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The reactivity of the radical anions derived from cinnamic acid esters decreases
in radical ion-radical ion dimerization and increases in protonation when the
esters become less easy to reduce. This is reflected by plots of logk vs. E°’
(log kg or log k) that are linear, but with slopes of different sign. Results
obtained by AMI calculations show that the unpaired electron density, cZouo.
at C-3 and the negative charge, —g¢, at C-2 vary in a fashion similar to that
observed for log kg, and log k., respectively.

The available kinetics and product data for other series of radical anions are
reviewed and trends similar to those observed for the cinnamate radical anions
are apparent in most cases.

More insight into the possible relationship between the electronic properties
of radical anions and their reactivity was obtained through AM1 calculations
for seven series of model compounds (monosubstituted ethylenes, 1,2-disubsti-
tuted ethylenes, monosubstituted benzenes, 1-substituted 2,6-di-tert-butylbenz-
enes, 9-substituted anthracenes and esters of acrylic and cinnamic acid)
encompassing a total of 93 compounds. Calculations were also carried out for
the much smaller number of radical anions for which experimental data are
available. The results show that the introduction of an alkyl or alkyl-like
substituent, or a m-type substituent that is not in conjugation with the parent
n-system, gives rise to only a small electronic perturbation and in those cases
c3omo and g at the atoms of interest are essentially linearly related with the
adiabatic gas phase electron affinities, AAH = A Hf2dical anion__ A substrate  ropreq.
enting the ease of reduction of the substrate. It is also found that the formation
of the new C~C bond during dimerization does not as a rule involve the carbon
carrying the highest unpaired electron density and, similarly, protonation does
not as a rule take place at the carbon carrying the highest negative charge. For
example, for the 9-substituted anthracene radical anions the highest unpaired
electron density is located at the carbon carrying the substituent (C-9), whereas
dimerization takes place through C-10. The high values of cZoyo at C-9 are
suggested to be the origin of the attractive forces leading to the m-complexes
earlier proposed to be formed prior to the 10,10” o-bond. The results obtained
for the other series of compounds indicate that the formation of such intermediate
n-complexes may be a general phenomenon.

Finally, the question of radical ion-radical ion (RR) versus radical ion—sub-
strate (RS) mechanisms in reductive dimerizations is addressed.

I. Introduction

Radical ions are the primary intermediates in most
organic electron transfer reactions,! eqns. (1) and (2),
including the majority of all electrochemical processes,?
and are formed also in many photochemical® and conven-
tional reactions.!**~6 In addition, radical ions are effective
catalysts for a number of processes, most notably cyclo-

*To whom correspondence should be addressed.
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additions,” and are key intermediates in substitution
reactions of the Sgy1 type® and other chain reactions.®

A+e  =A" (1)
A—e " =A"" (2)

As a result of the continuing interest in radical ion
chemistry!~® the characteristic reactions are now well-

known and many reaction mechanisms have been
described in detail. The reaction types most frequently
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observed are summarized in Scheme 1, which for conveni-
ence is divided into two parts. The self-reactions, here
defined as reactions that do not require the addition of
a reagent to proceed and thus are difficult to suppress in
cases where they are unwanted, are shown in Scheme 1A.
Scheme 1B summarizes the reactions that in clean, inert
solvents proceed only as a result of the addition of a
reagent to the solution in which the radical ions are
generated, or involve the solvent as a reagent. In all
cases X is an atom or a group that during the later stages
of the reactions may be eliminated as X~ (for radical
anions) or X* (for radical cations); Y, Y~ /* and Y=2
are neutral, charged and unsaturated reagents,
respectively.

Only the first step is included for each case in Scheme 1
and is illustrated by an intermolecular reaction, except
of course for the bond cleavage, but the A-units may
obviously be linked in a remote position resulting in a
similar set of intramolecular reactions. It is seen that this
first step in all cases leads to a new intermediate which
may be a radical, an ion or even another radical ion,

and hence additional reaction steps are required on the
way to stable products.

Scheme 1 illustrates that radical ions are indeed both
radicals and ions. Some of the bond forming reactions,
e.g., the dimerizations, are typical radical reactions,
whereas others, e.g., the reactions between radical anions
and electrophiles, or radical cations and nucleophiles,
resemble those observed for other organic ions. It is also
a characteristic that several reaction pathways are poss-
ible for a given set of starting materials and conditions,
but most often they do not all proceed within the same
time regime. Thus, the question of the competition
between various pathways is usually reduced to the
discussion of two or three possibilities, but even so it is
not a simple task to predict which reaction occurs
predominantly. As a result of this, much research is now
devoted to the identification of the structural and other
features that determine the reactivity of radical ions.

Our interest in radical ion reactivity dates back to the
early seventies, when an important issue was whether the
bond forming step in the reactions between radical

(a) (A—X7+ 1=
radical ion catalyzed
cycloaddition X
A—XET 4 A—X A A-AT”
self-exchange X
radical ion-substrate
A—X A—X A—X dimerization
S A 1 X\
24/2— A—-Xt+/— . A—X4/> S Yy
A—X A—X e | A_xiA A=A
disproportionation radical ion-radical ion
dimerization
A
A+ XH-
cleavage
(b) H—A—X*~ + K
hydrogen abstraction
RH
s (yt/— . Y(Y*/) ‘e .
A—X + YH=(Y) Y ) A-X+= Y—A—XH= (Y=A—X)
electron transfer, nucleophilic or
the general case electrophilic attack
Y—Z—A—X+-~
addition to double bond

Scheme 1.
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cations and nucleophiles actually involves the radical
cation or rather the more reactive dication formed by
disproportionation.!” Since then we have continuously
been inspired by the work of Professor Lennart Eberson,
in particular his early studies of radical ion reactivity'®
and his book on electron transfer in organic chemistry,'?
and it is a pleasure now to present some of our recent
work on the occasion of his 65th birthday. More spe-
cifically, we address the structural features that govern
the competition between the dimerization of radical
anions and their reactions with electrophiles. We also
discuss briefly the mechanisms for dimerization of radical
ions in general.

Il. The reactivity of the radical anions of
cinnamic acid esters in dimerization and
protonation

Recently, we have investigated the cathodic reduction of
cinnamic acid esters'® and observed that the reactivity of
the radical anions under conditions favoring either dimer-
ization or protonation depends on the formal potential,
E°’, for the substrate-radical anion redox couple. Since
the results obtained provide a good background for a
discussion of radical anion reactivity they are summar-
ized in some detail below.

The electrohydrodimerization (EHD) of cinnamic acid
esters in N,N-dimethylformamide (DMF). The cathodic
reduction of cinnamic acid esters, Ph~CH=CH-COOR,
in aprotic solvents such as DMF results initially in
dimerization at C-3. This is followed by a Dieckmann
condensation leading, after work-up, to the corres-
ponding 2-alkoxycarbonyl-3,4-diphenylcyclopentanones
(Scheme 2).198:20:21 The yields from such 1 F reductions

RADICAL ION REACTIVITY

are often close to 100% and, in addition, the reaction is
highly stereoselective giving exclusively the all-trans
isomer corresponding to dimerization in the (+) fashion
only.21:22

Results obtained by cyclic voltammetry (CV), derivat-
ive cyclic voltammetry (DCV) and linear sweep volt-
ammetry (LSV) in DMF containing a moderate
concentration (0.28 M) of water demonstrated!®® that
the formation of the new C—C bond involves the dimeriz-
ation of two radical anions (Scheme 3), which in the
transition state appear to be hydrogen-bonded to a water
molecule. As a stereochemical consequence the transition
state for dimerization in the (&) fashion is favored
relative to that for dimerization in the meso fashion.
Another important aspect of this mechanistic feature is
the fast, maybe even concerted, transfer of a hydrogen-
bonded proton from water to a carbonyl oxygen in the
dimeric dianion, which causes the dimerization to be
essentially irreversible.

The mechanism was supported by the observation of
low Arrhenius activation energies (< 3 kcal mol 1) indic-
ating that the rate determining C—C bond formation was
indeed proceeded by an equilibrium step, i.e. the forma-
tion of the hydrogen-bonded radical anion-water
complex.?®

The rate constants, kg, for the dimerization were
determined by DCV and found to vary between
41x10°M s ! (R=tert-butyl) and 5.7 x 10* M "1 57!
(R =4-cyanophenyl) and the plot of log k4, vs. the
formal potential, E°’, for the substrate-radical anion
redox couple was observed to be linear with a slope of
7.2 V™! (Fig. 1A). Thus, the reactivity of the radical
anions was found to decrease when the esters became
less easy to reduce.

Ph,
1F
2 Ph—CH=CH--COOR —_— o
Ph"'lm
COOR
Scheme 2.
Ph»CH:CH—ﬁ—O_RIL + H0 Ph—CH:CH—(ﬁ»OR -
O._
\0/
Ph—CH=CH—C—OR |~ + Ph_CH:CH—(i—OR < _kd'_m__,
I [ -OH™
O,
~“H
\O/
tautomerization
Scheme 3.

833



HAMMERICH AND NIELSEN

a
B

=, 1A j

A 4 } b c

s f

£, NS

o] -

° b ea
[ ] g.hNa

2 1 i 1
1.5 16 1.7 1.8 1.9

-E®/Vvs.SCE

Fig. 1. Values of log kg4, (A) vs. E°’ for the dimerization of
cinnamic acid ester radical anions in DMF (A) and of log kg
(M) vs. E°’ for the protonation of cinnamic acid ester radical
anions by phenol in DMF (B). The data point shown for
phenyl cinnamate (b) was not included in the regression in
(B), since kp,x observed for this compound is clearly affected
by a contribution from the dimerization reaction and, accord-
ingly, is ‘too large’.The esters included are p-cyanophenyl
cinnamate (a), phenyl cinnamate (b), p-methoxyphenyl cinna-
mate (c), O-cinnamoyl-N-tosylephedrine (d), O-cinnamoyl-N-
butylephedrine (e), methyl cinnamate (f), ethyl cinnamate (g),
(—)-menthyl cinnamate (h), (—)-endo-bornyl cinnamate (i)
and tert-butyl cinnamate (j). Experimental data from Refs.
19(a) and 19(b).

Protonation of radical anions derived from cinnamic acid
esters. As a part of our continuing interest in protonation
of radical anions,>* attempts were also made to study
the kinetics for the electrochemical 2 F reduction of the
cinnamates in DMF in the presence of phenol. The
process leads to saturation of the C-C double bond
(Scheme 4)?° and most likely involves protonation at C-2
as the rate-determining step (Scheme 5).1%°
Ph—CH=CH—COOR

2F
——  Ph—CH;—CH;—COOR
PhOH

Scheme 4.

. k
Ph—CH=CH—COOR|  + PhOH —P% 5

Ph—CH—CH,—COOR + PhO~
Scheme 5.

When the concentrations of the substrate and phenol
were 2mM and 20-80 mM, respectively, the proton
transfer reaction (Scheme 5) was found to compete effec-
tively with dimerization (Scheme 3) for the alkyl cinnam-
ates, whereas the kinetics for protonation of the radical
anions derived from the aryl cinnamates were affected
by the dimerization even at phenol concentrations in the
300-600 mM range. For the simple alkyl cinnamates the
rate constants, k., obtained by DCV were found to be
27x10°M 157! (R=methyl), 3.3x103 M !s" ! (R=
ethyl) and 8.2x 103 M~ 's™! (R =tert-butyl). A prelim-
inary plot of log ko, vs. £°” is shown in Fig. 1B and it
is seen that the slope of the regression line has the
opposite sign of that observed for the dimerization
process. In other words, the reactivity of the radical
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anions in the reaction with an electrophile (phenol) was
found to increase when the esters became less easy
to reduce.

Reduction of cinnamic acid esters in methanol (MeOH).
When the reduction of the cinnamates was carried out
instead in MeOH, the reaction took a different course.'*
The n-values obtained by constant current coulometry?®
were between 1 (R=aryl) and 1.5 (R =alkyl) indicating
in the latter case that 1 F and 2 F processes occurred
simultaneously. Product studies for R # Me were ham-
pered by transesterification catalyzed by the base formed
during the electrochemical reduction, but for R=Me
reduction on a preparative scale resulted in a mixture of
the saturated ester, methyl 3-phenylpropionate, and the
hydrodimer, dimethyl 3,4-diphenyladipate. The latter was
formed with a (4)-to-meso ratio close to one (Scheme 6).

1.2-1.7F

Ph—CH=CH—COOCH3; —>»

Ph COOCH;3 Ph COOCH;
+
ph " COOCH; Ph COOCH;
) meso

+ Ph—CH;—CH,;—COOCH;
Scheme 6.

Results obtained by LSV at low sweep rates for R=
alkyl were in agreement with a pseudo-first-order rate
law, eqn. (3), compatible with a mechanism including
rate-determining protonation: in this case at the carbonyl
oxygen as shown in Scheme 7. The neutral radical formed
in this way may either dimerize (1 F) or tautomerize to
the radical corresponding to protonation at C-2, which
in turn is further reduced and protonated resulting,
finally, in the saturated ester (2 F). In contrast, for R =
aryl the LSV results were in agreement with a second-
order rate law, eqn. (4), indicating a mechanism with
rate determining dimerization of two radical anions (1 F)
as also illustrated in Scheme 7.

R=alkyl: —d[Ph-CH=CH-COOR’ “J/dr
= kpror[Ph-CH=CH-COOR "] (3)
R=aryl: —d[Ph-CH=CH-COOR J/dt
= 2k g, [Ph-CH=CH-COOR" J? (4)

The difference in the stereochemistry observed in
aprotic solvents (DMF) containing small amounts of
water and in hydroxylic solvents (MeOH for R =Me)
reflects the different mechanisms in the two types of
solvent. The relatively slow and stereoselective dimeriz-
ation taking place in DMF involves two radical anions
with a hydrogen-bonded water molecule serving as
a template (Scheme 3), whereas in MeOH (R =Me)
two neutral radicals are involved in the dimerization
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Scheme 7.

(Scheme 7), which for that reason is supposed to be fast
and non-selective.

Approximate values of the rate constants, k., and
k4im, were extracted from the values of E,— E°’ obtained
during the LSV measurements. The values of k., were
in the range 3.5x103M!s™! (R=ethyl) to
20x102M~'s! [R=Bu(Me)NCH(Me)CHPh] and
showed a tendency to increase when the esters became
more difficult to reduce. In contrast, the values of kg4,
which varied between 5.7x10*M~!'s™! (R=24,6-
trimethylphenyl) and 2.0x10°M~!s~! (R =4-cyano-
phenyl), showed a tendency to decrease when the esters
became less easy to reduce. Thus, in spite of the mechan-
istic changes observed in passing from DMF to MeOH
the relationship between reactivity of the radical anions
and E°’ was observed to be qualitatively the same in the
two solvents.

Conclusions. The results from the studies of the cinnam-
ates show that the reactivity of the radical anions in
dimerization decreases, whereas the reactivity in reactions
with electrophiles (proton donors) increases, when the
substrates become less easy to reduce (cf. Fig. 1). This
reactivity pattern obviously reflects the change in elec-
tronic properties of the radical anions with substitution
and we have reported earlier?’ that the DMF values of
log kgim correlate linearly with the unpaired electron
density at the position of dimerization (C-3) and that
the DMF values of log k,,,, correlate linearly with the
net atomic charge at the position of protonation (C-2).
In the context of the present work we have carried out
a more extensive series of AM1 calculations®® for the
cinnamates (see Section V for computational and other
details). Some of the results are shown graphically in
Fig. 2 and it is seen that the unpaired electron density,
c2omo,» at C-3 and the net atomic charge, ¢, at
C-2 do indeed vary linearly with the relative ease of
reduction of the cinnamates, represented by
AAH; = A Hdical anion_ A prsubstrate in 5 fashion similar to
that shown in Fig. 1 for the experimental data. The
question now is to which extent this reactivity pattern is

2) tautomerization
- .

RADICAL ION REACTIVITY

Ph—CH—CH=C—OR +
H

CH3;0~

1) tautomerization
2) reduction
3) protonation

1) dimerization
2) tautomerization

Ph—CH,—CH,—COOR

Ph—iH—CHz—COOR
Ph—CH—CH,~COOR

0.25 0.40
A

024 | -
A 3 L j 5 0.39
(32}
023 r ac an 4038 &
o [¢)
= f g
2022 4037 0
o gl

021 8 4 0.36

0.20 L 2 0.35

-40 -35 -30 -25
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Fig. 2. Values of the unpaired electron density, c3omo, at C-3
(A, A) and the net atomic charge, g, at C-2 (B, W) vs. AAH;
(= AHjadical anion_ A pysubstrate) o1 the radical anions of cin-
namic acid esters. The abbreviations for the esters are the
same as in Fig. 1. Data obtained by AM1 calculations as
described in Section V.

general for radical anions. In order to answer this
question we have carefully searched the literature for
results obtained for other similar series of closely related
radical anions and, in addition, examined the electronic
properties of a large number of radical anions by AM1
calculations.

lIl. Exampties from the literature

Somewhat to our surprise we were not able to locate
other studies of radical anions in which both the product
distribution and the kinetic and mechanistic details have
been reported for an extended series of closely related
radical anions differing only by the nature of a substituent
in a remote position. In most cases data are only available
for two or three substrates and usually only product data
or kinetic data are reported. Below we present the results
obtained in some typical studies.

EHD and hydrogenation of N-ethyl maleimides. The

reduction of N-ethyl maleimides in ethanolic aqueous
buffers gives the corresponding hydrodimers and prod-
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ucts resulting from saturation of the C—C double bond?®
(Scheme 8). A remarkable transition from the almost
exclusive formation of the hydrodimer to the almost
exclusive formation of the hydrogenation product is
observed at pH 6 in passing from the more easily reduced
(R,R’'=H,H) to the less easily reduced substrate (R,R'=
CH;,CHj;) (Fig. 3). The observation that the hydrodimer
derived from the unsymmetrically substituted derivative
(R,R"=CHj;,H) had both methyl groups attached to the
bridging carbons was taken as support for a dimerization
mechanism including two radical anions and seems to
indicate that steric effects are of only minor importance
in determining the structure of the dimer. However, the
lack of formation of a dimer from the fully substituted
compound (R,R’=CH;,CH;) was attributed to steric
hindrance.

EHD and hydrogenation of p-methylstyrenes. Allyl-
benzenes isomerize readily to the corresponding f-
methylstyrenes in the presence of strong base, e.g., as
formed during electrochemical reduction in aprotic solv-
ents. This has been utilized in the electrochemical syn-
thesis of B-methylstyrene hydrodimers (1,4-diaryl-2,3-
dimethylbutanes) in DMF using allylbenzenes as starting
materials.®® In addition to the hydrodimers, the reaction

100

80

60

40

yield (%)

20

-0.77

-0.90
E,IV

-1.02

Fig. 3. Yields of hydrodimers (black bars) and hydrogenation
products (light grey bars) from the cathodic reduction of N-
ethyl maleimides in ethanolic buffers, pH 6, vs. E;, for
reduction of the substrates. Experimental data from Ref. 29.
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mixture also contained the corresponding 1-arylpropanes
resulting from saturation of the C-C double bond
(Scheme 9). The reduction potentials for the B-methyl-
styrene were not reported, but since the effect of
substituents on E°’is well known for m- and p-substituted
benzenes®' the relative ease of reduction of
B-methylstyrenes carrying substituents in those two posi-
tions may be predicted with some confidence. The
observed product distribution on passing from the more
easily to the less easily reduced B-methylstyrenes is shown
in Fig.4 and it is seen that the more easily reduced
substrates gave rise predominantly to the corresponding
hydrodimers, whereas the less easily reduced substrates
led mainly to the formation of the hydrogenation
products.

Reversible dimerization of 9-substituted anthracene radical
anions. The radical anions of anthracenes substituted in
the 9-position with strongly electron-withdrawing sub-
stituents, e.g., CN, CHO, COOCH; and NO,, undergo
reversible dimerization through the 10-position in aprotic
solvents such as DMF, acetonitrile and propylene car-
bonate (Scheme 10).32-33 The kinetics of the dimerization

80

60

40

yield (%)

20

3Me 4-Me 4-t-Bu 4-OMe 3-OCH,0-4
substituent

Fig. 4. Yields of hydrodimers (black bars) and hydrogenation
products (light grey bars) from the cathodic reduction of ring
substituted B-methyl styrenes in DMF. The data are given in
the order of the expected E°’ with the most easily reduced
substrate (X=4-CN) to the left and the most difficultly
reduced substrate (X =3-OCH,0-4) to the right. Experimental
data from Ref. 30.
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for the cyano, formyl and nitro derivatives have been
studied by DCV3% and double potential step chronoam-
perometry (DPSC)32* and the values of ky;,, were found
to decrease in the order NO,>CHO>CN. The plot of
log k4im versus o~ is linear as shown in Fig. 5, which
indicates that faster dimerization is observed for the
more easily reduced substrate.The enthalpies of activa-
tion were low or negative, e.g., 1.2 kcalmol™! for R=
CN and —0.2 kcal mol ™! for R =NO, in DMF.3? This
was taken as an indication that the dimerization reaction
proceeds as a two-step process involving the formation
of a n-complex (of unknown structure) prior to the
formation of the bridging c-bond.3?

6.5

o
o
T

o
()]
T

log(k gim /(M's™"))

o
o

0.9 1.0 1.1 1.2 1.3

Fig. 5. Hammett plot, log kg, vs. o, for the dimerization of
9-substituted anthracene radical anions in DMF. Experimental
data from Ref. 32(a).

j - kdim

Scheme 10.
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* EHD and carboxylation of dialkyl fumarates. Dimethyl,

diethyl and dibutyl fumarate all undergo EHD upon
reduction in DMF3* as shown in Scheme 11. The results
obtained by CV showed that the reaction following the
initial electron transfer was relatively slow and thus it
was possible to determine both E, and E,, — E, for the
reversible (or quasi-reversible) reduction of the esters by
CV at moderate sweep rates. The kinetics were studied
by DPSC and chronocoulometry and the resulting
values of kg, were in the range 25-120M~'s~! and
found to decrease in the order CH;>CH;CH,>
CH;CH,CH,CH,. The differences in rate observed were
believed to reflect the increasing steric hindrance towards
dimerization on passing from the smaller to the larger
alkyl group. The results are shown graphically in Fig. 6A
and it is seen that log kg, is linearly dependent on E°’
(estimated by us from the experimental data for £, and
E,—E,p).

The kinetics for the reaction between the same three
radical anions and CO, in DMF were studied separ-
ately.®® Results obtained by CV, voltammetry at rotating
ring—disk electrodes and EPR spectroscopy showed that
the rate-determining step was indeed the bond formation
between the radical anion and CO,. The pseudo-first-
order rate constants, kco,, obtained in solvent saturated
with CO, (approx. 0.2 M) were between 0.35 and 1.5s7!
and were found to decrease in the same order as observed
for the dimerization. The plot of log k¢o, vs. E°’is shown
in Fig. 6B and it is seen that the plot is essentially linear.

Summary and conclusions. It appears that the experi-
mental results reported in Section II for the cinnamate
series are unique since this series is, to the best of our
knowledge, the only one for which (1) the structural
changes are limited to a substituent in a remote position,
(2) the products have been identified, (3) the reaction
mechanism is well characterized and (4) precise kinetic
data are available.

For the 9-substituted anthracenes and the dialkyl fuma-

A

20 ¢+ J
- Me
" Et o
i B «Q
S 10t Y =
< 8
£ Me "o
x 00 )
> 0.0 4 =
o Et Bu

B
-1.0 D
0.75 0.80 0.85

-E°/V vs.Ag/Ag*

Fig. 6. Values of log kg for dimerization (A) and log kco, for
the reaction with CO, (B) for the radical anions of dialkyl
fumarates in DMF vs. E°’ for reduction of the substrates. The
pseudo-first-order rate constants for (B) refer to a solution
saturated with CO, (0.2 M). Experimental data from Refs. 34
and 35.
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ROOC

COO_R_]L

kco,
+ COz

rates, where kinetic data were reported, it was observed
that log k4, decreased linearly with decreasing values
of E° and for the N-ethyl maleimides and the
B-methylstyrenes, for which only product data were
available, reduction was found to result predominantly
in hydrodimers for the more easily reduced substrates
and in products resulting from saturation of the C-C
double bond for the less easily reduced substrates. These
data would seem to be in agreement with the observation
made for the cinnamate radical anions that the reactivity
of the radical anions in dimerization decreases and the
reactivity in reactions with electrophiles (proton donors)
increases when the substrates become less easy to reduce.
This is illustrated in Fig. 7A for the general case.
However, the product distributions observed for the N-
ethyl maleimides and the pB-methylstyrenes are compat-
ible as well with the situation where log kg, and
1og Kejectrophite (=108 ko) both increase (Fig. 7B) or
decrease (Fig. 7C) with decreasing values of E°’, but
with different slopes, and in one case, the reaction
between the radical anions of the dialkyl fumarates and
CO,, it was in fact observed that log k¢, increased when
the substrates became more easy to reduce. Thus, it
seems impossible to draw general conclusions regarding
the relationship between the ease of formation and the
reactivity of the radical anions in dimerization and
reactions with electrophiles, respectively, from the data
presently available for radical anions.

The situation is slightly different for radical cations,
first of all because more data are available. In most cases
the reactivity pattern is analogous to that observed for
the cinnamate radical anions, that is the reactivity of
radical cations in dimerizations decreases and the reactiv-
ity in reactions with nucleophiles increases when the
substrates become less easy to oxidize.>**® However,
these trends for the radical cations are not universal
either. For example, during the oxidation of triarylamines
it was clearly observed that the reactivity of the corres-
ponding radical cations in dimerization increases when
the amines become less easily oxidized.3® On the other
hand, we have not been able to locate exceptions in the
general trend among the reactions between radical cat-
ions and nucleophiles.

The question that immediately comes into mind is
whether the difference in reactivity observed for dimeriza-
tions reflects different mechanisms, and since the identi-

ROOC

Scheme 11.
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Fig. 7. Generalized plots of log Ky, (d) and log Keiectrophile (€)
versus E°’ for three different cases that all would lead
predominantly to hydrodimers for substrates that are rela-
tively easy to reduce and to products resulting from reaction
between the radical anion and the electrophile for substrates
that are relatively difficult to reduce.

fication of the species that actually react is a prerequisite
for any discussion of radical ion reactivity, we will deal
with this particular question in some detail below.

IV. Mechanisms for dimerization

The mechanisms for radical ion reactions have been the
subject of much discussion and this is true in particular
for dimerizations. Although in this paper we focus on



radical anions, the discussion to follow is relevant for
the dimerization of radical cations as well and will for
that reason be presented in more general terms.

The reductive, or oxidative, conversion of a substrate
to a dimeric product is one of the most important
reactions in synthetic organic electrochemistry.?4%4! The
substrates involved are typically alkenes or arenes activ-
ated towards electron transfer by the presence of an elec-
tron-withdrawing or electron-donating group. Results
from numerous studies*?~4¢ of the kinetics and mechan-
isms for dimerization seem to indicate that the C-C
bond forming step most often involves two radical ions,
often referred to as the RR-mechanism. However,
another mechanism, involving the coupling between a
radical ion and a molecule of substrate and which by
analogy is referred to as the RS-mechanism, has been
proposed in a number of cases.**~#6 (A more thorough
discussion of the mechanism possibilities may be found
elsewhere).*” The first steps in the two mechanisms are
illustrated by eqns. (5)—(7), where AX is a substrate
carrying an atom or group, X, that may be eliminated
as X~ (for radical anions) or X* (for radical cations)
after the formation of the doubly charged dimer,
TIHXA-AX /T,

The RR-mechanism:

ks

JAXTF R XA AX T (Ky=ks/k_s) )
k_s
The RS-mechanism:
k
AXT* + AX 2 XA-AX T (Ko =kelk—g) (6)

k—e

ko
XAAX T/ AX T 2 XAAX T HAX (T)

k_7
(K7 = k7/k—7)

In both cases ~/*XA-AX /" is converted into prod-
ucts in a subsequent step, eqn. (8a), that may involve an
additional reagent, Y, eqn. (8b), or even the starting
material, AX, eqn. (8¢).

kga
“I*XA-AX ' 2 products (8a)
k_ga
K
IFXAAX T +Y = products (8b)
k—gb
k8c
“I*XA-AX "'t + AX = products (8¢c)
k—gc

The nature of the reaction by which ~/*XA-AX~/*
is converted into the final product(s), eqns. (8a)—(8c),
depends on both the structure of AX and the reaction
conditions, including the nature of Y, which may be a
solvent component. For radical anions, the reaction
typically involves double protonation of ~XA-AX™,
resulting in the formation of the hydrodimer,*®
HXA-AXH, or monoprotonation accompanied by cyc-
lization of the Dieckmann type as illustrated in a previous
paragraph for the reduction of the cinnamic acid
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esters.19#20-22 [n those cases the follow-up reaction
requires the presence of a proton donor, Y or AX. Other
more rare cases, where X is a suitable leaving group,
include the formation of A-A, which may be further
reduced.®4° The dimer dications, *XA-AX™, resulting
from the radical cation dimerization, may eliminate two
protons (X =H, dehydrodimerization) giving A-A.*° In
that case Y or AX is a proton acceptor. In other cases,
the dimer dication may undergo cyclization, as for
example observed for the dications derived from diaryle-
thanes®! or 1,2-diarylethylenes.>? Finally, if Y is a good
nucleophile, the further reaction of *XA-AX* may
instead lead to addition products, YXA-AXY,* or if
AX is good nucleophile, to the formation of oligomers
or polymers.

Discussion of the mechanism in most of the earlier
work4?~#% has been focussed on two so-called limiting
cases, the RR-mechanism with irreversible dimerization,
forward reaction (5), and the RS-mechanism with revers-
ible coupling, reaction (6), followed by irreversible elec-
tron transfer, forward reaction (7). However, the
arguments presented in favor of one or the other of the
two mechanisms is, in our opinion, not always compelling
and, in particular, the assumption of rate-determining
dimerization in the RR-mechanism is in many cases an
oversimplification of the kinetics. The analysis of the
RR-mechanism has to include as the starting point also
the rates of the dissociation of ~/*XA-AX~/*, back
reaction (5), and its further conversion, reaction (8a),
(8b) or (8c), and the neglect of these steps may lead to
false conclusions regarding whether the C—C bond form-
ing step is of the RR- or the RS-type. A detailed
discussion of this problem will appear elsewhere,>® but
an example that illustrates this point is given in the
Appendix. A second problem concerns the chemical
nature of the further conversion of ~/*XA-AX™/*. As
discussed above, this reaction often involves cases of
protonation (for “XA-AX7), or deprotonation (for
*XA-AX™"), which in superdry aprotic solvents, for
example containing suspended alumina,>® requires that
either a solvent component, reaction (8b), or the starting
material, reaction (8c), act as a donor or acceptor of
protons. These reactions are not necessarily irreversible
and, in addition, reaction (8c) consumes substrate. This
introduces additional kinetic and mechanistic complica-
tions, which, if they are not taken properly into account,
may also be the origin of a false mechanism assignment.
In addition to these two problems, which are both of a
purely chemical nature, the application of the LSV
technique presents a third, technical problem. This con-
cerns the determination of reaction orders from the
variation of the peak potential with changes in the
voltage sweep rate and in the substrate and reagent
concentrations. Usually the analysis is based on three
assumptions, (1) that the heterogeneous electron transfer
process is reversible, (2) that the electrode process is
under so-called kinetic control*’ and (3) that the trans-
port of material to and from the (planar) working
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electrode is governed by semi-infinite linear diffusion. In
that case the relationship between the reaction orders
and the peak potential variations is given by a set of
simple equations (see the Appendix) that, in principle,
should make the mechanism assignment easy. However,
for second-order reactions (i.e., dimerizations) studied
by LSV at working electrodes with diameters in the
0.2-2 mm range and substrate concentrations in the
0.5-5 mM range, the assumption of purely kinetic condi-
tions is often problematic. Under these conditions, typical
for many LSV studies, the sweep rates required to
maintain semi-infinite linear diffusion unaffected by con-
vection are higher than the relatively low sweep rates
required to fulfill the assumption of purely kinetic condi-
tions. This introduces additional uncertainties into the
mechanism assignment.>® In conclusion, we have found
that the electroanalytical results reported for dimeriza-
tions in aprotic solvents, for the cases that were previ-
ously suggested to follow the RS-mechanism, with few
exceptions may as easily be explained by the
RR-mechanism when the problems just mentioned are
taken into consideration in the data analysis. The excep-
tions all concern radical cations® and for that reason we
will assume in the section to follow that dimerizations
involving radical anions as a rule proceed by the
RR-mechanism.

It is important to emphasize, however, that we do not
claim that the reaction between a radical ion and its
substrate is rare in general, only that occurrence of the
RS-mechanism in dimerization reactions under condi-
tions where it may be characterized by electroanalytical
techniques has, in our opinion, not been convincingly
demonstrated in many cases. In fact, there is good
evidence that the coupling between a radical ion and the
neutral substrate may occur, e.g., when the radical cations
of activated olefins are generated in very low (micro-
molar) concentrations with the substrate present in a
large excess as happens during laser flash photolysis or
pulse radiolysis studies. Owing to the low rate for the
dimerization of two radical cations under such condi-
tions, the rate of the RS-coupling, reaction (6), may well
exceed that of the RR-dimerization, reaction (5). It is of
interest to note that in many of those cases the overall
reaction takes a different route, resulting in the radical
cation catalyzed formation of cycloaddition products,
i.e., cyclobutanes.””'2¢3755  Analogous cycloadditions
have also recently been reported for radical anions.*¢

V. Results from semi-empirical molecular
orbital calculations

A common feature of the studies referred to in Sections
IT and III is that the structural changes in a series of
compounds are limited to the variation of substituents,
that owing to their nature or position, are expected to
impose only small electronic perturbations of the original
n-system. In fact, it is only for such systems that a linear
relation between, e.g., log k and E°’, would be expected.
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In the light of the discussion in Section IV and the
Appendix we will assume in the following that the
dimerization of radical anions as a rule proceeds by the
RR-mechanism and thus the relative values of log k4;m
would be expected to a first approximation to be deter-
mined by the unpaired electron density, c2omo. at the
carbon in the position of dimerization.’”*® This again
would lead to a linear relation between log kg4;, and E°’
in the cases where c2oyo is linearly dependent on E°’ as
observed for the dimerization of the cinnamate radical
anions (Figs. 1 and 2).

For the reactions between radical anions and elec-
trophiles (proton donors) we consider only the large
majority of the reactions that actually involve the radical
anion in the bond-forming step, rather than the dianion
formed by the disproportionation step of the radical
anions.>>%° In the cases where the radical anion is the
reactive species the relative values of 10g Kejecerophite WOUld
be expected to be determined largely by the net atomic
charge, ¢, at the carbon being attacked by the elec-
trophile®”®! (proton donor) and the difference in energy
between the semi-occupied molecular orbital (SOMO) of
the radical anion and the lowest unoccupied molecular
orbital (LUMO) of the electrophile, Egsomo—
Eflectrophile 57 When the structural variations are limited
to the radical anion, as in the reactions discussed in
Sections II and ITI, ES%5isPhile is a constant and it follows
that a linear relation between 1og kejectrophite and £°’ may
be expected in the cases where ¢ and Egoyo both correlate
linearly with E°’. The linear correlation between log k.o
and E°’ observed for the protonation of the cinnamate
radical anions is an example of such behavior (Figs. 1
and 2).

Thus, it would be expected that some understanding
of the observed reactivity pattern for radical anions may
be gained through molecular orbital calculations, e.g., at
the AM1 level,?® of c2ouo and g at the relevant carbons
and of Eggyo. One problem inherent to this approach is
that the results refer to an isolated species in the gas
phase and it is indeed not a trivial task to include the
effect of the solvent,% and for the radical ions also the
influence of counter ions, in the calculations of the
electronic properties. However, since we are concerned
here only with the trends in the reactivity we will assume
that Egomo for the radical anion in solution may be
approximated by Ejyuo for the neutral substrate in the
gas phase reminiscent of the ‘frozen orbital’ approxi-
mation.®® Returning now to the previous paragraph this
means that the requirement for observing a linear correla-
tion between 10g Kejeciropnile and E°’ is reduced to the
existence of linear correlations between ¢ and E°’, since
it has repeatedly been found®¥5¢ that Eyyo (or the
vertical gas phase electron affinity) and E°’ are indeed
linearly related for series of related substrates.

In order to gain some general insight into the effect of
substituents on the electronic properties of radical anions,
AMI calculations were carried out not only for the
compounds for which experimental results are presented



in Sections II and III, but also for seven series of model
compounds, 1-7. The structures of these, which in a few
cases overlap with the compounds for which experimental
data were available, are shown in Scheme 12. The identity
of the substituents (R) are given in the captions to the
figures referred to below. The values of E°’ for the model
compounds were approximated by the adiabatic gas
phase electron affinities, AAH;= AHdical anion _
AHbstrate 67-69 pather than by Epiymo. However, the
results obtained for the seven series of model compounds
showed that the plots of E; yqo vs. AAH; were essentially
linear with slopes of the regression lines between 0.92
and 1.03.

The computational procedure involved the following
steps. (1) The structure of the neutral substrate was first
optimized by a molecular mechanics calculation
(PCModel, v. 6.00). (2) This structure was then used as
the input for an AM1-RHF (MOPAC, v. 6.0 for PCs)
calculation to determine AH{™'* (3) The structure
optimized by the molecular mechanics calculation was
also used as input for an AMI-UHF calculation of the
unpaired electron density, cZomo, and the net atomic
charge, ¢, at the relevant carbon(s) in the radical anion.
(4) Finally, AHRdical anion g calculated by an AMI-
RHEF calculation, usually using the AM1-UHF optimized
structure as input. All calculations were performed using
the PRECISE option and without symmetry restrictions.
Nitro substituents were avoided, except for radical anions
for which kinetic data are available, owing to the large
errors in AH; that may result from AMI calculations
for, e.g., nitroarenes.”

H\(Zl (l)«R H\ /R
7/ = N /C= N\
H H R H
1 2
@ O @ D

3 4
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{ H oH
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Scheme 12.
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The model systems

Ethylene and monosubstituted ethylenes. The results
obtained by AM1 (RHF or UHF) calculations for the
unsubstituted ethylene radical anion predict a planar
configuration with the unpaired electron density symmet-
rically distributed between the two carbons correspond-
ing to a value of como equal to 0.5 for each carbon. The
net atomic charge, ¢, at each carbon is —0.549 and AAH;
is 25.76 kcal mol 1.

The effects of monosubstitution (1) are shown in Figs.
8 and 9. It is seen that 2,y at both C-1 (Fig. 8A) and
C-2 (Fig. 8B) for R equal to alkyl or substituted alkyl
(M) in all cases is only slightly smaller than 0.5. At the
carbon to which R is attached, C-1, the values are
between 0.48 and 0.5 with a weak tendency to decrease
with decreasing values of AAH;. At C-2 the values tend
to increase slightly with decreasing values of AAH;. The
slope of the regression line defined by the data for C-2
is —8.4 x 10~* mol kcal . These trends are accompanied
by opposing trends for the net atomic charge, —q , the
values of which are found to increase at C-1 (Fig. 9A)
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Fig. 8. Values of the unpaired electron density, cZomo. at C-1
(A) and C-2 (B) vs. AAH; (= AHjadical anion _ A pysubstrate) {5 the
radical anions of monosubstituted ethylenes (1). The data
points shown as filled squares (I) are for alkyl or substituted
alkyl groups and include (from left to right) CF3, CHF,, CH,F,
CH,NH,, CH;0CH3, CH;CH,CH,CH3, CH,CH5 and CH3. The
data points shown as filled circles (@) are for substituents
having a heteroatom carrying a lone-pair directly attached to
the ethylene n-system and include (from left to right) F, NH,,
OH and OCHj;. The data points shown as filled triangles (A)
are for m-type substituents and include (from left to right)
COCH3, COOCHg3, CgHs and CN. The slopes of the regression
lines determined by the points for the alkyl or substituted
alkyl groups (M) are 3.0x10 *molkcal™? (A) and
—8.4x10™* mol kcal =" (B). Data obtained by AM1 calcula-
tions as described in the text.
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Fig. 9. Values of the net atomic charge, g, at C-1 (A) and C-2
(B) vs. AAH; (=AHadicalanion __ A pysubstrate) £ the radical
anions of monosubstituted ethylenes (1). The data points
refer to the same substituents and calculations as in Fig. 8.
The slopes of the regression lines determined by the points
for the alkyl or substituted alkyl groups (M) are —2.5x 1073
mol kcal ™' (A) and 2.9 x 1073 mol kcal =" (B).

and to decrease at C-2 (Fig. 9B) with decreasing values
of AAH;. Also in this case the effect is larger at C-2, for
which the slope of the regression line is equal to
2.9 x 107* mol kcal .

A similar, slightly larger effect on cZgyo is observed
when R has a heteroatom carrying a lone-pair directly
attached to the ethylene n-system (@), but the effect of
these substitutents on AAH; is too small to allow for
conclusions regarding a possible relationship between
cdomo and AAH;. In fact, it may be argued that in a
radical anion, the effect of introducing a substituent
having a lone pair at the atom attached to the ethylene
carbon is mainly of an electrostatic nature and therefore
that these radical anions might as well have been included
in the series of ethylenes carrying alkyl or alkyl-like
substituents. However, the effect on the net atomic charge
of a substituent having a lone pair at the atom attached
to the ethylene carbon is clearly different from that found
for the alkyl or alkyl-like substituents as seen in Figs.
9A and 9B. At C-1 the values of —gq are significantly
lower than those for the alkyl substitutents (Fig. 9A),
whereas the values at C-2 are significantly higher
(Fig. 9B) and with a tendency to increase with decreasing
values of AAH;.

A much larger effect is observed when R is a m-type
substituent (A). From Figs. 8A and 8B it is seen that
the values of cZoyo are now significantly smaller than 0.5
at both C-1 and C-2. This obviously is caused by the
effective delocalization of the unpaired electron density
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into these substituents, the extent depending on the
nature of the substituent. Thus, the substitution of a
hydrogen atom in ethylene with a n-type substituent
exceeds by far that of a small perturbation and accord-
ingly there is no relationship between couo and AAH;.
A similar effect is observed for the values of — g, although
the effect is much smaller at C-2 (Fig. 9B) than at C-1
(Fig. 9A).

Symmetrical 1,2-disubstituted ethylenes. The effects of
introducing two identical substituents in the 1- and 2-
positions (2) are shown in Figs. 10 and 11. It is seen
that cdomo (Fig. 10) increases slightly with decreasing
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Fig. 10. Values of the unpaired electron density, cZomo, at
C-1 (=C-2) vs. AAH; (=AHadical anion__ A pysubstrate) f5, the
radical anions of 1,2-disubstituted ethylenes (2). The data
points shown as filled squares (H) are for alkyl or substituted
alkyl groups and include (from left to right) CF3, CHF,, CH,F,
cHzNHz, CH20CH3, CHzCHzCHzCH3, CH2CH3 and CH3. The
data points shown as filled circles (@) are for substituents
having a heteroatom carrying a lone-pair directly attached to
the ethylene m-system and include (from left to right) F,
OCHg, OH, and NH,. The data points shown as filled triangles
(A) are for m-type substituents and include (from left to right)
COOCH3;, CN, COCHj; and CgHs. The slope of the regression
line determined by the points for the alkyl or substituted
alkyl groups (B) is —3.3x 10 * mol kcal~". Data obtained
by AM1 calculations as described in the text.
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Fig. 11. Values of the net atomic charge, g, at C-1 (=C-2) vs.
AAH; (= AH{Rdical anion _ A pysubstrate) £ the radical anions of
1.2-disubstituted ethylenes (2). The data points refer to the
same substituents and calculations as in Fig. 10. The slope
of the regression line determined by the points for the alkyl
or substituted alkyl groups (B) is 2.2 x 10~ * mol kcal .



values of AAH; in a fashion similar to that observed for
C-2 in the monosubstituted ethylene radical anions, 1,
when R is restricted to be of the alkyl or substituted
alkyl type (H). The slope of the regression line in this
case, —3.3x 10 *mol kcal™!, is (numerically) slightly
smaller than the value, —8.4 x 10 "% mol kcal !, observed
for 1. This smaller effect is seen even more clearly for
—gq (Fig. 11), which varies only little with changing
values of AAH,. Thus, for both cZomo and —g the effect
of having two identical substituents situated symmetric-
ally around the C-C double bond is slightly smaller than
that observed for the unsymmetrical monosubstituted
ethylene radical anions. The same tendency is also
observed for the substituents having a lone pair at the
atom attached to the ethylene carbon (@) and the n-type
substituents (A).

Monosubstituted benzenes. The effect of substitution on
the stability and charge distribution for a series of
monosubstituted benzenes and their radical anions has
earlier been discussed in detail in two pioneering studies
based on ab initio STO-3G calculations.”* The results
from these studies indicate that C-4 is the thermodyn-
amically preferred site of protonation of the radical
anions for alkyl and n-type (acceptor) substituents and
that there is generally a close parallel between the thermo-
dynamically and the kinetically preferred protonation
site.

The values of ¢2omo and — g for a series of monosubsti-
tuted benzenes (3) obtained by the AMI1 method are
summarized in Figs. 12 and 13, respectively. With only
one exception (R =vinyl) the highest values of cZpye are
found at C-1 (ipso) and C4 (para) as long as R belongs
to the classes of alkyl-type or =-type substituents
although significant values of cyyo are also found in
other ring positions.

It is seen at Fig. 12 that the values of cZoyo increase
at the carbon to which the substituent is attached, C-1,
and decrease at the hypothetical position for dimeriz-
ation, C4, with decreasing values of AAH;, again when
R is being restricted to alkyl or substituted alkyl (H).
These tendencies are the opposite of what was observed
for the series of substituted ethylenes, 1. The slope of
the regression line defined by the values of cZopmo at C-4
is 1.5x 1073 mol kcal "! which (numerically) is slightly
larger than the value, —8.4x 10 *mol kcal™?, at the
equivalent position, C-2, in 1. The trends observed for
como are paralleled by similar trends for —g¢ as seen in
Fig. 13. This is also at variance with the results obtained
for the ethylenes. It is of interest to note that the values
of cZomo at C-1 and C-4 are of similar magnitudes for
the compounds having the highest values of AAH;, but,
owing to the opposite trends in cioye With decreasing
values of AAH,, we find that cZoyo at C-1 is almost 50%
larger than cZoyo at C4 for the compounds with the
lowest values of AAH;, that is for the compounds
expected to be most easily reduced.

When R consists of an atom carrying a lone pair
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Fig. 12. Values of the unpaired electron density, c3omo, at
C-1(A) and C-4 (B) vs. AAH; (= AH{3dical anion__ A pysubstrate) £
the radical anions of monosubstituted benzenes (3). The data
points shown as filled squares (B) are for alkyl or substituted
alkyl groups and include (from left to right} CF3, CHF,,
CH,;NH,, CH,F, CH;OCH3, CH,0H, CH,CH; and CHj. The
data points shown as filled triangles (A) are for m-type
substituents and include (from left to right) COOCH3;, COOH,
CHO, COCHg, CN and CH=CH,. The slopes of the regression
lines determined by the points for the alkyl or substituted
alkyl groups (M) are —1.4x10 3molkcal™' (A) and
1.5 x 10~ mol kcal ' (B). Data obtained by AM1 calculations
as described in the text.

attached to the benzene ring we see no clear positional
preference for the maximum c3oyo value (not included
in Figs. 12 and 13).

The effect of introducing substituents of the n-type
(A) into the benzene ring is very similar to that observed
for the ethylenes illustrating that in this case the effects
are also larger than that expected for a small
perturbation.

1-Substituted 2,6-di-tert-butylbenzenes. A common fea-
ture of the model compounds derived from ethylene and
benzene is that the introduction of a m-type substituent
leads to a new, larger m-system than that for the parent
compound and hence we observe no clear relationships
between como and g, respectively, and AAH;. One way
to avoid the effect of conjugation would of course be to
carry out a series of calculations for the conformations,
e.g., of the monosubstituted benzenes, in which the
dihedral angle between the parent and substituent
n-systems was fixed at 90°. However, the results would
be of only little relevance to practical work and we
preferred instead to carry out calculations for a series of
1-substituted 2,6-di-tert-butylbenzenes (4) in which the
conjugation between the two n-systems is strongly minim-

843



HAMMERICH AND NIELSEN

0.5
A
04 n "
03}
= s
. '
02}
A
B
04 }
I a
J o3l *
~ A
T
AM
02}
0.1 . ' 1
30 -20  -10 0 10

AAH /keal mol !

Fig. 13. Values of the net atomic charge, g, at C-1 (A) and
C-4 (B) vs. AAH; (= AH{3dical anion _ A pysubstrate) 4 the radical
anions of monosubstituted benzenes (3). The data points
refer to the same substituents and calculations as in Fig. 12.
The slopes of the regression lines determined by the points
for the alkyl or substituted alkyl groups (B) are —4.9x 10~3
mol kcal =" (A) and 2.5 x 102 mol kcal ~* (B).

ized owing to the steric hindrance of coplanarity exerted
by the tert-butyl groups. The results are shown in Figs.
14 and 15.

The effect of the two rert-butyl groups is seen most
clearly by comparison of the figures for systems with and
without tert-butyl groups, one-by-one. Beginning with
C-1 (Figs. 12A and 14A), we see almost no effect of the
tert-butyl groups as long as R belongs to the class of
alkyl and alkyl-like substituents (M), as also expected.
The values of cZoyo are in all cases not far from 0.35
although the dependence on AAH; is slightly smaller in
the presence of the rers-butyl groups. A significant effect
of the fert-butyl groups is seen for the n-type substituents
(A). Three of the substituents (CHO, COOCH; and
CN) now result in values of cZyo that are close to those
predicted by the regression line defined by the alkyl and
alkyl-like substituents illustrating that the interaction
between these three substituents and the benzene
n-system in the presence of the 2,6-di-tert-butyl groups
is of a nature similar to that of the alkyl-type substituents.
In the radical anion of the 2,6-di-tert-butyl substituted
styrene (R =vinyl) the substituent still carries a signific-
ant amount of the unpaired electron density and in the
radical anion of 2,6-di-fert-butylacetophenone (R =
COCHj;, not shown in Figs. 14 and 15) the calculations
predict that the unpaired electron density is carried
almost exclusively by the acetyl substituent resulting in
only very small values of cyyo at the benzene carbons.

A similar effect is seen for C-4 (Figs. 12B and 14B),
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Fig. 14. Values of the unpaired electron density, cZomo. at
C-1(A) and C-4 (B) vs. AAH; (= AHadical anion _ A pysubstrate)
the radical anions of 1-substituted 2,6-di-tert-butylbenzenes
(4). The data points shown as filled squares (H) are for alkyl
or substituted alkyl groups and include (from left to right)
CF3, CHF;, CH,F, CH;NH,, CH,0H and CHs. The data points
shown as filled triangles (A) are for n-type substituents and
include (from left to right) COOCH3, CN, CHO and CH=CH,.
The slopes of the regression lines determined by the points
for the alkyl or substituted alkyl groups (M) are —3.5x 104
mol kcal ="' (A) and 3.0 x 1073 mol kcal ~* (B). Data obtained
by AM1 calculations as described in the text.

although the values of ¢Zoyo are lowered by approxi-
mately 0.05 as a result of the presence of the two zert-
butyl groups. Also in this case, the points for R =CHO,
COOCH; and CN fall close to the regression line defined
by the alkyl-type substituents and the points for R =
vinyl and COCHj deviate as described for C-1.

Essentially the same pattern as described for the
unpaired electron density is observed for the net atomic
charges, ¢ (Figs. 15A and 15B).

9-Substituted anthracenes. The results for a series of 9-
substituted anthracenes (5) are summarized in Figs. 16
and 17. The tendencies are similar to those observed
from the 1-substituted-2,6-di-ferz-butylbenzenes for both
c%omo and q. It is seen that c2pmo and —g both increases
at C-9 and decreases at C-10 with decreasing values of
AAH;. It is also seen that the n-type substituents (A) in
general fall close to the regression line defined by the
alkyl-like substituents (M) illustrating that conjugational
effects are only small. In this case the steric hindrance of
coplanarity of the n-systems is caused by the hydrogen
atoms in the 1- and 8-positions. The opposing trends for
cdomo at C-9 and C-10 has the effect that the value of
cdomo at C-9 is approximately three times as big as that
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Fig. 15. Values of the net atomic charge, g, at C-1 (A) and
C-4 (B) vs. AAH; (= AH{?dical anion__ A fysubstrate) f5r the radical
anions of 1-substituted 2,6-di-tert-butylbenzenes (4). The data
points refer to the same substituents and calculations as in
Fig. 14. The slopes of the regression lines determined by the
points for the alkyl or substituted alkyl groups (M) are
—3.2x 1073 mol kcal ™' (A) and 3.6 x 102 mol kcal =" (B).

at C-10 for the anthracene derivative (R=NO,) pre-
dicted to be the most easily reduced.

Esters of acrylic acid and cinnamic acid. The acrylic acid
esters (6) and the cinnamic acids esters (7) are different
from the model compounds discussed so far as the
changes in substitution take place in a part of the
molecule (the alcohol part) that formally is not in
conjugation with the unsaturated ester n-system. In that
sense the radical anions of 6 and 7 are related to those
of, e.g., aromatic ethers’? and a-aryloxyacetophenones.”
Common to the esters is also that they exist in two
different conformations with dihedral C=C—C=0 angles
equal to approximately 0° and 180°. The calculations
show that these two conformations are of similar energies
and for the sake of consistency the calculations reported
below all refer to an angle of 180° (cf. Scheme 12).

The results obtained for the acrylates are shown in
Figs. 18 and 19. By comparison of the results in Figs.
18A, B and C it is seen that cdomo at C-1 increases,
whereas cZomo at C-2 and C-3 decreases with decreasing
values of AAH; for R being alkyl or substituted alkyl
(W). The highest values, but the smallest substituent
effects, are observed at the hypothetical position for
dimerization, C-3. Similar trends are observed when the
substituents are of the n-type (A), but the values observed
at C-1 are now significantly higher, and at C-2 and C-3
significantly lower, than those observed for R equal to
alkyl or substituted alkyl. It is of interest to note that
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Fig. 16. Values of the unpaired electron density, cZomo. at
C-9 (A) and C-10 (B) vs. AAH; (=AHadical anion _ A gysubstrate)
for the radical anions of monosubstituted anthracenes (5).
The data points shown as filled squares (B) are for alkyl or
substituted alkyl groups and include (from left to right) CF3,
CHF,, CH,NH,, CH,F, CH,OH and CH;. The data points
shown as filled triangles (A) are for n-type substituents and
include (from left to right) NO,, CN, COOCH3;, CHO, COCH,
and CH=NH. The slopes of the regression lines determined
by the points for the alkyl or substituted alkyl groups (H)
are —7.1x 1073 mol kcal =" (A) and 2.9 x 10~ mol kcal = (B).
Data obtained by AM1 calculations as described in the text.

regression lines defined by cZomo and AAH, for the n-type
substituents would in fact have slopes of similar magni-
tude to those observed for the alkyl like substituents. In
a sense these three compounds may be considered as
part of a subseries of 1,4-disubstituted benzenes. It is
also of interest to note that the values of cdoyo for one
of the m-type substituents, vinyl, are close to those
expected for an alkyl-like substituent, illustrating that
the acrylic acid ester is the more easily reduced of the
two m-systems and therefore that the introduction of a
remote vinyl substituent for this series of radical anions
may be considered as a small perturbation only.

The trends observed for cZoyo are accompanied by
similar trends for —g¢ as seen in Fig. 19.

Intuitively (or naively) it might have been expected
that the results obtained for the radical anions of the
cinnamates, 7, would be similar to those for the radical
anions of the corresponding acrylates considering that
the only difference between the two series of compounds
is the presence of the phenyl group in the 3-position in
the cinnamates. However, significant differences were
observed.

The results are shown in Figs. 20 and 21. On compar-
ison of the values of c2oyo at C-1 for the radical anions
of the acrylates (Fig. 18A) and the cinnamates (Fig. 20A)
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Fig. 17. Values of the net atomic charge, g, at C-9 (A) and
C-10 (B) vs. AAH; (= AHjadical anion _ A pysubstrate) £qr the radical
anions of monosubstituted anthracenes (5). The data points
refer the same substituents and calculations as in Fig. 16.
The slopes of the regression lines determined by the points
for the alkyl or substituted alky! groups (M) are —1.1x 1072
mol kcal =" (A) and 4.7 x 10~3 mol kcal =" (B).

it is seen that c2ope in both cases increases with decreasing
values of AAH;, but for the cinnamates the points for all
the aryl esters (A) fall close to the regression line defined
by the esters derived from aliphatic alcohols (). Thus,
we have now reached the point where the electron affinity
for the unsaturated ester m-system is higher than that of
even the 4-cyanophenoxy system and accordingly all the
R groups in this series may be considered as small
perturbations of the mn-system of the ester. At C-2, which
carries the highest unpaired electron density, the values
of cdomo are essentially independent of the nature of R
(Fig.20B). This is in contrast with the acrylates
(Fig. 18B) for which the values of c2oyo at C-2 were
smaller than those at C-3 and in addition found to
decrease with decreasing values of AAH;. The most
important difference between the two series is observed
at C-3, which for the cinnamates is known to be the
position of dimerization. For the cinnamate radical
anions (Fig. 20C), cdomo is observed to increase with
decreasing values of AAH;, whereas the opposite trend
was observed for the acrylate radical anions (Fig. 18C).

General trends and implications. The number of model
compounds included in the seven series, 1-7, amounts
to 93 and to the best of our knowledge this is the largest
set of theoretical data for radical anions yet available.
Some general trends have become apparent during the
calculations.

As expected it was found for all of the seven series
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Fig. 18. Values of the unpaired electron density, cZomo.
at C1 (A), C2 (B) and C-3 (C) vs. AAH;
(= AH{adical anion _ A fysubstrate ) £ the radical anions of acrylic
acid esters (6). The data points shown as filled squares (H)
are for alkyl or substituted alkyl groups and include (from
left to I'Ight) CFg, CHFZ, CHzOH, CHzF, CHzoCH3, CHzNHz,
CH; and CH,CH3. The data points shown as filled triangles
(A) are for n-type substituents and include (from left to right)
CeH4CN (p-), CH=CH,, CgH40CH; (p-) and CgHs. The slopes
of the regression lines determined by the points for the alkyl
or substituted alkyl groups (M) are —4.1x 1073 mol kcal ™’
(A), 4.5x 1073 mol kcal =" (B) and 9.2 x 10~* mol kcal =" (C).
The data were obtained by AM1 calculations as described in
the text and refer to the conformation in which the dihedral
C=C-C=0 angle is close to 180° as indicated by the struc-
ture, 6.

that the substitution of a hydrogen atom with an alkyl-
like substituent is only a small perturbation of the parent
n-system and, accordingly, the values of ciomo and ¢
depend essentially linearly on AAH;. The same is true
for the m-type substituents as long as the conjugation
between the m-systems of the substituent and the parent
compound is only small as observed for some of the 1-
substituted-2,6-di-zert-butylbenzenes, the 9-substituted
anthracenes and, of course, the acrylic and cinnamic
acid esters.

Less obvious is the magnitude of the effects. In particu-
lar, it is of interest to note that for the benzene and the
anthracene series both c3oyo and g take the highest
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Fig. 19. Values of the net atomic charge, g, at C-1 (A), C-2
(B) and C-3 (C) vs. AAH; (= AHjadical anion_ A pysubstrate) for the
radical anions of acrylic acid esters (6). The data points refer
to the same substituents and calculations as in Fig. 18. The
slopes of the regression lines determined by the points for
the alkyl or substituted alkyl groups (M) are —1.2x1073
molkcal™! (A), 3.6x10"3molkcal™" (B) and 1.8x 1073
mol kcal =1 (C).

values at the carbon carrying the substituents, that is
C-1 and C-9, respectively. For the benzene radical anions
this is in agreement with the earlier observation that the
molecular electrostatic potential maps often showed a
minimum at C-1 deeper than that at C4.7'° For the
anthracenes it is known that dimerization takes place
through the 10-position and both for the benzenes’!*°
and the anthracenes it would be expected that the first
step in the reaction with an electrophile, e.g., a proton
donor, involves preferentially C-4 and C-10, respectively,
rather than C-1 and C-9. Thus, we may conclude already
at this stage that the kinetics and distribution of products
observed experimentally are not simple functions of
c2omo and g at the carbons through which reaction takes
place. Similarly, it is seen for the cinnamate radical
anions that the highest values of c2omo and g are found
at C-2 although it is known that dimerization takes place
through C-3. We return to a possible implication of these
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Fig. 20. Values of the unpaired electron density, cZomo.
at C1 (A), C2 (B) and C-3 (C) vs. AAH;
(= AHj?dical anion _ A pysubstrate) £51 the radical anions of cin-
namic acid esters (7). The data points shown as filled squares
(M) are for alkyl or substituted alkyl groups and include
(from left to right) CF;, CHF,, CH,OH, CH,F, CH,OCHj,
CH;NH,, CH; and CH,CH3. The data points shown as filled
triangles (A) are for n-type substituents and include (from
left to right) CgH4CN (p-), CgHs, CgH4OCH3 (p-) and CH=CH,.
The slopes of the regression lines determined by the points
for the alkyl or substituted alkyl groups (M) are —4.0x 103
mol kcal ™" (A), —2.0x 10" mol kcal~" (B) and —2.4x 1072
mol kcal™! (C). Data obtained by AM1 calculations, as
described in the text, refer to the conformation in which the
dihedral C=C-C=0 angle is close to 180° as indicated by
the structure, 7.

trends below in the discussion of the experimental results
for the anthracenes and the cinnamates.

The reaction series discussed in Sections lI
and_lll

The results obtained for the compounds not belonging
to the series of model compounds are presented in tabular
form and for each series arranged according to increasing
values of AAH;.

Methyl substituted N-ethylmaleimides (Scheme 8, Fig. 3).
Related to the ethylene model compounds are the three
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Fig. 21. Values of the net atomic charge, q, at C-1 (A), C-2
(B) and C-3 (C) vs. AAH; (=AHjadical anion _ A pysubstrate) o the
radical anions of cinnamic acid esters (7). The data points
refer to the same substituents and calculations as in Fig. 20.
The slopes of the regression lines determined by the points
for the alkyl or substituted alkyl groups (M) are 7.5x 104
mol kcal ™! (A), 1.3x 10 3 molkcal™" (B) and —7.5x10"*
mol kcal =1 (C).

N-ethylmaleimides. The results obtained by AM1 calcula-
tions are summarized in Table 1. The calculated differ-
ence between AAH; for the dimethyl substituted and the

unsubstituted compound amounts to only 1.5 kcal mol !
corresponding to approximately 65 mV. Thus, the substi-
tution of two hydrogens with methyl in N-ethylmaleimide
is indeed only a small perturbation and therefore it is
somewhat unexpected that the difference in E,,, observed
experimentally is as large as 250 mV (Fig. 3). However,
the calculations also show that the increase in net atomic
negative charges upon reduction to the radical anions
takes place mainly at the ethylenic carbons, C-1 and C-2,
and the two carbonyl oxygens, O-1 and O-2. Thus, the
large difference observed in E;;, most likely reflects that
the gain in solvation energy that accompanies the forma-
tion of the radical anion of the dimethyl derivative is
slightly reduced owing to the steric hindrance to solvation
imposed by the two methyl groups close to the centers
of negative charge.

Comparison of the data in Table 1 shows that the
unpaired electron density at C-1 and C-2 is lower for
R,R’'=CHj;,CHj; than for R,R’=H,H and that the high-
est value of cdomo is found at C-1 for the unsymmetrically
substituted derivative, R,R’=CH;,H. However, the
differences are only small and, even considering the
statistical correction required in comparison with the
relative rates for dimerization of symmetrical and unsym-
metrical radical anions, it is not obvious from these data
that the rate of dimerization would tend to decrease on
passing from the most easily to the least easily reduced
substrate, ie., from R,R'=H,H to R,R’'=CH;,CHj,.
Hence it appears most likely that the transition from
predominantly dimerization for R,R’=H,H to predomi-
nantly protonation for R,R’=CHj;,CHj is caused by an
increased rate of protonation of the radical anions,
mainly governed by the increased values of Ej jyo-

For the unsymmetrically substituted compound it was
observed that dimerization takes place through C-1, that
is the carbon carrying the methyl substituent. This is
good agreement with the AMI results that predict that
the higher unpaired electron density is indeed observed
at C-1.

p-Methylstyrenes (Scheme 9, Fig. 4). The experimental
data for this series of compounds have to be treated with

Table 1. Results from AM1 calculations for N-ethylmaleimides and the corresponding radical anions.?

O-1
0
R\¢c1 CH,
N-CH)
R' C-2
0o0-
cBomo cBomo —q —q —q —q
R R’ AAH; E umo (C-1) (C-2) (C-1) (C-2) (0-1) (0-2)
H H —40.5 —1.094 0.307 0.307 0.338 0.339 0.467 0.463
CH, H —39.8 —-1.023 0.314 0.292 0.291 0.334 0.459 0.462
CH; CH; —39.0 —0.959 0.299 0.300 0.285 0.286 0.458 0.455

3AAH;= AHj3dical anion_ ppysubstrate. £\ 0 is the energy (in eV) of the lowest unoccupied molecular orbital of the neutral
compound; c3omo is the unpaired electron density at the carbon atom indicated; g is the net atomic charge at the carbon

indicated.
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caution as the P-methylstyrenes result from the in situ
isomerization of the corresponding allylbenzenes induced
by electrochemically generated base. Since the concentra-
tion of base necessary for the onset of the isomerization
obviously depends on the substitution in the phenyl ring,
the pB-methylstyrene radical anion concentration will not
be directly related to the passage of current through the
electrolysis cell. This in turn means that the competition
between the second-order dimerization and the pseudo-
first-order protonation, and hence the product distribu-
tion, is not necessarily a simple function of the substitu-
tion pattern. In addition, the series encompasses only
one substrate having a strongly electron withdrawing
substituent (4-CN) and for the remaining substituents
the position of substitution is not even restricted to the
4-position. We have, nevertheless, carried out AMI1 calcu-
lations for these compounds as well and the results are
shown in Table 2.

First it is noted that AAH; does not vary with substitu-
tion as expected®! (see Fig.4). In particular, we have
assumed in the construction of Fig.4 that the
B-methylstyrenes carrying alkoxy type substituents would
be more difficult to reduce than predicted from AAH;.
This most likely reflects that AAG,,,, does not necessarily
change in a gradual fashion on passing from, e.g., 4-CN
to 3-CHj;.

The calculations show that the highest unpaired elec-
tron density is located at the carbon in the benzene ring
carrying the more electronegative m-type substituent, that
is at C-4 for the 4-cyanoderivative and at C-1 for the
remaining compounds in agreement with results obtained
for the benzene series. At C-B, the carbon through which
dimerization takes place, the values of cdoymo are some-
what lower and found to increase slightly with (predicted)
decreasing ease of reduction of the B-methyl-
styrene. The highest values of —g are located at the
position for protonation, C-B, and are, except for R =4-

RADICAL ION REACTIVITY

atomic charge is high at C-p the theoretical data are of
little help in explaining the rather abrupt change in the
product distribution, from predominantly dimerization
to predominantly protonation, observed on passing from
3-CH; to 4-CH;.

9-Substituted anthracenes (Scheme 10, Fig. 5). The AM1
calculations for the anthracene series predict that the
unpaired electron density at C-10 (Fig. 16B) decreases
with increasing ease of reduction, although there is some
scatter in the theoretical data in the region of low AAH;
where the substituents of the three anthracenes (R =
NO,, CHO and CN) studied experimentally are located.
In contrast, the values of c2oumo at C-9 (Fig. 16A) increase
with increasing ease of reduction and, in addition, are
significantly larger than those at C-10. Thus, if the rate
of dimerization is largely determined by the unpaired
electron density in the 10-position it would be expected
that kg, should decrease with increasing ease of reduc-
tion of the anthracene. The opposite trend was observed
experimentally. The values of log kg, were found to
increase with increasing values of o~ (Fig. 5), and hence
with increasing ease of reduction of the anthracenes, and
apparently there seems to be no direct relationship
between the theoretical and the experimental data.
However, it should be recalled that a characteristic of
these dimerization processes is that the enthalpies of
activation are much lower than expected for a reaction
proceeding as a simple one-step process. This observa-
tion led to the suggestion3? that the dimerization proceeds
as a two-step process involving initially the formation of
a m-complex, ~XA/AX™ [eqn. (9)], and then the forma-
tion of the o-bond between the two carbons in the 10-
position [eqn. (10)].

PAX ™ 2 “XA/AX" (Ko =kofk_s) 9)

k-o

CN, essentially independent on substitution. Thus, _ _ ko _ _ _
although both the unpaired electron density and the net XA/AX ko XA-AX" (Kio=kiofk-10) (10)
Table 2. Results from AM1 calculations for B-methylstyrenes and the corresponding radical anions.”

C-1 A
C-4 C-x
X C-BCH3

cdomo cEomo cdomo cdomo —q —q —q —q

X AAH; E umo (C-o0) (C-B) (C-1) (C-4) (C-o) (C-B) (C-1) (C-2)
CN —26.3 —0.702 0.073 0.112 0.189 0.236 0.114 0.295 0.121 0.225
OCH,0°% —16.0 —0.161 0.113 0.182 0.225 0.165 0.127 0.341 0.150 0.148
OCH; —-12.1 0.054 0.118 0.174 0.210 0.180 0.132 0.340 0.143 0.131
C(CH3)3 —-10.7 0.084 0.129 0.183 0.207 0.173 0.140 0.345 0.133 0.227
CH; -10.3 0.010 0.132 0.186 0.205 0.171 0.142 0.349 0.133 0.237
H —-9.6 0.022 0.141 0.197 0.206 0.159 0.149 0.353 0.128 0.279
CHj° —-9.4 0.095 0.138 0.196 0.209 0.158 0.145 0.352 0.133 0.269

2AAH,= AH}edical anion _ ppjsubstrate, £\ s the energy (in eV) of the lowest unoccupied molecular orbital of the neutral
compound; c2omo is the unpaired electron density at the carbon atom indicated; g is the net atomic charge at the carbon
indicated. The substituents are attached to the 4-position unless otherwise indicated. ?3,4-Substituent. °3-Substituent.
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Scheme 13.

With high unpaired electron densities at C-9 in mind it
is tempting to suggest that the m-complex results from
an interaction between the two radical anions that ini-
tially involves the carbons in both the 9- and the 10-
positions resulting in a sandwich-like structure reminis-
cent of that of anthracene photodimers.” The subsequent
formation of the o-bond would then lead to the 10,10-
dimer dianion, possibly in the first place with a conforma-
tion (8) similar to that of the m-complex, which then
relaxes by rotation around the 10,10-bond resulting in
one or both of the stable conformations, 9 and 10. The
structures of 8, 9, and 10 are shown in Scheme 13.
Preliminary AM1 calculations for the dimer dianion of
the 9-cyanoanthracene radical anion show that 8 does
indeed represent an energy minimum (AH;=
161.7 kcal mol~!) and that 9 and 10 represent conforma-
tions of the dimer dianion with similar heats of formation
(AH¢=142 kcal mol ™! for 9; AH;=143.7 kcal mol~* for
10). More advanced calculations are now in progress.’>

The formation of a m-complex is a fast and reversible
process with a rather small value of K, and, accordingly,
the equilibrium approximation may be applied for reac-
tion (9) in deriving the rate law. This takes the form of
eqn. (11) under conditions where the dissociation of the
dimer dianion may be neglected. It follows from the
discussion above that the interaction in the n-complex is
highly dependent on the unpaired electron density in the
9-position and thus it would be expected that the value
of K, is largely determined by the magnitude of cZoyo in
this position. This would indeed explain the observed
relationship between log kg, and the ease of reduction
of the anthracenes.

—d[AX/*Ydt = 2Kok 1o[AX T/ = kg [AX T/
(11)

Cinnamic acid esters (Schemes 3 and 5, Figs. 1 and 2).
As already mentioned in Section II, a major reason for
our present interest in possible correlations between
kinetic data and the electronic properties of radical ions
was the observation that log kg;,,, for the RR-dimerization
of the cinnamate radical anions in DMF is linearly
related to the values of cZomo at C-3.

However, in this case we also find that cZyyo does not
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reach its maximum value at the carbon through which
dimerization takes place. From Fig. 20B it is seen that
cdomo at the neighboring carbon (C-2) is actually some-
what higher, but essentially independent of the nature of
the alcohol part of the ester. Similarly to what has been
reported for the dimerization of the 9-substituted anthra-
cene radical anions? it was found that the dimerization
of the cinnamate radical anions'®* was accompanied by
activation energies that appear to be too low for a simple
bimolecular reaction with rate constants in the
10>-10° M ~'s™! range. This was taken as support for
the view that the irreversible dimerization was preceded
by a hydrogen-bond equilibrium (Scheme 3). However,
following the reasoning made for the dimerization of the
9-substituted anthracene radical anions in a previous
paragraph, we cannot rule out that the low activation
energies for the dimerization of the cinnamate radical
anions partly reflect a reaction profile that includes a
n-complex, in this case owing to the high values of
cZomo at C-2.

The results obtained by the AMI calculations do not
directly provide an explanation of the observation that
the radical anions of the alkyl cinnamates in MeOH are
preferentially protonated whereas those derived from the
aryl cinnamates tend to dimerize (Scheme 7). In addition,
we see no clear relationship between —g at the carbonyl
oxygen and AAH; (not included in Fig. 21). However,
the results obtained for neutral compounds show that
the charge density at the carbonyl oxygen for the alkyl
cinnamates (0.35-0.37) is slightly larger than that
observed for the aryl cinnamates (0.32-0.33). This may
indicate that the equilibrium constant for hydrogen-bond
formation between the neutral compounds and MeOH
is also slightly larger for the alkyl cinnamates, which
again may be related to the change in mechanism
observed on passing from R =alkyl to R =aryl.

It was pointed out above that the AM1 results for the
acrylates differ from those of the cinnamates in that the
values of c2oyme at C-3 (Fig. 18C) tend to decrease slightly
rather than increase with decreasing values of AAH; and,
accordingly, that the rate of dimerization of acrylate
radical anions would tend to decrease with increasing
ease of reduction. We are not aware of experimental



studies of the radical anions of a series of acrylates and
have now undertaken an investigation aimed at testing
this prediction.”®

Dialkyl fumarates (Scheme 11, Fig. 6). The AMI results
for this series of compounds is shown in Table 3. It is
seen that the effect of passing from R=CH,; to R=
CH,;CH,CH,CH, is even smaller than that observed for
N-ethylmaleimides, as also expected considering that the
alkyl groups are situated at oxygens not formally in
conjugation with the fumaric acid n-system. Thus, the
observed differences in rate observed for both dimeriz-
ation and the reaction with CO, most likely reflect
differences in steric hindrance caused by the conforma-
tional freedom of the longer alkyl groups, as also sug-
gested in the original work.3#35

The relationship between the electronic properties of rad-
ical anions and their reactivity. It is is not possible at this
stage to conclude whether the electronic properties
obtained by semiempirical molecular orbital calculations
for an isolated species in the gas phase may be used in
general to predict the reactivity of radical anions in
solution or if a more sophisticated approach, in the limit
including a high level quantum mechanical treatment of
the entire reaction profile under the influence of the
solvent, is required. However, the observation that
log kgir, (DMF) and log k., (DMF, phenol) for the
cinnamates vary in the same fashion as cZomo at C-3 and
q at C-2, respectively, shows that results obtained by,
e.g., AMI1 calculations may be used with some confidence
in discussions of the relative reactivity in a series radical
anions for which the structural changes are limited to
substituents that cause only a small perturbation of the
parent m-system. Also, it appears safe to conclude that
the formation of the new o-bond during dimerization or
reaction with an electrophile does not, as a rule, involve
the carbon or heteroatom in the radical anion that carries

Table 3. Results from AM1 calculations for dialkyl fumarates
and the corresponding radical anions.?

R
/
(0]
H O
O H
6]
/
R
R AAH; E umo Céomo —q
CH3 —38.9 —1.000 0.326 0.292
CH3;CH,CH,CH, —38.6 —0.925 0.326 0.293
CH5;CH, —38.1 —0.928 0.327 0.293

aAAH;= AHjadical anion _ A pysubstrate, £ 0 is the energy (in eV)
of the lowest unoccupied molecular orbital of the neutral
compound; c3omo is the unpaired electron density at the
carbon atom indicated; g is the net atomic charge at the
carbon indicated.
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the highest values of como Or —g¢ as illustrated by the
results obtained for the 9-substituted anthracenes. The
fact that the highest values of c2omo are often found in
other positions may be the origin the positive interactions
that lead to the intermediate formation of the
n-complexes originally suggested to be the origin of the
low activation energies often associated with radical
anion dimerizations.

Appendix

The purpose of this appendix is to illustrate the problem
of distinguishing between the RR- and the RS-
mechanism for processes leading to dimers via radical
ions with a net consumption of charge.

Referring to the equations in Section IV, the first step
of the RR-mechanism is given by eqn. (5), whereas the
RS-mechanism includes eqns. (6)-(7), in both cases
followed by a product forming step, eqns. (8a), (8b) or
(8c). Here we will discuss only the case where the
substrate is not involved in the conversion of the doubly
charged dimer, ~/*XA-AX~/*, to products and thus
reaction (8c) may be neglected. Initially, we focus on the
so-called limiting cases, these are processes the rates of
which are controlled by a single irreversible step that
may be proceeded by one or more steps for which the
equilibrium approximation applies.

The rate laws associated with the limiting cases. The
RR-mechanism gives rise to two limiting cases. Rate law
(12) applies for the situation where the dimerization of
the radical ions, eqn. (5), is irreversible and rate deter-
mining, and rate law (13a) for the situation where the
dimerization is an equilibrium process and the further
conversion of ~/*XA-AX /", eqn. (8a), is irreversible.
If an additional reagent, Y, is needed for the latter
reaction, eqn. (8a) is modified to eqn. (8b) and, accord-
ingly, rate law (13a) to rate law (13b).

The RR-mechanism:

—d[AX ~/*)/dt = 2ks[AX /TP (12)
—d[AX /*]/dt = 2K kg [AX /T2 (13a)
—d[AX ~/*)/dt = 2Kk [AX T HPIY ] (13b)

Similarly, the RS-mechanism gives rise to rate law
(14) when the coupling between the radical ion and the
substrate, eqn. (6), is irreversible and rate determining.
When the coupling reaction is an equilibrium process
and the electron transfer reaction, eqn. (7), is irreversible,
rate law (15) applies. Finally, when both the coupling
and the electron transfer reactions are equilibrium pro-
cesses and the conversion of ~/*XA-AX /", eqns. (8a)
or (8b), is irreversible, the kinetics are described by rate
laws (16a) or (16b), again with (8b) and (16b) applying
to the situation where Y is needed for the conversion of
TIHXA-AX T
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The RS-mechanism:

—d[AX "/*)/dr = ko [AX /H][AX] (14)
—d[AX' /*)/dr = 2K ks [AX T PIAX] (15)
—d[AX *)/dt = 2K K kg [AX T/ (16a)
—d[AX ~*)/dt = 2K Ko ko [AX LY ] (16b)

It is seen that the limiting cases of the RR-mechanism
give rise to rate laws that are invariably second-order in
the radical ion and thus kinetically indistinguishable. For
the RS-mechanism the situation is slightly different. Rate-
determining coupling, eqn. (6), gives rise to a second-
order rate law, eqn. (14), first-order in the radical ion
and first-order in the substrate, whereas rate-determining
clectron transfer, eqn. (7), gives rise to a third-order rate
law, eqn. (15), second-order in the radical ion and first
order in the substrate. The rate laws (16a) and (16b) are
both second-order in the radical ion.

As pointed out in Section IV, the experimental studies
reported in the literature*>~*® have focussed mainly on
the distinction between two of these limiting cases, that
is the RR-mechanism with irreversible dimerization,
described by rate law (12). and the RS-mechanism with
reversible coupling and irreversible electron transfer,
described by rate law (15), and it is useful first to
summarize the DCV and LSV response related to those
two cases. (Conclusions similar to those arrived at for
DCYV may be obtained for other reversal techniques such
as DPSC).

Reaction orders determined by DCV. DCV measurements
for dimerization reactions are based on the determination
of reaction orders through the variation of v, with
C(A)°, where v, is the voltage sweep rate necessary to
keep the ratio of the derivative peak currents, R{, equal
to x (usually 0.5) and C(A)° is the bulk concentration
of the substrate. The relationship is given by
eqn. (17),7"7® where R, is the sum of the reaction
orders, a and b, in the substrate and the radical ion,
respectively, i.e., an expression of the general type:
d In(rate)/d In(concentration).” Introduction of the
reaction orders derived for the RR-mechanism with
irreversible dimerization, rate law (12), and the RS-
mechanism with reversible coupling and irreversible elec-
tron transfer, rate law (15), in eqn. (17) results in
dlogv,,;/dlog C(A)°’=1 for RR-mechanism and
dlogv,,/dlog C(A)°=2 for the RS-mechanism.

dlog vy,
dlog C(A)°

The application of LSV is based on measurements of
the variation of the voltammetric peak potential, E,, on
changes in the voltage sweep rate (v) and C(A)°.
Provided that the heterogeneous electron transfer reac-
tion, AX+e~ =AX ~/*, is reversible and that the pro-
cess is under kinetic control*’ the peak potential
variations, in mV/decade, are given by eqns. (18)—(19).78
By introduction of the reaction orders for the same two

— Rap—1 (17)
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limiting cases, rate laws (12) and (15), in egns. (18) and
(19) we have (at 298 K) dE,/dlogv=—19mV and
dE,/d log C(A)’=19mV for the RR-mechanism and
dE,/dlog v=—19mV and dE,/d log C(A)°=38 mV for
the RS-mechanism, where the signs of the slopes refer to
a reduction process.

e LR 18
dlogv_+b+l nF (18)

b, _  atb=lRT, 19
dlog CAY = b+1 nF " (19)

Thus, it would seem to be a simple matter to distinguish
between the two mechanisms by either DCV or LSV or
a combination of the two techniques. However, as
already mentioned the assumption of rate determining
dimerization in the RR-mechanism, forward reaction
(5), is not always justified. This is related to the fact that
the conversion of ~/*XA-AX™/* is often a protonation
or a deprotonation reaction that under aprotic (superdry)
conditions most often will have to involve a solvent
component as a proton donor or acceptor and for that
reason is not necessarily fast or even irreversible. In those
cases the kinetic analysis also has to include the rates of
the dissociation of ~/*XA-AX~/*, back reaction (5),
and its further conversion, forward reaction (8b), and,
if necessary, the dissociation of the product, backward
reaction (8b). Here we will restrict ourselves to discussion
of the case where only the irreversible formation of
products apply, that is forward reaction (8b), and where
the bulk concentration of the reagent, C(X)°, is much
larger than C(A)°. Also, we will discuss only the implica-
tions of these additional reactions for the DCV response.
The details related to other cases and other techniques
will appear elsewhere.>

The RR-mechanism, the general case. As the starting
point we will consider the DCV working curve for the
RR-mechanism with irreversible dimerization, forward
reaction (5). We then introduce the dissociation of the
“/*XA-AX~'*, back reaction (5), corresponding to the
reversible dimerization of the radical ion, and finally we
examine the additional effect of letting ~/* XA-AX™/*
in competition with dissociation, react irreversibly to
products, forward reaction (8b).

The DCV working curve for irreversible dimerization
obtained by digital simulation® is shown in Fig. 22 (label
‘rr’). The curve has the usual S-shape observed for
processes controlled by a single irreversible step with the
high values of R{ being obtained at low values of
log[ks C(A)°RT/(vnF)], that is for relatively small rate
constants and/or high voltage sweep rates, and the
low values being obtained at high values of
loglks C(A)°RT/(vnF)], that is for relatively large rate
constants and/or low voltage sweep rates. Introduction
of back reaction (5), here with a value of KsC(A)°=1,
results in the working curve labelled ‘rev’. It is seen that
the effect of the dissociation of ~/*XA-AX~/* is only



small as long as the value of log[ksC(A)°RT/(vnF)] is
less than approximately —1.5. Thus, in this kinetic
region, where ~/*XA-AX™/* is formed only in small
concentrations, the electrode response is essentially con-
trolled by the dimerization, that is by forward reaction
(5), and, accordingly, rate law (12). However, in passing
gradually to larger values of log[ksC(A)°RT/(vnF)],
which for a given set of rate constants and a given
substrate concentration corresponds to lowering the volt-
age sweep rate, the dissociation of ~/*XA-AX /" to the
radical ions becomes increasingly important and as a
result the working curve tends to increase again. This
results in a characteristic valley, the position, depth and
broadness of which depend on the magnitudes of ks and
K5 and thus both these parameters may be determined
by fitting the working curve to the experimental data.>?
Working curves similar to those shown in Fig. 22 have
also been reported recently for CV.8!

If now the effect of reaction (8b) is gradually intro-
duced by allowing kg, C(X)° to increase from 0, the
shapes of the working curves change as illustrated in
Fig. 22. The labels, ‘0’, ‘0.01°, ‘0.1’ and ‘1’ relate to the
value of the parameter, kg, C(X)°/k _5, which reflects the
competition between dissociation, through k_s, and the
irreversible product formation, through kg, C(X)°. The
working curves all fall between the two curves determined
by irreversible and reversible dimerization, respectively,
and it is characteristic that three kinetic zones may
be identified as long as the value of kg, C(X)°/k_s
is not too large. Starting at low values of
log[ks C(A)°RT/(vnF)], that is from the left, the decreas-
ing part of the working curves reflects, as for the working
curve ‘rev’, a kinetic zone in which the electrode response
is essentially controlled by the dimerization of the
two radical ions. On passing to larger values of

1.0

KsC(A) = 1

038
06 |
x
04
02
0_0 I i 1 I
3 2 -1 0 1 2 3
log(k sC (A)*a)

Fig. 22. Derivative cyclic voltammetry (DCV) working curves
obtained by digital simulation®® for the irreversible dimeriz-
ation of two radical anions [forward reaction (5)] (labeled
‘irr’), the reversible dimerization of two radical ions [revers-
ible reaction (5)] with K5 C(A)°=1 (label ‘rev’) and a mechan-
ism including the reversible dimerization of two radical ions
[reversible reaction (5)] with K5 C(A)° =1 followed by irrevers-
ible conversion of the doubly charged dimer into products
[irreversible reaction (8b)] (labels ‘0.01’, ‘0.1" and “1’, where
the labels refer to values of kg, C{X)°/k_s). The parameter, a,
is equal to vnF/(RT).
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log[ks C(A)°RT/(vnF)] it is seen, as also for ‘rev’, that
the working curves begin to increase again reflecting the
kinetic zone in which the dissociation of ~/*XA-AX /"
is important in determining the electrode response and,
finally, at very large values of log[ks C(A)°RT/(vnF)] a
second decreasing part is observed corresponding to the
situation where the response is now essentially controlled
by the conversion of ~/*XA-AX~/* to products. In
passing from kg, C(X)°/k_s=0 (corresponding to the
working curve ‘rev’) to kg, C(X)°/k_s= oo (correspond-
ing to the working curve ‘irr’) the reaction of
“I*XA-AX~'* changes gradually from dissociation into
irreversible conversion to products.

Inspection of the figure also shows that this second
decreasing part of the working curve has essentially the
same shape as the first decreasing part as long as the
values of R are less than approximately 0.6. In other
words, by gradually lowering the voltage sweep rate to
values that give rise to R;<0.6 we observe a transition
into the kinetic region where the rate of the reaction may
be described by rate law (13b) corresponding to the
limiting case defined by a fast and reversible dimerization
process, characterized by K, followed by irreversible
formation of the products, characterized by kg, C(X)°.
It should be noted here that rate law (12), corresponding
to the first decreasing portion of the working curve, and
rate law (13b), corresponding to the second decreas-
ing part, are both of the same general form,
—d[AX "]/t =k, [AX ~/*]%, which is indeed the
reason why these two parts of the working curve has the
same shape. The horizontal displacement of the second
decreasing part of the working curve, relative to that for
‘irr’, is determined by the magnitude of kg, C(X)°/k _s.

At this point it is important to note that a set of
working curves, such as that shown in Fig. 22, except
for the curve labelled ‘irr’, is unique for a particular
value of K5 C(A)°. Thus, if we want to mimic a reaction
order measurement it is necessary to examine the effect
of the magnitude of K5;C(A)° on the shape of the
working curves. In order to illustrate this effect clearly
we have simulated a second set of working curves similar
to that in Fig. 22, but for KsC(A)°=10, which for a
given set of rate and equilibrium constants corresponds
to an increase in the substrate concentration by a factor
of ten. These curves are shown in Fig. 23. Owing to the
second-order nature of the forward reaction (5), increas-
ing concentrations of the substrate, and thereby of the
radical ion, will cause the dimerization equilibrium to be
displaced to the right. As a consequence of this, the
valley becomes deeper and has its minimum located at a
higher value of log[ks C(A)°RT/(vnF)]. Larger values of
log[ks C(A)°RT/(vnF)), e.g., lower sweep rates, are there-
fore required before the dissociation of ~/*XA-AX~/*
manifests itself as an increasing part of the working curve.

Another important consequence of the different shapes
of the working curves in Figs. 22 and 23 is that a reaction
order analysis based on eqn. (17) may lead to an apparent
reaction order that is not related to a rate law and,
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Fig. 23. Derivative cyclic voltammetry (DCV) working curves
for the same mechanisms as in Fig. 22, but for K5 C(A)°=10.

hence, cannot be used for mechanism assignment. An
example will serve to illustrate this point. Let it be
assumed that the reaction being studied is described by
K;C(A)°=1 and kg, C(X)°/k_s=0.1 corresponding to
the working curve ‘0.1’ in Fig.22. It is seen that
R;=0.5 in this case corresponds to log[ks C(A)°RT/
(vnF)] equal to approximately 0.2 as indicated by the
dotted line. If now the concentration of substrate is
increased by a factor of ten, the appropriate working
curve is the one labelled ‘0.1’ in Fig. 23 and it is seen
that R;{=0.5 now requires that log[ks C(A)°RT/(vnF)] be
equal to approximately —0.8. The two-point value of
dlogv,,/d log C(A)° calculated from these data is 2.0,
which gives an apparent reaction order, Ry, equal to
3.0 using eqn. (17). This result would seem to be in good
agreement with, e.g., the RS-mechanism with irreversible
electron transfer, which gives rise to a reaction order
equal to 3, but not with the RR-mechanism with irrevers-
ible dimerization, for which the reaction order is 2. The
major origin of the problem is of course that Rj=0.5 at
the low substrate concentration (Fig. 22) corresponds to
the part of the working curve that is essentially defined
by rate law (13b), whereas R{=0.5 at the high concentra-
tion (Fig. 23) corresponds to the part essentially defined
by rate law (12). The same type of analysis carried out
for kg, C(X)°/k_5=0.01 and 0.1 results in the apparent
reaction orders 4.1 and 2.2, respectively. Thus, it is easily
seen that the apparent reaction order increases with
decreasing values of kg, C(X)°/k_5 and therefore that
virtually any value larger than 2 may result when the
analysis is based on eqn. (17).

Problems of the kind just described may be difficult to
detect experimentally. For example, for the reaction
following the working curves ‘0.1” it is seen that the
shape of the working curve at the low concentration
(Fig. 22) is similar to that for ‘irr’ as long as R| is lower
than 0.7 and at the high concentration (Fig. 23) the same
is true as long as Ry is higher than 0.4. Thus, if the data
for R recorded during a preliminary DCV investigation
were all between 0.4 and 0.7, the results would seem to
indicate that the kinetics would be adequately described
by a single limiting rate law. The only solution to this
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problem is to record the full working curves in all cases
and to supply the data obtained by DCV (or DPSC)
with data from LSV. An example of the latter approach
is the study of the dimerization of the radical cations
derived from a series of 2,5-diaryl-1,4-dithiins.3¢

Finally, for the sake of fairness it should be mentioned
that most of the previous studies*?=*® were carried out
at a time where a complete analysis of the kinetics and
mechanisms for radical ion dimerizations, illustrated here
by just one example, would hardly have been possible
for technical reasons. However, improvements in digital
simulation®® and computer speed have now made it
possible to examine these important reactions in more
detail.
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