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Summary

"~ In compounds of type R;XYZR; (R = phenyl, methyl, benzyl; X, Z = Al, Si,
P, Ge, Sn; Y =C, N, O, F) linearity of the XYZ skeleton is predicted by the
second-order Jahn—Teller effect in those examples where the valence orbitals of
X and Z are much less tightly bound than those of Y. When the X and Z orbitals
are bound more tightly than those of Y, the XY Z skeleton is predicted to be
non linear at Y. The effects of varying R, X and Z, and the contribution of
w-interactions are discussed.

Introduction

During the course of our X-ray crystallographic studies of organometallic
oxo-compounds [1—5], which are designed to test the hypothesis [6,7] that the
large bond angles observed at carbon, nitrogen, oxygen, or fluorine when these
atoms are bonded to two or more groups in which the ligating atom lies In the
second row, or in a subsequent row, of the Periodic Table are of steric rather
than of electronic origin, we observed [2] that in oxo-bis(triphenylsilicon),
O(SiPh,),, the SiOSi bridge is rigorously linear since the molecules lie across a
centre of inversion. We had expected that the Si---Si distance would be approxi-
mately 3.10 A, as found in a very wide range of both neutral and anionic
molecular fragments SiYSi (Y = C, N, O) [6,8] and also in continuous species
such as the several polymorphs of silica [8,9]; concurrently we expected an
SiOSi angle of ca. 140°. Consequently the observation of a linear SiOSi fragment
having an Si---Si distance of 3.232 A was surprising, and it has prompted a com-
parison of the structure of this molecule with those of a number of its isoelec-
tronic analogues, in an attempt to rationalise the geometry observed.

The triatomic array SiOSi has fourteen valence-shell electrons; assigning six
to the terminal bonds to the R groups in R3;SiOSiR, this leaves eight electrons
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. for the bndge bendmg Fragments 1soelectnc mth SiOSi; of type XYX (where

Y represents an element of the first Periodic row, and X an element of the

“ second row) are AIFAI™, SiNSi~, PCP, and PNP*, while those of type XYZ
(where Z also represents a second-row element) mclude AlFSi, AIOP, and
SiNP: isoelectronic fragments in which X and Z represent heavier elements
follow immediately from those listed.

The structures of a number of these compounds have recently been determined
by X-ray methods. In the unit:cell of Ph;PCPPh; [101], there are two independent
molecules in whichk the PCP angles are 130.1(6)° and 143.8(6)° respectively,.
indicating that the skeletal deformation can be accomplished with the expen-
diture of very little energy: intermolecular forces are probably adequate to
account for the difference in geometry. Many salts of the Ph;PNPPh;” cation
have been structurally characterised: in the majority {11—18] the PNP fragment

- is non-linear with the observed PNP angle falling within the range 134.6(3)°, as
found {15] in {[Ph;PNPPh;]l{Fe(CO)sCN1 to 141.8(6)°, as found [18] in [Phg'
PNPPh;][Mo(CO),BH,]. However, in [PhyPNPPh;][V(CO)s], the PNP skeleton

is strictly linear [19], a requirement of the space group symmetry (rhombohedral
R3, Z = 1): as in the example of Ph,PCPPh,, the observation of linear and non-
linear forms suggests that skeletal deformation is not difficult, and can be accom-
plished simply by the intermolecular forces. This view is strongly reinforced by
the observation [19] that both linear and non-linear forms of the cation occur
together in the unit cell of [Ph;PNPPh;]s[Na{Mo3(CO)«(NO);(OCH;);0}.]. The
other fragments of type XYX are structurally characterised only when the R

- group is alkyl, rather than phenyl: thus the AIF Al skeleton in K[Et;AlF AlEt;]
is linear [20]. Alkyl-substituted SiOSi and PCP skeletons also have been struc-
turally characterised [21,22]. However, none of those of type XY Z is at present
structurally characterised.

In attempting both to rationalise the geometries observed and also to predict
those which are as yet unknown as a test of the rationalisation, the approach
adopted is to use the second-order Jahn—Teller effect to investigate the propen-
sity of a particular linear triatomic skeleton to undergo a deformation of I, sym-
metry, that is, to bend. The relative atomic orbital binding energies in the atoms
X (end Z) on the one hand, and Y on the other, prove to be crucial in this
respect.

Method

Suppose for the linear geometry, the symmetry classes (in D.., or C.,) of the
HOMO and LUMO are I', and I'; respectively: restricting attention, as is usual
[23], to a single electronic excited state, then the force constant, fq, for the
vibration along a coordinate q is

2
T"P U}\I’ Eo)

where ¥, and ¥, are the wavefunctions for the ground and excited states, of
energies E, and E; respectively, and U is the total potential energy of the sys-
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tem. Both terms in f, are positive, but depending on the relative magnitudes of
the two terms f,, may be: (1) positive in which case the system executes vibra-
tions of small amplitude and the skeleton is rigid and linear; (2) approximately
zero, when the vibrational amplitudes are large and the skeleton is flexible; or
(3) negative, especially if (E; — E,) is small, in which case the system distorts
along a vibrational coordinate g such that I is contained in I'; X T',, giving a
skeleton which is bent and rigid.

In the molecules in question, the atoms X and Z are always four-coordinate
so that, as a first approximation, they each contribute only a single ¢ orbital,
which may be regarded as similar to an atomic p orbital, to the bridge bonding.
The atom Y contributes ns and np orbitals of symmetry classes (in D..,) Z}(ns),
Zi(np;), and I1,(np,, np,) (where the molecular axis is taken to be z): the
in-phase and out-of-phase combinations of the X(¢) orbitals belong to symmetry
classes Z; and X} respectively. Whatever the relative binding energies, within
chemically plausible limits, the electronic configuration for the bridge is:

(10¢")* (10, ") (1m.)*(20.7)°(20,7)°

precisely as for an MH, molecule [24]. Hence if any distortion of the skeleton
is to occur, it will involve the vibrational coordinate 1, X Z; =1, so that the
only distortion to be expected is a skeletal bend, as observed in eight electron
MH, species such as OH,.

However the crucial factor is the 17, — 20" gap. In assessing this, without
resort to computation, several ciasses of behaviour may be distinguished:

Class 1. The ¢ orbitals of Y are tighter bound than the orbitals of X; conse-
quently the 1o, — 1w, gap is large, but the 17, — 20" gap is small, that is
E(20,") — E(1m,) is small, f(I1, ) is negative, and the system is expected to distort
along the bending vibration II,,.

Class 2. The o orbitals of Y are bound less tightly than the orbitals of X: in
this case the 16,* — 17, gap is generally small, but the 17, — 20," gap is generally
large. Hence E(20,) — E(1%,) is large, f(I1,) is positive, and neither a distortion
along I1,,, nor vibrations of large amplitude are expected.

Class 3. This is in effect a special case of Class 2 which gives rise to Class 1
behaviour. If the X(g) orbitals are comparable in binding energy with the Y(np)
orbitals but the Y(ns) orbital is much tighter bound, then the =, interaction
will be small, yielding a small 1w, — 20,* gap, so that, as in Class 1, the system
distorts along the I, bending vibration.

Class 4. For some intermediate range of relative atomic orbital binding energies,
(between those giving rise to classes 1 and 2), f(Il,) may be expected to be close
to zero, so that large amplitude bending vibrations occur. It is a characteristic of
such vibrations that the skeletal inter-bond angle can be markedly changed with
the expenditure of very little energy.

In summary, if the X(0) binding energy is similar to or greater than the binding
energy of Y(np), a non-linear skeleton is to be expected: if the binding energy
of X(0) is less than that of Y(np), then a linear skeleton is expected.

Results

Atomic orbital binding energies [ 25,26] for selected neutral atoms are listed
in Table 1: for positive and negative species, the binding energies increase and
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TABLE 1

'ATOMIC ORBITAL BINDING ENERGIES (eV) FOR VALENCE-SHELL ELECTRONS IN SELECTED
- NEUTRAKL ATOLIS ¢ ) : .

‘ns . - np

Atom

H 13.60

Li 5.39 3.54
Cc 21.01 11.27
N . 27.63 13.94
o 34.96 17.28
F 38.24 20.86
Al i2.27 6.47
Si- 17.31 8.19
P 19.55 ©10.73
S . 22,47 12.39
Ga 14,68 6.75
Ge 18.57 9.43
As 18.77 9.36
Se T 22.27 11.68
Sn. 16.16 g.32
Sb 18.02 8.75
% Refs. 25, 26.

decrease respectively. Using these data, crude predictions of geometry can be
made, subject to refinement when the effect of changmg the substituent is
considered.

(a) AIFAI". The binding energy of Al(3p) is much less tha.n that of F(2p):
hence this is an example of Class 2, and linearity is expected.

{b) SiOSi. The binding energy of Si(8p) is much less than that of O(2p): this
is another example of Class 2, and linearity is again expected. .

(¢) PCP. The binding energies of P(3p) and C(2p) are comparable: this is an
example either of Class 3 or of Class 4.

(d) PNP*. If this is regarded as P—N*—P, with P(3p) much less tightly bound
than N*(2p), then this fragment falls into Class 2, and a linear skeleton is expected.
However an ESCA study [27] of a series of salts [Ph3PNPPh3]X (X =F, CL,
Br, I", NO;-, NCO™, NCS™, N5, and V(CO)s ) concluded that the best descrip-
tion is P*—N"—P”: here the orbitals P*(38p) is tighter bound than N~ (2p) so that
this fragment then belongs to Class 1 with a non-linear skeleton predicted. In
each of these salts the N(1s) and P(2p) binding energies were found [27] to be
essentially independent of the counter ion: it has been pointed out [19] that
this implies either that in all these salts the geometry is identical, with a linear
PNP fragment as found [19] in [Ph;PNPPh;][V(CO)s], or that the binding
energies are independent of the angle in which case no conclusion about the
charge distribution or the geometry can be reached from the ESCA data.

For the XYZ species, predictions can be made for the neutral species:

(e) SiNP. The binding energies of Si(3p) and P(3p).are 9.19 eV and 10.73
eV respectively: when these two orbitals interact (at the Si---P distance) they
will yield an out-of-phase combination somewhat less tightly bound than 9.2 eV,
and an in-phase combination somewhat more tightly bound than 10.7 eV, in
other words, quite close to N(2p) at 13.9 eV. So that this skeleton may be a
mermber of either of Class 2 or of Class 3. -
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(f) AIOP. The binding energies of Al(8p) and P(3p) are 6.47 eV and 10.73
eV respectively whereas O(2p) has a binding energy of 17.28 eV. Hence this is
an example of Class 2 behaviour, and a linear skeleton is expected.

Effect of substituent

Any substituent on the atom X which is a net electron donor, such as alkyl
or oxide, will render the orbitals of X less tightly bound, and so will tend to
shift a Class 1 system into Classes 3 or 4, and a Class 3 or 4 system into Class 2,
that is the skeleton will tend towards linearity. Conversely any substituent on
X which is a net electron acceptor will perturb the system in the opposite sense,
towards a non-linear rigid skeleton.

Effect of dm orbitals on X

Regardless of the relative binding energies of X(np) and Y(np), X(nd) will be
less tightly bound than X(np). The perturbation of the npm orbitals of Y will
always have the effect of increasing the 17, — 20,* gap, and therefore it will
reinforce any tendency of the skeleton to remain linear. This is consistent with
the popular MO picture of p, — d, interactions in these molecules. The role of
the dr orbitals on X will be greatest when the energy gap X(nd)—Y (np) is least,
that is when X is more electronegative than Y, for example in PCP or PNP*. In
cases where Y is more electronegative than X, such as in AIFAI™ or SiOSi, the
p.—d, interactions will be least significant: as shown above, with ligands of low
electronegativity the o bonding alone predicts a linear skeleton.

Effect of heavier atoms X

On going to the subsequent rows of the Periodic Table, the binding energies
of the valence shell orbitals of the atoms X exhibit very little change from those
of the second row atoms, so that analogous considerations apply, with analogous
deductions.

Discussion

Ph;PCPPh; [10] has a skeleton which is easily deformed, with the lower
limit of the PCP angle determined by the non-bonded P---P contact [6]. On
changing the organic substituent to the more electron donating methyl group,
the structure is expected to tend more to linearity. In an electron diffraction
study of Me;PCPMe; [22] an apparent PCP angle of 147.6(5)° was determined:
however the best fit to the experimental intensity data was obtsined for a model
having free rotation of the Me,P groups about the P—C bonds. From this, the
authors concluded that the vibrational ground state was linear, and that the
apparent PCP angle resulted from the shrinkage effect observed in the presence
of a large amplitude skeletal vibration of low frequency (estimated in this exam-
ple to be no more than 80 cm™'). Hence Me;PCPMe; exhibits Class 4 behaviour.

The PhiPNPPh;* cation is another example to Class 4. It is unfortunate that
no other R;PNPR;* cations appear to have been structurally characterised. One
can predict that the cation C1;PNPCl,*, obtained in the early stages of the
reaction between PCl; and NH;Cl [28], will fall into Class 1 and will have a
non-linear skeleton with a P---P distance of ca. 2.90 A [6], whereas Me;PNPMe,™
may well be linear (Class 2).
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, PhgleSIPha falls mto e#her Class 2 or-Class 4. There is a single molecule in
the unit cell [2] so that no. assessment of the ﬂembmty of the skeleton is pos- :
E ,s:hle However some support for Class 4 behaviour may be drawn from an elec-

“trén diffraction: study of Me;SiOSiMe;; which revealed an apparent SiOSi angle

~ of 148(3)°: The radial distribution curve was far too complex to yield any
information on the shape of the SiOSi bending potential function, so that agam
no direct indication of the flexibility of the skeleton is available.

. No study has been made of the anion Ph;AlFAIPh;: however the potassium
salt of the ethyl analogue K[Et;AlFAIEt;] has been studied [20] and the AIFAl
skeleton found to be linear. This is almost certainly an example of Class 2
behaviour: this conclusion could readily be tested by making structural analyses
of salts containing other cations of various sizes. For Class 2, the skeleton is
rigid, so that the geometry should be 1ndependent of the counterion (unlike
Ph;PNPPh3").

It is interesting to note that those species for which p,—d, interactions are
expected to be the least important are the linear AIFAI~ and SiOSi, while those
for which they are expected to be most important are the most easily deformed,
namely PCP and PNP*, It may be conclided from these observations that the
structural significance of n-interactions in molecules of this type is negligible
since such-interactions will necessarily render the molecular skeletons more
rigicl, rather than less.

The compounds Ph;SiNPPh; and Ph;AlOPPh; have not been structurally
investigated. From the foregoing analysis, both may be predicted to have linear
skeletons, although that of Ph;SiNPPh; may possibly exhibit Class 3 behaviour.

Very few analogues of the above-mentioned species are characterised which
contain elements heavier than those of the second Periodic row. PhyGeOGePh,
is found to have a GeOGe angle of 185.2(2)° {11], and hence appears to exhibit
Class 1 behaviour, as does H3;GeOGeH; where the skeletal angle is 126.5(3)°
[29]: in this latter molecule there is no evidence from the gas phase study of any
large amplitude skeletal vibration. In Me;GeOGeMe;, the apparent GeOGe angle
is 141.0° [301, but as in Me;SiOSiMe;, the radial distribution curve is too com-
plex to yield any evidence either for or against such as vibration. It is to be

TABLE 2

GEOMETRICAL COMPARISON OF R3XYZR3 WITH R3XYCO AND R3XYCS; SKELETAL ANGLES
AT Y IN DEGREES

R3XYZR3 . Ra3XYCO R3XYCS
Ph3PCPPh3 Ph3PCCO PhaPCCS
130.1, 143.8° 145.5°€ 168.0 ¢
Ph3PNSiPhs Ph3SiNCO Ph3SiNCS
17077
Ph;PNPPhg+ PniPNCO* Ph3PNCS*
154.6—180.00 \
PhiPNGePhg Ph3GeNCO . Ph3GeNCS
150.7 ¢
Ph3PNSnPhj Ph3SnNCO Ph3SnNCS
161 &

@ Ref. 10. ¥ See text. © Ref. 31. 9 Ref. 32. ° Ref. 33. / Ref. 34. £ Ref. 35. .
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expected that alkyl substitution causes the system to tend from Class 1 behaviour
towards Class 4 and thence to Class 2, and indeed (PhCH,);GeOGe(CH,Ph);
appears {5] to have a linear skeleton (rhombohedral, Z = 1). An entirely parallel
series of observation has been made for SnOSn species: in the solid state
Ph3;SnOSnPh; has an SnOSn angle of 137.3(1)° [4], in the gas phase Me3;SnOSnMe;
has a skeletal angle of 140.8° { 3G}, while in the solid state (PhCH,);SnOSn-
(CH,Ph), is [ 5] again rhombohedral, with Z = 1. We predict from these obser-
vations that (PhCH,);PCP(CH,Ph); and (PhCH,);PNP(CH,Ph),* will both have
linear skeletons (Class 2).

Isoelectronic with R.P and RaSi™ are the groups CO and CS: in Table 2 are
listed some examples of R;XYXR; and R:XYZR; molecules, together with their
analogues R;XYCO and R;XYCS, with the skeletal angles at Y where these are
known. The R;3;XYCS species all have skeletons which are close to linear.

Conclusions

In any complex of type R;XYZR,;, the skeleton will be non-linear at Y if
the ligands R3:X and RsZ have their valence-shell orbitals tighter bound than those
of Y. If they are markedly less tightly bound than those of Y the skeleton will
be linear at Y regardless of whether Valence Bond descriptions require the
presence of unshared pairs on Y. This prediction of stereochemical inactivity
of lone pairs in the presence of ligands of low electronegativity is an important
modification to the Valence-Shell Electron-Pair Repulsion model of molecular
geometry: its application to other systems (R3X),Y (p 2 38) is under investiga-
tion.
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