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I. INTRODUCTION

The mutual influence of the atoms X and E in organic

l

molecules containing the triatomic group X—C—E does not

correspond to their electronegativities and to the inductive
effect of the constituents (the geminal interaction effect)!™5,
Such an effect is shown in virtually all compounds and the
atoms E and X can have both unshared electron pairs and
vacant orbitals. This non-inductive interaction is usually
observed when one compares the properties of the above
compounds with isostructural compounds in which E =C or
with homologues of type XCH,CH,M. We have called®® the
non-inductive geminal interaction of a given atom X with

an atom E having vacant d orbitals in the X—C—E system the

|
o-effectt. At the present time the problem of the a-effect
in an organic compound of Group IVB elements has attracted
the attention of many investigators® and numerous publica-
tions have been devoted to it. Nevertheless the views on
the nature of the a-effect and on the very possibility of its
occurrence, based on studies using a wide variety of
different physical and chemical methods, are extremely
contradictory. The methods employed make it possible to
observe the geminal interaction effect and to investigate its
characteristics, but the majority do not permit the determina-
tion of the mechanism of the effect. Therefore almost all
the existing hypotheses concerning the nature of the o-effect
do not have a serious basis.

Some investigators (see below) base their views on
individual experimental data which are consistent with ideas
concerning the dominant inductive interaction of the atoms E
and X and the problem of the occurrence of the intramolecular
non-inductive interaction of geminal atoms is still regarded
as controversial. There also exists a view that the a-effect

is not shown in all the compounds containing the X—C—E
|
group but only in certain molecules of this type.

This indefinite state of the problem of the a-effect led us
to write the present review.

+The term "a-effect” sometimes has another significance.
For example, it is used in the interpretation of the anomalous
reactivity of hydrazine derivatives (see, for example,
Edwards and Pearson®® and Grekov and Veselov!!).
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1. CHEMICAL MANIFESTATIONS OF THE o-EFFECT

The anomalous (i.e. inconsistent with the inductive
influence of the atom E or a substituent in which it is
included) properties of compounds containing the group
X~—C—E were observed a long time ago. Thus, as early as
the 1950's, it was noted that chloromethyltrimethylsilane is
much more reactive in nucleophilic substitution reactions
than its carbon analogue, while it is inert with respect to
electrophiles (see, for example, George et al.? and
Andrianov and Petrashko!®). This was explained by the
steric characteristics of the group CH,Si(CH;); and its
comparatively pronounced electron-accepting properties®*.
The electronegativity (EN) of this group, determined by the
Kharash method, proved to be higher than that of the alkyl
groups n-Cg¢H,,, CH;, and CH,C(CH,),; but lower than that
of the phenyl group. The expectedly high electronegativity
of this group was attributed to the electronic unsaturation of
the silicon atom?*. The unusual influence of the silicon atom
in compounds of the type XCH,Si(CH;); (X =Cl or I) on their
reactivity has been called the "a-silicon effect",*

In contrast to B- and y-chloroalkylchlorosilanes, chloro-
methylchlorosilanes undergo the Friedel-Crafts reaction with
difficulty'5~2!, which indicates a reduced electron density at

s
the chlorine atom in the group ClCsti<. The replacement

of the chlorine atom linked to the silicon atom by an alkyl
group as a rule increases the reactivity of the compound.
For example, CICH,(CH;)SiCl, is more reactive in this reac-
tion than CICH,SiCl,.2%,

The relatively high reactivity of CICH,Si(CH,); in the
reaction with KI (higher by a factor of 16 than for n-C,H,Cl,
by a factor of 15 than for n-C,H,Cl, and by a factor of 8
than for C,H¢Cl) was explained by the stabilisation of the
transition state as a result of the interaction of the
approaching iodide ion with the vacant 3d orbitals of the
silicon atom and with the carbon atom??~2*, It has been
suggested that the leaving chloride atom thus interacts with
the Si and C atoms?2:25-27;

LGl
CICH,Si (CHg)g + =1 = CHy “—— Si (CH,)s = ICH, Si (CHy); - CI™ +
N I b

An analogous mechanism has been postulated for the
reaction of chloromethyltrimethylsilane with the SCN~ ion in
acetone and with the C,HO” ion in ethanol?2:2528  The
reactivity of CICH,Si(CH,), with respect to the C,H 0~ ion
is somewhat lower than that of n-C,H,Cl. However, it
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would be lower still were it not for the possibility of the
coordination interaction of the type indicated above?%2°,
It has been shown that ICH,Si(CH;), is less reactive in the
exchange with the I~ ion in ethanol than n-C,H,I.**2?%, In
the absence of coordination interaction, one would expect that
iodomethyltrimethylsilane is still less reactive?s.

In bimolecular nucleophilic substitution reactions with KI
and KSCN the chlorine atom in chloromethyltrimethylsilane
is much more mobile than in y-chloropropyltrimethylsilane?:3°,
which is consistent with the electron-accepting properties of
the trimethylsilyl group. On the other hand, in the inter-
action of chloromethyl- and y-chloropropyl-trichlorosilanes
with alcoholic alkali, the chlorine atom in the y-position with
respect to the silicon atom is much more mobile®!. The
discrepancy between these results has been explained by the
fact that alcoholic alkali is not a reagent characterising the
reactivity of the chlorine atom in the C—Cl bond in reactions
of organosilicon compounds, because under the influence of
alkali on chloromethyltrichlorosilane the reaction involves
only the Si—C bond, while the reaction with y-chloropropyl-
trichlorosilane involves both the Si—C and the Si—Cl bonds®®.

The exchange reactions between the chloromethyltrimethyl-
germane and KSCN, HN(C,H;),, and KI are faster than the
analogous reactions of chloromethyltrimethylsilane, which
shows that the CH,Ge(CH;); group is more electronegative
than CH,Si(CHj3);. This is consistent also with the lower
basicity constant of (C,H;),NCH,Ge(CH;); compared with
(C,Hg),NCH,Si(CH;),.%? The reactivity of chloromethyltri-
methylstannane (in reactions of the Sy2 type) with respect
to I” and C,HsO" ions is higher still than those of chloro-
methyltrimethylsilane and chloromethyltrimethylgermane?®.
On the other hand, the electron-donating properties of the
—~E(CH;); groups become more pronounced as a function of E
in the following sequence: Si< Ge <Sn.%»3%%, Consequently
the observed sequence in the variation of the reactivity of
compounds of the CICH,E(CH,), series (E =C, Si, Ge, or Sn)
does not correspond to the inductive effect of the groups
-E(CH;);. This was explained by the fact that the nucleo-
philic substitution reactions involving these compounds
proceed via the "bridge mechanism" described above, which
is most marked in the case of chloromethyltrimethylstannane.
In conformity with this, the tin atom exhibits a greater
tendency than silicon and germanium atoms to expand its
coordination number with formation of pentacoordinate and
hexacoordinate complexes®® and exhibits the smallest steric
hindrance to nucleophilic attack because of its large atomic
radius?®.

The rate constants for the reaction of chloromethyltri-
methylsilane with sodium in the gas phase are greater than
for neopentyl chloride and y-chloropropyltrimethylsilane
almost by factors of 15 and 5 respectively, which shows that
the negative charge on the chlorine atom in chloromethyltri-
methylsilane is smaller than in the compounds with which it
has been compared?®.

In the reaction with 80% aqueous ethanol a-halogenoiso-
propyltrimethylsilanes X(CH;),CSi(CH;3); (X =Cl or Br) are
much less reactive than their carbon analogues X(CHj),.
.CC(CH,); and XC(CH;);. This has been explained®’ by the
enhanced elec¢tron-donating properties of the CH; and
C(CH,); groups owing to the ability of their C—H and C—-C
bonds to participate in hyperconjugation (and not by the
reduced electron-donating capacity of the trimethylsilyl
group). It has also been suggested®’ that the lower reac-
tivity of Br(CH;),CSi(CH,); with respect to aqueous alcohol
relative to Br(CH;),CH is caused by steric hindrance to
solvation. A greater electron-accepting effeetf of the
Si(CH,); group, compared with hydrogen, which would lead
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to the observed ratios of the rates of solvolysis of the above
compounds is thought to be unlikely®?.

The rate constants for the acid-catalysed hydrolysis of
triorganylsilanes HSiR, are correlated with the inductive Taft
constants of the constituents R. However, the rate constant
for the hydrolysis of chloromethyldimethylsilane deviates
from this correlation, which has been explained®® by the
interaction of the unshared electron pair of the chlorine atom
with the vacant d orbitals of silicon, described by the
resonance structure C1*CH, = SiR,.

The enthalpies of the protonation reactions of the compounds
X(CH,)pEH; (E=C or Si; X =Cl or F), calculated by the
LCAO-MO method in the CNDO/2 approximation (with and
without inclusion in the calculation of the vacant d orbitals
of silicon), depend greatly on the molecular conformation for
E =8i, but are insensitive to conformational changes for
E=C. This indicates the occurrence of an intermolecular
interaction in organosilicon compounds containing the

X—CHZ"SI-\' group which is not characteristic of their organic

analogues®®.

The reactivity of fluoromethyltrimethylsilane in the reaction
with ethylmagnesium bromide is higher, as for the corre-
sponding chloro-derivative, than that of y-fluoropropyltri-
methylsilane. In both compounds the fluorine atom is more
mobile than in n-heptyl fluoride. It has been suggested*?
that this is caused by the "positive inductive influence" of
the trimethylsilyl group, which has been shown most
markedly in fluoromethyltrimethylsilane. The inertness of
the fluorine atom in neopentyl fluoride has been attributed to
the steric effect of the t-butyl group"’.

The numerous rearrangements involving the cleavage of
the E—C bond and the migration of the substituent X from
the carbon atom to the E atom have been explained by the
intramolecular interaction between the E and X atoms in the

|

molecules containing the group X—C—E (E =8i, Ge, or Sn):

I

[ .
X—C—E—-—+X—E+:« .
I\

Reactions of this type are observed, for example, in the

pyrolysis of organosilicon compounds containing the group
|

X—C-8i (X =halogen)* ™43,
|

formation of a carbene takes place in the case of halogeno-

methylsilanes:

A similar rearrangement with

XCH,SiH; ~ XSiH; + :CH, (X = F, Cl, )%

The cleavage of the Si—C bond with migration of the
fluorine atom from the a-carbon atom to the silicon atom in
the compound F,CHCF,SiX; takes place in the vapour phase
at 130—210 °C (X =F) or at 310—370 °C (X =CH,): *°

F.
hY

FsCHCF, SiX,~ [1-. CHCF 2 s:x,] - FSiXy +:CFCHF, .,

The a-decomposition of perhalogeno-derivatives of ethyl-
chlorosilanes at 185 °C proceeds much more readily than the
very common B-elimination“¢~*8;

% C1,SiF + :CFCFCl, - CFCl = CFCI (80%)

Cl, SICF4CFCl,—

L1 CI,SiF 4 FoC = CCl, %) .

The pyrolysis of perfluoroalkyltrifluorosilanes proceeds
similarly*®. Similar reactions with liberation of dichloro-
carbene are observed in the pyrolysis of Cl1,CSiCl; 2*47:50
and Cl,CSiF,.%
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When 1,2-dichloro-2-trichlorogermyl-1-trichlorosilylethane
is treated with quinoline, GeCl, is split off and not HCI.
The explanation is that the germanium compounds exhibit
a greater tendency towards B-decomposition than their
silicon analogues*s:

Cl,Ge S qui
? >CH—CH< quinoline | -\ Ge - CICH = CHSICl; .
c SiCl

The o-elimination process is responsible for the thermal
instability not only of a-fluoroalkylsilanes but also of

a-fluoroalkylsiloxanes. For example, (HF,CCF,Si0, 5), is
rapidly converted into a polyfluorosesquioxane at 180—200 °C: 52

(HF, CCF,Si0, ), > (FSIO, ) , 4+ :CFCHF, —~ CF, = CHF ,

a-Decomposition is also observed in the interaction of
a-chloroalkyltrialkylsilanes with quinoline®?:
quinoline

RCHSIR,
cl

In the presence of aluminium chloride trialkylchloromethyl-
silanes undergo an intramolecular rearrangement®3:

CISR, .

A
CICH,SiR,R" —<t

— CISi (CHLR) Ry

The relative ability of compounds of this type to rearrange
increases in the following sequence based on varying R':

CH (CHj)y, CH,yCl << CH, << CH,CH; < (CHy)s CH;

The rearrangement proceeds via a transition state in which
both substituents, R' and Cl, are coordinated to silicon and
carbon atomsS5*.

A special case of a rearrangement of this type is the
expansion of the silacycloalkane rings% and also of the
silacyclopentadiene ring>®:

— X
<__>Si/x _,|/ \Si/ , X=Cl «CHy ;

—7" el N N
RS |
R—/_-\ AlCh, _/ —R, R=CgHs .
\51\ /—R R I l R sHg
H,c/ CH,C! ‘/s< R
é tH,

Aluminium chloride causes not a rearrangement but
a-decomposition of a-chloroethylsilanes CH,CHCISIR ,: 2%:57

CH,CHCIS! (GaHp)Cl 28 C1ySi (CiHy) o+ HiC=CH,

The rearrangement of trialkyldichloromethylsilanes in the
presence of AICl; proceeds via the mechanism?%%7
CI4CHSi (CHyg)y >CHyCHCISi (CHy)sCl = ClaSi (CH;)s + HiC=CH, .
1- and 2-dichloromethylheptamethyltrisilanes also undergo a
rearrangement in the presence of AlCl; with rupture of the

Si—Si bond and the migration of chlorine atoms to the silicon
atom®®:

(CHy) 5SiSi (CHy)s Si (CHj)g CHCI, -ACh . (CH), SiSi (CH,); CHCISi (CH,)sCl —

Al | [C] (CHjy); Sily CHSi (CHg)g ~21Chs . [(CH,)sSil; CH+ [CI (CHg), Sils CH +
+ [(CHg)s Sil; CHSi (CH,)3 C1 + [CI (CHy), Sil, CHSi (CHy)s

The decomposition of F3;CSn(CH;); with formation of
difluorocarbene®®~62 is apparently due to the coordination
interaction between the fluorine and tin atoms. The reac-
tivity of the chlorine atom in trialkylchloromethylstannanes®?
60,6%,64  which is higher than in the carbon, silicon, and
germanium analogues, has been explained by the intramolec-
ular coordination between the Sn and Cl atoms.
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Under the influence of bases, trialkylsilylmethanols are
very readily converted into the isomeric ethers®5-8%:

R,SiC (OH) R, 2> RSIOCHR,

R = alkyl,aryl; R’ = alkyl, aryl, H; B=Na/K, Na, NaH, RLi, (CoHs)a NH, (C;H;)sN.

It has been suggested that this rearrangement takes place
with formation of a bond between the silicon and oxygen
atoms in the transition state; the silicon atom then becomes
sp®d-hybridised. Electron-accepting substituents at the
silicon atom facilitate the rearrangement, since they promote
the delocalisation of the negative charge in the three-
membered transition state formed®S. Such rearrangements
are not observed for g- and y-trialkylsilylalkanols HO(CH,)p.
.SiR3 (n=2or 3).”° The thermal rearrangement of alkyl
esters of a-trialkylsilylalkanecarboxylic acids, which has no
analogy in organic chemistry, has been explained by a
similar three-membered cyclic transition state’*.

In the pyrolysis of compounds containing the O—~C—Si group
the oxygen-containing group migrates from the carbon atom
to the silicon atom and a carbene is evolved’%7%:

(CHy0), CHSi (OCHy); — CH,OCH: + Si (OCHy), 3
CgH;C (OCH,); SiRy —— CHyOSIR; + CeH,COCH

(C¢H;),C(OCH;)SiR; is cleaved similarly”®.

The reactivity of organosilicon and organogermanium com-
pounds of the type XCH,ER; (X=0 or S; E =Si or Ge) is
largely consistent with the inductive influence of the ER,
group. Thus, in a reaction with an electrophile (phenyl
isocyanate) trimethylsilylmethanol is 6 times more reactive
than neopentyl alcohol’*7%, more than 4 times more reactive
than butanol’®, and 2.5—3 times more reactive# than
methanol”7%77,  In its interaction with keten, trimethyl-
silylmethanol is 3 times more reactive than butanol’®., The
reactivity of trimethylgermylmethanol in these reactions is
also significantly higher than those of neopentyl alcohol,
methanol, and butanol’®. ' The reactivity of alcohols of the
HO(CH,)nE(CH,), series (E =Si or Ge; n =1—4) in reac-
tions with phenyl isocyanate and keten falls with increase of
the number of methylene groups n and, when n =3 and 4,
becomes the same as that of butanol’®78

In the reaction with phenyl isocyanate’® the reactivity of
trimethylsilylmethanethiol is higher than that of the
remaining thiols of the HS(CH,),Si(CH3); (n =1-4) series
and butanol.

All these data can be accounted for by the enhanced
electron-donating inductive influence of the trimethylsilyl
or trimethylgermyl group which decays with increase of the
number n.’%7%7%  The decrease of the nucleophilic proper-
ties of the thiyl group in mercaptans of the HS(CH,),SiR,
series with increase of n from 1 to 3, observed in the study
of the vinylation of these compounds and confirmed by the
results of potentiometric titration studies®®, can also be
explained by the electron-donating influence of the
trialkylsilyl group®’.

111, INVESTIGATION OF THE o-EFFECT BY PHYSICAL
METHODS

The vast majority of studies on compounds containing the

\

X—-C-E (E =S8i, Ge, or Sn group) by various physical

#The high reactivity of trimethylsilylmethanol in this
reaction has also been explained’® by the electron-accepting
properties of the CH,Si(CH,), group.
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methods indicate the anomalous nature of their properties
due to the non-inductive influence of the substituents X and
E. Nevertheless some of the physical properties of these
compounds are consistent with the inductive influence of the
E atom (E =Si, Ge, or Sn) or more correctly of the group
ER; incorporating it on the X atom.

On decrease of the electronegativity of the halogen atom
in the sequence X =Cl, Br, I in molecules of the type
XCH,SiH;, one should expect a decrease of their dipole
moments, but in reality the dipole moments of all compounds
of this type remain virtually constant. This has been
explained® by the (p—d)y or (p—d), interaction of Si and X
atoms not linked directly®’. The dipole moment of the
C—X bond in molecules of the type XCH,EH, for E=S8i is
much smaller than for E=C. The difference between these
dipole moments diminishes on passing from X =Cl to X =Br
and I. It has been suggested®! that this corresponds to a
weakening of the interaction of the silicon and halogen atoms
with decrease of the electronegativity of the halogen.
Accordingly, if it is assumed that the dipole moments of the
C—X bond in the XCH,SiH; and XCH,CH; molecules are the
same, the calculated dipole moment of the SiH, group proves
to depend on the nature of the halogen atom X.®!

According to NMR data, the 2°Si atom in chloromethyltri-
methylsilane is less shielded than in tetramethylsilane, which
is consistent with the -I effect of the CICH, group®?.
However, if electron-accepting substituents Y (Y =F, Cl,
OR, or OCOR) are linked to the silicon atom instead of the
methyl groups, the shielding of the silicon atom in compounds
of the CICH,SiY,(CH;);_p series proves to be greater than
in the corresponding Y,Si(CH,),_,, molecules®%%3, One of
the possible explanations of the anomalous influence of the
chloromethyl group on the shielding of the silicon atom in
these compounds is the increase of its (p—d), conjugation
with the heteroatom of the substituent Y under the influence
of the electron-accepting chloromethyl group®®.

According to 'H NMR data®*, the substituents SiX; in
molecules of the C1CH,SiX; series influence the hydrogen
atoms of the CICH, group only via the inductive mechanism.
This conclusion was reached on the basis of the ratio of the
coefficients (p/p' =2.7) in the correlation equations
§(CH,Cl) = § 4 + pco*(SiX,) for molecules of the CICH,SiX,
(four compounds) and CICH,CH,SiX; (two compounds) series,
which is equal to the coefficient of the decay of the inductive
influence of the substituents via the methylene group.
However, it is quite evident that the small amount of experi-
mental data makes these conclusions illegitimate.

The °F NMR spectra show that the electron density at
the fluorine atom in the compounds FCH,Si(CH,); is higher
than in the isostructural molecules FCH,C(CH;); and members
of the F(CH,),SiR; (R =CH,, C,Hs, OC,H;, or Cl; n>1)
series. These data are inconsistent with the existence of
the a-effect in the fluoromethyltrimethylsilane molecule and
are consistent only with the manifestation of a strong +I effect
of the CH,Si(CH;); group®®. On the other hand, the order
in which the !°F NMR chemical shifts of compounds of the
Cl,,CH,_,,SiF; series change as n is varied is the opposite of
that expected on the basis of the inductive effect of the
chlorine atoms, which has been explained by the +M effect of
the latter®®.

The occurrence of two stretching vibration frequencies of
the Si—H bond in the infrared spectra of the compounds
CICH,SiHRR' (in heptane) has been explained by the pres-
ence in solution of both molecules with intramolecular
coordination between the unshared electron pair of the
chlorine atom and the vacant d orbital of the silicon atom
[the low-frequency v(Si—H) band belongs to them] and
molecules without such coordination®’. Judging from the
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splitting of the v(Si—H) line in the infrared spectra of com-
pounds of the type CICH,SiR;, the a-effect weakens with
enhancement of the electron-accepting properties of the
substituents R.%7 The steric influence of the substituents R
affects to some extent the magnitude of the o-effect. The
state of aggregation and the nature of the solvent also
influence significantly the a-effect. It is a maximum in the
gaseous state of the substance and is a minimum in the liquid
state owing to its competition with the intermolecular inter-
action involving the vacant 3d orbitals of the silicon atom®’.

Two bands are observed in the infrared spectra of gaseous
CICH,8iH(CH,), and BrCH,SiH(CH;), as well as their solu-
tions in polar and non-polar solvents®®., However, in this
case the presence of two v(Si—H) frequencies was explained
by the existence of two rotational isomers (formed by the
rotation of the CICH, group about the Si—C bond) in which
the dipole—dipole and steric interaction differ somewhat®®.

The authors own and the available literature data for the
infrared and NMR spectra as well as the dipole moments of
compounds of the X,SiCH,Y (Y =halogen) series have been
analysed®®. It was concluded that these data are consistent
with an intramolecular interaction between the halogen and
silicon atoms (a-effect) in halogenomethylsilanes.

It has been shown?®® that the relative basicity of the
oxygen atom in the compounds XX'X"SiOC,Hs, determined
from the shift Av(OH) of the stretching vibration frequency
of phenol when the latter interacts with these compounds, is
correlated with the sum of the Taft inductive constants of the
substituents X, X', and X". However, compounds in which
one of the substituents is the chloromethyl group deviate
from this correlation owing to the manifestation of the
a-effect. The constant o* =0.54—0.57 of the CICH, group,
calculated from Av(OH) by means of a correlation equation,
is appreciably lower than the standard value O*(CHzcl) =

1.05.%* Thus the a-effect in molecules of this type can be
estimated as amounting to —0.5 of a unit on the scale of the
inductive constants o*.

The ratio of the intensities of the two lines in the *5C1 NQR
spectrum of the compound CICH,SnCl,; due to the chlorine
atoms in the SnCl, group is 1:2 and their splitting (~6%)
greatly exceeds the limiting crystal [field?] splitting
(1.5-2%).%r The authors®! attempted to explain such large

g e . . ~ B
splitting by the coordination interaction Cl—CHz—-Sn—\, leading

‘to the asymmetrisation of the tin atom, which in its turn

induces the non-equivalence of the Sn—Cl bonds. Nor can
one rule out the possibility of an intermolecular interaction
being responsible for this non-equivalence®'. Later
preference was given to the latter explanation®?. However,
the cryoscopic distribution of the molecular weights of
CICH,SnCl, in benzene shows that this compound is not
associated®®.

It has been suggested that the intramolecular coordination
interaction of the X and Sn atoms in the molecules
XCH,SnRR'R" is shown in those cases where the tin atom
is linked to electronegative substituents R, "capable of
exciting the vacant orbitals of tin".%"»®5 This interaction is
weakened by the competing m-complex formation with
participation of the tin atom®*. Thus, with increase of the
number n of electronegative substituents at the tin atom in
the compounds (CICH,),_nSnCl, (n=0—4) and (CICH,)p.
.Sn(CH;)y—p (n=1or 2), a downfield shift of the proton
signal of the CICH, group is observed. The magnitude of
this shift in benzene is smaller than in CCl,, which has been
explained® by the formation of m-complexes of the type
C¢H;+ SnR,.%
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Rearranged fragments formed via the mechanism®*
AN« B E AN : .
[—SnQ | ] —— —SnCl4:CH, -
7/ “CH /

have been detected in the mass spectra of compounds of the
CICH,SnRR'R" series.

The broadening of the lines in the Mossbauer spectrum of
the compound CICH,Sn(CH;), can be caused by the unresolved
quadrupole splitting®5, in agreement with intramolecular
interaction between the chlorine and tin atoms in this
molecule.

The intramolecular interaction of atoms not linked directly
is manifested more strongly in the solid state of a given sub-
stance, where the thermal vibrations of the molecules are
considerably weakened®®. In conformity with this, according
to gas electron diffraction data and %°C1 NQR spectra
(at 77 K), the mutual influence of the atoms in the CICH,
group of the CICH,SnCl,; molecule in the gaseous and solid
states is not the same. Thus in the gas phase all the Sn—Cl
bonds are equivalent, while the NQR spectrum of solid
CICH,SnCl, demonstrates their significant non-equivalence
(see above).

v’ MHz

"
6

Figure 1. Correlation of the *°Cl NQR frequencies (v’?) of
compounds of different series [I) CICH,CRR'R";

II) CICH,SiRR'R"; III) C1,CHSiRR'R"; IV) Cl,CHCRR'R";
V) CI,CSiRR'R"; VI) CI;CCRR'R"] with the sum of the Taft
inductive constants (Zo*) of the substituents R, R', and R".

The ?°Cl NQR frequencies of compounds of the CICH,ERR'R"
series with E = Si, Ge, or Sn are higher than for the
corresponding organic analogues (E =C) ~%%-% (Fig.1).
The points corresponding to the organoelemental compounds
CICH,E(CH,), lie appreciably above the v’ =f():c;) correla-

tion straight lines plotted for compounds of the CIR and
CICH,R series®!’®, Bearing in mind the appreciably greater
electronegativity of the carbon atom compared with silicon,
germanium, and tin atoms, the opposite ratio of the NQR
frequencies of the corresponding organic and organoelemental
compounds was to be expected. In the 3°Cl NQR spectra of
compounds of the CI{CH,)L,ERR'R" (E=C, n=0, 2, or 3 but
not n =1) series the NQR frequency is higher, as expected,
than for the corresponding compounds with E =8i, Ge, or Sn.
This also applies to the NQR frequencies of compounds of the
CIC = CE(CH;), series.
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The anomalously high 3°Cl1 NQR frequencies of compounds
of the CICH,ERR'R" (E =8i, Ge, or Sn) series compared with
organic analogues (E =C) are due to the intramolecular inter-
action between the Cl and E atoms, which we call the
a-effect!=8:%6-9% The possibility of the interaction between
the chlorine atoms involved in the C—Cl bond and the silicon
atom is also confirmed by a comparison of the relations
between the NQR frequencies of these chlorine atoms and
their number n in molecules of the C1,CC*°Cl,H;_p and
Cl38iC35Cl,H,_, series (Fig.2). Evidently, as a consequence
of this interaction, the increase of the NQR frequencies with
increasing number n in the spectra of the organosilicon com-
pounds is much smaller than for their carbon analogues (the
slope of the correlation straight line II in Fig.2 is smaller
than that of line I). The replacement of the CCl; group in
the C1,CCCl,H;_,, molecules by SiCl, leads to a significant
alteration of the mutual influence of the atoms in the Cl,.
CH;,_, group. As the chlorine atoms accumulate in this
group, each becomes a weaker electron acceptor for E = Si
than in the corresponding organic molecules (E =C).%!

v’7, MHz

~

1
1 2 J n

Figure 2. Relation between the 35C1 NQR frequencies (v77)
of compounds of the CLLECCIqH;_,, (E=C or Si) series and
the number of chlorine atoms n: 1) for the chlorine atoms
in the CCl,H;_, group with E=C; 2) for the chlorine
atoms in the same group with E =Si; 3) for the chlorine
atoms in the C1,C group; 4) for the chlorine atoms in the
Cl;8i group.

The NQR frequencies of the chlorine atoms linked to silicon
in compounds of the Cl38iCCl,H;_, series are satisfactorily
consistent with the general relation between the NQR
frequencies of compounds of the Cl,SiRR’' series and the sum
of the o* constants of the substituents R. The suggested
interaction between the Si atoms and the Cl atoms of the
CClpH;-pn group in the C1,8iCCl,H,_, molecules is shown only
by a decrease of the sensitivity of the chlorine atoms of the
Cl1;8i group to a change in the number of n compared with the
organic analogues Cl;CCCl,H,_, (the slope of straight line IV
in Fig.2 is smaller than that of line III).?%

Analysis of the **Cl NQR frequencies of compounds of the
Cl,CH;_,SiRR'R" and Cl,CR,_,SiRR'R" series as well as the
compound CI(CH,),SiSi(CH,;),Cl led*’? to the conclusion that
the a-effect is possible only in molecules where the Cl and Si
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atoms are separated by the CH, or Si(CH;), groups, because
only in these cases are the NQR frequencies of the organo-
silicon compounds higher than those of the corresponding
organic derivatives. In reality this conclusion is incorrect.
Further study of the *5Cl1 NQR spectra of compounds of the
CICH,SiRR'R", Cl1,CHSiRR'R", and Cl;CSiRR'R" series
showed$98:99 that the ratio of the NQR frequencies in the
spectra of organic and organosilicon compounds of this type
is not always anomalous. For example, the CICH,SiF,
frequency is appreciably lower than that of CICH,CF;, as
was to be expected from the ratio of the electronegativities
of the C and Si atoms. The NQR frequencies of compounds
of these series are satisfactorily correlated with the sum of
the o* constants of the substituents R, R', and R" (Fig.1).
For £o*<7.04, the NQR frequencies of the organosilicon
compounds CICH,SiRR'R" are higher than for the corre-
sponding organic analogues CICH,CRR'R" , i.e. an anomalous
ratio of their NQR frequencies is observed. On the other
hand, for Io*>7.04, the NQR frequencies of the organo-
silicon compounds are lower than those of the organic
derivatives. This is consistent with the ratio of the
electronegativities of the Si and C atoms and the inductive
effect of the substituents incorporating them. The value of
ro* for which the ratio of the 3°Cl NQR frequencies of the
organic and organosilicon compounds Cl,CH,_p,ERR'R" is
reversed, decreases sharply with increase of the number of
electron-accepting chlorine atoms in molecules of the given
series (7.04, 1.67, and 0.25 for n =1, 2, and 3 respectively).
However, the different kinds of ratios of the NQR frequen-
cies of these compounds do not imply that there is no
a-effect in the Cl,CH;_,SiRR'R" molecules for some values
of Lo*, while for others the effect does exist. The
mechanism of the interaction of atoms in these series of
compounds must be the’ same for all R, because there is a
satisfactory linear correlation between their 3°C1 NQR
frequencies and the sum of the inductive constants o* of
the substituents. These data show that the a-effect occurs

|

in all molecules containing the C1-C—E (or X—~C—-E) group.

However, its manifestation depends on the nature of the
substituents linked to the atoms E and C and also on the
ratio of the abilities to transmit their electronic influence
in organic and organoelemental molecules. Thus the unequal
manifestations of the a-effect in the organosilicon compounds
ClnCH,_,SiRR'R" for different n, R, R’, and R" is caused by
their appreciably lower ability to transmit the electronic
influence of substituents to the chlorine atom compared with
their organic analogues. The ¥5Cl NQR frequencies of
compounds of the CICH,ERR'R" (E =Ge or Sn) series are
higher than for the corresponding organic derivatives (E =C),
because the abilities of these compounds (E =C, Ge, or Sn)
to transmit the electronic influence of substituents to the
chlorine atom are similar in magnitude (the coefficients p in
the correlation equation v’7 = v, + pZo* are 0.58, 0.43, and
0.46 for E=C, Ge, and Sn respectively>°°).

Data concerning the occurrence of an intramolecular non-
inductive interaction in molecules containing the

|
X—-C—E group (E =Si, Ge, or Sn and X =N, O, or §),
|

obtained by infrared spectroscopy, are extremely contra-
dictory. The nature of the variation of the basicity of the
oxygen atom in molecules of the CH4O(CH,),,Si(CH,), %2
and CH,0(CH,),,C(CH;); series with n is the same—the
basicity diminishes with increasing n.%® The increased
basicity of the oxygen atom in organic and organosilicon
compounds with n =2 has been explained by the effect of
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hyperconjugation. For compounds of the type CH;0(CH,),.
.Si(CH,);,, the increase of basicity observed on passing from
n=0to n=1 and 3 is consistent with the inductive influence
of the trimethylsilyl group. The basicity of the oxygen atom
in the CH,0(CH,),SiX; (X =H or Cl) molecules proves to be
a minimum for n =1, which has been accounted for by the
interaction of the oxygen and silicon atoms!®%:1%*, The
smaller basicity of the oxygen atom in CH3OCH,Si(CH3);
compared with the carbon analogue has also been explained
in the same way!®®. Such interaction is manifested most
effectively when there are electron-accepting chlorine atoms
at the silicon atom!°3,

The experimental basicity of the oxygen atom in the
[(CH;)48iCH,]1,0 molecules proved to be smaller than was to
be expected from the electron-donating properties of the
trimethylsilyl group; this is caused by the superposition of
the o-effect. Comparison of the basicities of the oxygen
atoms shows that the a-effect in CH,CH,0CH,Si(CH;), is
stronger than in [(CH,),SiCH,],0.1%

The lower stretching vibration frequency v(C—0) in the
infrared spectra of the compounds XO(CH,)nSiR; with n=1
compared with their homologues (n =2 or 3) and also with
their organic analogues XOCH,CR; (X =H, alkyl, or COCHj;)
is evidently caused by the intramolecular interaction between
the oxygen and silicon atoms'®?,

On passing from n =1 to n =2 and 3, the basicity of the
oxygen atom in compounds of the (CH,;);8i(CH,),08i(CH;),
series diminishes. For n=2 and 3, it is virtually the same
and close to the basicity in (CH;);C(CH,)n0Si(CH;),, while
for n =1 it is somewhat lower than might have been expected
from the electron-donating properties of the trimethylsilyl
group. The latter has been explained®® by an interaction of
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the type —O—CH,—S§iT. According to other data'’® the
basicity of the oxygen atom in (CH;);SiCH,08i(CH,), is
consistent with the inductive influence of the (CH,);SiCH,
group (o*=-0.26).

The interpretation of the infrared spectra of compounds of
the ROCOCH, series and of their temperature variation led to
the conclusion that the electron~donating capacity of the
R =X,S8iCH, groups is reduced due to the o-effect. This
effect leads to a deviation of the frequencies v(C =0) and
v(C—0-C) for (CH;);SiCH,0COCH, from the linear correla-
tion of these quantities with the inductive constants o* of
the substituents R in compounds of the ROCOCH;, series and
to a decrease of the frequencies w(C—0—C) for the compounds
H,;COCOCH,E(CH;),R (R =CH,, C,H;, or C¢Hs; E =S8i or Ge)
compared with H;COCO(CH,),E(CH;); for n >1 or with
H;COCO(CH, )R [R =(CH,;),C or CH;; n=1-4].1° The
acetoxy-group in compounds of the HyCOCOCH,Si(CH;);-nRn
(R =0C,H; or OCOCH,) series increases the shielding of the
silicon atom compared with the compounds RnSi(CH;),-pn.

On the other hand, according to its inductive effect,
deshielding of the silicon atom would have been expected!!!,

The basicity of the oxygen atom in the H;COCH,EH,
(E =8i or Ge) molecules is lower than in the carbon
analogue (E =C), which is inconsistent with the electron-
donating properties of the EH; groups for E = Si or Ge and
has been explained*!?11? by the (p—d)y interaction between
O and E (E =S8i or Ge) atoms separated by the CH, group.

The frequencies v(C—O—R) and v(OH) in the infrared
spectra of the compounds RO(CHz)nGe(CH3)3 [R=H or
Si(CH,)3; n=1-4] for n=1 are lower than for n =2—4
and are also lower than for the carbon analogues RO(CH,)n.
.C(CHj)3. This has been explained by the lability of the
C—O bond caused by the a-effect. The relative basicities
of the oxygen atom in molecules of the (CH;);E(CH,)p,.
.0Si(CHj3); (E=C or Ge; n =1-4) series are consistent
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with the electron-donating properties of the (CH,)nGe(CHj),
groups. For n=1 and 2, the basicity is higher than for
n=3and 4.'*

The relative basicities of the alcohols HOR, determined
from the shift of the stretching vibration frequency v(OH)
of phenol, are correlated with the inductive constants ¢* of
the substituents R. The basicities of the compounds
HO(CH,),S8i(CH;); with n =1 and 2 also obey this correlation.
The relative acidities of the latter likewise obey a linear
correlation between the acidity of the alcohols HOR [deter-
mined from the shift of v(OH) in the infrared spectra of
their mixtures with tetrahydrofuran] and the o* constants
of the substituents R. These data are inconsistent with an
interaction between the silicon and oxygen atoms in organo-

silicon compounds containing the —0—-C—Si</ group'!®,

The 2°Si NMR chemical shifts of compounds of the
ROSi(CH;), series are correlated with the inductive constants
o* of the substituents R. Compounds with R = CH,Cl! and
CH,Si(CH,;), do not obey this correlation. The 2°Si NMR
data show that the CH,Si(CH;); group has a weaker electron-
accepting activity when it is linked to an oxygen atom. The
constant o*[CH,Si(CH,);], calculated'®® from the correlation
equation on the basis of the experimental quantity &§(Si) in
the (CH;),SiCH,08i(CH;); spectrum, is 0.15%0.05.

The acidity of alcohols of the HO(CH,),Si(C4Hs); series
increases on passing from n =1 to n =2, the increase being
particularly pronounced for n =0. The acidity of isostruc-
tural organogermanium alcohols HO(CH,)nGe(CcHj),
increases on passing from n =2 to n =1 and further to n =0.
This sequence in the variation of the acidities of organo-
elemental alcohols is inconsistent with the electron-donating
inductive effects of the triphenylsilyl and triphenylgermyl
groups and can be explained by the (p—d); interaction
between the oxygen atom and the silicon or germanium atom
via the methylene group. It has been suggested that such
interaction is responsible also for the decrease of acidity on
passing from E =Ge to E = Si and further to E = C in molecules
of the HOCH,E(CHs), series!!t.

The basicity of the nitrogen atom in trimethylsilylmethyl-
amine is higher than in its carbon analogue (by a factor of
5.69) or in y-trimethylsilylpropylamine (by a factor of 1.5),*7
which agrees with the electron-donating effect of the tri-
methylsilyl group.

The basicity of compounds of the H,N(CH;)nSi(OC,Hg)py,.
.(CHy)3-m (m =0-3) series, determined spectroscopically,
is much lower for n =1 than for n =2—-4. This has been
explained by the effect of hyperconjugation, which exceeds,
when n =1, the opposite inductive effect of the silyl group*!®

Compounds of the H,N(CH,)nSi(OC,H;)p,(CH;)5_p, series
have also been studied by the 2°Si, N, and )C NMR
methods''®, The observed increase of the shielding of the
silicon atom in these compounds for n =1 and 2 relative to
compounds of the H(CH,)nSi(OC,Hg) ;,(CH,)3_p, series has
been explained by the intensification of the (p—d); inter-
action between the silicon and oxygen atoms (in the ethoxy-
group) under the influence of the electronegative group NH,.
This inductive influence decays for n 23. It has been
suggested that the more pronounced shielding of the nitrogen
atom in the aminomethyl derivatives (which is almost
independent of the number m) compared with other members
of this series (n 22) is inconsistent with the interaction
between the silicon and nitrogen atoms in these molecules!®.
However, on the basis of NMR data, one can hardly draw
inferences about this interaction, because the *N, 2°Si,
etc. NMR shifts are not direct characteristics of the electron
density of the indicator atom. This is evident also from the
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14N NMR spectra of compounds of the type H,N(CH,)p.
.Si(OC,H5)m(CH;) 3, investigated. For example, a change
in the number m for n =1 does not affect SN and the chemical
shift of the N NMR signal in the spectrum of aminomethyl-
triethoxysilane differs by only 1 p.p.m. from § for
methylamine, etc. _

The basicity of the amines H,C(CH,),,N(CH,),SiR,
(m=3-5) for n =1 is lower than for n = 2,'2°7122 which is
due to the a-effect in the molecules with n=1. The deter-
mination of the relative acidities of the hydrogen atom linked
to the nitrogen atom in compounds containing the RNHCH,Si
group by infrared spectroscopy'??® showed that they exhibit
the a-effect. The magnitude of this effect depends on the
nature of the substituent R linked to the nitrogen atom and is
a maximum for R =alkyl. For R =CH;, the a-effect is
reduced owing to competition with p, 7 conjugation involving
the aromatic ring. For R =CH,0C(0), there is no a-effect!?’,

In molecules of the R,NCH,E(CH;), series, the basicity of
the nitrogen atom for E =Ge is somewhat lower32 and for
E =8n is lower by 4 orders of magnitude than for E=C.?*
The appreciably reduced basic properties of the nitrogen
atom in trialkylaminomethylstannanes have been explained by
the increase of the coordination number of the tin atom due to
the formation of an intramolecular coordinate bond with the
nitrogen atom, i.e. by the transfer of the unshared electron
pair of the nitrogen atom to the vacant orbital of the tin atom
with partial sp®d character’?*. The upper limit to the
strength of the intramolecular coordinate bond N - Sn
(AAH = 5.5 keal mol™!) was estimated from the decrease of
basicity by means of the relations k,/k, =exp (-AAE/RT) and
AAF = AAH - TAAS®, neglecting the change in the entropy
term*?*, Later'?’ the authors admitted that these data and
the hypothesis of the intramolecular coordination of the tin
and nitrogen atoms based on them are erroneous. They
found that the basicity of the amines containing the
~ |
/N—C—E{ group increases in the following sequence of

different E: C >Ge >Sn >8i.
The intramolecular coordination interaction between
nitrogen and tin atoms is indicated by the retardation of the

‘inversion of nitrogen in trialkyl(N-aziridinomethyl)stannanes;

apart from overcoming the inversion barrier, a change in the
configuration of these compounds requires the rupture of
the N -~ Sn bond.?*

In contrast to tetra-alkylstannanes, the ultraviolet spectra
of trialkyl(aminomethyl)stannanes exhibit a slight batho-
chromic shift and an appreciable increase of the extinction
coefficient'?*, which is consistent with the N + Sn coordina-
tion. The absence of an intermolecular interaction in this
case is confirmed, for example, by cryoscopic and electro-

thermic studies of the compound C(_J\N—CHZSn(Cﬁa)a.“"’us

The absence of quadrupole splitting and the small changes
in the chemical shifts in the Mdssbauer spectra of compounds
of the XCH,SnR,; (X =H,N, R,N, RO, F, or Cl) series?5:}??
are inconsistent with intramolecular coordination in these
molecules®5128,  This may be caused by the inadequate
sensitivity of the method'?*,

Certain examples of the anomalous influence of the groups
ER,; (E =8i, Ge, or Sn), which are inconsistent with their
inductive effect on the atom X in molecules containing the

l

X—C—ER, fragment, have also been quoted in reviews25-131,
I

This anomalous influence is usually explained by the inter-

action between the unshared electron pair of the atom X and

the vacant d orbitals of the atom E.12%131,
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Thus the results presented below show that data concerning
the existence of the a-effect in molecules containing the

|

X-C—E (E =8Si, Ge, or Sn) group are at present contra-

l
dictory. However, one must bear in mind that many
theoretical conclusions are insufficiently well-founded. Data
derived by certain research methods, on the basis of which
the a-effect is accepted or rejected, do not permit inferences
concerning the nature of the distribution of electron density
at the E and X atoms, because such data are determined by
contributions from several uncontrolled factors. This
applies primarily to N, 2°Si, etc. NMR spectra. Further-
more, the contradictory nature of the conclusions concerning
the existence of the a-effect is caused by the fact that the
nature of its manifestation in molecules containing the

X—C—E group depends on the electron-accepting properties
\

of substituents linked to the C and E atoms and also on the
ratio of the abilities to transmit the inductive influence of
substituents to the atom X in organic (E =C) and organo-
elemental (E =8i, Ge, or Sn) compounds. These charac-
teristics of the manifestation of the a-effect have usually
been disregarded. The conclusions concerning the existence
of the a-effect, based on a comparison of the results of
studies of individual pairs of organic and organoelemental
compounds, cannot therefore be regarded as reliable.

The vast majority of the available experimental data
indicate a non-inductive interaction between the atoms X and

E in molecules containing the X—C—E group. Systematic
study of 3°Cl NQR spectra of compounds containing this
group (E=C, Si, Ge, or Sn) showed that the a-effect exists
in all these molecules but is not manifested in the same way.
By analogy with these data and also bearing in mind the
results obtained by other research methods, one can assume
that the a-effect exists in all molecules containing the

\
¥—-C—E group.

1V. THE NATURE OF THE o-EFFECT

Views concerning the nature of the a-effect in molecules

containing the X—C—E group are contradictory and the

|
majority of them do not have a convincing basis. They are
based on the analysis of data obtained in the study of the
corresponding compounds by physical methods which are
unsuitable for the investigation of the mechanism of the
mutual influence of atoms in molecules. The quantum-
mechanical calculations carried out on certain molecules to
elucidate the nature of the a-effect also failed to solve the
problem of the mechanism of this interaction. The anomalous
(inconsistent with the inductive effect of the geminal sub-
stituent) physical and chemical properties of compounds

containing the X—C—E group are usually explained by the

l
coordination interaction between the atoms X and E with
transfer of electron density from the atom X to the atom E.
The commonest mechanism of this transfer is (p—d);
conjugation of the unshared electron pair of the atom X
with the d orbitals of the atom E through space®!,}12,113,116
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The principal arguments in support of this interaction—the
anomalous nature of the properties of these compounds and
the possibility, in principle, of the involvement of the
unshared electron pairs and vacant d orbitals of the corre-
sponding atoms in the formation of chemical bonds—are
merely speculative.

If the intramolecular coordination interaction in the group

X—C—E does indeed occur, it is to be expected that the ECX
|
angle should be smaller than the tetrahedral value, that the
non-bonding E...X distance should approach the sum of the
covalent radii of these atoms, and that the E—C and C—X
bond lengths should have anomalous values. However, the
experimental geometry of the CICH,SiH, molecule!?? does not
confirm this hypothesis. The CICSi angle in this molecule
is 109.3°, the Si—C and C—Cl bond length have the "normal"
values (1.88 and 1.788 & respectively), and the distance
between the Si and Cl atoms is 3.0 A, i.e. appreciably
greater than the sum of their covalent radii.

According to gas electron diffraction data®®, the CICH,.
.SnCl; molecule has the structure of a somewhat distorted
tetrahedron. All the Sn—Cl bonds have the same "normal"
length (2.34 R), which is less than the sum of the covalent
radii (2.39 g). The Sn—C bond length (2.23 X) is somewhat
greater than the sum of the covalent radii of the tin and
carbon atoms (2.17 &) and the length of the Sn—C bonds
in other organic derivatives of tin. The C—Cl bond (1.74 K)
is shorter than in saturated organic compounds and its
length is close to that of a C—Cl bond adjoining a double
bond, for example in C1,C =CCl, (1.72 X). The CICSn
angle (113°) is somewhat greater than the tetrahedral value
and the non-valent Sn...Cl distance (3.31 K) is greater than
the sum of the covalent radii (2.39 K) but smaller than the
sum of the van der Waals radii (3.95 &) of tin and chlorine
atoms. Although this distance is sufficient for coordination
interaction between the Sn and Cl atoms, nevertheless there
is no direct evidence for such coordination.

It has been suggested that the characteristics of the
changes in the basicity of the oxygen atom in molecules of
the [(CH,);Si(CH,),1,0 (n=1-4) series'’® and the low
stretching vibration frequencies v(C—0Q) and v(HO) %7 in
the compounds XOCH,Si(CH,); compared with their organic
analogues and other members of the XO(CH,),Si(CH;),

[X =H or Si(CHj),] series are caused by the (p—d)g,

opc *+ d, or ooy~ d interactions?®1%7.  The last interaction
has also been postulated in the HOCH,Ge(CH;); molecule!?’.
The a-effect in the molecules of acetoxysilanes H,COCOCH,.
.Si(CH;),X has been interpreted as GC(O)_O+ d, OC(O)—O_)

, 0T o + d interaction''®, The shielding of

%
“(0)c-si c(si)-0
the protons of the methylene group XCHZSn'f in the molecules

XCH,Sn(C,H;),Cl, which is smaller than expected on the basis
of the electronegativity of the tin atom, has been explained
by the partial transfer of the c-electrons of the CH,—X bond
(X =Cl or OCH,;) to the vacant 5d orbitals of the tin atom
(o~d conjugation), 133

Analysis of the orbital interactions of the a-carbofunctional
silanes XCH,SiH; (X =NH,, OH, or F) and the corresponding
carbon analogues, based on the calculation of the wave
functions in terms of the CNDO/2 approximation and the
Mulliken analysis of the orbital populations, led to the
conclusion that there exist two mechanisms of the electron-
accepting influence of the second atom on the geminal
heteroatom (two mechanisms of the a-effect)3*13%5; (1) inter-
action through space between the upper occupied molecular
orbitals and low-lying antibonding orbitals (n - g+ o*), which
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is reflected by the resonance structure *X—CH, H—SiH,;
the extent of this interaction diminishes in the following
sequence of X: H,N>OH>F; (2) interaction via bonds,
which is most marked for X =F.

The sequence of the changes in the calculated (in terms
of the CNDO/2 approximation without taking into account the
d orbitals of the silicon atom) enthalpy of the reversible
acid—base interaction AH for the compounds X(CH,)nEH,
(E=C or Si; X=HO or H,N; n =0-3) is consistent with
the sequence in the variation of the experimental basicities or
acidities of these compounds determined in the gas phase.
The enthalpy was calculated as the difference between the
total energies E: AH =E(ROH) - E(RO“) for the reaction

. + _ -
RO™ + H" > ROH and AH_E(RNH;) E(RNHZ)

RNH, + H* ~ RNH}.

The basicity of the amine H,NCH,Si(CH,); is lower than for
other members of the H,N(CH,),Si(CH;); series. On the
other hand, the basicity of the alcohols HO(CH,),,Si(CH;),
diminishes successively with increase of n. On the basis of
the analysis of the orbital interactions, the unequal influences
of the (CH;)3Si group on the basicity of H,NCH,Si(CH3),; and
HOCH,Si(CH;); have been explained by the stronger inter-
action of the unshared electron pair of the nitrogen atom
with the Si—C bond compared with the oxygen atom, which
leads to a decrease of the energy of the n—o orbital when the
latter interacts with the antibonding o*g; ¢ or o*gj—pg
orbital'®s, It has been suggested'®* that the a-effect is
a consequence of the high polarisability of the silicon atom,
which is responsible for the existence of low-lying anti-
bonding orbitals.

The inclusion of the vacant d orbitals of the silicon atom in
the calculation on the XCH,SiH; molecules reduces somewhat
the total energy of these molecules and the energies of the
individual orbitals. However, this does not alter aalita-
tively the tendency towards a distribution of the charges on
the silicon atom and particularly on the heteroatoms of the
substituents X when the latter are varied'®*. An analogous
conclusion had been reached earlier'®® on the basis of
ab initio non-empirical calculations with a contracted Gaussian
basis. Furthermore, the contribution of the antibonding
orbital o*gj~H to the energy of a low-lying vacant molecular
orbital is much greater than the contribution of the d
orbitals?®*,

The problem of the involvement of the vacant d orbitals of
the atoms of non-transition elements in the formation of
chemical bonds has attracted the attention of many investi-
gators for a long time. Numerous quantum-mechanical
calculations, including non-empirical calculations, have been
carried out for its solution. The view (based on these
calculations) that the presence of vacant d orbitals in the
valence shells of atoms of non-transition elements hardly
influences the properties of compounds incorporating them,
because these orbitals are energetically so unfavourable and
so diffuse that they are incapable of interacting in any way
appreciably with the other valence orbitals, is nowadays
gaining increasing currency (see, for example, Bochvar
et al.»® and Korol'kov!®®). In this connection it is evident
that the a-effect can also be accounted for without taking
into account the contribution of the vacant d orbitals of the
atom E (E =8i, Ge, or Sn).

for the reaction

The a-effect in compounds containing the X—C—E group

is caused by the interaction of quite definite orbitals of the
atoms E and X (see above). The occurrence of this non-
inductive interaction between atoms and its nature can be
established only with the aid of physical methods whereby

Russian Chemical Reviews, 50 (3), 1981

one can follow the populations of these particular orbitals.
One of these few methods is nuclear quadrupole resonance,
which yields information about the spatial distribution of

the electron density of the indicator atom. Other physical
methods used to investigate the a-effect (see above) do not
provide such information. The results of quantum-mechani-
cal calculations also do not permit the elucidation of the
nature of the a-effect.

According to 3°Cl NQR spectroscopic data for compounds
of the CICH,ERR'R" (E =C, Si, Ge, or Sn) series, the
pg electrons of the chlorine atom, i.e. the electrons of the
C—Cl1 bond, are involved in the interaction with the E atom of
these molecules!~%°713%  This follows from the higher
85C1 NQR frequencies of the organocelemental compounds
(E =8i, Ge, or Sn) compared with organic analogues (E=C)
(see the previous Section).

The NQR frequency v or the quadrupole coupling constant
of the molecule eZQq are related to the number of unbalanced
electrons of the chlorine atom Vp as follows (see, for example,
Refs.92, 140—142):

N+ W,
2

€Q0mor = Qg -V, = e’qu( '—"»Nz) )

where e2Qq, is the atomic quadrupole coupling constant and
Ny Ny, and N, are the populations of the p,, Py, and p;
orbitals of the chlorine atom. Hence it is seen that the
quantity equ can increase either with decrease of the
population of the chlorine p; orbital (p, orbital), involved in
the formation of the C—Cl bond, or with increase of the
population of the orbitals of its unshared electron pairs
(px or py orbitals). The hypothesis that the populations
of the 3py and 3py orbitals of the chlorine atom in organo-
elemental molecules are higher than in the isostructural
organic molecules, where the populations of the px and Py
orbitals are virtually equal to 2, is unrealistic. ~Therefore
the increase of the *°Cl NQR frequency for compounds of
the CICH,ERR'R" series having E =Si, Ge, or Sn compared
with organic analogues (E =C) as well as other anomalous

|

properties of the compounds containing the C1-C—E or

| 1

X—C—E (E =8i, Ge, or Sn) group are caused by the decrease

of the population of the py orbital of the chlorine (or X)
atom, i.e. by the involvement in the interaction with the E
atom of the electrons of the C—Cl (C—X) bond'~897,139%

This is an experimentally established fact. The participation
of the pg electrons of the chlorine atom in this interaction is
also confirmed by the comparatively low parameter of the
asymmetry of the electric field gradient n at the location of
the atomic nucleus of chlorine in chloromethylsilane
CICH,SiH; (n =0.048), which is close to the asymmetry
parameter for CICH,CH,; (n =0.035). Consequently the
hypothesis of the coordination interaction between the E and

|

X atoms in the X—C—E group with participation of the

unshared electron pair of the X atom has not been confirmed
experimentally .

One can only speculate in what way the E atom is involved
in this interaction. According to the generally accepted
view, the atoms E =Si, Ge, or Sn possess electron-accepting
properties by virtue of their vacant d orbitals (see, for
example, Refs.23, 131, 143, and 144). On this basis, one
can assume that the py electrons of the C—Cl (C—X) bond
pass to the vacant d orbitals of the E atom and an electron-
deficient three-centre bond is therefore formed between the
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E, C, and Cl atoms'™®. The possibility of the formation of
a three-centre bond as a result of the sharing of a single
electron pair by three atomic nuclei was pointed out a long
time ago by Longuett—Higgins!*®*. The presence of such
hypervalent bonds has been postulated in diborane!*5~148,
carbaboranes'*®, etc. (see, for example, Refs,147, 148, and
150), but the existence of such bonds has not so far been
confirmed experimentally.

|

In molecules containing the X—C—E group the C—X bond

can also be polarised under the influence of the E atom,
which should lead to a decrease of the p electron density of
the X atom®. This model of the intramolecular interaction
does not conflict with the steric structure of molecules of the
XCH,ER, series established by gas electron diffraction®® and
microwave spectroscopy!®?, since it does not require a
decrease of the XCE angle relative to the tetrahedral value?:2,
Analysis of the experimental data established a unique
anomalous relation between the 3°C1 NQR frequencies of all

|

compounds containing the C1-C—E group and the charge (or,

to a first approximation, the electronegativity) of the E
atom?”%: with increase of the electronegativity (negative
charge) of the E atom, the NQR frequencies of such com-
pounds diminish (the pg-electron of the chlorine atom
increases) and, conversely, with decrease of the electro-
negativity of the E atom, the NQR frequencies increase (the
pg-electron density of the chlorine atom diminishes). Com-
pounds with an E atom having unshared electron pairs
(E=N, O, F, etec.), vacant d orbitals (E = Si, Ge, Sn,
etc.), as well as atoms lacking either feature (E=H or C)
obey this relation. The relation has been confirmed by the
correlation analysis of the *°Cl NQR frequencies of, for
example, compounds of the CICH,E"R,_; (n is the valence
of the E atom) series*. The NQR frequencies of compounds
of the CICH,CR, series are correlated with the inductive
constants o* of the substituent CR;. For E#C, such a
correlation does not hold. The deviations of the NQR
frequencies Av of compounds with E # C from the above
correlation are in their turn satisfactorily correlated with
the electronegativity of the E atom (according to Pauling).
The last correlation is obeyed by the deviations Av both for
compounds with an E atom having unshared electron pairs or
vacant d orbitals and for compounds with E =H as well as the
average value of Av (Avgzy =0) for compounds with
E"R,_ =CR,.

An analogous anomalous relation is shown also in the case
of other physical and chemical methods for the investigation

of compounds containing the X—C—E group.
|
properties of all these compounds (whatever the E) are due to
the interaction of the E atom with the electron cloud of the
C—X (C—Cl) bond, which follows from their 3°C1 NQR spectra.
Bearing this in mind as well as the general anomalous
dependence of the distribution of electron density at the

The anomalous

X atom in the X--C—E group on the nature of the E atom,

|
one can assume that the anomalous relation is caused by the
same mechanism of the interaction of the X and E atoms
whatever the E. This general mechanism can involve the
electrostatic interaction of the charge of the E atom,
directly through the field, with the electron cloud of the
C—C1 (C—X) bond, because this interaction is almost
independent of the presence of unshared electron pairs or
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vacant d orbitals in the E atom?*5,13%,153  pyrthermore,
the electrostatic mechanism of the geminal interaction is
indicated by the finding that virtually all interactions in the
molecules are in fact electrostatic, the E atom influences all
the C—X bonds in the given molecule in the geminal position
with respect to it to virtually the same extent, etc.%!53 The
interaction of the E and Cl atoms in these molecules directly
through the field has been confirmed by the *5Cl NQR
spectra of compounds of the Cl,CH,_,CHCIOR series!®*1%5,
in which the resonance frequency of the g-chlorine atom
corresponds to the inductive influence of the OR group on
the latter, while the frequency of the a-atom is anomalously
low. The interaction of the a- and B-chlorine atoms with
the oxygen atom along the chemical bonds, the nature of the
changes in their NQR frequencies would be the same. In

the linear molecules Cl-C = E the intramolecular interaction of
|

the geminal Cl and E atoms takes place only along chemical

bonds. The E atoms therefore influence the NQR frequency

(or the quadrupole coupling constant) of these compounds in

conformity with the inductive effect of the E atoms or the

substituents incorporating them"s5,13%153,

The calculated contribution Av to the *°Cl NQR frequency
of the interaction of the charge of the E atom with the
electron cloud of the C—Cl bond directly through the field
for certain molecules of the CICH,E series agrees well with
the experimental data and the quantum-chemical calculation
of the charges on the E atoms in these molecules!®*~158 For
example, the quantity Av =4.2—6.3 MHz (for different
amounts of ionic character of the C—Cl bond, for different
charges on the oxygen atom calculated for different
parametrisations in terms of the CNDO approximation taking
into account the error of the experimental determination of
the Stark shift used in the calculation, etc.), calculated for
the chloromethyl ether CICH,0CH;, agrees satisfactorily with
the deviation of the experimental NQR frequency of this
ether from the linear correlation between the °Cl NQR
frequencies of compounds of the CICH,CR; series and the
inductive constants o* of the substituents CR, (bvg =
4.9 MHz). For CICH,Si(CH;),, the quantities Av and Avg
are respectively 3.72 and 3.56 or 2.50 MHz, ete.!®’

The *°CL NQR frequencies of compounds containing the
Cl-Z—-E and Cl-Z-E groups (Z =C, Si, Ge, P, etc.) obey
the anomalous relation which holds for compounds containing
the Cl-—lc—E group 2»%5,98,139,153,159,160

|
of the geminal interaction between the Cl and E atoms in the
molecules CIZ(OR)XX' (Z =C, Si, or Ge) is inversely related
to the bulk of the central atom Z, i.e. to the distance between
the E =0 atom and the centre of the electron cloud of the
Z—Cl bond'*®.  An analogous relation has been observed also
for compounds of the CIZ(OR)X series with Z =P or As.'%?,
These data are also in good agreement with the electrostatic
mechanism of the interaction of the Cl and E atoms in mole-

cules containing the C1-C~E (X—C—E) group and therefore
with the electrostatic me(lhanism of the a-effect, which is a
special case (for E =8i, Ge, Sn, etc.) of the general
electrostatic effect of the geminal interaction.

The above data, obtained in the study by physical and
chemical methods of compounds of Group IVB elements

containing the X—C—E fragment (E =Si, Ge, or Sn;

The contribution Av

X =halogen, O, N, or S), show that in the vast majority of
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cases the E atoms influence the substituent X not in
conformity with the electronegativity of the E atom and
the inductive effect of the group incorporating it. This
non-inductive interaction of the X and E atoms has been
called the o-effect. There exist most contradictory views
concerning the existence of the a-effect and its nature.
However, systematic studies of the *5Cl1 NQR spectra of

organosilicon compounds containing the Cl-C—S8i group have

shown that the a-effect occurs in all molecules of this type
and that the conflicting conclusions concerning its existence
arose from the fact that they were usually based on a
comparison of data obtained in the study by some method of
individual pairs of isostructural organoelemental and organic
compounds or short series of compounds.

On the other hand, the nature of the manifestation of the
o-effect depends significantly on the electron-accepting
properties of the substituents linked to the C and E atoms
and on the ability to transmit the inductive influence of the
substituents to the indicator E atom in organic and organo-
elemental compounds and on the research technique employed,
which may not reflect adequately the nature of the distribu-
tion of the electron density at the E and X atoms. The
nature of the a-effect is usually inferred solely on the basis
of the postulated possibility, in principle, that specific
orbitals of the E and X atoms are involved in the formation
of chemical bonds, without any experimental evidence for
this hypothesis. Quantum-mechanical calculations also fail
to provide a convincing explanation of the a-effect.

|

The 35C1 NQR spectra of compounds containing the Cl-C—E
I

(E=C, Si, Ge, or Sn) group indicate unambiguously the
involvement of the pg electrons of the chlorine atom (the
electrons of the C—Cl bond) in the interaction with the E
atom. Systematic study of the *°C1 NQR spectra of com-
pounds of this type, in which the E atom has unshared
electron pairs, vacant d orbitals, or neither one nor the
other showed that their anomalous properties are caused by
the electrostatic interaction directly through the field due to
the charge of the E atom with the electron cloud of the C—Cl
(C—X) bond, i.e. by the polarisation of the C—Cl (C—X)
bond under the influence of the electric field generated by
the charge of the E atom, and not by the coordination
interaction between the E and Cl (or X) atoms, presupposing
the transfer of electron density from the X atom to the E
atom. The a-effect is only a special case of such electro-
static interaction. It is quite natural that the charge of the
X atom interacts in the same way with the electron cloud
of the C—E bond.
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