

Halogen exchange is also found using the more basic dimethylamino- 
difluorophosphine which initially forms an adduct with aluminum 
trichloride (256). I n  the presence of excess ligand trifluorophosphine 
and the bis(dimethy1amino)fluorophosphine complex is formed, and 
halogen exchange gives Me2NPC1, and AlF3. Similar behavior is found 
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Fl(3) r1'3' I[ 

F2(P) 
I I \ I  I 

FIG. 7. The B4Fc.PF3 molecule, which is bisected by a crystallographic 
mirror plane which contains F l (P ) ,  P ,  B( l ) ,  B(2), F1(2), and F2(2). The thermal 
elipsoids have been reduced to 30% probability contours for the sake of clarity. 
From B. G. De Boer et al., Inorg. Chem. 8, 836 (1969) with permission. 

B(2)-F1(2) 1.330 (10) F1(2)-B(2)-F2(2) 113.6 (7) 
B(2)-F2(2) 1.276 (10) F1(3)-B(3)-F2(3) 112.8 (5) 
B(3)-F1(3) 1.319 (6) Av 113.2 f 1 
B(3)-F2(3) 1.293 (7) B(l)-B(2)-F1(2) 123.6 (7) 
Av 1.305 + 0.015 B(l)-B(2)-F2(2) 122.8 (7) 
Thermal correction = 0.009, 0.051 B(l)-B(3)-F1(2) 124.5 (5) 

B(l)-B(3) 1.668 (7) Av 123.4 f 1 
Av 1.677 f 0.015 B(2)-B(l)-B(3) 108.3 (4) 
(Thermal correction = 0.001, 0.013) B(3)-B(l)-B(3) 109.5 (5) 

1.825 f 0.015 B( 3)-B ( 1 )-P 109.8 (3) 
(Thermal correction = 0.005, 0.026) Av 109.7 f 1 
P-Fl(P) 1.525 (6) B( 1)-P-F1 (P) 115.2 (3) 
P-F2(P) 1.496 (4) B( l)-P-F2(P) 117.2 (2) 
Av 1.511 f 0.015 Av 116.2 f 1 
(Thermal correction = 0.013, 0.066) Fl(P)-P-F2(P) 101.5 (2) 

F2(P)-P-F2(P) 101.8 (3) 
Av 101.7 f 1 

B(l)-B(2) 1.685 (10) B(l)-B(3)-F2(3) 122.7 (5) 

B( 1)-P 1.825 (7) B(2)-B( 1)-P 111.1 (5) 

using GaCl,, but a t  a slower rate and a t  higher temperatures halogen 
exchange gives GaC1,F. (Me2N)2PC1 (256). It has been suggested that  

MC13 + 2 MeZNPFz -+ [MC13-2 MezNPFz] -+ [(Me2N)zPF]zMCl3 + PF3 

disproportionation and halogen exchange is promoted by metal ions of 
small size and high charge which have no d electrons (256).  Other factors, 

(M = Al, Ga) 
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however, must be important in view of the almost quantitative redistri- 
bution of groups attached to phosphorus in a series of R2NPF2-Pt(II) 
complexes (245) (Section IX).  

XI. Nuclear Magnetic Resonance Spectra 

Since both fluorine and phosphorus have nuclear spin I = 4 in 100% 
natural abundance, nuclear magnetic resonance studies have not sur- 
prisingly occupied an important place in the development of the 
chemistry of tervalent phosphorus fluorides. 

A. ANALYSIS OF SPECTRA 

The 19F and 31P NMR spectra of the simple fluorophosphines 
R,PF,-,, are always first-order and the phosphorus-fluorine coupling 
constant 'JPF is found to lie between 1000 and 1450 Hz depending on 
the nature of R, with the parent PF, having the largest IJPF value 
known. The 19F NMR spectrum of P(PF2)3 is also almost first-order 
(305), but more complicated spin systems are known, for example, in 
the case of tetrafluorodiphosphine PzF4 (143), alkyl- or arylaminobis- 
(difluorophosphines) RN(PFZ), (R = Me, Et, Ph, m-ClC,H4) (237, 239), 
and F,PSPF, (223),  which have all been analyzed as examples of 
XX'AA'X"X'" spin systems [X = fluorine, A = phosphorus]. Similarly 
p-oxobisdifluorophosphine PF20PF, has been treated as an X2AA'X2' 
spin system, with the assumption that the remote J,,, coupling 
constant is zero (274) .  This is not the case, however, for either RN(PF,), 
or F,PPF, (239,143) ; in the former case there are two distinctly different 
fluorine-fluorine coupling constants, 4JF1,~, while in the latter one of the 
two different vicinal 3JFF' coupling constants is almost zero. Furthermore, 
the temperature independence of the 19F NMR spectrum of P2F4 down 
to -140°C suggests that one isomer predominates (see also Section VII). 

Analysis of the NMR spectra also leads to the evaluation of the 
phosphorus-phosphorus coupling constant and provides evidence con- 
cerning the relative signs of the directly bonded 'JPF and the remote 
( 'JPF' or 'JPF,) phosphorus-fluorine coupling constants (see Table IX).  

Recently the lH, 19F, and 31P NMR spectra of F,PPHz were found 
t o  be first-order (275), even though an AA'KQXX' spin system requires 
two distinct AX coupling constants. A single 3JHF coupling constant 
would result if both rapid rotation about the phosphorus-phosphorus 
axis and inversion through the P atom of the PH, group occurs, but 
since two remote coupling constants are found in FzPPFz (143) and 
H2PPH, (195) ,  i t  appears more likely that the deceptively simple 
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spectrum results from the magnitude of J,,, being very much larger 
than 3JHF. 

A preliminary report (223) describes the temperature dependence of 
,JPp, in F,PSPF,. There is a steady increase in ,JPp, from 302 Hz at  
-1°C to 393 Hz at  -120°C and this has been attributed to either P-S-P 
bond angle changes in excited vibrational states of the molecule or to  
internal rotation about the P-S bond. EtN(PF2), also shows a tempera- 

TABLE IX 

NMR PARAMETERS FOR SOME X2AA'Xz' AND XX'AA'X"X'" SPIN SYSTEMP 
~~~~ ~ ~ 

Compound 'JPF JPF, J P P ~  JFF '  Refs. 

FzPPFz 

FzPPHz 
FzPOPFz 
FzPSPFz 
FzPNMePFz 

FzPNPhPFz 

(-)1198.5 (+)67.5 (+)227.4 

(-)1203 (+I82 
(-)I358 (+)I4 

(-)1264 (+I47 (+)437 

211 
4 

302c - - 

(-) 126 1 ( + ) 5 2  +446 

(-)1252 (+)40 (+)371 

(-)1285 (+)41.5 (+)372 

a I n  Hz. 
b Double resonance experiments (197)  show that ZJpp, is opposite in sign from 

c Value at -1"C, 19F NMR spectrum shows a temperature dependence. 
'JPF. 

ture dependence 19F NMR spectrum (249a) as does F,PSP(S)F, (50b) .  
At 40°C the lgF spectrum of the latter consists of two doublets associated 
with the presence of pentavalent, four-coordinate -P(S)F, and tri- 
coordinate tervalent -SPF, units. At lower temperatures the two sets 
of peaks broaden at  different rates, probably due to differences in the 
rates of rotation about the P(II1)-S and P(V)-S bonds. At -90" each 
of the four lines is split into a doublet and each of the components of 
the doublet is further split into a triplet, in agreement with the 
F,PSP( S)B, formulation but not compatible with either the diphosphine 
disulphide structure, P,P( S)P( S)F,, or the dithio-bridged compound 
F,P-S-S-PF, (5Qb) .  
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The lgF NMR spectrum of the recently synthesized 1,3-ditertiary- 
butyl-2,4-difluorodiazadiphosphetidine (which is an XAA' X' spin 
system ; X = fluorine, A = phosphorus) has been analysed and the trans- 
annular phosphorus-phosphorus coupling constant found to be 92.5 Hz 
(2504.  

Table I X  lists the various spin-spin coupling constants obtained 
from analysis of some of these more complicated NMR spin systems of 
the X,AA'X, or XX'AA'X"X" type. 

B. RELATIVE SIGN DETERMINATIONS 

Pople and Santry (264) showed that single-bond coupling constants 
between fluorine and first-row elements should be negative because of 
the large separation of the fluorine 2s and 2p orbitals, and this has 
recently been confirmed in phosphorus fluorides (72, 200). Double 
resonance studies on (CF3)2PF and CF3PF, show that lJPF and ,JPcF 
are of opposite sign, whereas ,JFF< has the same sign as lJPF. Since lJPp 

lies in the 500-1450 Hz region in all phosphorus-fluorine compounds, 
it seems that i t  will always be negative. 

Double resonance experiments on EtN(PF,), and EtN(PF,),Mo(CO), 
show that 'J,,, is opposite in sign to 'JpF in both cases (197) and, therefore, 
2Jpp, is positive. Similar studies on the cis-(CCl,PF,),Mo(CO), complex 
indicate that in this case 2Jpp, is negative (197). The negative coupling 
constant has been explained by simple molecular orbital arguments 
(199) and the analogous trans coupling predicted to be positive (199) 
and subsequently this was confirmed experimentally (20) .  

The knowledge of the sign of 'JPp, in C~S-E~N(PF,),M(CO)~ (M = Mo) 
enables the increase in magnitude along the series Cr < Mo < W to be 
understood (see Section XI,D) because the coupling can be considered 
to  contain both positive (via nitrogen) and negative (via the metal) 
contributions (199). Johanssen has reported the relative signs of 'JpF, 
'JpH, and 'JHF in PF,H (142). 

C.  CHEMICAL SHIFTS AND COUPLING CONSTANTS 

1. Phosphorus-31 Chemical Shifts (6,) 

a. I n  Free Ligands. Tricoordinate phosphorus fluorides R,PF,-,, all 
show a characteristic low-field phosphorus chemical shift [ap in the range 
-97 to -255 ppm relative to 85% H,P04 as standard], the resonance of 
the parent trifluorophosphine occurring at  highest field (see Tables 
11-VI). This low-field phosphorus shift can be used with confidence to 
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distinguish tricoordinate phosphorus fluorides from other species present 
in mixtures (226). “EtPF,” and “EtPFC1” said to be formed simul- 
taneously in the fluorination of ethyldichlorophosphine (134) had 6, 
values (+30 & 3 and -26 2 ppm, respectively), which were clearly out 
of line with other compounds of this type, but a later study (289) showed 
that the products were, in fact, ethy1tet)rafluorophosphorane EtPF4 and 
its hydrolysis product EtPOF,. 

Tetelbaum et al. (315) have suggested that a correlation exists 
between 6, for compounds of the type XPF, (where the group X is alkyl, 
aryl, or halogenoalkyl) and the Taft u* parameter for X. While it is true 
that the lowest-field chemical shifts (-200 to -250 ppm) occur for the 
alkyl derivatives, values for other fluorophosphines sometimes show 
irregular variations (Tables II-VI) even within fairly closely related 
compounds. 

Early empirical approaches relating 8, of phosphorus compounds to 
their molecular structure were generally unsatisfactory, but more 
recently theoretical treatments based on Ramsey’s equation have 
appeared (188, 189,124) and the phosphorus chemical shift is found to 
depend mainly on the paramagnetic term in the shielding expression 
which arises from a field-induced mixing of the ground state with low- 
lying excited states. Using an average energy approximation, the 
chemical shift may be related to the properties of individual bonds, e.g., 
ionic character, hybridization, and double bonding. The topic is included 
in part of a recent monograph (70 )  and has been extended very recently 
by Ionin (135). 

I n  view of the lack of accurate structural data on fluorophosphines 
and their complexes, it is not surprising that chemical shifts are not yet 
well understood. 

Trifluorophosphine has the highest field 31P chemical shift (6,) of all 
the phosphorus trihalides or fluorophosphines R,PF3-, (123) and the 
unexpected order for 6, in the PX, series (X = halogen) was originally 
discussed (122) in terms of opposing effects of ionic and double character 
of the P-X bond. A relationship apparently exists between 8, and the 
electronegativity of the substituent atom for some RPF, compounds 
(R = F, RO-, RzN-), the values being considerably lower for the RzN 
derivatives than the RO compounds. 

On the other hand, Sheluchenko et al. (301) found no simple correla- 
tion between 8, and the inductive effect of the X group for tl series of 
fluorophosphines of the type RPFX (X = OR, NR2, SR, Cl), and while 
the main criterion for determining the phosphorus shift seems to be the 
atoms to which phosphorus is bonded, a t  present there is no quantitative 
understanding of the 31P shift data summarized in Tables II-VI. 
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b. In  Complexes. 31P chemical shift measurements have been made 
on several fluorophosphine-transition metal complexes (271,145,144,9)  
(Table VII), and usually there is a significant shift to low-field from the 
free ligand value when the metal is in its zero-valent state. I n  complexes 
of metals within the same group this low-field shift is greatest for the 
lighter elements (e.g., 6, becomes more negative in the order 
Cr > Mo > W) (242), possibly reflecting a decrease in the average excita- 
tion energy term on descending the group. For third-row transition 
elements in zero-oxidation state 6, is usually close to the free ligand 
value and occasionally to slightly higher field (242). The bidentate 
fluorophosphine EtN(PF,), is unusual in that only the chromium 
complex of the Group VI derivatives has a lower 6, value than the free 
ligand (144), but variations within the group are as expected. 

31P NMR shift measurements on nickel and molybdenum carbonyl- 
fluorophosphine complexes M(CO)zLv (M = Ni, Mo; L = PF,X) (271) 
have been discussed in terms of an increase in the paramagnetic term 
on coordination. It has been proposed that there is evidence for 
appreciable n- bonding between phosphorus and the metal. A further 
suggestion that there is a correlation between the coordination shift [a, 
(complex)-6, (ligand)], and the carbonyl-stretching frequency in these 
complexes was not borne out by other studies (242) using a wider variety 
of fluorophosphines. 

Fewer data are available on fluorophosphine complexes of metals in 
higher oxidation states. I n  Pt(I1) complexes (242, 242) 6, occurs a t  
higher field than the free ligand, whereas the behavior in Rh(1) complexes 
(242, 250) is more variable. 

31P shifts in dialkylaminofluorophosphine complexes with boron 
acceptors occur a t  higher field than the uncoordinated fluorophosphine 
(10’7, 242). 

2.  Fluorine-19 Chemicul Xhifts 

These will only be considered briefly. Available data are summarized 
in Tables II-VII. Here again the paramagnetic contribution dominates 
the shielding, and since (T and n--bond changes may often be self-cancell- 
ing any general quantitative understanding is lacking, and comparisons 
are best made within structurally similar series. The fluorine chemical 
shifts of a series of XPF, compounds (X = F, RO-, R,N-) decrease 
regularly with the electronegativity of X (270),  as is found for the 
analogous chlorofluorophosphines PF,-,Cl, (133, 219a). This is in the 
opposite direction to the behavior of aP. No simple correlations, however, 
are apparent from data on a variety of compounds of the type RR‘PF 
[R = Me, P h ;  R’ = F, C1, OR, SR,, NR,] (301).  It is interesting to note 
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that  there is a much better correlation between the phosphorus and 
fluorine shifts in pentavalent phosphorus fluorides XYP( 0)F with the 
nature of the substituents X and Y (300), and this may reflect smaller 
bond-angle changes a t  phosphorus within the whole series. 

Complexes. A characteristic feature of the 19F NMR spectra of 
fluorophosphine-transition metal complexes is the appearance of the 
resonance at  much lower field compared with the free ligand value, and 
this can be used as a diagnostic test for complex formation (9, 10, 233, 
271). Small changes in the chemical shift for a series of chromium, 
molybdenum, and tungsten complexes (145) are probably not significant, 
particularly since solvent effects have not been studied. This low-field 
lgF shift on coordination is similar to that observed in the 19F NMR 
spectrum of perfluoroalkyl-transition metal complexes (263). There is 
no apparent relationship between the coordination shift and the nature 
of the substituents on phosphorus, although it is noticeable that mono- 
fluorophosphines show bigger deviations from the free ligand value (233, 
271) than difluorophosphines. 

The 19F chemical shift of PFzX ligands plotted against the coordina- 
tion shift in Ni(PF,X), and Mo(CO),(PF,X), complexes suggests that 
the paramagnetic term is larger for molybdenum (271). 

3. Magnitude of Phosphorus-Fluorine Coupling Constants in 
Fluorophosphines and Their Complexes 

a. Ligands. The largest directly bonded phosphorus-fluorine coupling 
constant is observed in the parent trifluorophosphine (IJpp = 1440 Hz), 
while the magnitudes of lJPp for a series of difluorophosphines RPF, 
seem to be largely determined by changes in hybridization, and usually 
obey Walsh’s rule. Thus the absolute value increases with the electro- 
negativity of the substituent. For example, lJP, for a series of YPF, 
compounds decreases along the series (see Tables II-VI) Y = F > RO 
2 CX, > R,N > R, (X = halogen; R = alkyl, aryl) and similarly in 
difluorohalogenophosphines PF,X, lJPp gets smaller in magnitude for 
X = F  > C1> Br > I (204). 

Mavel(204) has found a good correlation between lJpg and the Taft 
uI parameter of X for a somewhat limited series of XPF, compounds, 
and likewise there is a relationship between IJ,, and the sum of 6, 
coefficients of X and Y in PFXY derivatives. Inspection of data (Tables 
11-IV), however, for a much wider range of compounds indicates the 
limitations of this simplified approach. 

Fewer data are available on monofluorophosphines, RR’ PF, and 
invariably they have smaller lJP, coupling constants than the corre- 
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sponding RPF, compounds, although the general trends outlined above 
are also applicable. 

b. Complexes. The absolute magnitude of lJpF is lowered by 10-1 50 Hz 
when the fluorophosphine becomes coordinated to a transition metal 
(Table VII) (10, 233, 9 ,  271, 198), but some literature values (271, 233) 
are not exact because a full analysis of the spectra has not been carried 
out. The EtN(PF2), complexes are anomalous and have a larger 'JpF 

value than the uncoordinated ligand (144). Within a series of Group VI 
metal-fluorophosphine complexes lJpF decreases in the order Cr > Mo 
> W (145, 242). 

The difference between 'JpF in a series of nickel complexes 
Ni(CO),L,-, (L = R,PF,-,; x = 3, 2, 1) and that of the free ligand has 
been discussed in relation to the orbital energies involved (198). 

4. Spin-Spin Coupling Constants and a-Bond Orders 
The 59CoNMR spectra of the tetrahedral [Co(PF3),Io and [Co(CO),]" 

anions have been recorded (191) and values obtained for the 1J(59Co-31P) 
(1222 f 25 Hz) and 1J(59C0-13C) (287 3 13 Hz) coupling constants. 
Approximate values for the a-bond order were calculated and together 
with shift data suggested that bonding to the ligand 7~ orbitals is more 
important in the carbonylate ion than bonding to the phosphorus 3d 
orbitals of the tetrakis(trifluorophosphine)cobaltate, and that the 
cobalt-phosphorus a-bond order apparently is greater than the cobalt- 
carbon a-bond order (191). 

5. Evaluation of Phosphorus-Phosphorus Coupling Constants in 
Fluorophosphine-Transition Metal Complexes 

a. Octahedral Complexes. A recent development in phosphine com- 
plexes of transition metals has been the evaluation of phosphorus- 
phosphorus coupling constants ,JPMp,, through the metal atom (242). 
Most of the work on fluorophosphine complexes has been done with 
octahedral carbonyl complexes of zero-valent chromium, molybdenum, 
and tungsten (9,144,145,242,129) of the type cis-L,M(CO), (M = Group 
VI metal), e.g. M = Mo; L = PF,, CF,PF,, CC1,HPF2, CH,ClPFz, PFZH, 
RN(PF,),, ROPF,, R,NPF,, etc., and in a few cases trans-L,M(CO)6--n 
(242, 322). 

These represent [X,A], or [X,A], spin systems [using the notation 
of Haigh (25)l and the particular advantage of this type of system is 
that the phosphorus-phosphorus coupling constant (JAA,) can be easily 
and accurately evaluated because J,, (in this case, directly bonded 
phosphorus-fluorine coupling constant 'Jpp in the 1000-1 300 Hz range) 
is always so much larger that J A A p  (here the phosphorus-phosphorus 
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coupling 2Jpsrp,). This has enabled a detailed study to be made of the 
various factors affectling the magnitude and sign of 'JpMp, (9, 242, 144, 
145),  and this topic has been reviewed recently (242) .  Table X 
summarizes the various couplings obtained from the lgF and/or 31P 
NM,R spectra of several fluorophosphine-Group VI  metal complexes, 
from which the following points of interest emerge : 

(1) Except for the case of the chelating ligand EtN(PF,), which is 
discussed separately (Section V), the magnitude of 2Jp,p, for a given 
fluorophosphine ligand decreases in the order C r > M o >  W for the 
cis-( R,PF,-,) 2M( CO) complexes. 

(2) There is a relationship between 2JpMp~ and the electron-with- 
drawing power of the R group inR,PF3-,. For example, in the molyb- 
denum complexes cis-( RPF,),Mo(CO), which represent the most com- 
plete series, 'JpMp, decreases in magnitude in the order R = F > CF3 - CC1, > CC12H > CHzCl > CH, z H. This can be understood in terms 
of a decrease in both the s character of the phosphorus hybrid orbital 
which is forming the u bond to the metal and the amplitude of the 
phosphorus s orbital a t  the nucleus, +,(0)2,  as the electron-withdrawing 
power of the substituted group R decreases. 

TABLE X 

PHOSPHORUS-PHOSPHORUS COUPLING CONSTANTS ( Z J p ~ p r )  IN 

FLUOROPHOSPHINE-GRO~ VI COMPLEXES~ 

Complex L Cr Mo W Refs. 

59.5 f 1 
66.0f 1 
67.0 f 1 

77.OI-tO.5C 
- 

=Me, Et) 62.0 f 2 
- 

78.5 
- 

- 4 0 f 3  (250)  
42.5 f 0.5 33.0 * 1 ( 9 , 1 4 5 )  
47.5 * 0.5 37.0 5 0.5 (250) 
48 .0 i0 .5b 38 .010 .5  ( 9 , 1 4 5 )  
48.5f1.0 - ( 9 , 1 4 5 )  
55.0 1 0.2e 38.5 f 0.fjf ( 9 , 1 4 5 )  

( 9 , 1 4 5 )  38.0 f 2 - 

( 9 )  41.0+1 - 
121.0d 155.3 (144)  

40.010.5  - ( 1 2 )  
56.4f 1.2 - (129 ,242)  

55.2 - (129 ,242)  

a In Hz. 
b -ve (197)  sign. 
c Trans isomer 2 J p ~ p  = 34.0 f 0.5 Hz ( 1 4 5 ~ ) .  
d +ve (197)  sign. 
e Trans isomer 312 Hz. 
f Trans isomer 315 Hz ( 2 5 2 ~ ) .  
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(3) ‘J,, becomes smaller in magnitude (actually less negative) when 
the fluorophosphine becomes attached to  the metal, and the remote 
phosphorus-fluorine coupling constant 3JpF, is usually less than 5 Hz 
in the cis complexes, but di&irrctly larger (-30 Hz) in the trans deriva- 
tives (145, 322). 

(4) I n  the special case of complex of the chelating EtN(PF,), ligand 
cis-EtN(PF,),M(CO),, 2JpNp, actually increases in magnitude along 
the series Cr > Mo > W, but this may be understood when the appropriate 
sign of ?-Jpnlp, is taken into consideration (242) (Section X1,B). 

b .  Tetrahedral Complexes. By comparison with the octahedral com- 
plexes, fully substituted tetr d derivatives of the type ML, (where 

TABLE XI 
PHOSPHORUS-PHOSPHOBUS COOPLING CONSTANTS ( 2 J p ~ p . )  IN ZERO-VALENT 

NICKET-FLUOROPHOSPHINE COMPLEXES 

Complex 2 J ~ ~ ~ ,  (Hz) Refs. 

3 Z t 1  
e 5  
t5 

21 Zt 1 
t10 
4 0  

17.7 & 0.2 
%O 

M = Ni, Pd, or Pt and Lis a fl phosphirre R,-,PF,) present a formid- 
able problem for exact iYMR anal+. NMR spectra in the general 
case of the [AX,,], tetrahedzron o d y  inTolve four basic coupling 
constants JAX (=LJpF), J A X ,  (=3JJpp,), J,,, (=?-JPp,), and J,,, (=,JJgF,).  

of the simplest system, namely [AX],, typified by the 
C6H4)* (wglecting interaction with remote protons) 

ses of more complicated 

CH2CIPF,, and nly slightly less accurate 
values for all the a stants. NMR parameters 
for mixed carbonyl-fluorophosphim complexes of nickel have also been 
obtained (198). Table XI smlasacnkes data for the tetrahedral complexes. 
lJpB and 3JpB, hav ~ Q B ~ ~ R P S J ~ ~ M I S ;  honeren; the magnitude of the latter 
(20-40 Hz) ismgru6eantlylargertlbm thevalues found for cis substituted 

lexes (1-5 HE) a d  dbser to the values in the trans 
isomers. 

complexes of the type NiL, [L= PF,, (CF,),PF, CC13PF2, 
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The low values of 2Jp,fp, in these compounds have been related to 
rather small differences in molecular orbital energies (198),  and as a 
result there is apparently no simple relation between 2JpMp, and the 
nature of R within a series of RPF,-Ni complexes. 

c.  Other Complexes. i. Rhodium (1)  complexes. The lgF NMR 
spectra of several rhodium(1)-fluorophosphine complexes of the type 
[(RPF,),RhCl], (R = F, CCl,, Me&, Et,N-) have been analyzed as 
X,,AA'Xh spin systems (X = fluorine, A = phosphorus, n = 2 or 3), and 
the phosphorus-phosphorus coupling constant obtained (250). 

These values also show a steady decrease in the magnitude of 
2Jplf;II,, with the electron-withdrawing power of the R group directly 
paralleling the observations in octahedral complexes of zero-valent Cr, 
310, and 'lli discussed previously. A further correlation not possible 
in other zero-valent complexes [except for W] is found (250) between 
the phosphorus-phosphorus coupling constant ( 'JPp,) and IJIRlrp the 
metal-phosphorus coupling constant. 

ii. Plati?zum(II)  complexes. The lgF and ,lP NMR spectra of several 
complexes of the type (R,NPF,),PtX, and [(R,N),PF],PtX, (R = Me, 
Et, R,=CSH,,; X =C1, Br) have been analyzed as X,AA'X,' and 
XBA' X' spin systems, respectively (245) ,  and the relatively small 
phosphorus-phosphorus coupling constant (in the 25-37 Hz range) shows 
that the complexes have the cis rather than trans stereochemistry. In  
the case of the (R,N),PF complexes which were formed by heating the 
R,NPF, compounds, i t  is interesting to note that until very recently 
only (RZe,N),PB was known as the free ligand (241). 

D. APPLICATION OF NMR SPECTROSCOPY TO STRUCTURAL PROBLEMS 

I. Stereochemical nlo?zrigidity in Flzcorophosphine-Metal Complexes 

Stereochemically nonrigid compounds (fluxional molecules) repre- 
sent an iniportaiit current area of interest in the field of organometallic 
chemistry. Fix-coordinate fluorophosphoranes R,,PP,-, (Section 111) 
and Fe(C0)5 provide excellent examples of this type of behavior on 
account of "pseudorotation" of atoms or groups about the central atom 
(216).  Similarly fluorine-19 NMR studies (171) on M(PF,), complexes 
(M = Fe, Ru) indicate apparent equivalence of all five PF, ligands. A 
clear-cut case involving lionrigidity has been reported recently by Clark 
(318) for the complex CP,Co(PF,)(C0),. The "P NMR spectrum a t  30°C 
shows a doublet of quartets for the CF, resonance and a widely spaced 
broad doublet for the PP, group. At lower temperatures the spectrum 
becomes broadened, but below -30°C again becomes resolvable, and a t  
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-70°C consists of lines attributable to two isomers (XIX) and (XX) 
present to a comparable extent both of which are thought to have 
axial CF, groups. As expected the room temperature spectrum has shift 

and spin-coupling parameters which are the average of the values found 
for the two isomers. The energy of activation for interconversion of the 
two isomers is estimated to be about 11 kcal (318). A very recent study 
on the fluxional behavior of some PI?,-substituted derivatives of buta- 
dienetricarbonyl iron (0) underlines the usefulness of 19F NMR spectro- 
scopy as a tool for studying the dynamic behavior of organometallic 
compounds (323b). 

2.  Intermolecular Exchange in a Rh(I)  Complex 

The 19F NMR spectrum of a carefully purified sample of trans- 
PF,(Ph,P),RhCI shows the characteristic low-field shift discussed earlier. 
The spectrum consists of a widely spaced doublet (from coupling with 
phosphorus), each line of which is split further into a doublet (coupling 

PhaP, ,C1 

F3P /Rh\PPh3 

(XXI) 

with lo3Rh) of triplets (coupling with two equivalent Ph,P groups). 
Addition of small amounts of triphenylphosphine immediately collapses 
the triplet pattern as the free and coordinated triphenylphosphine 
molecules undergo exchange, but the smaller doublet pattern due to 
IUF-lo3Rh spin coupling is preserved. When a pressure of PF, is main- 
tained above a solution of (XXI), the spectrum changes to a simple 
widely spaced doublet indicating loss of lo3Rh-”F coupling because of 
exchange of coordinated and uncoordinated PI?, (63) .  

3 .  Structural Assignment 

The structure of the red liquid complex (XXII), bis(p-difluorophos- 
phino)hexakis(trifluorophosphine) dicobalt has been confirmed by its 
characteristic 19€7 NMR spectrum which exhibits two doublets (from 
coupling with phosphorus) of relative intensity 9 : 2 (170).  The chemical 
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shift of the coordinated PF, groups (f13.2 ppm relative to  CC1,F) is 
significantly downfield from the free ligand value, and similarly ‘JFF 
(1330 Hz) is much reduced in magnitude (see also Section XI,C,4). The 
doublet resonance of the fluorine atoms of the bridging phosphorus is 

(XXII) 

split further into a septet pattern from spin-coupling with the six 
terminal PP3 groups (,JPF = 28 Hz). The magnitude of the directly 
bonded phosphorus-fluorine coupling constant (1230 Hz) is in the range 
expected for a difluorophosphine group. 

4.  Establishment of the Coordinating Site in DiallcylaminodiJuoro- 
phosphine Complexes 
I n  principle dialkylaminodifluorophosphines R ,NPF,, can form 

complexes in which either nitrogen or phosphorus is acting as the donor 
atom. The phosphorus-phosphorus coupling constant 2J(pMp,) in several 
cis-(RzNPFz)2Mo(CO)4 complexes (see Section XI,C) is found to be 
comparable in magnitude with values obtained in other bisfluorophos- 
phine molybdenum tetracarbonyl complexes (e.g., PF,, CCI,PF,) in 
which phosphorus must be the donor atom (9). This provides strong 
evidence against nitrogen being the donor atom since the phosphorus- 
phosphorus coupling constant over four bonds would be very much 
smaller. The 31P NMR spectrum of dimethylaminodifluorophosphine- 
borane, Me2NPF, BH,, shows a triplet of 1 : 1 : 1 : 1 quartets indicating 
that phosphorus is the donor atom. I n  the analogous BF, complex no 
fine structure appears in the triplet pattern and in the absence of an 
exchange process, this lends support to other evidence which suggests 
that nitrogen is the donor atom (107).  

5 .  Redistribution Reactions 
a. Group Redistribution within a Fluorophosphine Ligand. Plati- 

nous(I1) chloride and dialkylaminodifluorophosphines R2NPF, readily 
afford the cis square-planar complexes cis-(R,NPP,),PtCl,. The I9F 
NMR spectra of these compounds are of the X,AA‘Xz’ type and since 
JAx + J,,, may be accurately analyzed (245).  ,JpMp, is found to be in 
the 22-28 Hz range and this small value by analogy with other studies 
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confirms the cis stereochemistry. Extending the reaction time leads to 
redistribution of groups on phosphorus and formation of cis- [(R,N),PFI2- 
PtCl,, whose I9F NMR spectrum again is analysed as an XAA'X' spin 
system to give rather similar values for ,JPMp,. A further characteristic 
feature of these spectra is the lower value for 'JpF in the monofluoro- 
derivatives and a correspondingly high value for 'Jp+,F (241) (see also 
Section X1,C). 

b. Ligand Redistribution. The l9F NMR spectra of complexes of the 
type NiL,(CO), (L = R,NPF2, etc.), which had stood a t  room tempera- 
ture for a period of months, showed clear evidence for the presence of 

FIG. 8. 19F NMR spectrum at 56.4 MHz/sec of N ~ ( C O ) ~ ( C ~ H ~ O N P F ~ ) ~  (B) 
and its redistribution products, Ni(CO)(C5HloNPF2)3 (A) and Ni(C0)s- 
(C5HloNPFz) (C) .  Figures are in Hz,  relative to CC13F as internal standard (248) .  

compounds of the type NiL(C0)3 and Ni(L),(CO), showing that redistri- 
bution of ligands had occurred (248). The identification of each com- 
ponent of the mixture (shown in Fig. 8) is facilitated by the difference 
in "F chemical shifts of the complexes and the variations in complexity 
of the spectrum as the number of ligands attached to nickel varies. A 
detailed analysis of the spectrum shows that ,J,,, is close to zero in 
all cases (198). Clark (58)- has observed similar redistribution reactions 

2NiL2(C0)2 - + Ni(C0)BL + Ni(CO)L3 

[L = MezNPFz, EtzNPFZ, (MeZN)zPF, 

C&ioNPFzl 

slow 

- redistribution 
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as Ni(PF3)n(CO)4-n complexes and separated the various species by vapor 
phase chromatography. The rate of rearrangement in the PF, case is 
very much faster than that observed in the dialkylaminodifluorophos- 
Ph' me case. 
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