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Three CS, adducts of imidazol-2-ylidenes, N,N'-dialkyl-4,5-dimethylimidazolium-
2-dithiocarboxylates (alkyl=CH;, C,Hs, i-C3H), have been reduced electro-
chemically at a glassy carbon electrode in THF. For the methyl and the ethyl
compounds two reduction peaks are observed in their cyclic voltammograms,
while the isopropy! derivative exhibits a single signal. Chronocoulometric results
and numerical simulations show that the formal potentials for the two electron
transfer steps are ‘compressed’, and in the isopropyl case even ‘inverted’. This
behavior is due to a steric interaction between the alkyl substituents and the
semi-occupied orbital in the respective monoanion. It is consistent with the fact
that during the two-electron reduction a considerable structural change occurs,

most likely during the second electron-transfer step.

The transfer of a single electron to (reduction) or from
a molecule (oxidation) is described in detail by the
Marcus theory.”™ Such an electron transfer may be
induced thermally (by chemical reaction), photochemi-
cally, or electrochemically. Besides being important for
the generation of persistent, intermediate, or reactive
species in unusual oxidation states, single-electron trans-
fer reactions have been discussed in the context of
substitutions such as Sgy1 or Sy2 reactions,®” and they
take part in important biological processes, such as
photosynthesis.®. Much less work has been devoted to
the understanding of multiple redox systems,’ where
more than one electron is transferred. Such reac-
tions have been identified in inorganic redox systems
[e.g.., TI(I/II)'°], organometallic complexes [e.g.,
bis( hexamethylbenzene)ruthenium(11/0)!**?], and in
organic compounds (for some earlier examples, see
Refs. 9, 13). Again, natural (nitrogen fixation'4) and
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technical processes (catalysis,'> fuel cells!®) are based on
multi-electron transfers.

The most simple model of such reactions is to assume
a stepwise transfer of the electrons, either with separate
reaction intermediates (‘conventional’) or within a single
collision complex (‘unconventional’ stepwise mechan-
ism).!7 If the thermodynamics are favourable (see below)
and the rates of the second and further electron transfers
are extremely fast, making the intermediate(s) unstable,
one could regard the transfers as being simultaneous.!®
It has, however, recently been noted, and elaborated on
a theoretical basis, that multi-electron transfers may be
concerted!”"!? or, even more complex, co-operative, self-
organized, or synergetic.!52%-2!

We will retain the simple stepwise description in the
present paper. However, even under such an assumption,
already fwo-electron-transfer redox systems may show a
much broader variety of behavior than is observed for
one-electron processes. Heinze has thus denoted the
electrochemical two-electron-transfer EE mechanism as
‘many-faceted’.??



In Scheme 1 such a stepwise two-electron-transfer
redox system is formulated for the redox-active species
A° A'*/~ and A?*", where the superscript indicates
the difference of the redox states relative to the starting
species A° (here assumed to be chemically stable under
the conditions of the experiments). Although A° is neut-
ral in the case investigated in the present paper, the
starting species may in general also be charged. The
positive sign in the superscripts refers to an oxidation
process, the negative one to a reduction (to be discussed
here). The primary electron transfer products may
undergo chemical follow-up reactions to products, P and
P’, respectively. It is important to note that there exists
an additional disproportionation—-comproportionation
equilibrium between the three redox species which is also
shown in Scheme 1.

The thermodynamics of a two-electron-transfer redox
system is determined by the respective formal potentials
E? and Ej5 of the two one-electron processes. In many
cases species become more difficult to oxidize with
increasing oxidation state, or, on the other hand, more
difficult to reduce with decreasing oxidation state. Thus,
the formal potential difference

\AE®| = {E;’ —OEi’ 0 for an oxida%tion )
—(E5 —E?) for a reduction
is positive (‘normal potential ordering’).

From purely electrostatic considerations, one would
expect in vacuo a value'® of |AE°|x5 V. For aprotic
solvents, however, it has been shown that due to solvation
effects, | AE°| decreases to several tenths of a volt, often
attaining values in the range'3 0.4-0.5 V. A large variety
of chemical compounds has been characterized which
indeed conform to this rule.

The value of |AE°| determines the value of the compro-
portionation equilibrium constant, eqn. (2).

P LS [L AEo] 2
Comp_[AO][AZH—]—eXp RTI I ()

In the case of normal potential ordering, K o, is larger
than unity and the intermediate redox state, A!*/~, is
stable with respect to disproportionation. However, sev-
eral examples have been discussed (see, e.g. Refs. 18, 23,
24 and references therein), where |AE®| is ‘compressed’
to values much smaller than ~0.4V, or even attains
negative values (‘inverted potential ordering’). In the
latter case, A'*/~ becomes unstable with respect to
disproportionation (K.omp<1) and will homogeneously
react in solution to A° and A%*/~,

AO A1*I- A2#I
P P
2A" — A+ A"

Scheme 1.

DITHIOCARBOXYLATE REDUCTION

Concomitant with potential inversion, one often
observes a considerable change in the structure of the
redox-active species, for example conformational
changes,'? or changes in cluster geometry.?® Such ‘inner
reorganization’ of the molecule® leads to a decrease in
the electron transfer rate constant. Additionally, in elec-
trochemical experiments, a ‘kinetic burden of potential
inversion’'® has been identified which is related to the
potential dependence of the electron transfer rate.

In order to identify the prerequisites for the occurrence
of potential inversion, it seems desirable to characterize
chemical systems, in which the variation of substituents
allows fine-tuning of various structural aspects of the
molecules. In the present paper we report on the redox
properties of a series of three N,N’-dialkyl-substituted
4,5-dimethylimidazolium-2-dithiocarboxylates la-c¢. In
these molecules we are able to modulate potential
ordering for the two-electron reduction from normal to
inverted by the steric demand of the alkyl substituents.

1 aR= CH3
bR = CyH;
cR= i—CgH7

Both thermodynamics and kinetics of electrochemical
redox processes can easily be followed by cyclic voltam-
metry. Therefore, this technique was mainly used in the
present work. Data from cyclic voltammetry were com-
plemented with those from chronocoulometry.

Results and discussion

Cyclic voltammetry. The meso-ionic dithiocarboxylates
la—c are soluble in only a few solvents. Of these only
THF has an accessible potential window with a lower
limit of —3V which is sufficiently negative to allow
investigation of the electrochemical reduction of the
electron-rich compounds. A disadvantage of THF elec-
trolytes is their high resistance (in our experiments in the
range 2.2-2.5kQ for a distance of ~1-2 mm between
the working electrode and the Haber-Luggin tip). The
resulting large iR-drop limits cyclic voltammetry to max-
imum scan rates of v=2V s~! at concentrations in the
0.1-1 mM range and planar electrodes with a diameter
of ~3 mm. At higher scan rates satisfactory iR com-
pensation was not possible. Scan rates below v=
0.05 V s~ ! did not give reproducible results and the cyclic
voltammetric curves showed artefacts probably caused
by convection in the solution.

A series of cyclic voltammetric experiments performed
with ferrocene (fc) in THF (three different concentra-
tions) under identical experimental conditions showed
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the same limitations as found with la—c. Consequently,
experiments with the dithiocarboxylates were restricted
to scan rates v=0.05-2.0 Vs~

Cyclic voltammograms of the methyl compound la
showed up to four peaks (Fig. 1; circles). Individual peak
potentials (E}, Eb, EY, E}; for the numbering of peaks,
see Fig. la) are essentially independent of the concentra-
tion (Table 1). Hence, the /R drop in the electrolyte was
effectively compensated. Furthermore, reactions of an
order higher than unity do not significantly affect the
results. On the other hand, the peak potentials shift with
v. At slow v, the peak potential differences AE, for both
reduction processes are not much different and close to
the reversible limit of 58 mV for a one-electron process
(Table 1). Their values are independent of ¢, but increase
with v. The AE, of the peak couple at more negative
potentials (peaks Il and III) grows faster than that of
the peak couple at less negative potentials (peaks I and
1V). This indicates that 1a is electrochemically reduced
in two quasi-reversible one-electron transfer steps, the
first one being faster than the second one. The mid-

point potentials (mean values of the corresponding
cathodic and anodic peak potentials; values in Table 1)
are independent of v and ¢ with mean values over
all ¢ and v of EMV=(—2.3084+0.001)V and EVi¥=
(—2.476+0.003) V.

Of the peak currents in the voltammograms of la
only i}, is meaningful, since the small separation of the
signals does not allow simple determination of the base-
lines for the other #,. For the same reason, peak current
ratios were not interpreted. Analysis of the data for i},
(Table 1) showed that this peak current is essentially
proportional to v'/? and c.

Cyclic voltammograms of the N,N’-diethyl derivative
1b (Fig.2) showed that the replacement of the two
methyl groups in la by two ethyl groups causes a shift
of both reduction waves to more negative potentials
[EMY =(—-2.364+0.002) V, EWM=(-2.496+0.005)V
(only v=0.05Vs™', two c¢)]. Since the two reduction
processes are affected differently, the peaks in the cyclic
voltammograms of 1b are spaced more closely than those
in the current-potential curves of 1la. Furthermore,
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Fig. 1. Cyclic voltammograms of 1a in THF-0.2 NBu,PFg at a GC electrode: circles, experimental data; lines, simulations (for
parameters see the text and Table 4); (a)-(c) ¢=0.36 mM; (d)-(f) c=0.67 mM; (a), (d) v=0.05Vs™"; (b), (e} v=05 Vs ";

{c), (ff v=2.0Vs~.
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Table 1. Potential® and current® results from cyclic voltammograms® of 1a.

DITHIOCARBOXYLATE REDUCTION

¢/mM v/Vs™! EL/V Eg/V E';')'/V E"}’/V AEZ'V/V AEg’"'/V E"'V/V E'y i'p/uA
0.36 0.05 —2.341 —2.509 —2.434 —2.272 0.069 0.075 —2.307 —2.472 479
0.36 0.1 —2.343 —2514 —2.433 —2.271 0.072 0.081 —2.307 —2.474 6.63
0.36 0.2 —2.345 —2.520 —2.432 —2.269 0.076 0.088 —2.307 —2.476 9.34
0.36 0.5 —2.350 —2.531 —2.423 —2.265 0.085 0.108 —2.308 —2.477 14.6
0.36 1.0 —2.356 —2.540 —2.417 —2.261 0.095 0.123 —2.309 —2.479 19.9
0.36 2.0 —2.359 —2.551 —2.409 —2.258 0.101 0.142 —2.309 —2.480 27.7
0.67 0.05 —2.342 —2.510 —2.436 —2.275 0.067 0.074 —2.309 —2.473 8.30
0.67 0.1 —2.345 —2515 —2.430 —2.271 0.074 0.085 —2.308 —2.473 11.6
0.67 0.2 —2.348 —2.520 —2.427 —2.269 0.079 0.093 —2.309 —2.474 16.4
0.67 0.5 —2.352 —2.529 —2.420 —2.264 0.088 0.109 —2.308 —2.475 26.1
0.67 1.0 —-2.355 —2.539 —2.416 —2.263 0.092 0.123 —2.309 —2.478 35.8
0.67 2.0 —2.361 —2.551 —2.401 —2.260 0.101 0.150 —2.31 —2.476 50.1
2Referred to fc/fc* in THF. ®Referred to zero current. °Peak numbering see Fig. 1a.
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Fig. 2. Cyclic voltammograms of 1b in THF-0.2 NBu,PFg at a GC electrode: circles, experimental data; lines, simulations (for
parameters see the text and Table 4); (a)-(c) ¢=0.23 mM; (d)-(f) ¢=0.49 mM; (a), (d) v=0.05Vs~"; (b), (e) v=0.5 Vs~ ";

(c), (fH v=2.0Vs~'

peak III is no longer clearly separated from peak IV at
scan rates above v=0.05 Vs 1. For v=0.05V s ™! a value
of |[AE°|=0.130V is found. The AE, values of the first
peak couple exhibit the same characteristics as those of
1a, but are approximately 0.01 V larger. For the second

peak couple AE, could only be estimated for the slowest
scan rate (AE)™~0.100 V).

From the analysis of the cyclic voltammograms of 1a
and 1b we concluded that these compounds are reduced
in two steps to mono- and di-anions, 1°~ and 1?7,
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respectively. This is in accordance with the chemical
reduction of 1b with potassium metal in THF,?® which
leads to 1b*"2K*. Under the assumption of equal
diffusion coefficients for the redox species involved, E
from the experiments are regarded as good approxi-
mations to the formal potentials E7 (la+e” =1a ")
and E5 (1a"~ +e” =1a?"),

The isopropy! derivative 1¢ showed cyclic voltammo-
grams that displayed only one reduction and one oxidation
peak for all concentrations and scan rates (Fig. 3, circles).
The values (see Table 2) of the mid-point potential, the
peak potential difference, the peak current ratio (i /i})
and the peak current function (i,v~"2¢™') were inde-
pendent of the concentration. The E values were
independent of v [mean value over all v and c:
(—2.44840.001) V]. As for 1a and 1b, however, signi-
ficant variations of the other voltammetric features with
v were observed. In particular, the peak potential differ-
ence increased with v, while the peak current function
decreased slightly (quasi-reversibility). The peak current
ratio was smaller than unity, indicating the possible

interference of a chemical follow-up reaction. As for 1b,
the chemical reduction of 1¢ with K in THF led to a
dianion 1¢*~ (X-ray analysis of the product?’). This
result suggests that although only a single reduction peak
is observed for lec, under electrochemical conditions a
two-electron process also occurs. This is substantiated
by chronocoulometric experiments and numerical simula-
tions below.

Chronocoulometry. Double step chronocoulometric
experiments were employed at potentials sufficiently
negative of the voltammetric peaks to enable diffusion-
controlled reduction of the dithiocarboxylates 1. A series
of chronocoulometric experiments was performed with
fc to test the limitations under our experimental condi-
tions. Only for pulse widths 0.5 s<t<5s were constant
slopes in the plots of Q vs. t!/? (forward step) or vs. 0=
T2 4 (t—1)2 — 12 (reverse step) (‘Anson plots’)?® and a
constant Q,./Q, ratio of 0.44+0.01 (Q,: charge trans-
ferred at the end of forward step with pulse width T;
Q,.: charge transferred at the end of the reverse step)

L -
- a) I - d)

< [ B

2 of 0 3

§ I B

E ~ L

3 r -10-

o I 5

TR [N S N TR N W A TR NN N NN OSSN WO NN NN B
27 26 -25 24 23 22 -21 27 26 -25 -24 -23 22 -21
10

<i -

~ 0

o L

£ 10

3 L
-20—1 | lbfle N N I N U S 50— | Y N N NN N T O T
27 26 25 24 23 22 21 27 26 25 24 23 22 -21

50
- C) —f) £
500y = °o°°

< | /M - /(\%E”U

So 0

«é I~ -

E I -

3 - -50
_50[1114L|11J;1;1 IR R I S S W N N B
27 26 -25 -24 -23 22 -21 27 26 -25 24 23 22 -21

potential, E/V potential, E/ V

Fig. 3. Cyclic voltammograms of 1¢ in THF-0.2 NBu,PFg at a GC electrode: circles, experimental data; lines, simulations (for
parameters see the text and Table 4); (a)-(c) c=0.24 mM; (d)-(f) ¢=0.46 mM; (a), (d) v=0.05Vs~"; (b), (e) v=05 Vs~ ;

{c), (f) v=2.0Vs~.
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Table 2. Potential® and current® results from cyclic voltammograms® of 1c.

DITHIOCARBOXYLATE REDUCTION

c/mM v/Vs™! ELNV EMNV AE VY EMy ih/uA it/pA iri ity 21
0.24 0.05 —2.478 —2.415 0.063 —2.447 7.49 3.89 0.83 137
0.24 0.1 —2.482 —2.413 0.069 —2.448 10.3 5.49 0.85 134
0.24 0.2 —2.493 —2.405 0.088 —2.449 14.2 7.52 0.87 130
0.24 0.5 —2.501 —2.395 0.106 —2.448 215 11.0 0.87 125
0.24 1.0 —2.507 —2.390 0.117 —2.449 29.1 14.0 0.87 119
0.24 2.0 —2.522 —2.376 0.146 —2.449 38.2 17.2 0.87 11
0.46 0.05 —2.476 —2.416 0.060 —2.446 13.9 774 0.87 135
0.46 0.1 —2.482 —2.411 0.071 —2.447 19.0 11.2 0.91 130
0.46 0.2 —2.489 —2.403 0.086 —2.446 26.1 15.5 0.92 126
0.46 0.5 —2.501 —2.393 0.108 —2.447 39.8 22.6 0.92 121
0.46 1.0 —2.510 —2.386 0.124 —2.448 52.5 27.9 0.91 113
0.46 2.0 —2.516 —2.376 0.140 —2.446 71.0 35.2 0.90 108

aReferred to fc/fc* in THF. PReferred to zero current; “Peak numbering see Fig. 3a. /In AV~ "2 52 mol~ 1 cm?.

found close to the theoretical value of 0.414 for systems
without follow-up reaction.?’ Hence, chronocoulometric
experiments with the dithiocarboxylates were only per-
formed within this timescale (for typical curves for lc
see Fig. 4; for results see Table 3).

The Anson plots (see Fig. 4a for the example of 1c¢)
show that none of the compounds is adsorbed at the
glassy carbon electrode surface (intercept with Q axis
after background correction essentially zero, intersection
of lines at Q=0 axis).*® Slopes of the forward traces in
the Anson plots of 1a-c were constant for various 1 for
a particular compound. From the Anson plot slopes the
diffusion coeficients D of the neutral species were calcu-
lated (Table 3) under the assumption of a net two-
electron reduction, n=2. The number of transferred
electrons could clearly be inferred for the reduction of
1a and 1b from the cyclic voltammograms of the respect-
ive dithiocarboxylate. The analysis of the chrono-
coulometric data for the reduction of le, however,
was tested for both n=1 and n=2. With n=1, from the
Anson plot slope a diffusion coefficient D(l¢)=
(60+4)x 10" cm?s~! would follow, which is about 4
to 5 times larger than that of D(1a) and D(1b). Such a
result is highly improbable, considering the molecular
masses of the three dithiocarboxylates investigated which

3

differ by only about 25%. On the other hand, with n=2
a reasonable D(1¢) could be calculated (Table 3). Thus,
in accordance with the results for 1a and 1b, as well as
the chemical reduction experiments,?%-2” we conclude that
the isopropyl derivative lc¢ is also electrochemically
reduced to a dianion. This conclusion is further confirmed
by numerical simulations (see below). The fact that the
cyclic voltammogram of lc¢ does show only a single
reduction peak I (Fig.3) has then to be explained by
strong ‘compression’ or even ‘inversion’ of the formal
potentials for the two reduction steps.

Values of the ratio Q,./Q, for 1a—c lie between 0.47
and 0.61 and are essentially independent of the concentra-
tion. They increase slightly with increasing t. These
features indicate a slow follow-up reaction of
(pseudo-)first-order of either the dianion and/or the
monoanion. The influence of this follow-up reaction can
also be seen in the Anson plots (Fig. 4a). For an uncom-
plicated electron transfer without follow-up reaction and
without adsorption, one expects a straight line for the
trace of the reverse step and identical absolute values for
the slopes of the forward and the reverse trace. In our
cases, the reverse traces are slightly bent, as would be
expected from the theory of chronocoulometry for elec-
trode reactions involving follow-up steps.3! The absolute
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Fig. 4. Chronocoulometric results for 1c: (a) solid lines: Anson plot for the chronocoulogram in (b); broken line: theoretical
plot for reduction in the absence of adsorption and follow-up reaction. The horizontal axis is tV2 for the forward step (upper
trace) and 6=1"24+ (t—1)"2— "2 for the reverse step (lower trace); (b) chronocoulogram in THF-0.2 NBu,PFg at a GC electrode,

c=0.24 mM, 1=5s.
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Table 3. Results from chronocoulograms of 1a-c.

/s c/mM Q,./Q, D/10 8 cm?s™’
1a

0.5 0.36 0.51 9.9

1 0.36 0.51 9.8

2 0.36 0.51 9.5

5 0.36 0.52 9.7
0.5 0.67 0.48 9.3

1 0.67 0.47 8.8

2 0.67 0.48 8.7

5 0.67 0.49 9.0
Mean value: 93404
1b

0.5 0.23 0.52 14.0
1 0.23 0.53 13.9
2 0.23 0.56 14.8
5 0.23 0.61 16.0
05 0.49 0.49 12.6
1 0.49 0.50 12.3
2 0.49 0.52 12.4
5 0.49 0.55 12.9
Mean value: 1441
1c

0.5 0.24 0.57 17.2
1 0.24 0.57 16.6
2 0.24 0.58 16.1
5 0.24 0.61 16.2
0.5 0.46 0.52 14.7

1 0.46 0.52 14.2
2 0.46 0.53 13.9
5 0.46 0.56 13.8
Mean value: 15+1

values of the limiting slopes of the reverse traces at small
0 (broken line in Fig. 4a) are essentially identical with
the slopes of the forward traces, further confirming the
absence of adsorption.>°

Numerical simulations.  Cyclic voltammograms of the
dithiocarboxylates 1 were numerically simulated under
the assumption of two quasi-reversible electron transfers

(E) and a homogeneous first-order irreversible follow-up
chemical reaction (C) of the dianion (EEC mechanism)
under linear diffusion conditions, with and without a
coupled disproportionation-comproportionation equi-
librium. Various combinations of parameter values were
tested, and, also, alternative mechanisms were used.

In all cases good agreement between experimental and
simulated curves for the entire range of ¢ and v could be
obtained only using the EEC mechanism. All attempts
to fit the cyclic voltammograms of lc¢ with a single
electron transfer mechanism (E, EC) failed. Earlier,
preliminary results for the reduction mechanism of 1¢
(ECEC reaction)®® were probably influenced by the
presence of electroactive impurities.

Numerical values of the system parameters (formal
potentials E7 and E; for the two redox processes, hetero-
geneous electron transfer rate constants k,; and k,,, the
diffusion coefficients D, as well as rate constants for the
homogeneous comproportionation, kcomp, and for the
follow-up reaction of the 17, k,) were taken from
optimal simulations of the experimental curves.

The experimental data in Figs. 1-3 (circles) are super-
imposed with such optimal simulations (lines) for two
concentrations and three selected scan rates. The para-
meters used for these calculations are listed in Table 4.
The formal potentials compare extremely well with the
mid-point potentials derived from the analysis of the
cyclic voltammetric curves in the cases of 1a and 1b. The
optimal k, values confirm that the second electron trans-
fer is slower than the first for all three 1, as already seen
from the qualitative analysis of the voltammograms. The
transfer coefficients o, and a, were both set to 0.5.
Variation of the latter parameters did not improve the
fitting in any case.

On the other hand, variation of the diffusion coeffi-
cients under the simplifying assumption that the D of all
species in the respective system 1/1°7/127 are equal
resulted in slightly better agreement. Still, the optimal
D-values for the simulations did not differ much from
the experimental values found from chronocoulometry
(compare values in Tables 3 and 4).

The possible influence of the comproportionation equi-

Table 4. System parameters for simulation of cyclic voitammograms of dithiocarboxylates 1.

Reaction step System parameter(s) 1a 1b 1c

1+e =1~ E3/V —2.306 —2.357 —2.459
kei/ems™! 0.029 0.0186 0.027
ol 0.5 0.5 0.5

1T +e =1?" E3/V —2.475 —2.502 —2.428
ke/cms™? 0.009 0.0075 0.011
ol 0.5 0.5 0.5

14127 221" Keomp 718.1 282.2 —
Keomp/M ™ 1871 2.7x10% 1.45 x 108 —

12~ - product(s) ky/s! 0.07 0.25 0.045
D/10 %cm?s™ 12 10.0 135 12.0

2All diffusion coefficients D(1), D(1°7), D(1?7) and D(product) for a particular compound were assumed to be equal.
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librium (Scheme 1) on the simulated voltammograms
was investigated by variation of the rate constant komp.
In general, cyclic voltammograms of two-electron pro-
cesses are only affected by such a homogeneous reaction,
if at least one of the two heterogeneous electron transfers
is slow. The influence of the homogeneous reaction
increases with increasing differences between the redox
potentials and between the heterogeneous rate con-
stants k;; and kg, [for detailed discussions, see Refs.
32--34]. This was confirmed in the numerical simulations
for the present cases by varying kg,m, between 0
and 10'2M~'s™!. At high scan rates and with
Keomp>10* M ™' s, the comproportionation affected the
cyclic voltammograms of 1a and 1b significantly (see
Fig. 5 for the example of 1b). In particular, the shape of
the current-potential curve on the reverse scan and in
the region of peak III (arrow in Fig. 5b) could only be
modelled adequately when the comproportionation reac-
tion was taken into account. At low scan rates, variation
of k.omp also influenced the reverse scans of the voltam-
mograms, but these effects could be balanced out by
changing k, (see below). Optimal values for kcop, indi-
cated a fast, but not diffusion-controlled reaction. The
value of K.y, the comproportionation equilibrium con-
stant, was calculated by DigiSim internally from |AE®|
[‘thermodynamically superfluous reaction’, see eqn. (2)]
and could not be changed.

In the case of Ic, the fitting could not be improved by
setting kqomp# 0. Consequently, the homogeneous redox
reaction was not included into the simulations of the
current-potential curves of the isopropyl compound.

The influence of the follow-up C-step on the fitting is
significant only for v=0.05 and 0.1 Vs~! and vanishes
for scan rates above 0.1 Vs~1. As the chronocoulometric
and cyclic voltammetric results are independent of the
substrate concentration, the chemical reaction of the
dianions 1~ was formulated as being first-order in the
simulations. DigiSim does not allow totally irreversible
chemical reactions to be modelled directly. Such a condi-
tion was approximated, however, by choosing a very
high value (K, =108) for the equilibrium constant of the
follow-up reaction. Optimal values for the k, are given
in Table 4.

The numerical simulations thus confirm the qualitative

I a) 0°"%%, o
I~ o° ©00e,
i » °a°°°°° e
= 0 r o >
g [ - s
E r o°°° o
o L : 02°%%00000°
.50 ®o0e0®”
S T TR TN T SR TR A U T A M
-2.75 -2.5 -2.25
potential, E/V

DITHIOCARBOXYLATE REDUCTION

and quantitative analyses of the cyclic voltammograms
and chronocoulograms.

Thermodynamics and kinetics of imidazolium-2-dithio-
carboxylate reduction. The formal potentials E° deter-
mined for the two reduction steps of the
dithiocarboxylates 1 and the mean values of the respect-
ive E°, E°=(ELY+ E2)/2 depend on the substituents R
at the heterocyclic nitrogen atoms (Fig. 6). Values of
E° represent the energetics of the overall two-electron
reduction process. Their shift [E°(1a)=—2.391V,
E°(1b)= —2.430 V and E°(1c) = —2.444 V] is explained
by the + I-effect of the alkyl substituents: the slightly
increasing electron donating abilities of the higher R
makes the imidazolium-2-dithiocarboxylates increasingly
difficult to reduce. In accordance with the relatively small
differences in the + 1/ effect of CH;, C,Hs, and i-C3H,,
however, the thermodynamic effect is only a few tens
of mV.

Figure 6 also demonstrates the influence of the sub-
stituents on the relative formal potentials of the two one-
electron transfers: whereas the reductions of 1a and 1b
follow the normal ordering of potentials (JAE°|>0)
which are already ‘compressed’ compared with many
other cases, the potentials for the reduction of lc¢ are
indeed ‘inverted’ (JAE°|<0).

We explain the occurrence of compressed/inverted
potentials in the case of the dithiocarboxylates 1 as due

E{(1a)] |E2(1a)
ES(1b)] JES )
Ede)|” |ES(te)
E’(1a) E°(1b) E°(1c)
E%v
+ t } : } + T
-225 230 —235 -240 -245 -250 255

Fig. 6. Variation of formal potentials E7 and E; (from simula-
tions) as well as overall two-electron potentials E° for reduc-
tion of dithiocarboxylates 1.

50

275 2.5
potential, E / V

-2.25

Fig. 5. Experimental (a) and simulated (b) voltammograms of 1b, v=2.0V s™", ¢=0.49 mM; (b) without (keomp=0M~" s77;
dotted line) and with homogeneous comproportionation reaction (Keemp=1.45x 105 M~"s7; full line).
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to structural changes accompanying the reduction pro-
cess. A comparison of the X-ray structures of 1b*® and
the dipotassium salt®” of 1¢2~ as well as a consideration
of the NMR spectroscopic properties of the neutral
compounds and their dianions?¢27-3 reveals that the
chemical reduction of the dithiocarboxylates with potas-
sium in THF is accompanied by a rotation of the CS,
fragment from being orthogonal to the imidazole ring to
a geometry where the molecule is planar and exhibits an
exocyclic C=C double bond. We assume that the same
geometrical changes occur during the electrochemical
reduction (Fig. 7). Without such a rotation, the second
electron transfer would result in an obviously energetic-
ally unfavorable diradical (12 pog0nar in Fig. 7) with the
two unpaired electrons in p-orbitals in a perpendicular
arrangement. On the other hand, planarization to form
12nar results in a much more stable product. This
stabilization makes the reduction thermodynamically
easier than expected from the purely electrostatic
estimation.'3%

The ratio of the electron transfer rate constants ki,
and kg, (kg /k;~2.5-3; Table 4) indicates that the struc-
tural change of 1 may indeed occur during the second
electron transfer. The ‘inner reorganisation energy’
related to this molecular rearrangement contributes to
the activation barrier of the reduction to the dianion,
and decreases k.

To explain the effect of the substituents on the relative
potential ordering for the reduction of the neutral dithio-
carboxylates we consider the most likely electron distribu-
tion in the monoanions 1°'~, which is given in a simple
valence bond representation by the mesomeric structures
in Fig. 8. Whereas in the structure on the left (unpaired
electron occupying a p-orbital of a ring carbon atom)
the cyclically delocalized n-electron system of the imida-
zole ring is distorted, the structure on the right (unpaired
electron located in a p-orbital of the exocyclic C-atom)
retains the n-electron sextet but suffers from an energetic-
ally unfavorable interaction between the alkyl groups
and the coplanar p-orbital with the unpaired electron.
While effects on the heterocyclic ring should be similar

5
il Se
o7 T -
R R @
/ / /a0 orthogonal
N, S e N, S/
Ca e @ 4
7 S 7 2% N
Vo R N R
1 1 I o
St
N e
|
R
2-
planar

Fig. 7. Structural changes during stepwise two-electron
reduction of 1 to orthogonal and planar dianions.
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Fig. 8. Mesomeric valence bond structures for the

monoanions 1" ~.

for all three compounds, the interaction between the
substituents and the p-orbital are expected to increase
with the size of R. Thus, increasing steric strain is
expected in the order methyl (la 7)<ethyl
(1b" ") <isopropyl (1¢" 7) and consequently the energy of
the monoanions increases. In the case of 1¢'~ the
monoanion energy becomes large enough to cause poten-
tial inversion, although at the same time the energy of
1¢2~ also increases (see E° above).

The energetic relationship between the neutral starting
compound and the mono- and di-anionic reduction prod-
ucts is shown in Fig. 9 on a relative Gibbs energy scale
for all the investigated compounds. From the individual
E° it is possible simply to calculate the AG; = —nFE}
(n=1, i=1,2) for the reduction steps, referred to the
fc/fc* redox couple, i.e. the Gibbs energy change for the
equilibrium (3).

Ox + fc=Red + fc* (3)

In order to compare the three systems we normalize
the AG; to the total AG°=AG] + AG; for the respective
two-electron process. Furthermore, we set the Gibbs
energy of the neutral dithiocarboxylates equal to zero.
The resulting relative Gibbs energy G, of the dianions
is equal to unity. The Gy, of the monoanions is below
0.5 for the methyl and the ethyl derivative. For the
isopropyl compound with potential inversion, however,

o1 1s slightly above 0.5. Although the effect is rather
small on the relative Gibbs energy scale, it causes dra-
matic changes in the cyclic voltammograms. This relative

G,
Rel 2 2~ 2
10 = 1a 1b ic
05—4---- 1a ... 15___-_,__1.9:..__..
0.482 0.485 0.503
1a 1b 1c
0_ —_— —_— —_—

Fig. 9. Relative Gibbs free energies G, (for definition see
the text) of dithiocarboxylate mono- and di-anions.



increase of the monoanion energy is responsible for the
occurrence of potential inversion in the present case.

Conclusions

The N,N'-dialkyl4,5-dimethylimidazolium-2-dithiocarb-
oxylates, which are reduced to the respective 1,1-dithio-
late dianions at a GC electrode in THF at rather negative
potentials, provide an example of the modulation by
steric effect of the relative formal potentials of two-
electron-transfer redox systems from compressed to
inverted. A relatively simple valence bond model of the
monoanions already suffices to explain the decrease in
|AE°| with increasing size of the substituents on the
nitrogen atoms. The results presented in this paper
confirm the relationship between structural changes and
potential inversion.?®

Experimental

Materials. The synthesis of the imidazolyl-2-ylidene—CS,
adducts 1a—c has been described before.>® For electroana-
lytical experiments the raw materials were sublimed at
185°C/5 x 10”2 mbar to remove electroactive impurities.
Ferrocene (fc) was purchased from Aldrich.

Solvents and supporting electrolyte. Tetrabutylammonium
hexafluorophosphate, NBu,PFg, was prepared from
NBu,Br and NH,PF; as described before.?” Purification
of acetonitrile and dichloromethane followed procedures
published recently.?* Tetrahydrofuran (Aldrich, purum)
was distilled over sodium—benzophenone and then passed
through an Al,O; column. The neutral Al,0; had been
activated for 5h at 400°C/5x 10~° mbar. All experi-
ments with la-¢ were performed in THF-0.2M
NBu,PF,. The electrolyte solutions were degassed before
use by three freeze—pump-thaw cycles.

Electroanalytical experiments. Cyclic voltammograms
and chronocoulograms were recorded with a BAS 100
B/W electrochemical workstation ( Bioanalytical Systems,
West Lafayette, IN, USA), controlled by a standard
80486 personal computer (control program version 2.0).

All electroanalytical experiments were carried out at
room temperature under argon with a gas-tight full-glass
three-electrode cell. The working electrode was a glassy
carbon (GC) disk electrode (BAS), polished with
a-Al,O; (Buehler, 0.05 um). The electroactive area of
this electrode was determined from cyclic voltammo-
grams, chronoampero- and chronocoulo-grams of fc in
CH,Cl1,-0.1 M NBu,PF; to 4=(0.064 +0.005) cm?*. For
this calculation a value for the diffusion coefficient of fc
in CH,Cl,, D(fc)=2.32x10"°cm?s ! was taken from
the literature.®® The counter electrode was a platinum
wire spiral (diameter of wire: 1 mm, diameter of spiral
~7 mm).

In all experiments, a ‘dual reference electrode system’
as suggested by Garreau ef al.>® was used. An Ag/Ag*

DITHIOCARBOXYLATE REDUCTION

electrode (0.01 M AgClO,~0.1 M NBu,PF; in CH;CN)
served as the reference system and was separated by two
glass frits from a Haber-Luggin capillary. A platinum
wire (1 mm diameter) was immersed in the solution and
connected through a 0.01 pF capacitor to this electrode.

All potentials in this paper are reported vs. an external
fc/fc* standard.*® The potential of the fc/fct redox
couple in the THF electrolyte was determined by five
separate cyclic voltammetric experiments [E° (fc/fc™)=
(+0.176 +£0.004) V vs. Ag/Ag™]. The ferrocene/ferricin-
ium couple behaves as a quasi-reversible redox system
with a minimal peak potential difference of AE,=
(0.06140.002) V (v=0.02 or 0.05Vs~!) in THF-0.2 M
NBu,PF;.

Cyclic voltammetric and chronocoulometric curves are
background- and iR-drop-corrected. Background curves
were recorded before addition of substrate to the solution
and subtracted afterwards by means of the BAS 100
B/W program. Since the automatic iR-compensation
facility of the BAS 100 B/W instrument produced over-
compensated current—potential curves, iR-compensation
was performed manually. A series of cyclic voltammo-
grams was recorded for all concentration—scan rate com-
binations with variation of the amount of compensation
from undercompensation to beginning of oscillation.
From this series the curve with maximum compensation
but not showing oscillations or other distortions caused
by overcompensation was selected. The same procedure
was applied to the background curves.

Numerical simulations*! were performed with the com-
mercial program DigiSim** (BAS, version 2.1, FIFD
algorithm, default numerical options), with the assump-
tion of planar diffusion.
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