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Infrared Spectroscopy of the Hydrogen Bond as a Method for the
Investigation of Intramolecular Interactions

A.N.Egorochkin and S.E.Skobeleva

Infrared tpectrotcoplc data on hydrogen-bonded complexes Incorporating the main classes of organic and organoelemental
electron donors and electron acceptors are examined and surveyed. The dependence of the parameter Lv (the frequency
shift of the stretching vibration of the A - H bond In the infrared spectrum of the electron acceptor on formation of the
hydrogen-bonded complex) on intramolecular interactions in the molecules of the species involved in the hydrogen bond is
analysed. The use of this parameter in the investigation of weak electronic effects of substituents in the molecules of
electron donors and electron acceptors involved in the formation of the hydrogen bond is considered.
The bibliography includes 191 references.
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INTRODUCTION

There has been a continuous increase in the number of
reports surveying the extensive experimental data on com-
plexes with an intermolecular hydrogen bond; these sur-
veys help to create a modern theory of the hydrogen bond
(see, for example, Refs. 1-6). At present the state of
the theory is such that it permits a semiempirical (for
example, on the basis of spectroscopic manifestations of
the hydrogen bond) investigation of the fine details of the
molecular structure of the electron acceptor A-H and the
electron donor B, forming a hydrogen-bonded complex of
the type A-H... B. One of the main criteria of the exis-
tence of the hydrogen bond is the shift Ay of the stretching
vibration frequency v(A-H) of the electron acceptor on
formation of the hydrogen bond, which can be readily mea-
sured experimentally in the infrared spectrum. The
shifts Lv yields important information about the structure
of the electron donor and electron acceptor and particu-
larly about the intramolecular interactions in these mole-
cules; however, so far this information has been inade-
quately surveyed and analysed.

The influence of intramolecular interactions in electron
donor and electron acceptor molecules on their ability to
form hydrogen-bonded complexes is analysed in the pres-
ent review. Among the extensive literature data, we
discuss almost exclusively those obtained in the analysis
of Ac in infrared spectra, since these quantities are known
for the majority of the hydrogen-bonded complexes investi-
gated. Mainly studies undertaken to obtain information on
the basis of the Lv about the electronic structure of the
species involved in the hydrogen bond (i.e. the electron
donor and electron acceptor) are considered.

We shall consider briefly the validity of using the
parameter Lv for the solution of the problem formulated.
The hypothesis7'* of a linear relation between Lv and the
enthalpy of formation of the hydrogen bond LH has been
confirmed'"1" only for short series of compounds. For a
large number of hydrogen-bonded complexes of the type
phenol (and probably any other electron acceptor) - elec-
tron donor, a quadratic relation Avoc(Atf)8 is observed .
A relation of the type (Atf)a - 0.11 (Ay-40) describes sat-
isfactorily the variation of Atfwith Lv over the entire
known range of the energies of phenol hydrogen bonds3, i.e.
it is valid for both strong and weak hydrogen bonds. How-

ever, this relation must be used with a certain amount of
caution, because It is empirical and will therefore be
inevitably revised in the future as more accurate values of
AH become available for weak hydrogen bonds. However,
for the weakest hydrogen bonds Lv values not only charac-
terise the hydrogen bond but also reflect the influence of
non-specific interactions in solution (for example, van der
Waals interactions). However, within the limits of each of
the narrow series of compounds (derivatives of benzene,
ethylene, etc.) and under standard experimental conditions
(constant electron acceptor, solvent, experimental tem-
perature, and concentration, which is the case in virtually
all the studies considered in this review), the influence of
non-specific interactions on Ay can be assumed constant
to a first approximation for all the representatives of the
given narrow series. The main task of the present review
is a survey of the studies of intramolecular interactions in
the above narrow series of electron donors on the basis of
the analysis of the changes in the parameter Lv in these
series.

An important generalisation described in the literature
is the "rule of the product of factors" 4>5, which charac-
terises quantitatively the contributions of the electron
donor and electron acceptor to the enthalpy of the hydro-
gen bond and, in the absence of strong steric hindrance,
also in general to the capacity of the electron donor and
electron acceptor for the formation of any intermolecular
hydrogen-bonded complexes. This rule is characteristic
of both the donor-acceptor interaction as a whole and of
its special case — hydrogen bonding. It is known (see,
for example, Gur'yanova et al. xs) that the enthalpy of com-
plex formation depends significantly on the electron densi-
ties at the donor and acceptor centres, which are in their
turn determined by the intramolecular interactions (the
inductive and mesomeric effects) in the donor and acceptor
molecules. The influence of these effects is character-
ised quantitatively by the substituent constants of the Taft-
Hammett type14.

It follows that for hydrogen-bonded complexes there
should be a relation between the Lv and the Taft-Hammett
constants of the substituents in the electron donor and
electron acceptor molecules. For narrow series of elec-
tron donors, this relation should be linear. The influence
of steric factors on the formation of the hydrogen bond can
be estimated by methods of correlation analysis.
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The great sensitivity of the parameters Ay to molecular
structure factors makes it possible to investigate fine
details in their changes (particularly in series of com-
pounds with related structures).

II. INTRAMOLECULAR INTERACTIONS IN ELECTRON
DONORS INVOLVED IN HYDROGEN-BONDED
COMPLEXES

Data for the influence of substituents linked to the donor
centre, which is responsible to the greatest extent for the
electron-donating capacity of the entire molecule in the
formation of the hydrogen bond, were arranged systemati-
cally in the present review on the basis of the type of donor
centre (an element of Group V, VI, or VII, a multiple car-
bon-carbon bond). Particular attention has been devoted
to the consideration of intramolecular interactions in com-
pounds containing elements of the silicon subgroup as sub-
stituents in view of the importance of this problem for the
chemistry of organoelemental compounds.

1. Electron Donors containing Group V Elements

The electron-donating capacity of nitrogen derivatives
R3N varies over a wide range, and together with the induc-
tive effect of R, is determined also by the conjugation
effects in the R-N fragments and by the steric factors
which control the possibility of the mutual approach of the
donor and acceptor centres on formation of the hydrogen
bond10'15"22.

The influence of substituents in the electron donor
molecule (substituted aniline) has been estimated quanti-
tatively in relation to the hydrogen-bonded complexes
between aniline and phenol derivatives28. The values of
A^(O-H) for phenol involved in the formation of a hydro-
gen-bonded complex of the type

are correlated with the enthalpy of complex formation and
with the Hammett a constants of the substituents R.

Elements of the nitrogen subgroup exhibit different
electron-donating capacities in the formation of the hydro-
gen bond, decreasing in the sequence N » P > As,29'30

Such variation of the electron-donating capacities is
observed also for their aliphatic derivatives. In aromatic
compounds the phosphorus atom forms stronger hydrogen
bonds than nitrogen . Thus the values of A^(O-H) for
phenol are 800 and 240 cm"1 in the presence of (C2H5)3N
and (C4H9)3P respectively and at 150 and 240 cm"1 in the
presence of (C6H5)3N and (CeHs^P respectively. According
to the authors^1, the electron-accepting properties of ter-
valent phosphorus cannot be explained by the involvement
of the d orbitals of the phosphorus atom in the bonding.
However, we may note the appreciable discrepancy
between Aî (O-H) obtained for triethylamine by the above
workers31 (800 cm"1) and the value measured by Drago
and Epley16 (556 cm"1).

The formation of multiple bonds by the nitrogen atom or
its involvement in conjugation alter appreciably the elec-
tron-donating properties of compounds containing this atom
as a donor centre. Thus in the azines

Table 1. The parameters A^(O-H) (cm"1) for the infra-
red spectra of certain hydrogen-bonded complexes.

Electron donor

H3N
C5H6N
(CaH6)3N

Electron acceptor

C.HjOH

462
465
556

p-ClC6CsOH

491
586

p-FC.H.OH

489
576

References

20
16
16

Table 1 shows that the frequency shift A (̂OH) in the
hydrogen-bonded complexes of aliphatic amines and pyri-
dine derivatives depends on the type of electron acceptor
employed16'20'23'24. The study of hydrogen bonds between
methanol and pyridine derivatives 5 showed that the pres-
ence of bulky substituents in the 2- and 6-positions in the
electron donor molecule hinders the formation of the
hydrogen bond. Steric factors have a similar influence
both on the electron-donating capacity of pyridine deriva-
tives in the formation of a hydrogen bond and on their
basicity. This is indicated by the correlation between the
parameter A^(O-H) for methanol and the p#a of pyridine
derivatives. In the study of hydrogen bonds in cyclic
azoles26'27 it was established that imidazoles have a
greater electron-donating capacity than pyrazoles. The
electron-donating properties of the "pyridine" nitrogen
atoms increase after the introduction of electron-donating
substituents into the heterocycle and decrease in the pres-
ence of electron-accepting substituents.

Rx /R
R/ XR

R=H, jor Alk

there may be p, 77 conjugation of the lone electron pairs of
the nitrogen atoms with the 77 electrons of the neighbouring
azomethine linkages32. The electron density at the nitro-
gen atoms, which determines their electron-donating pro-
perties, should therefore be determined by the degree of
p, 77 conjugation in addition to the inductive effect of the
substituents. The infrared spectra of the hydrogen-bonded
complexes of azines with deuterochloroform, potentiomet-
ric data, and quantum-mechanical calculations confirmed
the existence of p, 77 conjugation in azines32.

The study of the electron-donating capacity of the
nitriles R-C = N and isonitriles R-N = C established that
the parameter Aiv(OH) for phenol is correlated with the
Taft inductive constant a* of the substituents R. Iso-
nitriles have a greater electron donating capacity compared
with nitriles (Table 2). Thus the lone electron pair of the
carbon atom in isonitriles R-N= 6 forms a stronger hydro-
gen bond than the electron pair of the nitrogen atom in
nitriles. The deviations of the points corresponding to
BrCN and ICN from the correlation straight line for RCN,
i.e. Av(O-H) = 162.7-38.56 aR, can be accounted for,

according to a number of workers33~35, by the contribution
of the resonance structures X-C = N -~-X+ = C = N". The
electron-donating capacity of dimethyl aminobenzonitriles
has been investigated36. Analysis of the correlations
between VAy(O-H) (with phenol and methanol as electron
acceptors) and the a constants of the substituents in benzo-
nitriles and between VA^(O-H) and the o~ constants of the
substituents in dimethylanilines as well as enthalpy data
have shown that the nitrile group is the reaction centre in
dimethylaminobenzonitriles.
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Alkyl thiocyanates have a smaller electron donating cap-
acity than nitriles37'38 (Table 2). The values of A^(O-H)
for phenol involved in the formation of hydrogen bonds with
alkyl thiocyanates are linearly related to the Taft a* con-
stants for the alkyl substituents. On the basis of the
decrease of the electron-donating capacity in the sequence
nitriles > thiocyanates > isothiocyanates, it has been sug-
gested that the hydrogen bond formed by thiocyanates
involves the nitrogen atom, while that formed by isothio-
cyanates involves the sulphur atom39. The reduced elec-
tron donating capacity of the thio-derivatives compared with
nitriles is associated with the conjugation within the NCS
group39. The authors of a later study40 of intermolecular
interactions of alkyl isothiocyanates with phenol also con-
cluded that alkyl isothiocyanates have a lower electron-
donating capacity than alkyl thiocyanates and nitriles but,
in contrast to Barakat et al.39, they postulate that the
hydrogen bonds of isothiocyanates are formed with the par-
ticipation of the nitrogen atom and not sulphur.

Table 2. The parameters Av(O-H) for the infrared spec-
tra of hydrogen-bonded complexes (with phenol as the elec-
tron acceptor).

Electron donor

CH,CN
C,HnCN
C6H5CN
BrCN
CHqNC
C,HUNC
C6H6NC
CH,SCN
C2H6SCN
CH3NCS
C,H6NCS

AKO-H),

cm"1

159
174
153
102
228
250
203
146
152
107
113

References

33
33
33
34
33
33
33
38
38
40
40

passing to germanium derivatives the effect of the d^-py
interaction is appreciably weakened (Table 3; compounds
2 and 3, 6 and 7, and 9 and 10, and 11 and 12).

Table 3. The parameters A^(C-D)for the infrared spec-
tra of hydrogen-bonded complexes (with deuterochloroform
as the electron acceptor).

No.

1
2
3
4
5
6
7
8
9

10
11
12

Electron donor

(CH3)3CNHC2H5

(CH3)3SiN(C2H6)2
(r.H3)3GeN(C2H6)2
(CH3)3SnN(C2H5)2

(C2H6)3N
(C2H6)3SiN(CH3)2

(C2H5)3GeN(CH3)2
(CH3)3CN(CH3)2

(CH3)3SiN(CH3)2
(CH3)3GeN(CH3)2
[(CH,)aSiNCH3),
[(C2H6)2GeNCH3]3

u i

89
64
82
90
91
51
81
96
61
76
36
77

8

1 iR
ef

er
ei

41
42
42
42
49
49
60
46
46
46
48
48

Table 4. The parameters Av(C-D) for the infrared spec-
tra of hydrogen-bonded complexes (with deuterochloroform
as the electron acceptor).

No.

1
2
3
4
5
6
7
8

Electron donor

(C2H6)3SiNC5Hl0
(C2H5)3SiCH2NC5HIO
(C2H5)3Si(CH2)2NC5H10
(C2H6)3Si(CH2).,NC6H1()
(CHn)3SiCH2NH2
(CH3)3Si(CH2)aNH2
(CH.,)3Si(CH2)3NH2
(CH3)3Si(CH2)4NH2

Av(C-D),

cm"1

15
60
80
70
36
46
42
43

References

54
54
54
54
55
55
55
55

A spectroscopic study of the electron-donating capacity
of organosilicon amines showed41'42 that the A^(C-D) shift
of the stretching frequency of the bond in deuterochloro-
form in mixtures with silylamines amounts to 50-60 cm"
for compounds of the type (CH3)3SiNHR, 60-80 cm"1 for
(CH3)3SiNR2, and 30-35 cm"1 for the cyclic derivatives
[(CH3)3SiNR]3. In view of the greater electron-donating
capacity of the isostructural carbon derivatives, the auth-
ors41'42 concluded that there is a strong d^~pv interaction
in the Si-N group (Table 3; compounds 1 and 2, 5 and 6,
and 8 and 9). Here and henceforth in the review the
d-n-pv interaction is understood as the manifestation of the
7r-acceptor properties of the silicon and phosphorus sub-
group elements (when these elements are linked to atoms
having lone electron pairs or to a, /3-unsaturated carbon
substituents). Together with the hypothesis of the involve-
ment of the vacant nd orbitals of these elements, there
exists an alternative view concerning the explanation of the
7r-acceptor properties43'44, based on an examination of
hypervalent bonds45. The electron-donating capacities of
two series of compounds, (CH3)3En(CH3)2 and E[N(CHs)2]4
(E = C, Si, or Ge), have been estimated for the formation
of hydrogen bonds by these derivatives with deuterochloro-
form46. The weakest hydrogen bonds are formed by sili-
con derivatives owing to the delocalisation of the p elec-
trons of the nitrogen atom over the vacant d orbitals of the
silicon atom (the effect of the d^-p^ interaction). On

The influence of molecular structure factors on the
electron-donating capacity of disilazanes47, cyclosilazanes
and cyclogermazanes48, ethyl(dimethylamino)germanes50,
and dialkylaminochlorogermanes52 has been investigated.
The electron donating capacity diminishes in the sequence
C-N-C > Ge-N-Ge^ Ge-N-C > Si-N-C > Si-N-Si. The
results were interpreted on the basis of a smaller contri-
bution of the effect of the dv - p^ interaction in the case of
the Ge-N bond compared with the Si-N bond. Infrared
spectroscopic data for silylamines51 and trimethylsilyldi-
azomethane53 also indicates the occurrence of d^-p^
interaction in the Si-N bond.

The electron-donating capacity of organosilicon amines
depends significantly on the distance between the silicon
and nitrogen atoms5 . The lower electron-donating capa-
city of methyl silylamines compared with that of the
remaining alkylsilylamines (Table 4, compounds 2-4 and
5-8) is due to the intramolecular interaction of the nitro-
gen atom and silicon55. Similarly the reduced electron-
donating capacity of [(CH^SiCH^NH [Ai/(C-D)= 49 cm"1]
compared with (CH3)3SiCH2N(Alk)H [AP(C-D) * 60 cm"1]
is caused, according to the authors , by the (p —d) o
interaction.
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2. Electron Donors containing Group VI Elements

The electron-donating capacity of the oxygen atom in a
wide variety of organic compounds has been studied by
infrared spectroscopy9'10'12'15'16'18'54"59'74. It was estab-
lished that the electron-donating capacity of the oxygen
atom depends significantly on the nature of the substituents
linked to it. In the majority of studies12'60"62 the charac-
teristic features of the variation in electron-donating cap-
acity are considered solely on the basis of qualitative
ideas concerning the donor-acceptor properties of substi-
tuents (see, for example, Table 7; compounds 1-6).

The formation of hydrogen bonds by a large series of
ethers with different electron acceptors has been investi-
gated12'15. Correlations were established between the
association constant JTass and A^(O-H) for phenol and also
between the shifts of the stretching vibration frequencies
î (X-H) of various electron acceptors for constant electron
donors. The electron-donating capacity of dialkoxymeth-
anes R'OCH2OR" has been characterised in terms of the
stretching vibration frequency shift Aî (O-D) for deutero-
methanol on formation of hydrogen bonds with the given
compounds63. 6u(O-D) = 102 cm"1 for (CH3)3COCH2.
.OC(CH3)3. When the t-butyl groups are replaced by the
electron-accepting F3CCH2 groups, A^(O-D) decreases to
32 cm"1. The electron-donating capacity of di(/3-chloro-
vinyl)ethers CC12 = CH-O-R depends both on the inductive
effect of the substituents R and on the p, n conjugation
effect. The latter leads to a decrease of Lv for the given
ethers compared with saturated ethers64.

The electron-donating capacity of the carbonyl oxygen
atom in the compounds RRjC = O (for constant R)
decreases when Ri changes in the sequence N(CH3)2 >
CH3 > OCHs.65 The relation between Ai>(O-H) and the
enthalpy of formation of the hydrogen bonds between phe-
nol and diaryl ketones RC6H4COC6H4R' (where R and R' =
Cl, CH3, H, or OCH3) has been investigated; an increase
of A ̂ (OH) for phenol following the enhancement of the
electron-donating properties of the substituents R and R'
was noted67. The hydrogen bond involving triphenylalkyl-
idenephosphoranes has been investigated68'69. As for
ketones, the replacement of the methyl group in (C6Hs)3P =
CH-C(O)CH3 by the methoxy-group reduces Av(O-H) for
phenol; this is caused by the predominance of the -I
effect of the methoxy-group over the mesomeric effect69.
The very strong hydrogen bonds with phenol [A^(O-H) -
400 cm"1] formed by these compounds have been explained68

by the delocalisation of the charge:

(C6H6)3 P = (C6H5)3 P - C H - C - R
II
o

(C6H5)3P-CH=C-R

o-
The electron-donating capacity of thioesters in the for-

mation of hydrogen bonds with phenylacetylene has also
been estimated6 . Comparison of the results with data
for esters and amides showed that the electron-donating
capacity of the carbonyl oxygen atom decreases in the
sequence amides > esters > thioesters. This can be
associated with the fact that structure (I) makes an appre-
ciable contribution to the structure of amides, while
structure (II) is significant in thioesters66:

o-

(I)

(II)

The electron-donating capacities of cyclic ethers70,
ketones71, lactones 72, and lactams73'74 have been studied
in a number of investigations. The influence of ring size
is reflected in different ways in the electron-donating cap-
acity of the oxygen atom incorporated in the ring or out-
side the ring. The difference has been explained70 by the
preferential formation of a hydrogen bond with the carbonyl
oxygen atom and not with the oxygen atom of the alkoxy-
group. However, a spectroscopic study of the hydrogen
bonds between esters and trifluoroacetic acid led to the
conclusion75 that both carbonyl and alkoxy-oxygen atoms
behave as electron donors.

In the above investigations the principal characteristics
of the changes in the electron-donating capacity of the oxy-
gen atom in different compounds were interpreted on the
basis of qualitative ideas concerning the donor-acceptor
properties of the substituents. The details of the changes
in the electron-donating capacity, caused by varying the
substituents, frequently remained uninvestigated. Studies
were therefore undertaken76'77 to investigate the influence
of the inductive and mesomeric effect of the substituents
Ri on the electron-donating capacity in relation to com-
pounds of the type Ri-O-Rj and (Rj)2C = O. The influence
of substituents on the electron-donating capacity of the
compounds can be characterised quantitatively by the Ham-
mett-Taft a constants, which are known for the majority
of organic substituents t .

For the compounds (Ri)2C = O, where the substituents
Ri exert only an inductive influence on the electron-donat-
ing capacity, the following equation was fitted by the
method of least squares:

)= — 332o* + 190, (1)
which relates the values of A^(O-H) for phenol to the sums
of the Taft inductive constants a* for two substituents Ri.76

If the substituents Ri are involved in conjugation with the
oxygen atom, then the experimental values (A^exn) differ
from those calculated on the assumption of a purely induc-
tive influence of the substituents (Aivin(j). The difference
A(Av) = Ai^xp- A^ind characterises the conjugation with
the oxygen atom.

Table 5 shows that the experimental values (A^eXp)
for the majority of compounds exceed appreciably the val-
ues calculated from Ean. (1) (A^ind). The reason for the
difference A(A )̂ is the p, ir conjugation effect:

as a result of which the electron density at the oxygen
atom increases. The contribution of this effect rises as
X is varied in the series C6H5 < OAlk «* CH = CHC6H5 <
NAlk2. On the other hand, the electron-donating capacity

O
of the amides Rj-C decreases as Rj is varied in the

NR2
series CH3 > CH3CH2CH2 > CH3CH2 > C6H5 > CH2C1 >
/>-NO2C6H4.9 It has been shown76 that, apart from the p, 77
conjugation effect, in amides there is yet another meso-
meric effect —p, o conjugation:

\

t The application of the Hammett-Taft system makes it
possible to resolve the influence of electronic effects into
components associated with the inductive and mesomeric
effects.
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Its contribution increases with the -/ effect of the substi-
tuents Ri.

Table 5. The values of A(A )̂ for the infrared spectra of
compounds of the type (Ri)2C = O.

Electron donor

C8H6CH=CHCOH
CjHsCOOCjHs
C6H6COOCjH6
CH,ClCOOCjH,

jA(Ai>), cm

+35
+76
+36
+51
+38

Electron donor

C^HjCONfCH,),
CH,CON(CH3)a
ClCH2CON(C,Hj),
p - N Q A ^ C O N ^ H , ) ,
CIsCCON(CH3)a

A(Ai>), cm

+155
+172
+127
+143
+88

Table 6. The values of A(Av) for the infrared spectra of
compounds of the type Rj-O-Ri.76

Electron donor

C,H6OCHS
n-BrCer^OCH;,
CHj-CHOQH,
C«H6OC6H,
CH,=CHOC(CH8)3

A(Av), cm"

—38
—39
—35
—32
—52

Electron donor

CHa=CHOCaH6
CHa=CHOCH2CHaCl
(CaH5);,Si0CH3
(CHa)3Si0Si(CH3)3
(C2H6)3SiOSi(CaH6)3

A(Ai>), cm"1

—63
—55
--83

—255
—261

The influences of the inductive and mesomeric effects
on the electron-donating capacity of the oxygen atom have
been separated by correlation analysis, which was also
carried out for the Ri-O-Ri derivatives76'77. For com-
pounds with substituents Ri which are not conjugated with
the oxygen atom, the values of A^(O-H) are related to the
sum of the Taft inductive constants a* for two substituents
by the linear equation

Ai'md (cm-1) = — 902a' + 263. (2)

Table 6 shows that, in compounds with O-CeH5 and O-CH =
CH2 fragments, the values of A^exp are smaller than those
of Avind calculated by Eqn. (2). This is caused by the
p, V conjugation effect:

. —6-*-CH=CH2 ,

which acts in the same direction as the -/ effect of aryl
and vinyl substituents. The electron-accepting properties
of these substituents therefore become more pronounced
and the electron-donating capacity of the oxygen atom in
compounds containing the given substituents is weakened.
Trialkylsilyl groups have an appreciable +/ effect. How-
ever, the values of Avexpf° r alkoxysilanes and siloxanes
are comparatively small and the differences A(Av) are
large. The differences are caused by the effect of the
d-n-Pir interaction in the Si-O fragments which consist in
the delocalisation of the lone electron pairs of the oxygen
atom over the vacant 3d orbitals of the silicon atom.

Infrared spectroscopic study of the hydrogen bond
makes it possible to investigate different aspects of the
conjugation effects in organoelemental compounds78. Thus
studies of the electron-donating capacities of a number of
ethers , alkaxysilanes, siloxanes10'60'62'79"82, alkoxyger-
manesrfx '83 '89, and germoxanes84 showed convincingly that
the variation of the electron-donating capacity of the above
compounds cannot be accounted for solely by the inductive

effects of the substituents and the difference between the
electronegativities of the central atoms. A sharp reduc-
tion of the electron-donating capacity of the oxygen atom
in alkoxysilanes and siloxanes compared with carbon
derivatives is a consequence of the shift of the p electrons
of the oxygen atom to the vacant 3d orbitals of the silicon
atom (Table 7; compounds 2 and 7 and 3 and 8). The
electron-donating capacity of monoethoxygermanes is
greater than that of monoethoxysilanes, which is consist-
ent with the greater d^-p^ interaction in the Si-0 bond
compared with Ge-0 (Table 7; compounds 7 and 13 and
12 and 17). On the other hand, the values of Ai^(N-H)for
tetraethoxygermane are only slightly greater than for tet-
raethoxysilane (Table 7; compounds 11 and 16), which is
a consequence, according to the authors61, of the weaker 77
bonding to each oxygen atom compared with that in raono-
ethoxysilane. It has been shown 6 that the relative
electron-donating capacities of silicon, germanium, and
tin derivatives vary in the following sequences:

SiOC > Si (OC)2 > Si (OC)3 > SiOSi;

GeOGe > GeOC > Ge (OC)2 > Ge (OC)3;

SnOSn > SnOC > Sn (OC)2.

Table 7. The parameters A^(N-H) for the infrared spec-
tra of hydrogen-bonded complexes (with pyrrole as the
electron acceptor).

No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17

Electron acceptor (

C2H6OCaH5
(CH3)3COC2H6
(CH3)3COC(CH3)3
(CH3)2C(OCaH5)2
CH3C(OC2H5)3
C(OCaH6)4
(CH3)3Si0CaH6
(CH3)3Si0C(CH3)3
(CH3)2Si(OeaH5)2
CH,Si(OC2H6)3
Si(OCaH5)4 ;
(CH3)3Si0Si(CH3)3 1
(CH3)3Ge0C2H6 1
(CH3)2Ge(OC2H5)2
CH3Ge(OC2H6)3 i
Ge(OC2H5)4
(CH3)3Ge0Ge(CH3)3

AKN-H), cm"1

149
149
163
138
107
98

138
125
129
114
97
72

215
189
151
119
233

References

62
62
62
62
62
62
62
62
62
62
62
61
Gl
61
61
61
84

The electron-donating capacities of cyclic organosili-
eon compounds with Si-O bonds have also been investi-
gated87. The greater values of Ay for cyclotrisiloxanes
compared with cyclotetrasiloxanes can apparently be
explained by the more favourable conditions for the d^-p^
interaction of the lone electron pairs of the oxygen atoms
with the d orbitals of silicon in trimers compared with
tetramers. The values of Ay(C-D) for alkoxy- and
aminoalkoxy-silanes (with deuterochloroform as the elec-
tron acceptor) diminish with increase of the number of
alkoxy-groups, i.e. with the increase of the -/ effect of the
latter88. The study of the electron-donating capacities of
trialkoxysilanes RSi(OR')3 (R' = CH3 or C2H5; R is an
organic substituent) established a linear correlation
between A^(A-H) for phenol or pyrrole and the Taft induc-
tive constants for the substituents R.90 This apparently
indicates a predominantly inductive mechanism of the
influence of the substituents R.



Russian Chemical Reviews, 4 8 (12), 1979 1203

The values of A^(O-H) for phenol Involved in the for-
mation of a hydrogen bond with oxygen-containing organo-
alkynes (CH3)2(CH2 = CHC = C)COSi(CH3)3 and (CHife.
.(CHa = CHC = C)SiOSi(CH3)3 indicate a decrease of the
electron-donating capacity of the oxygen atom in the
sequence C-O-C > C-O-Si > SiOSi.96'97 The low elec-
tron donating capacity of the oxygen atoms in the Si-0 and
Si-O-Si fragments can be explained by the delocalisation
of the electrons of the oxygen atom over the 3d orbitals of
the silicon atom.

The experimental value of Av(A-H) for the infrared
spectrum of the electron acceptor in many instances char-
acterises an effective electron-donating capacity of the
donor in the hydrogen bond and not its true value. The
difference between the true and effective values is asso-
ciated with the steric hindrance of the approach of the
electron acceptor molecule to the electron donor centre
shielded by bulky substituents. Indeed it has been shown
for alkoxy-derivatives of Group IV elements98'99 that the
t-butyl and trim ethyl silyl groups give rise to steric shield-
ing of the oxygen atom linked to them, which reduces the
experimental A^(A-H). Allowance for steric factors
made it possible to reach a better-founded conclusion con-
cerning the lower extent of the d^-p^ interaction in the
Ge-O bond compared with the Si-0 bond.

The application of correlation analysis makes it pos-
sible to investigate fairly weak conjugation effects in
alkoxy-derivatives of germanium99. If the substituents R
in (CH3)2Ge(OR)2 and RGe(OG2H5)3 have only an inductive
effect, then the values of A^(N-H) for pyrrole and the
Taft a* constants for these substituents are linked by the
linear relations (3) and (4) respectively:

— 47o'R + 181,

AvN-H(cm-1)= — 44o* + 154.

(3)

(4)

For R = CeH5, the corresponding points on the plots
deviate from the correlation lines defined by Eqns. (3) and
(4). The low values of Af(N-H) for dimethyldiphenoxy-
germane are caused by the p, n conjugation effect:

\ o
— Go— 0—C6H5 ,

and the enhanced electron-donating capacity of triethoxy-
phenylgermane is due to the effect of the d^-pp interaction
in the bond, which weakens the electron-accepting proper-
ties of the phenyl group99.

— Ge-£c6H5 .

The electron-donating capacities of the organoelemen-
tal peroxides (Ri)3E-O-O-E'(Ri)3 (where E and E' = C,
Si, or Ge and Ri are alkyl or aryl substituents) depend
significantly on the inductive effects of the substituents Ri
linked to the E and E' atoms100. If E and E' = Si or Ge,
the electron-donating capacity is also determined by the
contributions of the effect of the dv-Pn interaction, which
is more significant for organosilicon compounds and
varies non-additively as the number of aryl substituents
at the E and E' atoms is varied.

The influence of the structure on the donor-acceptor
properties of certain trialkylsilyl- and germyl-substituted
alcohols has been studied91'92 and it has been established
that the electron density at the oxygen atoms in com-
pounds with n > 2 in the (CHs)3Si(CH2)n0H series is inde-
pendent of the inductive effect of the organosilicon sub-
stituent. Evidence for the occurrence of the (p — d) o

interaction between the oxygen and silicon atoms has not
been obtained. According to the values of A^(O-H) found
for phenol, intramolecular coordination takes place in the
compounds (CH3)3Si(CH2)n0Si(CH3)3 (n = 1-4) when n = 1;
for n s* 2, the effect is greatly reduced93. Among all the
compounds investigated, the maximum value of Af(O-H)
was observed for (CHs)3SiCH2OSi(CH3)3; nevertheless,
according to the authors93, this quantity is unduly low
owing to intramolecular coordination, which partially
compensates for the +/ effect of the (CH3)3SiCH2 group.
The interpretation of the electron-donating capacities of
the esters (CeHs^ECI^COOCaHs does not require the
hypothesis of intramolecular coordination between the oxy-
gen atom and the E atom95. The low value of the coor-
dination effect and the resulting complications in its study
make it at present impossible to regard the above data91"95

as entirely correct.
The formation of hydrogen bonds by sulphur-containing

compounds has been studied by a number of workers. The
variation of the frequency and intensity of the ^(S-H)
stretching vibration band in the infrared spectra of alipha-
tic mercaptans demonstrated the presence of a hydrogen
bond of the type S-H... S.ltu The formation of hydrogen
bonds of the type S-H... Y and X-H... S (X, Y = O, N, orS)
in different classes of organic compounds has been exam-
ined in a review102.

The electron-donating capacities of Group VI elements
decrease in the sequence O > S > Se > Te. This con-
clusion was reached in the study of the hydrogen bonds
between phenol and the compounds Alk2X (X = O, S, Se,
or Te)59^03-106. At the same time there is evidence for
a greater electron-donating capacity of the sulphur atom
compared with the oxygen atom105. In analysing the
causes of the discrepancies between the results of these
studies, one must take into account the fact that the elec-
tron-donating capacity of Group VI atoms depends signi-
ficantly on the nature of the substituents linked to
them10®'107. Table 8 shows that the shift of the stretching
vibration frequency u(O-E) for phenol on formation of
hydrogen bonds by the latter with the derivatives (n- ^
diminishes as X varies in the sequence O > S > Se > Te.
The values of A^(O-H) for phenol involved in hydrogen
bonding with the (CeH5)2X derivatives diminish for differ-
ent X in the opposite sequence: Se > S > O.

Table 8. The parameters A^(O-H) for the infrared spec-
tra of hydrogen-bonded complexes (with phenol as the
electron acceptor).

X

0
S
Se
Te

(n-C4H9)2X

A K ( O - H ) ,
-1

cm

278
254
240
220

References

103
103
103
103

(C.H.JjX

AKO-H),
! -1

cm

119
151
161

Refs.

106
106
106

Apart from the electronegativities of the X atoms, the
electron-donating capacity of (CeH5)2X is appreciably
influenced by the p, v conjugation effect. The effect is a
maximum for X = O, which results in a sharp decrease of
the electron density at the oxygen atom in diphenyl ether
and leads to the inversion of the electron capacity series
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for the derivatives (CeHs^X compared with (n-C4H9)2X.
Comparison of the spectroscopic and thermodynamic
parameters of the hydrogen bonds between a number of
electron acceptors and organic sulphides and selenides
showed that the electron-donating capacity depends on the
electronegativities of sulphur and selenium atoms and
also on the steric and inductive effects of the substitutents39.
The virtually identical electron-donating capacities of
isostructural selenides and sulphides is a consequence of
the similar electronegativities of sulphur and selenium
atoms39.

The electron-donating capacity of Group VI elements
(X) changes sharply on passing from compounds with the
C-X-C fragment to derivatives with the E-X-E group
(where E is an element in the silicon sub-group)4 '108' 09.
This is associated with the differences between the steric
effects of the substituents — mainly with the sharp dif-
ferences between the inductive effects and with the partial
double bond character of the E-X fragments (the effect
of the d^-Px interaction). The electron-donating cap-
acity of Group VI elements with E = Si diminishes as X
varies in the sequence Te > Se > S > O, which is
exactly the opposite of the sequence of the electron-donat-
ing capacities of X in the Alk2X derivatives59'103'104 (see
Tables 8 and 9). In series with E = Ge or Sn the maxi-
mum electron-donating capacity is shown by oxygen
derivatives, but the overall sequence based on the vari-
ation of Ai/asa function of the nature of X also differs
from the sequence of the given quantities for carbon com-
pounds. These experiments indicate a decrease of the
amount of double bond character in the E-X fragments
with increase of the atomic number of the elements E
and X.

Table 9. The parameters Ay(C-D) (cm"1) for the infra-
red spectra of the hydrogen-bonded complexes of
[(C2H5)3E]2X (with deuterochloroform as the electron
acceptor).109

X

0
s
Se
Te

E = Si

10
29
31
42

E = Ge

47
37
42
45

E = Sn

85
43
45
46

In the study of the formation of hydrogen-bonded com-
plexes of the R3EXE'R3 and R3EXR' derivatives (E, E'= C,
Si, Ge, or Sn; X = O or S) using phenol and indole as
electron acceptors the following series based on decreas-
ing electron-donating capacities of the oxygen and sulphur
atoms were obtained110: SnOSn > GeOGe > SnOSi >
COC > SiOSi; SnSSn > GeSGe > SnSSi > CSC > SiSSi;
SnOC > GeOC > SiOC; SiSC > SnSC > GeSC. It is
noteworthy that the series based on the variation of the
electron-donating capacity of the sulphur atom in the
compounds RsESR' (E = Si, Ge, or Sn), found by Shev-
chenko et al.110, differs from the series obtained using
deuterochloroform as the electron acceptor42. It is
known23'24'98 that the parameter £y(A-H) can depend on
the type of electron acceptor employed, since the steric

hindrance in the formation of the hydrogen bond is deter-
mined not only by the steric accessibility of the electron-
donating centre, which depends on the structure of the
electron donor molecule, but also by the dimensions of the
electron acceptor molecule.

A correlation between the logarithms of the association
constants and the parameter tv (A-H) for each electron
acceptor was established in the systematic infrared spec-
troscopic study of the formation of hydrogen-bonded com-
plexes of phosphorus-containing compounds using different
electron acceptors11'111"113. The electron density in the
P = O fragment depends on the inductive and mesomeric
effects of the substituents linked to the phosphorus atom.
Thus the electron-donating capacity of the oxygen atom in
the vinyl-substituted organophosphorus compounds R2P(O).
.CH = CH2 decreases in the following sequence for differ-
ent R: N(CH3)2 > C2H5 > C6H5 s= £-CH3C6H4 > OC2H5 >
OC6H5 > Cl.114

The electron-donating capacities of the arsenic-con-
taining compounds R3As = O were estimated in the study
of their hydrogen bonds with phenol115'116. Their electron-
donating capacities are much greater than those of the
organ ophosphorus analogues. This is related particularly
to the shift of electron density in the P = O fragment
towards the phosphorus atom via the d^-p^ interaction
mechanism. In arsenic compounds this effect plays a
smaller role.

The study of the electron-donating capacities
of the derivatives R2S = O (R = Alk, AlkO, C6H5, or
C6H5CH3) and nitroso-compounds using phenol as the elec-
tron acceptor established a correlation between the
parameter Af(O-H) and the logarithms of the constants
for association via hydrogen bonding117.

It has been shown118'119 that compounds with the frag-
ments P = S and As = S form hydrogen bonds of the type

Ph-O-H...S = X - on association with phenol. The

derivatives R3As = S form stronger hydrogen bonds than
the compounds R3P = S, as in the case of the related oxy-
gen-containing compounds115'116.

Table 10. The parameters Ay(O-H) (cm"1) for the infra-
red spectra of the hydrogen-bonded complexes of alkyl
halides (with phenol as the electron acceptor).

R

n- C.H, *
n-C,H15**
cyclo- COHU *

F

40
40
53

Cl

59
59
66

Dr

69
69
82

1

77
71
86

*Solvent-CCl4.
**Solvent-CCl2 = CC12.

3. Electron Donors containing Group VII Elements

The formation of intermolecular hydrogen bonds of the
type O-H... Hal has been studied by a number of investi-
gators20'29'103'106'120'121. Certain data103'121 are presented
in Table 10. With increase of the atomic number of the
halogens, their electron donating capacity increases and
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the ionisation potentials of the alkyl halides diminish106.
The stronger hydrogen bonds formed by cyclohexyl halides
compared with n-heptyl andn-butyl halides can be explained
by the greater +/ effect of the cyclohexyl group121, which
entails an increase of the electron-donating capacity of the
halogen atom.

The electron-donating capacity of the chlorine atom in
(CHsJsECl, (CH3)2EC12, and (CHs^ECHaCl, where E = C,
Si, Ge, or Sn, has been measured122. For the first two
compounds, the electron-donating capacity of the chlorine
atom increases in the sequence Si < C < Ge < Sn, which
is inconsistent with the variation of the electronegativities
of these elements. The anomalously low values of
Ai;(O-H) for (CH3)3SiCl and (CH3)2SiCl2 are related to the
7r-acceptor properties of the silicon atom, i.e. to the effect
of the dy—pii interaction in the Si-Cl bond. The electron-
donating capacity of the Cl atom in the compounds (CHs)3-
.ECH2C1 is almost independent of the nature of the element
E and can be accounted for purely by the inductive effect
of the (CH3)3ECH2 fragments. Thus the possible intra-
molecular coordination (cv-effect) between the chlorine
atoms and E atoms (for E = Si, Ge, or Sn) was not shown
under the conditions of the given experiment. Phenol
used as the proton donor in the study of the hydrogen bond
is fairly nucleophilic and, by solvating the organoelemen-
tal compounds at the E atom, it apparently prevents intra-
molecular coordination between the Cl and E atoms.

4. 7T-Type Electron Donors

Aromatic compounds having molecular 77-orbitals form
hydrogen bonds of the type O-H... v on interaction with
phenols, alcohols, and other electron acceptors123'124. A
correlation has been observed125"127 between Af(O-H) for
the electron acceptor and the ionisation potentials of aro-
matic 77-bases. The principal characteristics of the
association of phenol with aromatic compounds have been
studied in a number of investigations and the influence of
substituents on the stability of the resulting hydrogen
bonds has been examined39'106'120'128"131'142. The electron-
donating properties of the aromatic ring are weakened as
the substituents R are varied in the sequence N(C2H5)2 >
OCH3 > Alk > C6H5 > CH2CI ~ H ~ C = C H > I ~ B r >
Cl > F > CF3. The electron-accepting properties of the
substituents become more pronounced in the same
sequence and can be characterised by the Hammett an
constants. The parameter A^(O-H) of phenol is virtually
the same in interaction with naphthalene derivatives as in
interaction with the corresponding benzene derivatives132"134'

The possibility of an increase of the multiplicity of the
E-C6H5, E-C = C, and E-C = C (E = Si, Ge, or Sn) bonds
as a result of the d-u-p-n interaction has been partly con-
sidered43'140. Comparison of the electron-donating cap-
acities of silicon-containing derivatives of benzene and
their carbon analogues (Table 11, compounds 3 and 15 and
4 and 16) shows that the A^(O-H) of phenol in interaction
with arylsilanes are lower, which indicates the operation
of the effect of the d^-p^ interaction in the Si-CeH5 frag-
ment.

In unsaturated hydrocarbons the most weakly bound
electrons are in the molecular n orbitals. Olefins are
therefore classified as 7r-bases. The principal character-
istics of the intermolecular association of olefins with
phenol and ^-fluorophenol have been investigated131'133'134'135.
The electron-donating capacity of olefins increases with
increase of the number of alkyl substituents attached to the
s/)2-hybridised carbon atom (Table 12, compounds 1-5).

The nature of the variation of the parameter A^(O-H) is
in general the same as that of the ionisation potentials of
the unsaturated hydrocarbons. Indeed, as alkyl substi-
tuents at a double bond accumulate, the ionisation poten-
tials of olefins diminish; those of cyclic olefins are much
lower than the ionisation potentials of their linear ana-
logues136'137.

Table 11. The parameters A^(O-H) for the infrared spec-
tra of the hydrogen-bonded complexes of benzene deriva-
tives C6H5X (with phenol as the electron acceptor).142

No.

1
2
3
4
5
6
7
8

X

N(C2H5)a

OCR,
C(CH,)3
CH(CH.,)2
CH,
Q H 5

CH2CI
C=CH

Av(0—H), cm"1

83
62
61
59
58
52
49
49

No.

9

5o11
12
13
14
15
16

X

H
I
Br
Cl
F
CF,
Si(CH,)3

SiH(CH3)2

Av(O-H), cm"1

49
30
38
35
30
28
55
50

Table 12. The parameters A^(O-H) for the infrared
spectra of hydrogen-bonded complexes (with phenol as
the electron acceptor).

No.

1
2
3
4
5

6

7
8
9

10
11
12
13

Klectron donor

RCH.= CH2 *
RCH.-CHR*
R2C~CH2 *
R2C-=CHR •
R2C = CR2 *

X H C - C H .
H2C< >CH2X H 2 C—CH/
(CH,)3SiCH--=--CH2

(CH3)3SiCH=CHCH3
(CH3),SiCH=--C(CH,)2
(CH3)3SiCH=CHC6H5
(CH,)3SiCH—CHC1
(CH3)3GeCH=CH2

Ay(O-H), cm"1

65
90

100
110
125

108

56
84

116
57
29
64
67

Reference

135
135
135
135
135

132

144
144
144
144
144
144
144

The above features of the influence of substituents on
the electron density at a double bond also obtain for vinyl
derivatives of the elements in the silicon sub-group. The
increase of the number of methyl groups attached to the
sp2-hybridised carbon atom is accompanied by the addi-
tive increase of A (̂O — H) (Table 12, compounds 7-9). The
introduction of electron-accepting substituents (the phenyl
group, a hydrogen atom, and halogens; Table 12, com-
pounds 7, 10, and 11) leads to a decrease of the ff-electron
density at the double bond. The electron-donating capa-
cities of derivatives with the E-C = C fragments, where
E = Si, Ge, or Sn, increase in the sequence Si < Ge < Sn
(Table 12, compounds 7, 12, and 13). This sequence dif-
fers from that of the electronegativities of the elements,
E, which indicates the operation of mesomeric effects in
the organometallic derivatives of ethylene (d^-p^ inter-
action). The effect of the d^—p^ interaction is a maxi-
mum in silicon-containing derivatives. This also follows
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from a comparison of the values of Ay(O-H) for vinyl-
silanes and related carbon compounds (see, for example,
Table 12, compounds 1 and 7 and 2 and 8).

Phenol also forms hydrogen bonds with cyclopropane
derivatives, which hehave in many respects like com-
pounds with a double bond For cyclopropane deriva-
tives, the parameter &v is smaller than for alkylbenzenes
and monoolefins (~40 cm"1). The low electron-donating
capacity of cyclopropane derivatives can probably be
accounted for by the comparatively high ionisation poten-
tials (10-9.7 eV) of these compounds . On the other
hand, acetylene derivatives exhibit stronger electron-
donating properties compared with substituted olefins and
alkylbenzenes131'135'139. Thus A (̂OH) for phenol hydro-
gen-bonded to butylacetylene is 90 cm"1, according to
West and Kraihanzel139, and increases to 137 cm"1 when
the second hydrogen atom is replaced by the ethyl group.

Furan and thiophen derivatives also behave as w-bases
in the formation of hydrogen bonds133'141'143. Evidently
the electron density in the furan and thiophen rings depends
significantly on the nature of the substituents. The data
presented in Table 13 confirm this convincingly. The
introduction of methyl groups greatly increases the elec-
tron-donating capacity of furan and thiophen (Table 13;
compounds 1-3 and 4-6). The substitution of hydrogen
atoms by chlorine leads to a decrease of A^(O-H)
(Table 13; compounds 4 and 7-9). Comparison of the
values of Ay(O-H) for organosilicon derivatives and their
carbon analogues shows that the electronic effects of the
silyl substituents are made up of the inductive effect and
effect of the d^-p^ interaction in the Si-thienyl bond
(Table 13; compounds 5 and 10, 6 and 11, and 6 and 12).

triple bond; self-association leads to a shift of f(=CH) by
~10-15 cm"1 for alkylacetylenes and ~22 cm"1 for phenyl-
acetylene. The change in the stretching vibration fre-
quency of phenylacetylene Aî (=CH) can be conveniently
used as a measure of the electron-donating capacity of
carbonyl compounds66'152. The electron-accepting capac-
ity of acetylene derivatives has also been studied using
JV,JV-dimethylacetamide, N,N-dimethylformamide, and
ether as bases139'153. The introduction of electronegative
substituents leads to an enhancement of the electron-
accepting capacity of the carbon atom of the =CH group.
Thus, when the n-butyl group is replaced by the phenyl
group, A (̂=CH) in dimethylacetamide increases from 74
to 91 cm"1.139 The study of the infrared spectra of alkyne
derivatives of the type R3EC = CH (E is a Group IVB ele-
ment) in electron-donating solvents showed that silicon and
tin compounds form more stable hydrogen-bonded com-
plexes than carbon derivatives154'155'157. This is caused
by the intramolecular interaction between the 7i electrons
of the triple bond and the vacant d orbitals of the elements
of the silicon subgroup. Data for the electron-accepting
capacity show that the above interaction diminishes with
increase of the atomic number of the element of the sili-
con subgroup. It has been shown for organosilicon
derivatives1 6 that the electron-accepting properties of the
=CH fragment in R3Si-C = CH depend on the nature of the
substituents R. Electron-accepting substituents at the
silicon atom increase and electron-donating substituents
decrease the mobility of the hydrogen atom and hence the
shift Ai

Table 13. The parameters A^(O-H) for the infrared
spectra of hydrogen-bonded complexes (with phenol as the
electron acceptor).

No.

1
2
3
4
5
6
7
8
9

10
11
12

Electron donor

Furan
2-Methylfuran
2,5-Dimethylfuran
TTiiophen
2-Methylthiophen
2,5-Dimethylthiophen
2-Chlorothiophen
2,5-Dichlnrothionhen
2,3,5-Trichlorothiophen
2-Silylthiophen
2,5-Disilylthiophen
2-Methyl-5-silylthiophen ;

X
1 - H

48
66
82
52
64
74
39
26
15
44
40
57

nc
es

|
R

ef
er

e

133

133

133

133

133

133

143

143

143

143

143

143

Table 14. The parameters Ay(N-H) for the infrared
spectra of hydrogen-bonded complexes (with tetrahydro-
furan as the electron donor).

No.

1
2
3
4
5
6
7
8
9

10

Electron acceptor

Alk,NH
(C,H,).,NH

C4H4NH (pyrrole)
AlkNHC(O)CH,
CH,NHC(O)OCH,
C,H,NHC(O)OCH,
[(CH3):,Si]8NH
t(CH3=CH)(CH3).]2Ni 1
C,H6(CHj).;SiNHSi(Cl!,)j
[(CH,)2HSij2NH

i

? |

— 20
94

147
- 1 0 0

1 ;s9
! 53

71
7.r)
7fi

82

nc
es

3,

15

15
5

le's
16'i
162

47

•!?

162

IH. INTRAMOLECULAR INTERACTIONS IN ELECTRON
ACCEPTORS INVOLVED IN HYDROGEN-BONDED COM-
PLEXES

The ability of the hydrogen atom in the AH fragment to
form a hydrogen bond of the type AH... X depends both on
the type of electron donor X and on the nature of the atom
A. If A is a carbon atom, the formation of a hydrogen
bond is accompanied by only a slight change in the stretch-
ing vibration frequency A^(C-H) 145—151

Alkyne deriva-
tives are self-associated via hydrogen bonds with partici-
pation of the SCH group and the 77-electron cloud of the

We shall now examine data for the electron-accepting
capacities of compounds with the NH fragment. Primary
amines exhibit a weak electron-accepting capacity. There-
fore, in the study of the stretching vibration frequencies
of the NH group (v& and i^as) in aniline derivatives in elec-
tron-donating solvents (acetone, ether, and pyridine), the
infrared spectra revealed comparatively small values of
the parameter Av(N-H). 158~161 Thus the i'as(N-H)
stretching vibration band in the spectrum of /"-chloroani-
line in acetone undergoes a bathochromic shift by 25 cm"1.
If the nitrogen atom forms part of a heterocyclic system,
the parameter A^(N-H) increases (Table 14; compounds
1-3). Therefore pyrrole has been used particularly
widely as an electron acceptor in the study of the electron-
donating capacities of organic compounds15'57'61'85.
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Table 14 shows that the electron-accepting capacity of
the hydrogen atom in the NH fragment depends very sig-
nificantly on the nature of the two substituents linked to
the nitrogen atom. Following the enhancement of the
electron-accepting properties of the substituents (Table 14;
compounds 1-6), the values of A^(N-H) increase. The
parameter A^(N-H) is therefore a sensitive indicator of
the electronic effects of substituents and can be used in
the study of fine details of the changes in these effects,
for example, on passing from carbon derivatives to deriv-
atives of silicon subgroup elements47'48'51'162. The elec-
tron-accepting capacity of silazanes, like that of amines,
depends on the nature of the groups at the silicon atom,
i.e. on the inductive effect of the silyl groups (Table 14;
compounds 7-10). In contrast to alkyl groups, the elec-
tronic effects of organosilicon substituents are made up
not only of the inductive effect but also of the effect of the
d-n-p-n interaction in the Si-N bond. The RsSi groups
therefore become electron acceptors and the mobility of
the hydrogen atom in the derivatives (R3Si)2NH is appre-
ciably higher than in secondary amines (Table 14; com-
pounds 1, 7, and 10).

The values of Av(N-H) are also a source of information
about other weak intermolecular interactions in organo-
elemental compounds, for example about the cv-effect.163

The latter obtains in compounds with an E-CHa-X frag-
ment (E is an element of the silicon subgroup or another
atom having vacant orbitals and X is an atom having lone
electron pairs) and represents intramolecular coordina-

CH2
\ / \ 7 H

tion, for example, -Si . . . N
/

In amides and amines
R

containing groups of the type-Si-CH2-N(R)H, the elec-
tron-accepting capacity of the hydrogen atom in the NH
group depends on the electronic effects of the substituent
R linked to the nitrogen atom (the / effect, p, v conjugation,
and the a-effect)163. The cv-effect depends on the nature
of the substituents R. When R — Alk, the a-effect is a
maximum; it decreases for R = CeHs owing to competition
with the effect of p,n conjugation; when R = C(O)OCH3,
there is no ce-effect.

A large number of spectroscopic studies of the forma-
tion of hydrogen bonds with participation of OH groups and
various electron donors have been made

12»15'67'9*'106»le4-178.
The electron-accepting capacity increases after the intro-
duction of electron-accepting substituents into the mole-
cule. Thus the O-H stretching vibration frequency shift
Ai'(O-H) in the infrared spectrum of tetrafluoropropanol
dissolved in acetone is 165 cm"1, while the corresponding
shift for propanol is only 110 cm"1. 67 The electron-
accepting capacity of chloroalcohols increases as chlorine
atoms accumulate in the molecule168'169. However, the
electron-donating capacity of alcohols then diminishes,
which induces a decrease of the degree of self-association
of chloroalcohols. Thus the u(O-E) stretching vibration
band of (CCl3)2CHOH, corresponding to an associated species
formed via an intermolecular hydrogen bond, is not
observed even at an alcohol concentration of ~2 M.

The electron-accepting properties of phenol derivatives
can be regulated over a wide range by varying the nature
of the substituents in the aromatic ring171"173. The intro-
duction of electron-accepting substituents in the /^-position
in phenol increases the mobility of the hydrogen atom of
the OH group. A^(O-H) for phenol in diethyl sulphide is
256 cm"1, increasing to 280 cm"1 for />-chlorophenol105.

The stretching vibration frequency of the S-H bond
changes little on formation of a hydrogen bond. It was
therefore believed for a long time that the self-association
of the corresponding compounds via the formation of
hydrogen bonds of the type S-H. . . S does not occur. How-
ever, subsequently the presence of hydrogen bonds of this
type was demonstrated and certain characteristics of the
formation of such hydrogen-bond complexes were investi-
gated: the dependence of the electron-accepting capacity
of the S-H group in p-substituted thiophenols on the nature
of substituents1 9; the presence of a hydrogen bond of the
type S-H. . . S in aliphatic thiols and of the type S-H. . . S
and S-H. . . n in benzenethiols and a-toluenethiols180; the
formation of a hydrogen bond between mercaptans RSH
and amines, ethers, and thioethers101. Comparison of
the electron-accepting capacities of the OH and SH groups
in the formation of an intermolecular hydrogen bond
showed that the hydrogen in thioacids is less mobile181'182.
The greater shielding at the proton in the SH group is
normally due to the more diffuse nature of the orbitals of
the outer electrons of the sulphur atom compared with the
outer orbitals of the oxygen atom182.

Table 15. The parameters Aî (O-H) for the infrared
spectra of hydrogen-bonded complexes (with tetrahydro-
furan as the electron donor).

No.

1
2
3
4
5
6
7
8
9

10
11
12
13

Electron acceptor

(CrH5),COH
(QH^SiOH
(C6H6),Ge0H
(C6H5),CCH2OH
(C6H3)tSiCH2OH
(C8H5),GeCH2OH
(C6H5)3CCH2CH2OH
(C6H5).,SiCH2CH3OH
(C8H5).,GeCH2CH2OH
(C6H5).,COOH
(C6H5)3SiOOH
(CBH5)3GeOOH
(CH^SnOOH

Ai^(O-H), cm"1

1

208
338
211
140
100
170
165
155
160
33d
408
335
258

References

140
•10
40
87
87
87
87
87
87
90
90
90
90

The formation of hydrogen-bonded complexes by organo-
elemental compounds of Group IVB elements was first
studied140'183"1*5 in relation to alcohols of the type R3EOH
and (C6H5)3EOH, where E is an element of the silicon sub-
group. Diethyl ether, mesitylene, and tetrahydrofuran
were studied as electron donors. Compared with the cor-
responding carbinols, silanols exhibit much greater shifts
A^(O-H) (Table 15, compounds 1-3). The series corre-
sponding to the diminution of the electron accepting pro-
perties of alcohols as a function of the element E(Si >
Ge - C > Pb - Sn) does not agree with the electronega-
tivity series of these elements. Taking into account only
the inductive effect, it was to be expected that the greatest
electron-accepting capacity would be shown by carbinols
and germanols. On the basis of thes"e data, it was con-
cluded140'183"185 that the d^-p^ interaction takes place in
the E-O fragments, its intensity diminishing as E is
varied in the sequence Si > Ge > Sn > Pb. The greater
electron-accepting capacity of vinylacetylenic silanols
compared with their carbon analogues can also be
explained by the dv-pn interaction between the oxygen and
silicon atoms96. The greater electron-accepting capacity
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of silanethiols compared with the corresponding thiols is
due to the delocalisation of the lone electron pair of the
sulphur atom over the 3d orbitals of the silicon atom, which
increases the mobility of the hydrogen atom in the Si-S-H
fragment186.

The electron-accepting capacity of the hydrogen atom in
the test compounds decreases in the sequence (C6H5)3.
.SiSH » C6H5SH > (CHa^SiSH > (C6H5)3CSH > (CHsfeCSH,
which is analogous to the sequence based on the decrease
of the mobility of the hydrogen atom of the given group in
oxygen-containing compounds: (CeHs^SiOH » C6H5OH >
(CH3)3Si0H > (C6H5)3COH.XM In the series of alcohols
(C6H5)3ECH2OH the electronegativities of the Group IVB
elements E suggested that the carbinol should have the
greatest electron-accepting capacity. However, the
experimental electron-accepting capacity series for the
alcohols is different: (CeHs^GeCHaOH > (CeH^SiCHsOH >
(CeHŝ CCHfeOH (Table 15, compounds 4-6). This fact can
probably be accounted for by an intramolecular coordina-
tion of the type (p — d)o between the oxygen and germanium
atoms as a result of the existence of the vacant 4d orbitals
in the latter. In the silicon derivative this effect is less
pronounced and in the carbon derivative it is altogether
absent. The nature of the element E has almost no influ-
ence on the mobility of the hydrogen atom in the alcohols
(C6H5)3ECH2CH2OH,187 because the inductive effect of
groups (C6H5)3ECH2CH2 changes only slightly as E is varied
(Table 15, compounds 7-9). There is apparently no intra-
molecular coordination in these compounds.

In the study of the electron-accepting properties of the
silicon containing alcohols (CH3)3Si(CH2)nOH and RfCH3)2.
.SiCHaOH (n = 1-4, R = C2H5 or C6H5) the authors9**,188

concluded that there is no intramolecular interaction in
these compounds between the oxygen and silicon atoms.
However, intramolecular interaction does take place in the
compounds C6H5(CH3)2Si(CH2)n0H (n = 1, 2) and (C6H5)3.
.SiCHj-OH.18S This interaction apparently involves thefor-
mation of an intramolecular hydrogen bond, since in the
carbon analogues the effect is more marked.

When the electron-accepting capacities of organosilicon
hydroperoxides, carbinols and silanols and organic hydro-
peroxides were compared, the following series were
obtained189: R3COH < RsSiOH, R3COH < R3COOH, (CHsJs.
.EOH < (C6H5)3EOH (E = C or Si); RsSiOH < R3SiOOH,
(CH3)3SiOOH < (CeHsjsSiOOH, R3COOH < R3SiOOH (R =
CH3 or C6H5). The results indicate the operation of the
effect of the d^-p^ interaction in the Si-0 bond.

The electron-accepting capacity of the hydroperoxides
(C6H5)3EOOH (E =C, Si, Ge, or Sn) decreases in the
sequence (C6H5)3SiOOH > (C6H5)3GeOOH > (C6H5)3COOH >
(C6H5)3SnOOH (Table 15, compounds 10-13). This leads
to an electronegativity series of Group IV elements, Si >
Ge > C > Sn, which differs from the corresponding series
in the absence of conjugation effects: C > Ge > Si =* Sn.191

This discrepancy between the electronegativity series can
be accounted for by the effect of the d-u-p^ interaction,
which diminishes in the sequence Si > Ge > Sn.

Thus the parameter Av, which can be most readily
determined experimentally from the infrared spectrum,
serves at the same time as a source of fairly extensive
information both in a qualitative assessment of the weak
effects of substituents in the molecules involved in the
hydrogen bond and in a semiempirical study of the effects
using the Taft-Hammett system. This method for the

investigation of intramolecular interactions has been by no
means exhausted in the study of organic compounds; a
quantitative theory relating the parameter Av to molecular
structure factors will probably be created in the future.
The simplicity and clarity of the method makes it promis-
ing for the study of organoelemental compounds, where the
inadequate development of the theory of chemical bonding
frequently restricts the employment of complex research
techniques.

REFERENCES

1. G. C. Pimentel and A. L. McClellan, "The Hydro-
gen Bond" (Translated into Russian), Izd.Mir,
Moscow, 1964.

2. L.J.Bellamy, "Advances in Infrared Group Fre-
quencies" (Translated into Russian), Izd. Mir,
Moscow, 1971.

3. A. V. Iogansen and B. V.Rassadin, Zhur.Prikl.
Spektrosk., 11, 828 (1969).

4. A. V. Iogansen, Teor. Eksper. Khim., 7, 302,312
(1971).

5. V. A. Terent'ev, "Termodinamika Vodorodnoi
Svyazi" (Thermodynamics of the Hydrogen Bond),
Izd. Saratov. Univ., 1973.

6. E. N. Gur'yanova, I. P. Gol'dshtein, andT.I.Pere-
pelkova, Uspekhi Khim., 45, 1568 (1976) [Russ.
Chem.Rev., No. 9 (1976)].

7. B.M. Badger and S. H. Bauer, J. Chem. Phys., 5,
839 (1937).

8. N.D.Sokolov, "Vodorodnaya Svyaz'" (The Hydro-
gen Bond), Izd. Akad.Nauk SSSR, Moscow, 1964.

9. T. Gramstad and W. J. Fuglevik, Acta Chem. Scand.,
16, 1369 (1962).

10. M. D. Joesten and R. S.Drago, J. Amer. Chem. Soc,
84, 3817 (1962).

11. G. Aksnes and T. Gramstad, Acta. Chem. Scand.,
14, 1485 (1960).

12. T. Gramstad, Spectrochim. Acta, 19, 497(1963).
13. E.N. Gur'yanova, I. P. Gol'dshtein, andl.P.Romm,

"Donorno-Aktseptornaya Svyaz'" (The Donor-
Acceptor Bond), Izd.Khimiya, Moscow, 1973.

14. Yu. A. Zhdanov and V. I. Minkin, "Korrelyatsionnyi
Analiz v Organicheskoi Khimii " (Correlation
Analysis in Organic Chemistry), Izd. Rostov. Univ.,
1966.

15. L. J. Bellamy and R. J. Pace, Spectrochim. Acta.,
25A, 319 (1969).

16. R. S.Drago and T.D.Epley, J. Amer. Chem. Soc,
91, 2883 (1969).

17. D. P. Eyman and R. S.Drago, J. Amer. Chem. Soc,
88, 1617 (1966)."

18. K. F. Purcell, J. A. Stikeleather, and S. D. Brunk,
J. Amer. Chem. Soc, 91, 4019(1969).

19. K. F. Purcell, J. A. Stikeleather, and S.D. Brunk,
J.Molec.Spectroscopy, 32, 202 (1969).

20. K. F. Purcell and R. S.Drago, J. Amer. Chem. Soc,
89, 2874 (1967).

21. S. Searles, M.Tamres, E. M. Leighly, and
D.W.Mohrman, J. Amer. Chem. Soc, 76, 3983
(1954).

22. S. Searles, M.Tamres, F. Block, and A. Quarter-
man, J. Amer. Chem. Soc, 78, 4917 (1956).

23. T. Gramstad, Acta Chem. Scand., 16, 807(1962).
24. T. Gramstad and S. J. Snaprud, Acta Chem. Scand.,

14, 999 (1962).



Russian Chemical Reviews, 48 (12), 1979 1209

25. T. Kitao and C.H. Jarboe, J. Org. Chem., 32, 407 55.
(1967).

26. N.N. Chipanina, Yu.L.Frolov, N. A. Kazakova, 56.
E. S. Dolinina, G. G. Skvortsova, and M. G. Voron-
kov, Dokl. Akad. Nauk SSSR, 216, 371 (1974). 57.

27. N. N. Chipanina, N. A. Kazakova, L. A. Shestova,
E. S.Dolinina, G. G. Skvortsova, and Yu. L. Frolov, 58.
Zhur.Prikl.Spektrosk., 23, 97 (1975).

28. G. Lichtfus, F. Lemaire, and Th. Zeegers- 59.
Huyskens, Spectrochim. Acta 28A, 2069, 2081
(1972).

29. W. W. Brandt and J. Chojnowskii, Spectrochim. 60.
Acta,25A, 1639 (1969).

30. J. Chojnowskii, Bull. Acad. Polon. Sci. Ser. Chim., 61.
18, 309, 317 (1970).

31. L. M. Epshtein, L. D. Ashkinadze, S.O.Gorelik, 62.
N. P. Gambaryan, D. A. Bochvar, and L. A. Kazit-
syna, Izv. Akad. Nauk SSSR, Ser.Khim., 65(1974). 63.

32. Z.S. Titova, S. A. Flegontov, O. A. Raevskii,
V. I. Minkin, and Yu. P. Kitaev, Dokl. Akad. Nauk 64.
SSSR, 199, 117 (1971).

33. P. von R. Schleyer and A. Allerhand, J. Amer. Chem.
Soc, 84, 1322 (1962). 65.

34. A. Allerhand and P. von R. Schleyer, J. Amer. Chem.
Soc, 85, 866 (1963). 66.

35. S. S. Mitra, J. Chem. Phys., 36, 3286(1962).
36. N. B. Kupletskaya, V. N. Kalinichenko, and 67,

L. A. Kazitsyna, Zhur. Org. Khim., 10, 2594(1974).
37. B. B. Wayland and R. H. Gord, Inorg.Chem., 5, 154 68.

(1966). 69.
38. K. Igarashi, F.Watari, and K. Aida, Spectrochim.

Acta, 25A, 1743 (1969). 70.
39. T. M. Barakat, J. Nelson, S. M. Nelson, and

A. D. E. Pullin, Trans. Faraday Soc, 65, 41 (1969). 71,
40. S. Stankovsky, S. Kovac, MDandarova, and

M. Livar, Tetrahedron, 29, 1825(1973). 72.
41. E.W.Abel, D. A. Armitage, and G. R. Willey,

Trans. Faraday Soc, 60, 1257(1964). 73.
42. E.W.Abel, D. A. Armitage, and D.B.Brady,

Trans. Faraday Soc, 62, 3459(1966). 74.
43. C. J. Attridge, Organometal. Chem. Rev., A, 5, 323

(1970). 75.
44. A. N. Egorochkin, N. S. Vyazankin, and S. Ya. Khor-

shev, Uspekhi Khim., 41, 828 (1972) [Russ.Chem.
Rev., No. 5 (1972)]. 76.

45. J. I. Musher, Angew. Chem., Int. Edit., a, 54(1969).
46. J. Mack and C. H. Yoder, Inorg.Chem., 8, 278(1969). 77.
47. M. Jakoubkova and V. Chvaloysky, Coll. Czech.

Chem.Comm., 33, 3062 (1968).
48. Z. Pacl, M. Jakoubkova, V. Chvalovsky, and

V. Bazant, Coll. Czech. Chem. Comm., 36, 1682 78.
(1971).

49. Z. Pacl, M. Jakoubkova, Z. Papouskova, and
V. Chvalovsky, Coll. Czech. Chem. Comm., 36, 79.
1588 (1971).

50. Z. Pacl, M. Jakoubkova, R.Rericha, and 80.
V. Chvalovsky, Coll. Czech. Chem. Comm., 36,
2181 (1971). 81.

51. J.Plazanet, F.Metras, A. Marchand, and
J. Vaiade, Bull. Soc. chim. France, 1920(1967). 82.

52. J.Reijhou, J. Hetflejs, M. Jakoubkova, and
V, Chvalovsky, Coll, Czech. Chem. Comm., 37,
3054 (1972). 83.

53. D. Seyferth, A.W.Dow, and H. Menzel, J.Amer.
Chem. Soc, 90, 1080(1968). 84.

54. E. Lukevics, M, G. Voronkov, E, E. Shestakov, and
A. E. Pestunovich, Zhur.Obshch. Khim., 41, 2218 85.
(1971).

V. Fialova, V. Bazant, and V. Chvalovsky, Coll.
Czech. Chem. Comm., 38, 3837(1973).
E. Popowski, G. Zinger, and H. Kelling, Z. Chem.,
14, 289 (1974).
L. J. Bellamy and R. J. pace, Spectrochim. Acta,
19, 1831 (1963).
T. Gramstad and H. J. Storesund, Spectrochim.
Acta, 26A, 426 (1970).
R. West, D. L. Powell, M. K. T. Lee, and
L.S. Whatley, J.Amer. Chem. Soc, 86, 3227
(1964).
V. Engelhardt and H. Kriegsmann, Z. anorg. Chem.,
336, 286 (1965).
K. Ulbricht, M. Jakoubkova, and V. Chvalovsky,
Coll. Czech. Chem.Comm., 33, 1693(1968).
R.West, L.S. Whatley, and K.J. Lake, J.Amer.
Chem. Soc, 761 (1961).
A. Kankaanpera, Acta Chem. Scand., 23, 1723
(1969).
N. I. Shergina, A. N. Mirskov, E. F. Zorina,
S. G. Shevchenko, and A. S. Atavin, Izv. Akad. Nauk
SSSR, Ser.Khim., 2427 (1972).
A. E. Lutskii, A. A. Akhtyrskaya, and V. N. Konel1-
skaya, Zhur.Obshch. Khim., 42, 1827 (1972).
A. W, Baker and G. H. Harris, J. Amer. Chem. Soc,
82, 1923 (1960).
S. Singh, A. S. N. Murthy, and C. N. R. Rao, Trans.
Faraday Soc, 62, 1056 (1966).
T. Gramstad, Spectrochim. Acta, 26A, 741(1970).
J. Ekrene and T. Gramstad, Spectrochim. Acta,
28A, 2465 (1972).
S. Searles and M. Tamres, J. Amer. Chem. Soc,
73, 3704 (1951).
M. Tamres and S. Searles, Jr., J. Amer. Chem.
Soc, 81, 2100 (1959),
S. Searles, M. Tamres, and G. Barrow, J.Amer.
Cham. Soc, 75, 71 (1953).
T. Gramstad and W. J. Fuglevik, Spectrochim.
Acta, 21, 343, 503 (1965).
C. A. L. Tilgueiras and J. E. Huheey, J. Org. Chem.,
41, 49 (1976).
I. M. Ginzburg, Symposium, "Optika i Spektro-
skopiya" (Optics and Spectroscopy), Izd. Akad. Nauk
SSSR, Moscow, 1963, p.237.
A. N. Egorochkin, N. S. Vyazankin, and S. E. Sko-
beleva, Zhur. Obshch. Khim., 44, 1062 (1974).
B. A. Trofimov, N. I. Shergina, S. E. Korostova,
E. I. Kositsyna, O. N. Vylegzhanin,1 N. A. Nedolya,
and M. G. Voronkov, Reakts. Sposobn. Org. Soed.,
8, 1047 (1971).
M. G. Voronkov, V. P. Mileshkevich, and
Yu. A. Yuzhelevskii, Uspekhi Khim., 45, 2253
(1976) [Russ.Chem.Rev., No. 12 (1976)].
M. G. Voronkov and A. Ya. Deich, Zhur. Strukt.
Khim., 5, 482 (1964).
R. H. Baney, K J. Lake, R.West, and L. S. Whatley,
Chem. Ind. (London), 1129(1959).
M. Horak, V. Bazant, and V. Chvalovsky, Coll.
Czech. Chem. Comm., 25, 2822 (1960).
N. V. Strashnikova, N. I. Shergina, O. G. Yarosh,
and M. G. Voronkov, Zhur. Obshch. Khim., 46,
1786 (1976).
G. A. Gibbon, J. T. Wang, and C. H. Van Dyke,
Inorg.Chem., 6, 1989(1967).
V. Chvalovsky, M. Jakoubkova, and J. Svrcek, Coll.
Czech. Chem. Comm., 36, 2378(1971).
A. Marchand, J. Mendelsohn, M. Lebedeff, and
J. Vaiade, J. Organomet. Chem., 17, 379(1969).



1210 Russian Chemical Reviews, 48 (12), 1979

86. N. A. Matwiyoff and R. S. Drago, J. Organomet. 114.
Chem., 3, 393 (1965).

87. S. N. Borisov, N. P. Timofeeva, Yu. A. Yuzhelev-
skii, E.G.Kazan, and N. V. Kozlova, Zhur.Obshch. 115.
Khim., 42, 382, 873 (1972).

88. E. Lukevics, V. A. Ignatova, I. F. Kovalev,
L. Liberts, and M. G. Voronkov, Izv. Akad. Nauk 116.
SSSR, Ser. Khim., 2431 (1972).

89. M. Giesten, Carnegie Techn., 32, 27 (1967).
90. N. I.Sergina, M. G. Voronkov, M. Jakoubkova, 117.

and V. Chvalovsky, Coll. Czech. Chem. Comm., 118.
39, 1740 (1974).

91. J. Pola, V. Bazant, and V. Chvalovsky, Coll. Czech.
Chem. Comm., 37, 3885 (1972). 119.

92. J.Pola, M. Jakoubkova, and V. Chvalovsky, Coll.
Czech. Chem. Comm., 40, 2963(1975). 120.

93. J. Pola and V. Chvalovsky, Coll. Czech. Chem.
Comm., 38, 1674 (1973). 121.

94. J.Pola, J.Schrame, and V. Chvalovsky, Coll.
Czech. Chem. Comm., 38, 3158(1973). 122.

95. A. Jean and M. Lequan, Compt. rend., 273C, 1662
(1971).

96. N. I. Shergina, N. I. Chipanina, and N. V. Komarov, 123.
Izv. Akad. Nauk SSSR, Ser. Khim., 2037(1965).

97. M. F. Shostakovskii, N. I. Shergina, N. N. Chipanina,
and N. V. Komarov, "Primenenie Molekulyarnoi
Spektroskopii v Khimii" (Chemical Applications of 124.
Molecular Spectroscopy), Izd.Nauka, Moscow, 125.
1966, p.180. 126.

98. A. N. Egorochkin, N. S. Vyazankin, S. E. Skobeleva,
S. Ya. Khorshev, and G. Ya. Zueva, Izv. Akad. Nauk 127.
SSSR, Ser. Khim., 10, 2329(1971). 128.

99. S. E. Skobeleva, A. N. Egorochkin, N. S. Vyazankin,
G. Ya. Zueva, and G. V. Lipatova, Dokl. Akad. Nauk 129.
SSSR, 210, 122 (1973).

100. S. E. Skobeleva, N. S. Vyazankin, S. Ya. Khorshev, 130.
A. N. Egorochkin, V. A. Yablokov, A. P. Tarabarina,
A. N. Sunin, and N. V. Yablokova, Zhur. Obshch. 131.
Khim., 43, 1514 (1973). 132.

101. M. O. Bulanin, G. S. Denisov, and R. A. Pushkina,
Optika i Spektrosk., 6, 754(1959). 133.

102. I. V. Zuika and Yu. A. Bankovskii, Uspekhi Khim.,
42, 39 (1973) [Russ. Chem.Rev., No. 1 (1973)1. 134.

103. R. West, D. L. Powell, L. S. Whatley, M. K. T. Lee,
and P.R. Schleyer, J. Amer. Chem. Soc, 84, 3221 135.
(1962).

104. I. M. Ginzburg, Optika i Spektrosk., 17, 57(1964). 136.
105. G. C. Vogel and R. S. Drago, J. Amer. Chem. Soc,

92, 5347 (1970).
106. A. E.Lutskii, L. P. Batrakova, and L. A. Fedotova,

Zhur.Obshch. Khim., 42, 1820(1972). 137.
107. A. E.Lutskii, L. P. Batrakova, L. A. Fedotova, and

I. F. Kovalev, Zhur. Prikl. Spektrosk., 17, 138
(1972).

108. E.W.Abel, D. A. Armitage, and S. P. Tyfield, J.
Chem. Soc, (A), 554(1967).

109. A. N. Egorochkin, M. N. Bochkarev, N. S. Vyazankin,
S. E. Skobeleva, and S. Ya. Khorshev, Dokl. Akad. 138.
Nauk SSSR, 198, 96 (1971).

110. S. G. Shevchenko, E. I. Brodskaya, Yu. L. Frolov, 139.
A. M. Sklyapova, R. G. Mirskov, and M. G. Voronkov,
Zhur.Obshch. Khim., 44, 1925(1974). 140.

111. T. Gramstad, Acta Chem. Scand., 15, 1337(1961).
112. T. Gramstad and Q. Mundheim, Spectrochim. Acta, 141.

28A, 1405 (1972).
113. O. A.Raevskii, F. G. Khametov, and Yu. A.Don- 142.

skaya, Izv. Akad. Nauk SSSR, Ser. Khim., 513
(1972)

O. E.Raevskaya, R. A. Cherkasov, G. A. Kutyrev,
and A. N. Pudovik, Zhur.Obshch. Khim., 44, 746
(1974).
B. N. Laskorin, V.V. Yakshin, L. A. Fedorova, and
N. A. Lyubosvetova, Dokl. Akad. Nauk SSSR, 219,
1123 (1974).
L. V. Avvakumova, R.R. Shagidullin, I. A. Lamanova,
V. S. Gamayurova, and Z. G. Daineko, Zhur. Prikl.
Spektrosk., 23, 177 (1975).
T. Gramstad, Spectrochim. Acta, 19, 829 (1963).
R. R. Shagidullin, I. P. Lipatova, L. I. Vachugova,
and S. A. Samartseva, Dokl. Akad. Nauk SSSR, 202,
617 (1972).
R. R. Shagidullin, S. V. Izosimova, and I. A. Lama-
nova, Izv. Akad. Nauk SSSR, Ser. Khim., 2778(1973).
P. J Krueger and H. D. Mettee, Canad. J. Chem., 42,
288, 326, 340 (1964).
D. A. K. Jones and J. G. Watkinson, J. Chem.
Soc, 2366 (1964).
M. Jakoubkova, Z. Papouskova, J.Pola, and
V. Chvalovsky, Coll. Czech. Chem. Comm., 42, 1798
(1977).
H. H. Perkampus, in "Novye Problemy Fizicheskoi
Organicheskoi Khimii" (New Problems in Physical
Organic Chemistry) (Translated into Russian), Izd.
Mir, Moscow, 1969, p.257.
M. Tamres, J. Amer. Chem. Soc, 74, 3375(1952).
M.R. Basila, J. Chem. Phys., 35, 1151 (1961).
M.R. Basila, E.L.Saier, and L. R. Con sins, J.
Amer. Chem. Soc, 87, 1665(1965).
D. Cook, J. Chem. Phys., 25, 788(1956).
G. A. Olah, S. J.Kuhn, and S. H. Flood, J.Amer.
Chem. Soc, 83, 4581 (1961).
R. S. Drago, N. O. Bryan, and G. C. Vogel, J. Amer.
Chem. Soc, 92, 3924(1970).
K. Szczepaniak and M. Falk, Spectrochim. Acta,
26A, 883 (1970).
R.West, J.Amer. Chem. Soc, 81, 1614(1959).
Z. Yoshida and E. Osawa, J. Amer. Chem. Soc,
87, 1467 (1965).
Z. Yoshida and E. Osawa, J. Amer. Chem. Soc,
88, 4019 (1966).
Z. Yoshida and N. Ishibe, Bull. Chem. Soc. Japan,
42, 3254, 3259, 3263 (1969).
L. P. Kuhn and R. E. Bownan, Spectrochim. Acta,
23A, 189 (1967).
A. Streitwieser, in "Novye Problemy Fizicheskoi
Organicheskoi Khimii" (New Problems in Physical
Organic Chemistry) (Translated into Russian), Izd.
Mir, Moscow, 1967, p.9.
V. I. Vedeneev, L. V. Gurvich, V. N. Kondrat'ev,
V. A. Medvedev, and E. L. Frankevich, "Energiya
Razryva Khimicheskikh Svyazei. Potentsialy
Ionizatsii i Srodstvo k Elektronu" (Chemical Bond
Dissociation Energies, Ionisation Potentials, and
Electron Affinities), Izd. Akad. Nauk SSSR, Moscow,
1962.
Z. Yoshida, N. Ishibe, and H. Kuzumoto, J.Amer.
Chem. Soc, 91, 2279(1969).
R.West and C. S. Kraihanzel, J. Amer. Chem. Soc,
83, 765 (1961).
R.West, R. H. Baney, and D. L. Powell, J. Amer.
Chem. Soc, 82, 6269(1960).
B. Castagna and M. Gomel, Bull. Soc. chim. France,
2691 (1969).
A. N. Egorochkin, N. S. Vyazankin, S. E. Skobeleva,
S. Ya. Khorshev, N. A. Pritula, and E. A. Cherny-
shev, Zhur.Obshch. Khim., 42, 904(1972).



Russian Chemical Reviews, 48 (12), 1979 1211

143. A. N. Egorochkin, N. S. Vyazankin, S. E. Skobeleva,
S. Ya. Khorsev, E. A. Chernyshev, V. I. Savushkina,
and O. V. Kuz'min, Khim. Geterotsikl. Soed., 1057
(1972).

144. A. N. Egorochkin, N. S. Vyazankin, S.E. Skobeleva,
S. Ya. Khorshev, V, F. Mironov, and T. K. Gar,
Zhur.Obshch. Khim., 42, 643 (1972).

145. R. E. Kagarise, Spectrochim. Acta, 19, 629(1963).
146. I. M. Aref'ev and V. I. Malyshev, Optika i Spektrosk.,

13, 206 (1962).
147. V. E. Borisevko and D. N. Shchepkin, Optika i

Spektrosk., 29, 46 (1970).
148. G. S. Denisov, Optika i Spektrosk., 11, 428(1961).
149. K. C.James and P. R. Noyce, Spectrochim. Acta,

27A, 691 (1971).
150. J. C. Lasseques, J.C.Corunt, P. V, Huoug, and

Y. Grenle. Spectrochim. Acta, 27A, 73(1971).
151. A. Allerhand and P. von R. Schleyer, J. Amer.

Chem.Soc, 85, 1715 (1963).
152. D. Cook, J. Amer. Chem.Soc, 80, 49(1958).
153. J. C. D. Brand, G. Eglinton, and J. F. Morman, J.

Chem.Soc, 2526 (1960).
154. E. A. Gastilovich, D. N. Shigorin, and N. V. Komarov,

Optika i Spektrosk., 16, 46 (1964).
155. M. F. Shostakovskii, N. I. Shergina, T. I. Ermolaeva,

and N. V. Komarov, Izv. Akad. Nauk SSSR, Ser.
Khim., 1565 (1970).

156. R. A. Bogatkin, O. V. Sverdlova, and V. A. Gindin,
Zhur.Obshch. Khim., 41, 2220(1971).

157. E. A. Gastilovich, K. V. Zhukova, D. N. Shigorin,
O. G. Yarosh, and I. S. Aknurina, Optika i Spektrosk.,
29, 41 (1970).

158. E. I. Zhukova and 1.1. Shman'ko, Optika i Spektrosk,,
25, 500 (1968).

159. E. A. Cutmore and H. F. Hallam, Trans. Faraday
Soc, 58, 1 (1962).

160. K. B.Whetsel, W.E.Robertson, and M. W. Krell,
Analyt. Chem., 32, 1281(1960).

161. V. C. Farmer and R. H. Thomson, Spectrochim.
Acta, 16, 559 (1960).

162. S.E. Skobeleva, A. N. Egorochkin, N. S. Vyazankin,
D. Ya. Zhinkin, G. N. Mal'nova, M. M. Morgunova,
and Zh. V. Gorislavskaya, Izv. Akad. Nauk SSSR,
Ser. Khim., 644 (1973).

163. A. N. Egorochkin, S. E. Skobeleva, E.I. Sevast'-
yanova, I. G. Kosolapova, V. D. Sheludyakov,
E. S. Rodionov, and A.D. Kirilin, Zhur.Obshch.
Khim., 46? 1795 (1976).

164. E.D.Becker, Spectrochim, Acta, 17, 436(1961).
165. J.E.Gordon, J.Org. Chem., 36, 738(1961).
166. L. Singurel and L. A. Ignat'eva, Optika i Spektrosk.,

24, 535 (1968).
167. E.A. Lutskii, Ya. A. Shuster, V. A. Granzhan, and

P. M. Zaitsev, Zhur. Prikl. Spektrosk., 16, 673
(1972).

168. A. K. Khairetdinova and I. S. Perelygin, Optika i
Spektrosk., 24, 926 (1968).

169. I. S. Perelygin and M. A. Klimchuk, Optika i
Spektrosk., 29, 37 (1970).

170. S. M. Petrov and V. S. Pilyugin, Zhur. Prikl.
Spektrosk., 15, 3 (1971); 16, 552 (1972).

171. N. F. Pedchenko, N. S. Pivnenko, N. D. Trusevich,
and V. F. Lavrushkin, Zhur.Obshch. Khim., 44,
2545 (1974).

172. P. Adamek, P.Endrle, andZ.Ksandr, Coll. Czech.
Chem.Comm., 36, 3539(1971).

173. I. M. Bokhovkin and B. K. Semenov, Zhur. Obshch.
Khim., 44, 859 (1974).

174. L.J.Bellamy, G. Eglinton, and J. F. Morman, J.
Chem.Soc, 4762 (1961).

175. L.J.Bellamy, K.J.Morgan, and R. J. Pace,
Spectrochim. Acta, 22, 535(1966).

176. M. A. Abramovich and I. M. Ginzburg, Optika i
Spektrosk., 32, 76 (1972).

177. E. I. Matrosov, E. N. Tsvetkov, R. A. Malevannaya,
and M.I. Kabachnik, Zhur. Obshch. Khim., 42, 1695
(1972).

178. A. Theoret, Spectrochim. Acta, 27A, 11(1971).
179. G. Geiseler, H. Seidel, and J. Fruwert, Spectro-

chim. Acta, 29A, 1385 (1973).
180. R. Bicca de Alencastro and C. Sandorfy, Canad.

J. Chem., 50, 3594 (1972).
181. I. M. Ginzburg and L. A. Loginova, Dokl. Akad.

Nauk SSSR, 156, 1382 (1964).
182. J. M. Ginzburg and L. A. Loginova, Optika i Spek-

trosk., 20, 241 (1966),
183. R, West and R. H, Baney, J. Inorg. Nuclear Chem.,

7, 297 (1958).
184. R. West, H.Ronald, and R, H. Baney, J. Amer.

Chem.Soc, 81, 6145(1959).
185. R. West and R. H. Baney, J. Phys. Chem.,- 64, 822

(I960),
186. R. M. Salinger and R. West. J. Organomet. Chem.,

11, 631 (1968).
187. G. J. Peddle, B.J.Wornow, and S. G. McGeachin,

J. Organomet. Chem., 17, 331 (1969).
188. J. Pola, Z, Papouskova, and V. Chvalovsky, Coll.

Czech. Chem. Comm., 38, 1522 (1973).
189. A. Blaschette and B. Bussel, Inorg. Nuclear Chem.

Letters, 4, 175 (1968).
190. A. N. Egorochkin, N. S. Vyazankin, S. Ya. Khorshev,

S. E. Skobeleva, V. A. Yablokov, and A. P. Tara-
barina, Dokl. Akad. Nauk SSSR, 194, 1326(1970).

191. S. S. Batsanov, Uspekhi Khim., 37, 778 (1968)
[Russ. Chem.Rev., No. 5 (1968)].

Institute of Chemistry at the Gorky
State University


