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The electrochemical oxidation or reduction of many organic and organometallic
compounds proceeds by two or more individual electron-transfer reactions. In
this paper, various aspects of such reactions are reviewed. These include the
factors that govern the difference between the formal potentials for the two
steps (E7'—E3"), causes of potential inversion (E7 —E3 <0 for reductions) and
mass transfer and kinetic effects associated with the disproportionation/compro-
portionation reaction among the three species involved in the two-step reaction.

It is quite common to observe in the electrochemical
reactions of organic and organometallic compounds that
the reduction or oxidation proceeds in a series of one-
electron steps in which addition or removal of the
electron occurs with greater difficulty for a given step
than for the one immediately preceding it. As an example,
consider the reduction of an aromatic hydrocarbon, A,
in an aprotic solvent. Here the addition of the first
electron generates the radical anion, which in turn is
reduced to the dianion in the second step [reactions (1)
and (2)].

A+e =A"";
A  4+e —A?;

Ef’» ksl’al (1)
Eé)(’ ksZs Az (2)

Each step has associated with it a reversible formal
potential, E’, standard heterogeneous electron-transfer
rate constant, kg, and transfer coefficient, ;. In this
paper, we will assume that the formal potentials, E°’, are
equal to the standard potentials, £°. For aromatic hydro-
carbons it is observed that E3 lies several tenths of a volt
negative of EY, i.e., E{ — E; >0. This condition has been
called normal ordering of potentials.

In a number of cases, it has been found that a reversal
occurs such that the introduction of the second electron
(for reduction reactions) actually occurs with greater
facility than the first, i.e.,, E5 is positive of E7. This
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condition has been called potential inversion. The reasons
for this behavior are complex but some generalizations
can be made.

In both cases, normal ordering and potential inver-
sion, the disproportionation/comproportionation reac-
tion [reaction (3)] can take place in the diffusion layer.

2A7 =A+ A (3)

The relationship among the equilibrium constant for
disproportionation, Ky,, the free energy change,
AGyg,, and the difference between the formal potentials
is given by eqn. (4). From eqn. (4) one can see that with
normal ordering of potentials disproportionation is not
favored whereas with potential inversion dispropor-
tionation is thermodynamically favored.

AGgisp = —RT In Ky, = F(EY — E3) (4)

The occurrence of reaction (3) often has little effect
on the current-potential curves. In fact, it has been
shown that for the case of mass transfer only by diffusion,
reversible electrode reactions, identical diffusion coeffi-
cients for all species, and no other chemical reactions,
reaction (3) can have no influence on any voltammetric
experiment.! However, when one or more of these condi-
tions is not met, reaction (3) can affect the observed
response, usually in a subtle manner but sometimes quite
spectacularly.

In this review we will discuss the factors that govern
the difference between the formal potentials, the causes
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of potential inversion and the effects of dispro-
portionation/comproportionation. No attempt has been
made to provide a comprehensive review and literature
citations have been chosen based primarily on the ability
of their content to illustrate the main points being made
in this work.

Factors affecting the difference in formal
potentials. Normal ordering of potentials.

Delocalized charge in the ions. The singly charged ion
radicals and the doubly charged ions formed by sequen-
tial oxidation or reduction of aromatic hydrocarbons
tend to have charge density that is delocalized over the
entire aromatic system. As such, they offer a vague
resemblance to the idealized model used by Born to
compute the electrical energy required to charge ions,
viz., the ions are considered to be spherical entities with
charge distributed uniformly over the surface. Evans and
Hu? compared disproportionation enthalpies calculated
by a semiempirical molecular orbital method (AM1)
with the disproportionation free energies calculated by
the Born equation assuming that the aromatic hydro-
carbon anions were spheres with radii corresponding to
the known molecular volume [eqn. (5)]. Here, N, is
Avogadro’s number, ¢, is the charge on the electron, g, is
the permittivity of free space and r is the radius of the
particle.

2

AGgisp,Born(VaC) =
4neyr

Surprisingly good agreement was found indicating that
the computed disproportionation enthalpies were mainly
governed by the electrostatics of charging the ions, i.e.,
there are no special chemical effects associated with ion
formation, a result that fits the qualitative notion that
the two electrons in question are being added or removed
from the same molecular orbital.

When the disproportionation is considered to occur in
a solvent of dielectric constant D, the Born treatment
predicts that the free energy of disproportionation will
be given by eqn. (6), i.e., the unfavorable dispropor-
tionation free energy experienced in a vacuum is attenu-
ated in solution by 1/D.

N 2
A€o (6)

AGg; 1)=
dlsp,Born(So ) 4anOr

In reality the Born equation overstates the solvation
effect, the experimental results for the anions of six
aromatic hydrocarbons in DMF correspond to an effect-
ive dielectric constant, D, of only about three.?
Nevertheless, the experimental values of AGg;,,(DMF),
as reflected in E;—E;, do tend to follow eqn. (6) as
regards the effective radius, r, with the largest hydro-
carbons having the smallest experimental free energies of
disproportionation and the smallest E; — E5 .2
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Localized charge in the ions. Many compounds that
undergo two-step oxidation or reduction do so because
they contain two, usually identical, electroactive groups.
In such cases, the charge on the ions of these compounds
will tend to be concentrated on those groups and the
Born model with its assumption of delocalized charge is
even less relevant than for aromatic hydrocarbons. The
qualitative effect is the same. Larger molecules tend to
have smaller values of E;—E;. However, it may be
useful to use a slightly different model in this case, viz.,
charge localized on the two electroactive groups separ-
ated by a distance R.

Two idealized cases may be distinguished. In the first,
the spacer separating the electroactive groups allows
electronic interaction between them through a n-bonded
framework. In the second the linker is a saturated
hydrocarbon chain through which such electronic inter-
actions will be strongly attenuated. The family of com-
pounds given in Table 1 provides an example of the first
type of system. The Born treatment® extended to the case
of two spheres separated by distance R predicts that the
disproportionation free energy will be given by eqn. (7).

a2
Naes

4nDey R

Here D is the dielectric constant of the medium in which
the spheres are located. In their classic papers on the
related problem of the dissociation constants of diprotic
acids, Kirkwood and Westheimer!® included a dielectric
constant for the molecular cavity containing the charged
groups, the cavity modeled as a sphere or ellipsoid. They
noted that the results of this more sophisticated treatment
could be reproduced by an equation of the form of
eqn. (7) where D is replaced by D.g, the effective dielec-
tric constant. Thus, eqn. (7) should provide a guide for
interpreting the dependence of E7—E; on the distance
between the electroactive groups. Note that the radius
of the electroactive groups does not appear in eqn. (7)
for the reason that the energy to charge the cation radical
is considered to be the Born energy for charging just one
of the groups. When this is combined with the electro-
static energy for the dication, dependence on the group
radius is lost.

In Fig. 1, the observed values E7 — E3 are plotted vs.
1/R for four of the five compounds for which data are
presented in Table 1. A satisfactorily linear relationship
with almost zero intercept is found for three of the
compounds (2-4) that have a fairly large separation
between the charges, which are arbitrarily considered to
reside precisely on the nitrogen atoms. The slope corre-
sponds to D.y=4.7. Data for the compound with the
smallest distance between nitrogen atoms, the dication
of 9,9-bis-9-azabicyclo[3.3.1]nonane (1), is not plotted
in Fig. 1 but its point would fall about 1V below the
line defined by 2-4. In 1 the two charged centers are
directly bonded to one another and it is not surprising
that eqn. (7) should fail. In this case, the charge is likely
to be pushed out into the bicyclic groups attached to

AG'ciisp.Born(sol )=

(7)
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Fig. 1. Difference between first and second formal potentials
as a function of inverse distance between electroactive
groups for compounds listed in Table 1 (squares) and Table 2
(saturated linkages: triangles; unsaturated linkages: circles).

nitrogen. In fact, an increase of charge-charge distance
of only about 1.1 A would bring the result for 1 in
compliance with the line. Ion pairing may be playing a
role as well (see below). It would be futile to attempt to
read too much quantitative meaning into the correlations
in Fig. 1. The result for 1 is included here because of
the unusually large value of E{ —E;, +1.19 V, which is
one of the largest values ever reported. There are
extremely few examples of two-electron reactions in
which the charge is created (formally) on adjacent atoms.
In this connection, it would be interesting to determine
E;—E; for the 0,/0,” /0,2~ sequence (dioxygen/
superoxide/dioxygen dianion). We are not aware of
attempts to do so.

Another data point, that of the dication of 2,5-
bis(dimethylamino)-2,4-hexadiene (5), falls below the
line with EY — E; determined to be only 0.18 V whereas
a value of about 0.5V is expected based on the linear

Table 1. Data for reduction of some nitrogen cationic systems.?
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relationship found for 2-4 (see arrow in Fig. 1). This
result indicates destabilization of the radical cation (or
stabilization of the dication) of 0.3V (7 kcal mol™!)
compared with 2-4. Other systems showing similar
behavior will be discussed in a later section.

Similar results for some dinitro compounds are given
in Table 2. Included are the well known results for the
1,@-bis(4-nitrophenyl)alkanes where, in the compounds
studied, a one-to-four carbon alkyl chain separates the
two groups. As the length of the polymethylene chain
increases, £} — E5 decreases and approaches the theoret-
ical limit of (RT/F)In4 (35.0mV at 293K).” The
35.0 mV limit pertains to the case of infinite separation
of localized charges that cannot interact through the
spacer. One can see that the results for the four I,m-
bis(4-nitrophenyl)alkanes, 6-9, fall very close to the
35 mV limit because the distance between the two nitro
groups is quite large for all of them (9 to 14 A).

The remainder of the dinitro compounds contain nitro
groups that are formally conjugated with one another
(Table 2). The data for four of these compounds (11-14)
fall on a line whose slope corresponds to D.=5.3 in
eqn. (7) (Fig. 1), a value quite close to that seen for the
cationic nitrogen systems. The intercept, however, is not
zero as predicted by eqn. (7). Rather it is —0.29eV
(6.7 kcal mol ~1) suggesting that, in general, the dinitro
compounds experience destabilization of the radical
anions (or stabilization of the dianions) in excess of the
electrostatic effects upon which eqn. (7) is based.

A fifth compound, (£)-2,3-dinitrobutene (10), deviates
strongly with an observed E7 — E; that is much smaller
than predicted by the line constructed from the data for
the other four. (The Z isomer is reported to behave
identically).!! Even though the nitro-nitro separation is
the smallest in the family, the potentials are apparently

Compound AE°=E$—E3/mV N-N distance?/A Reference
+ +
NN 1190 1.4 4
1
+/7 \*+
N 1060 238 5
2
\'=< >="/ 590 5.6 6
N N,
/ N 570 7
3
B ad e 410 7.1 8
4
6.1 9

|
~N I~ 180
Y
5

?Acetonitrile as solvent with tetraalkylammonium salts as supporting electrolytes. E7 corresponds to the dication/radical
cation couple and E3 to the radical cation/neutral couple. °From optimized structures obtained by semiempirical molecular

orbital calculations (AM1).
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Table 2. Difference in formal potentials for dinitro
compounds.?
AE° = N-N .
Compound E;—E3;/mV  distance?/A
O;NO(CH;)H——@'NO,
6: n=1 70.5 9.1
7:n=2 46.1 11.8
8: n=3 37.7 11.7
9:n=4 46.1 14.1
>:/\“°* <0(2)° 3.9
O2N
10
0,N —<;>—No2 212 5.8
1
OzNNoz 20.7 10.1
12
°z”% ~0? 10.2
NO,
13
O,N —46<AE"” 12.3
S W NP
14

aRef. 7 except as noted. All results obtained in acetonitrile
solvent except as noted. °From optimized structures obtained
by semiempirical molecular oribital calculations (AM1) except
6-9 for which molecular mechanics (MM+) were used.
°Ref. 11. 20% acetonitrile in water, pH>7. “Ref. 12.

inverted, E;7 — E; being negative. This is again an indica-
tion that factors other than electrostatic are affecting the
results as will be discussed in a separate section. Also, it
is noted that three of the four compounds that adhere
to the linear relationship have values of E7 — E that are
smaller than the statistical limit of 35 mV again sug-
gesting that other factors are at work.

The data in Table 3 are from a recent study!® of bis-
carbene complexes of tungsten and molybdenum that
include saturated one- and two-carbon linkers, as well
as an ethenyl link and an ethynyl separator. The saturated
linkers show a distance dependence of E7—E; that

Table 3. Data for bis-carbyne complexes of tungsten and
molybdenum.?

Compound E;—E3/mV
[W]=C-CH,-C=[W] 189
[W]=C-CH,CH,-C=[W] 72
[W]=C-CH=CH-C=[W] 177
[W]=C-C=C-C=[W] 278
[Mo]=C-CH,-C=[Mo] 146
[Mo]=C-CH,CH,~C=[Mo] 36
[Mo]=C-CH=CH-C=[Mo] 126
[Mo=C-C=C-C=[Mo] 239

2[W1=Tp(CO),W, [Mol=Tp'(CO),Mo, Tp'=hydridotris(3,5-
dimethyl-1-pyrazolyl)borate. CH,Cl, with 0.10 M Bu4NPFs.
Data from Ref. 13.
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is reminiscent of that seen for the 1,w-bis-
(4-nitrophenyl)alkanes (Table 2). The data also provide
a nice illustration of the fact that transmission of the
electrostatic effect is weakest for the saturated linkages
(smallest EY —E7), stronger with the ethenyl bridge, and
strongest of all for the ethynyl bridge (largest E; — E5).

Ion pairing. Before discussing the factors that lead to
potential inversion, we will consider briefly another factor
that can influence E;—E,, viz., ion pair formation
between the ions of the system under investigation and
counter ions originating from the supporting electrolyte.
For the case of a neutral/radical anion/dianion system
and monvalent cations in the electrolyte, the change in
EY —E3 brought about by ion pairing, AAE®, will be
given by eqn. (8).14

AAE® = E} — E5 —(EY — E3)cy+ —0
RT (1 +K,,Cy+)?

=—In
F 1+ Ky, Cyus + Ky Ky, Ciy

(&)

Here Cy+ is the electrolyte concentration, K, is the ion
pair formation constant for the radical anion and the
cation of the electrolyte, K, is the formation constant
for the dianion with one cation and K, is the formation
constant for forming the ion triplet (one dianion and
two cations) from the ion pair of the dianion with one
cation. In some cases, all three formation constants have
been evaluated'® but typically only one (usually K, ) can
be extracted from the data.'®

Most frequently the effects of ion pairing are explored
only for the first step of reduction or oxidation. However,
in a number of cases the effect on E7—E; has been
assessed, an example being the reduction of benzil where
E7 —FE35 decreases from about 1V in the presence of
tetraalkylammonium ions to 82 mV in 0.10 M NaClO,
in acetonitrile.!” Most investigations have centered on
ion pairing between group IA metal ions and anion
radicals and dianions!#'5'8-22 but reports of similar
studies with group ITA and first-row transition and post-
transition metals have also appeared.?3~2° There has been
at least one report on the effect of anions on Ey—E;
for the cation radicals and dications of 10-phenyl-
phenothiazine, 9,10-diphenylanthracene, and thi-
anthrene.3® Finally, in an organometallic example,
ES—ES for Rh,(TM4),.2* (TM4=2,5-diisocyano-2,5-
dimethylhexane) was found to be >0.6 (compropor-
tionation favored), 0.12, 0.063, —0.036, —0.074,
< —0.36 V (disproportionation favored) for TFPB™,
SbF,~, PF,~, BF,”, ClO,~ and CI~, respectively
{TFPB~ = tetrakis[3,5 - bis(trifluoromethyl)phenyl] -
borate, a noncoordinating ion developed in this work}.3!
The solvent was dichloromethane in which ion associ-
ation is expected to be strong but it is nonetheless
surprising to see, for example, that interaction of ClO,~
with these cations is so strong as to cause potential
inversion. Coordination between the anions and the
metal centers was invoked to explain the results.



Normally, it is implicitly assumed that tetra-
alkylammonium ions do not form ion pairs with anions
in the more polar solvents such as N,N-dimethylformam-
ide, acetonitrile and dimethyl sulfoxide that are com-
monly used in organic electrochemistry. An exception is
the work of Riissel and Jaenicke,'® who studied the
reduction of 1,4-benzoquinone in acetonitrile and
dimethylformamide and concluded that significant ion
pairing occurred between the dianion and tetra-
alkylammonium ions [K,; in eqn. (8)] for tetramethyl-,
tetraethyl- and tetrabutyl-ammonium cations in aceto-
nitrile, but not in N,N-dimethylformamide. No indication
of ion pair formation between the radical anion of
benzoquinone and tetraalkylammonium ions was found.

Such ion pair formation constants are known to be
small. In a careful study that included activity effects,
Chauhan et al®? reported barely detectable K, for
tetracthylammonium ions and the radical anion of nitro-
mesitylene, around 30 M~! in acetonitrile and N,N-
dimethylformamide. Recently a value of K;; of 200 M !
has been reported for tetrabutylammonium ions and
Col(salen) ™ [salen = bis(salicylidene)ethylenediamine] in
N,N-dimethylformamide.>> However, this result may
have been affected by migration which is known** to
influence measured half-wave potentials at the low sup-
port ratios [ratio of supporting electrolyte concentration
to Co'!(salen) concentration] that were used.

So the question remains whether and to what extent ion
pairing between tetralkylammonium ions and radical
anions and dianions will affect Ef —E5. In an attempt to
answer this question for one system, Lehmann and Evans®*
studied the reduction of 7,7,8,8-tetracyanoquinodimeth-
ane, TCNQ, in acetonitrile at ionic strengths (the electro-
Iyte was Me,NPF) ranging from 0.001 to 0.070 M. The
support ratio was maintained at 10 so as nearly to eliminate
migration effects. Values of E7 — E5 were found to decrease
about 30 mV over this range of ionic strengths in the
direction expected if Me,N™* ions were forming ion pairs
with the anions of TCNQ. However, it was found that this
change of 30 mV could be accounted for by changes in
activity coefficients of the anion radical and dianion of
TCNQ as the ionic strength was increased. The Debye—
Hiickel equation accounted for the observations quantitat-
ively. In other words, no ion pairing occurred between
Me,N™ and the anion radical or dianion of TCNQ. Also,
no ion pairing was detected at 10 mM CsClO, or 5 mM
RbClO, or KClO,. In accord with earlier results,'®?°
evidence was found for ion pair formation between Li*
(10 mM) and the dianion of TCNQ.

Thus, for this particular case, ion pairing by tetra-
alkylammonium ions is not influencing EY — E5. This, of
course, is not a general result but it suggests caution in
interpreting small changes in Ey—E5 as being due to
ion pairing.

Factors affecting the difference in formal
potentials: inversion of potentials

Linear, unsaturated carbon-chain separators. Earlier, we
defined potential inversion as the case where E — E; was

TWO-ELECTRON REACTIONS

negative, i.e., insertion or removal of the second electron
occurs with greater ease than the first. It was also pointed
out that for two identical and non-interacting electro-
active groups, the statistical limit for E7—E; was
(RT/F)1n 4, 35.6 mV for 298 K. As this is the lower limit
when electrostatic factors have vanished, it is perhaps
more valid to say that potential inversion has occurred
whenever EY — E5 falls below about 35 mV because that
signifies that other factors must be considered.

In Table 2, it may be seen that four of the dinitro
compounds fall in this category, 10 and 12-14. Three of
the four have unsaturated linker(s) between the nitro
groups augmented by one (13) or two (12, 14) benzene
rings. It was in this class of compounds that potential
inversion was first recognized. An early example is that
of the oxidation of derivatives of tetraphenylethylene
(15), some of which show potential inversion.>¢~*° It was

recognized that the potential inversion was caused in
some way by electronic and steric factors associated with
turning about the C-phenyl and the C-C (ethylene)
bonds. A qualitative molecular orbital argument was
offered that showed that these changes in torsional angles
can raise the energy level of the HOMO making the
removal of the second electron occur more easily than
the first.3® Similar qualitative arguments were invoked
for the reactions of compounds in the bianthrone (16)
series wherein twisting about the formal double bond
connecting the two anthrone moieties will cause a raising
of the HOMO and lowering of the LUMO making
twisted conformations both more readily oxidized and
more readily reduced than untwisted counterparts.*!

In these interpretations, emphasis was placed upon the
steric interactions being the cause of the structural adjust-
ments that in turn led to modification of the HOMO or
LUMO level. However, it should be noted that in the
dinitro series, potential inversion occurs even in the
absence of appreciable steric interactions. For example,
uncrowded planar versions of 10 and 12-14 can exist for
the neutral, radical anion and dianion so there is no
steric reason for structural change to occur. Rather, as
will be seen, electronic factors bring about the structural
change and associated inversion of potentials.

Consider (£)-2,3-dinitro-2-butene, 10. Semiempirical
molecular orbital calculations (AM1) on 10 show that
its HOMO is principally a n-bonding orbital at the C=C
bond whereas the LUMO is strongly n-antibonding in
the same region. Thus, addition of an electron to form
the radical anion of 10 will weaken the olefin pi bond
and possibly cause twisting. Optimization of the structure
of the radical anion indicates that twisting occurs with
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the N--C-C-N torsional angle decreasing from 180° in
the neutral to 158° in the radical anion. This twisting
continues in the conversion into the dianion whose
N-C-C N torsional angle is 125° according to AMI1.
Thus the dianion has much of the character of two
independent nitronate units as in 102",

NO;
~O;N \

10"

The inversion in potentials seen for 10 can be rational-
ized in the following way. If we focus on the change in
the twist angle at the olefin unit, we see that a 22° change
occurs upon conversion of the neutral into the radical
anion. This twisting of the C-C double bond lowers the
LUMO facilitating introduction of the electron. The
reduction of the LUMO energy is 0.59 eV according to
AMLI. Conversion of the radical anion into the dianion
involves a larger change, 33°. Thus, it is reasonable to
expect that introduction of the second electron will be
even more favored than the first. AM1 predicts that this
change in angle is associated with a 0.94 eV lowering of
the SOMO energy, much larger than the lowering pre-
dicted for introduction of the first electron. Of course,
this argument is highly simplified. Nevertheless, it may
help to understand how inversion can occur even in
systems where steric factors are unimportant.

Similar calculations on neutral (E)-4,4"-dinitrostilbene
(14) again show a HOMO with strong n-bonding charac-
ter in the olefinic bridge and strong m-antibonding charac-
ter in the LUMO suggesting that similar factors are at
work here (see Table 2).

In other cases, potential inversion is seen where more
than one olefin unit separates the electroactive groups as
in butadienes 17° and 18.%% It is generally difficult to

R
i | R-N COOCH;
~ N._ CH;00 COOCH;
| CH;00C -R
A R
17 18 (R =iPr, cHx, nPr)

evaluate the extent of potential inversion. For 17,
E} — E5 was estimated to be equal or more negative than
—0.24 V based on failure to detect an ESR signal in
mixtures of 17 and its dication. Evans and Hu*? estim-
ated E;{—FE; for 18 (R =iPr) to be in the range —0.16
to —0.30 based on fits of simulations to experimental
voltammograms.

Potential inversion was also seen for several members
of families 19 and 20.* All six compounds indicated
showed potential inversion for their stepwise oxidation
to dications and spectroscopic evidence was presented
indicating that EY — E5 was —80 mV for 19 (X=S; m=
4). Interestingly, in these cases shorter unsaturated link-
ages (m=1, 2 or 3) showed normal ordering of potentials.

Potential inversion has also been observed in some
2,5-disubstituted furans where the substituents contain
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Ph Ph
x;:>=(cnzcu)m=<:<<x o (CH=CH)m [o)
PR Ph P Ph

19(X=0o0rS; m=4or6) 20 (m =4 or6)

ethene or butadiene units terminated (usually) with a
malononitrilidene [=C(CN),] group.** The two elec-
troactive centers for reduction may be considered to be
the =C(CN), groups that are separated by unsaturated
bridges and are conjugated with one another through
the furan ring. The authors used a spectroelectrochemical
(UV-VIS—near IR) technique to measure the dispropor-
tionation equilibrium constants from which E}—ES
ranging from —280 to —23 mV was calculated. Again,
no inversion was seen when the =C(CN), groups were
connected to furan (or thiophene) by short linkers, e.g.,
only one carbon atom.

The infrared region of the spectrum is very useful for
determining disproportionation equilibrium constants for
certain organometallic complexes. For example, in the
neutral/anion/dianion series for W,(SBz),(CO)s (Bz=
benzyl). the absorption bands in the carbonyl region
afford quantitative determination of the small amount
of anion present in equimolar mixtures of neutral and
dianion and hence the equilibrium constant.*> The value
obtained for 0.10 BuyNPF; in CH,Cl, was Ky, =
7500 +4000 giving E; — E5 = —0.229+0.022 V.

Unsaturated carbocyclic separators. One of the most
striking examples of potential inversion was found in the
reduction of 11,11,12,12-tetracyano-9,10-anthraquino-
dimethane, 21.“¢ This compound is reduced in a single

NC. _CN NC_-_CN
NC” CN NC“-"CN
21 21>

two-electron step when studied by cyclic voltammetry in
acetonitrile. The process is reversible and the separation
between the cathodic and anodic peaks is 30 mV, very
close to the limiting value of 29 mV for a reversible, two-
electron process with a large, negative value of E7 —E7.
This result was chosen as an introduction to this section
because definitive structural data exist on neutral 21 that
will allow us to rationalize the potential inversion that is
seen. In Fig. 2 the solid state structure*’ of 21 is pre-
sented. The bonding pattern in 21 suggests a preferred
planar geometry but such a structure would cause strong
steric interaction between the cyano groups and ring
hydrogens. As is evident in Fig. 2, the molecule adapts
to this steric interaction by folding the anthracene ring
system in such a way that the two benzo groups and the
two dicyanomethylene units are folded in opposite direc-
tions. It is logical to assume that this structure persists



N1

Fig. 2. Structure of 11,11,12,12-tetracyano-9,10-anthra-
quinodimethane, 21. Structure created from data in Ref. 47.

in solution. Upon reduction to the dianion, the bonds
from the dicyanomethylene groups to the ring become
essentially single bonds (see 2127) and the steric inter-
actions can be relieved by twisting the dicyanomethylene
groups out of the plane of the anthracene unit which can
now enjoy a planar geometry.

These structural changes associated with the reduction
of 21 are expected to alter the LUMO energy in a manner
analogous to that discussed above and to bring about
the observed inversion in potentials. AM1 calculations
find the structure shown in Fig.2 as the optimized
structure for neutral 21 and a very similar structure for
the radical anion. As expected, the optimized structure
of 212~ features a planar anthracene unit with the
dicyanomethylene groups turned out of the plane.

As mentioned above, 21 will serve as a structural
analogy to rationalize potential inversion that has been
seen in a number of other systems, most of which lack
the structural information available for 21 (see 22-28).

In the bis(dimethylamino) compounds 22-24, the

H p
’C‘N CH3

0

N N NS
HJC/N CH3 H3C™ “CH; H3;C”™ "CH3

224 23% 249

o

NO,; NO, l
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25%031 26252 27%
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dication/radical cation couple corresponds to E} and the
radical cation/neutral couple to E5. All of the remainder
involve neutral/radical anion/dianion couples. In each
case, folded structures like that shown for 21 are thought
to be involved. For 22-24 it is the dication that is thought
to be folded. In 24 and 27 the structures of the dication
and neutral, respectively, are doubly folded, with the
direction of folding being opposite in the two connected
ring systems. This structure is particularly well estab-
lished for bianthrone, 27, for which the potentials are
not quite reversed but which does show the type of
structural change discussed here.

So, a common theme of structural changes involving
folded ring systems has evolved in the literature to
explain potential inversions in structures like the above.

Other systems showing potential inversion. The reduction
of cyclooctatetraene involves conversion of the tub-
shaped 8 m-electron neutral to a more planar radical
anion and finally a perfectly planar 10 electron dianion
is formed. These changes result in a compression in
potential difference so that E7 — E3 is smaller than for
aromatic hydrocarbons of similar size. The compression
was well accounted for by the empirical procedures
developed by Hu and Evans.? The cause of the compres-
sion can be traced to the added stability afforded the
dianion by virtue of its possessing the Hiickel-favored
(4n+2; n=2) 10 m-electrons. By contrast, 1,3,5,7-tetra-
phenylcyclooctatetraene®> shows potential inversion, a
result not predicted by Hu and Evans. In this derivative,
stabilization of the dianion is apparently stronger for
reasons that are not understood. In a related case, the
fourfold sulfur-bridged [20]annulene 29 shows two-elec-

29

tron reversible reduction to the Hiickel-favored (4n+2;
n=5) 22 m-electron system and the potentials are
inverted.’” The neutral compound features puckered
thiophene units whereas the dianion is probably planar.
The associated structural changes may underlie the
observed potential inversion.

Inverted potentials are also encountered in organomet-
allic electrochemistry. Representative examples have been
cited in Ref. 42.

The effects of disproportionation/
comproportionation

Other chemical reactions. As mentioned in the introduc-
tion, the disproportionation/comproportionation reac-
tion [reaction (3)] can have no effect in any voltammetric
experiment provided that diffusion is the only means of
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mass transfer, the diffusion coefficients of all species are
equal, the electrode reactions are reversible and there are
no other chemical reactions. Many chemical systems do
not comply with the last of these restrictions and this
type of deviation has been frequently reported. Early
examples included conformational changes or isomeriza-
tions that occur for one of the species in the scheme that
can lead to unusual effects in cyclic voltammetry includ-
ing curve crossing and autocatalysis.’”° The effects are
so many and varied that it does not seem profitable to
provide a more complete discussion. Suffice it to say that
the occurrence of other chemical reactions is one of the
most frequent ways by which disproportionation/com-
proportionation in an EE system is allowed to exert
its effect.

Less-than-reversible electron-transfer reactions. General-
ized treatments of EE mechanisms in voltammetry always
include the possibility of quasireversible electrode reac-
tions.%°%> One example of the effect of compropor-
tionation is found when normal ordering of potentials is
observed and the second electron transfer is quasirevers-
ible. The result is that the second wave (as observed in
dc polarography or steady-state microelectrode voltam-
metry) is distinctly asymmetric, rising more sharply near
its base than it does near the crest. This result, which is
predicted by the early theoretical work of Ruzic and
Smith,% has recently been observed experimentally for
reduction of 7,7,8,8-tetracyanoquinodimethane in aceto-
nitrile at platinum electrodes where the second electron-
transfer reaction is less than fully reversible.®* It has been
shown theoretically that in the limit of a totally irrevers-
ible second electrode reaction and infinitely rapid com-
proportionation, the second wave should rise abruptly
from the plateau current from the first electrode reaction.
Such abrupt changes are not seen in experiments but the
asymmetry is nonetheless striking.

A related observation was made by Heinze et al % for
the reduction of cyclooctatetraene at a platinum electrode
in tetrahydrofuran. Here the first electron-transfer reac-
tion is less reversible than the second. With a ‘passivated’
platinum electrode the difference in k,-values becomes
large and the effect of comproportionation is very much
like autocatalysis. That is, the first reduction peak grows
at the expense of the second while at the same time
becoming sharper (higher slope on rising portion), sim-
ilar to the behavior cited above. In earlier work®® it was
found that simulations of voltammograms for reduction
of cyclooctatetraene at mercury electrodes required inclu-
sion of the comproportonation reaction in order to
obtain acceptable agreement with the data but the overall
effects were much less dramatic than reported by Heinze
et al.®® Similar effects of comproportionation have been
predicted for chronoamperometry.®’” An experimental
study of the reduction of tetraphenylethylene using
Fourier-transform faradaic admitttance measurements
required the inclusion of comproportionation because of
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the quasireversible nature of the second electron-transfer
reaction.®®

Unequal diffusion coefficients. When the diffusion coeffi-
cients of the three species in the EE scheme are not
identical, the comproportionation reaction can affect the
voltammetric response. However, the effects are relatively
subtle. Zhou and Evans® intentionally sought out a
system in which the diffusion coefficients differed enough
to produce measurable changes. In this work, it was
shown for chronoamperometry that no effects will be
observed if the diffusion coefficients of reactant and
intermediate are identical, regardless of the value of the
diffusion coefficient of the final product. These workers
found for 7,7,8,8-tetracyanoquinodimethane (TCNQ)
that the diffusion coefficients in acetonitrile at 293 K
were 1.44, 1.35 and 0.91 x 107° cm? s ! for the neutral,
radical anion and dianion forms of TCNQ. Thus, no
measurable effects were anticipated upon sequential
reduction of the neutral to the radical anion and dianion
because the diffusion coefficients of starting material and
intermediate are so similar. However, a significant effect
was seen upon stepwise oxidation of the dianion. In
normal pulse voltammetry, the second oxidation step
was predicted to be 9% larger than the first and an 8%
enhancement was observed. Similar effects were seen in
cyclic voltammetry of the dianion and these were success-
fully accounted for by digital simulation. These effects
are predicted to be absent if the comproportionation
reaction is slow.

Because the three species in the EE scheme are structur-
ally similar, it is unusual to find significant differences
(say greater than 30-40%) among their diffusion coeffi-
cients so behavior like that seen by Zhou and Evans will
be rarely encountered.

Other modes of mass transport. One of the most interes-
ting effects of the comproportionation reaction on the
voltammetric response is encountered when the ratio of
supporting electrolyte concentration to substrate concen-
trate (support ratio) becomes small enough that mass
transport by electrical migration comes into play. By
lifting this mass transport restriction, the compropor-
tionation reaction can begin to affect the electrochemical
behavior. The effect has been studied mainly by steady-
state microelectrode voltammetry because this technique
is amenable to solutions of high electrical resistance.

The effect was first noted in the reduction of TCNQ
in acetonitrile at microelectrodes. At high support ratios,
the steady-state voltammogram features two plateau
currents for the first and second stages of reduction and
the magnitudes of the two limiting currents are equal
(except for the small effect of unequal diffusion coeffi-
cients cited in the previous section). However at a support
ratio near unity, the second limiting current is only about
one-fourth the first, a result originally interpreted as
being due to an ECE reaction scheme.”

In independent work, Norton ef al.”' made the same



experimental observations but pointed out that the effect
could be quantitatively accounted for by assuming that
a fast comproportionation reaction occurs between the
dianion and neutral of TCNQ. Since the anions of TCNQ
are participating in the transport of negative charge away
from the cathode at the low support ratios studied, this
migrational transport can suppress the second limiting
current. An analogous effect was seen upon oxidation of
tetrathiafulvalene and in each case the lower limit for
the rate constant for comproportionation was found to
be 10° M ! s 717! In another project, reduction of methyl
viologen (a dication/radical cation/neutral EE system)
was studied and the results were fully consistent with the
observations made with TCNQ and tetrathiafulvalene.”

Later Amatore et al.”® presented a general theoretical
treatment of the effect of electrical migration on the
second wave of EE systems. The results pertain to
reactants of any charge type from +3 to —3 and two
systems, the reduction of dicyano(fluoren-9-ylidene)-
methane (reactant charge 0) and methyl viologen (react-
ant charge +2), were found to behave in accordance
with the theoretical predictions. The results at low sup-
port ratios can deviate markedly from those seen at high
support ratios. For the reduction of methyl viologen, the
second limiting current was three times as large as the
first at a support ratio of 0.001. The treatment has been
extended to an arbitrary number of one-electron reac-
tions and results for the ratio of limiting currents for
various charge types at vanishingly small support ratios
have been given for the first four steps.”® The theoretical
predictions were tested by studies of the three-step reduc-
tion of ruthenium trisbipyridine, Ru(bpy);2*.

In another instance, it was shown that unusual phen-
omena at the second reduction step of an EE system at
low support ratios were not caused by compropor-
tionation.” In this study, very concentrated solutions of
nitrobenzene (3.9-8.7 M) in toluene were studied and
the second limiting current was severely depressed at the
higher concentrations. The effect was attributed to migra-
tion of negative charge away from the cathode by an
‘electron hopping’ mechanism mediated by the self-
exchange reaction of A~ +A=A+A"", a process that
can compete with comproportionation when very high
concentrations of reactant are employed.

Acknowledgements. This research was supported by the
National Science Foundation of the United States, grant
CHE-9704211.

References

1. (a) Andrieux, C. P. and Savéant, J. M. J. Electroanal.
Chem. 28 (1970) 339; (b) though originally formulated for
planar diffusion, the theoretical treatment in Ref. 1(a) can
be extended to any arbitrary geometry.

2. Evans, D. H. and Hu, K. J. Chem. Soc., Faraday Trans. 92
(1996) 3983.

3. Edsall, J. T. and Wyman, J. Biophysical Chemistry,
Academic Press, New York 1958, Vol. 1, pp. 257-259.

10.

11

12.
13.
14.
15.
16.
17.

18.

20.
21.
22.
23.

24.
25.

26.
27.
28.
29.
30.
31

32.

TWO-ELECTRON REACTIONS

. Nelsen, S. F. and Kessel, C. R. J. Am. Chem. Soc. 99

(1977) 2392.

. Kaim, W., Schulz, A., Hilgers, F., Hausen, H.-D.,

Moscherosch, M., Lichtblau, A., Jordanov, J., Roth, E.
and Zalis, S. Res. Chem. Intermed. 19 (1993) 603.

. Evans, D. H. and Zhou, R. Unpublished results, University

of Delaware 1994,

. Ammar, F. and Savéant, J. M. J. Electroanal. Chem. 47

(1973) 115.

. Osa, T. and Kuwana, T. J. Electroanal. Chem. 22 (1969)

389.

. Fritsch, J. M., Weingarten, H. and Wilson, J. D. J. Am.

Chem. Soc. 92 (1970) 4038.

(a) Kirkwood, J. G. and Westheimer, F. H. J. Chem. Phys.
6 (1938) 506; (b) Westheimer, F. H. and Kirkwood, J. G.
J. Chem. Phys. 6 (1938) 513.

(a) Armand, J. and Convert, O. Collect. Czech. Chem.
Commun. 36 (1971) 351; (b) this information was found
through the CRC Handbook Series in Organic
Electrochemistry.'® The data compiler seemed as surprised
as we concerning the data for 10. The entry reporting the
two-electron character of the reaction bears the note
‘AE,(!)’. The very interesting but limited data available for
10 suggest it to be a worthy candidate for further study;
(c) Meites, L., Zuman, P., Rupp, E. B., Fenner, T. L. and
Narayanan, A. CRC Handbook Series in Organic
Electrochemistry, CRC Press, West Palm Beach, Florida
1977, Vol. 3, pp. 28-29.

Niazimbetova, Z., Treimer, S. E., Evans, D. H., Guzei, 1.
and Rheingold, A. L. J. Electrochem. Soc. 145 (1998) 2768.
Frohnapfel, D. S., Woodworth, B. E., Thorp, H. H. and
Templeton, J. L. J. Phys. Chem. 102 (1998) 5665.
Andrieux, C. P. and Savéant, J. M. J. Electroanal. Chem.
57 (1974) 27.

Jaworski, J. S. and Kalinowski, M. K. J. Electroanal. Chem.
76 (1977) 301.

Riissel, C. and Jaenicke, W. J. Electroanal. Chem. 199
(1986) 139.

Ryan, M. D. and Evans, D. H. J. Electroanal. Chem. 67
(1976) 333.

Nagaoka, T., Okazaki, S. and Fujinaga, T. Bull. Chem.
Soc. Jpn. 55 (1982) 1967.

. Khoo, S. B., Foley, J. K. and Pons, S. J. Electroanal. Chem.

215 (1986) 273.

Khoo, S. B., Foley, J. K., Korzeniewski, C. and Pons, S.
J. Electroanal. Chem. 233 (1987) 223.

Bock, H., Dickmann, P. and Herrmann, H.-F. Z.
Naturforsch., Teil. B 46 (1991) 326.

Bock, H. and Jaculi, D. Z. Naturforsch., Teil. B 46 (1991)
1091.

Fujinaga, T., Izutsu, K. and Nomura, T. J. Electroanal.
Chem. 29 (1971) 203.

Krygowski, T. M. J. Electroanal. Chem. 35 (1972) 436.
Kalinowski, M. K. and Tenderende-Guminski, B.
J. Electroanal. Chem. 55 (1974) 277.

Nagaoka, T., Okazaki, S. and Fujinaga, T. J. Electroanal.
Chem. 131 (1982) 387.

Nagaoka, T. and Okazaki, S. J. Electroanal. Chem. 158
(1983) 139.

Desbene-Monvernay, A., Lacaze, P. C., Dubois, J.-E. and
Cherigui, A. J. Electroanal. Chem. 216 (1987) 203.
Oyama, M., Hoshino, T. and Okazaki, S. J. Electroanal.
Chem. 401 (1996) 243.

Bancroft, E. E., Pemberton, J. E. and Blount, H. N. J. Phys.
Chem. 84 (1980) 2557.

Hill, M. G., Lamanna, W. M. and Mann, K. R. Inorg.
Chem. 30 (1991) 4690.

Chauhan, B. G., Fawcett, W. R. and Lasia, A. J. Phys.
Chem. 81 (1977) 1476.

773



EVA

33.
34.
35.
36.
37.

38.
39.

40.
41.

42.
43.

44.
4s.
46.

47.

49.
50.
51.
52.

53.

54.

774

. Hu. K. and Evans.

NS AND LEHMANN

Pletcher, D. and Thompson, H. J. Chem. Soc., Faraday
Trans. 93 (1997) 3669.

Myland, J. C. and Oldham, K. B. J. Electroanal. Chem.
347 (1993) 49.

Lehmann, M. W. and Evans, D. H. J. Phys. Chem. B 102
(1998) 9928.

Parker, V. D., Nyberg, K. and Eberson, L. J. Electroanal.
Chem. 22 (1969) 150.

Bard, A. J. and Phelps, J. J. Electroanal. Chem. 25 (1970)
App. 2.

Bard, A. J. Pure Appl. Chem. 25 (1971) 379.

Phelps, J. and Bard, A. J. J. Electroanal. Chem. 68 (1976)
313.

Svanholm, U., Jensen, B. S. and Parker, V. D. J. Chem.
Soc., Perkin Trans. 2 (1974) 907.

Evans, D. H. and Busch, R. W. J. Am. Chem. Soc. 104
(1982) 5057.

Hu, K. and Evans, D. H. J. Phys. Chem. 100 (1996) 3030.
Chen, C. H., Doney, J. J., Reynolds, G. A. and Sacva,
F. D. J. Org. Chem. 48 (1983) 2757.

Salbeck, J., Schoberl, U., Rapp, K. M. and Daub, J. Z
Phys. Chem. 171 (1991) 191.

Hill, M. G., Rosenhein, L. D., Mann, K. R., Mu, X. H.
and Schultz, F. A. Inorg. Chem. 31 (1992) 4108.

Kini, A. M., Cowan, D. O., Gerson, F. and Maockel, R.
J. Am. Chem. Soc. 107 (1985) 556.

Schubert, U., Hunig, S. and Aumiiller, A. Liebigs Ann.
Chem. (1985) 1216.

D. H. J. Electroanal. Chem. 423
(1997) 29.

Miras, M. C., Silber, J. J. and Sereno, L. J. Electroanal.
Chem. 201 (1986) 386.

Kitagawa, T. and Ichimura, A. Bull. Chem. Soc. Jpn. 46
(1973) 3792.

Yildiz, A. and Baumgirtel, H. Ber. Bunsenges. Phys. Chem.
81 (1977) 1177.

Geske, D. H., Ragle, J. L., Bambenek, M. A. and Balch,
A. L. J. Am. Chem. Soc. 86 (1964) 987.

Evans, D. H., O’Connell, K. M. In: Bard, A. J., Ed.,
Electroanalytical Chemistry. A Series of Advances, Dekker,
New York 1986, Vol. 14, p. 143f.

Wellman, D. E. and West, R. J. Am. Chem. Soc. 106
(1984) 355.

55.

56.

57.
58.
59.
60.
. Laviron, E. J. Electroanal. Chem. 148 (1983) 1.
62.
63.
64.
65.
66.

67.
. Grzeszczuk, M. and Smith, D. E. J. Electroanal. Chem. 162

69.
70.
71.
72.
73.
74.

75.

Rieke, R. D. and Copenhafer, R. A. J. Electroanal. Chem.
56 (1974) 409.

Ellinger, F., Gieren, A., Hiibner, T., Lex, J., Lucchesini, F.,
Merz, A., Neidlein, R. and Salbeck, J. Monatsch. Chem.
124 (1993) 931.

Ahlberg, E., Hammerich, O. And Parker, V. D. J. Am.
Chem. Soc. 103 (1981) 844.

Matsue, T. and Evans, D. H. J. Electroanal. Chem. 168
(1984) 287.

Matsue, T., Wiliams, D. G.
J. Electroanal. Chem. 233 (1987) 63.
Ryan, M. D. J. Electrochem. Soc. 125 (1978) 547.

and Evans, D. H.

Hinkelmann, K. and Heinze, J. Ber. Bunsenges. Phys. Chem.
91 (1987) 243.

Ruzic, I. and Smith, D. E. J. Electroanal. Chem. 58
(1975) 145.

Lehmann, M. W. and Evans, D. H. Unpublished results,
University of Delaware 1998.

Heinze, J., Dietrich, M., Hinkelmann, K., Meerholz, K.
and Rashwan, F. DECHEMA-Monogr. 112 (1988) 61.
Petersen, R. A. and Evans, D. H. J. Electroanal. Chem.
222 (1987) 129.

Magno, F. and Bontempelli, G. 4nal. Chem. 53 (1981) 599.

(1984) 189.

Zhou, R. and Evans. D. H. J. Electroanal. Chem. 385
(1995) 201.

Kamau, G. N. and Rusling, J. F. J. Electroanal. Chem. 292
(1990) 187.

Norton, J. D., Benson, W. E., White, H. S., Pendley, B. D.
and Abruia, H. D. Anal. Chem. 63 (1991) 1909.

Norton, J. D. and White, H. S. J. Electroanal. Chem. 325
(1992) 341.

Amatore, C., Bento, M. F. and Montenegro, M. 1. 4nal.
Chem. 67 (1995) 2800.

Amatore, C., Paulson, S. C. and White, H. S. J. Electroanal.
Chem. 439 (1997) 173.

Norton, J. D., Anderson, S. A. and White, H. S. J. Phys.
Chem. 96 (1992) 3.

Received December 1, 1998.



