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Passage from Stepwise to Concerted Dissociative Electron Transfer through
Modulation of Electronic States Coupling

Cyrille Costentin,* Ludovic Donati, and Marc Robert**!

Abstract: Reductive cleavage of the
three cyanobenzyl chloride isomers in
N,N-dimethylformamide gives new in-
sights into the factors that control the
mechanism during dissociative electron
transfer. Within the family of investi-
gated compounds, electrochemical re-
duction leads to expulsion of the chlo-
ride ion. While electron transfer is con-
certed with breaking of the C—Cl bond

the case of both the ortho and para iso-
mers, an intermediate anion radical is
formed before rapid fragmentation in
the case of the meta isomer. Such an
unexpected mechanistic shift (all key
thermodynamic parameters are very
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similar for the three chlorides) is inter-
preted in the framework of a modified
version of the dissociative electron-
transfer model that includes electronic
coupling effects between the diabatic
states of the products. These effects
appear to control the very existence of
a transient species along the reaction
pathway.

and acts as the rate-determining step in

Introduction

Coupling between electron transfer and bond breaking may
involve competitive concerted and stepwise pathways, as
shown schematically in Scheme 1 and in terms of potential-
energy profiles in Figure 1.1 If the intermediate anion radi-
cal “does not exist”, that is, lives for less than a vibration,
the concerted pathway is necessarily followed. If the inter-
mediate exists, the stepwise pathway is not necessarily fol-
lowed.
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Scheme 1. Concerted and stepwise pathways for dissociative electron
transfer.
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Figure 1. Potential-energy profiles for the concerted and stepwise path-
ways according to Scheme 1. The E” are the standard potentials of the
subscript couples. E is the electrode potential or the standard potential of
the homogeneous donor.”!

The reaction proceeds through the most energetically fa-
vorable path in Figure 1. Competition between the two
routes hinges on structural factors that are related to the
four terms in the expression of the standard free energy for
cleavage of the intermediate anion radical [Eq. (1)]

AG(’)‘RXﬁR'JrX’ = Drx—resx. = TASgx_pex. + E%X/f'Rx*E{;('/X*
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where Dyx_r,x is the homolytic bond-dissociation energy
of RX, ASgx_r4x the corresponding entropy change, and
Ejy) -rx and E.y are the standard potentials of the sub-
script couples (energies in electron volts, potentials in volts).
The more negative AG%.y r..x, the more favorable the
concerted pathway, and vice versa.

The outcome of the competition also depends on the driv-
ing force offered by the electron donor. As represented in
Figure 1 by a vertical upward translation of the reactant
curve, a strong reducing agent favors the stepwise route, and
vice versa. Thus, in borderline situations, the system may
pass from one mechanism to the other on variation of the
electrode potential or the standard potential of the homoge-
neous electron donor,” and this possibly results in systems
that undergo concerted electrochemical and stepwise photo-
induced electron-transfer reactions.!

The classical Marcus—Hush model of outer-sphere elec-
tron transfer® is applicable to the electron-transfer step of
the stepwise reaction, whereas Morse-curve models can be
used for the concerted pathway™® and for cleavage of the in-
termediate radical anion in the stepwise case.l”’ All three re-
actions are characterized by a quadratic activation/driving
force relationship. In each case the intrinsic barrier may be
expressed by means of parameters involving the reactant
and product states, the main component of which is the
bond dissociation energy for the two bond-breaking reac-
tions. Radical anion cleavage may be heterolytic [as shown
in Scheme 1 and Eq. (1)] or homolytic ("RX—R™+X).[128
In the heterolytic case,'*”" but also in the homolytic
case,'” it can be viewed as an intramolecular dissociative
electron-transfer reaction.

These mechanistic analyses have been improved by con-
sideration of the interactions that may exist between the
caged fragments resulting from cleavage, which leads to
what can be alternatively called a o ion radical
(Scheme 2)."4 There are definite clues that these adducts
may survive in polar solvents, albeit considerably weakened
as compared to their gas-phase counterparts.'® The corre-
sponding potential-energy profiles are shown in Figure 2.

stepwise

RX +e == RX * (manion radical)

concermN /

(R%X ) (o anion radical)

|

R + X

Scheme 2. Sticky dissociative electron transfer.

Quadratic activation/driving force relationships are still
found, but with diminished contributions of the bond-disso-
ciation energies.""'? The stability of the ¢ anion radical
adduct varies with the nature of the solvent. It decreases
with increasing ability of the solvent to solvate the leaving
group.""™™The purpose of the present paper is to discuss the
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Figure 2. Potential-energy profiles for the concerted and stepwise path-
ways involving the formation of a ¢ ion radical according to Scheme 2.
The E° are the standard potentials of the subscript couples. E is the elec-
trode potential or the standard potential of the homogeneous donor.

influence of molecular structure on the concerted versus
stepwise dichotomy and on the very existence of an inter-
mediate ion radical in the family of the cyanobenzyl chlo-
ride isomers: ortho (O), meta (M), and para (P).

CH,CI CH,(CI CH,CI
CN NC
CN
o M P
Results

All three compounds were investigated by cyclic voltamme-
try in N,N-dimethylformamide (DMF) on a glassy carbon
electrode. Their low-scan-rate cyclic voltammograms
(Figure 3) exhibit two waves, the first of which is bielectron-
ic and irreversible, and the second monoelectronic and re-
versible. The latter wave corresponds to reversible reduction
of the corresponding cyanotoluene. The first wave thus cor-
responds to reductive cleavage of the starting chloride into a
cyanobenzyl radical and a chloride ion. This may occur con-
certedly or stepwise (Scheme 3). As suggested by the shape
of the first wave and potential differences between first and
second waves, the compounds fall into two categories: M
follows a stepwise mechanism, while the O and P follow a
concerted mechanism.

meta-Cyanobenzyl chloride: The first-wave peak potential
E, varies linearly with the logarithm of the scan rate by
—50 mV per unit with a peak width of E,,—FE,=80-110 mV
(Figure 4). This behavior is consistent with electron transfer
as rate-determining step. In the case of a concerted mecha-
nism, the rate-determining step is necessarily the electron
transfer. In the case of a stepwise mechanism, if bond break-
ing is rate-determining, then OFE /Ologv=—30mV, whereas

Chem. Eur. J. 2009, 15, 785-792


www.chemeurj.org

From Stepwise to Concerted Dissociative Electron Transfer

a) 907
| i/uA
70
50
30
10
~10
] E /V vs. SCE
T —
-1 15 -2 25 -3 -1 15 -2 25 -3
c) i
1203 A
90
60
30
0
] E /V vs. SCE
3T

-1 -15 -2 -25 3

Figure 3. Cyclic voltammetry of the cyanobenzyl chloride isomers in
DMF +NBu,PF, (0.1 molL™") on a GC electrode in the presence of an
acid (phenol). v=02Vs™" a)201mmolL™"' M. b)3.1mmolL" O.
c) 2.4 mmolL™' P.
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Scheme 3. Reduction mechanism of cyanobenzyl chloride.

if electron transfer is rate-determining, then OE,/Ologv=
—29/amV where a is the transfer coefficient. The experi-
mental slope of —50 mV per unit rules out bond breaking as
rate-determining step.
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Figure 4. Left: Peak potential as a function of the logarithm of the scan
rate (in Vs™') for M. Line: linear fit. Right: Experimental transfer coeffi-
cient a.y, as a function of the logarithm of the scan rate (in Vs™') for M
from Equation (2).

In the framework of an electron-transfer rate-determining
step, the experimental value of the transfer coefficient oy,
can be calculated from Equation (2)."

RT
G = 1.857 [ (Ey o~ Ey) 2)

Values close to 0.5 (Figure 4) are obtained. Assuming a

concerted dissociative electron-transfer mechanism, the

transfer coefficient is given by the dissociative electron-
transfer model [Eq. (3)]:©

A, = — A (3)
OAGY. 2

_ OAG? 1( Ep—E”Ra/R-+c1)

Ao + Dy

where AG* is the activation free enthalpy, AGL=
E,—Egeype,cr- the standard free enthalpy, 4, the solvent re-
organization energy, and Dy the C—Cl homolytic bond-dis-
sociation energy. Experimental values of a., close to 0.5
would indicate that the peak potential is close to the stan-
dard potential EURC,/R. .c-» which can be estimated from
Equation (4).

E{])(C]/R'+Cl* = —Dg + TASgairerci + E(():l-/cr 4)

Previous calculations gave Dg=2.83 eVl and ab initio
calculation” leads to TASge_gycr=0.302 eV. The Efy. ¢ is
1.81V versus SCE. It ensues that E‘};CI/R.+CI,=70.72 \'%
versus SCE. Since peak potential is around —1.92 V versus
SCE, that is, much more negative than Ej, JReyci-» the con-
certed transfer coefficient should be much smaller than 0.5
[Eq. (3)], which is not the case (Figure 4). Consequently, the
concerted pathway can be ruled out. We are thus left with a
stepwise mechanism and the electron-transfer step as rate-
determining step. The transfer coefficient is then given by
the Marcus—Hush law [Eq. (5)]:"

“TOAGY " 2

L OAGT 1 ( 5)

EP*E{l)zCVRcrf
Ao+ A

where AG® is the activation free enthalpy, AG3=
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E,—Exq srcr- the standard free enthalpy, 4, the solvent reor-
ganization energy, and 4; the internal reorganization energy.
A transfer coefficient close to 0.5 and a peak potential
around —1.92 V versus SCE implies that the standard poten-
tial E%C,/RC]., is close to —1.9 V versus SCE.

ortho- and para-Cyanobenzyl chloride: In both cases, the
first wave is shifted toward more positive potentials as com-
pared to M, whereas the second wave remains identical, that
is, corresponds to cyanotoluene reduction. Based on the
peak-width values one might conclude that electron transfer
is rate determining and the experimental transfer coefficient
is slightly smaller than 0.5. The shift of the peak potential
suggests that the charge-transfer and bond-breaking process
are concerted. Since the standard potential Ey, JRep- 1S €X-
pected to be very close to the value estimated for M, that is,
—1.9V versus SCE, the observed peak potential (—1.73 V
vs. SCE at 0.2 Vs™, for example) would lead, in the frame-
work of a stepwise mechanism, to a transfer coefficient
much larger than 0.5 [Eq. (5)], in contradiction with the ex-
perimental peak width, which suggests that a concerted dis-
sociative electron-transfer mechanism is indeed followed by
OandP.

Experimental data were then analyzed in the framework
of the concerted dissociative electron-transfer model,’® for
which a quadratic activation/driving force relationship ap-

plies [Eq. (6)]

D, + 2 AGY \?
+ ap C
AGT =—7 (1 T D. A ) (6)

where D,, is an apparent bond dissociation energy, whose
exact meaning will be discussed below. The experimental
data for plotting AG* versus AG" were obtained from the
shape and location of the voltammetric waves. The activa-
tion free energy at the peak potential was derived according
to Equation (7)Y

RT | RT
* __ 7 el [ M )
AG;y =% {m(z aeprV[> 0.78} (7)

in which v is the scan rate, D the diffusion coefficient (taken
as equal to 6.7x107° cm’s™"), and «., the transfer coeffi-
cient, which is extracted from the peak width through Equa-
tion (2). The pre-exponential factor is taken as equal to the
electrochemical collision frequency: Z,=(\/RT/2nM),
where M is molar mass.

The experimental standard free energies at the peak were
estimated from AG!=E,~E}q g, ) With the standard po-
tential Ep, retc- given by Equation (4). Previous calcula-
tions gave Dp=2.83¢eV, and TASgc g4+ Was obtained
from ab initio calculations. The AG:/AGg plots were fitted
with Equation (6) by using D,, as a fitting parameter. The
results are shown in Figure 5 and Table 1.
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Figure 5. Activation/driving force plots obtained from the variation of the
peak potential with the scan rate by using Equation (7). Dotted line: fit-
ting with Equation (6) (parameters from Table 1). a) O, (b) P.

Table 1. Dissociative electron transfer parameters of O and P.

0 P

Z% [ems™] 5103.9 5103.9

TAS" [eV] 0.296 0.299

E(l'{(‘,l,/RUrCl* [Vl —0.724 -0.721

o [eV] 1.05 1.05

D, [eV] 1.98 1.98

Dy [eV] 2.83 2.83

ey 0.3-0.4 0.38-0.45
Discussion

Analysis of the experimental data for M shows that its stan-
dard potential E%CI/RC]., is at least 300 mV more positive
than that of the corresponding hydro compound (meta-cya-
notoluene). In the case of para-nitrobenzyl chloride, this dif-
ference is less than 200 mV.['¥ This indicates that the effect
of chlorine on the standard potential is more pronounced
for cyano derivatives than for nitro derivatives, in line with
the less electro-attractive effect of the cyano group com-
pared to the nitro group. This result is in agreement with
previous results obtained with para-nitrobenzyl fluoride, for
which the standard potential difference between the fluoro
and hydro compounds is 300 mV due to the stronger effect
of fluorine compared to chlorine."”’ Thus, both the shape
and location of the reduction wave of M can be explained in
the framework of a stepwise dissociative electron-transfer
mechanism.

Analysis of the experimental data for O and P shows that
they both follow a concerted mechanism. However, two ob-
servations are puzzling. First, application of the dissociative
electron-transfer model leads to apparent bond-dissociation
energies D,, that are much smaller than the calculated
bond-dissociation energies Dy (Table 1). Owing to the quad-
ratic activation/driving force relationship [Eq. (6)], the ex-
perimental kinetics is thus faster than predicted by the
model. Second, in the framework of a concerted mechanism,
transfer coefficients smaller than 0.5 are expected. This is
observed experimentally but to a lesser extent than predict-
ed by the model, at least for P, the transfer coefficient of
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which is close to 0.5 (Table 1). Regarding the first observa-
tion, we can at first glance invoke in-cage interactions. As
mentioned in the introduction, attractive interactions be-
tween the two fragments resulting from cleavage may lead
to an ion-radical adduct, which may or may not survive in a
polar solvent (Scheme 2). This adduct, resulting from a
charge-dipole attractive interaction between the cage frag-
ments before they diffuse out, can be viewed alternatively
as a o anion radical or as forming a weak three-electron
bond. Even though such interactions are expected to de-
crease or even vanish in polar liquid phase, several experi-
mental studies have confirmed their existence, at least when
a partial positive charge is induced on the remaining radical
part thanks to the presence of strongly electron withdrawing
substituents. This is, for example, the case during electro-
chemical dehalogenation of carbon tetrachloride."! Albeit
small in magnitude (typically a few tens of meV), these in-
teractions may strongly affect the dynamics of dissociative
charge transfer to the parent molecule. If the sticky interac-
tion amounts to about 1% of Dg, then a decrease of about
15% in the intrinsic barrier will ensue,'? and thus the reac-
tion is accelerated to an experimentally detectable degree.
Several experimental works have confirmed the reality of
such interactions and the applicability of the model. These
examples mostly concerned heterogeneous reactions™! but
examples of homogeneous electron transfer have also been
found."” Thus, this effect can be considered to be at the
origin of the D,, values obtained in this study. The model in-
corporating such attractive in-cage interactions is referred to
as the “sticky dissociative electron transfer model”™) and
leads to Equation (8)

DR-A,crﬂR-+c1* = (@_ \/D>ap)2 (8)

which allows Dy - _r1c-=0.076 eV to be estimated for
both O and P. As shown in Scheme 4, this effect can
induce a passage from a stepwise mechanism to a concerted
mechanism if the electronic state of the products is modified
in such a way that the concerted mechanism becomes ener-
getically more favorable.

Scheme 4. Three-dimensional representation of the concerted (full lines:
thin: without in-cage interactions; thick: with attractive in-cage interac-
tions) and stepwise (dotted lines: thin: without in-cage interactions;
thick: with attractive in-cage interactions) reaction pathways. R: reac-
tants (RX+e7); I: intermediate (RX""), P: products (R'+X").
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However, one would then expect stronger in-cage interac-
tion for P than for O thanks to the larger dipole momentum
of the benzylic radical (calculated values are 5.05, 4.77, and
4.61 D for P, O, and M, respectively).'”) If O and P were in-
volved in in-cage interaction of comparable energy, one
would expect an interaction of comparable magnitude for
M, and thus a concerted mechanism should also be favored.
This is not the case. Consequently, this in-cage interaction
probably takes place to some extent but cannot explain the
passage from a stepwise to a concerted mechanism when
changing the position of the cyano substituent on the aro-
matic ring. The mechanistic shift seems a priori unexpected.
All the parameters invoked so far to explain a shift in mech-
anism [Eq. (1)] are similar among the family of compounds
(bond-dissociation energy, entropy of dissociation, standard
potential of the leaving group, and in-cage interaction). We
are thus left with the following question: why does the
mechanism change from a stepwise pathway for M to a con-
certed pathway for O and P?

In cyclic voltammetry, the peak is reached when the rates
of electron transfer and diffusion are equal. Consequently,
for the three investigated compounds, the electron-transfer
activation energy at the peak potential remains the same at
a given scan rate [Eq. (7)]. Therefore, the shift in potential
peak observed between M and O/P is a consequence of an
energetic shift of the electron-transfer transition state
(Scheme 5). This transition state corresponds to the crossing
of reactant and product electronic states. It is reasonable to
assume that the shape of the reactant energy curve is identi-
cal for all three isomers. Thus, an explanation for the change
in location of the transition state is to consider an energetic
shift of the product electronic-state curve. The reactant
energy curve will respond by translating upward so that the
activation energy remains the same. This vertical translation
is endowed with a peak shift, that is, a change in the energy
of the electron being transferred. All of the parameters
characterizing the energetic position of the product energy
curve (bond-dissociation energy, entropy of dissociation,
standard potential of the leaving group, and in-cage interac-
tion) are similar among the family of compounds. Therefore,
a nonthermodynamic effect must be invoked to interpret
the behavior of M on the one hand and O and P on the
other.

Potential energy

i electron transfer
‘I
\

3 transition states
\ x
A0
W TS, . § PN M y '-.\‘
\

Reaction coordinate

Scheme 5. Schematic representation of peak potential shift due to transi-
tion state energetic shift.
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Benzylic & anion radicals ~RX are intrinsically fragile be-
cause the resulting benzylic radical R’ is stabilized thanks to
delocalization of the unpaired electron. In other words, con-
trary to the situation observed with arylic compounds,”? the
mt* orbital receiving the extra electron in the ; anion radical
“RX does overlap with the 6* C—Cl orbital. Putting this in
term of electronic states means that the m* and o* diabatic
states mix. This mixing is expected to be strongly influenced
by the nature and the position of substituents on the aro-
matic ring. Such effects have been previously described
through gas-phase quantum calculations on meta- and para-
nitrobenzyl chlorides as well as on meta- and para-cyano-
benzyl bromides.”” It has been demonstrated that meta n
anion radicals are less fragile than their para isomers, that is,
the intrinsic activation barrier is larger in the former case
than in the latter. Moreover, EPR studies have shown that
in benzonitrile anion radical the hyperfine constants (a
direct measure of spin density) are greater at the para
(8.42 G) and ortho (3.63 G) positions than at the meta posi-
tion (0.3 G).?!I Thus, in this anion radical the spin density is
essentially zero at the meta position, in line with the meta
position being at the node in the singly occupied molecular
orbital. The same is likely to hold true for the cyanobenzyl
chloride anion radicals.

Consequently, it can be anticipated that the electronic
coupling between the * and o* diabatic states is stronger in
the case of the O and P than in M. If the coupling is so
strong that the m anion radical no longer exists, that is, lives
for less than a vibration (Scheme 6), then the concerted
pathway is necessarily followed. Since the activation barrier
for bond breaking of typical benzylic m anion radicals is
small, it is not unrealistic to conceive that such a situation
(vanishing of the barrier) may be reached for both O and P.

How large must this effect be for the ~"RX cleavage barri-
er to vanish? To answer this question, the adiabatic elec-
tronic state Gp,q;, of the products was generated by mixing
the w* and o* diabatic states (G, g, and G,gq,, respectively)
with coupling constant H. It can be shown that the adiabatic
electronic state Gp,g, of the products is given by Equa-
tion (9).1"!

GP‘adia _ Gmdia + Gc,dia 71

2 3 (Godia—Graia)? +4H? 9)

Potential energy

Reaction coordinate

Scheme 6. Diabatic (dotted lines) and adiabatic (full lines) electronic
states of the products in the case of strong coupling.
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The transition state for electron transfer occurs at the
crossing of this adiabatic state with the reactant electronic
state Gggq;, in a region of phase space in which the n* dia-
batic state is more stable than the o* diabatic state. In other
words, the weight of the n* diabatic state in the adiabatic
state of the products is more important than the weight of
the o* diabatic state. We then assume that the coupling
effect remains constant in the phase-space region corre-
sponding to the electron-transfer transition state, that is, the
stabilization energy of the adiabatic state toward the n* dia-
batic state does not significantly depend on the energy dif-
ference of the diabatic states G, 4,—Ggaio- Within this frame-
work, it can be easily shown that the activation/driving force
relationship AG* =f(AGY) is given by Equation (10)!"!

AGH = (1 + (10)

AGYL+ AE’—h )2
4

As

in which Ag is the reorganization energy corresponding to
the stepwise mechanism, AE"=E}, p., o —Eqcyrer » AGE=
Ep—E}qrescr» and ki is the gap between the adiabatic state
of the products and the m* diabatic state [Eq. (11)]."”

HZ
~ 11
h Go,dia - Gmdia ( )

We can now estimate /& from experimental data using
Equation (10), AG* is derived from Equation (7), AG%+
AE’=(Ep—E}qper ) is calculated from Ejqpe. =—19V
versus SCE, and A is estimated to be 1.25 V.2l We thus
obtain £~0.15eV. Therefore H>0.15eV. This coupling is
strong. This is necessary for the vanishing of the bond-
breaking activation barrier. Such a situation is sketched in
Figure 6. The passage from a stepwise mechanism for M to
a concerted mechanism for O and P thus appears as a con-
sequence of a modulation of electronic states coupling on
modification of the molecular structure.

From Equation (10), it can be seen that the transfer coef-
ficient a for O and P is given by Equation (12).

* 0 0__
a:aAGozl AG:+AE —h (12)
OAGY. ~ 2 As
Potential energy
0

“E v v = "Epmeta

_ Ep

_g°
RX/R+X™

Figure 6. Potential-energy profiles for the stepwise pathway (dotted lines)
and concerted pathway (full lines).
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Since AGL.+AE’—h is less negative than AG{. but more
negative than AGY, it can be predicted that the transfer coef-
ficient should be larger than expected for a “classical” con-
certed dissociative electron-transfer mechanism but smaller
than for a sequential mechanism, as is indeed observed ex-
perimentally.

Previous analyses of the electrochemical and photoin-
duced reduction of P concluded a concerted mechanism
with an attractive in-cage ion/radical interaction that can be
modulated by the solvent polarity.! The present work con-
firms this mechanism and gives new insights into its origin.
The concerted mechanism is not followed because it is more
favorable than the stepwise mechanism thanks to the in-
cage attractive interaction. If so, one would expect M to
follow the same concerted mechanism. The concerted mech-
anism is followed because the m anion radical does not exist
for both O and P, thanks to strong coupling between the m*
and o* electronic diabatic states.

As shown previously,”™ the very existence of the & anion
radical can be due to the solvent. It thus appears that the
existence of the m anion radical results from a balance be-
tween several effects such as intrinsic barrier for cleavage,
solvent polarity (the more polar the solvent, the more stable
the 7 anion radical), and electronic coupling, modulated by
the molecular structure. In the case of M, the balance is in
favor of the m anion radical existing, since in a moderately
polar solvent such as acetonitrile, the mechanism is driven
toward a stepwise pathway. In the case of P, the balance
may be reversed, since a concerted mechanism occurs in 1,2-
dichloromethane, acetonitrile, N,N-dimethylformamide, eth-
anol, and formamide, whereas a stepwise mechanism, with a
very fast cleavage step, is observed in water.[™

Conclusions

Electrochemical dechlorination of the cyanobenzyl chlorides
in DMF leads to the observation of a mechanism shift, de-
pending on the position of the cyano substituent on the aro-
matic ring. While the reduction of M occurs along a two-
step pathway, both O and P are reduced along a concerted
pathway via a single transition state. This mechanistic transi-
tion results from modulation of the electronic coupling be-
tween the diabatic states of the products, which makes the
cleavage barrier for both para and ortho anion radicals dis-
appear. An intermediate anion radical only persists in the
case of M. This electronic effect appears in addition to the
structural parameters (bond-dissociation energy, entropy of
dissociation, standard potential of the leaving group, and in-
cage interaction between cleaved fragments) that control
the occurrence of one (sequential) or the other (concerted)
reductive mechanism. It has been semiquantitatively mod-
eled by a modification of the dissociative electron-transfer
model, which opens the door to identification and analysis
of similar cases.
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Experimental Section

Chemicals: N,N-dimethylformamide (Fluka, >99.5 %, stored on molecu-
lar sieves and under argon atmosphere), the supporting electrolyte
NBu,PF, (Fluka, puriss), ortho-cyanobenzyl chloride (Interchim), and
meta-cyanobenzyl chloride (Chemstep) were used as received.

para-Cyanobenzyl chloride was prepared from the corresponding bro-
mide as follows. para-Cyanobenzyl bromide (Aldrich, 99%) was dis-
solved in an acetone/dichloromethane (50/50) in the presence of a 10-
fold excess of tetracthylammonium chloride (Acros, 99 %) and the mix-
ture heated to reflux for 1 h. After evaporation of the solvent and addi-
tion of diethyl ether, the remaining salt precipitated, and the organic
phase was filtered and evaporated. The resulting para-cyanobenzyl chlo-
ride was recrystallized from pentane/dichloromethane (60/40) mixture to
give an 84 % yield of pure compound. The structure was checked by ele-
mental analysis and '"H NMR.

Instrumentation: The working electrode was a 3 mm-diameter glassy
carbon (GC) disk (Tokai) for experiments carried out at scan rates below
1 Vs, For scan rates above 1 Vs~! the working electrode was a 1 mm-di-
ameter GC rod obtained by mechanical abrasion of the original 3 mm-di-
ameter rod. The working electrode was carefully polished and ultrasoni-
cally rinsed in absolute ethanol before use. The counterelectrode was a
platinum wire, and the reference electrode an aqueous SCE electrode.
The potentiostat, equipped with positive feedback compensation and cur-
rent measurer, used at low or moderate scan rates, was the same as previ-
ously described.™ All experiments were done at 20°C; the double-wall
jacketed cell was thermostated by circulation of water.
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