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The reduction mechanism of 9-chloroanthracene, 3-nitrobenzyl chloride and 3-
chloroacetophenone has been investigated in detail by means of cyclic voltamme-
try and controlled potential bulk electrolysis. The investigation was carried out
in a number of aprotic solvents in order to elucidate the importance of solvation
phenomena on the various parameters associated with the reaction mechanism,
i.e., cleavage, hydrogen abstraction, protonation and dimerization rate constants
as well as standard potentials. In this connection, the influence of the supporting
electrolyte in terms of ion pairing and double layer effects has been considered.
For the radical anions of 9-chloroanthracene and 3-nitrobenzyl chloride the
logarithm of the cleavage rate constant shows a linear dependence on the
Gutmann acceptor number and donor number, respectively, whereas no clear-
cut correlation can be observed in the case of the radical anion of 3-chloroaceto-
phenone. The rate constant obtained for the protonation reaction between 3-
nitrobenzyl anion and 3-nitrobenzyl chloride is to an even higher extent influenced
by the nature of the solvent. The trends in the solvent effects are discussed.

Radical anions play a central role in important electron
transfer mechanisms within many chemical systems.!
Information about the lifetime of radical anions and the
factors governing their reactivity towards cleavage is
therefore of much interest. Some of the most important
terms considered previously in this respect have been the
energy of the SOMO (single occupied molecular orbital ),
spin density distribution, orbital symmetry, geometry,
bond strength, solvent and temperature.? 2! A more
quantitative approach has been presented recently by
Savéant?>2* who has modelled the cleavage process as
an intramolecular electron transfer. The factors gov-
erning the process are then incorporated in parameters
such as solvent reorganization energy, bond dissociation
energy and standard potentials.

In this paper we focus on the influence of the solvent
on the reactivity of radical anions towards cleavage. Our
main objective is to investigate, in further detail, the
correlations normally observed between the cleavage rate
and the empirical solvent parameter, the Gutmann
acceptor number, and in particular whether or not they
are as independent of the radical anion structure as they
seem to be at first sight.'*2° An important point to
emphasize in this respect is that most of the previous
studies!*'® have been based on the pulse radiolysis
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technique although many of the organic solvents
employed are not well described as absorbents of radi-
ation. In fact, a huge discrepancy of several orders of
magnitude is observed in the stability of some of the
radical anions investigated!*!> when compared with
results obtained under electrochemical and less severe
conditions.!9-20-24

We chose to study the radical anions of 3-nitrobenzyl
chloride and 3-chloroacetophenone as model systems in
an electrochemical approach. Both compounds are char-
acterized by the presence of charge localization groups
and this could open up for some interesting solvation
effects in the initial state as well as the transition state.
The radical anion of 9-chloroanthracene has been
included to represent a delocalized system without any
significant initial state solvation effect. Although the
latter compound has been studied electrochemically in
some solvents previously'®?® a full investigation has been
carried out herein since the mechanistic picture as well
as the series of aprotic solvents used differ. The solvents
tetrahydrofuran (THF ), hexamethylphosphoric triamide
(HMPA), 1-methyl-2-pyrrolidinone (NMP), N,N-
dimethylformamide (DMF), acetonitrile (CH;CN),
dimethyl sulfoxide (DMSO) and dichloromethane
(CH,Cl,), were selected because of their suitability for
electrochemical measurements and because the relevant
solvent parameters were available.
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The first part of the paper is devoted to a mechanistic
analysis of the electrochemical reduction of the three title
compounds by means of cyclic voltammetry (CV), linear
sweep voltammetry (LSV) and controlled potential
reductions. As will become clear later the structure of
the three compounds and their radical anions makes
them prone to undergo various reactions including cleav-
age, hydrogen abstraction, protonation and dimerization
processes. In the second part, the role of ion pairing and
double layer effects has been investigated, and the impor-
tance such phenomena could have on the interpretation
of the data extracted in the electrochemical study are
considered. Finally, the solvent effect on the various
parameters associated with the reaction mechanism is
discussed in the third part of the paper in relation to
literature results. In particular, attention is focused on
the trend in the magnitude of the cleavage rate constants
obtained in the different solvents.

Results and discussion

Mechanistic analysis: 9-chloroanthracene. The electro-
chemical reduction of 9-chloroanthracene (AnCl) has
been described previously by a DISPI-HAT (hydrogen
atom transfer) mechanism in DMSO?® and this scheme,
eqns. (1)—(5), seems to be valid for most of the solvents
in question in the present study.

AnCl+e¢~ —=AnCl ~ ()
AnCl'™ L An" + €I 2)
An" + AnCl'"—— An~ + AnCl 3)
An +SH—=5AnH +§’ (4)
S +AnCl'~ ——S~ + AnCl (5)

The initial heterogeneous electron transfer (1) from the
electrode to 9-chloroanthracene forms the corresponding
radical anion in which the carbon-halogen bond is
cleaved in a relatively slow follow-up reaction (2). The
easily reducible and good hydrogen atom abstracting
anthryl radical thus generated may be further reduced
by the radical anion of 9-chloroanthracene and/or
abstract a hydrogen atom from the solvent SH as shown
in eqns. (3) and (4). In the absence of the latter reaction
the mechanism constitutes the well-known DISP1 case,
in which the overall electron stoichiometry corresponds
to a two-electron reduction of 9-chloroanthracene. If a
solvent-derived radical S™ is formed a further reduction
(5) by the radical anion of 9-chloroanthracene is often
possible. The voltammetric behaviour associated with
such a pathway is exactly as for the DISP1 case and the
cleavage rate constant may be determined by the same
procedure no matter what the magnitude of the competi-
tion ratio of reactions (3) and (4).

Experimentally, a two-electron reduction wave of 9-
chloroanthracene followed by a smaller and reversible
wave are observed at low scan rates (v<0.1 Vs™!) in
cyclic voltammetry in most solvents, i.e., THF, HMPA,
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CH;CN, CH,Cl, and DMSO. The second wave is attrib-
uted to the electrode process of anthracene, AnH, that
is generated in reaction (3) after protonation of An~
and/or in reaction (4). As the scan rate is increased the
first reduction becomes a one-electron reversible process
and the second wave disappears concurrently. For the
two solvents, NMP and DMF, the characteristics of the
cyclic voltammograms differ from the above description
and the mechanism cannot be fitted to DISPI as sug-
gested elsewhere.?® In fact, the height of the reduction
wave of 9-chloroanthracene corresponds to the expected
two-electron stoichiometry only when the substrate con-
centration is as high as 20 mM. As the substrate concen-
tration is lowered to 1 mM the stoichiometry decreases
towards 1.3 and 1.5, respectively. This feature of the
substrate dependent competition between reactions (3)
and (4) now detectable points to the presence of an
additional reaction in the HAT scheme not considered
previously, i.e., the coupling reaction (6).

S+ AnCl'- ——SAnCl~ (6)

A contribution from a reaction between a radical
anion and a radical as outlined above is not unusual and
it is now well documented for many similar systems.?®3”
A characteristic rate constant for this reaction type is
10° M~ ! s ! and thus reaction (6) can be neglected only
when the competing electron transfer reaction (5) is so
exergonic that its rate is close to the diffusion-controlled
limit (2101 M~!'s~1). This is contrary to expectation
since the reduction potential of the DMF derived radical
is —1.62 V vs. SCE in DMF?® while the standard poten-
tial of 9-chloroanthracene only is slightly lower (—1.66 V
vs. SCE in DMF) as measured herein.

The hydrogen abstraction rate constant k,, (given as
a first-order rate constant) for both NMP and DMF is
determined to be ca. 2x 107 s~! by digital simulation of
the voltammetric behaviour in the two solvents as
described in the Experimental part. In comparison, the
corresponding value for the poorer H-atom donor solv-
ents DMSO and CH;CN has been estimated to 8.5 x 108
and 2x107s™!, respectively, on the basis of product
studies.?®

The cleavage rate constants, k, for the radical anion
of 9-chloroanthracene have been determined in the
different solvents by the two LSV approaches described
in the Experimental part. The results are summarised in
Table 1 together with relevant literature values!®?°
obtained primarily at low substrate concentration and
on the basis of a DISP1 mechanism. The deviation from
the literature results is, in general, relatively small but
one solvent represents an exception, namely DMF. We
have no explanation for the discrepancy being so high
that it cannot be attributed to the neglect of reaction (6)
in the mechanistic picture in the previous investigation,?°
or to the various amounts of residual water always
present in the solvent. The addition of water to a
concentration of 20 mM was found to have no influence
on the cyclic voltammetric behaviour. It should also be



Table 1. The cleavage rate constant of the radical anion of
9-chloroanthracene, k,, and the standard potential of 9-
chloroanthracene, E°, obtained in different solvents. The
uncertainty on k is estimated to be 20%.

Solvent ky? ko® ke —E°®
CH5;CN 130 142 165° 2007 2.140
DMSO 100 110 120° 1509 2.090
DMF 62 62 131° 2.140
NMP 42 40 2.135
HMPA 32 38 40° 2.180
THF 24 26 409 2.210
CH,ClI, 170 180 220¢ 2.220
2In s, measured by the peak potential method in LSV at

20°C. ®In s~", measured from the catalytic efficiency in LSV
at 20°C. °In s~ ", from Ref. 20 at 22°C. “In s~ ", from Ref. 19.
In V vs. Fc*/Fc.

noted that a pulse radiolytic study of 9-chloroanthracene
radical anion in five aprotic solvents® has given values
of the cleavage rate constant (>10°s~!) several orders
of magnitude higher. We suspect that these results may
have been affected by the occurrence of secondary reac-
tions between the radical anion of 9-chloroanthracene
and solvent-derived radiolysis products generated by the
high-energy electron pulse since agreement between
electrochemical and pulse radiolytic data is normally
observed.?®

3-Nitrobenzyl chloride. The electrochemical reduction of
3-nitrobenzyl chloride (RCH,Cl) has been described
previously by a hydrogen abstraction mechanism in
CH,CN?® and an EC mechanism in DMF.? As shown
in Fig. 1 the cyclic voltammogram recorded at low scan
rate is characterized by an irreversible wave followed by
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Fig. 1. Cyclic voltammogram of 3-nitrobenzyl chloride at a
concentration of 2 mM obtained at a glassy carbon electrode
in 0.3 M TBABF,-THF at a scan rate of 0.1V s~ . The potential
E is measured against Fc*/Fc.
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a smaller and reversible wave, the electron stoichiometries
of which are dependent on substrate concentration as
well as solvent. In general, the electron stoichiometry of
the first reduction wave increases as the substrate concen-
tration is lowered and at 2 mM it corresponds to about
1.2 for DMF whereas it can be as high as about 1.9 for
THF and CH,Cl,. Addition of 3-nitrotoluene to the
electrochemical cell results in an increase of the second
wave while the presence of chloroform enhances both
waves. At scan rates of 10-20 Vs~! the second wave
disappears and the first wave corresponds to a one-
electron quasi-reversible process as deduced from a com-
parison with the one-electron oxidation of ferrocene. The
standard heterogeneous rate constant k° is determined
to be 0.25cm s~ ! at a gold electrode in acetonitrile by
measurement of the peak separation as a function of
scan rate.3!

The features described above combined with the results
of the product analysis described in the Experimental
part point to a different mechanism, compromising eqns.
(7)-(11), from that suggested previously.

RCH,Cl + e~ ==RCH,CI - (7
RCH,Cl'~ L, RCH, +CI- (8)
RCH, + RCH,CI'~ ——RCH,~ + RCH,CI )
RCH,” + RCH,Cl-*»RCH, + RCHCI (10)
RCH; + e~ ==RCH, ~ (11)

The heterogeneous reduction process (7) is followed
by cleavage reaction (8) and reduction (9) of 3-nitro-
benzyl radical. Reaction (9) is expected to be fast and
essentially irreversible since the standard potential of 3-
nitrobenzyl chloride as measured by cyclic voltammetry
is —1.06V vs. SCE in CH;CN while the standard
potential of 3-nitrobenzyl radical is —0.65 V vs. SCE in
CH;CN as deduced from a Hammett plot.® 3-
Nitrobenzyl anion may be protonated by 3-nitrobenzyl
chloride to 3-nitrotoluene, eqn. (10), which is the origin
of the second reversible wave as described by reaction
(11) and the fact that the electron stoichiometry of the
first reduction wave is smaller than two and dependent
on the substrate concentration and solvent. The effect of
chloroform on the cyclic voltammetric behaviour is
ascribed to the replacement of 3-nitrobenzyl chloride by
the stronger acid chloroform in the protonation reaction
(10). The anion of 3-nitrobenzyl chloride produced in
reaction (10) could form a carbene after expulsion of
chloride but an attempt to trap the carbene with cyclo-
hexene on a preparative scale was unsuccessful.

The cleavage and protonation rate constants, k. and
k., were determined by fitting the experimental results
obtained in LSV to working curves depicting the catalytic
efficiency (defined as the ratio of the actual peak current,
I, and the one-electron peak current of the correspond-
ing reversible process, I;) or the peak potential of the
reduction wave, E,, as a function of RTk,/Fv for
different values of c*k,/k,, where c* denotes the sub-
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strate concentration. The second set describing E, was
only slightly influenced by the magnitude of c*k,,/ky
and thus not well suited for the determination of k. In
general, the experimental results fit rather well to the
theoretical predictions as exemplified in the case of THF
and CH3CN in Fig. 2 allowing kg as well as &, to be
obtained.

The protonation rate constants and the two sets of
cleavage rate constants obtained are gathered in Table 2.
If the protonation reaction is very fast as observed in
DMF, NMP and HMPA, i.e., c*k,, k> 20, the catalytic
efficiency is only slightly dependent on the protonation
rate and access to kj, is not at hand. In CH,Cl,, the
determination of k,, is associated with a high uncertainty
since the term c*k,, /k, is small (<0.02) and close to the
lower detection limit. The effect of possible side reactions
would also be expected to be more serious for slow
protonation processes. For most solvents the sets of k
are consistent but NMP and DMF represent exceptions
with deviations of a factor of two. An attempt to fit the
whole experimental cyclic voltammogram recorded in
DMF to simulations was not encouraging since the
theoretical curves characteristically overestimated the
magnitude of the second wave of 3-nitrotoluene com-
pared with the first wave of 3-nitrobenzyl chloride. This
indicates that the mechanism proposed may not be fully
adequate for these two solvents and that the correspond-
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Fig. 2. Plot of the logarithm of the catalytic efficiency, log ,//,,
vs. log Ay (A =RTky/Fv) for 3-nitrobenzyl chloride in a con-
centration of 10 (@) and 20 mM (V) in 0.3 M TBABF,-THF.
The scan rate is varied from 0.05 to 10 and 0.05to 5Vs~",
respectively, in the two cases. The theoretical behaviour is
shown by the solid curves for different values of A, =c*k,,/ky,
where c¢* denotes the substrate concentration. The insert is
a plot of the peak potential E, vs. log, for 10 mM 3-
nitrobenzyl chloride in 0.1 M TBABF,~CH;CN. The scan rate
is varied from 0.05 to 2V s~". The X, parameter is set equal
to 0.1 in the simulation of the theoretical curve shown by
the solid curve.
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Table 2. The cleavage rate constant of the radical anion of
3-nitrobenzyl chloride, k, the protonation rate constant of
the reaction between 3-nitrobenzyl anion and 3-nitrobenzyl
chloride, k,,, and the standard potential of 3-nitrobenzyl chlor-
ide, E°, obtained in different solvents. The uncertainty on kg
and k,, is estimated to be 20 and 50%, respectively.

Solvent ky? ky® ke koe® —E°¢
CH;CN 9 10 10¢ 100 1.465
DMSO 41 30 3000 1.435
DMF 77 30 809 >10%f 1510
NMP 88 34 >10°" 1.535
HMPA 173 113 >105 1.625
THF 25 21 40 1.595
CH,Cl, 4 5 5f 1.545
%In s, measured by the peak potential method in LSV at

20°C. ®In s, measured from the catalytic efficiency in LSV
at 20°C. °in s~', from Ref.32. 9In s~', from Ref.3. °in
M~'s~7, measured from the catalytic efficiency in LSV at
20°C. 'The determination is uncertain due to mechanistic
complications. ?In V vs. Fc*/Fc.

ing rate constants are subject to higher uncertainty. We
believe the peak potential method provides the most
reliable results since digital simulations proved the deter-
mination of kg to be rather insensitive not only to the
magnitude of the other simulation parameters but also
to changes in mechanism following the cleavage reaction.

3-Chloroacetophenone. The electrochemical reduction of
3-chloroacetophenone (AcCl) has been described previ-
ously by an ECE mechanism in DMF?® and an EC
mechanism in CH;CN.?? A typical cyclic voltammogram
obtained at low scan rate is shown in Fig. 3. It is

I/nA

12 , , , . ‘ :
-2.60 -2.40 2.20 2.00

E/N

Fig. 3. Cyclic voltammogram of 3-chloroacetophenone at a
concentration of 2 mM obtained at a glassy carbon electrode
in 0.3 M TBABF,-THF at a scan rate of 0.2 V s~ '. The potential
E is measured against Fc*/Fc. The simulated curve (O) is
obtained as described in the text using k;=0.6s""' and
2kgim=2x103M" 157",




characterized by two waves, with the second reversible
wave corresponding to the reduction of acetophenone as
deduced by comparison with the electrochemical behavi-
our of an authentic sample of this compound. On the
reverse scan a small oxidation wave (not shown in Fig. 3)
constituting 1-5% of the height of the 3-chloroaceto-
phenone reduction wave appears at a potential of about
—1.0 V against Fc*/Fc. At higher scan rates (v>5 Vs~ 1)
quasi-reversibility of the first wave (k°~0.1 cms~! at a
gold electrode in acetonitrile as measured from the peak
separation as a function of scan rate)*' accompanied by
the disappearance of the acetophenone reduction wave
can be observed in all solvents. Both the ratio of anodic
to cathodic current of the first wave and the relative
wave height of the generated acetophenone are, in most
solvents, found to be dependent on the substrate concen-
tration. This points to the presence of a competing
second-order dimerization reaction in which the small
anodic peak observed on the reverse scan in cyclic
voltammetry should be attributed to the dimer. In fact,
the electrochemical reduction of other aromatic com-
pounds containing carbonyl groups**3* has provided
strong evidence of such a dimerization process that
should be accelerated by water.333%36 Actually, when
water was added (=~ 100 mM) to the solution containing
3-chloroacetophenone the reduction peak of aceto-
phenone disappeared completely in the cyclic voltammo-
gram and chemical reversibility of the first wave could
be obtained only at a much higher scan rate.

On the basis of these results and the preparative
reductions described in the Experimental part the electro-
chemical reduction is suggested to be described by a
mixed DIM 1-HAT mechanism, eqns. (12)-(16).

AcCl + e~ —AcCl - (12)
2AcCl ~ 2, ClAc-AcCI?~ (13)
AcCl'™ =, A +CI (14)
Ac +SH——AcH +§’ (15)
S+ AcCl' " ——S~ + AcCl (16)

The scheme describes the competition between, on the
one hand, the dimerization process (13) and, on the
other hand, the cleavage reaction (14) of the radical
anion followed by a fast hydrogen abstraction (15) from
the solvent and reduction (16) of the thus generated
solvent radical. Reaction (15) is expected to be much
faster than the corresponding reaction (4) in the reduc-
tion mechanism of 9-chloroanthracene considering the
very good hydrogen abstracting abilities of substituted
phenyl radicals.?® The presence of a competing reduction
of Ac” by AcCl ™ cannot be excluded totally but this
will have no influence on the cyclic voltammetric
response. A coupling reaction between S° and AcCl ~
corresponding to reaction (6) is unlikely owing to the
higher reducing power of AcCl' ™ (E° of AcClx —-2.2V
vs. Fc*/Fc). This should favour the electron transfer
process (16) and allow it to proceed with a rate at the
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diffusion-controlled limit. The second wave observed in
the voltammogram is attributed to the reduction of
acetophenone generated in reaction (15) which may be
followed by dimerization of AcH ~ and a cross reaction
between AcCl ~ and AcH' ~. These reactions have been
omitted from the above scheme for the sake of simplicity.
The dianion formed in (13) may be protonated once or
twice, eventually during work-up. The small oxidation
wave observed at a potential of about —1.0 V vs. Fc¢*/Fc¢
is most likely due to the monoanion. In principle, the
dianion could be protonated by 3-chloroacetophenone
but in cyclic voltammetry it was not possible to reveal
any oxidation peak of the enolate ion of 3-chloroaceto-
phenone at the expected potential. The enolate ion could
be generated independently in DMSO by reacting 3-
chloroacetophenone with dimsyl and its peak potential
was at —0.5V vs. Fc*/Fc using a scan rate of 1 Vs™!
and a gold electrode.

The cleavage rate constant, &k, and the rate constant
of dimerization, 2kg;,, of 3-chloroacetophenone radical
anion were determined by fitting the experimental cyclic
voltammograms obtained at different scan rates and
substrate concentrations to digitally simulated curves.
An example of a fit is shown in Fig. 3 and while the first
wave is described well theoretically, the second wave of
acetophenone deviates somewhat. The fit to the second
wave may be improved by introducing new processes
involving the radical anion of acetophenone in addition
to the dimerization and cross reactions. However, since
reproducible values of ky and 2kg;,, could be obtained
just by optimizing the fit to the first cyclic voltammetric
wave for the different substrate concentrations and scan
rates employed, such reactions were not considered in
greater detail.

The values of the cleavage rates measured are gathered
in Table 3 together with the few electrochemical values
available in literature.?*3? Our values are appreciably
lower presumably due to the differences in the mechan-
istic description. A pulse radiolytic study of 3-chloro-
acetophenone radical anion in five aprotic solvents'? has
given cleavage rate constants higher than 10°s~?, but we
suspect that such a discrepancy, as already emphasized

Table 3. The cleavage rate constant of the radical anion of
3-chloroacetophenone, k, the dimerization rate constant of
the radical anion of 3-chloroacetophenone, 2ky,, and the
standard potential of 3-chloroacetophenone, E°, obtained in
different solvents. The uncertainty on k; and 2kg,, is estim-
ated to be 20 and 50%, respectively.

Solvent ke? ke 2kgim? —E°°
CHsCN 1.3 15° 4000 2.235
DMSO 2.2 <500 2.190
DMF 19 5¢ 2000 2.240
NMP 35 <700 2.260
THF 0.6 2000 2.320

?In s~ ', measured by CV at 20°C. ?In s~', from Ref. 32. °In
s~1, from Ref. 24. “In M~ " s~ ', measured by CV at 20°C. °In
V vs. Fc*/Fc.
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in the case of the radical anion of 9-chloroanthracene,
may be attributed to experimental limitations in the pulse
radiolysis technique when applied to relatively slow
reactions.

lon pairing and adsorption effects. 1f ion pairing occurs
between the radical anions in question and tetra-
butylammonium ions from the supporting electrolyte in
any of the solvents employed it would be of major
importance in the interpretation of the data obtained. In
particular, such an interaction should be considered for
the localized radical anions of 3-nitrobenzyl chloride and
3-chloroacetophenone in non-polar solvents like THF
and CH,Cl,. Previous electrochemical studies have
focused on more polar solvents, in particular DMF,
and ion pairing between tetrabutylammonium ions and
radical anions of nitrobenzene,®” nitromesitylene®®-3°
and fullerenes*®*! has been suggested. Other investi-
gations*>*3 including an early EPR study*? on the radical
anion of nitrobenzene in the presence and absence of
tetraethylammonium ions in DMF, have not supported
such a conclusion.

Because the electrochemical behaviour of the title
compounds was complicated by the relatively fast
follow-up reactions, the radical anions of 1,4-benzo-
quinone, nitrobenzene, phenazine, anthracene and aceto-
phenone were selected as model compounds in this part
of the study. The choice of the five substrates covering a
potential range of more than 1.5V provided us at the
same time with the possibility of studying an eventual
potential dependence of the effects observed. In particu-
lar, a comparison of the behaviour of the radical anions
of nitrobenzene and phenazine was of interest considering
their almost equal standard potentials, yet different
degrees of charge delocalization.

In principle, the radical anion-cation association con-
stant can be obtained electrochemically by measuring the
shift in the standard potential of the substrate as a
function of the cation concentration.** The substrate
concentration was therefore kept constant at 2 mM while
the concentration of the supporting electrolyte was varied
from 0.02 to 0.43 M in DMF, NMP and CH;CN and
from 0.3 to 0.83M and 0.1 to 0.59M in THF and
CH, Cl,, respectively. For all solvents a positive shift of
the standard potential related linearly to the logarithm

-3 ]
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‘‘‘‘‘ >
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1 @ g e "

[N i S S S e s B S e e e S L S B B RS R A

-0.6 05 04 03 -0.2 -0.1 0.0
log [TBABF,]

Fig. 4. Plot of the standard potential £° vs. log [TBABF,] for
2 mM solutions of 1,4-benzoquinone, nitrobenzene, phenaz-
ine, anthracene and acetophenone in THF. The standard
potential E° is measured against Fc™*/Fc.

of the supporting electrolyte concentration could be
observed. Figure 4 shows the plot of E° vs. log[TBABF,]
obtained for THF and Table 4 lists the magnitudes of all
the slopes for the different solvents. In general, the slopes
are found to be independent of the nature of the radical
anion and electrode material (gold or glassy carbon) but
influenced by the polarity of the solvent.

First of all it should be noted that the shift observed
in potential cannot be attributed to changes in liquid
junction potential, since all standard potentials were
measured against the ferrocenium/ferrocene reference
couple. Also it does not seem likely that the variation in
E° for any of the solvents, including the non-polar THF
and CH,Cl,, can be explained by ion pairing phenomena
because different behaviour of the radical anions with
localized and delocalized charges would then be expected.
Moreover, if ion pairing occurred and the association
constant, K, was smaller than 50 M~!, a significant
deviation from linearity between E° and log [TBABF,]
should be observable as predicted by the theoretical
expression for the potential shift, R7 In(1+K

Table 4. The magnitude of the slopes of E° vs. log [TBABF,] plots obtained for five substrates in five different solvents. The
standard potential (in V) was measured at a gold electrode, unless otherwise noted. The regression coefficient was generally

greater than 0.97.

1,4-Benzoquinone Nitrobenzene Phenazine Anthracene Acetophenone
CH3CN 0.037 0.043 0.039 0.046 0.038
CH3CN? 0.036 0.039 0.038 0.046 0.037
DMF 0.032 0.039 0.035 0.039 0.035
NMP 0.048 0.055 0.039 0.041 0.054
THF 0.15 0.14 0.14 0.14 0.14
CH,Cl, 0.13 0.11 0.13 b b

@Measured with a glassy carbon electrode. °Not possible to obtain due to reaction of the radical anion with the solvent.
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[TBABF,])/F.** Note that this equation is based on the
assumption that the equilibrium is established rapidly
and that the complex consists of two ions

An important point to consider in the search for an
explanation of the results is the constitution of the double
layer and the presence of specific adsorption phen-
omena.*s~*® If the supporting electrolyte is adsorbed
specifically at the electrode surface, the oxidation and
reduction potentials of the compound under investigation
are expected to be affected by the concentration of the
supporting electrolyte according to the Esin—Marcov
equation.3"*>%% This equation predicts the electrode
potential to vary linearly with the logarithm of the
supporting electrolyte concentration or rather the activity
of the cations or anions, such that the potential may be
shifted in a positive or negative direction. The experi-
mental results pertaining to the linear E° vs. log
[TBABF,] plots may therefore be explained by an Esin—
Marcov effect in terms of specific adsorption of tetra-
butylammonium ions at the electrode surface at the
potentials characterizing the reduction of the substrates.
A contribution from specific adsorption of the tetra-
fluoroborate ions at the potentials of the Fc*/Fc refer-
ence system is also possible. Since the slopes reflect the
relative degree of adsorption they show no significant
dependence on the magnitude of the standard potential.
They do, however, depend very much on the nature of
the solvent, being higher in the non-polar solvents THF
and CH,Cl, with a relative permittivity close to 8 com-
pared with NMP, CH;CN and DMF, which have values
in the range 32-36.7. This behaviour can be attributed
to the fact that the degree of adsorption is governed
mainly by two terms both influenced by the polarity of
the solvent, namely the electrostatic interaction between
the electrode and the adsorbing ion and the ability
of the solvent to stabilize the ion.

In connection with this discussion the change in solvent
polarity induced by the varying concentrations of sup-
porting electrolyte should also be considered. In order
to check whether this could play an important role at all
in the present investigation the cleavage rate constant of
the three title compounds was measured at various
concentrations of the supporting electrolyte: 0.3, 0.6 and
0.9 M in THF. Within experimental error the same value
of k was found in each case. The fact that three radical
anions with different degrees of charge localization
behave independently of the supporting electrolyte con-
centration supports the view that polarity changes and
ion pairing effects due to the presence of the electrolyte
are of minor importance in the interpretation of the data
obtained.

Solvent effects. In this part the influence of the solvent
on the cleavage rate constant, k, for the three radical
anions in question and the protonation rate constant,
k., for the reaction between 3-nitrobenzyl anion and 3-
nitrobenzyl chloride is analysed and discussed in relation
to results already available in the literature. The rate

SOLVENT EFFECTS ON REDUCTION

constant of dimerization, 2kg;,,, obtained for 3-chloro-
acetophenone radical anion is influenced too much by
the amount of residual water in the different solvents
to allow an interpretation of these specific data. The
rate constants of interest are gathered in Tables 1-3 and
relevant solvent parameters originating from Refs. 51-53
are collected in Table 5.

9-Chloroanthracene. As regards the radical anion of 9-
chloroanthracene the cleavage rate constants obtained in
the different solvents correlate well with the electrophilic
properties of the solvents whether they are described by
the Gutmann acceptor number,>! the Dimroth-Reichardt
polarity parameter>®>> or the Fawecett acidity scale.’®
These relationships are based on the assumption that the
characteristics of the electrolyte/solvent mixture can be
approximated by those of the pure solvent. The best
correlation is obtained using the Gutmann acceptor
number as shown in Fig. 5, which is even slightly better
than reported previously.!®2° However, direct compar-

Table 5. The Gutmann acceptor number, AN, the Gutmann
donor number, DN, the n* parameter, the Gibbs energy of
transfer of the chloride ion from DMSO, A, G¢ -, and the
Gibbs energy of transfer of the proton from DMSO, A, Gy+,
for different solvents.

Solvent AN? DN? n*b Ay Gg-© Ay Gy+©
CH3;CN 18.9 14.1 0.760 1.8 65.8
DMSO 19.3 29.8 1.000 0.0 0.0
DMF 16.0 26.6 0.875 8.0 1.4
NMP 13.3 27.3 0.921 10.7 —5.6
HMPA 10.6 38.8 0.871 17.7 59.4
THF 8.0 20.0 0.576

CH,Cl, 20.4 1 0.802 17.7¢

2From Ref.51. ®From Ref.52. °In kJ mol~", from Ref. 53,
9Assumed to be the same as for 1,1-dichloroethane.
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Fig. 5. Plot of logk, vs. AN for the radical anion of
9-chloroanthracene.
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ison of the results from these electrochemical studies is
not that meaningful considering that the mechanistic
description as well as the choices of solvent differ. The
correlation with the acceptor number observed in the
pulse radiolytic study of 9-chloroanthracene'® is prob-
ably affected strongly by the experimental procedure
employed as discussed previously.

The delocalized radical anion of 9-chloroanthracene is
expected to be relatively weakly solvated and the finding
of a correlation between log k., and AN may therefore
be interpreted in terms of a relatively strong interaction
between the electrophilic part of the solvent molecules
and the developing chloride ion in the transition state.
Overall, medium effects seem to be of minor importance
for the correlation. This conclusion is also in line with
the observation mentioned earlier that a change in the
polarity of the electrolyte/solvent mixture caused by an
increase in the concentration of the supporting electrolyte
has no appreciable influence on the magnitude of k.

3-Nitrobenzyl chloride. The solvation phenomena of the
radical anion of 3-nitrobenzyl chloride are very different
from those of all previous systems investigated. The
cleavage rate constants show a scattered correlation with
the Gutmann acceptor number only if THF is disreg-
arded (Fig.6). This behaviour of THF cannot be
ascribed to ion pairing effects or some sort of artefact,
since a similar deviation was not observed for 9-chloro-
anthracene. In fact, Figure 7 shows that log k correlates
surprisingly well with the nucleophilic properties of the
solvents as described by the Gutmann donor number.
To our knowledge no other examples of such a correla-
tion have been reported previously. Obviously, the major
solvation features would be imagined to be associated
with the nitro group having a localized charge in the
initial state and the developing chloride ion in the
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Fig. 6. Plot of log k; vs. AN for the radical anion of
3-nitrobenzyl chloride.
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log &

Fig. 7. Plot of log ky vs. DN for the radical anion of
3-nitrobenzyl chloride.

transition state but actually these effects might counter-
balance each other resulting in the overall weak sensitiv-
ity of log k. towards AN. The correlation observed with
DN might then be associated with solvent assistance in
the cleavage of the carbon—chlorine bond in terms of an
interaction between the nucleophilic part of the solvent
molecules and the primary carbon atom in the radical
anion. The nucleophilic solvents may also have a stabiliz-
ing effect on the evolving electrophilic 3-nitrobenzyl
radical in the transition state.

The protonation rate constants for the reaction
between 3-nitrobenzyl anion and 3-nitrobenzyl chloride
shown in Table 2 deserve comment. Although the deter-
mination of these rate constants is associated with high
uncertainty, they are clearly even more affected than kg
by the nature of the solvent. The development in k,
seems to be related to the trend given by the donor
numbers or the A, Gy + values in Table 5.1 This behaviour
may be explained by a strong solvent effect on the
transition state in which the partially transferred proton
can be stabilized by nucleophilic solvents. The initial
state, on the other hand, is relatively unaffected by the
solvent owing to the non-polar nature of the C—H bond.
The behaviour observed for 3-nitrobenzyl chloride, a
carbon acid, is exactly the opposite of that reported for
different oxygen acids in DMSO, DMF and CH;CN?®
in which an initial state solvent effect in terms of hydro-
gen bonding between the polarized O-H bond and the
solvent seems to play the major role.

t The value of A, Gy+ tabulated for HMPA in Ref. 53 is very
high and seems to be overestimated. It is not reflected as it
ought to be in appreciably higher pK,s of acids in HMPA
compared with DMF or DMSO%" and neither is similar
behaviour observed for the corresponding A, Gy, + values.®



3-Chloroacetophenone. In relation to the results obtained
above the solvation effect on the radical anion of 3-
chloroacetophenone with a localized charge is of much
interest since it has no possibility of the kind of solvent
assistance in the cleavage process as does the radical
anion of 3-nitrobenzyl chloride. One would therefore not
expect clear-cut correlations with either AN or DN and
this is indeed confirmed by the plots shown in Figs. 8
and 9. The correlation with AN reported in Ref. 14 on
the basis of pulse radiolysis experiments could thus not
be confirmed owing to the enormous discrepancies in the
kg values obtained by the two methods. A significant
feature of our results is related to the lower cleavage rate
constant obtained in THF compared with the other
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Fig. 8. Plot of logk, vs. AN for the radical anion of
3-chloroacetophenone.
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Fig. 9. Plot of log ky vs. DN for the radical anion of

3-chloroacetophenone.
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solvents. Formally, the development in logk, vs. AN
obtained in Fig. 8 might be interpreted in terms of a
change from a dominant transition state solvent effect at
low acceptor number to a dominant initial state solvent
effect at higher number. Interestingly, there seems to be
a certain correlation between log k., and the ©* solvent
parameter, which to a higher extent incorporates medium
effects. The best linear fit is shown in Fig. 10. However,
it should be emphasized that the correlation is based on
a limited number of data and it may therefore be
fortuitous. For the same reason any attempt to carry out
a multi-parameter fit to two or more solvent parameters
has been omitted.

Electron transfer model. Recently, Savéant?>?* has
developed a theory for the cleavage reaction of radical
anions, generally denoted RX ™, by modelling it as an
intramolecular electron transfer. This theory may be
invoked in a qualitative interpretation of the data per-
taining to k., at least in the cases of 9-chloroanthracene
and 3-nitrobenzyl chloride, where empirical correlations
with AN and DN can be observed. The theoretical free
energy relationship for the cleavage process is given
below in eqns. (17) and (18).

AGnttx‘—ekwx* =AG%).RX'*—~R'+X-
X (1+AGex - ~r +x-/AAGHrx v +x- )
(17)
AGRrx—r +x- = Drx + FERxrx - — FEX - (18)
In this equation, AGix - .- +x- denotes the activa-
tion energy and AG%_RX-—HR-er— and —AGRrx - -r +x-
are the intrinsic barrier and driving force associated with

the cleavage process. One of the most prominent terms
incorporated into AG(I,'RX-ER@x— and influenced

14
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Fig. 10. Plot of log k, vs. wn* for the radical anion of
3-chloroacetophenone.
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strongly by solvent changes, is the solvent reorganization
energy for the cleavage process, Agrx---r +x-- The
driving force can be expressed as shown in eqn. (18)
when the contribution from molar entropies is neglected.
The main factors governing the process are then the
bond dissociation energy of the parent compound, Dgy,
the standard potential of RX, Egjxgrx -, the standard
potential of X', Ex-x -, and Agrx'~ ~r +x~-

The two parameters most influential with respect to
the description of solvation effects for 9-chloroanthracene
radical anion are without doubt E% x- and
Jorx - -r +x-- T'he bond dissociation energy Dgx is
expected to be largely solvent independent and the stand-
ard potential Egyxrx-- Will certainly be less influenced
than E% x- by a change of solvent because of the
delocalized charge in the radical anion of 9-chloroanthra-
cene.§ The importance of the E%-x- term on the cleavage
rate of the radical anion of 9-chloroanthracene has been
emphasized in a recent investigation, in which a small
rise in k as a function of the water content in CH;CN?!
could be explained by an increase in Ex-x-. In the
present study a correlation between log k., and the Gibbs
energy of transfer of the chloride ion from a fixed solvent
(chosen in this paper to be DMSO) to the other solvents,
A G-, should therefore be considered as a possibility.
As may be deduced from Tables 1 and 5 such a relation-
ship is not obvious. The solvent, CH,Cl,, presents a
striking deviation with high values of both k. and
A Gq-. The high A,Gq- value can without doubt be
ascribed to a medium effect due to the low dielectric
constant of CH,Cl,, a term that is not incorporated into
the Gutmann acceptor number. This deviation also sug-
gests that Ay gx- - _g-+ x- must be correlated strongly with
AN if the experimental results are to be explained.

The correlation between log k; and DN observed for
3-nitrobenzyl chloride is most likely due to a donor
number dependent variation in Aggx-- g +x-, While the
term Egxrx - — Ex-x- 1s suggested to be relatively con-
stant for the different solvents considered. This is sup-
ported by the finding of largely the same trend in the
values of Epxgx - and —A,Gq-/F given in Tables 2
and 5. Both sets of data show a correlation, although
somewhat scattered, with the Gutmann acceptor number.

Conclusions

The reduction mechanism of 9-chloroanthracene, 3-nitro-
benzyl chloride and 3-chloroacetophenone in several
aprotic solvents has been investigated and clarified.
Values of cleavage, hydrogen abstraction, protonation

§ This is confirmed by the trend in the values of Exxrx-- and
—A,;G¢-/F given in Tables 1 and 5 although one should be
aware that the standard potentials obtained in the electrochem-
ical experiments are influenced by the constitution of the
double layer as discussed in the section on ion pairing and
adsorption effects. The values of Exy gy - may also incorporate
small differences in the solvation features of the Fc*/Fc
reference system.
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and dimerization rate constants as well as standard
potentials have been obtained.

The rate constant of cleavage, k., for the radical
anions of 9-chloroanthracene, 3-nitrobenzyl chloride and
3-chloroacetophenone may be influenced by the elec-
trophilic and the nucleophilic properties of the solvent
depending on the specific structure of the radical anion.
Previous observations of correlations between log & and
the Gutmann acceptor number based on pulse radiolysis
experiments'*'* could not be confirmed in the present
study and they do not seem to be a general feature unless
the charge is highly delocalized as in the radical anion
of 9-chloroanthracene. In this particular case the behavi-
our can be ascribed to a transition state solvent effect in
which the ability of the solvent to stabilize the chloride
ion is related to its electrophilic properties. The radical
anion of 3-nitrobenzyl chloride is characterized by a
localized charge as well as a primary carbon bonded to
the chlorine atom, and log &, now shows a linear depend-
ence on the Gutmann donor number. This development
is suggested to be governed by assistance in the cleavage
of the radical anion by the nucleophilic part of the
solvent molecules and by stabilization of the electrophilic
3-nitrobenzyl radical that evolves in the transition state.
For the localized radical anion of 3-chloroacetophenone
the same sort of solvent assistance in the cleavage process
is not possible and no clear-cut correlation with either
the Gutmann acceptor number or donor number exists.
In this case, the best linear fit is obtained against ©*.
The finding of any simple correlation with a single
solvent parameter for a given radical anion is thus very
much related to the specific structural features and is
based on a delicate balance between the solvation features
of the initial state and transition state.

The hydrogen abstraction rate constant for the reac-
tion between the anthryl radical and the solvents DMF
and NMP is determined to be ca. 2x 107 s~*. The rate
constant of the protonation reaction between 3-nitro-
benzyl anion and 3-nitrobenzyl chloride, a weak carbon
acid, generally increases as a function of the donor
number of the solvent due to a transition state solvent
effect. Finally, the variation observed in the standard
potentials as a function of supporting electrolyte concen-
tration is interpreted as being caused by specific adsorp-
tion of the electrolyte at the electrode surface in the
different solvents rather than by ion pairing.

Experimental

Materials. 9-Chloroanthracene, 3-nitrobenzyl chloride, 3-
chloroacetophenone, 3-nitrotoluene, ferrocene, 1,4-
benzoquinone, nitrobenzene, phenazine, anthracene, ace-
tophenone and cyclohexene were obtained commercially
and used as received. The supporting electrolyte, tetra-
butylammonium tetrafluoroborate (TBABF,), was pre-
pared and purified by standard procedures. N,N-
Dimethylformamide (DMF), l-methyl-2-pyrrolidinone
(NMP) and hexamethylphosphoric triamide (HMPA)



were dried before use by running the solvent through a
column of freshly activated alumina. Note that HMPA
is a cancer suspect agent and should be handled with
extreme caution. Dimethyl sulfoxide (DMSQ) was pur-
chased from Aldrich in a sealed bottle and transferred
to the cell with a syringe in order to avoid contact with
moisture and air. Tetrahydrofuran (THF) was distilled
under nitrogen from a solution containing sodium and
benzophenone. Acetonitrile (CH;CN) and dichlorometh-
ane (CH,Cl,) were distilled and dried through a column
of freshly activated alumina.

Apparatus. 'H NMR and '3C NMR spectra were
recorded with a Varian Gemini 200 MHz spectrometer.
GC-MS analysis was performed with a Hewlett Packard
5890 gas chromatograph on an HP-1 column combined
with a VG Masslab mass spectrometer. The water content
in DMF was determined by means of a Metrohm,
Herisau 737 KF coulometer. Analytical electrochemical
experiments were conducted in a standard electrochem-
ical cell equipped with a working electrode made of gold
or glassy carbon and having a diameter of 1 mm, a
reference electrode and a counter electrode made of
platinum. The reference electrode consisted of a silver
wire in tetrabutylammonium iodide/solvent or in some
cases a FLEX-REF electrode from World Precision
Instruments. The signals from a home-built potentiostat
were recorded using a Nicolet 4094c/4570 digital oscillo-
scope and the equipment was controlled by means of a
PC. The preparative experiments were carried out with
a 200 W home-built three-electrode potentiostat in an
H-cell equipped with a platinum net or mercury pool as
cathode, a silver wire in tetrabutylammonium iodide/
solvent as reference electrode and a carbon rod as anode.

Procedure. Analytical methods. In general, the cyclic
voltammetric behaviour of all substrates was independent
of the nature of the electrode material used (gold or
glassy carbon). The scan rate, v, was varied typically
between 0.05Vs™! and 20 Vs™! and no electrochem-
ically active impurities were detectable by cyclic voltam-
metry in the accessible potential window. The relevant
standard potentials were measured (after electronic com-
pensation of the ohmic drop) as the midpoint of the
cathodic and anodic peaks in cyclic voltammetry against
the ferrocenium/ferrocene redox pair (Fc*/Fc) with an
estimated uncertainty of +5 mV. The standard potential
of the latter couple was measured to 0.410 and 0.480 V
vs. SCE in CH;CN and DMF, respectively. The sup-
porting electrolyte was kept at a sufficiently high concen-
tration (0.1-0.3 M) to make migration effects negligible
and at the same time lower the resistance in the solvents,
in particular THF and CH,Cl,. The cleavage rate con-
stants were determined as an average of at least five
experiments. The program package BAS DigiSim 2.0 by
Rudolph and Feldberg was used for all simulations unless
otherwise noted. The diffusion coefficients of all species
involved were assumed to be equal.

SOLVENT EFFECTS ON REDUCTION

9-Chloroanthracene. The determination of the cleavage
rate constant, k, of the radical anion of 9-chloroanthra-
cene could be carried out in most solvents at any
substrate concentration but in DMF and NMP a concen-
tration of 10-20 mM was preferable allowing the mech-
anism to be treated as DISP1. With CH,Cl, as solvent
a small contribution to the cyclic voltammetric behaviour
from an electron transfer reaction between the radical
anion of 9-chloroanthracene and the solvent cannot be
excluded. The cleavage rate constant was determined by
fitting the experimental results obtained by LSV at
different scan rates to two sets of simulated curves
obtained for the DISP1 mechanism as described in
Ref. 59. The curves depicted the catalytic efficiency
(defined as the ratio of the actual peak current, I, and
the one-electron peak current of the corresponding
reversible process, ;) or the peak potential of the reduc-
tion wave, £, as a function of RTk/Fv.

For NMP and DMF the substrate dependent competi-
tion between reactions (3) and (4) was observable and
the hydrogen abstraction rate constant, k,.,, could be
determined by comparing experimental cyclic voltammo-
grams obtained at different substrate concentrations with
theoretical curves. Reaction (3) was assumed to proceed
by a rate constant at the diffusion limit (5x10° M "1 s~1
and 10°°M~!'s™! for NMP and DMF, respectively,
calculated from the Smoluchowski equation)®® and the
ratios I, /I, of 1.3 and 1.5 obtained in the two solvents
at the lowest scan rates and a substrate concentration of
1 mM were used to obtain an initial measure of the
competition ratio of reactions (5) and (6).

3-Nitrobenzyl chloride. The experiments with 3-nitro-
benzyl chloride were carried out at high substrate concen-
trations of 10 and 20 mM with freshly activated alumina
added to the electrochemical cell in order to out-run the
protonation reaction involving residual water. The sup-
porting electrolyte was not involved in a protonation
reaction either since variation of its concentration had
no influence on the determination of the relevant rate
constants. The cleavage rate constants obtained showed
no dependence on the concentration of water added in
small quantity (&5mM). The latter point is rather
important considering the stabilizing effect residual water
(the concentration of which was determined to be ca.
3mM in DMF) might exert on radical anions with a
localized charge.?! The cleavage and protonation rate
constants, k, and k,,, were determined by fitting the
experimental results obtained in LSV to working curves
depicting I/l or E, as a function of A, =RTk,/Fv for
different values of A, =c*k, /k,, where c¢* denotes the
substrate concentration. In the simulation procedure the
transfer coefficient was set equal to 0.5 and the heterogen-
eous charge transfer reaction was treated as a Nernstian
process. For HMPA the scan rates employed were so
high that a small effect due to quasi-reversible behaviour
could be observed, resulting from the relatively low

standard heterogeneous rate constant of 0.25cms™L
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The reduction (11) of the generated 3-nitrotoluene was
found to have some influence on the characteristics of
the first wave and was therefore included in the simula-
tions. The standard potential of 3-nitrotoluene was
settled to a value 75 mV lower than the standard potential
of 3-nitrobenzyl chloride. Obviously, the standard poten-
tials were solvent dependent but the average potential
difference of 75 mV measured by means of cyclic voltam-
metry showed only a small and negligible variation of a
few millivolts among the different solvents. Reactions
involving the radical anion of 3-nitrotoluene as reducing
agent towards 3-nitrobenzyl chloride and 3-nitrobenzyl
radical were also included in the simulations but their
influence on the first reduction wave was small. A value
of 10'°M's™! was used for the diffusion-controlled
rate constant of the homogeneous reduction process
although the exact value is unimportant for the simula-
tion procedure as long as it is high compared with the
other rate constants.

3-Chloroacetophenone. The experiments with 3-chloroace-
tophenone were carried out at various substrate concen-
trations in the range 1-20 mM. Freshly activated alumina
was added to the electrochemical cell to keep the content
of residual water in each solvent as constant as possible
from one experiment to another. The cleavage rate
constant, k, and the dimerization rate constant, 2kg;,,
could be determined by fitting the experimental cyclic
voltammograms (including the wave of the generated
acetophenone) obtained at three different substrate con-
centrations and scan rates to digitally simulated curves.
For the sake of completeness it should be noted that kg;,,
rather than 2kg, is the input parameter for the rate
constant of a dimerization reaction in DigiSim 2.0. The
rate constant of reaction (16) was settled to a high value
compared with all other rate constants while the transfer
coefficient was fixed at 0.5 and the standard heterogen-
eous rate constant at 0.1 cm s ~!. The dimerization reac-
tion of acetophenone radical anion as well as the cross
reaction between the radical anions of 3-chloroaceto-
phenone and acetophenone were included in the simula-
tion procedure. In general, the second wave of
acetophenone deviated somewhat from the theoretical
curves as illustrated by Fig. 3 in which the dimerization
reactions and the cross reaction were given the same rate
constant of kg,=10>M~'s™!. The radical anion of
acetophenone might therefore be involved in other reac-
tions with intermediates or products formed during the
scan. Still, the influence of these on the characteristics of
the first wave seemed to be small and reproducible values
of k, and 2k, could be obtained for the different scan
rates and substrate concentrations employed. For NMP
and DMSO the dimerization reaction was slow compared
with the cleavage reaction and only an upper limit on
2k4im could be given. The experiments could not be
carried out in TBABF,~HMPA because of background
discharge and in CH,Cl, the results were hampered by
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the presence of a fast electron transfer from the radical
anion of 3-chloroacetophenone to the solvent.

Preparative reductions. Preparative reductions of 3-nitro-
benzyl chloride and 3-chloroacetophenone were per-
formed in deaerated 0.1 M TBABF,~-DMF at platinum
or mercury as working electrodes and at controlled
potentials corresponding to the first wave in cyclic vol-
tammetry (—1.0 and —1.8V vs. SCE, respectively).
When the electrolysis was completed, water was added
to the catholyte and the products were extracted three
times with diethyl ether. The combined ether phases were
subsequently washed three times with water. The product
analysis was carried out using NMR, GC and MS.

3-Nitrobenzyl chloride. In the electrochemical reduction
of 8 mM 3-nitrobenzyl chloride at a platinum net elec-
trode, a drop in current was often noted after passage
of about 1.2 F. At higher substrate concentrations of
20 mM the current drop occurred much earlier to the
passage of 1 F and 3-nitrobenzyl chloride could be
recovered in large amounts from the electrolysis solution.
A likely explanation of this phenomenon is adsorption
on and passivation of the platinum electrode surface by
one of the generated intermediates or products. This was
further substantiated by the observation that the electro-
lysis could be carried out with an electron consumption
of about 1.4 when mercury was used as electrode mat-
erial. Further reduction of products was difficult to avoid
in these experiments. The isolated yield of products from
the organic phase was in general rather low (<30%) and
thus underlines the high uncertainty associated with the
determination of, in particular, the protonation rate
constant in the analytical measurements. Presumably the
low yield is due to formation of polymeric species on the
long timescale of the preparative electrolysis.*® The main
product was 3-nitrotoluene accompanied by varying
amounts of 3-nitrobenzyl alcohol. In distilled or with
well alumina-dried DMF, no alcohol could be detected
at all but in untreated DMF or if small amounts of
water were added to the solution prior to electrolysis,
the amount of 3-nitrobenzyl alcohol increased, compris-
ing 10-30% of the total yield. This could point to a
protonation of 3-nitrobenzyl anion with water followed
by an Sy2 process between the thus formed hydroxide
ion and 3-nitrobenzyl chloride. The isolation of 3-nitro-
toluene as the only product in DMF under dry conditions
combined with the finding of low electron consumption
is strongly indicative of the protonation reaction (10).
Also, in CH;CN3® and CH,Cl, characterized by appre-
ciably lower protonation rates, the product found was 3-
nitrotoluene. Interestingly, no products such as 1,2-bis(3-
nitrophenyl)ethane or 3,3'-dinitrostilbene, originating
from nucleophilic behaviour of the two carbanions gener-
ated in (9) and (10) towards 3-nitrobenzyl chloride,
could be detected in any of the experiments. In this
respect, the 3-nitrobenzyl system behaves differently from
the corresponding 2- and 4-nitro-substituted benzyl



halides, the reduction of which results in 1,2-bis(2-
nitrophenyl)ethane and 1,2-bis(4-nitrophenyl)ethane,
respectively.>® An attempt to trap a carbene intermediate,
generated from the expulsion of chloride in the depro-
tonated 3-nitrobenzyl chloride, by cyclohexene was
unsuccessful. If the electrolysis was carried out in the
presence of four equivalents of deuteriated chloroform
the charge consumption was close to 2 F with o-deuterio-
3-nitrotoluene now being the main product. This can
hardly be explained by anything else but a protonation
of 3-nitrobenzyl anion by CDCl;. The o-deuterio-3-
nitrotoluene had the same retention time as 3-nitro-
toluene in GC but it could be identified from the mass
spectrum (m/z=138).

3-Chloroacetophenone. Depending on the electrolysis con-
ditions the charge consumption varied from 1.3 to 2 F
and varying amounts of 2,3-bis(3-chlorophenyl)-2,3-but-
anediol and acetophenone could be isolated in high yields
(ca. 80%). At concentrations below 5 mM, acetophenone
was typically the only product detected whereas substan-
tial amounts of 2,3-bis(3-chlorophenyl)-2,3-butanediol
could be isolated at higher substrate concentrations. In
the presence of 100 mM water the diol was the only
product formed in a one-electron consumption process.
This can be ascribed to the accelerating effect of water
on the dimerization reaction. It is interesting to note that
the (+) to meso ratio of 2,3-bis(3-chlorophenyl)-2,3-
butanediol was found to be dependent on the nature of
the solvent and the amount of water present. A similar
trend has also been observed for other dimerization
reactions.?>! In well-dried DMF and CH;CN solutions
the ratio was equal to 5.7 and 1.8, respectively, whereas
the corresponding numbers in the presence of 1% water
were 5.5 and 5.7. The small influence of water in DMF
may indicate relatively strong bonding of the water
molecules to the solvent thus making them less available
for a specific solvation of the radical anions.

The products were identified by NMR by comparing
with the spectra of 2,3-diphenyl-2,3-butanediol reported
previously®? and the (4) to meso ratio was determined
from the signals of the methyl protons.

!H NMR (CDCl,) of 2,3-bis(3-chlorophenyl)-2,3-but-
anediol: § 7.10-7.25 (m, 12 H), 7.00 (d, 4 H), 2.70 (br s,
2 H from the OH groups), 2.15 (br s, 2 H from the OH
groups), 1.55 (s, 6 H), 1.50 (s, 6 H). The signal at 6=
1.55 was attributed to the meso form and the one at 1.50
to the (4) pair. The signals from the hydroxylic protons
were as expected strongly concentration dependent.
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