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The study of the nature of the chemical bond in compoundsof
silicon and the elements of its subgroup (E) is not only of
great independent interest but is also of undoubted import-
ance for the understanding of the characteristics of the chem-
ical bond in organoelemental compounds of non-transition ele-
ments as a whole.

Despite the theoretical and practical importance of this
problem (many of the compounds considered are used in the
national economy), many of its aspects still remain controver-
sial. These include primarily the problem of the mechanism
of the m-acceptor effect of the atoms E, which is observed in
M-X fragments, where X is an atom with unshared electron
pairs (n-donor substituent) or an o, f-unsaturated hydrocar-
bon group (m-donor substituent) and is one of the causes of
the sharp difference between the properties of compounds of
carbon and the elements E.*"® The study of the intramolec-
ular interaction between the E and X atoms not linked directly
by chemical bonds has been studied vigorously in recent
years’; it is evidently also a consequence of the manifesta-
tion of the acceptor properties of the atoms E.°

The traditional interpretation of the m-acceptor properties
of the atoms E is based on the idea of the d;—p interaction
in E—X fragments caused by the presence of vacant nd orbit-
als in the atoms E.® The E—X bond then acquires a partial
double bond character, the amount of double bond character
depending on the ratio of the donor properties of X and the
acceptor properties of E. The donor—acceptor properties
depend on the nature of other substituents linked to the E
and X atoms®®, The hypothesis of vacant nd orbitals
explains at least qualitatively all the properties of the com-
pounds of silicon subgroup elements which significantly dis-
tinguish these derivatives from carbon compounds.

The possibility, in principle, of dq—p binding has been
demonstrated by a quantum-chemical method*?”'2 and some
of its aspects have been considered: the dependence of the
overlap integrals of the py and dp orbitals on the molecular
geometry®!? and the enhancement of the double bond char-
acter with increase of the positive charge on the central ele-
ment E.** The size of the d orbitals of the atom depends on the
nature of the substituents linked to it*®, For this reason,
firstly, the atomic d orbitals can differ appreciably from
molecular d orbitals’® and, secondly, it is difficult to make
an a priori estimate of the relative contribution of the dw—pq

time critical analysis of the data obtained using various quan-
tum-chemical computational methods showed that, in order to
account for the nature of the bond in compounds of non-tran-
sition elements (particularly in silicon compounds), it is nec-
essary to take into account the contribution of the 3d atomic
orbitals of these elements'®. We may note, however, that
the opposite view has also been expressed’®.

The quantum-chemical data indicated above and those
quoted below in the present review should apparently be
considered from two standpoints. On the one hand, the
involvement of nd orbitals in the formation of bonds by the
elements E is entirely possible. On the other hand, the
actual degree of this involvement is in many cases so small
that, although the effect produced by this can in fact be
observed experimentally, their magnitude is comparable to
the accuracy of the computational methods. For this reason,
the application of modern quantum-chemical methods in many
cases fails to yield an unambiguous result in the study of
effects of this kind and, for reasons described above, the
idea of the dq—py interaction was partly in the nature of a
workirg hypothesis from its very inception.

During the last decade other ideas have been invoked to
account for the properties of compounds of silicon subgroup
elements together with the nd-orbital hypothesis'”*®. The
more significant role of the hyperconjugation effects in
organoelemental compounds compared with carbon derivatives,
due to the greater polarisability of the bonds in the former
compounds, has been known for a long time?®®. However,
Pitt's attempt!’ to put forward the hyperconjugation effect as
an alternative to the hypothesis of the decisive role of the
dq—p g interaction in organosilicon compounds, maintained in
some investigations (see, for example, Ponec and Chvalov-
sky?%2l), was subsequently disproved by its author??, who
concluded that both effects are important: hyperconjugation
and dq—pq interaction.

In 1969 Musher proposed the model of hypervalent bonds
to account for the acceptor properties of Group V—VIII ele-
ments of the Periodic System in the highest valence states in
compounds where the number of ligands is greater than four'®;
on the basis of this model, it was shown, in particular, that
there is a transannular bond between the silicon and nitrogen
atoms in silatranes®®. With the exception of the study of
Sidorkin et al. 2%, there is no information about the applica-
bility of this hypothesis to the study of compounds of silicon
subgroup elements. This hypothesis cannot therefore be
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recognised at present as an effective alternative to the idea
of the d,—pq interaction®*2%,

Thus there are several points of view on the problem of
the mechanism of the m-acceptor properties of the atoms E.
While the possibility, in principle, of the involvement of the
d orbitals of such atoms E in the formation of a bond is not
to be denied, quantum-chemical methods do not yield unam-
biguous conclusions about the magnitude of the d-orbital
contributions in specific compounds because of their approx-
imate nature. At the same time, there are extensive litera-
ture data obtained in experimental studies of the wm-acceptor
effects of the E atoms by spectroscopic methods. A critical
consideration of these data makes it possible to formulate the
fundamental characteristics of the manifestation of these
effects, which, as will be shown below, do not conflict with
the hypothesis of the involvement of the nd orbitals of the E
atoms in the formation of bonds of the d;—py type. The
present review deals only with those studies, among the large
number described, in which the macceptor properties of the
E atom have been studied by a correct method and which lead
to generalisations and are of fundamental importance for the
understanding of the subject of this review.

1. CHARACTERISTICS OF THE MANIFESTATION OF THE
m-ACCEPTOR EFFECTS

We believe it to be most useful to arrange the literature
data systematically on the basis of the type of E—X bonds.
The m-acceptor effects of the elements of the silicon subgroup
will be designated in the present review by the term d;—pr
interaction (arguments justifying the legitimacy of this term
are given in Section III).

1. The E-Group VI! Element Bond

The E—X interatomic distances (X = halogen) in halogeno-
derivatives of the E elements are in many cases shortened
compared with the values calculated from the covalent radii
of the E and X atoms after correction for their electronega-
tivities. For example, the experimental®® and calculated
(given below in brackets) values are as follows for the com-
pounds SiF,, SiCl,, SiBr,, Sil,, GeF,, and SnF, respectively
(in 8): 1.54 (1.69); 2.01 (2.05); 2.25 (2.22); 2.43 (2.44);
1.67 (1.75); 1.84 (1.94). These findings were used by
Brockway and Wall*’ and also by Pauling® as a basis for the
introduction of the concept of the dg—py conjugation between
the d orbitals of silicon and the unshared electron pairs of
the halogens. A tendency has been observed towards a
decrease of the discrepancy between the experimental and
calculated E—X lengths in the series Si > Ge > Sn and F >
Cl > Br > I; however, one should note that analysis of the
discrepancies is complicated by the inadequate accuracy of
the experimental E—X distances and some uncertainity in their
calculated values.

The double bond character of the E—X fragments has been
demonstrated more unambiguously by spectroscopic methods
and by experiments designed to investigate the dipole moments.
The occurrence of d;—py binding between the E and X
atoms is indicated by a whole series of facts,

1. The high valence force constants of the Si—X (X = halogen)
indicating the partial double character of these linkages. A
detailed examination of the dependence of the force constants
on the electronic effects of the substituents led to the conclu-
sion®?®732 that the force constants of the Si—X bonds cannot
be described solely in terms of the inductive influence of X
and other substituents.
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2. The higher energies of the unshared electron pairs of
the halogens in silicon compounds compared with the isostruc-
tural carbon compounds and the intermediate values of the
germanium derivatives®*™%, Thus the vertical ionisation
potentials of the np orbitals of the halogens, determined by
photoelectron spectroscopy, are 11.28, 11.61, and 11.34 eV
for CH,Cl, SiH,Cl, and GeH,Cl respectively and 10.70, 11.03,
and 10.72 eV for CH,Br, SiH,Br, and GeH,Br respectively®’.
It might have been expected that the replacement of a carbon
atom by a less electronegative silicon or germanium atom would
lead to an increase of the negative charge on the Cl and Br
atoms and hence to a decrease of the ionisation potentials of
the halogens. However, this is not observed experimentally
owing to the manifestation of m-acceptor properties by the
silicon atom (and to a lesser extent by the germanium atom).

3. The low-electron-donating capacity of chlorosilanes in
the formation of a hydrogen bond®’. In conformity with the
ionisation potential data examined above, the compounds
(CH;);MCl and (CH,),ECl, (E=C, Si, Ge, or Sn), which are
electron donors in the formation of a hydrogen bond with
phenol, exhibit the lowest electron-donating capacity for
E =8i. This also confirms the partial delocalisation of the
unshared electron pairs of the chlorine atoms over the vacant
3d orbitals of the silicon atom.

4. The opposite signs of the conjugation contributions of
the substituents Ri to the NQR frequencies of the halogens in
the carbon derivatives (Rj);CX and derivatives of the silicon
subgroup elements (Rj);EX, where X = Cl or Br and E = Si,
Ge, or Sn.%® It has been observed that the NQR frequencies
(characterising the state of the valence electrons and the
type of chemical bond in which the halogens are involved)
are correlated, within the limits of each of the above eight
series of compounds, with the sums of the inductive Taft con-
stant o* of the substituents R;. However, a more rigorous
treatment leads to the conclusion that one must take into
account not only the inductive but also the conjugation influ-
ence of R; on the NQR frequency. Analysis of the correla-
tion analysis data indicates an increased multiplicity of the
E—X bonds and its dependence on the dy—py interaction in
the E~R; fragments. -

5. The reduced frequencies and increased intensities of
the absorption bands associated with the stretching vibra-
tions of the E~H bonds (E = Si or Ge) in the infrared spec-
tra of halogenosilanes and halogenogermanes compared with
the values expected on the hypothesis of a purely inductive
influence of the halogens®®™*2. The transfer of electron den-
sity in the H-E—X fragment from the halogen atom to the E
atom leads on the one hand, to a decrease of the acceptor
properties of the halogen and a decrease of the force constant
of the E~H bond and of its stretching vibration frequency
and, on the other hand, it induces an increase of the nega-
tive charge on the hydrogen atom of the E-H bond and
increases its polarity and the intensity of the E—H stretching
vibration band in the infrared spectrum.

6. The increased shielding constants of the methyl and
ethyl groups in the 'H NMR spectra of alkylhalogeno-silanes
and -germanes R;_nEXp (R = CH, or C,H;; E = Si, or Ge;

X =F, Cl, Br, or I).*®* Calculation taking into account the
purely inductive influence of the substituents on the chemical
shifts of the protons in the group R by the method of corre-
lation analysis with corrections for magnetic anisotropy leads
to a discrepancy between the calculated chemical shifts and
their experimental values. The increased shielding of the
groups R is a result of the weakening of the electron-accept-
ing properties of the halogen atoms in consequence of the
dg—py interaction in the E—X fragments.

7. The smaller dipole moments of halogencsilanes compared
with the corresponding halogenomethanes®. On the basis of



822

the lower electronegativity of silicon compared with that of
carbon, a greater polarity of the Si—X bond compared with
C—X might have been expected. However, experiment failed
to confirm this. The example of the simplest silane deriva-
tives shows that the polarity of the Si~X bonds® as well as
the polarity of the E~X bonds in alkylhalogeno-derivatives of
silicon, germanium, tin, and lead (see, for example, Sorriso
et al. **) is reduced owing to the delocalisation of the unshared
electron pairs of the halogen atoms over the nd orbitals of the
E atoms.

2. The E-Group VI Element Bond

Among the compounds having this bond, the practically
important derivatives containing the Si—O siloxane linkage
and the Si—0-S8i disiloxane linkages have been studied in
greatest detail. Modern ideas about the nature of the silox-
ane linkage have been considered in a monograph*®. The
characteristic results of the manifestation of a strong d —pn
interaction in the Si—O bond are as follows*®: the shorter
length of the 5i—0 bond (~1.65 A) compared with the sum of
the covalent radii (1.83 A) of the silicon and oxygen atoms;
the greater Si—O-Si angle (105—180°); the high energy
(100-120 keal mol™!) and high force constant*® as well as the
low polarity (dipole moment 1.2—1,6 D) of the Si—O bond;
the weak-electron-donating properties of the oxygen atoms
in alkoxysilanes, which are still further reduced in disilox-
anes compared with the corresponding carbon analogues; the
appreciably greater acidity of silanes compared with car-
binols,

The strong dq—p; interaction in the Si—O bond is appre-
ciably weakened on passing to the Ge—O fragment. The
expected bond length in (H;Ge),0 is therefore smaller by
only 0.06 A than the experimental value and the Ge—O—Ge
angle (126°) is significantly smaller than the Si—0-=8i angle
in disilyl ether (144°).*” The E—O-E angles in the
[(CH,);Gel,0 and [(CH,);Sn],0 molecules, which are ~141°,
indicate the important role of the effect of the dn—pn interac-
tion also in the formation of the Sn—O bond*®.

Systematic studies of the dependence of the d;—pg inter-
action in the E—X fragment on the nature of the silicon sub-group
elements E and the group VI elements X have been carreid out
by infrared spectroscopy and 'H NMR *%43:46:49:50  The yse
of correlation analysis methods showed that the frequency
and intensity of the stretching vibrations of the E—H bond in
the infrared spectra of compounds with the H—-E—X (E = Si,
or Ge; X =0, S, or Se) fragment are determined, apart
from the inductive effect, also by the conjugation interactions
in the E-X groups. The role of such interactions diminishes
with increase of the atomic number of the elements E and X,
i.e. in the sequences Si > Ge > Sn and O > S > Se > Te. The
contribution of the dy—p; interaction to the Si—Te bond is
extremely small if any.

A convincing confirmation of these conclusions was obtained
by three independent methods: in the study of the relative
electron-donating capacity of compounds with E-X—E groups
in the formation of hydrogen bonds by them®'; in the analy-
sis of the chemical shifts in the H NMR spectra of the pro-
tons of the CH4;E groups of the compounds (CH;);SiXCH,

(X =0 or S) and (CH,);GeOCH,; *® in the study of the vari-
ation of the stretching vibration frequency v(E—C) as a func-
tion of the substituents X in organodielemental compounds of
the type [(C,Hg);EInX, where E = Si, Ge, or Sn and X is a
Group I-VII element®?. The following features of the spec-
troscopic parameters, which do not agree with the hypothesis
of their dependence solely on the inductive influence of the
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various substituents, have been found using these three dif-
ferent methods: (1) the change in the electron-donating cap-
acity of compounds with E-X—E groups, where E is a silicon
subgroup element, as the Group VI elements X are varied is
inconsistent with the sequence O > S > Se > Te known to
hold*? for carbon compounds. The differences diminish with
increase of the atomic numbers of the elements E and X. The
increase of the mobility of the hydrogen in the X—H group
in structurally similar compounds with the E-X~H fragment
corresponds to a decrease in the electron-donating capacity
of the compounds with such a fragment®“%¢; (2) corrections
for magnetic anisotropy and the inductive effect showed that
the shielding constants of the protons of the CH;E group in
trimethylmethoxygermane and to an even greater extent in
trimethylmethoxysilane are too high, The shielding constant
of trimethylthiosilane has increased less than the constant of
trimethylmethoxysilane*?; (3) the points corresponding to
compounds with E~Group VI element bonds deviate from the
linear correlation between the v(E~C) frequencies in the
compounds [(C,Hs);E]nX and the electronegativity of the ele-
ments X (where X is a Group I-III element); the deviations
decrease in the sequence O > S > Se > Te.* However, they
cease to be "anomalous" if one takes into account the effect
of dy—py interaction. In the E—X and E—X—E fragments
this effect opposes the inductive effect of the atom X and
therefore leads to the above deviations, which diminish with
increase of the atomic numbers of the elements E and X
Specific aspects of the problem of the dgq—pq interaction
have been examined in a number of studies, in which details
of the general relations discussed above were obtained. One
of the most significant problems in this connection is competi-
tion between the effects of the dn—py interaction and p, 7 con-
jugation in compounds containing groups of the type C¢Hs

X-si¢ and R—C(= 0)OEL.**¥. In C.H,SiH, both unshared
N ~ . 655 3
electron pairs of the oxygen atom are involved in conjuga-
tion—one with the benzene ring and the other with the silicon
atom*’[sic], *®*. In contrast to oxygen, the sulphur atom sup-
plies only one electron pair for conjugation®®. Therefore in
C¢HsSSiH; only the energetically more favourable conjuga-
tion with the benzene ring takes place, while there is no
dp—pq interaction in phenylthiosilanes, in contrast to alkyl-
thiosilanes*?. The reduction of the electron density at the

oxygen atom of the E—O—-C fragment in benzoates and ace-

tates in consequence of the RaE—(—gl—'CR =OO conjugation is

responsible for the small amount of the dy—py character of
the M—O bond in these compounds®’, compared with, for
example, the alkoxy-derivatives of the elements E.

3. The E—Group V Element Bond

Fairly clear evidence in support of the operation of the
effect of the d;—py interaction in some of the E—Group V ele-
ment bonds has been obtained in structural studies, selected
results of which are presented in Table 1.

A classical example of the influence of the dy—pr interac-
tion is the planar disposition of the heavy atoms in trisilyl-
amine (with the Si;N molecular skeleton), in contrast to the
pyramidal structure of the C;N fragment in trimethylamine.
The delocalisation of the unshared electron pair of the nitro-
gen atom over the 3d orbitals of the silicon atoms leads to a
sharp reduction of the basicity of trisilylamine compared with
trimethylamine®, Solely on the basis of the smaller electro-
negativity of the silicon atem compared with the carbon atom,
one would actually expect a greater basicity of trisilylamine
compared with trimethylamine, The configuration of the
bonds involving nitrogen atoms becomes nearly planar also in
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the molecules of disilylmethylamine, silyldimethylamine, tri-
germylamine, and Sn[N(CH,),]),. %% This shows that the
effect of the d;—pr interaction contributes to the energy of
not only the Si—N bond but also the Ge—N and Sn—N bonds.
However, owing to the decrease of the contribution of the
dq—p g interaction with increase of the atomic number of the
elements E, the heavy atoms in trigermylamine arenot entirely
coplanar, unlike trisilylamine®®. In contrast to derivatives
with E—N bonds, the trisilylphosphine and trigermylphosphine
molecules have a pyramidal configuration, while their E~P—E
valence angles differ slightly from the C—P-C angle (~100°)
in trimethylphosphine. The heavy atoms are also non-coplanar
in trisilylarsine and trisilylstibine (Table 1).

Table 1. The bonds lengths and valence angles in deriva-
tives of Group V elements.

E -X bond length, A
calculated as the sum| E-X-E .
Compound experimental of covalent radii of angle (°) References
E and X (Ref.60)
(HgSi),N 1.734 1.87 119.7 61
(H;Si),NCH, 1.726 1.87 125.4 61
H,SiN(CH,), 1.715 1.87 — 61
(H,Si),P 2,27 06.8 62
(H;Si)5As 2.38 94.1 o2
(H,Si),Sb 2.58 89 62
(H,Ge),N 1.92 116 63
H,GeNCO 1.92 — 61
(H,Ge),P 2732 95.7 62
(HC),N 1.47 108 60
(H,C),p 1.87 100 60
(Hy0)3As 1.98 96 60

It follows from Table 1 that the Si—N and Ge—N interatomic
distances deviate appreciably from the sum of the covalent
radii of the E and N atoms. As in siloxanes, in silazanes the
Si—N bond length is reduced (the bond length calculated from
the covalent radii after introducing corrections for the amount
of ionic character of the bond by the Schomaker—Stevenson
method®® is 1.80 A) and the valence angles at the nitrogen
atom are increased. These facts agree with the hypothesis
of an increased order of the Si—N bond in silazanes due to the
dy—pr interaction®’. Thus structural data clearly indicate an
increase of the E-N (E == Si, Ge, or Sn) bond orders. The
amount of double bond character then decreases withincrease
of the atomic number of E.

On the other hand, the experimental E—X bond lengths
(where E = Si or Ge and X = P, As, or Sb) virtually agree
with the sum of the covalent radii of the E and X atoms. As
stated above, compounds containing such bonds have a
pyramidal structure like their carbon analogues (i.e.with
E =C). Thus the structural data for derivatives containing
elements of the phosphorus subgroup do not indicate an
appreciable increase of the angles or a decrease of the inter-
atomic distances which might be ascribed to the influence of
the effect of the dqg—pny interaction,

These facts, pointing to a significant weakening of the
dn—py interaction already on transiton from the E-N bond to
the E—P bond were subsequently convincingly confirmed by
infrared spectroscopy®®. Analysis of the stretching vibra-
tion frequencies of the Si—H bond in the infrared spectra of
compounds with the H~8i~N fragment showed that values of
v(Si—H) depend not only on the inductive influence of the
three substituents at the silicon atom but are also determined
by the influence of several mesomeric effects, the principal
ones being those of the dy—py interaction and the o,p conju-
gation. In contrast to this, the frequencies v(Si—H) in the
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infrared spectra of compounds containing the H-Si-P frag-
ment depend solely on the inductive influence of the three
substituents linked to the silicon atom®®,

The significant dq—py character of the Si—N bond and the
absence of double bond character in the Si—P group can be
explained by assuming that the dy—py interaction in the E-X
bond has a profound analogy with conjugation effects in
organic chemistry, for example, with the effect of p, ™ conjuga-
tion in the benzene derivatives C¢gHs;—X (where X has the
same substituents as in the organo-elemental compounds with
the E-X bond). The possibility of drawing such an analogy
is justified in detail in Section III of the present review.

The proposed approach makes it possible to regard dy—py

interaction as a process which depends on two factors: the
electron-accepting properties of the atom E and the electron
donating properties of the substituent X. It is well known®®
that, as a substituent in an aromatic ring, the dialkylamino-
group exhibits an exceptionally high capacity for conjugation,
This property of the dialkylamino-group is responsible for the
considerable amount of the dy—p, character of the Si—N bond
in fragments of the type Si—~N(CH,),.%® The P(CH,), group
has a low capacity for conjugation of the p, 7 type’® due to
the weak p character of the orbitals of the unshared electron
pair of tervalent phosphorus’*. This is the reason for the
virtual absence of dq—p ; character in the Si—P bond®®, which
applies to an even greater extent, according to structural
data, to other bonds of the type E—P and also to E~X bonds
where X is a phosphorus subgroup element®2.

Important information about the m-acceptor properties of
silicon subgroup elements E has been obtained in a syste-
matic study of the electron-donating capacity of compounds
containing E-N fragments®%72-%%  The electron-donating
capacity was estimated from the shift of the stretching vibra-
tion frequency of the C—D bond in deuterochloroform or the
N-H bond of pyrrole in the infrared spectrum when the above
compounds form a hydrogen bond with organoelemental com-
pounds. The electron-donating capacity of organosilicon,
organcgermanium, and organotin amines depends significantly,
like that of the usual organic amines, on the nature of the
substituents linked to the Group IVb element; inthe absence
of appreciable steric hindrance, it decreases steadily with
enhancement of the electron-accepting properties of the sub-
stituent. In isostructural series of compounds with a vari-
able element E, the electron-donating capacity depends
greatly on the nature of the atom E,7°~77:7,

In all cases, the electron-donating capacity of amines hav-
ing one or several Si—N bonds is greatly reduced compared
with that for the corresponding carbon compounds®%:72:75,

A typical example is provided by the extremely low electron-
donating capacity of trisilylamine®, while trimethylamine is a
strong base. The electron-donating capacity of germanium-
containing amines is also appreciably weakened compared with
that of carbon compounds of analogous structure’®”7”’, The
relative electron-donating capacity of the nitrogen atoms in
isostructural compounds is reduced to the sequence C—-N-C >
C—N—-Ge > Ge—N—Ge > C—N—-8i > Si—N—Si when the immediate
environment of the nitrogen atom is altered’®. This sequence
is directly opposed to that expected on the basis of the elec-
tronegativities of the Group IV elements. The electronega-
tivity varies in the sequence C > Ge > 8i,° so that it might
have been expected that carbon-based amines and silylamines
would exhibit the minimum and maximum electron-donating
capacities respectively. The experimentally observed oppo-
site sequence of electron-donating capacities indicates the
delocalisation of the unshared electron pairs of the nitrogen
atoms over the vacant nd orbitals of the E atoms (i.e. dy—pg
interaction occurs). This effect is enhanced on passing from
germanium derivatives to silylamines and also with increase
of the number of silicon atoms linked to the nitrogen atom®.

[
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The w~acceptor properties of the E atoms, which involve
the transfer of electron density in the E—N fragments from
the nitrogen atom to that of the silicon subgroup element,
should lead to an increase of the mobility of the hydrogen
atom in the E-N—H group compared with that expected on
the basis of the inductive effect of the substituents linked to
the nitrogen atom. The validity of this conclusion was dem-
onstrated by comparing the relative acidities of amines and
silylamines. It has been shown by infrared spectroscopy
that, on formation of a hydrogen bond, silylamines exhibit
much more pronounced electron-accepting properties than
their carbon analogues in relation to electron donors to which
they are linked by hydrogen bonds’7%:8%8  The effect of
the d;—py interaction in the Si—N bond leads to the appear-
ance of electron-accepting properties in the R Si group, as
a result of which the mobility of the hydrogen atom in com-
pounds containing the R;Si—N—H fragment increases sharply

An extremely characteristic feature of compounds with an
E—N fragment is the significant role of conjugation effects in
the latter, which operate together with the d —p, interaction.
The specific features of the appearance of these effects are
determined mainly by two factors: firstly, the exceptionally
high capacity of the dialkylamino-group for conjugation,
which has already been noted, and, secondly, the presence
of only one electron pair at the nitrogen atom and the conse-
quent possibility of competition between different conjugation
effects involving this pair. If the conjugation effects are
comparable in intensity, they do not appreciably weaken one
another, acting independently, On the other hand, if one
of the effects is energetically clearly preferable, its influence
becomes dominant and that of the other effects is suppressed.
The situation of the first type is characteristic of alkyl(di-
alkylamino)silanes and that of the second type is characteris-
tic of N-trimethylsilyl, N-trimethylgermyl, and N-trimethyl-
stannyl derivatives of aniline.

Analysis of the factors influencing the frequency and
integral intensity of the stretching vibration of the Si—H bond
in the infrared spectra of ethyl(diethylamino)silanes shows
that, together with the dq—p; ig{eraction, a second mesomeric
effect—the o0, p conjugation R,N=Si + H—plays a significant
role in the Si—N bond in these compounds®*. The manifesta-
tion of the o, p conjugation is promoted by the small inductive
effect (of = 0.1) and the high capacity of conjugation (og =
-0.8) of the diethylamino-group. The introduction of second
and third diethylamino-groups into the silane molecule is
accompanied by the enhancement of the overall -I effect of the
substituents, but the inductive effect is fully compensated by
the electron-donating properties of the diethylamino-group
via the d;—py; and o, p conjugation mechanisms. Therefore,
in contrast to any other silanes with functional groups, the
frequencies v(Si—H) decrease, and not increase, as the num-
ber of diethylamino-groups is increased. The dipole moment
of the Si—H bond and the negative charge on the hydrogen
atom in ethyl(diethylamino)silanes become greater than in
trialkylsilanes as a result of the joint influence of the effects
of the d,—py interaction and the o, p conjugation®®.

Typical systems in which the competition between the
effects of the d—p; interaction and the p, T conjugation
induces a virtually complete suppression of the former effect
are N-substituted anilines®®. In the study of these com-
pounds by infrared spectroscopic and NMR methods no stereo-
chemical evidence for the occurrence of the dy—pPr interaction
in the E~N bonds was found. This is caused by thestronger
p, T conjugation of the single unshared electron pair of the
nitrogen atom with the aromatic ring in the fragment E-N~

@-(E = 8i, Ge, or Sn) compared with the d,—p interac-
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tion in the E—N bonds®®. A similar phenomenon has been
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observed, as already mentioned above, in phenylthios&il&nes"s
where the involvement of the sulphur atom in p, 7 conjugation

with the aromatic ring Si—-§&© leads to the "switching off"

of the d;—p_
of silicon.

Thus, other conditions being equal, the d;—p, interaction
is energetically less favourable than the p, T conjugation.

interaction between this atom and the 3d orbitals

4. The E—Aromatic Ring Bond

The m-acceptor properties of silicon subgroup elements E
in relation to an aromatic ring linked to them are indicated by
numerous spectroscopic data. The principal data refer to
the study of benzene derivatives; only a few have been con-
cerned with aromatic heterocycles.

The electron-accepting properties of the E atoms linked
to an aryl substituent are indicated by a series of data.

1. The higher energies of the first band in the photoelec-
tron spectrum of phenylsilane compared with toluene, which
indicate the stabilisation of the highest energy orbital in phe-
nylsilane via d;—p; binding®®. This has been confirmed by
data for halogenotriphenyl derivatives of Group IV elements®’
and for the p-substituted derivatives of trimethylphenyl-
silane®® %, which also indicate an appreciable transfer of
electron density from the benzene ring to the silicon atom.

2. The enhanced electron-accepting properties of the sub-
stituents ER, compared with the corresponding carbon substi-
tuents (according to NMR data). ‘H NMR and particularly
1F NMR of benzene derivatives constitute thoroughly devel-
oped methods for the estimation of the electronic effects of
substituents linked to the benzene ring®®. In particular,
the secondary scale of Hammett constants is based on NMR
data®”. Derivatives of trimethylphenylsilanes containing dif-
ferent substituents in the ortho-, meta-, and para-positions
have been studied by NMR *!: compounds of the (CgHg),EX
series (E is a group IVB element and X are different substi-
tuents)®?; the fluoro-derivatives m- and p-FC H,E °%; the
pentafluorophenyl derivatives of Group IVB elements®;
organotin compounds containing monofluorophenyl substi-
tuents®*”°%7. The above investigations showed that, in the
case of all the organoelemental substituents, including the
organotin substituents, ideas based on the electronegativi-
ties of the silicon subgroup elements are insufficient for
the description of the characteristic features of the variation
of the chemical shifts and the spin—spin coupling constants.
The electronic interactions between the organoelemental sub-
stituents and the aromatic ring proceed via a combined
(inductive and resonance) mechanism (dn—p." interaction).

3. The increase, according to microwave spectroscopic
data®®, of the potential barrier to the rotation of the silyl
group in phenylsilane, compared with the analogous quantity
for the methyl group in toluene, owing to the d,~p; binding
between the silicon atom and the aromatic ring.

4. The smaller electron-donating capacity of silicon- and
germanium-containing derivatives of benzene compared with
their carbon analogues on formation by these compounds as
m-donors of a hydrogen bond with electron acceptors?®1%,
This effect is caused by the reduced electron density in the
benzene ring in organoelemental compounds in consequence
of the dy~p; interaction in the E-C¢H;y fragments,

5. The higher frequencies, vop, of the charge-transfer
bands in the electronic absorption spectra of charge-trans-
fer complexes of phenylsilanes with tetracyanoethylene com-
pared with their carbon analogues and the intermediate values
of Ve in phenylgermane complexes*®®~*%?,  Charge-transfer
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complexes of the m, T type are formed between mdonors (aro-
matic compounds) and n-acceptors (for example, tetracyano-
ethylene). The absorption of a light quantum hvgy by such
a complex causes the transition of the latter from the ground
to an excited state. The energy hvcT is linearly related to
the ionisation potential of the m-donor and the ¢, constants
of the substituents in the aromatic ring*°®., Analysis of the
values of vor in the spectra'®~2%% and of the calculated
Brown—Okamoto 0,{ constants shows unambiguously that the
overall electronic effect of the substituents ER, in the ring
(E is a silicon subgroup element) is the sum of two compo-
nents—inductive and resonance (i.e. d,—p, interaction takes
place). The d —p; interaction is most pronounced in phenyl-
silanes.

6. Theinadequacy of inductive ideas alone for the descrip-
tion of the nature of the changes in the frequencies and
intensities of the stretching vibration bands of the E-H bond
(E = Si or Ge) in the infrared spectra of silane and germane
derivatives containing phenyl substituents*®~*%%%,1%5 Thig
is caused by the effect of the d,—p, interaction in the E~C¢H;
fragments. The dependence of the effectiveness of the
d;—p, binding on the nature of the substituents in the aro-
matic ring will be specially considered in Section III of the
present review in relation to arylsilanes'®®,

7. Numerous data for the dipole moments of phenyl de-
rivatives of Group IVB elements, which have been discussed
in fair detail in a number of reviews®%® and surveys'?®71%°
have shown that the ER, fragments (E is a silicon subgroup
element) manifest, together with a positive inductive effect,
a negative mesomeric effect (d;—py interaction), which dimin-
ishes on passing from organosilicon compounds to germanium
and tin derivatives. The degree of d;—p; interaction
depends on the nature of the substituents at the E atom and
in the benzene ring. The presence of typically electron-
donating substituents in the para-position in the ring leads
to a direct polar conjugation effect in which the ER; fragment
behaves as an acceptor centre,

As mentioned above, the d;~p; interaction between the E
atoms and the aromatic ring has been studied mainly for ben-
zene derivatives. Howevep, it has been established in a
number of studies''*~*!7 that significant 7binding is charac-
teristic also of silylnaphthalenes.

Electronic spectroscopy of charge-transfer complexes has
been used to investigate the m-acceptor effects of organoele-
mental substituents in thiophen®!® and furan'!? derivatives.
Analysis of the frequencies of the charge-transfer bands in
the spectra of charge-transfer complexes of these compounds
(m-donors) with tetracyanoethylene (m-acceptor) and also
comparison of these frequencies with proton chemical shifts
in NMR spectra show convincingly that the electron-donating
properties of the trimethylsilyl and trimethylgermyl groups
are weaker than those of the t-butyl group owing to the
d;—p, interaction. The decrease of the d;—p, character of
the E~furyl bond as E is varied in the sequence Si > Ge >
Sn !!° has been established in relation to furan derivatives
and has been confirmed by NMR data’??.

Thus the sum total of the available spectroscopic data
clearly indicates the d—py character of the E—aromatic ring
bonds.

5. E-C =C and E-C = C Systems

Numerous literature data have confirmed the involvement
of the 7 electrons of an o, B~unsaturated hydrocarbon substi-
tuent linked to a silicon subgroup element (E) in d;—p inter-
action with the vacant nd orbitals of the E atom. The most
striking of these results are described below.
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1. The smaller valence force constants of the C = C %12
and C = C !22712% ponds in organoelemental derivatives, com-
pared with their carbon analogues, which is particularly pro-
nounced for silicon derivatives. For example, the carbon—
carbon bond orders in the compounds H;EC = CH with E =C,
Si, or Ge, are respectively 2.65, 2.47, and 2.53.%* The
maximum degree of delocalisation of the T electrons of the
multiple bonds over the vacant d orbitals in the silicon com-
pounds corresponds to the minimum order of the multiple
bond in these compounds.

2. The lower electron-donating capacity of organoelemen-
tal compounds (as m-bases in the formation of hydrogen bonds
with electron acceptors'2?:12%:128 and as m-donors in the forma-
tion of charge-transfer complexes of the m,m type!27:128),
linked indirectly to the lower force constant, as well as the
greater mobility of the acetylenic hydrogen atom of the E~C =
C—H fragment (E is a silicon subgroup element) compared
with carbon analogues*?*®™**2,  All these factors, caused by
the macceptor properties of the E elements, are most strongly
manifested in silicon compounds, while in lead derivatives
they are virtually absent'?°,

3. The inadequacy of inductive ideas alone for the descrip-
tion of the change in the frequency of the highly character-
istic?® out-of-plane deformation vibration of the =CH, group
in the infrared spectra of ethylene derivatives CH, = CH-ER,
containing organoelemental substituents ER; (E = Si, Ge, or
Sn). '3  The frequency of this vibration is determined by
the joint inductive and mesomeric (w,m and m,p conjugation
as well as d;—p; interaction for organoelemental compounds)
effects of the substituents.

4. The occurrence of a resonance interaction, together
with the inductive effect, between the silicon atom and the
C =C and C = C fragments, which is manifested in the infra-
red spectra of silane derivatives containing such fragments 3>,
The influence of the resonance effect (d;—p, interaction) is
shown by the deviation of the stretching vibration frequen-
cies of the Si—H bond from the values expected on the basis
of allowance for the purely inductive effect of these frag-
ments.

5. Analysis of the parameters of the NMR spectra*3¢-1%0

and the dipole moments!?19%137 of grganoelemental deriva-
tives of ethylene and acetylene also demonstrate the neces-
sity to take into account the macceptor properties of silicon
subgroup elements in the interpretation of the experimental
relations.

The experimental data considered in this section indicate
unambiguously the presence of m-acceptor properties in
silicon subgroup elements (E) with respect to the n- or
p-donor type substituents linked to them (d,—p, interaction).
In compounds having one E = X bond or one E-X—E frag-
ment the capacity for d,—py interaction is reduced with
increase of the atomic numbers of the E and X atoms. The
decrease of the capacity for d —p interaction with a con-
stant E and a variable X is greater the smaller the number
of the Group in the Periodic System to which X belongs.
Other characteristics of the d,~p; interaction will be exam-
ined in Section III.

The results of the experimental study of the d Dy inter-
action have been confirmed by quantum-chemical calculations
by the molecular orbital method using various approximations.
These calculations indicate an appreciable involvement of the
vacant d orbitals in the formation Si—0Q,*!7143 gj_ N 4#-1u6
Si—halogen®*¢ "8 | gi—apy143149-155  Ge_C (H,, *5? and
Si—C = C '%%1% ponds. However, as mentioned in the
introduction, the conclusions reached in such calculations
can depend on the accuracy of the method employed, which
reduces sharply their value compared with experiment.
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It1. THE NATURE OF THE mn-ACCEPTOR EFFECTS IN
COMPOUNDS OF SILICON SUBGROUP ELEMENTS

Numerous literature data have shown that spectroscopic
methods make it possible to investigate the fine details of the
m-acceptor properties of silicon subgroup elements. Without
going into the details of the mechanism of the m-effects, we
adopted for these effects, following the majority of published
studies, the terms d, —p; interaction (interaction between an
E atom and a substituent X which is an n- or mdonor in the
E-X fragment) and (p—d) o-interaction (interaction through
space between atoms E and X not linked by a valence bond).
The use of these terms is absolutely correct only when it is
demonstrated unambiguously that the nd orbitals of the E
atoms are responsible for the manifestation of macceptor
properties by the latter. There is no direct evidence for
this at the present time, but there exist no firmly demon-
strated alternative to the hypothesis of vacant nd orbitals.

At the same time extensive experimental data have been
accumulated on the relations obeyed by the m-acceptor pro-
perties of silicon subgroup elements. Under these condi-
tions, it is important to analyse the extent to which the con-
clusions reached on the basis of these experimental data are
consistent with the postulates of the nd-orbital hypothesis.
In the fundamental study by Jaffé '* and in other investiga-
tions®2%12715 it was shown that the dy—p; bonds in the
E-X fragment are formed when the following three necessary
and sufficient conditions are fulfilled: (1) the substituent
X must possess n- or mT-donor properties; the involvement
of d orbitals should lead to effects similar to those arising on
conjugation of m-bonds; (2) there should be a positive charge
on the atom E, an increase of which should entail an enhance-
ment of the d,~p_ interaction; (3) the effect of the d;—py
interaction arises only in the presence of high overlap inte-
grals of the p; and d; orbitals of the interacting X and E
atoms.

These conditions are inter-related. For example, the con-
traction of the d orbitals of the atom E and the decrease of
the energy and electron affinity with increase of the positive
charge on the E atom'® create more favourable conditions for
the interaction of the d orbitals of the E atom with the py
orbitals of the X atoms, i.e. they increase the overlap inte-
grals of the interacting orbitals of the E and X atoms'’.
Under these conditions, it is extremely significant that the
molecular d orbitals are much less diffuse and have a much
lower energy than the corresponding atomic orbitals** and
their energy is therefore closer to that of the p, orbitals of
the X atom. In addition, the size of the molecular drr orbit-
als, their energy, and the values of their overlap integrals
with the p, orbitals of the X atom depend also on the nature
of the substituents at the E atom®®, Electron-accepting sub-
stituents linked to E increase the positive charge of the lat-
ter and favour the d,~p, interaction'*. Conditions (2) and
(3) quoted above are therefore closely related.

At the same time condition (3) is of independent impor-
tance, particularly when not one but several X atoms involved
in d,~pq interaction with tetrahedral E atoms are linked to the
latter. Under these conditions, owing to the difference
between the valence angles (~109.5°) and between the angles
between the maximum intensity vectors of the d  orbitals
(90°), the interaction of E with several X proceeds when the
orientation of the d; orbitals is such that it does not lead to
the maximum overlap integral in any of the E~X bonds''. In
view of this, the overall effect of the d —p; interaction in the
molecule depends strongly and non-additively on the number
of X atoms linked to E. 1'%,

The main task of the present section of the review is to
examine to what extent the results of experimental studies
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of the d,;—py interaction are consistent with the above three
conditions for the formation of d,—p; bonds and the conclu-
sions arising therefrom.

1. Analogy Between the mAcceptor Effects of the Elements
E and the Conjugation Effects in Carbon Compounds

Systematic studies of the m-acceptor properties of silicon
subgroup elements E, carried out in relation to organosilicon
and organogermanium compounds by infrared spectroscopy
and H NMR, 3940:49,50,15%,158 hayve shown unambiguously that
the elements E exhibit m-acceptor properties only when they
are linked by direct chemical bonds to the group X in the
E-X fragment, where X can be an atom with unshared elec-
tron pairs (n-donor) or an o, B-unsaturated hydrocarbon
radical (m-donor). On the other hand, if E and X are sep-
arated by a fragment of the type (CH,),, then the carbofunc-
tional substituent (CH,)nX in the group E(CH,)nX exhibits
only an inductive effect.

Generally speaking, the claim that the mutual influence of
the atoms E and X in the fragment E(CH,),X occurs solely
via an inductive mechanism is not entirely rigorous. In
reality, there can be interactions of at least two types
between these atoms. The first involves intramolecular coor-
dinati - =1 N g7

ination or the so-called a-effect (for n = 1): <E X.
e NcHy”
The results of a number of studies have shown®?%? that this
type of interaction takes place through space, but its mech-
anism continues to be the subject of a lively discussion®®.

A detailed examination of this type of interaction is of
independent interest and is outside the scope of the present
review. We shall only mention that the majority of the spec-
troscopic features of the manifestation of intramolecular coor-
dination in the fragment E(CH,),X can be given a non-con-
tradictory explanation if the following view on the mechanism
of the effect is adopted®. Intramolecular coordination takes
place between the atoms E and X. The X atom behaves as
an n-donor by virtue of the presence of unshared electron
pairs; the E atom then behaves as an acceptor by employing
the vacant nd orbitals with the formation of a new weak bond
of the (p—d) o-type with the atom X, The principal differ-
ence between the bond thus formed and the c-bond between
E and D in compounds of the type EX,D and EX,D, is that
the former has a much smaller energy, Thus the enthalpy
of formation of the (p—~d) c-bond in dimethylchloromethyl-
silane is ~1 kecal mole™ !, **® The low energy of bonds of the
(p—d) o-type is apparently largely caused by the impossibil-
ity of the mutual approach of the atoms E and X in the frag-
ment ECH,X to a distance close to the sum of the covalent
radii. Such mutual approach would require a significant
alteration of the geometry of the fragment ECH,X, which
involves a considerable expenditure of energy. Intramolecu-
lar coordination has almost no effect on the chemical shifts of
the protons of the group R in the fragments R—E (C = CH,
or C,Hs;; E = Si or Ge) in the NMR spectra of compounds
with the groups E(CH,),X, *2 and its influence on the fre-
quency and intensity of the stretching vibration of the E-H
bond in the infrared spectra of compounds with the fragment
H-E(CH,)pnX is manifested distinctly only for n =1 *®% and
can be taken into account by correlation analysis®?.

The second type of resonance interaction in the groups
E(CH,);X is the effect of the o,m conjugation manifested for

= 1. A detailed study of the frequency and intensity of
the v(E—H) vibration in the infrared spectra of compounds
with the groups H~E(CH,),X showed that the o,m conjugation

in benzyl H-ELCH, % Y and allyl (H-E£CHACH <'tH,)
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derivatives has almost no influence on the above spectro-
scopic parameters®®~*%%%,50,158  aithough this effect does
influence the change in electron density in the aromatic ring
and in the double bond®%125:161,162 = Thig is probably caused
by the comparatively small effect of the o, conjugation in
the ground electronic state, which intensifies appreciably
only in the presence of a positive charge in the benzene ring
or in the double bond, which follows from theoretical consid-
erations’®®1%* and from the electronic spectra of the charge-
transfer complexes of benzyl and allyl derivatives of silicon
subgroup elements®"®128,

Taking into account the foregoing it is possible to formu-
late the requirements which must be met by the correct empir-
ical method for the estimation of the m-acceptor properties of
the silicon and germanium atoms (E) in the fragment E-X.°
In the first place, it is necessary to have a sufficiently
representative series of compounds whose spectroscopic para-
meters depend exclusively on the electronic effects of the
substituents (inductive and conjugation effects) and are suf-
ficiently sensitive to the influence of substituents. In addi-
tion, it is extremely important that the research method
employed should make it possible to separate the overall
influence of the electronic effects of substituents into compo-
nents due to the influence of the inductive and conjugation
effects. The inductive and conjugation effects can be sepa-
rated by methods of correlation analysis, which have been
thoroughly developed for the study of problems of this kind
in unsaturated carbon compounds®’. The application of this
approach leads to the possibility of a quantitative study of
the characteristics of the manifestation of the m-acceptor pro-
perties of the elements E.

All the requirements enumerated above are satisfied by
silane and germane derivatives. Important information has
been obtained in the analysis of the frequencies and integral
intensities of the Si—H and Ge—H stretching vibration bands
in the infrared spectra of these derivatives®®™#»4%:8%157,156
The stretching vibration of the E—H bond (E = 8i or Ge)
takes place virtually only along the bond. The mass of the
substituents linked to the atom E does not affect these
vibrations. The mechanical interactions of the vibration
with other vibrations in the molecule are very weak, so that
the stretching vibrations of the E—H bond are highly charac-
teristic as regards mode. At the same time, when other sub-
stituents at the atom E are varied, the frequency and inten-
sity of the V(E—~H) band vibrations vary over a wide range
owing to the electronic effects of the substituents which alter
the force constant and the polarity of the E—H bond.

The v(Si—H) frequencies were first investigated in the
infrared spectra of compounds containing the Si(CH,)nX frag-
ments where resonance interactions between the atoms Si and
X are ruled out3¥434%132; the substituents in these compounds
exhibit only an inductive effect. The v(Si—H) frequencies
in the infrared spectra of the above compounds are therefore
linearly related to the sums of the inductive Taft constants
Y o*. For tri-, di-, and mono-derivatives of silane, indi-
vidual correlation straight lines parallel to one another are
observedt:

Vind :232(1' -+ 2112 (R,Sil]), (@8]

Ving - 23] 0 + 2121 (R,SiH,), (2)

+ Here and henceforth in this review the frequencies v,Av,

etc. are expressed in em™! and the intensities 10™* A are
expressed in mole”™* em™2.
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Ving = 23'S] 0* -+ 2132 (RSiHy). (3)

The existence of three correlation straight lines has been
explained by the hyperconjugation effect (o,c conjugation).???
If the molecule contains even one n- or m-donor atom or a
fragment X linked to a silicon atom, then the experimental
stretching vibration frequency of the Si—H bond (vexp) in
the infrared spectrum of such a compound becomes smaller
than the value calculated from the corresponding equation in
system (1)—(3). The differences Av = vind—Vexp are in all
cases positive®®***®  The difference Av is caused by the
manifestation of m-acceptor properties by the silicon atom.
The inductive -I effect of the substituent X and the m-accep-
tor effect of the silicon atom in relation to the substituent X
act in opposite directions. The resultant electronic effect
can therefore be interpreted as a decrease of the inductive
effect of the substituent X, which causes a decrease of the
values of vexp relative to vind-

The differences Av depend strongly on the nature of the
substituents X. Even a qualitative examination*®” shows that
the series corresponding to increasing Av is the same as the
series based on the increase of the capacity of the substitu-
ents X for conjugation with the benzene ring when the latter
is characterised by the quantity or (or = on—or, where oy is
the inductive component of the Hammett constant on of the
para-substituent in the benzene ring). Next it was shown!%’
that the quantities Av and oRr are linearly related:

Av=-—066 op-+3. (4)

The data examined above show, firstly, that the silicon
atom exhibits an acceptor effect only when the substituent
linked to it is an n- or m-donor and, secondly, that the
m-acceptor effect of silicon exhibits the features which are
observed in conjugation in unsaturated carbon compounds.

As mentioned at the beginning of this review, these fea-
tures constitute one of the conditions whose fulfillment con-
firms that nd orbitals are responsible for the manifestation of
acceptor properties by the atoms E. Taking into account
data'® for conjugation in ethylene derivatives, one may con-
clude that the mechanism of the d;—py interaction is similar
to that of conjugation with an aromatic ring and the vinyl
group. Thus the well known'? analogy in the behaviour of
the w,n-, m.p-, w.0-, and o,0-conjugated systems extends
also to dy—py interaction. When the molecule contains several
groups X capable of involvement in resonance interaction
with E, the degree of dq—py interaction depends on the posi-
tive charge on the atom E and on the group overlap integral
of the dy and py orbitals of the atom E and the substituents
X in the fragment EX. This will be examined in detail in the
next section.

Features similar to those observed for silane derivatives
are characteristic also of germane derivatives. Thus the fol-
lowing parallel correlation straight lines are observed for tri-
and di-substituted germanes containing substituents which
do not form dy—py bonds with the germanium atom"?!%®:

Ving == 232"‘+9015(R3G8H), (5)

ving = 23 S 6" + 2029 (R,Getl). (6)

T'he introduction into the molecule of a substituent capable
of dy—py interaction with the germanium atom leads, as for
silane derivatives®®*?, to a decrease of the experimental
stretching vibration frequency of the Ge—H bond (Vexp) rela-
tive to the value calculated from the corresponding equation
[(5) or (6)] on the basis of the inductive effect (vind). The
differences Av = Vind~Vexp» Which constitute a quantitative
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measure of the effect of the dy—py interaction for the com-
pounds R,XGeH and RXGeH,;, are linearly correlated with the
constants oR of the substituents X %¢;

Av=—53 gp+4. )

Comparison of the parameters of the linear equations (4)
and (7) demonstrates a smaller capacity of the germanium
atom for dy—py interaction compared with the silicon atom.
The latter is not characteristic only of silane and germane
derivatives, containing a single substituent in the molecule
capable of dg—py interaction with the silicon or germanium
atom, but is a general property of organoelemental compounds
of Group IVB elements. This problem will be examined in
greater detail in the next Section; here we shall only mention
that the values of Av in the infrared spectra of organosilicon
and organogermanium compounds (Avgj and Avge), incorpo-
rating from one to three substituents capable of dy—py inter-
action, are linearly related“’:

Avg, = 1.17 Avg,—4. (8)

It follows from Eqn.(8) that (a) the principal features of the
dp~py interaction in organosilicon and organogermanium com-
pounds are identical and (b) the germanium atom exhibits a
smaller capacity for dr—py interaction than the silicon atom.

The results obtained in the analysis of the stretching
vibration frequencies of the E—H bond in the infrared spec-
tra of silane and germane derivatives have been confirmed by
the intensities of these absorption bands (the intensity data
are quoted below).

Thus the mechanism of the m-acceptor effect of the E atoms
(E = Si or Ge) in compounds with the fragments E~-X has a
profound analogy with the effects of the conjugation of the
substituent X with an aromatic ring or the vinyl group. In
conformity with Jaffe's work!, this conclusion constitutes
the first argument in support of theinvolvement of the vacant
nd orbitals of the atoms E in the manifestation of m-acceptor
properties by these atoms.

Experimental data consistent with theoretical postulates
(2) and (3) of the nd orbital hypothesis are examined below.

2. Dependence of the T-Acceptor Effects on the Charge on
the Atoms E

As already mentioned at the beginning of this section, the
strength of the dg—py bonds E—X increases with increase of
the positive charge on the central element E.'* The increase
of the positive charge on E (for example, as a result of the
addition of electron-accepting substituents Y to the given E)
while the substituent X in the molecule XEY; remains :
unchanged induces a decrease of the energy of the dy orbitals
of the atom E, since the energy of the latter approaches that
of the py orbitals of the atom X.'* This entails an increase
of the overlap integrals of the py and d orbitals of the atoms
X and E and an increase of the strength of the dy—py bond
E-X.

We shall consider how well these theoretical postulates [(2)
and (3)] of the nd-orbital hypothesis are consistent with the
results of the spectroscopic study and the characteristics of
the m-acceptor effects of the silicon and germanium atoms in
organoelemental compeunds, Silane and germane derivatives
are convenient objects for the investigation of the dependence
of the y-acceptor properties of the element E (Si or Ge) on
its charge. As shown above, the difference AV = Vind—Vexp
between the stretehing vibration frequencies of the E~H bond
(E = Si or Ge) in the infrared spectra calculated by Eqns.(1)
to (3), (5), and (6), on the one hand, and the experimental
values Vexp, on the other, is a quantitative measure of the
electron-accepting properties of the atoms E.
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In the study of the dependence of the m-acceptor proper-
ties of the atoms E on their positive charge a number of diffi-
culties are encountered. They are associated with the fact
that an increase of the positive charge on E is usually
achieved by the addition to E of substituents X having a neg-
ative inductive -I effect. However, such substituents X are
as a rule n- or mdonors and are involved in resonance inter-
action with the atom E, which increases the electron density
on the latter. The magnitude and sign of the resultant
charge on the atom E (particularly in the presence of several
substituents X of the type under consideration) are therefore
determined by the ratio of the electron-accepting and elec-
tron-donating properties of the substituents, i.e. depend on
the relative roles of the inductive and mesomeric effects of
these substituents!®s,

For the reasons described, the dependence of the m-accep-
tor properties of the atoms E on their effective charge can be
conveniently investigated by considering the values of Av for
a series of compounds with an increasing number of substi-
tuents. Here the simplest case is provided by compounds
with a single substituent X of the type R,XEH or (more spe-
cifically) of the type (C,H;),XEH.'®” These compounds can
be regarded as products of the substitution of one ethyl
group in triethylsilane or triethylgermane by a substituent X.
Since the silicon and germanium atoms in triethylsilane and
triethylgermane have quite definite effective charges, the
m-acceptor effects of these atoms are determined largely by
the ability of the substituent X to transfer its unshared elec-
tron pairs to the atom E (dq—pr interaction). It is therefore
natural to compare Av,, characterising the m-acceptor effect,
with the parameter characterising the ability of unshared
electron pairs of the substituent X to participate in conjuga-
tion phenomena. As shown abeve, such parameters are the
constants oR. The linear correlation between Av, and oR in
compounds with a single substituent X [see Eqns.(4) and (7)]
now becomes entirely understandable.

Consider a compound RX,EH containing two substituents
X.1351%8  The values of Av, for these compounds, which
represent the differences vind—vexp and are calculated by
the method already examined, differ from the values of Avgqgq,
which are equal to twice the values of Av, for the correspond-
ing compounds R,XEH (Table 2), The compounds RX,EH can
be regarded as products of the substitution of an alkyl group
R in R,XEH by the substituent X. The effective charge on
the atom E in R,XEH depends both on the inductive -I effect
of X and on the opposted m-acceptor effect of E in relation
to X (or, inother words, the m—donor effect of X in relation to E).
The magnitude and sign of this effect determine the strength
of the second dg—py bond between E and X and hence the
overall T-acceptor effect of the atom E in X,EH.!*%1%  This
is the first cause of the discrepancy between Av, and Avgdgd
for RX,EH (Table 2).

The charge on the atom E induced by the substituent X
can be taken into account by the sum of two constants
o[ + OR, Where o] characterises the inductive effect of X and
oR characterises, as shown above, the m-donor effect of X in
relation to E. The sum of the constants o] + og represents
the Hammett on constant of the substituent X. The Hammett
constants are known®? to be proportional to the charges
induced by the substituent on the reaction centre. The on
constant of the substituent X is therefore the simplest param-
eter proportional to the effective charge on E. Following an
enhancement of the electron-accepting properties of X, on
for the substituent X increases and so does the positive
charge on the atom E.

According to theoretical ideas , the second cause of the
discrepancy between Av, and Avgdd [i.e. the origin of the
differences § (Av) = Av,~Avggq; See Table 2] is a complex

11,12



Russian Chemical Reviews, 49 (9), 1980

but non-additive relation between the two- centre and group
overlap integrals S. The group overlap integrals of EX, are
related to two-centre integrals s of the E-X bonds by the
expression S = /4/3s.'! However, the values of Av, for
RX,EH differ from the values of Avcale calculated by the for-
mula Avegle = v4/3Av,, where Av, are the corresponding val-
ues for the compounds R,XEH.

Table 2. The values of Av in the infrared spectra of the
compounds (C,Hg)X,SiH.

X ave omr? [Padds Ml gany, emel | Aeale | g, omel ) On
cm‘l

CeHg 18 18 0 10 8 0.01
CH,=CH 17 28 —11 16 1 —0.01

28 50 —22 29 —1 0.06
Cl 38 44 —6 25 13 0.22
Br 42 32 10 18 24 0.23
CH;0 15 76 —61 44 —29 —0.27
CH,S 26 m 18 25 1 —0.05

The differences A(Av) = Av,—Avga]e are due to a single
cause—the change in the effective charge on E as the substi-
tuents X are varied. The values of A(Av) should therefore
vary in parallel with the Hammett on constants of the substi-
tuents X; experiment confirmed this. It follows from the
relations

A(Av) =920, (RX.SiH), 9

A(Av) =67 6, (RX,GeH) (10)

that an increase of the positive charge on the atom E (i.e, an
increase of the values of op) leads to an increase of A(AV)
and hence of Av,, i,e. to an enhancement of the m-acceptor
properties of the atoms E. Such enhancement is more pro-
nounced for silicon compounds?®?15¢,

These conclusions were confirmed by a theoretical estimate
of the overlap integrals of the Si—X bonds (X =0, S, or CD)
in the SiX, fragments (n = 1—4) and of the dependence of the
overlap integrals on the effective charge on the silicon atom**®,
The dependence of the T-acceptor effects on the atomic charge
of E is clearly manifested in the study of the stretching vibra-
tion frequencies of the Si—H bonds in the infrared spectra of
arylsilanes'®® and of the intensity of the W(E—H) bands in the
spectra of silane and germane derivatives*’*2:59:16%:166

The electron-accepting nature of the group XC¢H, in aryl-
silanes Alk;_n(XCgH,)nSiH becomes significantly more pro-
nounced with enhancement of the electron-accepting proper-
ties of the meta- or para-substituents X. At the same time
there is an increase of the positive charge on the silicon atom.
The values of Av (examined in detail above), which character-
ise the m-acceptor effect of the silicon atom in relation to the
aryl substituent, increase with enhancement of the electron-
accepting properties of the aryl substituents, i.e. with

increase of the positive charge on the silicon atom. Under
these conditions, the following linear relation holds'®s:
Av =125 0" +4, (11)

since, according to the data of Fisera et al., '’ the inductive
constants o* of the aryl substituents are linearly related to
their on constants.

Systematic studies of the integral intensities of the bands
associated with the highly characteristic vibrations of the
Si—H *1+5% and Ge—H "“#'165:186 pondg in the infrared spectra
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of silane and germane derivatives served as yet another
source of information about the dependence of the m-acceptor
properties of the atoms E on their charge. While analysis
of the frequencies of the highly characteristic M—H vibra-
tions (i.e. analysis of the force constants) yields information
about the energies of the E—H bonds, the study of their
intensities makes it possible to investigate the polarity (dipole
moment) of the E—H bond and in particular the influence on
polarity of the n—accept?r effects involving E.

The square roots A'/? of the W(E—H) absorption band
intensity in the infrared spectra are linearly related to the

sums of the inductive Taft constants 20* of the substituents,

exhibiting only an inductive effect in trisubstituted silane
and germane derivatives®®:

Aly=1.20— 0.21F 6" R:SiH), (12)
Aty = 1.80 — 0.20 5] 0° (RyGeH). (13)

The intensity (AI)/{2 ) of the W(E—-H) bands in compounds with
substituents of the n- or m-donor type (X) is higher than the
values calculated by Eqns.(12) and (13). The differences

12 — alf2 _ - N
AAexp = Aind [?] are characterised by the m-acceptor effect

of the atom E and other conjugation effects. For compounds
with E—X bonds in which the m-acceptor effect of the atom E
is the dominant conjugation effect, the following linear rela-
tions hold*1:166;

AA"=147%0,+0.12 (silane derivatives), 14

(15)

Thus it follows from the intensities of the infrared bands
that the ﬂ—acceptoy properties of the atoms E (characterised by
the quantities AA*'? and most pronounced for silicon com-
pounds) increase with increase of the effective positive charge

AA*%*=1.09%0,+0.36 (germane derivatives).

on E (characterised by the sums ZOn of the Hammett con-
stants of the substituents linked to E).

Summarising the data presented in the third Section of this
review, we may note that these conditions are regarded®°1%
as necessary and sufficient for the formation of dn~py bonds.
These were enumerated at the beginning of the Section and
have been confirmed experimentally.

Thus the available experimental spectroscopic data for the
m-acceptor effects of silicon subgroup elements do not require
for their interpretation hypotheses other than that based on
the dy—py interaction and constitute an indirect confirmation
of the widely held view that m-acceptor properties are a
manifestation of the effect of the d,~p; interaction.
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