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Abstract

The effect of substituents R (R = H, H,C, F or H;C;) on C=E groups in alkylidyne
compounds R—C=E (E =N, P, As or Sb) has been studied at the level of valence electron
CEPA (coupled electron pair approximation) calculations. Although the reactivities of
R-C=E compounds differ widely (depending on E), the isolated molecules all have sur-
prisingly similar electronic structures. For the H, H,C and F species, our calculated bond
lengths r,(R—C) and r,(C=E) agree well with experimental values where such are known.
Along with the force constants, some trends for the changes in bond strength emerge. A
plausible dependence of the dipole moments on E is observed.

For benzonitrile (H;C; — C=N), published experimental values of the C— C(=N) bond
length differ. The problem is explored using several basis sets and methods to obtain a value
of 1.436(10)A. The C—C(=P) bond length in benzylidynephosphane (H,C,—C=P) is
calculated to be 1.435(10) A. Possible uncertainties of some of the experimental values are
discussed.

INTRODUCTION

The existence of molecules containing a double or triple bond between
carbon and trivalent phosphorus shows that the customary rule, accord-
ing to which thermally stable compounds with multiple bonds would
occur only for elements of the second period, must be loosened. Over
the last fifteen years, phospha-alkenes (RR'C=P ~ R”) and phospha-alkynes
(R—C=P) have received considerable attention. Weakly stable methylidyne-
phosphane (H—C=P), which later turned out to be the first member of a
whole family of R—C=P molecules, was detected by Gier [1] in 1961. Kroto,
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Nixon and co-workers [2] reported the pyrolytic preparation and the identi-
fication of C=P-containing species. At the same time experiments were
successful in attaining stability at room temperature for compounds with
C=P [3] and (some years later) C=P bonds [4, 5]. Experimental methods and
perspectives in the field have recently been reviewed by Nixon [6], Appel
and Knoll [7], Markovski and Romanenko [8], Regitz and Binger [9] and
Regitz [10]; a comprehensive treatise has been provided by Regitz and
Scherer [11].

Quantum-chemical calculations show that R—C=P as an isolated molecule
has a stable ground state for many substituents R. Early Hartree-Fock
calculations on H-C=P were made by Botschwina et al. [12]. Botschwina
and Sebald [13] obtained accurate spectroscopic data for H-C=P using
extensive ab initio calculations in conjunction with empirical corrections.
Nguyen [14] and Bachrach [15] have reported Hartree-Fock results for
numerous species like H,C —~C=P, H,N-C=P, HO—-C=P and F-C=P. Very
recently, Pyykko and Zhao [16] have treated various triatomic phosphorus-
containing species using the second order Moller—Plesset method (MP2).
Some of those species containing arsenic or antimony, respectively, in
place of phosphorus have been studied in all-electron Hartree-Fock cal-
culations by Lohr and Scheiner [17] and by Dobbs ef al. {18]. The latter
paper discusses the reactivities of R—C=E molecules in terms of HOMO
and LUMO energies.

The objective of the present work is to achieve a more precise structure
determination for several R—C=E molecules (E = N, P, As or Sb) using
valence-correlated wave functions. Substituents R of different electro-
negativities, (namely H, H;C, F and H,C;) are to be considered. The valence
electrons are treated at the level of Meyer’'s [19] coupled electron pair
approximation (CEPA). The atomic cores are described using the pseudo-
potentials of Igel-Mann et al. [20]. The pseudopotential method offers the
advantage of requiring a lower computational effort compared with an
equally accurate all-electron calculation, provided normal (not extreme)
accuracy is to be reached. A concise review of the method has been given
by Krauss and Stevens [21]. When heavier atoms occur, like arsenic and
antimony in this paper, pseudopotentials are furthermore able to implicitly
cover the scalar relativistic effects of the atomic core. For very heavy
elements, however, a more complete theory would become necessary,
taking explicit account of spin-orbit coupling (see, for example, Durand
[22] and Dolg et al. [23]). For the latter reason, we have excluded molecules
containing bismuth from this investigation although a possible C=Bi group
would be as interesting as its lighter congeners.

Computational details and results for the H, H,C and F ligands are
described in the next two sections. The phenyl compounds, with a broader
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discussion of basis set questions, are presented separately. The final section
is a short conclusion.

DETAILS OF THE METHOD

All calculations reported in this paper have been performed using the 1990
version of the MOLPRO program written by Werner and Knowles [24].
After application of pseudopotentials [20], four valence electrons remain
for carbon, five for each of the elements E (N, P, As or Sb) and seven for
fluorine; they are treated at the Hartree-Fock and CEPA levels. The CEPA
method accounts for that part of electron correlation arising from single
and double substitutions, and covers higher substitutions in part. It is “size
consistent”, i.e. the CEPA energy for a system of non-interacting sub-
systems is additive [25].

The pseudopotentials [20] have been adjusted in a “single-electron fit”
(SEFIT) procedure employing experimental energies of different states of
the atomic ion made up by the core plus one electron. In the case of
antimony the adjustment is based on all-electron Dirac-Fock calculations.
The valence basis sets to be used below include optimised four-s and four-p
Gaussian sets [26] for each atom. The respective innermost two functions
have been contracted. One set of d functions is added for C(ax = 0.75),
F(ox = 1.496), N{o = 0.80), P(a = 0.34), As(z = 0.293), Sb(z = 0.211), and
one set of p functions for H(a = 1.0). This basis set will be denoted “A”. A
few of the calculations use a basis set “B”, in which carbon and each of the
atoms E carry two sets of d functions using exponents from ref. 27. For each
of the molecules R—C=E, the bond lengths r, and the force constants k, of
the stretching vibration are determined for the two bonds R—C and C=E.
Cubic interpolation is used.

Table 1 gives the results for the H-C=E series. The SEFIT pseudopoten-
tials can be judged by comparing their results at the Hartree-Fock level
(“VE-SCF/A”) with those of all-electron calculations (“SCF”). Accurate
all-electron calculations are available only for hydrogen cyanide (H-C=N)
and methylidynephosphane (H—C=P). The agreement is seen to be satisfac-
tory, although SEFIT shows a slight tendency to produce smaller r, and
larger k, values; it can be improved by employing “multi-electron fit”
(MEFIT) pseudopotentials [36]. These use the same numbers n, of core
electrons and the same analytical shape as before, but are adjusted to
energy levels of the (n, + n,) electron atomic ion where (n, > 1). These
potentials with the appropriate (four-s, four-p) basis sets [36] and the same
polarisation functions as previously yield the following Hartree-Fock
values for H-C=P: r,(H-C) = 1.0624; k,(H-C) = 0.425 a.u.; r,(C=P) =
1.518 A; k,(C=P) = 0.734 a.u.

The CEPA results demonstrate the significance of valence electron cor-
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TABLE 1

Properties of H—-C=E molecules (E = N, P, As or Sb)

E Method®* r,(H-C) k. MH-C) r,(C=E) k. (C=E) ut Ref.
&) (a.u.) A (a.w.) D)

N VE-SCF/A 1.053 0.445 1.119 1.582 3.21 -
VE-CEPA/A 1.061 0.414 1.152 1.237 2.87 -
VE-CEPA/B 1.064 0.403 1.147 1.228 2.86 -
SCFe¢ 1.058 0.440 1.127 1.560 - [28]
CI° 1.065 0.420 1.149 1.328 - [28]
CEPA! 1.0665 0.4027 1.1534 1.2330 - [29])
Experiment 1.06549 0.4015 1.15321 1.20130 2.940 [30,31]

P VE-SCF/A 1.058 0.433 1.505 0.766 0.27 -
VE-CEPA/A 1.068 0.400 1.543 0.592 0.71 —
VE-CEPA/B 1.069 0.393 1.537 0.608 0.58 ~
SCFe 1.059 - 1.513 - - [18]
SCFf 1.065 0.423 1.517 0.755 — —
CEPA® 1.082 0.3874 1.554 0.5979 - [13]
Experiment 1.0692(8) 0.4014 1.5398(2) 0.5845 0.39 [32,33]
Experiment 1.0660(1) - 1.54045(2) - - [34)

As VE-SCF/A 1.061 0.428 1.605 0.645 0.12 -
VE-CEPA/A 1071 0.393 1.649 0.485 0.18 -
VE-CEPA/B 1.071 0.388 1.651 0.481 0.07 -
SCF 1.062 - 1.629 - - [18])
SCF: 1.046 - 1.615 - - [17]
Experiment! - - 1.651(5) - - [35]

Sb  VE-SCF/A 1.604 0.421 1.803 0.490 -0.75 -
VE-CEPA/A 1074 0.384 1.857 0.348 —-0.49 -
VE-CEPA/B 1.074 0.380 1.862 0.344 -0.70 —
SCF* 1.066 - 1.853 - - [18]

*VE denotes valence electron calculations using SEFIT pseudopotentials [20] with basis sets
A or B, respectively.

*Dipole moment.

°Basis set after contraction: 6s, 3p, 1d.

4Basis set after contraction: 8s, 4p, 2d on C and N; 4s, 2p on H. The original values have been
slightly rounded.

°Basis set: DZP on E; DZ on C.

fThis work, basis set after contraction: 9s, 6p, 1d on P; 7s, 4p, 1d on C; 4s, 1p on H.

£Basis set after contraction: 9s, 6p, 1d on P; 6s, 3p, 1d on C; 3s, 1p on H.

"Basis set: double zeta.

iFrom an X-ray crystal structure determination of the compound 2,4,6-[(H,C),C],
H,C,—C=As.
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TABLE 2

Properties of H;C—~C=E molecules (E = N, P, As or Sb)

E  Method r.(C-C) k/(C-C) r,(C=E) k(C=E) Ref.
(A) (a.u) A) (a.u) (D)

N  VE-SCF/A 1.451 0.374 1.121 1.548 4.06 -
VE-CEPA/A 1456 0.350 1.154 1.223 3.65 -
SCF« 1.468 - 1.135 - - [40]
MP2¢ 1.461 - 1.178 - - [40]
Experiment 1.458(3) - 1.157(3) - 3.913(2) [37,38,41)

P  VESCF/A 1.455 0.366 1.512 0.738 1.78 -
VE-CEPA/A  1.462 0.341 1.549 0.577 1.67 -
SCF« 1.468 - 1.521 - - [15]
Experiment 1.465(3) - 1.544(4) - 1.499(1) [39]

As VE-SCF/A 1.457 0.360 1.613 0.616 1.30 -
VE-CEPA/A  1.464 0.336 1.656 0.468 1.15 -

Sb  VE-SCF/A 1.456 0.356 1.816 0.467 0.64 ~
VE-CEPA/A  1.466 0.330 1.866 0.340 0.52 -

*bSee footnotes to Table 1.
°Basis set 6-31G*.
4Second-order Maller-Plesset calculation with basis set 6-31G*.

relation, particularly for the C=E triple bond. In comparison with Hartree—
Fock values, the CEPA results move considerably closer to experiment.
The difference between VE-CEPA/A and VE-CEPA/B results is a rough
measure of the basis set error remaining in the VE-CEPA/A approximation.
Altogether, this approximation appears to be an acceptable compromise
between computational effort and resulting accuracy, and this method is
adopted in the next section. For the phenyl substituted molecules
H,C,—C=E both SEFIT and MEFIT pseudopotentials are compared and
several basis sets tested in a further section.

THE SUBSTITUENTS H, H,C AND F

The symmetry is assumed to be C,, for the hydrogen and fluorine, and
C,, for the methyl species. The inner geometry of the H;C group has been
fixed at the experimental structure of acetonitrile (H,C—C=N): C-H =
1.103A; H-C—C = 109.5° [37,38]. This simplification is suggested by the
insignificant difference between the experimental H,C geometries of
H,C—C=N and ethylidynephosphane (H,C—C=P), for which the following
parameters have been determined: C—H = 1.107A; H-C—C = 110.3° [39].

For the substituents H, H,C and F (Tables 1-3), we observe the following
from our results:
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TABLE 3

Properties of F-C=E molecules (E = N, P, As or Sb)

E  Method® r.fF-C) R (F-C) r(C=E) k(C=E) Ref.
(A) (a.u) A) (a.w) D)

N  VE-SCF/A 1.237 0.695 1.118 1.551 2.33 -
VE-CEPA/A 1.264 0.579 1.155 1.183 2.13 -
SCF 1.249 - 1.132 - - (42
Experiment 1.262 0.5933 1.159 1.089 1.68(5) [43,44]

P VE-SCF/A 1.249 0.623 1.507 0.721 —~0.02 -
VE-CEPA/A 1276 0.530 1.550 0.553 0.16 -
VE-CEPA/B  1.280 0.500 1.544 0.566 0.07 -
SCFe 1.265 - 1.517 - - [16]
MP2¢ 1.294 - 1.568 - - [16]
Experiment®  1.285(5)  0.5358 1.541(5) 0.5183 0.279(1)  [45,46]

As VE-SCF/A 1.250 0.607 1.612 0.588 —0.54 -
VE-CEPA/A 1.280 0.511 1.660 0.442 —0.42 -

Sb VE-SCF/A 1.251 0.590 1.819 0.432 -1.21 -
VE-CEPA/A 1284 0.496 1.872 0.318 —1.08 -

*See footnotes to Table 1.

°Basis set 6-31G*.

4MP2 calculation with basis set 6-31G*.

¢For the sign of u see section entitled The substituents H, H,C and F.

(i) Considering the R—C bond for some fixed substituent R in the
sequence {E = N, P, As, Sb} there is a slight monotonic increase in r,(R—C),
together with a noticeable decrease of the corresponding force constant %,.
This decrease in bond strength is slightly more pronounced for fluorine
than for the other two substituents (Fig. 1).

(i1) The second observation refers to the change in the C=E bond caused
by different substituents. On the CEPA level there is a slight increase of
r.(C=E), together with a more pronounced decrease of k,, in the order H,
H,C, F for any choice of E (Fig. 2). Of these three substituents, hydrogen is
therefore the one to yield the strongest C=E bond.

The agreement of the CEPA results with experiment is very satisfactory.
The force constants of the theory are, as usual, relatively inaccurate. For
(fluoromethylidyne)phosphane (F—C=P), the experimental C=P bond
length has been given [45] as r, = (1.541 + 0.005) A, which is practically
identical to the corresponding value of 1.540A in the parent compound
H-C=P (32,34]. VE-CEPA calculations with both basis sets A and B
provide an increase of this bond length by 0.007 A when going from the
H—-C=P to the F-C=P molecule. We therefore expect a true value for
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Fig. 1. R—C bond lengths in R—C=E molecules {E = N, P, As or Sb; R = H, F, H,C, (Ph) or
H,C (Me)}. VE-CEPA/A or, for the phenyl species, VE-CEPA/A, results from Tables 1-3 or
Table 4, respectively, are denoted O. References for experimental values (x) are given in
Tables 1-4. The two experimental points 4 belong to the phenyl sequence; see discussion in
the section entitled The phenyl substituent.

F—C=P close to r, = 1.547A, i.e. at the upper end of the interval given in
ref. 45,

Dipole moments y (Tables 1-3) are plotted in Fig. 3. A positive sign
(1 > 0) corresponds to a positive charge on the R side of the R—C=E
molecule. The p values show the expected shift downward along the
sequence {E = N, P, As, Sb}. In addition, the calculations yield a monotonic
decrease in g, from the H,C via H to the F substituent. Calculated dipole
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Fig. 2. C=E bond lengths in R—C=E molecules {R = H, H;,C (Me), F or H;C; (Ph); E =N, P,
As or Sb}. O denote VE-CEPA/A and VE-CEPA/A, results from Tables 1-3 or Table 4,
respectively. Experimental values (see Tables 1-4) are denoted x.
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Fig. 3. Dipole moments g (in debye units) for the four R—C=E sequences. Positive sign of x
corresponds to a charge distribution R** —C=E?- . VE-CEPA/A results (0) and experimental
values (x). For F—C=P see remark in the section entitled The substituents H, H,C and F.

moments are known to be very sensitive towards defects of the wave
function; accordingly Fig. 3 shows considerable deviations from the exper-
imental values p,,,. Unfortunately, the experiment does not provide the
sign of u. For the H-C=P species, Kroto et al. [45] have deduced a dipole
moment pointing toward the phosphorus atom; this means (u,,, < 0) in our
convention. According to Fig. 3, the opposite sign is much more probable
for this quantity, however. For (luoromethylidyne)phosphane (F—-C=P),
with its very low value of (Jg.,| = 0.279D), the question of sign is par-
ticularly difficult to decide. Tentatively, y,,, = —0.279 D) has been assumed
in Fig. 3.

THE PHENYL SUBSTITUENT

The H,C;,—C=E molecules are taken to be planar with C,, symmetry
(Fig. 4). We make the simplification of fixing the inner geometry of the
phenyl substituent at the experimentally determined structure of ben-

-
m

Fig. 4. Notation for H,C; —C=E. The fragment C—~C=E is displaced by z, in order to obtain
a simplified geometry optimisation of the ring.
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zonitrile [47]. It is plausible that the electronic structure and the geometric
parameters of the C—C=E fragment (C = ipso carbon atom) are only
weakly influenced by the accurate ring geometry. Alterations of the ring
(compared with benzene) affect mainly the angle ¢ (C2—C—C6) and the bond
length a (C—C2; C—C6), and are relatively small:

(1) The measured ring geometries of benzonitrile (H;C,—C=N) [47,48] and
of ethynylbenzene (H,C;—C=C—H) [49] deviate from those of benzene by
less than 0.01 A or 2°.

(i1) The ring geometries of numerous monosubstituted benzene deriva-
tives have been thoroughly studied at the Hartree—Fock level [50]. Even
though they are not entirely in agreement with the available experimental
values, the differences compared with benzene are 0.01 A and 3° at most.

Each of the H;C;—C=E molecules contains 38 valence electrons. In the
main part of our calculations SEFIT pseudopotentials [20] have again been
used. The previous basis set A (see the section entitled Details of the
method) has been reduced to a set “A,”. A, is identical to A on the atoms
C, C(=E) and E, whereas on the remaining carbon and hydrogen atoms of
the ring polarisation functions are omitted and the tighter contraction 31
is used. A, contains 101 contracted Gaussians. Besides the complete CEPA
wherein all of the valence orbitals are “correlated”, a restricted CEPA has
also been evaluated in which the lowest three SCF orbitals of a, symmetry
remain unsubstituted. These orbitals have fairly strong contributions from
s orbitals on the atoms C, C(=E) and E, and non-substitution of them will
influence the description of electron correlation around these atoms.

The results are collected in Table 4. It is of interest to compare the methyl
derivatives H,C—C=E (Table 2) with the phenyl compounds. In the whole
sequence {E = N, P, As or Sb}, going from the methyl to the phenyl sub-
stituted molecule one observes a slight weakening of the C=E bond: its
length r,(C=E) is slightly longer and the force constant k,(C=E) is notice-
ably smaller. At the same time, the neighbouring C—C bond is strengthened,
detectable by shorter r, lengths and higher k, values. The conjugation
between the 7 electrons of the C=E moiety and the phenyl ring (which
is thought to be present in benzonitrile) is therefore maintained in its
homologues (see Fig. 1). The smaller bond length r,(C—C(=E)) in these
systems, however, reflects at least in part the well-known reduction of
covalent radii when going from sp? to sp? carbon atoms. The C—~C(=E) bond
is influenced by electron correlation in a complicated way. Comparison of
SCF, restricted CEPA and full CEPA results (Table 4) indicates a sensitive
balance between correlation effects in the {—C(=E) and C=E bonds.

Some ambiguity exists about the C—C(=N) bond length in benzonitrile.
Using microwave spectroscopy and isotopic substitution, Casado et al. [47]
(cf. ref. 48) obtained an r, value of 1.4509(6) A, well above the equilibrium
distance (r, = 1.436 A) resulting from our VE-CEPA/A, calculation (Table 4).
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TABLE 4

Properties of H;C;—C=E molecules (E = N, P, As or Sb)

E Method® r.(C—C(=E) k,(C—C(=E)l* r.(C=E) k.(C=E) Ref.
A) (a.u.) A) (a.uw) D)

N VE-SCF/A, 1.435 0.399 1.123 1.533 4.69 -
VE-CEPA (restr)! 1.450 0.355 1.148 1.257 4.61 -
VE-CEPA/A, 1.436 0.396 1.157 1.193 4.40 -
SCF* 1.445 - 1.137 — 4.85 [50,51]
Experiment®® 1.4509(6) - 1.1581(2) - 4.18(8) [47,52]
Experiment®® 1.444 - 1.156 - - [47]
Experiment! 1.438(5) - 1.168(3) - - [53)
Experiment/ 1.434(3) - 1.166(6) - - [54]
Experiment* 1.401(14) - 1.137(14) - - [565]

P VE-SCF/A, 1.431 0.395 1.514 0.724 2.00 —
VE-CEPA (restr)® 1.439 0.344 1540 0599 216 -
VE-CEPA/A, 1.435 0.366 1.553 0.564 2.18 -
Experiment 1.467¢ - 1.544 - - [56]
Experiment®! 1.432(4) - 1.550(3) - - [35]

As VE-SCF/A, 1.430 0.392 1.616 0.603 143 -
VE-CEPA (restr)® 1.438 0.335 1.646 0.480 1.53 -
VE-CEPA/A, 1.434 0.358 1.661 0.455 1.54 -
Experiment®! 1.441(7) - 1.651(5) - - [35]

Sb VE-SCFJ/A, 1.426 0.392 1.819 0.455 0.69 -
VE-CEPA (restr)! 1.423 0.359 1.867 0.328 0.75 -
VE-CEPA/A, 1.431 0.355 1.872 0.325 0.71 —

2See footnote to Table 1.

*Q is the ipso carbon atom of the phenyl substituent.

°Dipole moment.

4Restricted CEPA calculations with basis set A, in which some orbitals remain unsub-
stituted.

*Basis set 6-31G**.

fMicrowave spectroscopy “substitution structure”.

¢Compare comment in section entitled The phenyl substituent.
"Microwave spectroscopy “average structure”.

iElectron diffraction.

iNMR measurement.

kX-ray structure determination.

Walues refer to 2,4,6-[(H,C),C],H,C;—C=E.

Casado et al. [47] claim the r, structure to be “still the best estimate of the
equilibrium structure of benzonitrile”. However, the paper also determines
an average structure with r, = 1.444 A for the C—C bond in question. The
average structure is a corrected substitution structure that takes into
account shortening of bonds induced by substitution. The sensitive depen-
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TABLE 5

Bond lengths of the molecules H;C;—C=N and H,C,—C=P from calculations using MEFIT
pseudopotentials [36]

E Method Basis set r.(C—C(=E)) r.(C=E)
&) A)

N VE-SCF 31(d) 1.447 1.135
VE-CEPA 31(d) 1.458 1.172
VE-SCF 211(d) 1.440 1.128
VE-CEPA 211(d) 1.441 1.162
VE-SCF 211(dd) 1.439 1.123
VE-CEPA 211(dd) 1.442 1.156
SCF® 6-31(d) 1.451 1.138
CEPA® 6-31(d) 1.460 1.174
SCF=* 6-31G* 1.445 1.136

P VE-SCF 211(d) 1.437 1.527
VE-CEPA 211(d) 1.441 1.567
VE-SCF 211(dd) 1.434 1.522
VE-CEPA 211(dd) 1.437 1.561

@ All-electron calculation for comparison.
bRef. 50.

dence of the resulting substitution structure upon these corrections has
been stressed by Kuchitsu et al. [57]. In fact, there is a recent electron
diffraction study of benzonitrile by Hargittai and co-workers [53] yielding
an r, value of 1.438(5) A for the C—C(=N) bond. This agrees well with the
r, value of 1.434(3) A, determined by Diehl et al. [54] by an NMR inves-
tigation of the oriented molecule. Furthermore, there is an X-ray crystal
structure determination [55] measured at a temperature of 198 K which,
however, is of little help, because C~C(=N) and C=N distances of 1.401(14)
and 1.137(14) A, respectively, indicate severe shortening by thermal motion.

We have investigated the situation by means of the following calculations:

(i) The choice of the pseudopotential is of minor influence: MEFIT
pseudopotentials [36] (cf. section entitled Details of the method) which
enlarge the atomic cores slightly, yield an increase in r,(C—C(=N)) of
about 0.005 A.

(ii) All-electron calculations comparable with the pseudopotential calcu-
lations with respect to basis sets, produce a result very close to the MEFIT
data (see Table 5).

(iii) We also have examined the following extensions of the basis set:
providing all ring carbon atoms with s-p sets of 211 contraction has almost
no influence on r,(C—C(=N)). Similarly, employing two d sets or diffuse s
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and p functions on the atoms of the fragment C—C=N has only little effect
on r,(C—C(=N)).

(iv) In opposition to this, a contraction of the initial A, basis set from 211
to 31 produces an artificial increase in r,(C—C(=N)) to 1.458 A (Table 5).
Presumably the Hartree-Fock/6-31G** value of 1.445 A [50] similarly raised
by the 31 contraction of the basis set used.

In summary, the best calculated C—C(=N) bond lengths of 1.436A
(Table 4: SEFIT, VE-CEPA/A,) and 1.442 A (Table 5: MEFIT, VE-CEPA 211
dd) match the electron diffraction value of 1.438(5) A well and the NMR
value of 1.434(3) A fairly well. In view of the good agreement between
calculated and experimental distances in the previous sections, we
therefore strongly suggest that the true r, parameter lies in this range, too,
and consider the uncorrected r, value of ref. 47 to be markedly too high. We
decide r, = 1.436(10) A to be the final result of our calculations.

For benzylidynephosphane, Burckett-St. Laurent et al. [56] have deter-
mined (from measured rotational constants) the C—C(=P) bond length to be
1.467 A which is far above our VE-CEPA/A, value (Table 4) of 1.435 A. There
are, however, uncertainties with this experimental value due to the fact
that the site of the ipso carbon atom C in the H,C;—C=P molecule is very
close to the centre of gravity. Determining the C position from the rotational
constants would thus require very accurate positions to be known for the
remaining atoms in the structure. These atoms have been fixed in ref. 56
with the help of two assumptions, the uncertainty of which has been
emphasised by the authors.

(a) The value of r(C=P) remains unchanged compared with ethylidyne-
phosphane H,C—-C=P.

(b) The ring geometry is the same as in benzonitrile.

Deviating from assumption (a), the VE-CEPA/A calculations (Tables 2
and 4) indicate a slight expansion of the C=P bond by ér, = 0.004 A between
H,C—C=P and H;C;—C=P. A noticeable widening of the phenyl ring
when going from H,C,—C=N to H,C,—C=P is also probable, as the follow-
ing calculation shows. We make a simplified one-parameter geometry
optimisation of the ring: The C—C=E fragment with fixed inner geometry
is shifted by z, along the symmetry axis of the molecule relative to
a second block containing C2 through C6 and the adjacent hydrogen atoms
at their previous positions (see Fig. 4). A positive sign of z, denotes a
shift away from the ring. Minimal energy on the Hartree-Fock level
(VE-SCF/A,) is found at z, = 0.004 A for benzonitrile and at z, = 0.017A
for benzylidynephosphane. Within the model, this furnishes an outward
movement of the ipso carbon atom C by dz, = 0.013A going from the
nitrogen to the phosphorus compound. The modifications of assumptions
(a) and (b), with the experimental moments of inertia being given [56], both
result in a shortening of the emerging C—C(=P) bond length compared to
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the original 1.467A [56]. Yet the model presented above is too rough to
determine the bond shortening quantitatively.

Assuming the VE-CEPA/A,; method to be as useful as in our previous
calculations, we arrive at a C—C(=P) bond length of 1.435(10) A for ben-
zylidynephosphane, which is practically the same value as in benzonitrile.

CONCLUSION

The molecules investigated in this work have been studied on the level
of pseudopotential CEPA calculations by uniformly employing atomic
valence basis sets of the sizes A or A,. The reduced A, size has been used
to describe the non-ipsocarbon and the hydrogen atoms of the phenyl ring.
The resulting values of bond lengths r, and force constants %, appear under
“VE-CEPA/A” in Tables 1-3 and “VE-CEPA/A,” in Table 4. The r, values
are also plotted in Figs. 1 and 2. We estimate the uncertainty of the
calculated r, to be not larger than +0.01 A and to be around + 0.005 A for
many of the species.

Our bond lengths are in good agreement with experiment for those
species (R—C=N and R—-C=P) for which unambiguous experimental values
are available. Some clarification has been achieved for the C—C(=E) bonds
in the phenyl derivatives H,C4—C=N and H,C,—C=P. For the important
case of benzonitrile (E = N) our calculation has provided an r,(C—-C(=N))
bond length of 1.436 A, close to the results of electron diffraction (1.438 A)
and NMR measurements (1.434 A). The r, value of 1.451 A determined by
microwave spectroscopy appears to lie noticeably above r,. For the phos-
phorus species H,C,—C=P a bond length r,(C—C(=P)) of 1.435 A has been
calculated, a value considerably lower than the previous experimental
estimate of 1.467 A which had been determined under relatively uncertain
assumptions.

Most of the alkylidynearsanes and all of the corresponding stibanes have
not yet been prepared and the calculated data should be useful when these
molecules become experimentally accessible.
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