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the generation of selenium-centred free radicals and their stabilisation by complex formation have been examined.
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. INTRODUCTION

The organic chemistry of selenium has developed intensively in
recent years, and is acquiring increasing importance in various
branches of science and technology. One factor responsible for this
was the discovery of the part played by selenium in living organ-
isms.!”> The biochemical role of this element was understood when
it was shown that selenium-containing proteins are components of
various enzymes.® Another important factor in the development of
the organic chemistry of selenium was the discovery of "organic
metals", that is organic superconductors obtained from charge-trans-
fer complexes and radical-ion salts using selenium compounds.*’
Research is being carried out to find new promising selenium-con-
taining compounds for these purposes, and their structures are being
studied.®® Organic selenium compounds are used to obtain films
of semiconducting materials.’® In addition, a number of organo-
selenium compounds are highly reactive towards free radicals, and
this opens up the possibility of their use as antioxidants.> There are
indications that selenium compounds are more effective antioxidants
than the corresponding sulphur compounds.

Various aspects of the chemistry of selenium have been dealt with
in a monograph,! collected papers,> and reviews,!'"!> but a number
of problems which have developed in recent years have not yet been
summarised. This applies, in particular, to studies of the electronic
structure and orbital state of organoselenium compounds, and their
complex-forming power.

An extremely important aspect of the electronic structure of
molecules is the nature of the occupied and unoccupied molecular
orbitals: their energy, symmetry, and degree of delocalisation. Of
particular interest are the boundary orbitals—the highest occupied
(HOMO) and the lowest unoccupied (LUMO) molecular orbitals,
since the nature of these orbitals is the main factor determining such
important properties of molecules as the ionisation potential, elec-
tron affinity, spectral properties, and reactivity, including complex-
forming power. Published summaries of the coordination properties
of selenium compounds deal chiefly with inorganic compounds!! and
complexes with transition metal ions.!>!3

In the present review, an attempt has been made to summarise the
results, obtained chiefly in recent years, of studies of the geometry
and molecular-orbital state of organic compounds of divalent
selenium, and their coordination properties with respect to acceptors
of different types (o, v, ©). Particular attention has been paid to
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the quantitative estimation of the electron-donor power of organo-
selenium compounds. The questions of the generation of selenium-
containing free radicals and their stabilisation by complex formation
have been examined.

Il. SELENIDES

1. The Geometry and Molecular-Orbital State of Selenides

The selenium atom in organic selenides R,Se, as in compounds of
the type RSe—~SeR or R,E=Se (E = C, P) in accordance with the
state of the valence electrons 432p§p,apy, has two bonded (p,, p, and
four non-bonded (5%, p?) electrons. The extent of the participation
of the atomic orbitals of selenium in the formation of the molecular
orbitals of a given compound to a large extent determines the geo-
metry of the molecules and their properties.

The structural parameters of a number of selenides, found by X-
ray diffraction (XRD) in the crystalline state, by microwave spec-
troscopy (MWS) and by electron diffraction (ED) in the vapour are
given in Table 1. For a complete picture, Table 1, in addition to
data obtained in recent years, also includes data given earlier.>?
Judging from the values of the valence angle CSeC (92— 96°) for the
aliphatic selenides (I)—(V), the participation of the valence 4s orbital
in the formation of the Se—C o-bond in these compounds is slight.
In the aromatic compounds (VI)—(VIII), the CSeC angle is larger,
100—106°. The Se—C bond lengths depend to a marked extent on
the state of hybridisation of the carbon atom, and have the follow-
ing values: for the aliphatic compounds (Se—C,,) 1.94—1.98 A
(D —(V), XVII), (XVIII), for the aromatic compounds (Se —C,y3)
1.90—1.92 A (VI) —(X), (XVII), (XVIII), and for Se —~C,, (seleno-
cyanate group) 1.84—1.85 A (IV), IX). The differences in the
Se—C bond lengths for aliphatic and aromatic compounds can be
seen particularly clearly by comparing the data for the cyclic com-
pounds(XII), (XIII), and (XIV)—(XVI). The observed changes in
the bond length in the order Se—C,» > Se~C,p > Se—-C,, are
fairly large, and apparently cannot be attributed entirely to the
differences in the state of hybridisation and hence in the dimensions
of the corresponding carbon atoms. Thus the difference in the
C—H bond lengths for different valence states of the carbon atom
does not exceed 0.03 A: Csp—H (1.09), Co—H (1.07), C,,—H
(1.06 A), whereas in the CC multiple bond series, these differences
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are ten times greater: Cgp—Cyp (1.54), Cypn—Cyp (1.39), Cyp—Cyp
(1.20 A). Comparison of these data makes it possible to regard the
decrease in the length of the Se—C bond in the above series as
evidence of additional Se —C bonding as a result of the interaction
of the lone pair of electrons (LPE) of the selenium atom with the
n-system of the electrons of the aromatic (unsaturated) fragment
(pr-conjugation).

Table 1. Structural parameters of selenides.
Bond length, A
Selenide égg(l; o Method | Refs.
So~Cgp Se—Cps ’
CH,ScH (1) 1.959 — 95.5 MWS 14}
CH,SeCH, (1) 1943 —_ 6.2 MWS }IS]
CF,ScCF, (1) 1 978 —_ 95.5 ED [16)
CF4SeCN (1V) 1.984 * 92.2 ED 17]
(CH,COCH\Se (V) 1.951 — 96.3 XRD Its
CeHyScCH, (V1) 1.957 1.012 99.64-2.5 ED (19
CeHyScBr (V1) — 1.899 99.84-1.2 ED {20
(4-CH,CaH,),Se (V1) — 1.925 106.2 XRD 21)
1.4-CoH,(SeCN)s (1X) L1 1.916 94.440.9 XRD 22!
2-NOC4H,SeBr (X) - 1.017 98. ED lzs
2-CHOCH,SeBr (X1) - 1.876 98.0 XRD | [24)
s{'—}e Xin ;g —_ 9813.5 XRD 125)
N/ o
e 1.945; -~ 96.84-1.0; XRD 26}
e D 1.047; 100.&10
\—Se/ 1.967
(Xnn
/
r\[_!j — 1.899 86.64-0.2 XRD | [27)
N/ \se”
(X1v)
Se.
iSJ ] - 1.87 86.04-1.0 XRD | 28]
(xv)
P
F, Se, F
AN TN
/U [I — |1.87—1.90] e6.2—97 XRD | [20)
F f s’ 1( F
xvi)
e Uae
Fi\' 1.966 1.915 100.8 XRD | (30}
S
= Se: CF
54"\ 'O_° * | 1.063 1.920 100.6 XRD | {30]
=
]

*Se—CN bond length 1.854 A, **1.837 A.

A similar sequence is observed in the change in the dipole
moments of the Se—C bonds. The dipole moments of the Se—C
bonds,?! calculated from the experimental dipole moments of the
corresponding compounds by the vector additivity method, are:

S:——C.,‘ 0.70> S;—C.,' (unsaturated)

0.53>S'E—C.,'(uommc) 0.30>S:—'C.’ —0.75 (H).

The decrease in the dipole moment of the Se—C bond for different
valence states of the carbon atom, and the change in its direction
(for Se —C,,) may be due to a number of factors. In Ref.31, the
observed changes in the dipole moments were attribted to differences
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in the electronegativity of the carbon atom in different valence
states:

C.p—2.6, Cw‘(unsatunted) —2.7, Cpr —28, C,, —3.2,

electronegativity of the selenium atom -2.4.32 The sequence
indicated, however, may be determined not only by this factor but
also by the changes in the lengths of the corresponding bonds, and
also by the possibility of charge transfer from the selenium atom to
the aromatic (unsaturated) p-electron system (pr-conjugation).

The idea of possible prn-conjugation in aromatic and unsaturated
selenium compounds is often used to explain the properties of the
corresponding compounds, as described below. The most reliable
information on the orbital state of molecules is given by photoelec-
tron spectroscopy (PES). When combined with quantum-chemical
calculations in the approximation of Koopman’s theory, according
to which the ionisation potential is equal to the energy of the corre-
sponding orbital with the sign reversed (IP; = ~Zi), this method
makes possible the quantitative characterisation of the orbital state
of molecules.

7.8 eV

//—_FJ_J'\\\ 8.40eV
/ ORI
/
+# /

CeH,g N\ 109ev /

\ ” 4‘2

Formation of the HOMO of selenoanisole.>®

(CH,),Se

Figure 1.

According to quantum-chemical calculations, the first ionisation
potential of aliphatic selenides corresponds to an HOMO which is a
4p orbital populated chiefly by an LPE of the selenium atom.>® An
interesting feature is that this orbital is the HOMO not only in
dialkyl selenides but also in the series of compounds (H3:M),Se,
where M = Si, Ge.** The HOMO of the aromatic selenides
includes not only a 4p orbital of the selenium atom but also a con-
tribution from the =, orbital of the aromatic fragment. The forma-
tion of the molecular orbitals of selenoanisole is represented in
Fig.1.3® The mixing of the =, orbital of the aromatic fragment with
the p orbital of the LPE of the heteroatom raises the HOMO relative
to the levels of the orbitals of the interacting fragments. Estimation
of the contribution of the LPE of the selenium atom to the HOMO
of selenoanisole by the HMO method with the parametrisation of
the PES calculation®*-® gave the value 0.834,% which is appreciably
greater than that for the anisole molecule (0.446) and close to the
contribution for the thioanisole molecule (0.738). According to
Ref .40, the contribution of the LPE of the heteroatom to the
HOMO of the compounds CsHsECHj of the oxygen sub-group
increases in the order: O (0.54) < S (0.77) < Se (0.84) < Te (0.89).
The opposite order was obtained in an estimation of the contribu-
tion of the n-component of the aromatic fragment.*! Similar results
were obtained by calculating the resonance integrals B(C,,: —E),
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where E = O, S, Se, for compounds C¢HsECH;. The participation
of the LPE of the selenium atom in the general pn-conjugation sys-
tem is indicated by the results of the determination of the dipole
moments of the interaction (Ap;y,) for substituted selenoanisoles®?
and phenylselenoacetylenes.

The state of the HOMO is extremely sensitive to the steric and
electronic effects of the substituents. For p-substituted selenoani-
soles, a linear relationship has been established between the first
ionisation potential (IP;), characterising the energy of the HOMO,
and the o™ -constants of the substituents.>® A similar relationship
between IP, and o,, was established for disubstituted selenophenes.
For the aromatic compounds CsHsSeR, the conformation of the
selenide molecules, like that of the corresponding compounds of
oxygen and sulphur, is determined to a large extent by the competi-
tion between two effects: pn-conjugation (which is a maximum for a
planar molecule, when the angle ¢ between the plane of the phenyl
ring and the CSeC plane is 0°) and steric effects (the tendence for
the SeR group to be displaced from the plane of the ring as a result
of the mutual repulsion of the substituent R and the ortho-hydrogen
atoms of the phenyl ring). Depending on the contributions of these
effects, which determine the barrier to the rotation of the SeR group
relative to the aromatic fragment, an affective conformation of the
molecule with a definite angle ¢, or an equilibrium between planar
(¢ = 0°) and orthogonal (¢ = 90°) conformers can apparently be
produced.

From the doublet character of the first PES band of selenoani-
sole, it was concluded that the gas phase contains two rotamers;’
the first component of the band (8.0 eV) was assigned to the HOMO
of a planar conformer, and the second (8.3 eV) to a rotamer with
minimum overlap of the 4p—mn-orbitals. Judging from the intensity
of these bands, the ratio of the rotamersis ~1: 1. At the same
time, PES did not detect the presence of rotamers for the corre-
sponding compounds CsHsSeR (R = C,H; or iso-C3H,) where the
8.3 eV band was assigned to an orthogonal conformer.*> The dif-
ferences in the energies of the rotamers are small, even for the corre-
sponding oxygen and sulphur compounds. Thus the difference
between the energies of the planar and orthogonal conformers does
not exceed 1.3 kcal mole™! for anisole ,46 and 0.8 kcal mole! for
thioanisole.*”*®  For the selenium compounds, the difference
between the energies of the planar and orthogonal conformations
should be even smaller. This is apparently one of the reasons why
they cannot be distinguished by some methods. Studies of the
dipole moments and Kerr constants of selenoanisole and diphenyl
selenide in inert solvents indicated that these compounds are
conformationally homogeneous, with an angle ¢ = 32° for the first
compound*® and ¢ = 48° for the second.® According to electron
diffraction data, the angle ¢ in the selenoanisole molecule in the gas
phase is 40 + 13°.'® The introduction of electron-acceptor sub-
stituents in position 4 of the phenyl ring of selenoanisole leads to
flattening of the molecules: for the 4-Cl- and 4-Br-derivatives,

@ < 20° and for the 4-NO,-derivative, ¢ ~ 0°% At the same
time, the 'H and 2H NMR spectra of 4-chloroselenoanisole in a
liquid-crystal solvent®! indicated that the angle of rotation of the
phenyl ring relative to the CSeC plane is ~40°. The planar s-trans-
structure with a maximum conjugation is characteristic of aryl vinyl
selenides.> According to the dipole moments and the Kerr con-
stants, the CsHsSeCN molecule, unlike selenoanisole, has a planar
conformation.”® The infrared (IR) spectra of crystalline specimens
in polarised light>* also detected no signs of conformational non-
homogeneity in aryl selenocyanates. Electron-donor substituents
(OCHj, N(CH3); in position 4 of the phenyl ring do not break down
the planar conformation of phenyl selenocyanates, but electron-
acceptor substituents (Cl, Br, NO,) lead to slight breakdown of the
coplanarity of the C¢H,SeCN fragment.’®> Birefringence established
an increase in the non-coplanarity of 1,4-disubstituted compounds of
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selenium of the type RSeC¢H4SeR (R = CN or CHj3), compared
with the monosubstituted compounds.>® In a study of the confor-
mation of the molecules of aliphatic selenides R,Se (R = CHj,
C,H;), proton magnetic resonance data, in agreement with IR and
Raman spectroscopic data, showed that in these compounds there is
free rotation of R about the C—Se bond.*® The IR and Raman
spectra of diethyl selenide in argon and nitrogen matrices, however,
indicate the existence of conformational isomerism in the solid
state,”” NMR is extremely promising for the study of the electronic
and geometric structure of organic selenides. Various nuclei are
studied, including the "’Se isotope, whose natural concentration is
7.6%.

The differences between the chemical shifts 8 of "’Se in different
compounds are fairly large (in a number of cases reaching 102-10°
p.p-m.%®%) and are not sensitive to the solvent,>° and this makes
possible a fairly reliable determination of the electronic state of the
molecules.

The number of published papers on the study of organic selenides
by ’Se NMR has increased considerably in recent years, Since the
chemical shift reflects the charge state of an atom, the values of § for
77Se are sidely used in studies of intramolecular electronic interac-
tions. For a large group of compounds of the type XCgIZ;SeR, a
linear relationship has been established between & for 7’Se and the
Hammett constant o (X).® A more detailed '3C and "’Se NMR
study of compounds of the type XCgH,SeR indicated that & *C(1)
are linearly correlated with o7 and oy of the substituents.8! The
values of & 'H, & *C, and 5 7’Se have been used in studies of the
conformation and intramolecular electronic interactions in a number
of compounds: PhSeCH =CH,,%? CH;SeC=CR,** mono-, di-, and
triseleno-substituted ethylenes,* and condensed five-membered
heterocyclic compounds based on selenophene.’ Data on the
temperature dependence of § 7’Se for phenylselenylcyclohexane
derivatives have been used to estimate the barrier to inversion of the
cyclohexyl fragment.%6 7’Se NMR has been used to study the
structure of molecules containing selenium —sulphur bonds, of the
type XCsH Se— SR, which provide models of biological systems.5”
Measurements of the "’Se and '*>Te chemical shifts for analogous
organic selenides and tellurides indicated that there is a linear rela-
tionship between these quantities: & Te = 1.60 5 Se.5% The
relationship between & 'H, & 13C, and & ""Se for cyclic compounds of
selenium has been studied.”®”! 7’Se NMR gives extensive informa-
tion on the composition of the compounds formed in the binary
sulphur —selenium system.”

In addition to the chemical shift of the selenium atom, another
parameter extremely sensitive to change in the electronic structure of
molecules is the spin—spin coupling constant 'J("’Se~'3C). Ina
series of selenides RSeR/, this constant increases with increase in the
s-character of the hybridised orbital or the carbon atom forming the
bond with the selenium atom.”’* In a series of selenoanisoles,
1J(""Se —1°C) increases when acceptor substituents (4-NO,-) are
introduced into the aromatic ring, and decreases when donor sub-
stituents (4-NH,-) are introduced, due to the change in the intensity
of the pn-conjugation and the Se—C bond order.”® I Ref.75, the
stereochemistry of aromatic compounds of selenium was studied using
the spin—spin coupling constant of atoms at a greater distance from
one another, namely 2J ["’Se—!>C(2, 6)]. The nature of the depen-
dence of 27[7’Se—13C(1)].on the number and nature of the ortho-
substituents in various aromatic compounds of selenium has been
established. The influence of the '3C :'?C isotope effect on the
shielding of "’Se in com’pounds RSeR’ has been determined,” and a
correlation between A 7'Se and the length of the Se—C bonds
established. The measured spin —spin coupling constants of the
selenium nuclei for a number of dialkyl polyselenides R —(Se),—R
(n ==172-—5) indicated that the polyselenide chain has a linear struc-
ture.
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Valuable information on the electronic and spatial structure of
aromatic and unsaturated compounds of selenium is provided by 13C
NMR. For selenides C¢HsSeR, the values of 8 for 1*C in position 4
of the phenyl ring (relative to TMS) are as follows:”

R CH, CoHs CsH,
6°C (4) 125.55 126.24 126.16

iso-C3H7
126.84

C(CHy)s
128.10 .

The differences in the inductive constants of these R are compara-
tively small, so that they should have practically no influence on the
charge state and hence on the magnitude of 3 for the C(4) atom.
The observed nature of the change in & 1>C(4) with increase in the
size of R reflects the influence of steric effects on pn-conjugation in
aromatic selenides; this is indicated by the fairly good correlation
between 5'°C(4) and the steric constants EC of the substituents.”®
3C NMR has been used to determine the dependence of the degree
of pr-conjugation and the conformational state on the nature of the
substituents in substituted selenoanisoles.”®8!  Acceptor substituents
lead to an improvement, and donor substituents to a deterioration,
in the conditions for pn-conjugation and hence for coplanarity of the
molecules. The relationship between the values of o for *C and
the constants oy and og of the substituents has been established for
phenyl vinyl selenides® and divinyl selenides.®® & *C data have
been used to determine the previously unknown values of o% for the
selenium-containing substituents C,H;sSe (-0.12) and CH,=CHSe
(-0.09),% and '°F NMR data for the para-fluorine atom in the
aromatic fragment have been used to determine o, for the substit-
uents CF3Se (0.44) and (CF3)3CSe (0.54).%* The interaction of the
LPE of the selenium atom with the n-electron system of the aromatic
(unsaturated) fragment has been studied by ultraviolet spectroscopy
combined with quantum-chemical calculations. The nature of the
electron transitions has been studied in derivatives of selenoanisole
and their isologues® and in substituted aryl allyl selenides,® alkyl
vinyl selenides, and divinyl selenide.®” Quantum-chemical calcula-
tions of the electron transitions in the PPP approximation have
shown that the resonance integrals and hence the degree of pn-con-
jugation in a series of analogous compounds of the group VI ele-
ments decrease in the order: B(C—O0) > B(C—S) > P(C—Se) >

 B(C—Te).2%¥7  Possible pn-bonding in the compounds CH,=CH —
C=CSeCHj; and C,H;C=C—~C=CSeCH; is indicated by the results
of quantum-chemical calculations (CNDO/2).%8 At the same time,
studies of the IR spectra of selenoanisole, phenyl selenocyanate, and
their derivatives®®*° showed that the spectra of these compounds
represent the sum of the practically non-perturbed spectra of the
phenyl ring and the SeCH3(SeCN) group), from which it was con-
cluded that there is very little intramolecular interaction. As the
authors themselves point out, however, this conclusion was reached
without carrying out a normal-coordinate analysis, so that it is not
sufficiently well-founded.

2. The Electron-Donor Properties of Selenides

The properties of selenides as electron donors is determined to a
large extent by the state of the HOMO, and primarily by its energy
and symmetry. According to quantum-chemical calculations
(CNDOQ/?2) for dimethyl selenide, the contribution of the LPE of the
selenium atom to the HOMO is 0.88, so that the charge on the
selenium atom is 0.77.2% Evidence that the HOMO of aliphatic
selenides consists chiefly of the 4p2-LPE of the selenium atom is
provided by the results of structural studies of the complexes formed
by selenides. Table 2 gives the published structural parameters of
complexes of selenides with o-acceptors (A = I, ICl) and v-accep-
tors (A = PdCl,, PtBr;). The angle (<C—Se—A) formed by the
coordinate bond Se—A with the Se—C bond is 100 —107°, that is
the donor —acceptor bond Se—A, in accordance with the orientation
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of the orbital of the 4p?-LPE, is almost perpendicular to the plane
of the C—Se—C bonds of the selenide molecule. The lengths of the
intermolecular bonds (rpa) of the complexes vary over a fairly wide
range; this can be clearly seen by comparing the values of Ar =

eBR - ("> + radeovs Where r3%' is the experimental length of the
intermolecular bond, and rp and r4 the covalent radii of the atoms
of the molecules of the donor and the acceptor involved in the
formation of the donor —acceptor bond (the covalent radii of the
atoms given by Pauling®® were used in the calculations). For the
comparatively weak complexes formed by selenides with halogens,
the values of Ar are large, whereas for the complexes with
compounds of Pd and Pt, the length of the intermolecular bond is
practically equal to the sum of the covalent radii of the
corresponding atoms.

Table 2. Structure of selenide complexes.
Complex lb)o.n[: DAA | Are A C-Se-A angle,® Refs.

=\

Se-ly Se—1 2.762 0.26 100.5 {o1)

TN
nsE  Sel, Se—1 2.820 0.33 100.5 192]
TN
6 sens Se—I 2.755 0.25 | 107.0; 102.0 | [93, 94]
TN
9 @ Se—1I 2.630 0.43 | 104.1; 99.0 (93}
PdCly: 2(CsHy)sSe Se—Pd | 2.4% 0 100.8; 109.5 [95]
PACly [CHySeCH(CHu:Je Se—Pd | 2.40 | —0.07 | 105.5; 103.7; [96]

2.36 107.4; 104.2
7N\

P2 O Se—Pt | 2.43 0 110.5; 107.2 [97}

*Ar = rg t"("D + rA)cov-

From the previously established relationship between -AH and
Ar,”® covering a wide range of molecular complexes of the nv and no
types, including the complexes of selenides with a number of accep-
tors, the energy of formation of the Pd—Se and Pt—Se bonds in
these complexes should be greater than 15 kcal mole™.

Complex formation by organic selenides with iodine has been
studied in most detail by electronic spectroscopy.'®-13* The spectra
of the complexes contain new bands, charge-transfer bands (CTB),
not present in the spectra of the starting materials. The positions
(vern) and energies (hverp) of the charge-transfer bands in the
spectra of the complexes have been established, and the stability
constants determined. The temperature dependence of the equi-
librium constants has been used to determine the thermodynamic
parameters of complex formation by iodine with alicyclic'®! and
cyclic selenides,'%>1%® and with aromatic selenides of the substituted
selenoanisole!®*'® and diphenyl selenide!®!!®!!! types. In
Ref.112, complex formation by selenides of different kinds with
iodine was studied not only by electronic spectroscopy but also by
calorimetric titration. The compositions and enthalpies of forma-
tion of the complexes were determined, and their electronic spectra
studied. The values of ~AH for the complexes of a number of
selenides with iodine are given in Table 3. For aliphatic selenides,
equations were obtained, relating the values of ~AH to hvcrp and
-AH to To™ (the sum of the inductive constants of the substitu-
ents). Aromatic selenides, like the aliphatic compounds, behave as
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n-donors towards I3, and the coordination centre is the selenium
atom. A noteworthy feature is that the absolute values of ~AH for
the complexes of I, with aromatic selenides are smaller than those
for aliphatic selenides (Table 3); this is apparently related not only
to the differences in the influence of the inductive effects but also to
the expenditure of energy to break down the prn-conjugation in the
aromatic selenides. According to Raman spectroscopic data, the
wavenumber of the I —1I vibrations decreases from 215 cm™ in the
original I, molecule to 165 cm™ in the complex (CHs),)Se.I, and
160 cm™ in the complex (C;Hs),Se.I,.'!®  The stretching wavenum-
ber of the intermolecular Se—1 bond in the complex (C,Hs),Se.l>
was found to be 100 cm™.!'* This value is much lower than the
vibrational wavenumber of the intermolecular Se —B bond (256
em™') in the complex (CH3),.Se.BF3.!!'® These differences are appa-
rently due to the difference in the strengths of the intermolecular
bonds in these complexes. Systematic spectral studies of complexes
of jodine with substituted selenoanisoles'®*-'% revealed a number of
general regularities of complex formation. A linear relationship was
established between the values of -AH and the constants o, , of the
substituents in the phenyl ring, and also between -AH and the dis-
placement of the iodine band in the electronic spectrum on complex
formation Avy, and between the changes in the enthalpy AH and the
entropy AS in complex formation.!*1% The solvatochromism of
the charge transfer bands was used to study the influence of solv-
ents of different character on the thermodynamics of the formation
of complexes of selenoanisoles with iodine.!%1%°  Analysis of the
experimental data showed that the observed differences in the values
of -AH for a given complex in different solvents are due chiefly to
the contribution of the specific solvation of the iodine molecule.
For the molecules of the donor and the complex in the series of
solvents studied, specific solvation takes place for the most part.

Table 3. Enthalpies of formation of the complexes (kcal mole™).

SnCly (Ref.128)

Selenide I ({{elf'l 12) Amr% (Ref.129)
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Organic selenides form complexes with n-acceptors; the com-
plexes of aromatic selenides and derivatives of selenophene with
tetracyanoethylene (TCE) have been studied in most detail by elec-
tronic spectroscopy. The observed charge-transfer bands in the
spectra of these complexes are due to electron transitions from the
HOMO of the selenide to the LUMO of the TCE molecule. In
most cases, the spectra of the complexes of aromatic selenides, like
the spectra of the complexes of other n-donors with TCE, contain
not one but two charge-transfer bonds, corresponding to electron
transitions from the highest orbitals [ft;Vyax(CTB;) and
Tas Vmax(CTB,), see Fig.1] of the selenide molecule to the LUMO of
the acceptor molecule. The position of the maximum of the first
CTB [Vimax (CTB;)] and its energy [hvmax(CTB;)] are directly related
to the energy of the HOMO and to the first ionisation potential
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(IP,) of the corresponding selenide. A linear correlation between
Vmax(CTB;) and IP; was established for the complexes of TCE with
selenophene and its substituted derivatives.!'®!!? The complexes
formed by heterocyclic compounds of selenium with TCE are more
stable than those formed by the corresponding heterocyclic com-
pounds containing sulphur.'®®  For selenophenes containing differ-
ent substituents in position 2, a correlation was established between
the first ionisation potential and the o,-constants of the substi-
tuents.!'® Spectral studies of the complexes of TCE with substi-
tuted selenoanisoles, together with photoelectron spectroscopic data
and quantum-chemical calculations,197:120-123 established the prin-
cipal regular features of the formation of the intermolecular bonds
and the properties of the complexes. The nature of the electron
transitions and the two observed CTB in the spectra of the com-
plexes was examined, the regular features of the influence of elec-
tronic and steric effects on the position and intensity of the CTB
were established, and the relationship between the spectral para-
meters and the orbital characteristics of the molecules determined.
A large amount of experimental material on the complexes of TCE
with substituted selenoanisoles and phenyl selenocyanates'>* estab-
lished a linear relationship between the energy of the first CTB and
the electrophilic o -constants of the substituents.

A study of the electrochemical oxidation of substituted seleno-
anisoles!?” also established a linear relationship between the potential
Eyj; and the electrophilic constants of the substituents 6*. The
value of the electrochemical reaction constant: (p = -0.28) was
found to be practically equal to the constant found from a spectro-
photometric study of the complexes of selenoanisoles with TCE

(p = -0.25 + 0.03). This appears quite logical, since both of
these methods characterise the state of the HOMO of the com-
pounds being studied. The second charge-transfer band of the
complexes of TCE with substituted selenoanisoles, unlike the first
band, is little influenced by substituents,'? and its position and
energy are close to those of the CTB of the complex of TCE with
benzene.

The linear relationship between viy,ax(CTB,) and IP,; for TCE
complexes covers a wide range of varied electron donors containing
different heteroatoms, and has the form:!%6

IP, (eV) = 5.86(%0.06) + (1.31 % 0.03) X 107 v, (CTB,) (cm™). (1)

This equation is widely used to determine the ionisation potentials of
complex heteroaromatic compounds, including selenium-containing
compounds (such as arylselenoacetylenes,'?’ selenides containing a
carbonyl group,'"” etc.) from the measured CTB in the spectra of the
complexes with TCE. Thus the electron-donor properties of
selenides towards iodine (c-acceptor) and TCE (n-acceptor) have
now been fairly fully studied by electronic spectroscopy. There are
extremely few published data, however, on the structural and ther-
modynamic parameters of complexes of selenides with other
acceptors, including v-acceptors. Calorimetric titration has been
used to determine the enthalpies of formation of the complexes of a
number of selenides with tine tetrachloride (with the 1:1 and 2:1
compositions),'?® aluminium tribromide,'?® and boron t:it tromide.
The enthalpy of formation of the complex (CHs),Se.Ga(CH3); has
been determined by the gas dissociation method.!®  The values of
-AH (kcal mole™®) for a number of complexes of selenides with
aluminium tribromide and tin tetrachloride are given in Table 3.
The selenides form fairly stable complexes with these acceptors.
Studies of the complex-forming power of bis-selenides of the type
RSe(CH,),SeR towards PT and Pd salts by 'H, 7’Se, and '*°Pt
NMR, ultraviolet, and IR spectroscopy made it possible to solve
various problems of the stereochemistry of the complexes formed
and to determine the relationship between the parameters found.'*?
'"H NMR and IR spectroscopy established the formation of H-com-
plexes of a number of selenides with phenol.!3*13

130
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Analysis of the results of an IR Fourier spectroscopic study of the
complex H,Se.HF in an argon matrix led to the conclusion that it
has a pyramidal structure,'>® which is consistent with the view that
the 4p2-LPE of the selenium atom takes part in the formation of an
intermolecular H-bond. Non-empirical quantum-chemical calcula-
tions for the complex H,Se.HCN 7 also indicate that it has a
pyramidal structure.

A detailed study of the IR and Raman spectra of the complex
(C;Hs);Se.HCl in argon and nitrogen matrices revealed fine effects
due to conformational isomerism. The different rotational isomers
of diethyl selenide react with HCI to give complexes with different
stability.” In addition to the 1:1 complexes, 1:2 complexes with
branched H-bonds were detected. The formation of complexes with
the same composition was also established in the reaction of diethyl
selenide with HCl in CCL,."*® It was concluded that the H-bond in
the complex in the argon matrix is stronger than that in an inert
solvent.

The high sensitivity of the chemical shift in the 7’Se NMR spectra
has been used successfully to study complex formation by phenyl
selenylacetate with the enzyme a-chymotrypsin. The composition of
the complex (1:1) was established, and its dissociation constant
determined.”® Thus organic compounds of selenium, like the cor-
responding compounds of the other elements of the oxygen sub-
group of group VI form fairly stable complexes with various
acceptors. To estimate the degree of similarity and difference in the
electron-donor properties of these compounds, various parameters of
the complexes which they form can be compared. The most reliable
characteristic of the complex-forming power of a given donor
towards a given acceptor is the enthalpy of formation of the com-
plex. The enthalpies of formation ~AH (kcal mole™) of a number
of 1:1 complexes are given below.!?*130:135140  There are practically
no published quantitative data on the complex-forming power of
tellurium(I1I) compounds.

Acceptor
Donor I, BB, AlBy  SiCl,  CHOH
(CHO 4.3 188 365 5.8 5.9
(CgHy)eS 8.1 22.8 31.1 12.6 4.2
(CHase 9.7 22.8 209 146 37

Thus the order of change in the values of ~AH in the series
ethers —sulphides —selenides is different for the reactions with dif-
ferent acceptors.

As noted above, the electron-donor properties of molecules are
determined to a large extent by the energy state of the HOMO, given
by the first ionisation potential. For the compounds RER! of the
elements of the oxygen sub-group, the values of IP; (eV) are as
follows:

R R! o S Se Te

— — 13.6 10.4 9.75 9.0
CH, CH, 10.0 8.65 8.40 7.89
CeHg CH, 9.29 8.07 7.9 7.
CeHy CeHs 8.09 7.80 7.79 —

The values of IP, decrease with increase in the principal quantum
number of the element, in the order O > S > Se > Te. A large
change is observed on going from the oxygen compounds to the
sulphur compounds, and the differences in the IP; values for the
sulphur and selenium compounds are much smaller. Judging from
the IP, values, the donor properties of the compounds of the
elements of group VI should increase in the following order:

O < S < Se < Te. This order is not always observed, however,
This can be clearly seen by comparing the order of change in the
values of -AH for the complexes of ethers, sulphides, and selenides
with iodine (Se > S > O) and with phenol (O > S > Se). Of
considerable importance in the formation of the intermolecular bond
are the conditions of overlap of the interacting orbitals—the HOMO
of the donor molecule and the LUMO of the acceptor molecule.
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The overlap integrals of the corresponding orbitals (indicated in
brackets) for a number of model donor —acceptor bonds are given
below:130:140

Donor

Acceptor R0 (@97  RS3p)  RSe(dp)  RP=Se(dp)
1(5p) 0.27 0.34 0.41 0.47

B (2sp%) 0.34 0.46 0.41 0.50
Al (3sp°) 0.40 0.38 0.43 —

Sn (55p°d) 0.76 0.60 0.63 —_

OH (1s) 0.43 0.36 — —_

The order of change in the overlap integrals for the complexes of the
oxygen, sulphur, and selenium compounds with iodine agrees with
the order of change in IP;, so that the enthalpy of formation of the
complexes of I, with the selenides should be greater than for the
sulphides and ethers, as observed experimentally. For the com-
plexes with compounds of boron, aluminium, and tin, the order is
slightly different, and this is reflected in their enthalpies of forma-
tion. An important part in the formation of intermolecular bonds
is played by steric effects. These decrease with increase in the size
of the central atom of the donors indicated (O > S > Se), and for
the above acceptors they are most clearly revealed in the complexes
D.BBr3 and D.SnCl,;. Thus the order of change in the electron-
donor properties of a given series of compounds is determined by a
number of factors, and may be different for the reactions with
different acceptors.

lll. THE STRUCTURE AND COORDINATION PROPERTIES OF
COMPOUNDS OF THE TYPE R,E=Se

The intensive development of the chemistry of selenium in recent
years has drawn the attention of research workers to the selenium
analogues of ketones, phosphine oxides, and carboxylic acid amides,
that is compounds containing E=Se bonds. Of these, the com-

pounds containing ;P=Se and >C=Se bonds have been most

fully studied. Structural studies have shown that the phosphorus
atom in selenophosphoryl compounds (Table 4) is at the centre of a
slightly distorted tetrahedron; the average values of the SePC and
CPC valence angles are 11 —114° and 103 —106° respectively. The
rings of the aromatic fragments of the compounds studied are
rotated relative to one another; the angles made by the plane of the
ring with the C—P —Se plane are different compounds, and also
vary over a wide range for different rings in the same compound, for
example from 13° to 56° in compound (XVII). An exception is the
fairly symmetrical (Cs) structure of the molecule of tris(2-furyl)-
phosphine selenide (XX); the angles made by all three furyl groups
with the C—P —Se plane in this compound are almost identical, and
the torsional angles O —C—P—Se are 48.2, 46.3, and 46.7°. A
noteworthy feature is the relatively large difference in the lengths of
the C—P and P=Se bonds for different phosphine selenides. The
observed differences have been attributed to the influence of steric
effects [for example for compounds (XVII) and (XVIII)], the
inductive effect of the substituents [for compounds (XVIII) and
(XIX)], and the ability to form Cg,)»—P3ax bonds. Thus accord-
ing to Ref.145, the fact that the C—P bond in the molecule of tris-
(2-furyl)phosphine selenide (XX) is shorter than that in other tri-
arylphosphine selenides is due to the increase in the extent of the
C2p)x—P@ay» interaction resulting from the stronger o-electron-
acceptor properties of the 2-furyl group compared with the phenyl
group. The fact that the P=Se bond in compounds (XIX) and
(XX) is shorter than in compounds (XVI)—(XVIII) has also been
attributed to the o-electron-acceptor properties of the trifluoro-
methylphenyl or furyl groups and the consequent increase in the
s-character of the orbital of the P atom in the bond with Se.!*514

The vibrations of the ;P=Sc bond are not characteristic, and
vary over a wide range, depending on the composition and structure

of the substituents on the phosphorus atom. Thus for compounds
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of the type RiP =Se, the vibrational wavenumbers assigned to the
P=Se bond are:'*®

R (CHy)s  (CeHy)s

s 1 (cyclo-CgH11)3  (CgHe)y
vp=ge (cm™l) 441 422 543 560

According to Raman spectroscopic data, the values of vp.g, for the
compounds (CgHs),P(Se)CH, — P(X)(CgHs), vary in the range
525—535 cm™ for X = O, S, Se, or the LPE of the P atom.'”!

Table 4. Structural parameters of compounds containing —\7P=Se

and >C=Se bonds.

Bond length, A

Compound C-P,P=Se,or | a8, Refs.

C=8Se
(CaHy)ab =Se (XVI) 1.826; 2.106 — [141]
(2CH G HyP =Se (XVII) 1.834} 2.416 112.7 [142]
(3-CHyUiHygP=Se (XVII]) 18207 2.409 — [143]
(3-CFyCeHg)gP=Se_(XIX) 1,815} 2,084 113 [144]
(2-CH0),P=Se (XX) 1.778} 2.004 114.9 [143]
1.82;" 21105 11313 [446]
—" 1.706 - L1471
—  1.7098 - [147
— 1.6 — [147]
3 — 17 — [147]
CHgN=C=Se (XXVI) —  1.708 - [147]
CH,N=C=Se (XXVII) —  1.709 — [148]

For compounds with different substituents on the phosphorus
atom, such as (C,Hs),CIP=Se '*? or (RO),R3_,P=Se (n = 1-3; R
= CH,, C,Hs),!%1>* the spectra show splitting of the vp s bands,
attributed to the presence of rotational isomers. The ratio of the
intensities of the corresponding bands can be used to determine the
relative concentration of the isomers in the mixture and the thermo-
dynamic parameters of the equilibrium.'**

A study of the electronic spectra of compounds R'R"R"'P=Se 155
showed that the selenophosphoryl group, like the thiophosphoryl
group, has chromophoric properties. The relationship between the
position of the long-wave band (230 —280 nm), assigned to a n—n*
transition, and the nature of the substituents on the phosphorus
atom has been studied.

Extremely important characteristics of a chemical bond are its
polarity, polarisability, and the anisotropy of the polarisability. The
P=Se bond is fairly polar; the magnitude of its dipole moment
depends on the nature of the substituents, and for compounds of the
type R3P = Se has the following values:'*®

CH,Cly
2.89

(CeHa)s

Rs [(CHg)aN]s
up=se (D) 3.73 3.88

A linear correlation is observed between the dipole moments of the
P=Se bond and the inductive constants of the substituents.!
Measurements of the dipole moments and the Kerr effect have been
used to determine the polarisability and the anisotropy of the
polarisability of the P=Se bond in the cyclic selenophosphate CH3—
C(CH0);P =Se.'”’

Vaulable information on the nature of the P=Se bond has been
obtained by 'H, 3'P, and more particularly 7’Se NMR.'4>14%.151,
158,159 The values of the chemical shifts 8 7’Se and the spin—spin
coupling constants 17(3'P—-""Se) depend to a significant extent on
the nature and stereochemistry of the substituents on the phosphorus
atom. Electron-acceptor substituents in compounds of the type
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R;P=Se lead to an increase in e 1P—77Se), whereas electron-
donor and bulky substituents decrease it."®® For a number of com-
pounds (XCgH4)sP = Se, a linear relationship has been established
between J(3'P—""Se) and the constants of the substituents.'>®

The spin—spin coupling constant between directly bonded atoms
is increased chiefly by the Fermi-contact interaction of the moment
of the nucleus and the spin of the electron of the s-orbital. This
made it possible to examine the observed changes in the values of
17(3'P—"Se) in a series of analogous compounds in relation to the
influence of the substituents on the population of the 3s-orbital of
the phosphorus atom.'*>'*® The 'J (3'P—""Se) values for com-
pounds of the type ArsP = Se indicate that the 2-thienyl and 2-furyl
groups in the corresponding phosphine selenides are electron-
accepting.!#*1%

Stable compounds containing C=Se bonds were obtained com-
paratively recently,!®°~'%2, and have been less extensively studied.
Structural studies have shown that the C=Se bonds, like the P=Se
bonds (see Table 4) have similar lengths in different compounds; the
differences do not exceed +0.01 A.

The NMR spectra of organoselenium compounds containing
C=Se bonds have shown that the ’Se chemical shift has an
unusually high sensitivity to the electronic state of the selenium
atom.’61718* " The values of & "’Se for a number of compounds of
this type are much greater, sometimes by ~2000 p.p.m., than & "'Se
for dimethyl selenide, and are extremely sensitive to the structural
and electronic characteristics of the molecules.'®® The *C and "’Se
NMR spectra of a number of heterocyclic compounds containing
C=Se bonds show that 8 (C=""Se) is much more sensitive (by a
factor of more than 70) to the influence of structural and electronic
effects than & (3C=5¢).!®> Thus ’Se NMR opens up extensive
possibilities for studying the structure of organoselenium compounds
of this type. Published data on the coordination properties of com-
pounds of the type R,E=Se relate chiefly to compounds containing
=P=S8e bonds. The vp-s. band in the IR spectrum is displaced to
lower wavenumbers on complex formation. The magnitude of the
displacement depends on the composition and structure of the
phosphine selenide molecules, and also on the properties of the
acceptor. Thus for the complexes of triphenylphosphine selenide
with tantalum pentafluoride!®* and iodophenylacetylene,'’

Avp —g had the values 20 cm™ and 21 em™ respectively. A dis-
placement of the vp_s. band by 13—14 cm™! has been observed in
the spectra of the complexes of various bidentate phosphine selenides
with mercury thiocyanate.’®  Ultraviolet (UV) spectroscopy and
calorimetry have been used to determine the thermodynamic param-
eters of complex formation by phosphine selenides with I, 67168 and
SnCl,.'57'%  The enthalpies of formation (~AH, kcai mole™) of the
1:1 complexes studied are given below; the values of -AH for the
corresponding complexes with R3P = O(S) are given for comparison:

Donor Acceptor Donor Acceptor
Is SnClq I
(C4H,);P=0 6.4 25.8 [{CH3)2N},P=0 7.3
(C4H;13P=S 9.0 15.6 [(CHg)aN}sP=S &1
(C4H,)sP=Se 13.0 15.4 {(CHj)eN];P=Se 12.=

Thus phosphine selenides form fairly stable complexcs w.:q I, and
SnCly. The donor properties of the selenium atom in the com-
pounds R3P=Se are slightly stronger than in the corresponding
compounds R,Se. The relative complex-forming power of the series
of compounds Ry;P=X, where X = O, S, Se, judging from the
~AH values for the complexes with I,, is given by the sequence

Se > S > O. The same order was found by UV spectroscopy for
the complexes with I, IC, and IBr.!’® The opposite order is
observed for the complexes with tin tetrachloride: O > S > Se.
The values of Avoy and Avyy in the IR spectra of a number of
proton donors (naphthol, phenol, pyrole, halogenated alcohols) in
their reaction with the compounds (C¢Hjs)sP = O(S)(Se) showed that
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their ability to form H-complexes also decreases in the order

O > S > Se.!”™  Since the differences in the influence of steric
factors in complex formation involving these compounds are appa-
rently small, the reversal of the order of their donor properties in the
H-complexes and the complexes with SnCly, compared with I, is
apparently related chiefly to the conditions of overlap of the inter-
acting orbitals of the molecules of the donor and acceptor, as noted
above. The complexes of phosphine selenides of the series (CgHs),.
(C4Ho)3_,P=Se (n = 1—3) with HgX, and CdX, (X = CI, Br)
have been studied by >'P NMR.!”2 The spin —spin coupling con-
stant 17 (3'P—""Se) decreases on complex formation, in agreement
with IR spectroscopic data (Avp-g.).

There are almost no published data on the electron-donor proper-
ties of compounds containing P=Se bonds. UV spectroscopy has
been used to study complex formation by a number of cyclic seleno-
amides with iodine.'”® The temperature dependence of the equilib-
rium constants was used to determine the enthalpies of formation of
the complexes, which vary over a fairly wide range (6.0 —12.0 kcal
mole™!), depending on the substituents.

Se Se<
N\
/’ \
¢ \
[}
b ~—

Figure 2. Spatial structure of organic diselenides.!”’

Table 5. Structural parameters of diselenides.
A r,A Angle .

Diselenide C-Se, Se-Se Cc-Se-c,®| @ Method Refs.
(CH,Se)y (XXVIIN) 1.954 2.326 98.9 87.5 | ED l;m
(CFyS0)s (XXIX) 2.018 2.202 98.0 — ED 175
[(CgHy2CHSe)s (XXX) 1.97 2.285 | 100.1 82 XRD | [176
(CeH;Se)s (XXXI) 1,93 2.29 106+2 | 82 XRD | [477
(CyFySe)g (XXXII) 1.910 2.319 7 75.3 | XRD | (178
(4-CHyC,H,Se)e (XXXIII) 1.915 2.328 | 101.6 80.3 | XRD | [179]
(4-CIGH,Se): (XXXIV) 1,93 2.333 | 101.4 74.5 | XRD | {180]

7 N—se
I O>—=( | (XXXV) 1.910 2.364 — - XRD | [181]
Se—¢ N
N7

IV. THE STRUCTURE AND ELECTRON-PROPERTIES OF
DISELENIDES

Diselenides R —Se—Se—R, like other compounds of the oxygen
sub-group with dielement bonds, have a skewed conformation
(Fig.2). Structural data (Table 5) show that the interplanar angle
C—Se—Se/Se—Se—C (8) is 75—90°, depending on the composition
and structure of R. The Se—C,,s bond lengths (1.95—2.02 A) in
the molecules of aliphatic diselenides are longer than the Se—C,,2
bond lengths (1.91—1.93 A) in aromatic diselenides (Table 5). The
reason for the observed differences is apparently analogous to that
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examined above in the analysis of the bond lengths in monosele-
nides. The Se—Se bond lengths depend on the composition and
structure of the groups R, vary over a fairly wide range from 2.28 A
to 2.33 A for the diselenides indicated in Table 5, and differ from
the value 2.34 A for the length of the ordinary Se—Se bond in
elemental selenium. 8

The main factors responsible for the skewed conformation of
diselenides (Fig.2) are: a) the mutual repulsion of the 4p® lone pairs
of electrons of the selenium atoms; b) the possibility of additional
Pr—dr Se—Se bonding; and c) the mutual repulsion of the groups
R. Quantum-chemical calculations of the barrier to rotation rela-
tive to the diselenide bond in dimethyl diselenide, carried out by the
CNDO/2 method with optimisation of the geometry'®* and by the
expanded Hiickel method,'®* and also non-empirical calculations
using different basis sets,'®% showed that they are fairly high. Thus
according to these data, the energy of the conversion of the skewed
conformation (8 ~ 90°) into the cis-form (8 = 0°) has the values
6,184 11.19,'%° or 18.09 '35 kcal mole™!, and the energy of the con-
version into the frans-form (8 = 180°) has the values 3,'®* 4.86,'%° or
11.51 '® kcal mole™'. Analogous calculations of the barrier to
rotation relative to the diselenide bond in the CF3Se —SeCF3 mole-
cule gave the values 45 kcal mole™ for the cis-form and 15 kcal
mole™ for the trans-form.'®* The determination of the barriers to
rotation (kcal mole") from the temperature dependence of the 'H
NMR spectra of a number of aromatic diselenides gave the follow-
ing results:

CgHsCH3Se—SeCgH, 6.3 1186]
(CgHsCHa)oSe, <5.6 [186)
[2,4,6-(t-C4Hg)3CgH2] 2Se2 12.5 {187]

The barrier to rotation in the diselenides is ~20% lower than that
in the corresponding disulphides.'®® The greater length of the

Se —Se bond, compared with that of the S—S bond, apparently
decreases the interaction in the diselenide bond, compared with the
disulphide. This can explain the lower stability of polyselenides (for
example triselenides) compared with polysulphides. It has been
suggested'® that bulky groups such as [(CH3)3Si]sC can stabilise
polyselenide bridges. The structure of the triselenide [(CH3)3Si]3C —
Se —Se —Se — C[Si(CHj)3]; has been determined.

The measured dipole moments of aromatic diselenides
indicated that in inert solvents, as in the crystalline state, the disele-
nides have a coiled conformation; the dihedral angle is 72 —85°.
The temperature dependence of the dipole moments of diphenyl
diselenide and its symmetrically disubstituted derivatives (CHs, F,
Br) confirmed the skewed conformation of the molecules in solution
(benzene, 298°) and slight oscillation or rotation of the ArSe groups
about the Se—Se bond with increase in temperature.'”! The dipole
moments and Kerr constants of disubstituted diphenyl diselenides
were used to estimate not only the dihedral angles 6 but also the
angles of rotation of the phenyl rings (®) relative to the C—Se—Se
plane in the diselenides studied.'**!*? When electron-donor sub-
stituents (N(CH3),;, OCHj3, CH3) are introduced into the 4 and 4’
positions of the phenyl rings, the angle ® increases in proportion to
the electron-donor strength of the substituent. On the other hand,
strong electron-acceptor substituents (for example NO,) lead to
flattening of the 4-NO,CgH,Se fragment (angle ® ~ 0). A linear
relationship was established between cos’® and o™ for the sub-
stituent. The dependence of the observed increase in the polaris-
ability of diaryl diselenides on the nature of the substituent has been
interpreted in terms of possible conjugation of the two aromatic
fragments through the dislenide bridge.'*>'*? The possible inter-
action of the n-electron system of the phenyl rings with the disele-
nide bridge is indicated by the results of quantum-chemical calcula-
tions (Del Re, SSP-PPP), the dipole moments, and the magnitude of
the n-charges on the atoms of diphenyl diselenide and a number of

189-193
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its 4,4'-disubstituted derivatives.!* Evidence of intramolecular
n-electron interaction involving the diselenide bridge of diaryl disele-
nides is provided by the dependence of the observed changes in the
integral intensity of the absorption bands of the Se—Se bond in the
Raman spectra on the nature and position (ortho, meta, para) of the
substituents.'®> Electron-donor substituents, which increase the
electron density of the diselenide bond and hence its polarisability,
lead to an increase in the intensity of the corresponding band in the
Raman spectrum. For the substituents CH3, OCH3, and N(CH3),,
its value was greatest for 4,4'-dimethylaminodiphenyl diselenide.
The decrease in intensity on going from the para- to the ortho- or
meta-substituted diphenyl diselenides indicates a decrease in the
degree of interaction of the p r-conjugation type between the disele-
nide bridge and the substituents in the isomer order indicated.!®®
Evidence of p n-electron interaction between the diselenide bridge
and the aromatic fragments of diary! diselenides is also provided by
the observed linear dependence of the intensity of the Raman bands
assigned to the Se—Se bond on the angle of rotation of the phenyl
ring. The vibrational wavenumbers of the Se —Se bond for differ-
ent dislenides lie in the range 270 — 300 cm™'.193-20°

The UV spectra of aliphatic diselenides contain one absorption
band at about 310 nm.2®!  The appearance of this band is usually
attributed to an electron transition from the HOMO, formed by a
n~-combination of the atomic orbitals of the LPE of the selenium
atoms, into the antibonding o*-orbital of the diselenide bridge. The
UV spectra of aromatic diselenides contain three absorption bands
at ~250, 270, and 330 nm.?®2 The spectral characteristics of the
long-wave band are apparently analogous to those of the band
observed in the spectra of aliphatic diselenides. The electron transi-
tions at shorter wavelengths are analogous to the absorption bands
of selenoanisole, and are probably due to the transfer of electron
density from the diselenide bridge to the aromatic fragments.

The formation of the molecular orbitals and the nature of the
electron transitions in aromatic diselenides and their isologues were
examined in Ref.202.

Valuable information on the nature of the intramoelcular elec-
tronic interactions in diselenides has been obtained by "’Se
NMR,2%2% and more particularly by combined 'C and 7’Se NMR
studies. > Comparison of the value of & '*C(4) and & '3>C(3, 5) of
diphenyl diselenide with & 13C for benzene showed that the C¢Hs.
.SeSe group behaves as both a n-donor and a §-acceptor towards the
phenyl ring, increasing the shielding of C(4) and decreasing the
shielding of C(3, 5). The specific features of the influence of sub-
stituents in the phenyl rings on the shielding of the selenium atoms
of diselenides have been established. 2%

There are extremely few published data on the complex-forming
power of diselenides. Spectrophotometry has been used to study
complex formation by a number of 4,4'-disubstituted diphenyl
diselenides with iodine in heptane.%*7 Irrespective of the com-
ponent ratio in the solution, the diaryl diselenides react with I, to
form 1:1 complexes. In contrast to this, in the dimethyl disele-
nide—I, system, 1:2 complexes are formed in addition to the 1:1
compounds.?®  The difference in the behaviour of the dialkyl and
diaryl diselenides in their reactions with I, to some extent reflects the
difference in their electronic states. Calculations of the electron
density distribution by the Del Re and HMO methods showed that
the effective (o + =) electronic charge on each selenium atom of the
diphenyl diselenide molecule is much lower than the o-charge on the
selenium atom in the dimethyl diselenide molecule.?’ The results of
this calculation indicate that the localisation of electron density on
the selenium atoms is greater in dimethyl diselenide than in diphenyl
diselenide. This on the one hand confirms the p n-conjugation in
aromatic compounds of selenium and on the other hand explains the
differences in the donor properties of aromatic and aliphatic
diselenides.
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Spectrophotometry has been used to study complexes of diphenyl
diselenide and its disubstituted derivatives with tetracyanoethyl-
ene.”2% 1 :] complexes are formed in the systems studied. The
spectra of the complexes, like the spectra of the complexes of TCE
with diaryl monoselenides, contain two CTB. The position of CTB;
depends on the nature of the substituents in the aromatic fragments.
A linear relationship was established between 7vma(CTB;) and Lo ™.
The position of CTB, is approximately the same in the spectra of all
the complexes (380—390 nm). The spectral characteristics of the
complexes of TCE with diaryl diselenides were used, in accordance
with Eqn.(1), to estimate the ionisation potentials of the latter. The
ionisation potentials were obtained for a large group of p-disub-
stituted diphenyl dislenides. The ionisation potential of dipheny]
diselenide, found from the correlation equation (1) (8.2 eV), 28,
shows good agreement with the value of IP;, 8.3 eV, determined by
PES.!®® PES has been used to determine the ionisation potentials
of a number of compounds with dielement bonds, of the type
(CH;3),XYCHs;, where X = P, As; Y + S, Se. The experimental
IP; values have been compared with the calculated (CNDO/2)
energies of the HOMO. The first two PES bands are due to the
removal of electrons from orbitals which are linear combinations of
orbitals occupied by the LPE of the corresponding heteroatoms.?®

The heat of formation of the complex of diphenyl diselenide with
phenol has been estimated by IR spectroscopy. The donor proper-
ties of the selenium atom in the diselenide are much weaker than in
the monoselenide: 1.9 kcal mole™ and 3.3 kcal mole™ respect-
ively.!%

Table 6. Ionisation potentials of diselenides (eV) and the dipole
moments (., D) and enthalpies of formation (-AH?, kJ mole™!) of
their complexes with GaCl; (benzene, 298 K).21°

1P| diselenide "

Complex (Re£.207) c AHg
(4-CH,CeHy)oSe,- GaCly 8.07 8.6 87
(CgH:)2Seq-GaCly 8.21 7.5, 82
(4-FC4Hy)2Se,-GaCly 8.28 — 80
(4-C1C;Hy)2Sep-GaClg 8.28 6.2 79
(4-BrCgHy)eSey-GaClg — 6.5 77

Cryometric, calorimetric, and dielectric constant measurements
have been used to study complex formation by a number of diaryl
diselenides with gallium trichloride. Irrespective of the reagent ratio
in these systems, the 1:1 complexes are formed. Only one of the
selenium atoms of the diselenide bridge forms a donor —acceptor
bond with the gallium halide. The high values of the dipole
moments and the heats of formation of the complexes (Table 6)
indicate that they are nv-complexes, like the complexes formed by
monselenides with aluminium tribromide.!?® Table 6 shows that the
donor properties of the selenium atom in diaryl diselenides, charac-
terised by the ~AH? values, depend on the nature of the substituents
in the ring. Electron-donor substituents (CH3) increase the strength
of the intermolecular Se — Ga bond, and halogen atoms (F, Cl, Br)
decrease it. Although the data are limited, the relationship between
the -AH¢° values and the constants ¢ of the substituents can be
followed.?'® A correlation is also observed between the -AH?
values and the ionisation potentials the diselenides, obtained from
spectrophotometric data for the charge-transfer complexes (CTC)
with TCE.2  An attempt to determine the thermodynamic parame-
ters of complex formation by diaryl diselenides with the stronger
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acceptor aluminium tribromide led to the discovery of a new method
for generating and stabilising selenium-containing radicals (see
below).

Thus published data on the coordination properties of organic
diselenides indicate that only the first steps have been taken in this
field.

Table 7. g-Values and line widths (G) in the EPR spectra of diaryl
diselenide — aluminium tribromide — benzene systems at 298 K.2!°

Signal No. in the EPR spectrum
Di
1 n m
(CyHs)aSeq 2.0761 (23.75) 2.0300 (9.60) 2.0021 (1.67)
(4-FC H,):Sep 2.0694 (17.50) 2.0332 (5.83) 2.0025 (6. 25)
(4-CICyH,)aSey 2.0730 (23.30) 2.0380 (1i.70) 2.0027 (5.42)
(4-BrCgH,),Sep 2.0744 (24-17) 2.0319 (12.50) 2.0026 (4.58)

V. SELENIUM-CONTAINING FREE RADICALS

Free radicals containing an unpaired electron on a selenium atom
have been little studied. Until recently, the possible participation of
selenium-centred radicals in chemical reactions was doubted. Thus
in a published review? it was noted that there is very little published
information on the preparation and chemistry of organoselenium
radicals, and from its analysis it was concluded that there is no con-
vincing proof that organoselenium radicals take part in the processes
examined. A similar conclusion that the existence of organosele-
nium radicals has not been proved was reached in Ref.211. At the
same time, photochemical reactions involving organoselenium com-
pounds are acquiring increasing importance in present-day organic
synthesis, and the mechanism of these reactions is discussed in terms
of the formation of selenium-centred radicals.?!? Selenium-centred
radicals have been detected by EPR in the low-temperature photol-
ysis of a number of organic selenides and diselenides;?'*2'* deter-
mination of the g-values showed that they are greater for radicals
containing selenium (2.095—2.099) than for sulphur-containing
radicals (2.06).2"* The EPR spectrum of the photolysis products of
organoselenium compounds in a number of cases are much more
complex than the corresponding spectra of the sulphur compounds.
It has been shown that, in contrast to sulphur compounds, the
photolysis and radiolysis of various selenium compounds, in partic-
ular diselenides, are accompanied by the rupture of not only the
Se —Se bond but also the C—Se bond, to give the radicals R’, RSe’,
and RSe—Se 213215216 This distinguishes the photochemistry of the
diselenides from that of the disulphides, where only the S—S bond is
broken, to give RS’ radicals. Interesting results were obtained in a
study of the photolysis of a number of selenides and diselenides in
the presence of nitrosodurene, used to trap radical species.?)” Ina
number of systems, EPR detected the selenylnitroxide radical. The
mechanism of the process was found to depend on the composition
and structure of the organoselenium compound. Thus dibenzyl
diselenide and diphenyl diselenide react differently on ultraviolet
irradiation in the presence of nitrosodurene; the C—Se bond is
broken in the first compound, and the Se—Se bond in the second.?"’
In addition, studies of the photochemical reactions of a number of
diselenides with tertiary phosphines®'®?'? showed that, irrespective of
the nature of R in the R;Se, molecule (CH,, C;Hs, CH,CsHs, CgHs)
and the composition of the phosphine [CH3(CsHs)2P, (CH3),CsHsP,

Russian Chemical Reviews, 57 (5), 1988

(CsHs)sP), the reaction
ReSes + ArsP 23 RySe 4 ArP—Se

takes place by a chain mechanism, and the first stage in all cases is
the rupture of the diselenide bond. This reaction has been recom-
mended as a method for synthesising the corresponding selenides,
and phosphine selenides, since it gives almost quantitative yields of
the products under mild conditions.

Thus organoselenium free radicals, like the sulphur-containing
radicals, formed by photolysis and radiolysis, are unstable. They
are detected only at low temperatures in solid matrices. The
stability of free radicals is usually increased by increasing the
delocalisation of the electron spin density, and also by steric shield-
ing of the atoms carrying the unpaired electron.?!! Complex
formation has been proposed??°~2?2 as a new effective method for
generating and stabilising free radicals containing a heteroatom.
Thus stable sulphur-containing radicals of the type ArS.MX3 were
obtained for the first time by the reaction of diaryl disulphides with
strong electron acceptors (aluminium and gallium halides). The
formation of these radical complexes results from the decrease in the
strength of the disulphide bond on complex formation, and the
homolytic rupture of the bond when the interactions are sufficiently
strong. Quantum chemistry has shown that the free electron of the
radical complex is localised chiefly on the sulphur atom. The prop-
erties and reactivity of a number of radical complexes RS MX; have
been studied.??>??*  Studies of similar reactions of diaryl diselenides
with aluminium tribromide and gallium trichloride in benzene or
cyclohexane?'%??* have shown that the first stage is the formation of
1:1 donor—acceptor complexes. This stage, like all complex-for-
mation reactions, is very rapid. The second stage, leading to the
rupture of the corresponding bonds with the addition of a second
molecule of the halide to the 1:1 complex, is slower. Its rate
depends on the nature of the acceptor and the aryl fragment of the
diselenide. As noted above, the relatively low rate of the second
stage of the reaction of diaryl diselenides with gallium trichloride
made it possible to measure the heat of formation and dipole
moments of the complexes Ar,Se;.GaCls, formed in the first stage.?!°
Freshly prepared benzene solutions of the complexes of diaryl
diselenides with gallium trichloride do not give signals in the EPR
spectra. When solutions containing an excess of gallium trichloride
are left to stand, a brightly coloured oil separates, and signals appear
in the EPR spectra, indicating the presence of paramagnetic species.
In the reaction of diaryl diselenides with a stronger electron acceptor
(aluminium tribromide) in benzene or cyclohexane, the separation of
paramagnetic products is observed when the components are mixed.
The EPR spectra of Ar,Se, —AlBr; —benzene systems contain three
singlets. The high g-values of the singlets I (~2.070) and II
(~2.030) differ considerably from the g-value of the free electron
(2.0023); the large line width makes it possible to assign them to
radicals containing a heavy atom, in this case selenium. In view of
what has been said on the possible rupture of the C—Se and Se—Se
bonds in the diaryl diselenide molecule, the observed singlet I
(g ~ 2.07) was assigned to the radical complex ArSeSe'. AlBrs, and
the singlet II (g > 2.03) to the radical complex ArSe'. AlBr;. This
assignment was confirmed by the signal in the EPR spectrum of the
(C¢Hs)2Se — AlBr; —benzene system, where only the rupture of the
C—Se bond is possible, to give the radical complex CsHsSe'. AlBr;.
The spectrum of this system contains a singlet with a g-value of
2.034, which was assigned to singlet II (the radical complex
CeHsSe'. AlBry). The g-value and the form of the third singlet in
the EPR spectra of Ar,Se;— AlBr;—benzene systems differ from
those of the singlets assigned to the selenium-centred radicals. The
g-value, which is close to that of the free electron, indicates that this
singlet is due to a stabilised hydrocarbon radical, formed by the
homolytic rupture of the C—Se bond.
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The proposed mechanism of the reaction of diaryl diselenides with
aluminium tribromide was confirmed by gas—liquid chromatog-
raphy (GLC). The displacement of the radicals from the complexes
formed in the (CgHs),Se, — AlBr; — benzene system by a stronger
donor (D = (C,Hj;),0, H,0) gives the complexes D. AlBr; and the
products of the reaction of the displaced free radicals. GLC
showed that the reaction mixture contains diphenyl diselenide,
diphenyl selenide, and diphenyl. Other products, including
CgHsSeH and C¢HsBr, were not detected. Like the thiyl radical
complexes Ar .MXj, the selenium-containing radical complexes are
highly stable; the EPR spectra of specimens in sealed ampoules (in
the absence of moisture) remain unchanged for a long time (several
months). By analogy with the radical complexes ArS.MX3,%% the
stability of the organoselenium radical complexes is apparently due
to the following effects: a) a decrease in the electron density on the
selenium atom on formation of a donor—acceptor bond involving a
lone pair of electrons of the selenium atom and a vacant orbital of
the metal atom, and a consequent lowering of the level of the orbital
of the unpaired electron; b) the steric shielding, by the acceptor
molecule MX;, of the selenium atom carrying the free electron.

The formation of radical complexes by the reaction of diaryl
diselenides with the halides of group III metals has been observed
not only when the reaction is carried out in solution, but also when
the components are fused together. The EPR spectra indicate that
the nature of the radical complexes formed is the same for the reac-
tions in the melt and in solution.2!°

Thus complex formation by diaryl selenides and diaryl diselenides
with strong electron acceptors can provide a source of stable sele-
nium-centred radicals.z1%-225

REFERENCES

1.  K.W.Bagnall, "Topics in Inorganic and General Chemistry.
Vol.7. The Chemistry of Selenium, Tellurium, and Polonium"
(Translated into Russian), Atomizdat, Moscow, 1971.

2. D.L.Klayman and W.H.H.Guenther (Editors), "The Chemistry
of Organometallic Compounds; A Series of Monographs:
Organic Selenium Compounds, Their Chemistry and Biology",
Wiley Interscience, New York, 1973.

3.  R.A.Zingaro and W.C.Cooper (Editors), "Selenium", WNR,
New York, 1974.

4. L.P.Gor’kov, Uspekhi Fiz.Nauk, 1984, 144, 381.

5. A.L.Buzdin and L.N.Bulaevskii, Uspekhi Fiz.Nauk, 1984, 144,
415.

6. M.Z.Aldoshina, L.O.Atovmyan, L.M.Gol’denberg, O.N.Kras-
ochka, R.N.Lyubovskaya, R.B.Lyubovskii, and M.L.Khidekel,
Dokl.Akad.Nauk SSSR, 1986, 289, 1140.

7. H.Kobayashi, R.Kato, A.Kobayashi, and I.Sasaki, Chem.Lett.,
1985, 535.

8. R.P.Shibaeva and V.F.Kaminskii, Kristallografiya, 1984, 29,
466.

9. V.F.Traven’, O.G.Rodin, V.V.Redchenko, T.A.Chibisova, and
B.1.Stepanov, Zhur.Obshch.Khim., 1982, 52, 2650.

10. L.M.Dyagileva, Yu.A.Aleksandrov, 1.I.Didenkulova, and
E.L.Tsyganova, Zhur.Obshch.Khim., 1986, 56, 1798.

11. D.I.Ryabchikov and I.I.Mazarenko, Uspekhi Khim., 1964, 33,
108 [Russ.Chem.Rev., 1964(1)].

12. S.E.Livingstone, Quart.Rev., 1965, 19, 386.

13. S.G.Murray and F.R.Hartley, Chem.Rev., 1981, 81, 365.

14. C.H.Thomas, J.Chem.Phys., 1973, 59, 70.

15. J.F.Beecher, J.Mol.Spectrosc., 1966, 21, 414.

16.
17.
18.
19.
20.
21.

22.
23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

38.
39.

40.

41.

42.

43.

45.

46.
47.

48.

49.

50.

443

C.J . Marsden annd G.M.Sheldrick, J.Mol.Struct., 1971, 10, 405.
C.J.Marsden and G.M.Sheldrick, J.Mol.Struct., 1971, 10, 413.
G.V.N.Appa Rao, M.Seshasayee, G.Aravamudan, and
S.Sowrirajan, Acta Crystallogr., 1983, 39, 620.

N.M.Zaripov, A.V.Golubinskii, G.A.Chmutova, and
L.V.Vilkov, Zhur.Strukt.Khim., 1978, 19, 894.

N.M.Zaripov, M.V.Popik, L.V.Vilkov, and T.G.Mannafov,
Zhur.Strukt.Khim., 1980, 21, 37.

W.R.Blackmore and S.C.Abrahams, Acta Crystallogr., 1955, 8,
323.

W.S.McDonald and L.D.Pettit, J.Chem.Soc., 1970, 2044.
N.M.Zaripov, A.V.Golubinskii, S.V.Sokolov, L.V.Vilkov, and
T.G.Mannafov, Dokl.Akad.Nauk SSSR, 1984, 278, 664.
M.Baiwir, G.Llabres, O.Dideberg, et al., Acta Crystallogr. B,
1975, 31, 2188.

R.E.Marsh and J.D.McCullough, J.Amer.Chem.Soc., 1951, 73,
1106.

M.Mammi, G.Carazzolo, G.Valle, and A.Del Pra, Z.Kris-
talogr., 1968, 127, 401.

H.Hope, C.Knobler, and J.D.McCullough, Acta Crystallogr.B,
1970, 26, 628.

A.Chiesi Villa, M.Nardelli, and C.Palmieri, Acta Crystallogr.B,
1969, 25, 1374.

D.S.Brown, T.K.Mistry, and A.G.Massey, J.Organomet.Chem.,
1986, 308, 207.

B.M.Pinto, J.Sandoval-Ramirez, R.D.Sharma, et al., Canad.
J.Chem., 1986, 64, 732.

L.M.Kataeva, E.G.Kataev, and T.G.Mannafov, Teor.i Eksper.
Khim., 1968, 4, 689.

S.S.Batsanov, "Elektrootritsatel’nost’ Elementov i Khimiches-
kaya Svyaz’" (The Electronegativity of the Elements and the
Chemical Bond), 1zd.Sibir.Otd.Akad.Nauk SSSR, Novosibirsk,
1962, p.64.

F.C.Chang, V.Y.Young, J.W Prather, and K.L.Cheng,

J Electron Spectrosc. and Relat.Phenom., 1986, 40, 363.
S.Gradock and R.A.Whiteford, J.Chem.Soc.Farad.Trans.II,
1972, 68, 281.

G.A.Chmutova, in B.A.Arbuzov (Editor), "Stroenie i Reakt-
sionnaya Sposobnost’ Organicheskikh Soedinenii" (The Struc-
ture and Reactivity of Organic Compounds), Izd.Nauka,
Moscow, 1978, p.221.

G.A.Chmutova and H.Bock, Z.Naturforsch., 1976, 31b, 1611.
H.Bock, Angew.Chem., 1977, 89, 631.

A.Modelli and H.Bock, Z.Naturforsch., 1981, 36a, 1344.
G.A.Chmutova, N.N.Vtyurina, and H.Bock, Dokl.Akad.Nauk
SSSR, 1979, 244, 1138.

V.F.Traven’ and B.1.Stepanov, Uspekhi Khim., 1984, 53, 897
[Russ.Chem.Rev., 1984(6)].

0.G.Rodin, V.F.Traven’, V.V.Redchenko, M.Yu.Eismont, and
B.L.Stepanov, Zhur.Obshch.Khim., 1983, 53, 2537.
G.A.Chmutova and L.A.Sorokina, Zhur.Fiz.Khim., 1974, 48,
807 [Russ.J . Phys.Chem., 1974(4 )].

L.M.Kataeva, Yu.V.Rydvanskii, V.Z.Latypova, and
E.G.Kataev, Zhur.Obshch.Khim., 1981, 51, 2685.

I.Reineck, C.Nohre, P.Lodin, et al., Chem.Scr., 1983, 22, 209.
A.D.Baker, G.H.Armen, Y.Guang-Di, et al., J.Org.Chem.,
1981, 46, 4127.

H.Friege and M .Klessinger, Chem Ber., 1979, 112, 1614.
G.V.Ratovskii, A.M.Panov, V.1.Glukhikh, et al., Zhur.Obshch.
Khim., 1981, 51, 1504.

A.M.Panov, Candidate’s Thesis, Irkutsk State University,
Irkutsk, 1983.

A.N.Vereshchagin, G.A.Chmutova, G.Ya.Cheryukanova, and
E.G.Dataev, Izv.Akad.Nauk SSSR, Ser. Khim., 1973, 1244.
R.J.W.Le Fevre and J.D.Saxby, J.Chem.Soc.B, 1966, 1064.



444

1.

61.
62.

63.

65.
66.
67.

68.

69.

70.
71.

72.
73.
74.
75.

76.

78.
79.
80.
81.
82.
83.

84.

A.G.Avent, J.W.Emsley, M.Longery, et al., J.Chem.Soc.Perkin
Trans.II, 1986, 487.

S.G.Vul’fson, A.B.TeiteI’'baum, T.G.Mannafov, and

A .N.Vereshchagin, Izv.Akad.Nauk SSSR, Ser.Khim., 1976, 99.
G.A.Chmutova, I.V.Bautina, and A.N.Vereshchagin, Izv.Akad.
Nauk SSSR, Ser.Khim., 1976, 2469.

E.G.Yarkova, N.R.Saffiullina, G.A.Chmutova, and 1.V.Bau-
tina, Zhur.Obshch.Khim., 1979, 49, 2025.

G.A.Chmutova, 1.V.Bautina, R.U.Belyalov, and A.N.Vereshch-
agin, Zhur.Org.Khim., 1981, 17, 2249.

K.Hamada and H.Morishita, Spectroscopy Lett., 1977, 10, 367.
G.Maes and M.Graindourze, J.Mol.Spectrosc., 1985, 114, 280.
M.Lardon, J.Amer.Chem.Soc., 1970, 92, 5063.

W.McFarlane and R.J.Wood, J.Chem.Soc.Dalton Trans., 1972,
1397.

R.B.Valeev, G.A Kalabin, and D.F.Kushnarev, Zhur.Org.
Khim., 1980, 16, 2482.

G.A Kalabin, D.F.Kushnarev, and T.G.Mannafov, Zhur.Org.
Khim., 1980, 16, 505.

A.G.Proidakov, G.A.Kalabin, S.R.Buzilova, et al., Zhur.Org.
Khim., 1981, 17, 2414.

G.A Kalabin, A.G.Proidakov, and S.I.Radchenko, Zhur.Org.
Khim., 1980, 16, 512.

LJohannsen, L.Henriksen, and H.Eggert, J.Org.Chem., 1986,
51, 1657.

S.Gronowitz, A.Konar, [.A.Abronin, and V.P.Litvinov, Izv.
Akad.Nauk SSSR, Ser.Khim., 1981, 1286.

H.Duddeck, P.Wagner, and S.Gegner, Tetrahedron Lett., 1985,
26, 1205.

N.P.Luthra, R.B.Dunlap, and J.D.Odom, J.Magn.Res., 1982,
46, 152.

G.A Kalabin and D.F.Kushnarev, in E.Kundla, E.T.Lippmaa,
and T.Saluvere, "Magnetic Resonance and Related Phenomena;
Proceedings of the Twentieth Congress AMPEPE", Springer-
Verlag, Berlin, 1979, p.492.

M.Baiwir, G.Llabres, A.Luxen, et al., Org.Magn.Res., 1984,
22, 312.

A.Konar and V.P.Litvinov, Chem.Scr., 1983, 22, 22.
I.A.Abronin, A.Z.Dzhumanazarova, V.P.Litvinov, and

A Konar, Org.Magn.Res., 1982, 19, 75.

R.S.Laitinen and T.A.Pakkanen, J.Chem.Soc.Chem.Communs.,
1986, 1381.

G.A Kalabin and D.F Kushnarev, Zhur.Strukt.Khim., 1979,
20, 617.

K.Kamieneska-Trela, Z.Biedrzycka, R.Machinek, et al.,
J.Organomet.Chem., 1986, 314, 53.

‘W.Nakanishi and Y.Ikeda, Bull.Chem.Soc.Japan, 1983, 56,
1661.

W.Gombler, J. Amer.Chem.Soc., 1982, 104, 6616.

H.Eggert, O.Nielsen, and L.Henriksen, J.Amer.Chem.Soc.,
1986, 108, 1725.

V.M.Bzhezovskii, G.A.Kalabin, G.A.Chmutova, and
B.A.Trofimov, Izv.Akad.Nauk SSSR, Ser.Khim., 1977, 586.
G.A.Kalabin, V.M.Bzhezovskii, D.F.Kushnarev, et al., Izv.
Akad.Nauk SSSR, Ser.Khim., 1980, 1002. ‘

G.A Kalabin, D.F.Kushnarev, G.A.Chmutova, and
L.V.Kashurnikova, Zhur.Org.Khim., 1979, 15, 24.

G.A Kalabin, V.M.Bzhezovskii, D.F.Kushnarev, and
A.G.Proidakov, Zhur.Org. Khim., 1981, 17, 1143.
W.F.Reynolds and R.A.McClelland, Canad.J.Chem., 1977, 55,
536.

V.M.Bzhezovskii, D.F.Kushnarev, B.A.Trofimov, et al., Izv.
Akad.Nauk SSSR, Ser.Khim., 1981, 2507.

N.V.Kondratenko, V.I.Popov, A.A.Kolomeitsev, et al., Zhur.
Org.Khim., 1980, 16, 1215.

8s.

86.

87.

88.

89.

90.

91.
92.

93.
94,
95.

96.

98.

99

100.
101.
102.

103.
104.

105.
106.
107.
108.
109.
110.
111.
112.
113.
114,

115.
116.

117.
118.

119.
120.

Russian Chemical Reviews, 57 (5), 1988

G.A.Chmutova, A.A.Karelov, and N.N.Vtyurina, Zhur.
Obshch.Khim., 1979, 49, 2275.

G.A.Chmutova, L.M.Kataeva, N.S.Podkovyrina, and
E.G.Kataev, Zhur.Fiz.Khim., 1971, 45, 2409 [Russ.J.Phys.
Chem., 1971(10)).

L.M.Sinegovskaya, Yu.L.Frolov, N.K.Gusarova, et al., Izv.
Akad.Nauk SSSR, Ser.Khim., 1985, 115.

S.I.LRadchenko, V.Ya.Komarov, and B.LIonin, Zhur.Org.
Khim., 1985, 21, 244.

S.Giorgianni, A.Passerini, and A.Zingales, Spectrosc.Lett.,
1984, 17, 115.

S.Giorgianni, A.Passerini, and R.Passerini, Spectrosc.Lett.,
1983, 16, 775.

H.Hope and J.D.McCullough, Acta Crystallogr., 1964, 17, 712.
G.Y.Chao and J.D.McCullough, Acta Crystallogr., 1961, 14,
940.

C.Knobler and J.D.McCullough, Inorg.Chem., 1968, 7, 365.
H.Maddox and J.D.McCullough, Inorg.Chem., 1966, 5, 522.
P.E.Skakke and S.E.Rasmussen, Acta Chem.Scand., 1970, 24,
2634.

H.J.Whitfield, J.Chem.Soc.A, 1970, 113.

J.C.Barnes, G.Hunter, and M.W.Lown, J.Chem.Soc.Dalton
Trans., 1977, 458.

L.Pauling, "The Nature of the Chemical Bond", Cornell
University Press, New York, 1945, p.164.

E.N.Gur’yanova, Zhur.Strukt.Khim., 1975, 16, 143.
J.D.McCullough and B.A.Eckerson, J.Amer.Chem.Soc., 1951,
73, 2954,

N.W.Tideswell and J.D.McCullough, J.Amer.Chem.Soc., 1957,
79, 1031.

J.D.McCullough and I.C.Zimmermann, J.Phys.Chem., 1961,
65, 888.

J.D.McCullough and A.Brunner, Inorg.Chem., 1967, 6, 1251.
1.G.Gazizov and G.A.Chmutova, Zhur.Obshch.Khim., 1980,
50, 2063.

1.G.Gazizov and G.A.Chmutova, Zhur.Obshch.Khim., 1982,
52, 1607.

1.G.Gazizov, D.Kh.Sofin, and G.A.Chmutova, Zhur.Obshch.
Khim., 1984, 54, 302.

1.G.Gazizov, R.Kh.Mudarisova, and G.A.Chmutova, Zhur.
Obshch.Khim., 1981, 51, 910.

D.Kh.Safin, G.A.Chmutova, and B.N.Solomonov, Zhur.Org.
Khim., 1985, 21, 1871.

D.Kh.Safin and G.A.Chmutova, Zhur.Org. Khim., 1985, 55.
2564.

S.Santini, G.Reichenbach, and U.Mazzucato, J.Chem.Soc.
Perkin Trans.II, 1974, 494,

C.Mandravel and L.Nesfantu, Bull.Inst.Politechn.Bucuresti.
Ser.chim-met., 1978, 40(2), 33.

A.V.Smolentsev, I.P.Gol’dshtein, E.N.Gur’yanova, et al., Dokl.
Akad.Nauk SSSR, 1974, 219, 1416.

R.S.Cataliotti, G.Paliani, S.Santini, and M.Z.Zgierski, J.Molec.
Struct., 1986, 142, 171.

T.Tveter, P.Klaeboe, and C.J.Nielsen, Spectrochem.acta, 1984,
Ad0, 351.

J.Le Calve and J.Lascombe, Spectrochem.acta, 1968, A24, 737.
G.G.Aloisi, S.Santini, and G.Savelli, J.Chem.Soc.Faraday
Trans.I, 1975, 71, 2045.

F.Fringuelli, G.Marino, A.Taticchi, et al., J.Chem.Soc.Perkin
Trans.II, 1976, 276.

A.Z.Dzhumanazarova, V.P.Litvinov, and A.Konar, Chem.Scr.,
1982, 20, 214.

L.Reineck, C.Nohre, P.Lodin, et al., Chem.Scr., 1983, 22, 209
G.A.Chmutova, N.N.Vtyurina, and R.M.Salavatullina, Zhur.
Obshch.Khim., 1976, 46, 933.



Russian Chemical Reviews, 57 (b), 1988

121.

122,
123.

124.

125.

126.

127.

128.

129.

130.

131.
132.

133.

134

135.

136.
137.

138.
139.

140.

141.
142.
143.
144.
145.
146.
147.
148.
149.
150.
1s1.
152.
153.
154.

155.

N.N.Vtyurina and G.A.Chmutova, Zhur.Obshch.Khim., 1978,
48, 2564.

G.A.Chmutova, et al., Zhur.Obshch.Khim., 1979, 49, 192.
G.A.Chmutova, N.N.Vtyurina, and 1.G.Gazisov, Zhur.Obshch.
Khim., 1979, 49, 2546.

G.A.Chmutova and 1.V.Bautina, Zhur.Obshch.Khim., 1981, 51,
1657.

V.Z.Latypova, Yu.M.Kargin, V.V.Zhuikov, et al., Zhur.
Obshch.Khim., 1985, 55, 2050.

G.A.Chmutova, N.N.Vtyurina, and H.Bock, Dokl.Akad.Nauk
SSSR, 1979, 244, 1138.

V.Z.Latypova, O.G.Yakovleva, Yu.V.Rydvanskii, et al., Zhur.
Obshch.Khim., 1984, 54, 848.

1.P.Gol'dstein, A.V.Smolentsev, E.N.Gur’yanova, and

L .M .Kataeva, Zhur.Obshch.Khim., 1977, 47, 1199.
A.V.Smolentsev, I.P.Gol’dshtein, E.N.Gur’yanova, et al., Izv.
Akad.Nauk SSSR, Ser.Khim., 1975, 1673.

I.P.Gol’dshtein, E.N.Gur’yanova, L.V.Kucheruk, and
E.D.Kremer, Zhur.Obshch.Khim., 1978, 48, 2568.

G.E.Coates, J.Chem.Soc., 1951, 2003.

D.J.Gulliver, E.G.Hope, W.Levason, et al., J.Chem.Soc.Dalton
Trans., 1985, 1265.

M.A.Shakhgel’diev, I.A.Aliev, and E.A.Agaeva, Dokl. Akad.
Nauk SSSR, 1984, 40, 47.

V.K.Pogorelyi, I.I.LKukhtenko, and A.E.Lutskii, Teor.Eksper.
Khim., 1974, 10, 824.

A.N.Zhdanova, L.M.Epshtein, N.M.Koloskova, et al., Teor.
Eksper.Khim., 1978, 14, 684.

R.T.Arlinghaus and L.Andrews, Inorg.Chem., 1985, 24, 1523.
A Hinchliffe, J.Mol.Struct. Theochem., [? Ed. of Translation],
1986, 136, 193.

M.Graindourze and G.Maes, J.Mol.Spectrosc., 1985, 114, 97.
G.P.Mullen R.B.Dunlap, and J.D.Odom, J.Amer.Chem.Soc.,
1985, 107, 7187.

E.N.Gur’yanova, I.P.Gol'dshtein, and I.P.Romm, "Donorno-
aktseptornaya Svyaz’" (The Donor — Acceptor Bond), Izd.
Khimiya, Moscow, 1973, p.341.

P.W.Codding and K.A.Kerr, Acta Crystallogr.B, 1979, 35,
1261.

T.S.Cameron and B.Dahlen, J.Chem.Soc.Perkin Trans.II, 1975,
1737.

T.S.Cameron , K.D.Howlett, and K.Miller, Acta Crystallogr.B,
1978, 34, 1639.

D.W.Allen, L.A.March, and 1. W.Nowell, J.Chem.Soc.Dalton
Trans., 1984, 483.

D.W.Allen, I.W.Nowell, and B.F.Taylor, J.Chem.Soc.Dalton.
Trans., 1985, 2503.

V.V.Tkachev, L.O.Atovmyan, A.A.Shvets, and O.A.Osipov,
Zhur.Strukt. Khim., 1984, 25, 161.

T.Sakaizumi, A.Yasukawa, H.Miyamoto, et al., Bull. Chem.Soc.
Japan, 1986, 59, 1614.

T.Sakaizumi, K.Iida, O.Ohashi, and I.Yamaguchi, Bull.Chem.
Soc.Japan, 1986, 59, 1991.

W.McFarlane D.S.Rycroft, J.Chem.Soc.Dalton Trans., 1973,
2162.

R.A.Zingaro, Inorg.Chem., 1963, 2, 152.

S.0.Grim and E.D.Walton, Inorg.Chem., 1980, 19, 1982.
R.R.Shagidullin, 1.1.Vandyukova, and 1.A.Nuretdinov, Izv.
Akad.Nauk SSSR, Ser.Khim., 1976, 801.

R.R.Shagidullin, I.I.Bandyukova, I.A.Nuretdinov, and
Kh.Kh.Davletshina, Dokl.Akad.Nauk SSSR, 1975, 225, 886.
1.1.Vandyukova, R.R.Shagidullin, and I.A Nuretdinov, Izv.
Akad.SSSR, Ser.Khim., 1976, 1390.

R.R.Shagidullin, A.V.Chernova, I.A.Nuretdinov, et al., Izv.
Akad.Nauk SSSR, Ser.Khim., 1976, 184.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.
174.

175.
176.

177.
178.

179.

180.

181.

182.
183.

184.

185.

186.

187.
188.

189.

190.

445

R.R.Shagidullin, I.I.Vandyukova, and 1.A.Nuretdinov, Izv.
Akad.Nauk SSSR, Ser.Khim., 1978, 1407.

E.A.Ishmaeva, I.I.Patsanovskii, I.A.Nuretdinov, and
A.N.Pudovik, Izv.Akad.Nauk SSSR, Ser.Khim., 1979, 2160.
R.P.Pinnel, C.A.Megerle, S.L.Mannatt, and P.A.Kroon,
J.Amer..Chem.Soc., 1973, 95, 977.

D.W.Allen and B.F.Taylor, J.Chem.Soc.Dalton Trans., 1982,
51.

S.Collins, T.G.Back, and A.Rauk, J.Amer.Chem.Soc., 1985,
107, 6589.

E.R.Cullen, F.S.Guziec, C.J.Murphy, et al., J.Amer.Chem.Soc.,
1981, 103, 7055.

E.R.Cullen, F.S.Guziec, C.J.Murphy, et al., J.Chem.Soc.Perkin
Trans.I1, 1982, 473.

H.Poleschner, R.Radeglia, and H.Meyer, Org.Magn.Res., 1984,
22, 480.

E.G.Il'in, M.E.Ignatov, A.A.Shvets, and Yu.A.Buslaev, Dokl.
Akad.Nauk SSSR, 1978, 243, 1182.

M.Queignec-Cabanetos, R.Quiegnec, and B.Wojtkowiak,
Compt.rend., 1978, 287, 219.

S.S.Sandhu and T.Singh, J.Inorg.Nuclear Chem., 1977, 39,
1086.

I.P.Gol'dshtein, L.V.Kucheruk, E.D.Kremer, et al., Izv.Akad.
Nauk SSSR, Ser.Khim., 1978, 1825.

P.Bruno, M.Caselli, C.Fragale, and S.Magzino, J.Inorg.Nuclear
Chem.. 1977. 39. 1757.

L.V.Kucheruk, I.P.Gol’dshtein, I.Ya.Kuramshin, et al.,Zhur.
Obshch.Khim., 1977, 47, 2386.

R.A.Zingaro, R.E.McGlothlin, and E.A .Meyers, J.Phys.Chem.,
1962, 66, 2579.

R.Liias, P.Ruostesuo, and A.Salminen, Finn.Chem.Lett.,
1985(3 —4), 146.

S.0.Grim, E.D.Walton, and L.C.Satek, Canad.J.Chem., 1980,
58, 1476.

F.A.Devillanova and G.Verani, Tetrahedron, 1981, 37, 1803.
P.D.Antonio, C.George, A.H.Lowrey, and J.Karle, J.Chem.
Phys., 1971, 55, 1071.

C.J.Marsden and G.M.Sheldrick, J.Mol.Struct., 1971, 10, 419.
H.T.Palmer and R.A.Palmer, Acta Crystallogr.B, 1969, 25,
1090.

R.E.Marsh, Acta Crystallogr.B, 1952, 5, 458.

C.M.Woodard, D.S.Brown, J.D.Lee, and A.G.Massey,
J.Organomet.Chem., 1976, 121, 333.

G.Van den Bossche, M.R.Spirlet, O.Dideberg, and L.Dupont,
Acta Cerystallogr.C, 1984, 40, 1979.

F.H.Kruse, R.E.Marsh, and J.D.McCullough, Acta
Crystallogr.C, 1957, 10, 201.

J.C.Stark, R.Reed, L.A.Acampora, et al., Organometallics,
1984, 3, 732.

S.C.Abrahams, Uspekhi Khim., 1958, 27, 107.
V.Renugopalakrishnan, H.R.Wyssbrod, R.W.Walter, and
R.Druyan, J.Chim.Phys., 1982, 77, 1362.

R.M.Minyaev, V.I.Minkin, I.I.Zakharov, and 1.D.Sadekov,
Teor.i Eksper.Khim., 1973, 9, 816.

V.Renugopalakrishnan and R.W.Walter, J.Amer.Chem.Soc.,
1984, 106, 3413.

J.E.Anderson and L.Henriksen, J.Chem.Soc.Chem.Communs.,
1985, 1397.

H.Kessler and W.Rundel, Chem.Ber., 1968, 101. 3350.
F.Sladky, B.Bildstein, C.Rieker, et al., J.Chem.Soc.Chem.
Communs., 1985, 1800.

K.Sindelar and O.Exner, Coll.Czech.Chem.Communs., 1972,
37, 2734.

S.G.Vul'fson, L.A.Sorokina, L.M.Kataeva, and A.N.Vereshch-
agin, Dokl.Akad.Nauk SSSR, 1974, 216, 837.



446
191.
192.
193.
194,
195.

196.
197.

198.
199.
200.
201.
202.
203.
204.
205.
206.
207.
208.
209.

210.

G.Pappalardo, K.J.Irgolic, and R.A.Grigsby, J.Organomet.
Chem., 1977, 133, 311.

R.1.Vinokurova, L.A.Sorokina, I.I.Patsanovskii, et al., Izv.
Akad.Nauk SSSR, Ser.Khim., 1979, 1024.

F.P.Colonna, G.Distefano, V.Galasso, et al., J.Chem.Soc.
Perkin Trans.II, 1981, 281.

L.A.Sorokina, N.S.Podkovyrina, and L.M.Kataeva, Zhur.Fiz.
Khim., 1974, 48, 1020 [Russ.J.Phys.Chem., 1974(4)).
L.M.Kataeva, R.R.Shagidullin, I.V.Olifirenko, et al., Zhur.
Prikl.Spektrosk., 1982, 36, 954.

W.H.Green and A.B.Harvey, J.Chem.Phys., 1968, 49, 3586.
E.R.Clark and M.A.S.Al-Turaihi, J.Organomet.Chem., 1977,
134, 181.

K.Hamada and H.Morishita, Spectrosc.Lett., 1980, 13, 185.
S.G.Frankiss, J.Mol.Struct., 1969, 3, 89.

K.G.Allum, J.A.Creighton, J.H.S.Green, et al., Spectro-
chim.Acta, A, 1968, 24, 927.

G.M.Bogolyubov and Yu.N.Shlyk, Zhur.Obshch.Khim., 1969,
39, 1759.

R.1.Vinokurova, L.A.Sorokina, 1.V.Olifirenko, et al., Zhur.
Obshch.Khim., 1983, 53, 599.

‘W.McFarlane, J.Chem.Soc.A, 1969, 670.

W.Gombler, J.Magn.Res., 1983, 53, 69.

G.A Kalabin, D.F.Kushnarev, L.M.Kataeva, et al., Zhur.Org.
Khim., 1978, 14, 2478.

L.A.Sorokina, T.I.Chebotar’, and L.M.Kataeva, Zhur.Fiz.
Khim., 1976, 50, 775 [Russ.J.Phys.Chem., 1976(3)].
R.L.Vinokurova, L.M.Kataeva, L.A.Sorokina, et al., Dep.in
ONTITEKhAIM, Cherkassy, No.2741-70.

R.L.Vinokurova, Candidate’s Thesis, Kazan.Gos.Univ., Kazan’,
1979.

M.C.B6hm, M.Ecjert-Maksic, R.Gleiter, et al., Chem.Ber.,
1981, 114, 2300.

1.V.Olifirenko, I.P.Romm, E.N.Guryanova, et al., J.Organo-
met.Chem., 1984, 265, 27.

211.
212.
213,
214,
215.
216.
217.
218.
219.
220.
221.
222,
223.
224,

225.

Russian Chemical Reviews, 57 (5), 1988

E.G.Rozantsev and V.D.Sholle, "Organicheskaya Khimiya
Svobodnykh Radikalov" (The Organic Chemistry of Free
Radicals), Izd.Khimiya, Moscow, 1979.

J.Martens and K.Praefcke, J.Organomet.Chem., 1980, 198, 321.
U.Schmidt, A.Mueller, and K.Markau, Chem.Ber., 1964, 97,
405.

J.J. Windle, A K. Wiersema, and A.L.Tappel, J.Chem.Phys.,
1964, 41, 1996.

J.Y.C.Chu, D.G.Marsh, and W.H.H.Guenther, J.Amer.Chem.
Soc., 1975, 97, 4905.

J.Bergman, N.Eklund, T.E.Eriksen, and J.S.Lind, Acta Chem.
Scand.A, 1978, 32, 455.

R.Franzi and M.Geoffroy, Organomet.Chem., 1981, 218, 321.
R.J.Cross and D.Millington, J.Chem.Soc.Comm., 1975, 455.
D.H.Brown, R.J.Cross, and D.Millington, J.Chem.Soc.Dalton
Trans., 1977, 159.

L.A.Ganyushin, EXN.Gur’yanova, I.P.Romm, and L.A.Lob-
anova, Zhur.Obshch.Khim., 1979, 49, 2090.

E.N.Gur’yanova, I.P.Romm, L.A.Ganyushin, et al., Dokl.
Akad.Nauk SSSR, 1979, 248, 108.

A.A Vyazgina, L.P.Romm, E.N.Gur’yanova, et al., Zhur.
Obshch.Khim., 1983, 53, 1368.

LP.Romm, A.A.Vyazgina, V.V.Troitskii, et al., Zhur.Fiz.
Khim., 1985, 59, 121 [Russ.J.Phys.Chem., 1985(1)].
A.A . Vyazgina, I.P.Romm, E.N.Gur’yanova, et al., Dokl.Akad.
Nauk SSSR, 1984, 278, 649.

L.P.Romm, L.V.Olifirenko, E.N.Gur’yanova, et al., Zhur.
Obshch.Khim., 1983, 53, 477.

Karpov Physicochemical
Scientific Research
Institute, Moscow



