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fashion, then the dihydride species I11 which initially forms 
rearranges to give the observed product, V. An alternative 
explanation to account for the observed product is the oxidative 
addition of Hz to an iridium species other than Ir(PPh3)2(acac), 
possibly via loss of phosphine prior to oxidative addition. 

During the course of the reaction of 16 + H2, several other 
hydride resonances are observed in the -8 to -14 ppm region 
of the 'H NMR spectrum. If the iridium(1) bis(phosphine) 
complex, 16, is prepared in situ from Ir(COD)(acac) + PPh, 
under Hz, these hydride resonances are much more evident. 
On the basis of the observed coupling constants as determined 
through selective homonuclear decoupling, we identify these 
additional hydride resonances as belonging to the fac and mer 
isomers of the iridium(II1) trihydride complex, IrH3(PPh3),, 
shown as structures VI and VII, respectively. 

H W h 3  

H \ I  /PPh, H0\.,!r/pph3 

H/ir\PPh3 Hb/ 1 \Ha 
PPh, PPh, 

VI VI1 
In the 'H NMR spectrum of the facial isomer, VI, the 

equivalent hydrides appear as a complex multiplet centered 
at -1 1.38 ppm, which contain a large trans-phosphorus cou- 
pling of 120 Hz and a smaller cis-phosphorus coupling of ca. 
18 Hz. The spectrum of the meridional isomer, VII, exhibits 
two complex multiplets at -10.2 and -12.1 ppm. The Hb 
multiplet (-1 2.1 ppm) contains a large trans-phosphorus 
coupling of 116 Hz and Jb-p of 22 Hz, while proton Ha gives 
rise to an apparent quartet with a cis-phosphorus coupling of 
16 Hz.19 Comparison of the hydride spectra of VI and VI1 

(19) Irradiation of the resonance due to H, results in the complete disap- 
pearance of the resonance due to Hb. This suggests that the hydride 
ligands in n~er-IrH~(PPh~)~ interconvert at room temperature. On the 
basis of the frequency separation between the two resonances of 720 Hz, 
the rate of exchange must be slower than 1.4 X s, but this inter- 
conversion must be. faster than the rate of relaxation (TI) of the hydride 
ligands in order to cause the saturation of both H, and Hb during the 
decoupling experiment. 
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with the spectra of the closely related iridium complexes 
IrH3(PEt2Ph), and IrH3(PEt3)320 confirms our structural 
assignments. 

The formation of these iridium(II1) trihydride complexes, 
VI and VII, requires the loss of the acac ligand from the metal 
center. The presence of free triphenylphosphine facilitates this 
displacement and increases the amount of I T H ~ ( P P ~ , ) ~  formed 
during the reaction H2 + Ir(COD)(acac) + PPh,. These same 
iridium hydride complexes, VI and VII, are observed during 
the reaction of the binuclear iridium complex 8 with H2 and 
PPh,. It is thus apparent that both the binucleating bis(0- 
diketonate) ligand, ~yl(acac)~, and the simple bidentate ligand, 
acac, are easily displaced by H2 as well as by H'. These 
observations, together with our results on the activity and 
stability of the rhodium complexes Rh(P(OPh)3)2(a~a~)16 and 
(Rh(P(OPh)3)2)z(xyl(acac)2), indicate that a binuclear 
framework using xyl(acac)z complexes of Rh and Ir will not 
be maintained during simple catalytic reactions such as olefin 
hydrogenation and hydroformylation. 
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The molecular structure of tris(trifluoromethy1)phosphine oxide, OP(CF3)3, has been investigated by gas-phase electron 
diffraction. Principal structural parameters, with uncertainties (2u) in parentheses, are r,(C-F) = 1.336 (2) A, r,(P-C) 
= 1.897 (4) A, r,(P=O) = 1.476 (8) A, LO-P-C = 114.2 (0.4)', LC-P-C = 104.3 (0.4)O, LP-C-F = 110.4 (0.2)", and 
LF-C-F = 108.5 (0.2)O. CF3 groups appear to be tilted by 1.9 (1.2)O away from the P==O bond and twisted by 16.2 (2.0)O 
away from a staggered conformation. Shrinkage corrections and amplitudes of vibration, which agreed satisfactorily with 
measured amplitudes, were calculated from an approximate force field. The vibrational spectrum was extended to low 
frequencies to include some bending modes previously unreported. Phosphorus-carbon bonds are substantially longer than 
in OP(CH3),, and the lengthening is greater than that found for P(CF3)3. The concept of "altruistic bonding", involving 
the 3d orbitals on phosphorus, previously advanced to account for the long P-C bonds in P(CF3)3, is examined in the light 
of extensive ab initio MO calculations on CH3 and CF3 derivatives of phosphorus, sulfur, and chlorine. 

Introduction 
In a recent reinvestigation of the structure of P(CF3),,' the 

P-C bond length was confirmed to be appreciably greater than 
that in P(CH3),. This observation provided another example 

(1) C. J. Marsden and L. S. Bartell, Inorg. Chem., 15, 2715 (1976). 

0020-166918411323-1703$01.50/0 

of the curious striking trends in (F3)C-X bond  distance^,^.^ 
which are shorter than (H3)C-X if X is highly electronegative 
but longer if X is of moderate to low electronegativity. 

( 2 )  C. J. Marsden and G. M. Sheldrick, J.  Mol. Strucf., 10, 419 (1971). 
(3) A. Yokozeki and S. H. Bauer, Top. Curr. Chem., 53, 71 (1975). 
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Following examination of l i terature bond lengths and the re- 
sults of semiempirical molecular orbital  calculations, a ra- 
tionalization was proposed’ of the unexpected behavior of CF3 
compounds, under the title of “altruistic covalent interaction”. 
This  term was coined to indicate that  the influence of the  3d 
orbitals on P in P(CF3), might be to weaken the P-C bonding, 
while enhancing the C-F bonding. Analogous interactions in 
P(CH3)3 would be expected to be of no importance. 

Since the energy gap between 3p and 3d orbitals on P is 
thought  to be a sensitive function of the effective nuclear 
charge and since t h e  magnitude of an altruistic interaction 
would depend on the energy separation between 3d and  other 
orbitals, one might anticipate that the magnitude of the P-C 
bond lengthening in OPV(CF3)3 would differ from that in 
P111(CF3)3. To test this prediction, we have undertaken a 
determination of t he  s t ructure  of OP(CF3)3 by gas electron 
diffraction and present the results here. 
On the basis of ab initio molecular orbital calculations, 

recent criticism has been expressed4 of the altruistic concept, 
at least insofar as it is applied to P(CF3),. However, these 
calculations used only a minimal basis set, with very limited 
geometry optimization, and their reliability may thus be  
questioned. We have performed an extensive series of cal- 
culations using the split-valence basis 3-21G(*), which has been 
shownS to reproduce satisfactorily geometries for second-row 
compounds in a wide range of oxidation states. In an attempt 
to assess the  significance, if any, of the  altruistic effect, we 
have completely optimized, by gradient techniques,  the 
structures of CH3PH2, CH3SH, CH3Cl ,  CF3PH2, CF3SH, 

CF,S(O)H, and  CF3S(0) ,H .  
Experimental Section 

A sample of OP(CF3), was prepared by the oxidation of P(CF3), 
with NO2 at room temperature’s6 and purified by distillation in the 
vacuum system. The purity of the product was established by 
measurement of its vapor pressure [Found at  0 OC (203 torr, lit.’ 201 
torr)] and gas-phase molecular weight (found 257,0P(CF3), requires 
254) and by checking its gas-phase infrared spectrum:*6 which showed 
no evidence of any impurities. 

Electron diffraction data were recorded on Kodak Electron Image 
plates, using the Balzers’ K.D.G2 unit at UMIST, England, at nominal 
nozzle-to-plates distances of 100, 50, and 19 cm. The sample was 
maintained a t  -45 OC, while the nozzle was at  room temperature. 
Calibration with benzene vapor established an electron beam wave- 
length of 0.056 75 A, corresponding to an accelerating voltage of 44.7 
keV. Initial data processing was performed at  UMIST, following 
procedures described elsewhere.’ Data from three plates were av- 
eraged at each camera distance. The “uphill curves“ #ZToT were then 
“leveled” by dividing through by the atomic scattering calculated from 
the form factors of Schafer et a1.8 so as to yield the molecular scattering 
M(s) .  A composite data set, covering the range 1.6 < s < 37.94 A-’ 
and interpolated in units of As = n/10, was prepared by blending 
together the sets from the three different camera distances. Diagonal 
weight matrices, whose elements were proportional to s, were used 
in the least-squares intensity refinements; standard deviations quoted 
for the derived parameters have been augmented to incorporate es- 
timates of the influence of correlation between adjacent data pointsq 
and subjective estimates of the uncertainties introduced by the non- 
rigorous treatment of amplitudes influenced by torsional motions. 
Radial distribution functions were calculated by using a damping factor 
of exp(4.0012 s2). Anharmonicity constants were taken to be 2.0 
A-‘ for bonded distances and 1 .O A-’ for nonbonded distances. It was 

CF3C1, CH3P(O)H2, CHJS(O)H, CH,S(O),H, CF,P(O)H,, 

Marsden 

(4) M. H. Whangbo and K. R. Stewart, Inorg. Chem., 21, 1720 (1982). 
(5) W. J. Pietro, M. M. Franc], W. J. Hehre, D. J. De Frees, J. A. Pople, 

and J. S. Binkley, J .  Am. Chem. SOC., 104, 5039 (1982). 
(6) A. B. Burg and A. J. Sarkis, J .  Am. Chem. SOC., 87, 238 (1965). 
(7) B. Beagley, R. Moutran, S. P. Naruka, and V. Ulbrecht, J.  Mol. Srmcr., 

56, 207 (1979) and references therein. 
(8) L. Schafer, A. C. Yates, and R. A. Bonham, J .  Chem. Phys., 55, 3055 

(1971). 
(9) L. S. Bartell in ‘Physical Methods in Chemistry”, A. Weissberger and 

B. W. Rossiter, Eds., 4th ed., Interscience, New York, 1973. 

Figure 1. Perspective view of the molecule OP(CF3)3, showing the 
atomic numbering scheme used. 

Table I. Structural Results for OP(CF,),” 
obsd calcd 

tude tude K no. 
ampli- ampli- parameter 

r(P=O) 1.476 (8) 0.038 (8) 0.035 0.0053 
r(P-C) 1.897 (4) 0.053 (4) 0.054 0.0033 
r(C-F) 1.336 (2) 0.043 (3) 0.045 0.0292 

L(C-P-Qb 104.3 (0.4) 

L(F-C-F)b 108.5 (0.2) 
LCF, tilt -1.9 (1.2) 
I C F ,  twist 16.2 (2.0) 
~ ( 0 .  . .F , , )  3.926 0.072 (15) 0.077 0.0112 
~ ( 0 . .  .F,,) 3.352 0.108 (18) 0.148 0.0134 
r(O. . .F, ,)  3.092 0.101 (18) 0.141 0.0159 
r(O.. .C) 2.839 0.054 (14) 0.071 0.0048 
r(P.. . F l , )  2.694 0.086 (5) 0.075 0.0161 
r(P. . .F,,) 2.659 0.085 (5) 0.074 0.0162 
r(P. . .F,,) 2.644 0.085 (5) 0.074 0.0164 
r(C. . *C) 2.993 0.078c 0.078 0.0033 
r(C,. . F Z l )  3.097 0.162c 0.162 0.0150 
r(Cl,  . .F , , )  3.409 O.18lc 0.181 0.0111 
r(C,. . . F 2 J  4.127 0.096 (15) 0.089 0.0085 
r(C,. . .F,,) 4.145 0.088 (15) 0.081 0.0087 
r(C,. . .FZ3) 3.480 0.28 (7) 0.180 0.0108 
r(C; . , F 3 2 )  3.153 0.27 (7) 0.174 0.0138 
r(F, , .  . .F12)  2.170 0.060 (3) 0.055 0.0494 
r(F,,. . .F,,) 3.034 0.26c 0.26 0.0281 
r ( F I I ,  . .F22) 4.447 0.21 (5) 0.20 0.0137 
r (F l l ,  .F,,) 4.383 0.157 (50) 0.154 0.0153 
r(Fl, .  . .Fz3) 4.136 0.28c 0.28 0.0104 
?Ell . .  .I’32) 3.173 0.33c 0.33 0.0155 
W,,. . .F22) 4.436 0.20 (6) 0.164 0.0141 
r ( F 1 2 , .  .F,,) 5.183 0.106 (20) 0.091 0.0110 
tfF12. .Fz3) 3.167 0.28c 0.28 0.0248 
r(F13. .  .F*,) 4.559 0.23 (6) 0.191 0.0134 

L(0-P-C) 114.2 (0.4) 

I(P-C-F) 110.4 (0.2) 

ocnlId 0.001 1 
a Distances ( r g ) ,  rms parallel amplitudes ( la ) ,  and perpendicular 

amplitude corrections (K) in A ;  angles (La) in deg. Calculated 1 
and K values are for 295 K. Parenthesized values are 20, in units 
of the least significant digit, and include estimates of possible 
systematic errors and data correlation effects. 
independent variable. 

points. 

established that changing these assumed values by as much as 50% 
produced insignificant changes in the derived structural or vibrational 
parameters. 
Computational Procedures 

All molecular orbital calculations used the program GAUSSIAN 80” 
and the basis set 3-21G(*)5, in which d functions are added to sec- 
ond-row atoms only. The five pure d functions were used, rather than 
the six second-order functions used elsewhere,’ which are equivalent 
to five d functions plus an extra s-type function. We call attention 
to the fact that this slight change in basis can lead to appreciable 
changes in optimized geometries, of the order of 0.005 A in bond 
lengths involving carbon and chlorine, sulfur, or phosphorus. As might 

Not an 
Not varied in least-squares refinement. 

Mean fractional standard deviation of diffraction intensity 

(10) J. S. Binkley, R. A. Whiteside, R. Krishnan, R. Seeger, D. J. DeFrees, 
H. B. Schlegel, S. Topiol, L. R. Kahn, and J. A. Pople, QCPE, 13, 406 
(1981). 
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Figure 2. Observed (dots) and calculated (full line) molecular scattered 
intensities for OP(CF3), and weighted differences. 
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Figure 3. Observed and difference radial distribution function for 
OP(CF313. 

be expected, since the six d functions imply a bigger, more complete 
s p basis than do the five, their use shortens bonds. All geometry 
optimizations used gradient techniques. 
Structure Analysis 

A perspective view of OP(CF3)3 is presented in Figure 1, 
illustrating the atomic numbering scheme used. C3 molecular 
symmetry was assumed, with local C3" symmetry for the CF3 
groups. Seven geometrical parameters are thus required to 
define the structure. These were chosen to be the C-F, P=O, 
and P-C bond lengths, the 0-P-C and P-C-F bond angles, 
an angle a describing the tilt of the CF3 groups, and an angle 
B defining their conformation. A nonzero value of a indicates 
that the local C3 axis of the C1F3 group is not colinear with 
the P-C bond but lies in the OPCl plane, such that Fll is closer 
to P than are F12 or F13 if a is positive. The angle fi measures 
the rotation of the CF3 groups about their C3 axes away from 
the staggered conformation, for which fl  is zero. Under C3 
molecular symmetry, no significance is attached to the sign 
of 8. 

Observed and final calculated values of the molecular in- 
tensity fraction sM(s) for OP(CF3), are displayed in Figure 
2. Seven distinct peaks may be seen in the radial distribution 
function, shown in Figure 3, and an optimist could be excused 
for discerning at least three additional shoulders. It was ev- 
ident at the outset that it would not be possible satisfactorily 
to refine amplitudes of vibration for all 27 different internu- 
clear distances in OP(CF3)3. The published force field for 

(1  1 )  P. Pulay in "Modern Theoretical Chemistry", Vol. 4, Schaefer, H. F., 
Ed., Plenum Press, New York, 1977, Chapter 4. 
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P(CF3),’ was extended and slightly adjusted, empirically, so 
as to reproduce the observed vibrational frequencies for OP- 
(CF3)3,6 permitting the calculation of vibrational amplitudes. 
Since the existing vibrational data for OP(CF3), do not extend 
below 250 cm-I, the Raman spectrum of liquid OP(CF,), was 
recorded to permit observation of the bending modes at 
phosphorus. Peaks were seen at 106 (dp) and 137 (p) cm-’, 
which were accordingly assigned as the antisymmetric and 
symmetric C-P-C bending motions, respectively. 

Unfortunately, the CF, torsional vibrations were not directly 
observed, nor have any combination bonds been convincingly 
assigned that involve them. Yet these torsional motions make 
the biggest contribution to many nonbonded amplitudes. To 
overcome this problem, we calculated both parallel and per- 
pendicular amplitudes assuming various fixed values of the 
C-P torsional force constant in the range 0.06-0.12 mdyn A 
rad-2. We then performed a series of least-squares refinements, 
applying appropriate shrinkage corrections, and calculated 
amplitudes for those distances whose amplitudes could not be 
satisfactorily refined. The best fit to the intensity data was 
obtained for an assumed C-P torsional force constant of 0.080 
mdyn A rad-2, which is equivalent, assuming the adequacy of 
a threefold cosine potential, to a barrier to rotation of 2.6 kcal 
mol.-’ From a consideration of the change in the quality of 
the fit to the diffraction data as the C-P torsional force 
constant was varied, it was possible to derive an estimate of 
the uncertainty in that force constant value, assuming that 
random error theory is applicable. The resulting 95% con- 
fidence limits are f0.014 mdyn A rad-2, but we feel it prudent 
to multiply these by a factor of at least 2 in view of the as- 
sumptions involved and the correlated residuals typical for 
electron diffraction data. This force constant implies CF3 
torsional frequencies of 44 ( E )  and 42 ( A , )  cm-’, in a region 
where direct detection is difficult, given their expected low 
intensities in either the infrared or Raman spectrum. 

From inspection of Figure 3, it can be seen that the C-F- 
and C-P-bonded distances, as well as the 1,3 F-F and Pa-F 
distances, are well determined, as are their respective am- 
plitudes of vibration. The P=O distance, however, although 
of appreciable scattering power, is not well resolved from the 
C-F distances, appearing as a scarcely perceptible shoulder. 
It is thus largely determined from the many nonbonded dis- 
tances involving 0, and its uncertainity is correspondingly 
larger than for the C-F or C-P distances. 

Information on the 0-P-C bond angle and the conformation 
of the CF, groups must be extracted from the rather diffuse 
features appearing in the radial distribution function at dis- 
tances greater than 3 A. The areas and positions of the peaks 
at 4.08 and 5.07 A establish that the CF3 groups are close to 
staggered with respect to the P=O bond. Several attempts 
were made to find least-squares minima different from that 
reported, by starting refinements from a variety of initial 
parameter values, but all were without success. 

Since a nonzero angle of tilt a produces a broadening of the 
P-F peak at 2.67 A in the radial distribution function, the 
value of a is correlated with the amplitude for the P-F dis- 
tances. In tests in which the tilt angle was fixed at zero, the 
quality of the fit to the diffraction intensity data worsened by 
about 20%, and the resulting vibrational amplitude for the P-F 
distance increased appreciably, giving poorer agreement with 
the spectroscopically calculated value. It is felt, therefore, that 
despite the problem of parameter correlation a nonzero tilt 
angle appears probable. It is noteworthy that in P(CF3), the 
CF, tilt angle is about 2‘/, times larger than the value found 
here,’ and in the opposite direction. These observations are 
consistent with the ideal2 that these small distortions result 

Marsden 

(12) F. L. Hirschfield, Chem. Phys., 38, 1 (1979). 

from the asymmetry of nonbonded interactions about the P 
atoms in OP(CF3), and P(CF3),. 

In the final requirements it proved possible to vary inde- 
pendently the surprisingly large number of 13 amplitudes of 
vibration. The values obtained are in satisfactory agreement 
with those calculated spectroscopically, considering the un- 
certainties associated with the least-squares results, the non- 
rigorous treatment of torsional motions adopted here, and the 
approximations involved in the calculation of amplitudes by 
standard methods. As the r m s  torsional amplitude of the CF, 
groups is estimated to be about 13O, the use of “small- 
amplitude” theory’, is not really appropriate. 
Discussion of Electron Diffraction Results 

The main emphasis in the experimental part of this work 
was to permit a four-way comparison to be made of the 
structures of 0P(CF3), and P(CF3), with those of OP(CH3),14 
and P(CH3),.I5 We start by contrasting the two phosphines 
with their oxides. We ask whether the replacement of the 
phosphorus lone pair by a double bond to oxygen has the same 
structural consequences for P(CF,), as for P(CH3),. In the 
methyl case, the C-P-C angle increases from 98.6 (0.3) to 
104.1 (0.3)’, while the P-C bond length is reduced substan- 
tially from 1.846 (3) to 1.809 (1) A. Both these observations 
can be rationalized by using VSEPR terminology;16 the 
phosphorus lone pair exerts a greater effective repulsion on 
the P-C-bonded pairs than do the P=O pairs. Semiquanti- 
tative molecular orbital arguments”J8 can also account for 
these changes, using quite different language. It has been 
shown how, in group 5 compounds ER3 (E = N, P, As, etc.), 
a more electronegative group R leads to a smaller angle R- 
E-R. Since the electronegativity of phosphorus is effectively 
increased by the addition of the double bond to oxygen, the 
influence on bond angles is equivalent to that produced by 
decreasing the electronegativity of R, so the R-E-R bond angle 
is increased. The increased electronegativity, or higher ef- 
fective nuclear charge, of phosphorus in the phosphine oxide 
also leads to more compact valence orbitals and, thus, reduced 
bond lengths to P in the phosphine oxide. 

We have found the C-P-C angle in OP(CF3), to be 104.3 
(O.l)O, or 7.1’ greater than in P(CF3),.’ Thus, the angular 
changes produced by converting the phosphine to phosphine 
oxide are greater, in the same direction, for P(CF,), than for 
P(CH3)3. However, the P-C distance of 1.897 (2) A reported 
here for OP(CF3), is only marginally less than that of 1.904 
(3) A in P(CF3),,’ and one cannot claim that these two values 
are significantly different. Now both the VSEPRI3 and 
MO’7*’8 arguments predict that bond angle and bond length 
changes occur together. As the P-C bonds in P(CF3), are 
already long, 0.058 A longer than in P(CH3),,I5 those in 
OP(CF3)3 exceed the OP(CH3), value14 by the even greater 
amount of 0.088 A. 

If the long P-C bonds in P(CF3), are due to an altruistic 
interaction,’ it appears that such an interaction is present to 
greater degree in OP(CF,),. This implies that the 3d orbitals 
on phosphorus are more energetically accessible in OP(CF3), 
than in P(CF3),, consistent with the idea that the greater 
effective nuclear charge on Pv in the oxide will lower the 
energy gap between 3p and 3d. Related, and more extreme, 

(1 3) S. J. Cyvin, “Molecular Vibrations and Mean quare  Amplitudes”, Oslo 
Universitets Forlaget, Oslo, 1968. 

(14) C. J. WiuCins, K. Hagen, L. Hedberg, Q. Shen, and K. Hedberg, J.  Am. 
Chem. Soc., 91, 6352 (1975). 

(15) L. S. Bartell and L. 0. Brockway, J. Chem. Phys., 32, 512 (1960) 
(16) R. J. Gillespie and R. S. Nyholm, Q. Rev., Chem. Soc., 11,339 (1957); 

R. J. Gillespie, “Molecular Geometry”, Van Nostrand-Reinhold, New 
York, 1972. 

(17) L. S. Bartell, J .  Chem. Educ., 12, 754 (1968). 
(18) B. M. Gimarc, “Molecular Structure and Bonding”, Academic Press, 

New York, 1979, Chapter 7. 
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Table 111. C-Y Bond Lengths, ab Initio and Experimental, 
for Some CH,-Y and CF,-Y Molecules (A) 
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andths of an angstrom. Thus, any conclusions reached con- 
cerning the S-C bond in CF3S(0)H from our calculations 
should also be valid for other species such as (CF,),S(O), 
which have been studied experimentally. 

The results of the ab initio calculations can be analyzed in 
several different ways. We start by discussing the relative 
performances of the 3-21G and 3-21G(*) basis sets. From 
inspection of Table 111, we see that CH3-Y bond lengths are 
appreciably too long in all cases at the 3-21G level. For 
CF3-Y systems, distances are substantially overestimated for 
CF3Cl and CF3SH but are satisfactory for CF3PH2, CF3P- 
(0)H2, and CF3S(0)2H. An optimized 3-21G geometry for 
CF3S(0)H could not be obtained, due to unsormountable SCF 
convergence problems. Although not evident from Table 111, 
the description of Y = O  bonds is quite inadequate at the 3-21G 
level, calculated bond distances being too long by 0.1 5-0.2 A. 
Thus, from several points of view, the 3-21G basis has failed 
to give an acceptable account of the structures of the com- 
pounds under discussion here. 

Addition of polarization functions to Y alone gives the 
3-21G(*) basis, whose use results in substantial CH3-Y bond 
shortening, producing results in fairly satisfactory agreement 
with experiment for all six molecules studied. Y=O distances 
are now also calculated to acceptable accuracy (for present 
purposes, acceptable accuracy here implies deviations from 
experiment no greater than 0.02 A). Observations of this type 
are scarcely original to the present work. The importance of 
adding polarization functions to second-row atoms has long 
been known:J5J6 if successful geometry prediction is required. 
Although the energy lowering produced by polarization 
functions is most pronounced for hypervalent molecules, their 
use still yields significant changes in geometry for low oxidation 
states such as C12 where they are in no way needed as 
"hybridization  function^".^?' It should not be thought that 
the small s,p basis used is responsible for the substantial 
geometrical differences between 3-21G and 3-21G(*), since 
very similar changes are produced by adding polarization 
functions to a much larger 11,7/6,4 bask2* 

Use of the 3-21G(*) basis shortens CF3-Y bond distances 
by an amount that consistently is slightly greater than that 
found for the CH3-Y analogues resulting in mixed agreement 
with experiment (see Table 111). Satisfactory C-Y distances 
are predicted for CF3Cl and CF3SH, but the long C-Y bonds 
in CF3PH2 and in all the hypervalent species are not repro- 
duced at all. However, as we are not here concerned so much 
with the exact reproduction of experimental results, but more 
with the understanding of sysematic trends, it may be more 
valuable to concentrate attention on the quantity A, defined 
as the bond length difference r(CH3-Y) - r(CF3-Y). Ex- 
perimental results, followed by 3-21G and 3-21G(') predictions, 
in thousandths of an angstrom are as follows: Y = C1,26 (58, 

S(O)H, -70 (not available, 0); Y = S(0)21p, -90 (-29, -27); 
Y = P(0)H2, -100 (-24, -15). Experimental uncertainties 
are not more than a few thousandths of an angstrom for the 
first three pairs of compounds but may be two- or even 
threehundredths of an angstrom for those molecules involving 
double bonds to oxygen, since the exact compounds studied 
have not usually been structurally characterized. Thus, CF,-Y 
distances are consistently underestimated, relative to CH3-Y, 
by both basis sets used. The discrepancies for the hypervalent 
compounds are rather greater than those in normal oxidation 
states, in which latter category the phosphine is less well treated 

70); Y = SH, 19 (38, 49); Y = PH2, -46 (12, 10); Y = 

CH,-Y CF,-Y 
Y 3-21G 3-21G(*) exptl 3-21G 3-21G(*) exotl 

C1 1.892 1.812 1.778a 1.835 1.742 1.752b 
SH 1.894 1.828 1.819c 1.852 1.779 1.801d 
PHZ 1.910 1.861 1.858e 1.898 1.841 1.904f 
S(O)H 1.869 1.801 -1.81: . .  . 1.801 -1.88h 
S(O),H 1.827 1.755 -1.77' 1.858 1.782 -1.86j 
P(O)H, 1.846 1.802 -1.80k 1.870 1.817 -1.901 

a Reference 33. Reference 34. Reference 35. Refer- 
ence 36. .  e Reference 37. Reference 38. See ref 39. See 
ref 19. ' See ref 40. See ref 20. See ref 14. See this work. 

cases of long bonds involving CF3 have been found in SI" and 
S"' derivatives such as OS(CF3)219 or 02S(CF3)C1.20 We can 
see no possibility that nonbonded interactions are responsible 
for the long P-C bonds in OP(CF3)3, since there are no un- 
comfortably close contacts involving 0, F, or C atoms. 

The P=O distance in OP(CF3), has been found here to be 
1.476 (4) A, indistinguishable from the value of 1.476 (1) A 
reported for OP(CH3),.14 A clear general trend has been 
apparent until now, in which the PI0 bond in OPX3 is 
shortened by electronegative substituents X; compare OPF3l 
[1.435 (2) A] and OPC1321 [1.447 (2) A] with OP(CH3)3 
already mentioned. Since CF3 is generally considered to have 
an effective electronegatively similar to that of chlorine, the 
value of 1.476 (4) A determined here in OP(CF3), seems 
anomalously large. Now similar behavior has been found in 
related sulfur compounds such as OS(CF3)219 in which the 
S = O  distance of 1.469 (4) A is substantially reater than in 
OSF222 [1.416 (1) A] or OSC1223 [1.443 (6) x 1. These ob- 
servations, together with those already noted on P-CF3 and 
S-CF, bond lengths, show that the structural influence of CF3 
is strangely complex and not consistent with a one-dimensional 
concept of electronegativity. 
Molecular Orbital Calculations 

Two series of compounds were studied by ab initio MO 
techniques, in further comparisons of CF3-Y and CH3-Y 
structures. We were particularly anxious to discover whether 
the altruistic hypothesis,' originally advanced on the basis of 
extended Huckel wave functions, to account for the long bonds 
in P(CF3)3 and related species, is supported by the more rig- 
orous ab initio procedures. The basis set 3-21G(*)5 was initially 
adopted as a compromise between computational cost and 
accuracy. At the suggestion of a reviewer, geometries were 
also optimized by using the smaller 3-21G basis,24 which 
contains no polarization functions. Important structural re- 
sults, from both ab initio calculations and experiment, are 
presented in Table I11 for a range of CH3-Y and CF3-Y 
systems. Strictly speaking, the experimental results are var- 
iously rg, r,, etc., parameters, while ab initio values refer to 
the equilibrium geometry, but one does not anticipate that 
these usually minor differences will materially affect the points 
at issue here. Some of the molecules studied ab initio such 
as CF3S(0)H have not been structurally characterized and 
may even be unknown; their choice was based on computing 
economy. However, it was established that, at the 3-21G(*) 
level, the difference between the optimized S-C bond lengths 
in CF3S(0)H and CF3S(0)F does not exceed a few thous- 

(19) H. Oberhammer, R. C. Kumar, G. D. Knerr, and J. M. Shrecve, Inorg. 
Chem., 20, 3871 (1981). 

(20) J. Brunvoll, I. Hargittai, and M. Kolonits, 2. Narurforscfi., A, 33A, 
1236 (1978). 

(21) T. Moritani, K. Kuchitsu, and Y .  Morino, Inorg. Chem., 10,344 (1971). 
(22) N. J. Lucas and J. G. Smith, J .  Mol. Spectrosc., 43, 327 (1972). 
(23) I. Hargittai, Acta Chim. Acad. Sci. Hung., 60, 231 (1969). 
(24) M. S. Gordon, J. S. Binkley, J. A. Pople, and W. J. Pietro, J .  Am. 

Chem. Soc., 104, 2797 (1982). 

(25) J. B. Collins, P. v. R. Schleyer, J. S. Binkley, and J. A. Pople, J .  Chem. 
Phys., 64, 5142 (1976). 

(26) H. Oberhammer and J. E. Boggs, J.  Mol. Srruct., 57, 175 (1979). 
(27) C. J. Marsden and B. J. Smith, J .  Mol. Srrucr., 105, 385 (1983). 
(28) C. J. Marsden and B. J. Smith, unpublished observations. 
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than either the sulfide or chloride. In an absolute sense, the 
3-21G set, with satisfactory C-Y bond distances in only three 
of the 12 compounds studied, performs less well than 3-21G(*), 
which “passed”, with eight successes. However, in predicting 
the differences between CH3-Y and CF3-Y distances, which 
are the primary concern here, neither set performed at all 
satisfactorily. 

It is illuminating to examine two pairs of examples in more 
detail, to show that arguments based solely on population 
analyses29 should be viewed with caution. A consistent, sat- 
isfying picture is obtained from the 3-21G(*) wave functions 
for CH3Cl and CF3Cl, for which the C-Cl bond overlap 
populations are 0.33 1 and 0.391, respectively. The increase 
in CF3Cl arises entirely from T interactions between 2p,, on 
C and 3p,, on C1 (taking z as the C-Cl direction), indicating 
a modest double-bond character for the C-Cl linkage in CF3Cl 
and neatly rationalizing its reduced length (Table 111). In- 
volvement of d orbitals is but slight. Their contribution to the 
C-Cl bond overlap population is less than 0.02 for either 
molecule, while their total occupation is only 0.037 e in CF3Cl 
and 0.027 e in CH3Cl. 

However, the 3-21G(*) results for CH3PH2 and CF3PH2 give 
an unexpected positive correlation between optimized bond 
length and overlap population, rather than the inverse rela- 
tionship that might appear self-evident. While the calculated 
C-P distance is slightly shorter in CF3PH2 than CH3PH2, 
contrary to experiment, the C-P bond overlap population is 
0.522 for CH3PH2 but only 0.340 for CF3PH2. Analysis of 
the participation of the 3d orbitals on P does not support the 
altruistic hypothesis,’ since they increase the P-C overlap from 
0.188 (3-21G) to 0.340 (3-21G(*)) in CF3PH2, a greater in- 
crease than that of 0.432-0.522 found for CH3PH2. 

In summary, we can say that the ab initio calculations have 
had not more than very limited success in reproducing bond 
length patterns in CF3/CH3-Y systems, failing utterly to 
predict the strikingly long CF3-Y bonds in CF3PH2 and the 
hypervalent species involving CF,P(O), CF3S(0), and CF3S- 
(O),  systems. This failure was both disappointing and 
unexpected, given the success already reported for geometry 
optimization using the 3-21G(*) basis on molecules in a range 
of oxidation  state^.^ Several different possibilities suggest 
themselves. It may be that the s,p basis in 3-21G is simply 
too small, especially for oxygen and fluorine, or polarization 
functions may be needed on other atoms besides those in the 
second row or, given the large number of electron-rich atoms, 
the Hartree-Fock method itself may be inadequate, necessi- 
tating inclusion of the correlation energy. All these im- 
provements in ab initio technique naturally lead to major 
increases in computing requirements but are currently being 
pursued. 

Since our ab initio calculations have not reproduced the 
interesting long CF3-Y bond distances, they naturally are 
unable to contribute any understanding of the causes of these 
long bonds. It has been suggestedI3 that, in the cases of 
(CF,),SO, the long C-S bonds are caused by repulsions be- 
tween the substantial net positive charges present on both 
sulfur and carbon. However, at present we feel that a split- 
valence basis should be able to account for such effects ade- 
quately, and we are inclined to feel that the real reason for 
the long bonds lies elsewhere. The question as to whether 3d 
orbitals on phosphorus or sulfur can act in an altruistic’ or 
“counterint~itive”~~ manner, so as to weaken the C-P or C-S 
bonds, has unfortunately not been satisfactorily answered by 
this work. This suggestion has recently been attacked by 

Manden 

Whangbo and Stewart: on the basis of ab initio calculations 
using the minimal STO-3G3I and STO-3G(*)25 bases, both of 
which reproduced the long C-P bonds in CF3P compounds. 
Both CH3-P and CF3-P bonds were shortened by inclusion 
of d functions on phosphorus, as was found in our work, leading 
Whangbo and Stewart to remark4 that there is no altruistic 
action of the 3d orbitals in CF3-P compounds. 

It may appear paradoxical that calculations using a minimal 
basis (STO-3G) have had more success for geometry prediction 
in this area than those using a split-valence basis (3-21G). 
However, this behavior is not found in ger~eral.*~,~, The 
quality of ab initio calculations is often judged on energy 
criteria, since the coefficients of atomic orbitals in the 
LCAO-SCF formalism are themselves determined by the 
variational principle of energy lowering. Our energies are 
lower than those of Whangbo and Stewart4 by the not in- 
considerable amounts of 12 870 kJ mol-’ for CF3PH2 and 6059 
kJ mol-’ for CH,PH,. It is worth noting that orbital exponents 
in the STO-3G basis are “scaled” by substantial  amount^,^' 
so as most effectively to reproduce observed standard molecular 
geometries, whereas the 3-21G basis, except for hydrogen, uses 
exponents that are optimized for free atoms.24 Thus, while 
the STO-3G basis is often efficacious for geometry prediction, 
it may be that its slight semiempirical character reduces the 
value and reliability of any interpretation of its wave functions. 
So we suggest that Whangbo and Stewart4 have not established 
conclusively that altruistic behavior of the phosphorus 3d 
orbitals does not occur. Likewise, we have certainly failed to 
show that it does, or even may, occur, and at present the 
theoretical evidence is against the idea. The causes of the long 
CF,-P, CF3-P(O), and CF3-S(0) bonds remain to be iden- 
tified. 
Conclusions 

We have determined the structure of OP(CF3), by gas 
electron diffraction. The most striking feature is that the C-P 
bonds are almost 0.1 A longer than in OP(CH3)3.14 One 
interpretation is that altruistic bonding is more pronounced 
in OP(CF3)3 than in P(CF?),.’ Ab initio calculations on a 
range of CH3 and CF, derivatives using the 3-21G and 3- 
21G(*) bases suprisingly failed to predict the long CF3-P and 
CF3-S bonds in compounds for which the altruistic hypothesis 
was proposed. More elaborate calculations are under way. 
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