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Influence of o-benzoquinone nature on initiation of radical polymerization
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o-Benzoquinones initiate radical polymerization of methacrylates under visible light
irradiation in the presence of tertiary amines. Spectral sensitivity of the initiating system
coincides with absorption bands of o-benzoquinone attributed to the S(m—n*) (Apay = 400 nm)
and S(n—n*) (Anax = 600 nm) transitions. The amine radicals (Am") initiating polymeriza-
tion are generated by the photoreduction of Q in the presence of AmH from the triplet
radical pair 3(QH ", Am"). The yield of Am" depends on the difference between the volumes
of substituents in the 3 and 6 positions of the quinoid ring and is maximal for symmetrically
substituted o-benzoquinones. For a series of derivatives of symmetrical 3,6-di-fert-butyl-o-
benzoquinone, the rate of photopolymerization of o,w-bis(methacryloyloxyethylene-
oxycarbonyloxy)ethyleneoxyethylene (OCM-2) in the presence of N,N-dimethylaniline is
determined by the free energy (AG,) of electron transfer from the amine to photoexcited
o-benzoquinone. The AG, value includes the energies of oxidation of the amines and
reduction of the o-quinones and the energy of the 0—0 transition of the triplet excited state
of o-benzoquinones, which are equal to their redox potentials. The photopolymerization rate
is maximal for AG, = 0.
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electron transfer.

Arylketones and quinones with the lowest excited
state T(n—mn*) are highly reactive in the elimination of
the hydrogen atom from H-donating compounds.! The
radical formed by dehydrogenation adds to unsaturated
compounds and can initiate their radical polymeriza-
tion. These reactions provide the basis for the photo-
initiation of polymerization by benzophenone and its
derivatives, p- and o-quinones with the fused aro-
matic system (viz., naphthoquinones, anthraquinones,
9,10-phenanthrenequinone), and camphorquinone.2—4
It has previously® been reported that o-benzoquinone
derivatives (Q) in combination with tertiary amines
(AmH) also initiate polymerization of the methacrylate
monomers and oligoacrylates by the visible light.
However, no systematic studies of the influence of
o-benzoquinones on photopolymerization have been con-
ducted.

In this work, we studied the mechanism of formation
of radicals by photoreduction of o-benzoquinones in the
presence of tertiary amines.

Experimental

Electronic absorption spectra were measured on Specord
M-40 and SF-14 spectrophotometers in toluene. Potentials of
the half-wave of the reversible one-electron reduction £(Q " ~/Q)
of o-benzoquinones were determined in DMF against the
saturated calomel electrode.

Commercial oligodimethacrylates, viz., o,w-bis(methacrylo-
yloxyethyleneoxycarbonyloxy)ethyleneoxyethylene (OCM-2)
and ethylene glycol dimethacrylate (DMEG) were purified
according to standard procedures.5

The photopolymerizing mixture was prepared by dissolving
of o-benzoquinone ([Q] = 2.9:1073 mol L!) and amine
([AmH] = 2.9-107! mol L™!) in OCM-2. The solution was
introduced into glass ampules ~3 mm in diameter and de-
gassed. The photopolymerization kinetics was studied by the
thermographic method.” A KGM-24-150 lamp with a focuser
was used as a light source. The required spectral range was
separated from the full luminous flux of the lamp by glass light
filters SS-4 (A < 450 nm), ZhS-16 (A > 500 nm), and KS-17
(A > 650 nm). The distance between the focuser and ampule in
the thermographic installation was 80 cm. An ampule filled
with the mixture that has been polymerized was used as a
reference. The degrees of conversion of OCM-2 were calcu-
lated from the thermographic curves, and the kinetic curves of
polymerization were plotted. The theoretical value of the
photopolymerization heat (56 kJ mol~!) was used in calcula-
tions. The maximum photopolymerization rate (W, Wwas
calculated from the slope of the kinetic curve.

Polarography of solutions of o-quinones in DMF (5-1073
mol L™1) was studied against the background of 0.1 M NaClOy
using a PU-1 polarograph. The supporting salt was doubly
recrystallized from bidistillated water and dried in vacuo for
12 h at 100 °C. DMF was distilled at 5—10 Torr, stored for
~24 h with molecular sieves 4A, and then distilled at 2 Torr in
an Ar flow.

Solvents were purified by standard procedures.8 N,N-Di-
methylaniline (1) (Aldrich) was purified by distillation. o-Benzo-
quinones were synthesized by previously described methods.9—11
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Results and Discussion

Two series of sterically hindered o-benzoquinones
were chosen in the study. The first series was comprised
of the 3,6-di-tert-butylbenzoquinone-1,2 derivatives (2a—i)
with different substituents in positions 4 and 5 of the
quinoid ring. The second series involved the 3-fert-butyl-
benzoquinone-1,2 derivatives (3a—c). In addition,
5,5,8,8-tetramethyltetrahydroquinone-2,3 (4) was used.

But RS Me Me
R2 (o) R4 (o) 0
R! 0] R3 0 o
But But Me Me
2a—i 3a—c 4
2: R' =H, R2 = Pri (a), Pr" (b), Ph (c), H (d), CI (e),
F (f), NO, (h), CN (i); R = R?> = F (g)
3: R3=H, R*=But, RS =H (a); R =H, R4 = H,

R® = Me (b), Pri (c)

Photopolymerization was conducted in the presence
of N,N-dimethylaniline (1) and 1-dimethylaminopro-
pan-2-ol Me,NCH,CH(OH)Me (5).

To reveal the mechanism of formation of radicals
initiating polymerization, we studied the region of spec-
tral sensitivity of the Q—AmH photoinitiating system,
the spectral characteristics of o-benzoquinones, and the
influence of the nature of o-benzoquinone on the
photopolymerization rate.

It is seen from the obtained kinetic curves (Fig. 1)
that the photopolymerization of a mixture of OCM-2
with DMEG is initiated by the visible light in the
spectral range from 400 to 650 nm. Comparison of the
kinetic curve of photopolymerization under the full light
of the lamp (see Fig. 1, curve I) with the curves describ-
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Fig. 1. a. Kinetic curves for photopolymerization of
OCM-2—DMEG (weight ratio 9 : 1) in the presence of 2d—5
obtained by exposure with the full light of a KGM 24-150
lamp (/) and light with A < 450 nm (2), > 500 nm (3), and
> 650 nm (4). b. Electronic absorption spectrum of o-benzo-
quinone 2d in toluene.

ing the process initiated by the light with A < 450 nm,
A > 500 nm, and A > 650 nm (curves 2, 3, and 4,
respectively) shows that the maximum of sensitivity to
the emission from a halogen incandescent lamp lies in a
region of 500—650 nm. Amine 5 used in experiments is
a colorless substance and does not form noticeable
amounts of a charge-transfer complex (CTC) with com-
pound 2d. Therefore, the photosensitivity of the system
in the visible region is determined only by the absorption
of the actinic light by o-orthobenzoquinone. Compari-
son of the spectral sensitivity of the 2d—5 system and
positions of the absorption bands of o-benzoquinones in

Table 1. Positions of maxima of absorption bands (A) in the visible region (toluene), reduction potentials (£) of o-benzoquinones
2a—i and compounds 3a—c and 4 and the maximal (W,,,,) and normalized (W) photopolymerization rates of OCM-2 in the
presence of the Q—1 system*

o0-Benzoquinone  R3 R* RS R At (€) Anrr (€) —EQ" 7/Q) Winax W,
/V /min~!
nm
2a Bu! Pri H Bu! 400 578 (130) 0.53 1.7 0.22
2b Bu! P H Bu! 404 (2100) 578 (76) 0.51 3.0 0.68
2c Bu! Ph H Bu! 412 (2200) 595 (97) 0.41 3.2 0.92
2d But H H But 410 (2400) 598 (60) 0.39 3.5 1.00
2e But Cl H But 398 (2150) 575 (86) 0.37 2.7 0.77
2f But F H Bu! 398 (2300) 566 (60) 0.34 2.6 0.74
2g Bu! F F Bu! 387 (2200) 535 (66) 0.34 2.0 0.52
2h Bu! NO, H Bu! 388 (2800) 592 (56) 0.10 1.1 0.37
2i Bu! CN H Bu! 388 (2500) 591 (58) 0.06 0.3 0.09
3a But H But H 400 595 (40) 0.37 0.4 0.17
3b But H H Me 400 583 (53) 0.35 1.0 0.32
3c But H H Pri 417 (2200) 595 (26) 0.35 1.5 0.50
4 H Me,C(CH,),CMe, H 415 (950) 595 (20) 0.27 3.0 2.57

* Spectral characteristics and E(Q°~/Q) values for compounds 2a,b,d—i.10
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the visible region, which correspond to the S(n—n*) and
S(n—7*) electronic transitions of the carbonyl groups
(Table 1) shows that both absorption bands of o-benzo-
quinones are photochemically active in the photo-
initiation of polymerization. This is associated with the
fact that in the elimination of the H atom by carbonyl-
containing compounds the lowest excited state T(n—n*)
is active, and the o-benzoquinone molecule transforms
into this state from both the S(nm—n*) and S(n—=w*)
states.10.12

In order to simplify calculations, we studied the
reaction under irradiation corresponding to the S(n—n*)
transition. As can be seen from the data in Table 1, the
absorption bands of the S(n—n*) transition of all studied
quinones 2a—i, 3a—c, and 4 lie in the same spectral
region of 535 nm < Ap. < 598 nm. Therefore, the
photopolymerization kinetics of all o-benzoquinones can
be studied using one source of polychromatic radiation,
separating the radiation with A > 500 nm from the full
light. The initiation rate of photopolymerization is pro-
portional to the molar absorption coefficient of quinone
at the operating wavelength. Hence, Table 1 contains,
along with the experimental W,,, values for each
quinone, the calculated values of the photopolymerization
rate normalized to the molar absorption coefficient and
to Whax for quinone 2d.

As can be seen from these data, the nature of o-benzo-
quinone has a strong effect on the photopolymerization
rate. o-Benzoquinones 2a—i are numerated in the order
of increasing the electron-withdrawing ability, which
can numerically be estimated by the electrochemical
reduction potential E(Q ~/Q). In the series of 3,6-di-
tert-butylbenzoquinone-1,2 derivatives on going from 2a
to 2i, the E(Q ~/Q) values increase monotonically from
—0.54 to —0.06 V, and the photopolymerization rate
changes extremely and is maximal for quinone 2d. With
the purpose for explaining this effect, we compared the
rates of photopolymerization and photoreduction of
o-benzoquinones. As can be seen in Fig. 2, the normal-
ized rate constants of photoreduction (k,) for o-benzo-
quinones are also characterized by extreme plots vs.
E(Q"7/Q). As a whole, the plots of k, and W, vs.
E(Q ~/Q) of o-benzoquinones coincide to a great ex-
tent. This indicates that the photopolymerization rate in
the presence of compounds 2a—i is determined first of
all by the photoreduction of o-benzoquinone.

It has previouslyl® been shown that in the general
case k, exhibits an extreme dependence not simply on
E(Q 7/Q) but on the free energy of electron transfer
from the amine molecule to the photoexcited molecule
of o-benzoquinone (AGe,t),13 and the analytical expres-
sion for the calculation of this energy contains E(Q " ~/Q):

AG, = —AEy — E(Q"7/Q) +
+ E(AmH/AmH %) + 0.36 (eV), ()

where AE is the energy of the triplet 0—0 transition of
the lowest excited state of the photoacceptor (in this

-02 —01 0 0.1 AG,/eV
W, ky
1.0} 110
0.8 108
0.6 F 106
0.4+ 104
02F 102
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Fig. 2. Plots of the normalized photopolymerization rate
W, (1) of OCM-2 in the presence of the (2a—i)—1 system and
normalized rate constant of photoreduction k, (2) of 2a,b,d—i
in the presence of 1 in toluene vs. electrochemical potential of
o-benzoquinones E(Q ~/Q) and free energy of electron trans-
fer AG, calculated for the (2a—i)—1 pair. For clarity the &,
values were normalized to the k,, value for 2d. Data on the
photoreduction of 2a,b,d—i were taken from Ref. 10.

case, o-benzoquinone); £(Q ~/Q) and E(AmH/AmH " )
are the energies of reduction of the acceptor (o-benzo-
quinone) and oxidation of donor 1, which are numeri-
cally equal to the electrochemical potentials of the
acceptor (o-benzoquinone) and donor 1, respectively.
For compounds 2a—i AEy, ~ 1.35 eV,10 and the electro-
chemical potential of oxidation of 1 is 0.71 V.14 The
calculation of AG, ; for each 2a—i pair and 1 allowed us
to consider the change in k, and W, with variation of
AGg; (see Fig. 2). The maxima of k, and W, are
observed at AG,; = 0.1 eV.

Thus, Eq. (1) describes the dependence of the
photopolymerization rate in the presence of the Q—AmH
system on the energy of the o-benzoquinone photoexcited
state and the ratio of the redox potentials of quinone
and amine. The photopolymerization rate is maximal at
AG, ;= 0 and decreases as AG, ; changes from zero to the
positive or negative values. This approach explains why,
unlike other quinones (9,10-phenanthrenequinone,
camphorquinone), o-benzoquinones initiate polymer-
ization only in the presence of tertiary amines acting as
coinitiators of photopolymerization. The calculation of
AG, using Eq. (1) shows that donors with the
E(AmH/AmH " %) values from +0.56 to +1.03 V are
appropriate for quinones 2a—i. This interval of oxida-
tion potentials is characteristic of precisely tertiary
amines, for example, compound 1 and its derivatives.14
As compared to o-benzoquinones, AEy, of other quino-
nes are much higher, for example, for 9,10-phenanthrene
AEy, = 2.0 eV 12 at approximately the same potential
E(Q"~/Q) = —0.3 V.14 Therefore, the acceptor ability of
the photoexcited 9,10-phenanthrenequinone molecule



Initiation of radical photopolymerization

Russ.Chem.Bull., Int.Ed., Vol. 50, No. 12, December, 2001 2369

is sufficient for the detachment of the H atom from
molecules of the monomer or solvent and for the initia-
tion of polymerization without additives of the co-
initiator.2-3

However, Eq. (1), which describes the observed de-
pendence for the series of 3,6-di-fert-butylbenzoquinone-
1,2 derivatives, is not fulfilled on going to o-benzo-
quinones with different structures. For example, it does
not explain the distinctions in the photoinitiating ability
of o-benzoquinones 2d and 3a. At almost the same
reduction potential (—0.39 and —0.37 V, respectively),
the photopolymerization rates differ by more than 5 times
(see Table 1), and quinone 3a is photoreduced twofold
more rapidly than 2d. To explain this effect, we ana-
lyzed the photoreduction products of 2d and 3a in the
presence of p-bromo-N, N-dimethylaniline.13

o-Benzoquinone 2d is quantitatively reduced to the
corresponding pyrocatechol, whereas the photoreduc-
tion of compound 3a affords a mixture of products, the
main of which is 2-( N-p-bromophenyl- N-methylamino-
methoxy)-4,6-di-tert-butylphenol. The formation of dif-
ferent products indicates that, depending on the struc-
ture of o-benzoquinone, two routes of photoreduction
are possible, only one of which results in free radicals
capable of initiating polymerization. We assume that the
reaction occurs according to Scheme 1. At the first step,
the o-benzoquinone molecule is excited to the lowest
excited triplet state. The interaction of the photoexcited
o-benzoquinone molecule with the amine molecule oc-
curs via two routes. The first of them (a) is the
outersphere electron transfer resulting in the generation
of the (QH ~, Am" ™) radical ion pair, which then is
deactivated to the initial compounds in the ground state.
In this case, a proton is not transferred and o-benzo-
quinone is not reduced. The second route (b) is the
formation of the triplet exciplex1® 3(Q, AmH) or (as

Scheme 1
hv .
Q A ~400 nm Q (S""*)
hv . e A
600 rm Q*(S,+) Q*(T, )
Q*(T,.) + AmH \ > 3Q'7,AmH ")
3(Q,AmH) l
l Q(s,) + AmH
3QH",Am’) —=— 1(QH",Am")
g |
QH" + Am’ QHAmM

formulated by Kochil6-17) "encounter complex." This is
precisely the complex in which the transfer of the H atom
occurs, and the triplet ion radical pair 3(QH", Am") is
generated. The photoreduction resulting in radical or
non-radical products through the formation of the
3(Q, AmH) intermediate complex and the electron trans-
fer are parallel. This assertion is based on the following.
The dependence of W, on AG,; found in this work and
previously established functions of AG, ; for the photore-
duction rate constants of o-benzoquinones!® and
fluorenonel8 in the presence of derivatives of compound
1 virtually coincide with the plot of the equilibrium
constant of formation of the triplet exciplex in the
p-benzoquinone—polyalkylbenzenel? system vs. AG .
All of them are extremal and have a maximum at
AG, i = 0. At the same time, the plot of the electron
transfer rate constant vs. AGg ; is not extremal: a mono-
tonic increase is observed with the transition of AGg ; to
the region of negative values until the diffusional limit is
reached.3:17

The triplet radical pair formed due to the transfer of
the H atom in the triplet exciplex can be transformed
into the singlet pair followed by radical recombination
in the solvent "cage." In this case, o-benzoquinone is
reduced but the free radicals do not escape to the
reaction medium. The reaction product is the corre-
sponding ester. If the lifetime of the triplet radical pair is
rather long for it to decompose and for its radicals QH "
and Am" to escape from the solvent "cage," the products
of their independent transformations are formed. The
QH " radicals enter into the disproportionation reaction
to give pyrocatechol and quinone, and Am" can initiate
radical polymerization.

Our data indicate that the direction of the triplet
radical pair evolution is determined by the molecular
structure of o-benzoquinone. o-Benzoquinones 2d and
3a differ by the positions of substituents relatively to the
carbonyl groups of o-benzoquinone. In molecule 2d the
tert-butyl groups are arranged symmetrically in posi-
tions 3 and 6 of the quinoid ring: route (b) takes place
during photoreduction (see Scheme 1), and photo-
polymerization occurs with a high rate. Quinone 3a also
has the bulky fert-butyl group in position 3 but the
H atom is present in position 6, and photoreduction
proceeds mainly via route (a), and the photopolymer-
ization rate is fivefold lower than that for 2d. To esti-
mate the influence of volume of substituents on the
efficiency of o-benzoquinones as photoinitiators for the
series of 3-fert-butylbenzoquinone-1,2 derivatives, we
studied changes in the photopolymerization rates with a
successive decrease in the size of the substituent in
position 6. As can be seen in the plot of W, vs. differ-
ence of steric constants A(—E°)1? (Fig. 3) of the sub-
stituents in positions 3 and 6 of the quinoine ring, the
photopolymerization rate is proportional to —A(—E°):
the lower the difference in steric constants, the higher
W,. It could be assumed that the observed effect is
related to a change in screening of the radical center in
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Fig. 3. Plot of the photopolymerization rate W, of OCM-2 in
the presence of the (2d,3a—c)—1 initiating system vs. differ-
ence of the Palm steric constants A(—E°) of substituents in
positions 3 and 6 of the quinone ring.

the series of o-benzosemiquinones QH *. The QH " radi-
cal of o-benzoquinone 2d exhibits the efficient steric
screening of the radical center by the fert-butyl substitu-
ents. This could impede radical recombination in the
(QH ", Am") radical pair and, hence, favor the escape of
the radicals from the cage resulting in an increase in W,,.
When one tert-butyl group is replaced by a less bulky
substituent, the screening effect decreases, the probabil-
ity of radical recombination should increase, and W,
should decrease. However, in this case, the minimal
photopolymerization rate is expected for compound 4,
whose substituents in positions 3 and 6 are the H atoms
and screening of the semiquinone center is absent in
QH . Nevertheless, o-benzoquinone 4 is the most effi-
cient photoinitiator of polymerization of all o-benzo-
quinones studied (see Table 1). Therefore, the direction
of the triplet radical pair evolution is not controlled by
screening. o-Benzoquinone 4, similarly to quinone 2d,
has the same substituents in positions 3 and 6. It is most
likely that the difference in vol-

umes of the substituents in posi-

tions 3 and 6 of the aromatic ring R’ R’
of the QH" semiquinone radical
or, in other words, the symmetric

. 0}
character of QH" has a critical O\H
influence on the stability of the
triplet radical pair 3(QH',Am"). QH"

With a decrease in the difference

in volumes of the substituents (or with an enhancement
of the symmetric character of the semiquinone radical),
the stability of the triplet radical pair increases. The
mechanism of this effect is yet unclear.

Thus, the efficiency of o-benzoquinones in the
photoinitiation of polymerization by the Q—AmH sys-
tem is determined by the energy and structural param-
eters of o-benzoquinone. The electron-withdrawing ability
of o-benzoquinone and the energy of the photoexcited
triplet state along with the electron-donating properties
of amine specify the photoreduction rate of o-benzo-
quinone, thus determining the general efficiency of for-

mation of the intermediate radical products. The mo-
lecular structure of o-benzoquinone pre-determines the
ratio between two routes of photoreduction: first, the
generation of free radicals capable of initiating polymer-
ization into the reaction medium and second, radical
recombination in the solvent (monomer) "cage" to form
compounds inactive in the initiation of polymerization.
The most efficient initiators are o-benzoquinones with
symmetrical substituents in positions 3 and 6 of the
quinone ring in pair with tertiary amines when the
free energy of electron transfer from the amine mol-
ecule to the photoexcited o-benzoquinone molecule is
AG. = 0.

This work was financially supported by the Russian
Foundation for Basic Research (Project Nos. 00-15-
97336-1 and 01-03-33040). Spectroscopic works were
carried out at the Analytical Center of the Institute of
Organometallic Chemistry of the Russian Academy of
Sciences (Project of the RFBR No. 00-03-42004).

References

1.J. A. Barltrop and J. D. Coyle, Excited States in Organic
Chemistry, J. Wiley and Sons, London—New York—
Sydney—Toronto, 1975.

2. A. 1. Kryukov, V. P. Sherstyuk, and I. I. Dilung, Fotoperenos
elektrona i ego prikladnye aspekty |Electron Phototransfer
and Its Applications], Naukova Dumka, Kiev, 1982, 239 pp.
(in Russian).

3. P. P. Levin and V. A. Kuz'min, Usp. Khim., 1987, 56, 527
[Russ. Chem. Rev., 1987, 56 (Engl. Transl.)].

4. E. Andrzejewska, L. Linden, and J. F. Rabek, Macromol.
Chem. Phys., 1998, 199, 441.

5.S. A. Chesnokov, V. K. Cherkasov, G. A. Abakumov,
V. D. Tikhonov, O. N. Mamysheva, and V. A. Muraev,
Patent RF RU 2138070, 1999 (in Russian).

6.A. A. Berlin, T. Ya. Kefeli, and G. V. Korolev, Poli-
efirakrilaty | Polyetheracrylates|, Nauka, Moscow, 1967,
372 pp. (in Russian).

7.V. 1. Arulin and L. I. Efimov, Tr. po khimii i khim.
tekhnologii | Works on Chemistry and Chemical Technology],
1970, 2, 74 (in Russian).

8.A. J. Gordon and R. A. Ford, The Chemists Companion,
J. Wiley and Sons, New York—London, 1972.

9.(a) V. A. Garnov, V. I. Nevodchikov, G. A. Abakumov,
L. G. Abakumova, Yu. A. Kurskii, and V. K. Cherkasov,
Izv. Akad. Nauk SSSR, Ser. Khim., 1985, 2793 [Bull. Acad.
Sci. USSR, Div. Chem. Sci., 1985, 34, 2589 (Engl. Transl.)];
(b) G. A. Abakumov, V. K. Cherkasov, L. G. Abakumova,
and V. I. Nevodchikov, Izv. Akad. Nauk SSSR, Ser. Khim.,
1990, 1098 [Bull. Acad. Sci. USSR, Div. Chem. Sci., 1990,
39, 984 (Engl. Transl.)]; (¢) G. A. Abakumov, V. K.
Cherkasov, L. G. Abakumova, V. I. Nevodchikov,
N. O. Druzhkov, N. P. Makarenko, and Ju. A. Kursky,
J. Organometal. Chem., 1995, 491, 127; (d) G. A.
Abakumov, V. K. Cherkasov, L. G. Abakumova, N. O.
Druzhkov, V. I. Nevodchikov, Yu. A. Kurskii, and N. P.
Makarenko, Metalloorg. Khim., 1991, 4, 925 [Organomet.
Chem. USSR, 1991, 4 (Engl. Transl.)]; (e) V. A. Garnov,
V. I. Nevodchikov, L. G. Abakumova, G. A. Abakumov,
and V. K. Cherkasov, Izv. Akad. Nauk SSSR, Ser. Khim.,



Initiation of radical photopolymerization

Russ.Chem.Bull., Int.Ed., Vol. 50, No. 12, December, 2001 2371

10.

11.

12.

13.

14.

1987, 1864 [Bull. Acad. Sci. USSR, Div. Chem. Sci., 1987,
36, 1728 (Engl. Transl.)].

S. A. Chesnokov, V. K. Cherkasov, Yu. V. Chechet, V. I.
Nevodchikov, G. A. Abakumov, and O. N. Mamysheva,
Izv. Akad. Nauk, Ser. Khim., 2000, 1515 [Russ. Chem.
Bull., 2000, 49, 1506 (Engl. Transl.)].

E. Muller, F. Gunter, and F. Rieker, Z. Naturforsch,
Teil B, 1963, 18, 1002.

D. N. Shigorin, L. Sh. Tushishvili, A. A. Shcheglova, and
N. S. Dokunikhin, Zh. Fiz. Khim., 1971, 45, 511 [J. Phys.
Chem. USSR, 1971, 45 (Engl. Transl.)].

H. Leonhardt and A. Weller, Ber. Bunsenges. Phys. Chem.,
1963, 67, 791; H. Knibbe, D. Rehm, and A. Weller, Ber.
Bunsenges. Phys. Chem., 1969, 73, 839.

Ch. K. Mann and K. K. Barnes, Elektrochemical Reactions
in Nonaqueous Systems, Marcel Dekker, Inc., New
York, 1970.

15.

16.

17.

18.

19.

G. A. Abakumov, S. A. Chesnokov, V. K. Cherkasov, and
G. A. Razuvaev, Izv Akad. Nauk SSSR, Ser. Khim., 1985,
773 [Bull. Acad. Sci. USSR, Div. Chem. Sci., 1985, 34, 700
(Engl. Transl.)].

R. Rathore, S. M. Hubig, and J. K. Kochi, J. Am. Chem.
Soc., 1997, 119, 11468.

S. M. Hubig and J. K. Kochi, J. Am. Chem. Soc., 1999,
121, 1688.

S. G. Cohen and G. Parsons, J. Am. Chem. Soc., 1970,
92, 7603.

V. A. Palm, Osnovy kolichestvennoi teorii organicheskikh
reaktsii [Foundations of Quantitative Theory of Or-
ganic Reactions], Khimiya, Leningrad, 1977, 359 pp. (in
Russian).

Received March 7, 2001




