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SUMMARY 

The molecular structure of pentacarbonyl(trifluorophosphine)molybdenum, 
PF3Mo (CO),, in the gas phase has been determined by the sector-microphotometer 
method of electron diffraction. The principal bond lengths and angles are: r(C-0) 
1.154f0.005, r(Mo-C) 2.063+0.006, r(Mo-P) 2.369_+0.010, r(P-F) 1.557~0_004 A, 
< (F-P-F) 99.5_+0.5”. Several methods of describing the partial wave phase shifts 
have been used, and their relative merits are discussed. 

INTRODUCIION 

Considerable interest has recently been shown in the changes of properties of 
trifluorophosphine on coordination. Studies by electron diffraction of the structures 
of tetrakis(trifluorophosphine)nickel’*2 and -platinum’ have indicated that the angles 
between the phosphorus-fluorine bonds are very little changed in the coordinated 
compounds compared with trifluorophosphine3, while the bonds are shorter, much 
more so in the platinum complex than in the nickel one. Similar effects have been 
noted in trifluorophosphine-borane4. These observations have been correlated with 
photo-electron data for the Qcoordinated metal complexes and the free ligands5, 
while ab initio SCF-MO calculations for trifluorophosphine6 and trifluorophosphine 
oxide7 have given an understanding of the bonding in these compounds. The electron 
diffraction studies also showed the nickel-phosphorus bond in tetrakis(trifluoro- 
phosphine)nickel to be unusually short, whereas the platinum-phosphorus bond in 
tetrakis(trifluorophosphine)platinum has been found to be of typical length. 

This present work on pentacarbonyl(trifluorophosphine)molybdenum is 
therefore of importance, as it provides the first structural information about a tri- 
tluorophosphine complex of a second transition series metal. 

EXPERIMENTAL 

Pentacarbonyl (trifluorophosphine) molybdenum was prepared by the reaction 
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TABLE I 

WEtGHTlNG FUNCTIONS, ETC. 

Height 

(mm) 

Delta s %n s2 r’lh Scale factor Wavelength 

250 O-40 520 7.00 23.50 30.40 0.4746 0.810+0.027 0.056650 
500 O-20 3.40 5.00 12.00 15.80 0.4947 1.252_+0.039 0.056650 

1000 0.10 1.30 260 6.40 7.30 0.4985 0.542 &- 0.027 0.057913 

of IV-methylpyridinium molybdenum pentacarbonyl iodide and trifluorophosphine 
in dichloromethane, a method not used for this compound previously. The product 
always contained a small percentage of tetracarbonyl cis-bis(trifluorophosphine)- 
molybdenum which could not be removed by fractional condensation in a vacuum 
system. 

Electron diffraction scattering intensities were recorded photographically 
@ford N.60 plates) using a Balzers’ KD.G2 instrument*. The sample and nozzle were 
maintained at 333K during the exposures. The data were transferred to punched tape 
using an automatic Joyce-Loebl microdensitometer. Three plates, taken at nozzle-to- 
plate distances of 250,500 and HIOO mm were used, giving a range of 1.3 to 30.4A -’ 
in the scattering variable s. 

All calcuIations were carried out using the IBM 360/50 computer at the Edin- 
burgh Regional Computing Centre. The data reduction programme is described 
below, and the least squares programme has been described elsewhereg. The weighting 
functions and correlation parameters used in the construction of the off-diagonal 
weight matrix for the least-squares refinements are given in Table 1, together with 
scale factors and the wavelengths used. The latter values were determined from the 
diffraction pattern of powdered thallous chloride and by direct measurement of the 
accelerating voltage. 

Data reduction programme 
The data reduction programme has been deveIoped from that used in Cam- 

bridge _ lo Normally eight diameters ofeach plate are traced by the microdensitometer. 
Each diameter is centred, corrected for emulsion response, plate planarity and for 
sector shape, and the data are interpolated in even s intervals. The sixteen sets of data 
are -then averaged, and the calculated coherent atomic scattering is subtracted. 
Subtraction of some of the extraneous scattering is achieved by fitting a cubic function 
to the data by a Ieast squares procedure. Any subsequent corrections are made by 
drawing a smooth background through the molecular intensity curves followed by a 
further subtraction. 

The molecular intensity curves and final weighted difference curves for the 
three data sets for pentacarbonyl(trifluorophosphine)molybdenum are shown in 
Pig. 1. Details of the three corresponding uphill curves can be obtained from the 
authors. 

MOLECULAR MODEL 

In all the refinements it was assumed that the P-Mo(CO), group possessed 
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Fig. 1. Observed and weighted difference molecular intensity 
data; E: WI mmintensity data; c: 1000 mm intensity data. 

data for a: 250 mm intensity 
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local C_+” symmetry, and that the F,P-Mo group had local CSV symmetry. Further, as 
there is a twelve-fold barrier to rotation about the phosphoms-molybdenum bond, 
free rotation of the -PF3 group was assumed. With these assumptions the geometry of 
the molecule may be described in terms of the four bonded distances, the F-P-F 
angle, and the bending of the equatorial carbonyi groups, both at molybdenum and 
at carbon, away from or towards the trifluorophosphine ligand. 

The radial distribution curve for pentacarbonyl(trifluorophosphine)molyb- 
denum (Fig. 2) falls naturally into two regions. Below 2.5 A lie peaks associated with 
ail the bonded distances in the moIecuIe, with only one non-bonded distance (F---F). 
The four main peaks are well separated, and the distances of 1.15, 1.55,2.05 and 2.35 w 
may be assigned to C-O, P-F, MO-C and MO-P separations respectively. The 
region above 2.5 A consists of a large number of overlapping peaks, due to the re- 
maining non-bonded atom pairs, dominated by the large MO---O and MO-.-F peaks 
at about 3.2 and 3.4 A. Thus the five main parameters describing the molecular geo- 
metry are determined by the most prominent features of the radial distribution curve. 
The main problems in the course of the refmements were concerned with attempts to 
vary the parameters used to define the phase shifts for atom pairs including molyb- 
denum, and with maximising the number of ampiitudes of vibration that could be 
refined at one time. In addition, allowance had to be made for the proportion of 
tetracarbonylbis(trifluorophosphine)molybdenum in the samples used. This was 

. done at a fairly late stage in the refinement by varying the percentage of impurity 
assumed, and comparing the R indices for each data set. The optimum percentages 
found were 28, 19 and 9 for the 250,500 and 1000 mm data sets respectively. In the 
Iater refinements these fved percentages were included, the bis (trifluorophosphine) 
complex being assumed to have the same bond lengths, and angles at phosphorus, as 

Fig. 2. E&P&mental and difference radial distribution curves, P(r)/r ior PF,Mo(CO),. Before Fourier 
inversion, the data were multiplied by S-exp (- 0.001 s*)/(z~,~ -&,) (z~ -&)_ 
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the mono-complex, with the carbonyl groups bent dig-fitly away from the trifluoro- 
phosphine ligands, as in the mono-complex. 

For molecules containing no heavy atoms, the calculated intensity expression 
used in the least squares programme includes the term COS(~~-Q), where qi and qj, are 
phase angles for the i-j atom pair. Normally the tabulated values of q given by Cox 
and Bonham” are used, a cubic fimction being fitted by a least-squares process to the 
values interpolated at the correct voltage. Thus the phase shift term is of the form 

~i-~j=ai-~j+(bi-~j)-s+(~i-~j)‘s2+(di-~j)~s3 

For pentacarbonyl(trifluorophosphine)molybdenum, this treatment was inadequate, 
and it was impossible to refme amplitudes of vibration for atom pairs including 
molybdenum. Alternative values for the constants a, b and c for each element were 
calculated using the analytical expressions of Bonham and Ukaji”, but this change 
made very little difference to the refinements. The expressions for the three constants 
are of the form 

(Ji = Q1 -&J--=* + a3 - epq-- 

where Q~, a,, n3 and a4 are constants independent of the atomic number (Zi) of the 
element. In one refinement, the effective value of the atomic number of molybdenum 
was allowed to vary insofar as it affected the phase shifts, this procedure giving a small 
but significant decrease in the R index. The best value for the effective atomic number 
was 38.5. 

- An alternative way of varying the phase shifts involved multiplication of the 
values Of (bi - bj) for different atom pairs by refineable numbers, initially 1. This proce- 
dure reduced the R factor at that stage of the refinements from 0.27 to 0.25 and, more 
importantly, enabled the amplitudes of vibration to refine reasonably Satisfactorily. 
The values fmally adopted were 1.12 for MO-C and MO-S-F, 1.22 for Moe--O and 
0.96 for MO-P. 

One other approach to the problem was even more successful. The expression 
for the phase shifts for the i-j atom pair stated above may be written in the form 

&= Aa+&-s+Ac-s”-t-Ad-s3 
= Aa’+Ab’+-s,)+Ac’-(s-s,)‘+Ad-(s-ss,)3 

Initial values of s, for the atom pairs were calculated so that Aq=5t/2 when s=s,. 
s, is then the “cut-off’ or “beat-out” point. Once the new constants Aa’, Ab’. AC’ and 
Ad had been evaluated, the values of s, were allowed to reline. Initial values of s, for 
MO-C, MO-s-0, Moe--F and MO-P, calculated using the tabulated phases of reference 
11, were 19.8,19_7,19.7 and 24.1 A- ‘. The fust three were therefore assumed to remain 
equal. Final refined values were 21.7 and 26.0. At the stage in the refinements when 
this method was first used, the R factor was 0.170, and improved to 0.165. 

It should be pointed out that with data extending only as far as 30 A-‘, any 
estimates df the beat-out points must be used with caution. However, agreement with 
values found in studies of molybdenum hexafluoride13 and molybdenum hexa- 
carbonyl14 is reasonably good. 

In the final series of refinements shrinkage corrections were applied. The cor- 
rections, listed in Table 2, were estimated on the basis of calculated values for molyb- 
denum hexacarbonyl” and trifluorophosphine3. The final R factor (RGg) was 0.14. 
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TABLE 2 

MOLECULAR PARfmEEm 

(A) Independent distances 

Distance Amplitude Anharmonic 

(Q @J constaxlt 

rl (C-O) 1.154_t0.005 O-035 (fmed) 
r2 (MO-C) 2063 f 0.006 0.069+0~010 
r3 (MO-P) 2369+0_010 0.079 <tied to Y2) 
r4 (P-F) 1.557+0.004 0.059 f 0.006 

;: 
i0 
20 

(B) Dependent distances 

d5 (MO---O_,) 
d6 (MO---O,,) 
d7 (C,,---Q,) 
dP(O,...O,) 
d9(C,,...C,) 
d10 (C,---C,,) 
dll (C,,---C,,) 
d12 (0,---O,,) 

d13 (0,;--O,,) 
d14 (C,,---O,,) 
d15 (C,,-s-0,) 
d16 (C,;--O.,) 
d17 (P---C,,) 
d18 (P-C,,) 
d19 (P---O,,) 
d20 (P---O,,) 

d21 (MO---F) 
d22 (F-X.,) 
d23 (F---O,,) 

d24(F...F) 

(F-C.,) 
(F---O,J 

Distance Amplitude 

(AI @I 

3.211 kO.014 0.073+0.012 
3.209 + 0.014 0.073 (tied to US) 
1249 f 0.023 0.088 kO.018 
6.382kO.028 0.089 (tied ty ~7) 
4.111+_0.018 0.088 (tied to ~7) 
2.868,0.037 0.134+0.025 
2.913*0.015 0.134 (tied to ~10) 
4.388 kO.048 0.339 20.03 1 
4s22+0.021 0.339 (tied to ~12) 
3.758 kO.050 0.200~0.019 
3.700+0.025 0.200 (tied to ~14) 
3.808-+0.016 0.200 (l-i& to u14) 
4.418 +0.019 0.100~0.016 
3.188+0.034 0.220 (fured) 
5.562 + 0.025 0.102 (tied to ~17) 
4.103 50.025 0.250 (fied) 
3.389kO.015 0.133 kO.021 
5.324+0.02: 0.187 +0.028 
6.435 i. 0.027 0.225 kO.036 

2.376kO.011 0.066 f 0.009 

Between 3.26 and 4.65 
Between 3.80 and 5.6: 

(C) Angles 0 

Shrinkage 
correction 

0.0059 
0_0059 
0.0227 
0.0342 
0.0133 
0_0025 
0.0025 
0.0140 
0.0140 
0.0082 
!XO82 
O_OO82 
0.0143 
0.0028 
0.0238 
0.0090 
0.0059 
0.0227 
0.0342 
0.0007 

0.008 
0.014 

<I (F-P-F) 
<2 (Gx-Mo-C,,) 
t3 (Ma-G-Q,) 

RESULTS AND DISCUSSION 

99.5kO.5 
88t2 

1751-2 

The distances [rJl)‘“] and angles obtained from the least squares analysis, and 
the final least-squares correlation matrix are presented in Tables 2 and 3. 

Interest i;l these results centres mainly on the parameters involving the tri- 

BuOr&~osp~iris I&iricI. The rear&s of some ezrGer investigations of Wuorophos- 

phine complexes are summarised in Table 4. Of particular interest is the phosphorus- 
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TABLE 4 

BOND LENGTHS AND ANGLES IN TRIFLUOROPHOSPHINE COMPWMES 

Compound Method” r(P-F) (A) ((F-P-F) e) Ref. 

ED 1.569+0.001 97.7kO.2 3 
ED 1.561 &O.OOS 98.4kO.8 1 

1.56110.003 99.3 +-0.3 2 
PF,Mo(CO)~ ED 1.557 +0.004 99.5 +0.5 * 

(PFUt ED 1.546*0.006 98.9kO.7 1 
PF, * BH, MW’ 1.538~0.008 99.8 & 1.0 4 
PF, - B(BF& X 1.51 f0.015 101_7_t 1.0 17 

o ED = Electron diffraction, MW = microwave, X=X-ray diffraction * This work. c Mixed r,/r,, structure. 

fluorine bond length in the molybdenum compound, as it lies between the lengths 
found for complexes with first and third series transition metals. Correlation between 
shortening of the phosphorus-fluorine bonds and widening of the F-P-F angles in 
the complexes is also noticeable, although more data are required to confii the 
trend. 

The nickel-phosphorus bond lengths found in tetrakis(trifluorophosphine)- 
nickel’*2 (2.10 or 2.11 A) are at least 0.12 A shorter than those usually found in tetra- 
hedral nickel-phosphine complexes’8S1g, whereas the platinum-phosphorus bond in 
tetrakis(&ifluorophosphine)platinuml (2.23 a) is only slightly shorter than those in 
many square-planar platinum-phosphine complexes20J’, that is about the length 
that would be expected for a tetrahedral complex. It is therefore interesting to note 
that the molybdenum-phosphorus distance founi ! 3 the present study (2.37 A) is 
some 0.08 to 0.13 A shorter than values reported for oiher molybdenum-phosphine 
complexes22*23. It may be inferred that replacement of alkyl or aryl groups on phos- 
phines by fluorine greatly increases the z-acceptor properties of the ligand. It should 
also be noted that the difference between molybdenum-carbon and molybdenum- 
phosphorus bond lengths (0.305 A) is very close to the difference between carbon- 
carbon and carbon-phosphorus bond lengths in ethane24 and trimethylphosphine25 
(0.307 A). This demonstrates well the similarity of carbon monoxide and triJluoro- 
phosphine as ligands. 

The refined parameters involving the molybdenum pentacarbonyl group 
agree well with calculated amplitudes of vibration for molybdenum hexacarbonyl”, 
and even better with experimental distances and vibrational amplitudes’“. In a mole- 
cu!e as complicated as that in the present study, it is normally possible to refine only a 
fairly small number of amplitudes independently. It is therefore usual to constrain 
groups of amplitudes to remain at fried ratios to one another, the groups being selected 
either on the basis of similar interatomic separations, or on the grounds that the 
vibrations for several distances may be physically related. The first method often 
makes refinement easier, but the constraints may be somewhat arbitrary. The latter 
method, used in the present work, is more meaningful, provided that care is taken to 
check for strong correlations between refining amplitudes. One such group included 
the amplitudes of vibration associated with the tra~-(Ccq--Ccq), -(C,;-~0,~) and 
-(Oes~--OcJ distances, which were fixed at the spectro-scopXz&y determX2ed ratios to 
one another’ 5_ 

J. Orgunometaf. Chem., 32 (1971) 87-95 
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The second and third angles in Table 2 indicate that the equatorial &bony1 
groups are bent away from the trifluorophosphine ligand, despite-the fact that no 
F---C and F---O interactions are less than 3.26 or 3.80 A respectively. Equatorial 
carbonyl groups are usually bent (at the metal) away from the stronger n-acceptor 
axial ligand,.and so trifluorophosphine would appear to be marginally better as an 
acceptor than a carbonyl group. However, both angles involving the carbonyl groups 
are strongly dependent on the precise forms of the shrinkage corrections applied, 
and it shouId be remembered that the corrections used are only approximations. 

ACKNOWLEDGEMENTS 

We are grateful to Professor D. W. J. Cruickshank and Dr. B. Beagley for the 
provision of experimental facilities ; to the Science Research Council for ‘research 
studentships to D.M.B. and G.C.H. and for a research assistantship to J.M.F. ; and 
to Imperial Chemical Industries Limited for a research fellowship to D.W.H.R. 

REFERENCES 

1 J. C. MARRIO~, J. A. SALTHOUSE AND M. J. WARE, Chem. Commun., (1970) 595. 
2 A. ALMENNINGEN, B. ANDERSEPI: AND E. E. ASTRUP, Acta Chem. Scand., 24 (1970) 1579. 
3 Y. MORINO, K. KUCHITSU AND T. MORITANI; Inorg. Chem., 8 (1969) 867. 
4 R. L. KUCZKOWSKI AND D. R. LIDE, J_ Chenz. P~JJs., 46 (1967) 357. 
5 J. C. GREEN, D. I. KING AND J. H. D. ELAND, Chem Commun., (1970) 1121. 
6 I. H. HILLIER AND V. R. SAIJNDERS, Chem. Commun., (1970) 316. 
7 I. H. HILLIER AND V. R. SAUNDERS, Chem. Commun., (1970) 1183. 
8 B. BEAGLEY, A. H. CLARK AND T. G. Hwrrr, J. Chem. Sot. A, (1968) 658. 
9 G. C. HOLY~ELL, D. W. H. RANKIN, B. BEAGLJZY AND J. M. F-TAN, J. Chem. Sot. A, (1971) 785. 

10 B. BEAGLFT, A. G. ROBIET~ AND G. M. SHFLDRICK, J. Chem. Sot. A, (1968) 3002. 
11 H. L. Cox AND R. A. BONHAM, J. Chem. Phys., 47 (1967) 2599. 
12 R. A. BONHA~~ AND 1. UKAJI, J. Chem. Phys., 36 (1962) 72. 
13 H. M. SUP AND R. SEIP, Acra Chem. Scam-Z., 20 (1966) 2698. 
14 S. P. ARNE~EN AND H. M. SOP, Acta Chem. Stand., 20 (1966) 2711. 
15 J. BRUNVOLL, J. Mol. Specrrosc., 15 (1965) 386. 
16 L. S. BARTELL, J. Chem. Phys., 23 (1955) 1219. 
17 B_ G. DEBOER, A. ZALKIN AND D. H. TEWPLIXON, Inorg. Chem., 8 (1969) 836. 
18 R. H. B. MAIS, P. G. OWSTON, D. T. THOMPSON AND A. M. WOOD, J. Chem. Sot. A, (1967) 1744. 
13 J. A. J. J~VIS. R. H. B. MAIS AND P. G. OWSTON, J. Chem. Sot. A, (1968) 1473. 
20 R. E-BERG ~h?3 J. A. IBERS, Znorg. Chem., 4 (1965) 773. 
21 G. G. MESSIER AND E. L. ALIMA, Inorg. Chem., 5 (1966) 1775. 
22 R. H. B. MAIS, P. G. OWSTON AND D. T. THOMPSON, J. Chem. Sot. A, (1967) 1735. 
23 D. S. PAYNE, J. A. A. MOKUOLU AND J. C. SPEAKMAN, Chem. Commun., (1965) 599. 
24 H. C. ALLEN AND F. K. PLYLER, J. Chem. Phys., 31 (1959) 1062. 
25 D. R. LIDE AND D. E. MANN, J. Chem. Phys., 29 (19583 914. 

J. Organometal. Chem., 32 (1971) 87-95 


