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Thermal trasfomations of vinylcyclopropane (VCP) radical cations (RC) in X-ray
irradiated frozen Freon matrices, CFCl,CF,Cl and CFCl;, were studed by ESR. Radical
processes involving VCP' % in very rarefied and moderately thickened gaseous VCP were
simulated. Monomolecular cleavage of the cyclopropane ring of gauche-VCP "+ (1) occurs to
give the more thermally stable distonic radical cation dis®(0.90)-CsHg "t (3). As the density
of VCP increases RC 3 adds at the double bond of anfi-VCP to give the distonic RC,
'CH,CH,CHCH(CH,);CHCHCH,* (5). Under the same conditions, the less thermally
stable anti-VCP'* (2) undergoes monomolecular isomerization into RC 1 or reacts with
anti-VCP with the rearrangement (as in the condensed phase) to give its distonic form,
dis®(90.0)-CsHg "™ (4). The MNDO-UHF method was adapted for quantum-chemical
analysis of the constants of isotropic hyperfine coupling with H and !3C nuclei in neutral
and charged hydrocabon radicals, since the standard version of this method inadequately
reproduces the structural parameters of low-symmetry (C;, Cg) paramagnetic species. A
quantum-chemical analysis of the radiospectroscopic information and of the stereoelectronic
control of thermal transformations of conformers of RC 1 and 2 into their structurally
nonequivalent distonic forms 3 and 4, respectively, was carried out.
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Introduction

According to a fairly common opinion,! the struc-
tures and properties of radical cations (RC) derived from
hydrocarbons do not depend in the first approximation
on the physical state of the material. In view of this
statement, it is a common practice in classical radiation
chemistry to transfer the regularities established for the
transformations of RC in the gas phase by mass spec-
trometry to processes occurring during the radiolysis of
hydrocarbons in condensed media.l However, at this
time, a great number of direct and indirect experimental
indications of the substantial influence of the physical
state on the reactivity and the mechanisms of reactions
of RC derived from various classes of hydrocarbons are
known.2

The development of the method of selective stabili-
zation of organic RC in frozen Freon matrices® has
made possible further investigations of the structures
and physicochemical properties of reactive RC with the
aid of ESR spectroscopy. However, the direct compari-
son of the "solid-phase” results with those obtained by
mass spectrometry is hampered due to substantial dis-
tinctions in the ways RC are generated and registered.
Previously it has been suggested? that varying the ex-
perimental conditions (composition of the matrix, tem-
perature, and concentration) should allow one in princi-
ple to simulate the behavior of RC in various physical
states using experiments with Freon matrices.

In order to experimentally verify this suggestion, we
used frozen Freon solutions of vinylcyclopropane (VCP)
irradiated with X-rays and attempted to simulate chemi-
cal reactions of the VCP RC in condensed and gas
media. The previous communication* was devoted to
the simulation of the radical transformations of VCP"*
in the solid phase. In the present paper we have systema-
tized the procedures and the results of the analogous
simulation of gas-phase radical processes involving
VCPt.

The procedure for simulation
of the gas-phase conditions

The existence of the "gas-phase” medium (the sepa-
ration of RC) in frozen Freon matrices, y- or X-irradi-
ated at 77 K, is mostly due to the fact that contact
between RC and the original molecules of the dissolved
substance is prevented. For this purpose, Freon-11
(CFCly) is commonly used. At low temperatures this
polycrystalline matrix strictly prevents the translational
motion of molecules and their RC, but allows the RC to
take the most energetically favorable conformation pos-
sible through internal rotation and structural rearrange-
ment. The "gas-phase” conditions for the RC occur in
this matrix over a wide range of concentrations of the
dissolved compound (0.01—1.0 mol. %) and tempera-
tures (77—150 K).

On the other hand, the glass-like matrix of Freon-
113 (CFC1,CF,Cl) is mostly used for simulating ion-
molecular reactions in condensed media.4 However, it is
shown below that a very high dilution of solutions
(0.01—0.1 mol. %) in a narrow temperature range
(77—110 K) makes it possible to also simulate the gas-
phase conditions for the RC of the dissolved compound.

The ion-molecular reactions of RC in Freon-113
that occur when the specimens are heated to 110+5 K
are due to the restoration of local translational mobility
at typical distances (~25 A). These are the distances that
separate the RC from the nearest molecules at a con-
centration of the dissolved substance of ~1.0 mol. %. At
the same time, the macroscopic mobility of the mole-
cules and RC at characteristic distances of more than
100 A is not restored under these conditions, which is
indicated by the fact that even the much more mobile
neutral radicals (the products of the ion-molecular reac-
tions) located more than 100 A apart in the matrix do
not interact with each other (do not recombine).

When the concentration of the dissolved compound
is very low (0.01 mol. %), the distances between its
molecules (in the absence of specific association) are
less than 100 A, i.e., they are not less than those be-
tween the neutral radicals in more concentrated solu-
tions. In these cases, local translational mobility cannot
ensure the efficient interaction of the RC with the
neutral molecules during heating of the sample. Moreo-
ver, the concentration of the molecules of the dissolved
compound only decreases because of their indirect ioni-
zation under irradiation.

In the case of highly dilute solutions, this decrease
may be rather pronounced. In fact, a simple estimation
shows that at an initial concentration of the additive of
0.01 mol. % and a normal radiation yield G of ~ 0.5
particles per 100 eV at an irradiation dose of 0.5 Mrad,
~50 % of the starting neutral molecules of the admix-
ture undergo indirect ionization.5 Therefore, the prob-
ability of ion-molecular reactions of the RC in highly
dilute solutions of the hydrocarbon in Freon-113 is
extremely low (at least, for the 77—110 K temperature
range). Thus, under these conditions, in addition to the
matrix or admixture fluorine- and chlorine-containing
radicals, only "separated” (primary or secondary) RC,
substantially remote (as in a rarefied gas) from each
other and from the original neutral molecules, can be
observed.

Thermal transformations of RC in X-irradiated
dilute solutions of VCP in Freon-11 or -113
according to ESR data

The ESR spectrum recorded at 150 K of a solution
of VCP (0.1 mol. %) in Freon-11, irradiated with X-rays
at 77 K, presented in Fig. 1, ¢ may be interpreted
(Fig. 1, b) as a superposition of signals from two types
of radicals. The signal with splittings a;(2 H) = 10.7 Oe,
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Table 1. Parameters of the ESR spectra of the VCP " radical cations and related structures

Radical (N) Matrix  Temperature g-Factor The IHFC constants laHiso] References
/K /Oe
gauche-VCP' % (1) Freon-113 100 2.0034(4) 13.0 (CH;=), 4
7.3 (CH=),
26.0 (1 H)
Freon-11 150 2.0034(4) 10.7 (CH,=), *
6.4 (CH=),
26.8 (1 H)
anti-VCP'* (2) Freon-113 100 2.0034(4) 13.0 (CH,=), 4
7.3 (CH=),
2.7 A H)
dist(0.90)-CsHg " T (3) Freon-113 110 2.0034(4) 21.6 (2 H(a)), 14.7 (2 H(B)) *
dist(90.0)-CsHg " (4) Freon-113 113 2.0034(4) 22.7 (2 H(w)), 30.4 (2 H(B)) 4
"CH,CH,CHCH(CH,);CHCHCH," (5) Freon-113 113 2.0034(4) 22.7 (2 H{w)), 30.4 (2 H(BY) *
"CH,CH,CH=CH, (6) Cyclopropane 168 — 22.2 (2 H(w)), 28.5 (2 H(B)) 12
(CH;),C" CH,CTHCH; (7) Freon-113 115 2.0029 23.6 (2 CHy), 11.8 (2 H(B)) 6
(CH;),C" CH,C*(CHj3) (8) Freon-113 117 2.0029 23.3 (2 CH3), 11.7 (2 H(B)) 6

* This work.

a(1 H) = 6.4 Oe, and a3(1 H) = 26.8 Oe (Fig. 1, ¢;
Table 1) corresponds to gauche-VCP'+ (1),4 and the
other signal is associated with anti-VCP"* (2) (Fig. 1, d,
Scheme 1).

Since none of the lines for anti-VCP % is exhibited
individually in the ESR spectrum (Fig. 1, a), the split-
tings previously evaluated for anti-VCP "% in Freon-113 4

50 Oe

. d

Fig. 1. The ESR spectrum of a solution of VCP in CFCl;
(0.1 mol. %), X-irradiated (0.5 Mrad) at 77 K, recorded at
150 K (a). Simulated spectra: a mixture {1:1) of gauche-VCP'+
and anti-VCP'*t (b); gauche-VCP'*, a;(2 H) = 10.7 Oe,
ay(1 H) = 6.4 Oe, a3(1 H) = 26.8 Oe, the line width AH =
5.0 Oe with Lorentzian contribution L = 0.2 {(c); anti-VCP " *,
2;1(2 H) = 13.0 Ce, ay(1 H) = 7.3 Oe, a3(1) = 2.7 Oe,
the line width AH = 6.0 Oe with Lorentzian contribution L =
0.2 (d).

Scheme 1

were used in the simulation of the spectrum. The simu-
lated spectrum for equal proportions of gauche- and
anti-VCP'* (Fig. 1, b) is identical to that of a dilute
solution of VCP (0.1 mol. %) in Freon-11 irradiated at
150 K (Fig. 1, a). Varying the ratio between gauche-
and anti-VCP'* allows one to represent all of the
characteristic features of the ESR spectra of irradiated
solutions of VCP in Freon-11 over the whole ranges of
both concentrations (0.01—20.0 mol. %) and tempera-
tures (77—150 K) studied.

In Freon-11, the constants of isotropic hyperfine
coupling (IHFC) with the protons of the vinyl group of
gauche-VCP'* are 15 % lower than those in Freon-113
(see Table 1). This effect of the matrix is well known
and is due either to a partial transfer of the unpaired
electron to the CFCl; molecule, which forms a strong
complex with the RC,%7 or to the twisting of the vinyl
fragment due to the ionization of the double bond.® The
former explanation is preferable, since the simultaneous
decrease in the IHFC constants for the hydrocarbon RC
and increase in their stability in Freon-11 occur whether
or not there are ionized double bonds in them.”



206 Russ.Chem.Bull., Vol. 44, No. 2, February, 1995

Shchapin et al.

The ratio between the gauche and anti isomers of
VCP"* also depends significantly on the matrix type. In
the “diffusionally soft” Freon-113, the proportion of
gauche-VCP'* was only 0.04,4 whereas in the "dif-
fusionally rigid" Freon-11, it is close to 0.5, i.e., it is
even higher than the proportion of gauche-VCP mole-
cules (0.25) in the gas phase.? As cooling of solutions of
VCP in Freons (to 77—150 K) can only result in a
decrease in the content of the less stable conformer,
gauche-VCP,? the increase in its content to 0.5 as a
result of ionization reflects the fact that a substantial
portion of the ionized anti-VCP molecules are trans-
formed to the gauche-VCP'* conformation, which is
more favorable under the "gas-phase” conditions.

anti-VCP't — gauche-VCP"* )
2 1

The preference for the anti or gauche conformation
depends on the positive charge, QVCP, localized at the
VCP fragment. When QVCF is 0.0 to 0.5 (as in the
molecule of anti-VCP or the n-[anti-VCP],"t RC,
respectively), the anti-conformation is more stable,4?
and when QYCFP ~ 1.0 (as in the gauche-VCP * RC) the
gauche form is more stable.

The ESR spectrum of a highly dilute (0.01 mol. %)
solution of VCP in Freon-113, X-irradiated at 77 K,
(Fig. 2, @) exhibits a poorly resolved, very extended
(250—300 Oe) anisotropic ESR signal, wherein the g
factor is greater than that for the free electron (2.0023)
and hydrocarbon RC. As the temperature is increased to
100 K, this signal reversibly disappears and no longer
hampers the study of the ESR spectra of the radicals
derived from the admixture introduced in Freon-113
(0.01 mol. %). The poorly resolved signal is probably
associated with the matrix radicals.

The ESR spectrum recorded at 110 K (see Fig. 2, b)
is a well-resolved triplet of triplets with the binomial
ratio between the intensities of the lines and the splittings,
21(2 H) = 21.6 Oe and a,(2 H) = 14.7 Oe, character-
istic of n-alkyl radicals of the type *CH,CH,Z in which
two equivalent C—H bonds form dihedral angles of
6, = 0, = 60° with the axis of the unpaired electron
p-AOQ. This well-resolved spectrum is only recorded in a
narrow temperature range of 100—110 K.

The spectrum (see Fig. 2, b) of the "CH,CH,Z
radical with the dihedral angles 0; = 0, = 60° is sub-
stantially different from the ESR signals of anti- and
gauche-VCP'*. Under the conditions used (see above)
this specific radical could only result from a mono-
molecular transformation of the primary VCP 't and,
hence, it is also an RC. Judging by the THFC constants
(see Table 1), this RC has the conformation of dis#(0.90)-
CsHg'* (3), and Z = CHCHCH," (see Ref. 4).

In extremely dilute Freon solutions (i.e., where only
the ESR spectrum of the matrix radicals is recorded),
the RC additives exist under conditions similar to those
in the gas phase. Therefore, only the primary mono-

Fig. 2. The ESR spectrum of a 0.01 mol. % solution of VCP in
CFCLCF,Cl, X-irradiated (0.5 Mrad) and recorded at 77 K
(@), at 110 K (b). The vertical lines 1—4 denote the positions of
the corresponding Mn?* lines in MgO.

meric gauche-VCP't can act as the precursor of the
secondary RC, dis#(0.90)-CsHg"*. Thus, in the X-irra-
diated frozen Freon-113 matrix, in the case of an ex-
tremely dilute (0.01 mol. %) solution of VCP at
77—100 K, monomolecular cleavage of the cyclopro-
pane ring of the gauche-VCP't (1) occurs to give the
distonic RC, dis#(0.90)-CsHg * (3), (Scheme 2, reac-
tion (2)).

The ESR spectrum of a dilute (0.1 mol. %) solution
of VCP in Freon-113, X-irradiated at 77 K and re-
corded at 77 K (Fig. 3, @) is a mixture of an unidenti-
fied narrow anisotropic signal (whose g-factor is greater
than that of the free electron) and a singlet associated
with VCP"*. For comparison, the singlet ESR spectrum
corresponding to a more concentrated (0.9 mol. %)
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Scheme 2

solution of VCP in Freon-113 at 77 K is shown in
Fig. 3, a by the dashed line.

As the temperature of the sample (0.1 mol. %) is
increased to 110 K, this singlet irreversibly disappears,
and two triplets of triplets (Fig. 3, b) with splittings
typical of the 'CH,CH,Z radical with the dihedral
angles 6, = 6, = 60° (see Scheme 2) and 6’y = 0", =
30° (Scheme 3) appear instead. The noncoincident lines
(1, 2) corresponding to these RC 3 and RC 4+5 are
marked in Fig. 3, b—d. These lines make equal contri-
butions to the total integral intensities of the signals for
each type of radicals. In the low-field region of the
spectrum, the forms of the above-mentioned similar
lines are distorted by a foreign anisotropic signal. There-
fore, it is convenient to evaluate the proportions of the

50 Oe

* 1

o 2

Fig. 3. The ESR spectrum of a 0.1 mol. % solution of VCP in
CFCL,CF,Cl, X-irradiated (0.5 Mrad) and recorded at 77 K
(the dashed line corresponds to the similar (77 K) ESR spectrum
of a solution of VCP (0.9 mol. %) in CFCLL,CF,Cl) (a); 110 K
(b); 113 K (c); 121 K (d). The vertical lines 3 and 4 are the
positions of the corresponding Mn?2* lines in MgO. I — RC 3,
2— RC 4 and 5.

two above-mentioned radical forms in the sample
(0.1 mol. %) using the intensities of the non-distorted
lines marked in the high-field region of the spectra. At
110 K, the ratio between the intensities of these lines
(see Fig. 3, b—d, I and 2) is 1:1, while at 113 K it is
close to 1:5 and at 121 K it again is 1:1.

Scheme 3

Previously? the above-described triplets of triplets
with the characteristic splittings (see Fig. 3, b) recorded
under similar conditions (110 K, Freon-113) were as-
signed to distonic radical cations, namely, to the
monomeric dist(0.90)-CsHg™* 3 in an extremely dilute
solution (0.01 mol. %, Scheme 2) or to the coordinate-
bonded dis#(0.90)-CsHg " * (4) (see Scheme 3) in the n-
dimeric complex [dis#(90.0)-CsHg " *...anti-VCP] (4a) in
a concentrated (1.0 mol. %) solution of VCP. In both
cases, the proportion of the distonic form of CsHg™* is
close to 100 %. Thus, at 110 K a dilute (0.1 mol. %)
solution of VCP in Freon-113 (see Fig. 3, b) contains
equal amounts of dis#(0.90)- and dis#(90.0)-CsHg " * dis-
tonic RC. For the reasons discussed below, to account
for the changes occurring in the ESR spectra of an
0.1 mol. % sample as the temperature is increased from
110 to 113 K and then to 121 K (Fig. 3, b—d), one
should assume that at 113 and 121 K, in addition to
dist(90.0)-CsHg"* 4, the sample contains one more
distonic RC 5, which is characterized by a triplet of
triplets with the same splittings (see Table 1). At 123 K,
the signals for all of the distonic RC irreversibly disap-
pear, and the ESR spectra become poorly resolved and
not informative.

Two approaches to the explanation of the above-
presented data are possible (Scheme 4). In our opinion,
the explanation that postulates 3a === d4a reversible
conformational transitions is more controversial, since,
when the temperature of the sample increases from 110
to 113 K, all of the subsequent transformations of RC 3
are due to its dimerization with starting VCP molecules.
However, it is unclear, how the interaction of the sec-
ondary monomeric RC 3 with an an#ti-VCP molecule
can result in the formation of RC 4 incorporated in the
[dis?(90.0)-CsHy " *...anti-VCP] 4a (see Ref. 4) n-dimeric
complex.

In fact, the first step of the two-step process
(Scheme 5, reactions (5)—(6)), which consists of the
successive rotation of the CHCHCH,* and CH," termi-
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Scheme 4
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- anti-VCP

anti-VCP

2a

nal groups of the C(a)—C(B)—C(y) "trimethylene-cy-
clopropane” fragment in the CsHg"* RC through 90°,
looks fairly unconvincing. Dimerization of the primary
RC, anti-VCP ' * 2, with an anti-VCP molecule is known?4
to result in opening of the cyclopropane ring (reaction
(6)). Therefore, the reasons why a similar interaction of
the anti-VCP molecule with monomeric RC 3 (dis#0.90)-
CsHg™ ™) would favor the reverse process, viz., the clo-
sure of the cyclopropane ring to yield dimeric complex
2a (reaction (5)), remain obscure.

On the other hand, in the case of synchronous
rotation of the CHCHCH,* and CH," terminal groups
of the C(a)—C(B)—C(y) "trimethylene-cyclopropane”
fragment in the CsHg * distonic RC (see Schemes 2
and 3), it should be expected!® that 1,2-shifts of the H
atoms would result in linear diene radical cations. How-
ever, in the case of VCP, we detected no isomeric linear
diene RC exhibiting characteristic ESR1! signals.

&)

anti-VvCP

2a

(©)

anti-VCP

4a

An alternative approach (see Scheme 4, reaction
(4)) is that the reaction of the secondary monomeric RC
3 (dist(0.90)-CsHg ) with the anti-VCP molecule be
considered addition to the terminal methylene group at
the double bond of anti-VCP to vield distonic RC 5
containing a homoallylic radical site. The conformations
and the ITHFC constants with the protons of the unsub-
stituted homoallylic radical, CH,=CH—CH,—CH," (see
Table 1), and of RC 4 (dist(90.0)-CsHg *) are practi-
cally identical. 412 Therefore, RC 5 and 4 are in-
distinguishable by their ESR spectra. Taking this into
account (see reactions (1), (2), (4), and (6) in the
Schemes) one can easily and consistently explain the
above-described changes of the ESR spectra occurring
as the concentration and the temperature of the sample
vary. :
At 110 K, an X-irradiated (0.1 mol. %) solution of
VCP in Freon-113 contains equal amounts of mono-
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meric RC 3 (dist(0.90)-CsHg"*) and r-dimeric com-
plexes [dist(90.0)-CsHg" *...anti-VCP]. When the sam-
ple is heated to 113 K, the dis#(0.90)-CsHg"* RC decay
according to reaction (4), and the concentrations of RC
5 and 4a become identical. A further increase in the
temperature to 121 K causes destruction of the specific
solvation of RC 4 (dist(90.0)-CsHg *) with the
anti-VCP molecules, i.e., decomposition of the
[dist(90.0)-CsHyg " *...anti-VCP] n-dimeric complexes.

The structure of 4a is not very stable, and as the
cyclopropane ring is closed, it is converted (reaction (6))
into form 2a,4 which is more stable in the condensed
medium. The latter eliminates the anti-VCP molecule to
give the monomeric RC, anti-VCP"*, which then un-
dergoes a conformational transition (1), because of the
higher stability of the monomeric RC, gauche-VCP'*
under the gas-phase conditions. In turn, gauche-VCP "+
1 undergoes opening of the cyclopropane ring (reaction
(2)) to give RC 3 (dist(0.90)-C5Hg ). When the con-
centration of VCP in Freon-113 decreases from 0.1 to
0.01 mol. %, only monomolecular process (2) is de-
tected by ESR, and when the concentration increases
from 0.1 mol. % to 1.0 mol. %, thermodynamic equi-
librium (6) is observed.

The admixture of gauche-VCP * RC in a solution of
VCP (1.0 mol. %) in Freon-113 (see Fig. 2) is charac-
terized by narrower ESR lines and higher values for the
at., constants of the vinyl group compared with those
for a solution in Freon-11 (Fig. 1, @). This means that
in the Freon-113 matrix, the admixture radical cations,
gauche-VCP ", exist under conditions that are rather
close to gas-phase conditions, since they are not only
actually separated from each other (as in Freon-11), but
also experience no radiospectroscopically detectable ef-
fect of the matrix. Hence it follows that the occurrence
of selective irreversible isomerization (2) in highly dilute
(0.1—0.01 mol. %) solutions of VCP in Freon-113 indi-
cates that the cyclic monomer, gauche-VCP' ¥ 1, is less
thermodynamically stable in the gas phase than the
distonic conformer, dist(0.90)-CsHg"* 3.

In a concentrated (1.0 mol. %) solution of VCP in
Freon-113, primary gauche-VCP"* 1 at 100 K and sec-
ondary dis{(0.90)-CsHg ™ 3 at 113 K are observed as
admixtures (several hundredths) to RC 2a and 4a, which
predominate in the condensed phase.4 Therefore, even
in this solution, some of the RC existing under the gas-
like conditions are involved in gas-phase isomerization
{2), rather than in thermodynamic equilibrium
2a === 4a (equation (6)). In other words, at
77—113 K in Freon-113, in addition to the stabilized
forms of VCP'* inherent in the solid phase, analogous
RC exist independently in structurally separated areas
that simulate the gas phase. According to the data of
Figs. 2, b and 3, b and Refs. 4 and 13, the number of
these areas is independent of the concentration of the
additive. Therefore, as the solution of VCP in Freon-113
is diluted from 1.0 to 0.01 mol. %, their contribution
becomes predominant, while the proportion of the "solid-

phase” regions of the stabilization of VCP'* decreases
by a factor of 100.

Quantum-chemical analysis of the ESR spectra
and thermal transformations of the hydrocarbon RC

Many research centers study the structures and reac-
tivities of hydrocarbon RC.2~%14-1% The combination
of quantum-chemical calculations with the "convenient”
version of ESR (separation of RC in inert or Freon
matrices) has been the most informative method of
analysis.415 Recently, first communications concerned
with the determination of the geometry of RC using
quantum-chemical calculations combined with
IR-spectroscopy data have been published.2®:2! Previ-
ously Gleiter?? attempted to obtain structural and chemi-
cal information on hydrocarbon RC from their photoelec-
tron spectra.

Trustworthy quantum-chemical calculations of the
magnetic properties of RC are particularly significant for
the reliable identification of ESR spectra when their
intuitive structural interpretations are ambiguous. This
applies, in particular, to hydrocarbon RC with nearly
degenerate boundary MO, since in this case, along with
the specific spin-orbital effects, the influence of the
medium on the resonance parameters should also be
taken into account.23—26 On the other hand, the mixed
ESR spectra of VCP " *, presented previously? and in the
present work, are difficult to interpret, due to the super-
position of the poorly resolved signals from the isomeric
radical forms such that one of these forms (anti-VCP " %)
is not individually manifested in the spectra. In these
cases, the spectral characteristics are usually estimated
either semi-intuitively (based on accumulated experi-
ence), or using specialized calculation programs meant
for the computer simulation of complex ESR spectra.2’
The interpretation of these spectra can be considerably
simplified by invoking adequate nonempirical or
semiempirical quantum-chemical methods.

The theoretically determined magnetic-resonance
parameters of free radicals are known283:2? to be very
sensitive to inaccurate choices for their geometry. Mean-
while, information on the structures of any free radicals
is scanty, and for the hydrocarbon RC, this information
is, moreover, quite controversial.&818.30—=37 Therefore,
in solving the problem of the geometric parameters of
complex RC, one is often forced either to rely again on
intuition?53% or to use the assumptions of simplified
quantum-chemical methods, the accuracy of which dra-
matically decrease, as a rule, as the symmetries of the
radicals decrease.?8

In fact, there is strong evidence that the geometric
structures of the ground states of low-symmetry (C;, C,,
Cs) neutral and charged radicals are represented with
great errors not only in terms of common semiempirical
self-consistent schemes like INDO and MNDO,28 but
also in terms of modern "refined” nonempirical methods
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with rather extensive basis sets, like 6-31 G**, and
efficient consideration of the electron correlation.8:32 In
turn, these errors in the structural parameters cause
substantial discrepancies between the simulated and ex-
perimental ESR spectra.8,28,32

Only in some instances can satisfactory agreement be
achieved between the nonempirically calculated
(MP2/6-31 G**) and the experimentally measured
IHFC constants for hydrocarbon RC, and, based on
this, can the preliminarily optimized geometric parame-
ters of the RC be given the status of "certain".?8 In these
cases, the effect of the matrix environment on the
magnetic-resonance characteristics of the RC was as-
sumed to be negligibly small.3! At the same time, a
doubtful practice appeared!® to explain the substantial
discrepancies between the theoretical and experimental
results by the effect of the matrix, despite convincing
examples of the inadequacy of the quantum-chemical
methods used.83-3% The semiempirical®®—44 and non-
empirical10,32,35,36,39,44—48 cajcylations of the potential
energy surfaces describing rearrangements of hydrocar-
bon RC via transition states having no symmetry ele-
ments should be examined much more carefully, since
the results of these calculations3:30%:33 are often at vari-
ance with experimental data$30:33:49 even for the origi-
nal low-symmetry ground states of the RC.

On the other hand, it has been shown previously?8
that the unsatisfactory correlation found3® between
MNDO-calculated and experimental JTHFC constants,
a%,,, where Z = 'H, 13C, 14N, 170, is due most of all to
the great deviations of the structural parameters of the
radicals from the reliable values, which is typical of low-
symmetry radicals. For the systematic quantum-chemi-
cal calculations of the magnetic-resonance parameters
using the reliable geometry of free radicals, in addition
to the INDO-UHF approximation, the intrinsically
noncontradictory MNDO-UHF version was suggested.?8
In this method, the transition from the calculated spin
densities (p) to the IHFC constants with protons
(a¥, = K(H)pH) is accomplished using two propor-
tionality coefficients (K(H(a)) = 508 Oe for p < 0
and K(H(B)) = 850 Oe for p;H > 0).

Taking the foregoing into account, we systematized
the particular suggestions on the adequate selection of
the structural parameters of hydrocarbon RC necessary
for the reliable calculation of the aH;, IHFC constants
(Z = 'H, 13C) by the MNDO-UHF method. Moreover,
we specially adjusted the K(H(a)) and K(H(B)) coeffi-
cients of proportionality for the hydrocarbon free radi-
cals, since, as follows from the published data,28 they
depend on the type of atom bearing the proton. Using
the adapted MNDO-UHF method (below referred to as
AMNDO-UHF), we calculated the g%, constants for
the VCP " * radical cation and carried out the quantum-
chemical analysis of the electronic and geometric factors
determining the formation, stabilization, and low-sym-
metry thermal transformations of primary radical forms
into distonic structures.

Testing the standard MNDO-UHF method

In order to verify the efficiency of using the standard
MNDO-UHF scheme to investigate the spin distribu-
tion in hydrocarbon radical systems, we carefully se-
lected a series of neutral and charged radicals (Table 2)
that had been characterized by both reliable experimen-
tal IHFC constants and certain structural parameters
obtained by spectroscopic measurements and ab initio
calculations in an extended basis set of the 6-31 G* type
taking into account the electron correlation. For each of
these radicals, the spin density distribution with the
fixed certain geometry (I) was calculated in terms of the
standard MNDO-UHF method followed by the cal-
culation for the geometry (II) fully optimized by the
MNDO-UHF method.

All of the calculations were carried out using the
MNDO quantum-chemical program.5! The correlations
of the calculated spin densities with the experimental
a%, THFC constants were performed according to the
standard procedure:30

%= K(Z)ps?", 1

where K(Z) is the proportionality coefficient for each
type of atom Z, and pZ” is the spin population of the
valence s-atomic orbital (AO) of the particular Z, atom.
The correlation coefficients (#4) between the theoretical
and experimental aZ,,, IHFC constants were determined
by the standard method.5?

Table 2 presents the reliable (I) and MNDO-UHF
fully optimized (II) structural parameters for the neutral
and charged radicals 9—16. Specifications of the atoms
in some of them are given in Scheme 6. For C,H; (12),
the geometry optimized in the STO-3G basis was taken
as certain, since this or rather close geometry was used in
all of the known nonempirical calculations of the IHFC
constants.?%52 The experimental IHFC constants with
the 'H and 13C nuclei for radicals 9—16 are given in
Table 3, along with those calculated @b initio and in
terms of the two semiempirical schemes being compared.

Scheme 6
trans * * ,'X 1t
;a B< ; :; : / |74
cis B a X'/ *
12 13 14

T+

16
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Table 2. The geometric parameters (XY bond lengths, A and
XYZ bond angles, deg) for neutral and charged hydrocarbon
radicals

Radi- Symmetry Geomet- Type of geometry A
cal (ref.) ric para- I I
meter (ab initio) (MNDO)
CHy, = Gf C—H 1.121 1.107 —0.014
9 53 HCH 104.4 107.0 2.6
CH; Dy,8 C—H 1.079 1.078 —0.001
10 &) HCH 120.0 120.0 0.0
CHy,* G C—H(a) 1.074 1.094  0.020
11 ek C—H(B) 1.169 1.204  0.035
H(a)CH(a) 1240 116.8 ~-7.2
HB)CH({B) 56.0 62.4 6.4
CH; C—H(o) 1.083 1.050 —0.033
12 C—H,; 1.085 1.091  0.006
C¢t C—H o 1.083 1.092  0.009
(5% c—-C 1.357 1.308 —0.049
CCH(a) 130.8 171.7 40.9
CCH,;, 122.3 123.3 1.0
CCH (s 121.4 122.4 1.0
C,H; C—H(o) 1.093 1.083 -0.010
13 C—H(p) 1.104 1.111  0.007
Cs? C—H(p)* 1.113 1.112 —0.001
(53 C-—-C 1.512 1.475 —0.037
CCH(o) 121.5 12L.5 0.0
CCH(B) 111.0 111.7 0.7
CCH(@B)* 113.0 110.9 —2.1
CHg C—H* 1.131 1.156  0.025
14 C—H 1.081 1.102  0.021
Cop, 245 C—C 1.579 1.591  0.012
(3% CCH* 82.6 86.5 39
HCH 115.8 112.0 —3.8
CcCcX 143.3 141.1 -2.2
cyclo- C—H(a) 1.074 1.092  0.018
CyHg * C—H() 1.078 1.110  0.032
15 Cyy, 24,8 Cla)—C(B) 1.477 1.490  0.013
(5%) HC(a)H 118.0 116.6 -1.4
HC(B)H 115.4 108.8 ~6.6
CC@)C 78.8 83.4 4.6
CPRC()X 1789 175.0 -3.9
C3Hg C—H(t%) 1.121 1.133  0.012
16 C—H(t) 1.087 1.103  0.016
C,,, 2B,® C—H(c) 1.088 1.107  0.019
G C—-C 1.576 1.592  0.016
CCH(t*) 92.1 94.0 1.9
CCH(t) 114.3 114.3 0.0
H@*)CH() 1104 110.9 0.5
H(c)CH(c) 112.3 109.7 -2.6
CH)C(c)C(t) 94.4 98.4 4.0

Note. 1 is the "certain" geometry for 9, 11—16 determined by
nonempirical calculations in type 6-31 G* basis sets (for 12, in
the STO-3G basis set) or from experiment (for 10). II is the
geometry optimized by MNDO-UHF, A are deviations of the
geometric parameters of II from L.

¢ z-Radical 9, 10, 13, and 15. ¢ o-Radicals: 11, 12, 14, and 16.

In spite of fairly uncertain C—H distances (radical
cations 11 and 14--16), the bond angles (II) optimized
by the MNDO-UHF method are rather close to the
reliable values (I) (see Table 2). The unusually great
deviation of the A(C—C—H(x)) bond angle for the
HC=CH, o-radical 12 is most likely due to its relatively
low symmetry (Cs). The data of Table 2 indicate that
the MNDO-UHF method makes it possible to calculate
bond angles in free radicals more accurately than chemi-
cal bond lengths and that the reliability of the cal-
culations of the structural parameters substantially in-
creases as the symmetry of the radical increases.

Approbation of the AMNDO-UHF method

In the context of the AMNDO-UHF approach, the
conversion of the spin populations pH into the a¥
IHFC constants (Eq. (1*)) is carried out using two
structurally and chemically determined proportionality
coefficients, K(H(a)) and K(H(B)), rather than one av-
eraged coefficient (for example, K(H) = 508 Oe??). The
values of these coefficients are mostly stipulated by the
type of free radical (= or o, see Refs. 28, 29) and the
nature of the "heavy” atom (C, N, O, erc.) bearing the
proton. For hydrocarbon RC, K(H(x)) = 415 Oe,
KMH(PB)) = 850 Oe, and K(C)= 650 Oe¢ proved to be
optimal.

When the reliable geometry and the above-men-
tioned K(Z) values are used, the general agreement of
the IHFC constants calculated in the AMNDO-UHF
approximation (see Table 3) with experimental aZ,, is
quite satisfactory (coefficients of correlation: A = 0.973
and /£ = 0.986). However, the IHFC constants with the
H(a) and C(B) nuclei in the low-symmetry (C,) C,Hj3
radical determined in the context of AMNDO-UHF are
still substantially different from the experimental data. A
similar deviation (Aat,, = —16.3 Oe) from the experi~
mental value was observed for the H* B-proton in the
C,H¢ " * radical cation. It is noteworthy that AMNDO-
UHF calculations result in substantial errors in the
THFC constants with exactly those protons (H(B) in
CH, %, H(a) in C,H;, and H* in C;Hg" ™) for which
the energy optimization in the context of MNDO gave
great deviations A (see Table 2) between the found and
reliable values for C—H bond lengths (0.035, —0.033,
and 0.025 A, respectively).

The presence of two proportionality coefficients,
K(H(a)) and K(H(B)), in the AMNDO-UHF scheme
eliminated the apparent contradiction between previous
recommendations,3%:%! according to which, in the frame-
work of the MNDO-UHF calculations, one should de-
cide between using K(H(«)) = 504.5 Oe5? and K(H) =
850 to 900 Oe.61 The majority of the previously consid-
ered3® free radicals are of the n-type, and characterized
above all by moderate (|20—30| Oe) negative all, val-
ues. On the other hand, Glidewell®! discussed pre-
dominantly o-type free-radical systems (radical cations
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Table 3. The a%,,, IHFC constants (Oe) of neutral and charged hydrocarbon radicals

Radical Refer- Nucleus Experi- ab MNDO-UHF AMNDO-UHF
ence z, ment initio

CH, ™ H -16.0 —-15.7 =193 -19.7 -16.1
9 53 C 21.1 14.3 459 44.0 25.3
CH, H -23.0 -23.4 -277 =276 -22.6
10 52, 59 C 38.3 27.3 63.9 63.7 36.7
CH, * H(o) —14.6 -11.1 -148 -15.8 -12.9
11 55,15, 60 H(B) 121.7 116.2 110.5 97.8 163.6
He, 54.8 52.6 49.4 41.0 68.6
C - 8.9 23.3 29.1 16.7
C,H;4 H(o) 13.4 -1.3 -31.8 —10.3 -8.4
12 59 H,; 37.0 42.8 428 23.4 39.1
irans 65.0 62.4 38.0 435 72.7
C(o) 107.6 139.3 935 1838 106.1
(6/(3)] -8.6 ~16.4 ~40.3  —39.5 —23.2
C,H; H(a) -224 —25.4 -273 =276 226
13 H(B) 26.9 20.8 19.3 11.4 19.0
58+ Cla) 39.1 39.3 67.8 65.2 37.5
C(B) -13.6 -13.2 ~-104 —10.4 —6.0
CHg H* 152.5 131.3 85.3 81.4 136.2
14 H -9.0 -8.8 -84 -84 -6.9
57 C — — 12.5 15.1 8.7
eyclo- H(w) -12.5 -12.3 ~13.7  -123 -10.0
C;Hg * H(B) 21.0 16.5 10.5 9.1 15.3
15 61 Cla) — 8.3 28.1 26.6 15.3
C(B) - ~13.2 -72 204 -11.8
C3Hg H(t*) 98.0 90.0 54.0 55.5 92.9
16 ‘ H(t) - — -6.5  —6.2 -5.1
3 H(c) — — —-8.1 -8.1 —-6.6
C(t) — - 7.8 11.0 6.3
Clc) — — 3.4 6.0 3.5

* Average values for the H(B) protons.

derived from ethers and acetals) with large (40—160 Oe)
positive IHFC constants with the protons peculiar to
such systems.

These characteristic features of n- and o-electron
radicals are known?? to reflect the domination of the
polarization (r) or delocalization (¢) mechanism of the
appearance of the spin density on their protons, respec-
tively. In this connection, the opinion has been stated®?
that in the context of semiempirical calculations like
MNDO, it is correct to use two proportionality coeffi-
cients, K(H(a)) and K(H(B)).

The introduction of the second coefficient is most
likely required only to correct the spin densities, pgH,
calculated in one or the other approximation (in the
case of MNDO-UHEF, prebably only those with a posi-
tive sign), whereas, in fact, K(H(«)) = K(H(B)).#2

In order to increase the efficiency and correctness of
the calculations of the aM,, ITHFC constants by
MINDO/3,63 MNDO,5® and AM1%2 methods, we used
the previously®4 suggested scheme for annihilation of
the extrinsic quartet component, which converted the
wUHF wave function into the wAUHF function with a

corrected doublet character.2? As this was done, the
coefficients of proportionality, K(H(a)) and K(H(B)), in
fact became equal to one another. The averaged
K(H(a))/K(H(B)) ratios for the MINDO/3-AUHF,
MNDO-AUHF, and AM1-AUHF methods were 0.783,
1.293, and 1.013, respectively, and in the latter case an
extremely high correlation coefficient, 1 = 0.999, was
reached.62

Although AM1-AUHF%2 clearly stands out among
the above-listed approximations by the unexpectedly
good K(H(B))/K(H(a)) and # values, this fact should
be treated with particular caution for several reasons.
First, it is unlikely that the experimental IHFC con-
stants with nonhydrogen nuclei, Z = C, N, O, could
be simulated with the same accuracy even for an appro-
priately selected series of similar radicals, for which
A = 0.999. For example, it has been reported® that on
going from MNDO-UHF to MNDO-AUHF, the <
correlation coefficient decreases from 0.923 to 0.773,
whereas Al increases from 0.627 to 0.899, i.e., one
correlation (for 13C) deteriorates as the other correlation
(for 'H) improves.
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Second, the ability of the AM1 scheme to reliably
determine the certain geometric parameters of free radi-
cals also requires extensive verification. It should be
noted that the angle of twist of the methylene groups in
C,H, * optimized3 in the context of AM1 (44.6°) was
almost twice the experimental angle (25°). In addition,
one may refer to the recent example of the C,Hg *63
radical cation whose electron structure in the ground
state was miscalculated in the AM1 approximation (un-
like MNDO-UHF).

However, the main reason one should have a watch-
ful attitude toward the AM1-AUHF method is associ-
ated with the recommendation®? that K(H(a)) =
KH(@PB)) = 1177 Oe be used to evaluate the THFC
constants with protons. In our opinion, it is unlikely that
any noncontradictory argument could be found in favor
of this great deviation of K(H(a)) and K(H(B)) from the
K(H) = 508 Oe value for a free atom.2? The same
relates to the MNDO-AUHF method where K(H) =
1206 Oe® is used. On the other hand, the clear-cut
orientation of the AMNDO-UHF scheme to the use of
two proportionality coefficients (K(H(a)) = 415 Oe,
K(H(B)) = 850 Oe) and the common practice of using
only one value (K(H) = 539.86 Oe)?? in the framework
of INDO-UHF force one to turn to the problem of
determining the spin density, pH, using NDO-UHF
methods.

The pH spin densities. The relationships and proper-
ties of the pH spin densities that directly relate to the
wUHF one-determinant wave function and to the com-
pletely projected wave function (wFUHF) or to the wave
function that has undergone annihilation of only the
extrinsic quartet component (y*UHF) have been dis-
cussed in detail previously.2? It is known that yUHF js
not an eigenfunction of the operator of the total spin §2,
i.e., it contains extrinsic components with higher mul-
tiplicities, whose contributions to pZ vary dispropor-
tionately in the transition from the ground state to
vibration excited states. For example, wUHF for the NH,
radical in which the chemical bonds are 60 % longer
(than the equilibrium bonds), contains the doublet and
quartet components in equal parts, though in the origi-
nal ground state, the former predominates.2?

Taking this into account, the drive to find guaran-
teed improvements of the spin properties of yUHF by
any simple method is quite natural. However, systematic
monitoring using the extended Hartree—Fock method
(EHF), where the variation principle is applied directly
to the multi-determinant wave function wPUHF  showed
a number of theoretical and practical drawbacks inher-
ent in the procedures of the wYHF projected or removal
of the quartet component from it, which are usually
carried out after minimization of energy. In particu-
lar,2® it has been noted that, due to the tendency of the
UHF approach to overestimate the spin polarization
effects caused by the electron correlation, they really
need to be decreased somehow, in order to correctly
calculate the IHFC constants. However, in the schemes

that involve removal of the extrinsic components, the
role of spin polarization is usually understated, and
sometimes to too great an extent. Therefore, it is diffi-
cult to predict which of the approximate spin densities
(UHFp H PUHF, H & or AUHF, Hy will be closer to the
more precise value (EHFp H),

The fact3%:62 that the optimal proportionality coeffi-
cients K(H) that correspond to the MINDO/3, MNDO,
and AM1 versions are approximately doubled after an-
nihilation of the extrinsic quartet component in yVHF,
indicates unambiguously that the contribution of the
spin-polarization effects decreases inordinately. From
this it follows that for the quantum-chemical analysis of
the constants of IHFC with protons it is more expedient
to use the above-mentioned semiempirical approxima-
tions combined with the UHF approach. The same is
indicated by the experience accumulated on the use of
the INDO method for evaluation of the ESR parameters
of free radicals,2® which implies that, in conformity with
the theoretical views, UHFp H is only slightly greater
than EHFp H ' while AUHFp H i5 substantially smaller
than EHFp H

The assumption that K(H) depends on the mecha-
nism of the distribution apparently reflects a feasible
division?? of the majority of free radicals detected into
two symmetry classes, = and o. Actually, Nelsen®? re-
ported the easiest method, which makes it possible to
depict indirectly the specific character of the two above-
mentioned mechanisms using the set of K(H(a)) =
387.9 Oe and K(H(B)) = 784.3 Oe formally introduced
for AM1-UHF.

In fact, according to the method of hybridization of
the basis (MHB), the one-electron contributions to the
IHFC constants with protons in organic radicals are
approximately determined from relationships (2*)—(4*):29

agtl = 508 - pgH, (Oe), (2*)
pHy = Gy 3(H), (3%
2
3 2 35 4 %
GH) = |1+ =8 + —-8° )
8 128
{5 = K(H(@) - pH®, (pH) <), (5%)

afi® = K(H(P)) - pH® = [K(H()] - €3(H) - pH®),  (6%)
(pH@ < 0),

where C, is the coefficient at the hydrogen AO symmet-
rically orthogonalized according to Léwdin in the ex-
pression for the unpaired electron MO, and S = <o|Sy>
is the overlap integral relating to the C—H chemical
c-bond. As a rule, for typical cases, the deviations from
S = 0.75 are small, which correlates, according to
(1*)—(4*), with £(H) = 1.2 and Ky(H(B)) = 508£3(H) =
860 Oe. Relationships (2*%)—(4*) are inapplicable to
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purely n-electron radicals, since C, is always 0, and,
therefore, the contribution of the exchange polarization
mechanism (acpH) to the af,, constant becomes the
only one.2? Taking the foregoing into account, it is quite
possible that with K(H(a)) = 415 Oe, the widely used
versions of NDO-UHTF can provide satisfactory accuracy
in the evaluations of the constants of IHFC with protons
in m-electron hydrocarbon radicals.

On the other hand, the above-determined
KMH(PB))/K(H(c)) = 850/415 = 2.1 ratio for hydrocar-
bon radicals in the AMNDO-UHF scheme can be inter-
preted in a theoretically acceptable way by taking into
account the fact that the MNDO approximation as a
modification of NDDO appears to be mathematically
and physically justified”® in the Lowdin symmetrically
orthogonalized basis, which is, in the authors” opinion,
represented by Egs. (2%)—(6*). Then for K(H(a)) in (§%)
and K(H(P)) = K(H(a))E3(H) in (6*), at £ = 1.28, the
K(H(B))/K(H()) ratio is automatically 2.1. By interpret-
ing €3 as a scale factor, which modifies the spin popula-
tion, pH, we obtain the single coefficient of pro-
portionality, K(H), in relationships (5*)—(6%).

The contribution of delocalization to the spin densi-
ties at the protons in the c-electron radicals predomi-
nates,?? and its evaluation by standard NDO versions
requires the introduction of the £3(H) scale factor (¢ =
1.2 to 1.3; see Ref. 51, 58), which means returning
from the symmetrically orthogonalized basis to the usual
atomic basis (see Egs. (2*)—(4*)). This is actually re-
flected by the form of the right-hand side of Eq. (6%).
Unfortunately, this intrinsically noncontradictory ap-
proach to the determination of the HFC constants of
free radicals has not yet been widely approved.

Thus, there are good theoretical reasons for using
two proportionality coefficients, K(H(a)) and K(H(B)),
in the quantum-chemical analysis of IHFC with protons
in n- and o-electron radicals in the context of AMNDO-
UHF. Actually, the semiempirical evaluation of the
all constants is carried out with one K(H) value equal
to 415 Oe (see Egs. (5*)—(6*)), and the scale factor,
£ = 1.28, is only used for the conversion of the pH spin
populations calculated from the Léwdin symmetrically
orthogonalized basis into the standard atomic basis.

Eqgs. (3%) and (4%), in spite of their simplified form,
reflect the fact that in the MO LCAO approximation,
the spin densities on the atomic nuclei in free radicals
are determined via the overlap integrals of the AO. For
protons, those S, overlap integrals that relate to the
C—H, N—H, O—H, efc. chemical bonds are normally
the most significant. Since the S, values sometimes
differ rather considerably from one another, it is not
surprising that good agreement between the calculated
and experimental a¥H, values is not always achieved
using a single conversion coefficient (for example,
K(H(x)) = 508 0e?9),

In fact, when the reliable geometry and K(H(a)) =
508 Oe are used in the context of MNDO-UHF, the
constants of IHFC with the protons in the CH; radical

are overestimated (—27.6 Oe instead of —23.0 Oe), while
those in the NH; * and H,O ™" radical cations are
underestimated (—22.9 Oe and —15.9 Oe instead of
—25.9 and —26.1 Oe, respectively).2?8 This is also an
argument in favor of the individual determination of
K(H(a)) for chemical bonds of different types, C—H,
N—H, O—H, efc. It should be noted that Glidewell,5”
who analyzed the constants of IHFC with protons at-
tached to C or S atoms by the MNDO-UHF method,
arrived at the same conclusion.

The geometry of hydrocarbon RC. For the reliable
AMNDO-UHF calculation of the constants of IHFC
with protons in hydrocarbon free radicals, the structural
parameters corresponding to the reliable geometry should
be used, along with the two proportionality coefficients
(K(H(c)) = 415 Oe and K(H(B)) = 850 Oe). This re-
lates most of all to C—H bond lengths. However, the
geometries of complex free radicals are, as a rule, un-
known, and the present-day semiempirical methods like
MNDO determine these geometries with unacceptably
great errors, especially for low-symmetry radical sys-
tems. Therefore, while determining the constants of
IHFC with protons in primary and distonic VCP'*
(CsHg"*) with C; or Cg, symmetry in the context of
AMNDO-UHF, one cannot rely on structural parame-
ters preliminarily optimized by MNDO.

Simple methods for the selection of an adequate
geometry of hydrocarbon RC based on easily accessible
structural data on related molecules and on ESR data on
the magnetic-resonance interactions in structurally similar
RC may be suggested as an alternative. It should be
taken into account that typical c-electron radicals nor-
mally have positive spin densities (pH(®)>0) at protons,
which is reflected in the pH(®), On the other hand, the
a-protons in the standard m-electron radicals possess
negative spin densities (pH(®)),

Simultaneous analysis of available radiospectroscopic
and structural data indicates that the C—H(B) and
C-—H(a) chemical bonds in hydrocarbon RC are usually
longer and shorter, respectively, than their analogs in
related nonionized hydrocarbons. For example, accord-
ing to ab initio calculations in an extended basis of the
type 6-31 G** with consideration for the electron corre-
lation,39:68 all of the C—H bonds in nonbranched and
branched alkanes are characterized by tetrahedral hy-
bridization of the carbon atom (C(sp)*—H) and nearly
identical lengths (1.086 A). After ionization of alkanes,
those C—H(B) bonds whose protons acquire high posi-
tive spin densities become much longer (specifically, by
0.045 A with a®,_ = 152.5 Oe for C,Hg * (Cyp)3).
In the case of especially large (50—250 Oe) atl,, con-
stants, the C—H(B) bond lengths in hydrocarbon RC
can be adequately evaluated by methods that we will not
consider here,* since they have not been extended to
VCP'+.

* A separate communication will be devoted to this problem.
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The C—H bonds in cyclopropane, ethylene, and
VCP, which has a similar structure, are 0.01 A shorter
than those in nonbranched and branched alkanes, and
the (H—C—H) bond angles between them are 115—
117° (see Refs. 69, 70). Therefore, these may be as-
signed to C(sp)>—H type bonds. The a-protons in this
type of bond in RC (including those in anti-VCP"*) are
located in the nodal planes of the unpaired electron MO
and are generally characterized by negative IHFC con-
stants moderate in magnitude: |a% | < 23. On the other
hand, reliable ab initio calculations!®3? for a number of
hydrocarbon RC including C3Hg * (C,,) have shown
that the C(sp)2—H(x) bonds in these RC are practically
identical to those in the original molecules and, in some
cases, they are even shorter (by 0.005 A).

Taking the foregoing into account, one may assume
that the lengths of those C—H chemical bonds whose
a- and B-protons have weak or even moderate IHFC
(0—30 Oe) with the unpaired electron in the resulting
RC, do not increase noticeably upon ionization of the
hydrocarbons. In these cases, it is expedient to use
certain experimental and theoretical data on the intera-
tomic distances in related molecular systems for the
AMNDO-UHF quantum-chemical analysis of the mag-
netic-resonance parameters of hydrocarbon RC. The
efficiency of these methods for selecting the geometry of
free radicals in the cases of INDO and CNDO methods
has been clearly demonstrated in many works.2?

The analysis of IHFC in primary and distonic VCP"*
by the AMNDO-UHF method

According to the ESR data, the vinyl groups in anfi-
and gauche-VCP " *, unlike the cyclopropane rings, are
characterized by similar aH,, constants (see Table 1).
Therefore, it is reasonable to assume that the geometries
of the vinyl fragments in anti- and gauche-VCP'* are
nearly identical. At the same time, the conformational
angles © between the axis of the C=C bond of the vinyl
group and the bisectrix of the adjacent C—C—C angle of
the cyclopropane ring in these RC and also in their

molecular precursors are apparently substantially differ-
ent (Scheme 7).

Scheme 7

anti-vCP gauche-VCP

In the case of the anti-conformation of the VCP or
the corresponding RC, the t angle is precisely 180°,
whereas in the similar gauche-conformers it is not de-
fined so stringently. It is not inconceivable that the
adiabatic ionization of the gauche-VCP molecule is
accompanied by some deviation from the typical 1 =
56°. Therefore, the conformational angle t in gauche-
VCP*", unlike other structural parameters, was addi-
tionally varied over the 60—90° interval (Table 4).

As was stressed above, in the case of low-symmetry
hydrocarbon radicals, the preliminary MNDO-UHF pro-
cedure of the energetic optimization of their geometry
often proves to be unsatisfactory, since the structural
parameters are unsuitable for the subsequent correct
AMNDO-UHF evaluation of the a%,, IHFC constants
(Z = H, 13C) with satisfactory accuracy. Anti- and
gauche-VCP " * have low symmetries (Cgand C|, respec-
tively), but are, however, characterized by rather small
lat, | values of < 30 Oe. Therefore, in conformity with
the foregoing, for the AMNDO-UHF calculation of the
al,, constants of both RC, the same geometry of the
anti-VCP molecule (except for t) preliminarily opti-
mized in the MNDO-UHF approximation was used.

Table 4. The aZ,, constants of IHFC (QOe)? with protons for primary radical-
cations VCPT* depending on the conformational angle t calculated by the

AMNDO-UHF method?

Proton¢ gauche-VCP'* anti-VCP"+
60° 65° 70° 75° 80° 85° 90° 180°
2H() -—122 —-122 -—-122 —12.2 —12.1 —12.1 -—12.1 —12.4
H(4) -70 -72 -76 -79 -82 -84 -85 —5.2
H(1) 202 231 260 284 304 317 321 —-1.1
H(2*) 1.5 1.3 0.8 03 —-01 -04 -07 —0.1
H(2) 1.5 1.3 0.8 03 —-01 -04 07 1.9
H(3*) -14 -14 -14 -13 -1.1 —-09 -—-07 —-0.1
H(@3) -14 -14 -14 -13 -11 —-09 -07 1.9

¢ See Scheme 7. » The scheme of the

Scheme 5.

calculation is given in the text. ¢ See
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When the conformational angle t in gauche-VCP"*
was varied, the best agreement between the AMNDO-
UHF-calculated and experimental at, constants (see
Table 4) (Ja(2 H(5))] = 13.0 Oe, |a(1 H(4))| =7.3 Oe,
la(1 H(1))] = 26.0 Oe, see Table 1) was achieved at
1 = 70° (recall that t = 56° for gauche-VCP'*). The
al, values for anti-VCP'* calculated by AMNDO-
UHF (see Table 4) are also close to the experimental
data: |a(2 H(5))| = 13.0 Oe, |a(1 H(4))| = 7.3 Oe, and
la(1 H(1))| = 2.7 Oe (see Table 1). Thus, the AMNDO-
UHF calculations of the a¥,, IHFC constants carried
out by us confirm the previous* assignment of the ESR
spectra of anti- and gauche-VCP % and are a testimony
to the above-stated views of the structural features of the
two isomeric forms of VCP"*.

It follows from the analysis of the ESR spectra that
the distributions of the unpaired electron and the
positive charge in the distonic RC, dis#(90.0)- and
dist(0.90)-CsHg'* (4 and 3, respectively), are nearly
identical. In both RC, the locations of the spin density
and the positive charge are almost entirely separated,
the unpaired electron and the positive charge are
predominantly located at the terminal groups, “C(a)H,
and TC(y)HR, respectively (Scheme 8). The single-oc-
cupied molecular orbital (SOMO) in RC 4 or 3 belongs
almost completely to the C(a)H; and C(B)H, methylene
fragments, while the lowest unoccupied molecular or-
bital (LUMO) belongs to the conjugated neighbors,
*C(P)H, and *C(y)HR.

Scheme 8

17: R=H, dist(90,0)-C4sHg" " (C;)
4: R=CHCH,, dist(90,0)-CsHg"* (Cy)

18: R=H, dist(0,90)-CgHg"* (Cq)
3: R=CHCH,, dist(0,90)-CgHg"* (C;)

Although the compositions of the SOMO and LUMO
in RC 4 and 3 are nearly identical, the "C(a)H, and
*C(y)HR terminal methylene groups have different
orientations with respect to the central fragment C(B)H,.
In fact, in RC 4, the p-AO of the C(a)H, group
occupied by the unpaired electron is arranged across (at
a right angle to) the C(a)—C(B)—C(y) plane, and in RC
3, it is arranged along this plane (see Scheme 8). Unlike
this AO, the electron-deficient p-AO of the positively
charged TC(y)HR group in RC 4 is directed along the
above-mentioned plane, and in RC 3 it lies across this
plane.

The distinctions in the conformations of RC 4 and 3
are manifested in the spectra as different splittings on
the B-protons: 30.4 and 14.7 Oe, respectively (see Ta-
ble 1). For the distonic RC derived from the unsub-
stituted cyclopropane detected in Freon-113 at 108 K
by ESR, the splittings on the p-protons are known® to be
30.2 Oe. Thus, in this case, the dis®(90.0)-C;Hg * con-
former (17) is realized (see Scheme 8).

It should be stressed that the magnetic-resonance
parameters for RC 17 and 4 virtually coincide, despite
the fact that the positively charged center in RC 4 is
additionally stabilized by the substituent R = CHCH,.
This means that the distribution of the spin populations
in RC 17 and 4 and also the structural features of their
trimethylene systems are similar. Therefore, for the sake
of simplicity we shall restrict our further consideration
to the distonic RC 17, since its trimethylene fragment
should possess the same geometric and electronic struc-
ture as that in RC 4.

No distonic RC of unsubstituted cyclopropane with a
different configuration of the atoms that is peculiar to
the dis#(90.0)-C;Hg * (18) conformer (see Scheme 8)
has been so far detected by ESR. However, there are
arguments that indicate that the trimethylene systems in
RC 18 and 3 as well as those in RC 17 and 4 are
isostructural and isoelectronic. Because of this, the corre-
sponding splittings on the B-protons in the ESR spectra
are practically identical. Thus, it is quite reasonable that
the B-protons in RC 18 be characterized by the splitting
of 14.7 Oe observed in the case of RC 3, since for a
similar pair of RC, 17 and 4, no redistribution of the
spin densities was detected by ESR as H in the positively
charged *C(y)H, group was replaced by CHCH,. Moreo-
ver, the distonic RC 7 and 8 (derived from tri- and
tetramethyl! substituted cyclopropane, respectively) with
the dis#(0.90)-conformation of the trimethylene frag-
ment exhibit only slightly smaller splitting on the
B-protons (11.7 Oe, see Table 1), which is accounted
for by partial electron transfer to the methyl substituents
at the radical center.

One should also bear in mind the conformational
similarity between the distonic 3, 4, 17, and 18 and
B-substituted derivatives of the ethyl radical,
‘C(a)H,C(B)H,Z (Z is Me, NH,, OH, F, SiH;, PH,,
SH, or Cl), with rather rigidly fixed configurations of
the atoms.”! In particular, when Z is Me, NH,, OH, or
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F structural similarity with the dis#(90.0)-C;Hg * 17
and dist(90.0)-CsHg " * 4 RC is observed, and when Z is
SiH;, PH,, SH, or Cl, there is similarity with dis#(0.90)-
C3Hg * 18 and dis#(0.90)-CsHg " * 3 RC. It is notewor-
thy that for a number of substituents Z containing
"heavy" atoms only from Period II or only from Period
I1I of the periodic table, the splittings on the B-protons
in "C(a)H,C(B)H,Z are rather close to each other and
lie in the 25.6—30.3 Oe or 13.5—17.1 Oe¢ interval,
respectively, (except for Z = Cl when oH®), =
10.2 Oe).™

In view of the low sensitivity of the spin distribution
to the nature of the pB-substituent Z in the above-
mentioned series of isoelectronic derivatives
"Cla)H,C(B)H,Z, it is unlikely that y-substitution, which
transforms RC 17 and 18 into RC 3 and 4, respectively,
by replacement of the H atom by the CH=CH, group,
would substantially affect the structural and radio-
spectroscopic parameters of the trimethylene fragment
in the "C(a)H,C(B)H,*C(y)HR distonic RC (see
Scheme 8). In this case, quantum-chemical analysis of
the ESR spectra of distonic RC 3 and 4 is considerably
simplified, since one may use only information on the
geometric and electronic structures of conformers 17
and 18.

While comparing the dis#(90.0) and dis«(0.90) con-
formers, one can easily see {(see Scheme 8) that RC 17
and 18 possess identical symmetry, Cs, while RC 4 and
3 have distinct symmetries, C; and Cg, respectively. At
the same time, all of these distonic structures, like the
preceding cyclic radical forms 1, 2 (CsHg %), and 15
(C;Hg %), are characterized by uniformly moderate
IHFC constants, |aH,; | <30 Oe (see Tables 1, 3). There-
fore, for the predetermination of the structural param-
eters for all seven of the RC listed in the context of
AMNDO, one should seemingly be guided by the same
rules (see above).

However, the uniform approach to the preliminary
selection of the geometry of the above-mentioned para-

magnetic particles is impossible, because of the fun-
damental distinction between the secondary RC, 3, 4,
17, 18, and the primary RC, 1, 2, 15. In fact, while
each of the primary cyclic RC correlates with the par-
ticular molecule from which it has been directly formed
by ionization, for any of the secondary distonic RC this
direct correlation is excluded, and, therefore, the struc-
tural data necessary for reliable AMNDO-UHF evalu-
ations of the magnetic-resonance parameters are almost
always missing. Therefore, the known geometry of the
starting CsHy molecule is quite plausible as the reliable
geometry of gauche- and anti-VCP' % (1 and 2), whereas
for distonic RC 17 and 18, an equivalent alternative
should be chosen by examining structurally similar frag-
ments in well-studied related systems.

The formation of distonic RC 17 and 18 may be
described rather conditionally but clearly by Scheme 9:
the cyclopropane ring of the C;Hg molecule is cleaved
initially to give a diradical, and then an electron is
removed from one of its terminal atoms (C(1) or C(3)).
The methylene groups in the diradical are oriented in
the same manner as those in RC 17 and 18. The
mutually orthogonal arrangement of the planes of the
C(1)—H, and C(3)—H, terminal fragments ensures the
practically complete spatial separation of the two SOMO.
During the one-shot ionization of the diradical, one of
the SOMO loses the unpaired electron and becomes the
lowest unoccupied molecular orbital (LUMO), while
the other orbital remains singly occupied.

Taking Scheme 9 into consideration, it is easy to
understand that the SOMO and LUMO in the distonic
RC 17 and 18 (like those in the propyl radical,
"CH,CH;,Me, and its cation, "CH,CH,Me"?) are al-
most entirely built of the corresponding 2p--AO of the
terminal methylene groups. On the other hand, Scheme 9
reflects the structural similarity of these RC not to the
original C3Hy molecule, but to its diradical form, the
geometry for which is by no means more easily deter-
mined than that for the starting RC. Furthermore, the

Scheme 9
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Table 5. The structural parameters of hydrocarbon molecules

Molecule C—C—C/deg C—C(C=C)*)/A H—C—H’/deg C—H(H’)/A Reference
- CyHy — 1.337(2) 117.2(1,2) 1.103(2) 74, 84
cyelo-C3Hg 60.6 1,5139(12) 114.5(9) 1.0991(20) 8
cyclo-CyHg 87.6 1.554(1) 106.4(13) 1.109(3) 81
cyelo-CgHyy  116.1(11) 1.545(3) 105.4 1.115(3) 83

* For C2H4.

same diradical precedes two dissimilar distonic RC (17
and 18), which indicates that the ionization of C;Hg
involves an essential structural transformation.

Analogous changes in the geometric and electronic
structures are also peculiar to other hydrocarbon systems
with degenerate or nearly degenerate HOMO. In these
cases ionization is accompanied by the removal of de-
generacy, owing to the Jahn—Teller effect. The struc-
tural parameters of the resulting RC often deviate sub-
stantially from those existing in the original molecules
(see 10, 14—16 in Table 2). In order to take these
deviations into account, it is most natural to turn to the
generalized recommendation that involves fragment-for-
fragment construction of hydrocarbon RC based on a set
of "standard" structural components and known depend-
ences between their geometric and electronic structures
in well-studied molecules and free radicais.

As was noted above, distonic RC 17 and 18 possess
formally dissimilar electronic configurations. This is
manifested in the fact that the SOMO in RC 17 and 18
are built entirely of the AO of one terminal methylene
group and the central methylene group, which are tradi-
tionally designated for the sake of convenience as
"C(a)H, and C(B)(2)H, (see Schemes 8 and 9). Only
the AO of the *C(y)H, and C(B)(2)H, fragments con-
tribute to the LUMO.

The fact that the electronic structures of the
dist(90.0)- and dist(0.90)-C3Hg" * RC are different, while
their topology is identical undoubtedly results from the
noncoincidence of their geometric parameters. This ap-
plies most of all to the C(1)—C(2)—C(3) angle and the
lengths of the C(1)—C(2) and C(2)—C(3) bonds (see
Schemes 8 and 9). In fact, each of the terminal methyl-
ene groups (C(1)H, and C(3)H,) contains an appro-
ximately (sp)2-hybridized atom with such specific
C(sp)>—H bond lengths (~1.1 A) and bond angles
(115—117°) inherent in it, that their magnitudes are
practically identical even in compounds that seemingly
have little in common, such as ethylene and cyclopro-
pane (Table 5). It is quite reasonable that the structural
parameters of the C(1)H, and C(3)H, terminal frag-
ments in distonic RC 17 and 18 (see Scheme §) are also
rather similar to those presented in Table 5 for C;Hy
and cyclo-C3Hg.

However, the central methylene group in
C(1)—C(2)H,—C(3) needs special consideration. It must
be taken into account that its local symmetry (C,,) is
much higher than the Cg-symmetry typical of RC 17 and

18. This fact allows one to use the systematized’3—77
experimental data on the C—C—C and H—C—H bond
angles and the C—C and C—H bond lengths that relate
to C—CH,—C fragments having C,, local symmetry in
structurally similar neutral compounds. Although the
geometric parameters of this fragment vary over wide
limits (for example, 60—125° for C—C—C and
105—115° for H—C—H"3:74), the variations observed are
self-consistent: each of the C—C—C bond angles is
matched by one set of the other three values (H—C—H,
C—C, C—-H).3-77

It is of interest that for cyclic hydrocarbons, all of
the experimental values for the C—C—C angles in the
C—CH,—C fragment (C,,) are clustered around 60°, or
90°, or 113°.73.74 On the other hand, the bond angles in
the primary RC of cyclopropane (24,) and two elec-
tronic states, 2B, and 2B, of propane with the same
Cy,~symmetry are close to 80°, 92°, and 124°, respec-
tively, as shown by reliable nonempirical calculations.31:57
With this in mind and taking into account similar corre-
lations of other geometric parameters, it is reasonable to
assume that the structural regularities describing the
C—CH,—C fragment of the C,, symmetry experimen-
tally determined?3—77 for molecules, are also valid for
similar hydrocarbon RC. Therefore, all of the geometric
parameters of the central methylene group, C(2)H,, in
distonic RC 17 and 18 can be readily evaluated from the
values for the C(1)—C(2)—C(3) angles in structurally
related neutral compounds.

In the series of cycloalkanes C,H,,, n = 3 to 10,
built of C—CH,—C fragments with C,, symmetry, the
C—C—C angle increases from 60 to 116.1° as # in-
creases from 3 to 10.73—75 According to the data of
photoelectron spectroscopy,’®—3® on going from n = 4
(C(DH—C2)—CB) = 87.6)% to n = 5 (C(1)—C(2)—
C(3) = 104.4),82 the arrangement of the two pairs of
(quasi) degenerate HOMO changes. Therein lies the
relationship between the character of the HOMO and
the type of the above-discussed angle.

A similar angular dependence should be expected in
the case of the SOMO of primary hydrocarbon RC
containing the C(1)—C(2)H,—C(3) structural fragment
with C,, symmetry. In fact, ab initio calculations!
showed that the SOMO in the propane RC (C,,) in the
2B, electronic state is localized (like the HOMO in
cyclobutane, where C(1)—C(2)—C(3) = 87.6°)78—81 4t
the C—C chemical bonds, which correlates with a
C—C—C angle of 92.1°. However, after transition of
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this RC to the electronic state 2B, its HOMO is formed
(like that in cyclopentane, C—C—C = 104.4°)78,80-82
by C—H chemical bonds, and, consequently, the
C—C—C bond angle increases from 92.1° to 124°.31

As was stressed above, it is useful to conditionally
consider the diradical form (Scheme 9) where the 2p-AO
of the C(3) and C(1) atoms, bearing the unpaired elec-
trons, are conjugated with the C(1)—C(2) and C(2)—H
chemical bonds, respectively, to be the structural pre-
cursor of the distonic hydrocarbon RC 17 and 18.
Considering this and also the above-noted similarity
between the electronic structures of cyclobutane and the
propane RC in the 2B, state, one should expect that the
distonic RC 17 resulting from the removal of an electron
from the orbital that is entirely localized at the C—C
bonds will have a C—C—C bond angle close to 90°.
Then all of the other geometric parameters of the C(2)H,
central group in RC 17 can be evaluated by using the
electron-diffraction data on gaseous cyclobutane (see
Table 5).

For distonic RC 18, in turn, the correlation with
cyclodecane (n = 10), in which the C—C—C bond
angle is 116.1° (see Table 5), is plausible.83 This is due
to the fact that for the last three representatives of the
series of cycloalkanes C,H,,, n = 3 to 10, this angle is
practically invariable and is equal to 116.1°,73=75 je
this magnitude is typical of an unstrained C—CH,—C
fragment with C,, symmetry. In conformity with the
foregoing, the electronic structure of this fragment may
be considered to be virtually identical for cycloalkanes
with n > 5 and for RC 18 resulting from the removal of
an electron from the orbital conjugated with the
C—H(B) bonds.

Table 5 summarizes the structural data obtained by
gas electron diffraction’4-81:83-85 for the four molecules
chosen by us to evaluate the geometry of the low-
symmetry (Cg) distonic RC 17 and 18 (Table 6). The
lengths of the C(1)—H, C(1)-H’", C(3)—H, and
C(3)—H"’ bonds and bond angles between them evalu-
ated for RC 17 and 18 (see Table 6) are the averaged
corresponding characteristics of ethylene and cyclopro-
pane (see Table 5). Assuming the C—H and C—H’
bond lengths to be exactly identical, it is easy to deter-
mine that H—C(1)—C(2) = H'—C(1)—C(2) = 122°
(see Table 6).

In conformity with the foregoing, the C(1)—C(2)—
C(3) bond angle in RC 17 was taken to be 90°, and all of
the geometric parameters of the C(2)H, central group
were taken to be identical to those in cyclobutane (see
Tables 5 and 6). The interatomic distances characteriz-
ing C(1)—C(2) and C(2)—C(3) in RC 17 were obtained
as the average between the C=C bond length in ethylene
and the C—C bond length in cyclobutane. The geomet-
ric parameters of distonic RC 18 (see Table 6) were
evaluated in a similar way; however, structural data for
cyclodecane, rather than for cyclobutane, were used (see
Table 5).

Table 6. The geometry? of low-symmetry (C;) and distonic
C;Hg t RC

Geometric dist(90.0)-C3Hg" disf{0.90)-C;Hg "+
parameter? an (18)

ab initic¢ evalua-  ab initio® evalua-

tion? tion?

C(1)—CQ)—C(3) 92.7 90.0 118.0 116.1
C(H—C®2) 1.571 1.446 1.445 1.440
C(2)—C(3) 1.423 1.446 1.496 1.440
H—-C(1)-—H" 120.0 116.0 120.0 116.0
H—C(1)—C(2) 113.5 122.0 120.0 122.0
C(1)—HMH") 1.075 1.101 1.079 1.101
H—-C(2)—-H" 109.4 106.4 103.0 105.4
C(2)—HH") 1.081 1.109 1.102 1.115
H—C(3)—H" 120.0 116.0 120.0 116.0
C(3)—H(H") 1.078 1.101 1.072 1.101

¢ Specification of the atoms is given in Scheme 8. ¢ Bond
angles are given in degrees, the lengths of chemical bonds are
in A. ¢ UHF/6-31 G*.19 4 Sce the text.

In addition to the estimated values, Table 6 presents
the values obtained by ab initio calculations in the
6-31 G* extended basis in the context of the UHF
approximation.!® As can be seen from Table 6 and
Scheme 8, the greatest disagreement is observed for the
C(0)—C(p) distance, which is equal to 0.125 A for RC
17 and 0.056 A for RC 18. Non-coincidences of C—H
bond lengths (0.02—0.03 A) can also be noted. How-
ever, all of the bond angles evaluated by us and calcu-
lated ab initio, 1% except for H—C(1)—C(2) in RC 17,
are in a good agreement with each other.

The experimental and AMNDO-UHF-calculated
constants of IHFC with the 'H and !3C nuclei in RC 17
and 18 are given in Table 7. The quantum-chemical
calculations for these two distonic forms of CiHg *
were carried out using the RC geometry either predicted
ab initiol® or evaluated by us {see Table 6). Along with
the parameters of the ESR spectra of C;H¢ * 17, the
data for both the CsHg" ™ RC 3 and 4 and the *CH,Me
radical 13 are given in Table 7.

Table 7 indicates that invoking the evaluated geome-
try (see Table 6) for RC 17 and 18 ensures good agree-
ment between the experimental and AMNDO-UHF-
calculated a%, constants (Z = 'H and !3C). The
apparently excessive difference between the calculated
and experimental result in the case of the C(B)(2)
nucleus is explained by the fact that in the ethyl
radical "C(a)H,C(B)H; and in RC 17, 18
(" C(a)H,C(BYH,"C(y)H>), the structural-chemical envi-
ronments of the C(B) atom are considerably different.
When the geometry of RC 17 and 18 predicted ab
initiol® was used, all of the aZ,, THFC constants calcu-
lated in the framework of AMNDO-UHF were equally
satisfactory, except one (at(®), ), which was lower in
magnitude than the experimental value by a factor of
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Table 7. The AMNDO-UHF calculated IHFC constants (Oe) with 'H and 13C nuclei in C;H¢g"*

(CsHg " *) distonic RC

Nucleus? dist(90.0)-CyHg"  (17) disf(0.90)-C3Hg "+ (18)
experiment geometry experiment geometry
ab initio evaluation ab initio evaluation

H(1), HQ"Y —22.72(=22.7)¢ -219 -22.1 — ~0.7 —0.8
H(@®2), H2')}B) 30.2 (30.4) 154 30.0 — (1474 10.0 13.2
H(3), H(3") - 0.6 0.1 — (—21.6) =222 —-22.9
C(1) — (39.1)¢ 38.1 37.0 — 5.5 7.9
C2)(p) — (—13.6) —4.1 -5.0 — (—13.6)¢ —5.5 —-57
C(3) — —-0.2 0.3 — (39.1) 36.4 36.1

@ See Scheme 8 and Table 6. ¥ 108 K, Freon-113, 1.0 mol. % of cyclopropane.36 ¢ 4, 113 K,
Freon-113, 1.0 mol. % VCP.4 9 3, 110 K, Freon-113, 0.01 mol. % VCP (this work). ¢ for 13C

in "CH,CH; (13), see Table 3.

almost two in the case of RC 17 and lower by one-third
in the case of RC 18.

These great deviations of the theoretical values of
al®,  from the experimental values are undoubtedly
caused by large errors in the ab initio calculations!®
performed for distonic RC 17 and 18. This is indicated,
in particular, by the correlation of the degree of the
observed (see Table 7, Scheme 8) deviation (~15 and 5
Oe) of the isotropic constant with the non-coincidence
(0.125 and 0.056 A) between the empirically evaluated
and ab initio!® calculated lengths of the C(a)—C(p)
bond corresponding to it. The inadequacy of the
geometric parameters of RC 17 and 18 determined
by the nonempirical UHF/6-31 G** method is most of
all due to the known tendency of the UHF approxima-
tion to overestimate the stability of structures with un-
justified low symmetryl® and unusually extended C—C
bonds.8:30,33,87

Thus, the results of the quantum-chemical analysis
carried out (see Tables 5—7) indicate that the C(1)—
C(2) and C(2)—C(3) bond lengths in type 17 and 18
distonic RC (see Schemes 8 and 9) differ slightly and are
rather close to the values empirically evaluated by us
(see Table 6) assuming a higher (C,, instead of C) local
symmetry of the C(B)(2)H, central group, and their
equality. In spite of the obvious similarity of the spatial
atomic configurations, the isoelectronic conformers 17
and 18 have rather dissimilar C(1)—C(2)—C(3) bond
angles (90° and 116°, respectively). It is this angle that
determines the specific electronic structure and reactiv-
ity of the distonic RC.

The stereoelectronic control
of the thermal transformations of VCP**

We studied the formation and subsequent thermal
transformations of VCP "% in X-irradiated frozen Freon
matrices by ESR under conditions that correspond to
the occurrence of radical reactions in both solid (Ref. 4)
and gaseous (this work) VCP. It was found that, depend-

ing on the physical state, either anti~-VCP " (in the solid
VCP) or gauche-VCP** (in gaseous VCP) is produced.
The direction of the subsequent selective cleavage of the
cyclopropane ring (reactions (2*) and (6*)) resulting in
the formation of one of the distonic RC (dis#(90.0)- or
dist(0.90)-CsHg " *) is determined, in turn, by the con-
formation of VCP'*. Specific electronic and geometric
factors play a major role in these radical processes,
which can be seen with the aid of quantum-chemical
analysis that takes into account radiospectroscopic data.

Primary VCP'*. The chemical properties of a pri-
mary RC are determined to a large extent by its SOMO,
which is mostly formed from the HOMO of the original
molecule after removal of an electron from it. It is
convenient to treat VCP as an organic compound of the
type R—R’ built of cyclopropyl (R = cyclo-C;Hs) and
vinyl (R* = CHCH,) moieties. The correlation diagram
of the interaction between the HOMO of these moieties
is shown in Fig. 4. Since these HOMO have similar
orbital energies, they interact rather strongly, which is
manifested as a considerable decrease in the first ioniza-
tion potential in the formation of the collective system
(9.2 eV22 for VCP compared to 10.6 eVZZ and 10.5 eV78
for cyclopropane and ethylene, respectively). The
(ex4—n) HOMO of VCP is characterized by n-type sym-
metry and is built predominantly of two p-AO of the
vinyl group C atoms and one AO of the adjacent
cyclopropyl C atom.

As can be seen from Fig. 4, the interaction of the
VCP moieties removes the double degeneracy of the
HOMO of the cyclopropane ring and is accompanied by
its structural distortion. Using gas electron diffraction?
in combination with the X-ray diffraction data and ab
initio calculations, it has been found that in VCP, the
cyclopropyl C—C bonds adjacent to the vinyl substituent
are 0.015 A longer and the C—C bond opposite the
vinyl substituent is 0.010 A shorter than the correspond-
ing bonds in cyclopropane (D3, R(C—C) = 1.510 A).%8
The anti-conformation of VCP, in which the plane of
the vinyl fragment bisects the cyclopropane ring, is the
most energetically favorable. At this orientation, the
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Fig. 4. The correlation diagram of the interaction between the MO of the VCP moieties and their structural distortions. The energies
of MO have been evaluated (using Coupmans theorem) from the photoelectron spectra.22:78 The large arrow denotes the direction
of the partial electron transfer between the VCP mooieties, and the paired arrows show the type of variation of the length (strength)

of the C—C bond.89

n-MO of the vinyl group interacts with the anti-
symmetrical 3¢’ ,-MO of the cyclopropane ring, and its
structural distortion (see Fig. 4) indicates that this group
has a m-acceptor character®? and, therefore, its p-AO
predominates in the (e ,—n) HOMO of VCP.

According to ESR and AMNDO-UHF data, the spin
density in primary VCP'*t is almost completely lo-
calized at the vinyl substituent, which corresponds to
ionization of the (¢,—n) HOMO of VCP. The com-
parative calculations of the geometric parameters of
VCP and its RC in anti-conformations carried out by us
(Fig. 5) make it possible to judge the structural distor-
tions that accompany the single adiabatic ionization of
the molecule more definitely. The 24" state of
anti-VCP " * detected by ESR is its ground state wherein
the vinyl group is an even stronger m-acceptor, since it
has a positive charge. The C(1)—C(3) and C(2)—C(3)
bonds adjacent to it are lengthened by 0.065 A
(1.602—1.518), and the opposite C(2)—C(3) bond
is shortened by 0.136 A (1.382—1.518), while the
C(1)H—-C(4)H=C(5)H, moiety becomes geometrically
similar to an allylic system.

According to calculations, the 24" state of anti-
VCP* is 23.8 kcal mol™! (1.03 eV) more stable than
the alternative 24" state, which corresponds to the ioni-
zation of the occupied MO localized at the cyclopropane
ring. Particular attention is attracted by the fact that the
corresponding structural parameters of the excited anti-
VCP 't (24°) are identical to those of the unsubstituted
cyclopropane RC28:89 for which 24" is the ground state.
The attempts to detect the excited anti-VCP'*+ (24")
were unsuccessful, which is in good agreement with the
great difference between the energies of the 24” and 24"
states evaluated by MNDO (see Fig. 5).

The isomeric gauche-VCP'* has a lower symmetry
(Cp) than anti-VCP'* (C). Thus, the cyclopropyl
C—C bonds adjacent to the ionized vinyl substituent are
nonequivalent, and, hence, the probabilities of their
cleavage are different, due to their different strengths
(lengths). The dihedral angles that characterize the ar-
rangement of the C(1)—C(2) and C(1)—C(3) bonds
with respect to the pp-AO axis of the vinyl group in
gauche-VCP'* are 0° and 50—60°, respectively (cf.
Fig. 5, Schemes 7 and 9, and Table 4). The C(1)—C(3)
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256.3

(Rmean(C—H) = 1.097(1)) C,

Fig. 5. The MNDO-UHF calculated structures and heats of
formation of anti-VCP and two states (34" and 24") of
anti-VCP ' * corresponding to the similar symmetry of the two
highest occupied MO of anti-VCP. The C—C and C—H (A)
bond lengths from the gas electron diffraction data® are given
in parentheses.

bond in this conformer participates much more effi-
ciently in the direct delocalization of the spin density
and the positive charge than the C(1)—C(2) bond, since
it is more strongly conjugated with the n-system of the
electron-deficient vinyl substituent. The same conclu-
sion may in essence be drawn from the results of
radiospectroscopic studies of the chemically induced
dynamic nuclear polarization in the gauche-VCP ' * moi-
ety incorporated in a series of bicyclic compounds.®®

Judging from the character of both the HOMO in
VCP and the SOMO in VCP'* (234"), it would be
expected that the partial electron transfer from the
cyclopropane ring to the vinyl group would result in the
selective weakening (lengthening) of the C(1)—C(3)
bond in gauche-VCP'*. In fact, ab initio (STO-3G)
calculations®! indicate that the C(1)—C(3) bond in
gauche-VCP'* is somewhat longer (~1.57 A) than the
C(1)—C(2) bond (~1.54 A).

Considering the foregoing, it seems quite reasonable
that it is cleavage of the C(1)—C(3) bond of the cyclo-
propane ring in gauche-VCP % that we detected by ESR
(see Scheme 9). The unpaired electron in the resulting

distonic forms of CsHg * is distributed in a manner
quite different from that in primary VCP'* In addition,
according to the form of the LUMO, the positive charge
in distonic RC 3 and 4 is mostly about evenly distributed
between the C(1) and C(5) atoms, rather than almost

- uniformly and entirely between the C(4) and C(5) atoms,

as in the primary RC 1 and 2, i.e., the electron density
has been displaced from C(1) to C(4).

Dist(0.90)- and dist(90.0)-Cs;Hy"*

Distonic RC 3 and 4 (dis#(0.90)- and dist«(90.0)-
CsHg" T, respectively) as a whole, like their cyclic pre-
cursors 1 and 2, possess low symmetries (C; and Cg). In
this case the energetic optimization of the structural
parameters by the MNDO-UHF method may result in
great errors.2®8 Therefore, attempts to carry out the
MNDO-UHF quantitative analysis of radical transfor-
mations occurring in the case of CsHg" ™ via only low-
symmetry ground and transition states can hardly be
justified. Nevertheless, a qualitative comparison of the
geometry of primary and distonic VCP'*, evaluated
empirically using ESR spectra and certain structural
data for related molecules, allows one to identify the
relationship between the type of conformation of cyclic
VCP'* and the selective route of the cleavage of the
cyclopropane ring to give a particular RC CsHg™ T (reac-
tions (2), (27), (6), and (6") in Schemes 2, 5, and 10).

Scheme 10

The primary gauche- and anti-VCP'* belong to the
class of energetically easily interconverting conformers,
while the corresponding distonic RC 3 and 4 probably
fall in the category of rather stable structural isomers
with substantially different spatial and electronic struc-
tures. These distonic RC form (Scheme 10) and decay
in independent processes in different physical states of
the material, without direct interconversion by internal
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rotation. However, despite the structural distinctions in
the starting reactants and final products, the two con-
trasting thermal rearrangements of RC 1 and 2 exhibit
the same specific character.

As can be seen from Scheme 10, the cleavage of the
cyclopropane ring in both RC occurs, conventionally
speaking, via a "single" rotation, i.e., one of the terminal
groups (either *CH, or CHCHCH,") retains its spatial
arrangement, while the other group rotates through 90°.
Consequently, an allylic cationic system is formed in the
distonic CsHg " structure from the vinyl carbon atoms
and the next cyclopropyl carbon atom of the primary
VCP'*, and the original mutual arrangement of the
p-AQ of these atoms is retained. In the thermal rear-
rangement of gauche-VCP'* (reaction (2°)), the vinyl
substituent fixes the neighboring p-AO that is across the
cyclopropane ring, and in the rearrangement of
anti-VCP'* (reaction (6°)), the orbital along the
cyclopropane ring is fixed, which is reflected by the
designations dist(0.90) and dis#(90.0), respectively.

All five of the C atoms in the dis®(0.90)-CsHg'* RC
3 are located in the same plane (see Scheme 10). The
geometric parameters that change most significantly on
going from gauche-VCP'* to dis®(0.90)-CsHg ™ are the
length of the C(1)—C(3) bond being cleaved, the
C(1)—C(2)—C(3) bond angle (from 60° to 116°), and
also the dihedral angle 1 {see Scheme [0), which is a
measure of the difference in the spatial orientation of
p.-AO of the C(1), C(4), and C(5) atoms (for gauche-
VCP'*, © = 70°). On the other hand, in the
dist(90.0)-CsHg "t RC 4, only four C atoms lie in the
same plane, while the fifth atom, corresponding to the
terminal fragment, ' CH,, is located on the axis perpen-
dicular to this plane. The thermal transformation of
anti-VCP % into dist(90.0)-CsHg t is, most of all, the
rotation of this fragment through 90° and the increase in
the C(1)—C(2)—C(3) valence angle from 60° to 90°.

It is most likely that during the opening of the
cyclopropane ring both terminal groups of the primary
VCP'* undergo concerted structural rearrangements.
However, their combination is equivalent to the single-
rotation mechanism of the formation of the distonic
form of RC. One characteristic feature is that, unlike
neutral molecules containing cyclopropane rings, the
isostructural RC do not possess any elements of sym-
metry that are retained during the single-rotation reair-
rangement. In these cases, the generally applied quan-
tum-chemical methods do not allow one to obtain reli-
able information on the mechanism of the RC rear-
rangements. Unfortunately, not very reliable quantum-
chemical calculations of the pathways of the transfor-
mations of small radical systems (including the rear-
rangement of the cyclopropane RC to the propylene
RC) have become rather widespread at pre-
sent,10.32,35,36,39—48,92 i, gpite of the apparent disagree-
ment with experimental data 8:30.33,49

Taking into account the complexity of the problem
and the insufficient capabilities of present-day quan-

tum-chemical computer programs, it should not be ex-
pected that the attempts being presently undertaken to
consider quantitatively the transition states in the struc-
tural rearrangements of low-symmetry RC will be suc-
cessful. In this situation, the simple correlations and
analogies that are extensively and efficiently used in the
framework of the method of reactivity indices, which
has shown itself to advantage, are of particular ur-
gency.93 First of all, it is necessary to search for the
energetic and structural correlation between the ground
states of neutral molecules and their RC guided by the
principle of the subdivision of similar fragments into
alternative sets depending on the degree of retention or
change in their initial geometry.

In the context of this approach, the thermal rear-
rangement of VCP into cyclopentene occurring via a
transition state having no elements of symmetry has
been successfully described.?¥ Using the terms suggested
by us, this transition state has a structure of
dist(90.60)-CsHg, since the migrating methylene group
and the resulting allyl group rotate through 90° and 60°,
respectively, relative to their original positions. The
active bonding interaction that arises between these
groups favors the isomerization of VCP into cyclopentene.
The concept of the "single-rotation" mechanism of the
cleavage of the cyclopropane ring in neutral molecules
has been used recently for explaining characteristic fea-
tures of cis-frans rearrangements.%3,96

However, the primary RC formed initially in the
ionization of VCP rearrange into relatively stable dis-
tonic forms in which the positive charge and the un-
paired electron are completely separated due to the 90°
rotation of only one of the terminal groups in VCP" *.
Therefore, it cannot be ruled out that the fact that the
ionized VCP, i.e., VCP™ 13 unlike the VCP itself,?7:98
does not isomerize into the cyclopentene structure in
gas? or in the condensed phase®!%0 is caused by the

- "single-rotation” character of this rearrangement. Non-

empirical quantitative calculations of the potential en-
ergy surfaces corresponding to all of the possible trans-
formations of primary cyclic conformers 1 and 2, the
corresponding distonic isomers 3 and 4, and also their
low-symmetry cyclopentene and diene analogs would
make it possible to judge this more definitely and with
confidence. However, these non-empirical quantum-
chemical calculations are now virtually impracticable,
and it is unreasonable to hope that they will be carried
out in the immediate future.

In view of the foregoing, it appears that the profiles
of the potential energy surfaces of CgHy' 7, including
the RC of vinylcyelobutane and cyclohexene, along with
the distonic forms, like RC 3 and 4, which have been
recentlyl® calculated ab initio, deserve a separate thor-
ough examination. Unfortunately, structural rearrange-
ments of the vinylcyclobutane RC have not yet been
studied by ESR, and the theoretical evaluations of the
a%, ITHFC constants (see Ref. 101), which would facili-
tate the quantum-chemical analysis, have not been car-
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Scheme 11
CH,
/\ — s T
H,C———
60° ~90° ~116° ~124—131° 124°
17 18 19

ried out. Therefore, it is difficult to judge the adequacy
of the ab initio calculated geometric parameters of the
four RC listed and the structural-chemical conclusions
based on these results. Nevertheless, the qualitative
reasoning previously proposedi®! for C¢H,,"* is in agree-
ment with the data presented by us for CsHg "+ concern-
ing the stereoelectronic structure of the intermediate
distonic forms, which does not allow their subsequent
transformation into cycloalkene RC.

On the other hand, the potential energy surface of
C;Hg" *,10,35,36,45,58,92,102—104 which rejects the exist-
ence of distonic structures and was most thoroughly
constructed by ab initio methods, is at variance with
various experimental data.®14-78 However, in our opin-
jon, these contradictions are eliminated rather easily, if
one takes into account the above-analyzed analogy of
C;H¢'* and CsHy'* and considers the scheme of the
gas-phase rearrangement of the cyclopropane RC (15)
into the propylene RC (19) in which the C(1)—C(2)—
C(3) bond angle acts as a reaction coordinate
(Scheme (11)).

According to Scheme 11, ionization of the cyclopro-
pane molecule results in an increase in the C(1)—C(2)—
C(3) bond angle from 60° to 80° and then to 90°, and
the cyclic C3Hg * form is simultaneously transformed
into the distonic form (RC 17) by a "single rotation”. As
this angle increases further from 90° to 116°, RC 17 is
converted into RC 18, which has a qualitatively differ-
ent electronic structure. At the next stage, the angle
increases from 116° to 124—131°, which causes the
1,2-migration of a hydrogen atom to give propylene RC
19 with a twisted structure, and the greatest bond angle
of 131° is matched by an angle of twist ¢ of 45°.105

In terms of this scheme, in agreement with experi-
mental data 833,105,106 jt is twisted, rather than pla-
nar, 1945 RC 19 that is formed, and prior to it, the
1,2-distonic RC 19, for which ¢ = 90° and the
C(1)—C(2)—C(3) bond angle is probably close to 120°,
could have been produced during the 1,2-migration of
the H atom. Tt cannot be ruled out that the ¢ angle in
RC 19 depends substantially on the above-mentioned
bond angle, since its magnitudes of 131° and 124°
(calculated by various methods) are matched by ¢ = 45°
and ¢ = 0 to 17° (see Refs. 10, 45, and 105). Notice
that 1,2-distonic RC resulting from indirect ionization
of trimethylsilylethylene!%? and octamethyl substituted
bicyclopentylidene!98:19% have already been detected in

frozen Freon matrices by ESR. The addition of an
electron to RC 19 completes the rearrangement of cyclo-
propane into propylene with angles ¢ = 0° and
C(H—C(2)—C(3) = 124° 110

Conclusions

The recently developed technique of ESR spectros-
copy in frozen Freon matrices allows an adequate simu-
lation of the elementary steps of gas-phase thermal
transformations of highly reactive hydrocarbon radical
cations. For this purpose, rather dilute solutions of
hydrocarbons in Freons in a limited temperature range
(0.1—1.0 mol. % and 77—150 K for polycrystalline
CFCl;; 0.01—0.1 mol. % and 77—110 K for amor-
phous CFCL,CF,Cl) are used, and the specimens are
frozen at 77 K and irradiated with X-rays in a dose of
~0.5 Mrad. The conditions of the experiment are practi-
cally identical for the majority of matrices used, since
the properties of frozen Freons are rather close to those
of either CFCl; or CFCI,CF,Cl. The observance of the
above-specified conditions, first, prevents the RC formed
from contacting the unchanged molecules of the original
hydrocarbon owing to their low concentration in the
rigid matrix and, second, minimizes the effect of the
matrix environment on the geometric and electronic
structures of RC.

When the concentration of a hydrocarbon is high
(0.1—100 mol. %), the reactions of RC in the solid
phase are simulated at the same temperatures, since
more and more RC contain nonionized molecules in
their environment. Nevertheless, on going from the
"gas-phase” to "solid" conditions (from 0.01 to
1.0 mol. %) in amorphous CFC],CF,Cl, the absolute
(total) number of structurally isolated regions corre-
sponding to the gas-phase stabilized RC is retained, in
spite of the obvious changes in the matrix environment.
However, the relative proportion of these regions ulti-
mately becomes 100-fold lower than that of the "solid”
regions.

Well-resolved ESR spectra of RC when the hydro-
carbon concentration in the CFCI,CF,Cl matrix is
0.01 mol. % are only recorded in a rather narrow tem-
perature range, 100—110 K. Below 100 K and above
110 K, the ESR signals of the matrix radicals predomi-
nate. In addition, rather stringent requirements are im-
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posed upon the dose of irradiation. In more concen-
trated (1.0 mol. %) solutions, the dependence of the
ESR spectra on the irradiation dose is less pronounced,
and above 110 K ion-molecular reactions typical of the
condensed phase occur. RC existing under the "gas-
phase” conditions exhibit narrower ESR lines (AH = 3
to 6 Oe) than those in a solid (AH = 6 to 10 Oe).

The amount of structural information in the ESR
spectra increases dramatically when an adequate quan-
tum-chemical method is used for the interpretation.
However, the most common standard semiempirical
versions of NDO-UHF (INDO, MNDO, AMI, and
others) are in many cases unsuitable for obtaining reli-
able structural data from the ESR spectra of hydrocar-
bon RC. The most appropriate method for this purpose
is the adapted version of MNDO (AMNDO-UHF),
which is characterized, first, by the presence of two
theoretically justified coefficients of proportionality,
K(H(a)) = 415 Oe and K(H(B)) = 850 Oe, between
the spin densities pH(® < 0 and pH®) > 0, respec-
tively, and the af,,, = K(H)pH constants of IHFC with
protons (for carbon nuclei, K(C) = 650 Oe) and, sec-
ond, by the preliminary fragment-for-fragment con-
struction of the geometry of the hydrocarbon RC. This
can be done using the unified dependences between the
geometric and electronic structures of the same frag-
ments incorporated in well-known molecules and free
radicals.

The results of quantum-chemical analysis in combi-
nation with ESR data indicate that VCP and its radical-
cation form, VCP T, are rather convenient objects that
allow detailed investigation of the peculiarities of the
aggregate state of a substance. VCP possesses lower
structural rigidity than the hydrocarbon compounds that
have been previously studied in this respect. In particu-
lar, internal rotation about the C—C bond between the
cyclopropyl and vinyl molecular moieties occurs without
substantial obstacles. Owing to this, the gauche-VCP/anti-
VCP ratio is sensitive to phase transformations of the
material, though in the molecule anti-conformation pre-
dominates in all cases. The ratio between the primary
radical-cation forms, VCP'*, resulting from ionization
is much more sensitive to the aggregate state of the
medium: gauche-VCP % is more stable in the gas phase,
and anti-VCP" % is more stable in the condensed phase.

The positive charge in the primary VCP'* con-
formers formed by irradiation is mostly concentrated at
the vinyl group, and the neighboring C—C bonds of the
cyclopropane ring are substantially lengthened (i.e., weak-
ened), while the opposite C—C bond is shortened (i.e.,
strengthened). Due to the cleavage of one of the weak-
ened C—C bonds, which is accompanied by displacement
of an electron to the n-accepting vinyl substituent, anti-
VCP'* is converted into the thermodynamically less
favorable distonic RC, dis#(90.0)-CsHg ¥, in the con-
densed phase, and gauche-VCP " is converted into the
more favorable dis#(0.90)-CsHg '+ in the gas phase. The
C(a)—C(B)—C(y) bond angles in these distonic RC are

~90° and ~116°, respectively (rather than ~60° as in the
original cyclopropane ring). It is mostly this angle that
determines the specific features of the electronic struc-
ture and reactivity of the distonic RC.

In particular, the mechanism of the gas-phase rear-
rangement of the cyclopropane RC to the propylene RC
assuming the intermediate participation of the corre-
sponding distonic radical cations, may be related to the
increase in this angle from 60° to ~120° (see Scheme 11).
At the same time, it should be noted that, because of the
specific character of the analogous monomolecular rear-
rangement of primary VCP"* into the distonic struc-
tures combined with the rather high stability of the
latter, VCP"* does not undergo thermal isomerization
into the cyclopentene form, though VCP itself readily
undergoes this transformation both in the gas and con-
densed phases.

The direction of thermal transformations of hydro-
carbon RC in frozen Freon matrices depends on the
state of the medium. For example, under the conditions
that simulate a rarefied gas, anti-VCP'*t undergoes
monomolecular isomerization into the more stable con-
former, gauche-VCP'*, which is then converted into
the dis#(0.90)-CsHg " T distonic RC. At a somewhat higher
concentration of VCP, the "o-dimeric" distonic RC,
"CH,CH,CHCH(CH,);CHCHCH, " *, is produced due
to the addition of dis?(0.90)-CsHg " * at the double bond
of an anti-VCP molecule. In this case, anti-VCP'*
reacts with anti-VCP to give the dis®(90.0)-CsHg "t dis-
tonic structure, which is formed in the same way it is
formed in the condensed phase.

This work was carried out with the financial support
of the Russian Foundation for Basic Research (Project
No. 93-03-04075).
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