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We performed a semiempirical calculation on PF,CN and also on  PF,. We found that PF,CN has two stable configurations, 
namely, a cis and a trans configuration. The trans configuration is more stable than the cis configuration by about 1 kcal/ 
mol and the two configurations are separated by an energy barrier of about 35 kcal/mol. We found that there is consid- 
erable interaction between the  phosphorus 3d orbitals and the fluorine 2p orbitals and that the interaction between the 
phosphorus 3d orbital and the carbon and nitrogen 2p orbitals is much smaller. We calculated the molecular dipole 
moment for both the cis and the trans form and we found that both results agree with the experimental value. 

1.  Introduction 
There has been much interest in the structure and bonding 

of substituted fluorophosphines.' In PF2C1,1C where all of 
the d orbitals of phosphorus are available for n bonding, the 
loss of electrons due to this n bonding can occur from both 
the fluorine px and py orbitals. This results in long PF 
bonds and a small FPF bond angle. In the cases of PF2Hla 
and PF3,' the bonds are smaller and the FPF bond angles are 
larger. In PF2NH2,1b there is (p + d)n interaction arising 
from the lone pair of electrons on the nitrogen with empty 
d orbitals of the phosphorus, and, in addition, there is 
(p -+ d)n interaction with the fluorines. Consequently, the 
PF bonds are longer and the FPF bond angle is smaller. 
(See Figure 1 for pertinent structures.) 

Since (p + d)n interaction is present in other substituted 
fluorophosphines and affects the structures, we are inter- 
ested in the effects it might produce in PF2CN. From the 
ir and Raman spectra of PF?CN, it was concluded3 that the 
equilibrium Configuration has either C, or Czu symmetry. 
The structure of PFzCN was considered to be analogous to 
that of PF3 but an X-ray study4 of P(CN)3 shows that the 
average PCN bond angle is not 180" but 171 k 3". Origi- 
nally, this deviation from linearity was felt to be the result 
of the close packing in the crystal l a t t i ~ e ; ~  however, this 
deviation from linearity was also found in a recent micro- 
wave study6 of PF2CN. 

It has been known for some time that phosphorus ex- 
hibits weak to  moderate but important d,-p, bonding in 
many compounds.738 Hillier and Saunders recently per- 
formed an ab initio calculationg using STO with best-atom 
exponents, augmented by phosphorus 3d orbitals with an 
exponent of 1.4. They found that PH3 and PF3 both had 
a relatively large 3d population. The 3d orbitals of phos- 
phorus participate in u bonding with hydrogen in PH3 and 
in both u bonding and n bonding in PF3. The major inter- 
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action in PF3 was found to  be 3d,-2p,. Because our cal- 
culation is based on Pople's many-electron approximate 
SCF CND0/2, we felt that a comparison with the more 
accurate ab initio calculation might be helpful. Therefore, 
we calculated PF3 by the same CND0/2 and compared the 
results with the ab initio calculation. We also compared the 
results for PFzCN with PF2. For the semiempirical CND0/2 
calculations, we used the computer program CNINDO." 
The details and parametrization of this method have been 
fully discussed el~ewhere.' '- '~ 

2. Results and Discussion 
We examined many configurations of PF2CN. The largest 

variation in total energy is caused either by changing the 
FPF bond angle which in turn affects the FPC bond angle or 
by changing the length of the PF bond. Varying the PCN 
bond angle causes the smallest change in total energy. The 
coordinates and molecular data for the equilibrium config- 
urations are reported in Figure 2. 

The bond energies that we obtained for cis- and trans- 
PF2CN show that both are stable configurations having 
ground-state energies that differ by only 1 kcal mol-'. How- 
ever, it has been shown that CNDO/2 is more suitable for 
estimating molecular geometries, charge distributions, and 
dipole moments than ground-state energies; therefore, this 
result may be in error by as much as 5 kcal mol-'. Yet, 
the result is interesting because the microwave study predicts 
a trans configuration as the stable ground state without con- 
sidering the possibility of a cis configuration. It does not 
seem possible to differentiate between the two configura- 
tions by using dipole moment measurements. The theo- 
retical values for 1-1 are very close for the two configura- 
tions; both agree with the experimentally determined value 
of 2.39 D. The contributions to the dipole moment of the 
trans form are given in Table I. As can be seen, the inclusion 
of the 3d orbitals introduces a pd polarization in the opposite 
sense to  the sp polarization. This increases the calculated 
moment to within 0.2 D of the observed moment. This in- 
clusion of 3d orbitals serves to reduce the excessive polarity 
by allowing a back-donation of electrons by the fluorines 
into the phosphorus 3d orbitals. Along with this, there is a 
slight overlap of the phosphorus 3d orbital with the CN 
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Table I. Dipole Moment of trans-PF,CN 

Comuonent 

c2v 

I II 

c3v c3v 

m m 
Figure 1. 

I 
TRANS (C,) C IS  (C$) 

E.E *-152.963o.u 
T.E .-80.8669a.u. 
a E. a -  i ,no130,* .  
p * 2.2564 0 

E.E = -153.2000 u. 
T.E.=- 80 .86600.~ .  
B.E.=-  I , 7 2 9 3 0 ~ . u .  
p - 2.28580 

PEXPTL.' 2'39 

PLANAR (C2v) 
E.E. - -170.3250.~ .  
T. E. * - 80.8101 au. 
B.E. .- 1.67336 0.u. 
p 2 . 3 4 8 9 0  

E.E. =-ISS.I72a.u. 
" *  

E.E.. -IIO.SB8a.u. 
T.E.=-8995Bo.u. T. E. - -89.9379a.u 
B.E.. -0.50757a.u. B.E *-0.403926a.u. 

p = 000134 D 

Figure 2. 
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triple bond. This overlap increases as the configuration 
changes from trans to  cis as shown in Figure 3. 

orbital and its orbital exponent. Fogleman and  coworker^'^ 
found that calculated molecular properties are insensitive to  

There has been much concern about the use of the d 
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Densities 0.00 2.80 0.09 
SP 0.00 -1.97 1.03 
Pd 0.00 1.42 -1.01 
Total 0.00 2.25 0.11 

the precise value of the orbital exponent for the 3d value 
over a moderage range centered between 1.4 and 1.7 for 
phosphorus-containing molecules. They found, however, 
that much smaller values produce extremely bad results for 
at least some of the computed molecular properties. Keeton 
and Santry16 found that the 3d-orbital exponent can be 
approximated as 0.9 of the Slater 3s-orbital exponent. Since 
our exponent is not that much different from the Keeton- 
Santry approximation, we feel that our results will not be 
affected by our choice of the orbital exponent. 

We computed the eigenvalues and eigenvectors (which 
may be obtained on request) for the three equilibrium con- 
figurations. From this information, we have determined 
the first and second ionization potential (Table 11) by means 
of Koopmans' theorem,17318 i.e. 
I1 = E' - Eg = -e14 

= E ~ +  - E ~  = --el3 
The ionization energies of the cis and trans forms are no 
more than 0.2 eV apart. From the ionization energies alone, 
it is difficult to ascertain which configuration has the 
strongest pull on its electrons since the theorem we used in- 
troduces an error of as much as 20% with respect to the 
experimental values when STO are used. The use of the 
CND0/2 has no adverse effect on the accuracy of the cal- 
culated ionization potential, as shown by Sichel and 
Whitehead." 

With the conversion of either cis or trans to  the planar 
form, there is a large charge shift for all the atoms involved. 
The phosphorus 3d charge is approximately the same in the 
cis and trans configurations, namely, 0.90 and 0.89, re- 
spectively, but in the planar configuration it is much lower, 
namely, 0.57. The total charge distribution for the three 
forms can be found in Figure 3. From this total charge 
distribution, we find that the inclusion of the 3d orbitals on 
the phosphorus strengthens the u bonds and reduces the 
charge on the central atom by giving all the bonds a multi- 
ple-bond character; accompanied by a back-donation of 
charge from the surrounding atoms to the phosphorus, the 
d,-p, back-donation is calculated to  be larger in both the 
cis and trans configurations than in the planar configuration. 
The orbitals that are most affected by bringing the PFzCN 
into a planar configuration are the px and py orbitals of the 
nitrogen and carbon atoms. The change into the planar con- 
figuration is accompanied by an increase in the py charge 
densities of C, F, and P and by a decrease in the py density 
of N. The effect on the px orbitals is just the opposite. 
There is a decrease in the py charge density of C, F, and P 
and an increase in the py density of N. 

In comparing the results of trans-PFzCN with nonplanar 
PF3, we find that the back-donation by fluorines is slightly 
less in trans-PFzCN. In addition, the phosphorus charge in 
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Table 11. Ionization Energies (eV) 

Structures I ,  I* 
PF,CN (trans) 14.9 17.7 
PF,CN (planar) 11.3 13.6 
PF, CN (cis) 14.8 17.9 

trans-PF2CN is larger than in PF3. This is due to the inter- 
action with the CN triple bond. 

In Table 111, we have compared our CNDO results for 
PF3 with the results of the ab initio calculation by Hillier 
and S a ~ n d e r s . ~  It may be seen that the atomic populations 
in the two calculations differ by as much as 20%. The 
dipole moment as calculated by CND0/2 method is closer 
to the experimental value than the ab initio moment. 

There is an appreciable n bonding involving the phosphorus 
3p and 3d orbitals along with the fluorine 2p, orbitals. The 
major interaction, in both cis and trans, is (p + p)n instead 
of (p + d)n; however, in the planar form the reverse is true. 
There is also a slight interaction between the 3p and 3d 
orbitals of the phosphorus and the nitrogen orbitals. The 
total overlap populations were calculated by means of 
Kaufman's method2' and are shown in Figure 3. The largest 
amount of 3d orbital overlap is with carbon and fluorine in 
the formation of u molecular orbitals. The small overlap 
between phosphorus and nitrogen is due to both n-n inter- 
action and d-n interaction which brings about the delocali- 
zation of CN, system to include the phosphorus atom. 

We decided to  compare our overlap calculations of PF3 
with the ab initio  result^.^ The two sets of results agree 
reasonably well with each other (Table 111). In comparing 
the overlap of PF3 with that of PF2CN, we find that substi- 
tution of a CN for F increases the 3p,-2p, P-F overlap by 
more than a factor of 2 and that it decreases the 3d,-2p, 
P-F overlap by about one-third. 

3. Stereochemistry of PF2CN as Compared with PF3 
There are two stereochemical processes (conformation 

changes) which are possible: (1) phosphorus pyramidal 
inversion and (2) rotation about the P-C bond. The CNDO/ 
2 method does not predict rotational barriers in medium- 
size molecules with reasonable accuracy so that we decided 
to  investigate the first of these two processes only. 

Many calculations of inversion barriers of phosphines have 
been reported in the 
that can change the magnitude of the barrier;25 these effects 
are conjugative, electrostatic, inductive, and steric in nature. 
We calculated a barrier of 35.6 kcal mol-' for trans-PF2CN 
and a barrier of 35.0 kcal mol-' for cis-PF2CN. It is difficult 
to  assess how reliable these values are since the possible error 
in the energy is of the order of 5 kcal mol-'. Nevertheless, 

There are four effects 
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Table 111. Comparison of CNDO/2 and ab Initio Calculation of PF, 

CND0/2 A b  initio E m t l  
A D 0.76 1.44 1.03 

Atomic population 
P(3S) 1.76 1.51 
P(3P) 1.45 1.89 
POd) 1.17 0.71 
F(2s) 1.84 1.90 
FUP)  5.34 5.42 
P atomic charge 0.62 0.89 

IP, eV 15.44 -12.69 12.31 

F atomic charge -0.21 -0.32 

our calculation predicts that the two isomers are both stable, 
differing by a small energy difference. The two effects 
which are predominant in P&CN are the inductive and con- 
jugative effects. The conjugative effect lowers the barrier 
to interconversion. The electron-withdrawing power of the 
fluorines decreases the rate of inversion because of the tend- 
ency to  increase the s character of the unshared electron 
pair on the phosphorus. In the planar transition state, these 
electrons must reside in a p or d orbital in order to lower the 
barrier. We found that the highest occupied MO of PF2CN 
is mainly localized on the P atom in the cis and trans isomers, 
but not as much as in the case of PF3 which has a barrier of 
45 kcal mol-'. Nevertheless, the unshared electron pair is 
almost pure p with only very little d character. This lowers 
the barrier to inversion. 

4. Conclusion 

molecular energy is due to changing the PF bond length or 
varying the FPF bond angle. We also found that PFzCN 
could exist in two stereoisomeric forms of about the same 
stability, the trans form more stable than the cis form by 
only 1 kcal; however, we have some reservations about this 
conclusion because of the limited accuracy of the theoretical 
energy values. Qualitatively, the result may be explained 
by noting that a change in the PCN bond angle has negligible 
effect on the total energy as compared to  changes in the 
FPF or FPC bond angles. 

We also found that (p -+ p)n interaction is greater in cis- 
and trans-PF2CN than the (p + d)n interaction. In the 
planar configuration the relative magnitudes of these inter- 
actions are just the opposite. This results in a shortening 
of the PF bond length in the planar configuration. There 
is also an interaction between the P 3p, orbital and the CN 
2p, system which is responsible for the PCN bond angle. 

We found that the inversion barriers for both cis- and 
trans-PF2CN are quite close, namely, 35.0 and 35.6 kcal 
mol-', but it should be realized that the accuracy of the re- 
sults may not be good enough to  draw any decisive con- 
clusions from them. 

Our calculation shows that the greatest effect on the total 

Registry No. PF,CN, 141 18-40-2; PF3, 7783-55-3. 
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