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The free energy relationship for the reaction between aromatic radical anions
A’~ having about the same intrinsic barrier and three disulfides RSSR (diphenyl
disulfide, dimethyl disulfide and di-zerz-butyl disulfide) in N,N-dimethylformam-
ide has been obtained. For each RSSR second-order rate constants were measured
electrochemically in the interval 1073~10° M ™! s~! by changing the nature of
A~ and thereby the driving force. In the case of diphenyl disulfide the standard
potential Egssrrssr'— and the self-exchange reorganization energy A(0) of the
RSSR/RSSR "~ couple could be extracted from the free energy relationship to
values of —1.4 (£0.1) V vs. SCE and 65 kcal mol !, respectively. This knowledge
may be combined with the kinetic features of the heterogeneous reduction process
of diphenyl disulfide to obtain, among other parameters, the standard heterogen-
eous rate constant. The cleavage rate constant k. of the corresponding radical
anion was estimated from kinetic measurements to be about 5x 108 s™!. No
such information was accessible for the aliphatic disulfides due to a high self-
exchange energy of the RSSR/RSSR ™~ couple but still a maximum value of &,
could be determined at 2x 10® s™!. The minimum values of Egssgpssg-- and
M0) were estimated to be —1.9V vs. SCE and 75 kcalmol ™! and —2.2V vs.
SCE and 75kcalmol™' for dimethyl disulfide and di-zert-butyl disulfide,

respectively.

In this paper rate constants of the electron transfer (ET)
reaction, kgr, between different aromatic radical anions
A’ "~ and three disulfides RSSR in N,N-dimethylformam-
ide (DMF) are reported. For each RSSR the results
obtained are depicted in plots showing log kgy versus the
standard potential E,° of the A/A’~ couple. Part of
the study was devoted to the clarification of whether the
radical anion of RSSR existed in DMF and a determina-
tion of the standard potential Egssprssr'~ Was possible
or if the reaction could be better described as a dissociat-
ive ET with bond breakage concerted with the electron
transfer step. The three substrates chosen for investi-
gation in this paper are diphenyl disulfide, dimethyl
disulfide and the sterically hindered di-terz-butyl disul-
fide, all three selected primarily because of the availability
of their thermodynamic data in the literature.

The electrochemical properties of disulfides have been
studied in detail in a number of solvent systems.'™® In
aprotic solvents the reduction process of RSSR is, in
general, characterized by an irreversible two-electron
wave giving rise to the corresponding thiolate ion RS~

[eqn. (1)].

RSSR +2e—2RS™ (1)
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An example of a cyclic voltammogram recorded in
DMF of diphenyl disulfide at a gold electrode is shown
in Fig. 1. The peak potential of the reduction wave,
E,®, at a scan rate v of 1V s™'is —1.60V vs. SCE
and is appreciably less negative than the corresponding
values of the aliphatic disulfides. For instance, Epred of
di-tert-butyl disulfide is —2.71V vs. SCE. The thio-
late ion RS~ produced in the reduction process may
be oxidised on the reverse scan at a potential close
to 0V vs. SCE [E,°>* (thiophenoxide)=0.00V, E.,°*
(methanethiolate)=—0.40 V and E,** (2-methyl-
2-propanethiolate)= —0.13 V vs. SCE]. By this process
RS’ is generated and dimerises in a fast reaction to
regenerate the disulfide in an overall EC mechanism and
the couple RSSR/RS ™ thereby constitutes a redox pair.>¢
The cyclic voltammogram is significantly affected by the
nature of the electrode material; at glassy carbon and
platinum the peak potential of the reduction wave of
diphenyl disulfide is shifted in a negative direction by
about 100 and 400 mV, respectively, at a scan rate of
1 Vs~ 1. This feature, which has been noticed elsewhere,*
indicates a somewhat smaller standard heterogeneous
rate constant at platinum compared with the other two
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Fig. 1. Cyclic voltammogram obtained of 2 mM diphenyl! disulfide in 0.1 M TBABF,~DMF at a scan rate of 1V s~ ' at a gold

electrode.

electrode materials. The electrochemical behaviour of
diphenyl disulfide was further investigated by fast cyclic
voltammetry (CV) using a gold ultra-microelectrode
(diameter 30 um). The overall appearance of the cyclic
voltammogram neglecting the shift in peak potentials
was found to be relatively independent of scan rate. Even
at v=20-40 kV s~ ! the oxidation peak of thiophenoxide
was recognizable and there was no sign of reversibility
or quasi-reversibility corresponding to an RSSR/RSSR "~
couple. An upper limit of 1074 s can thus safely be put
on the lifetime of the radical anion of diphenyl disulfide.

The cathodic transfer coefficient o, was determined
from eqns. (2) and (3) by measuring the position of the
peak potential E,* and the peak-width, E,,"—E,,
during linear sweep voltammetry (LSV).”

0E,%/d(In v)= — RT)2a . F )
E, 4 — E*4 =1 85TRT/o F 3)

For diphenyl disulfide o, is 0.33 (+0.04) and 0.36
(£0.03) at a platinum and glassy carbon electrode,
respectively, while o, =0.34 (£:0.03) at platinum for di-
tert-butyl disulfide. These values are somewhat smaller
than the one obtained previously from a Tafel plot of
diphenyl disulfide at a platinum electrode.® Within the
framework of the Marcus—Hush model, a value of o, of
less than 0.5 could be interpreted® to suggest that the
rate-determining step of the reduction process is a dissoci-
ative electron transfer process generating RS™ and RS~
at the electrode surface without the intermediacy of the
radical anion RSSR'~. The radical RS" would then
immediately be further reduced to the thiolate ion RS™,
this being the origin of the overall two-electron stoichi-
ometry observed for process (1). An alternative and
probably more likely interpretation in this case® is that
the process initially involves an intrinsically slow electron
transfer step to produce RSSR" ™, which in a fast reaction
decays to RS~ and RS’. Depending on the rate of
cleavage the latter species would then be further reduced
via an ECE or DISP1 mechanism.

In order to obtain more information about the electro-
chemical features of the disulfides the indirect reduction
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of these compounds was considered. The analysis of the
heterogeneous reduction behaviour of RSSR would sug-
gest that the homogeneous reaction between electrochem-
ically generated aromatic radical anions A~ and RSSR
follows the reaction scheme given below [eqns. (4)—(7)]

Ate=A" (4)
ket
A~ +RSSR —— A+RSSR - (5)
k.
RSSR - =—= RS +RS" (6)
A" +RS'>A+RS™ (7)

as long as A'~ is a sufficiently strong electron donor
capable of reducing RS’ to the corresponding thiolate
ion [eqn. (7)]. The weakest electron donor used in the
study of diphenyl disulfide, dimethyl disulfide and di-
tert-butyl disulfide is the radical anion of
1,2-benzanthraquinone (E,°= —0.672 V vs. SCE), phen-
azine (E,°=-—1.090V vs. SCE) and 1,4-dicyano-
benzene (E,°= —1.485V vs. SCE), respectively. Taking
into account the magnitude of the oxidation potential of
RS~ the rate constant of reaction (7) would therefore
be expected to be at the diffusion-controlled limit and
competing processes such as a dimerisation of RS’ or a
coupling reaction between A"~ and RS’ can be neglected.
For the most exergonic cases reaction (7) might result in
electrochemiluminescence.” However, this phenomenon
should not influence the determination of the rate con-
stant of the forward reaction (5) and no further attention
was paid to such a process in this study. It should be
emphasized that even though the radical anion of RSSR
is included in the scheme given above, the possibility of
a dissociative electron transfer process, i.e., step (6) being
concerted with the forward ET step (5), cannot be
excluded at this point. Reversible behaviour of reaction
(6) should also be considered even though some investi-
gations have suggested the reverse reaction to be unlikely
to occur.’

The validity of the proposed mechanism was substanti-
ated by preparative and analytical experiments (see also



the Experimental). In the former kind of measurement,
controlled potential reductions of the mediator were
carried out in the presence of an excess of RSSR. The
disulfides were converted completely into the correspond-
ing thiols after acidic work-up with an electron consump-
tion of about two electrons per RSSR. The mediator A
could be isolated either unchanged or as the dihydro
derivative AH, probably formed at the end of the
preparative reduction owing to a slow protonation of
the radical anion followed by further reduction and
protonation. In the analytical experiments using LSV,*°
chronoamperometry!! and a steady-state technique!? the
catalytic efficiency of the process was found to be close
to 100% as deduced from a comparison with simulated
curves and the changes in the steady-state currents of
the A/A"~ couple. The simulations were based on the
assumption of kinetic control by the forward ET reaction
(5), which is valid when kg is small and k. is higher
than k_gr[A].

In order to resolve rigorously the kinetic situation for
reactions (5) and (6) the redox catalysis method!*~¢ was
applied in a couple of cases, namely the reactions between
isoquinoline radical anion and di-zert-butyl disulfide and
azobenzene radical anion and diphenyl disulfide. On the
assumption of kinetic control by the forward ET step
(5), rate constants were determined by LSV and CV*'°
at different concentrations of the mediator and the
thiophenoxide ion in the interval from 1 to 20 mM.
Thiophenoxide was generated electrochemically from a
reduction of diphenyl disulfide. As can be seen in Table 1,
kgr is found to be relatively independent of [A] and
[RS™] and any deviation present is within the uncertainty
on the measurements (+10%); the backward reactions

Table 1. Rate constants kgt obtained for the reaction between
some aromatic radical anions and RSSR by LSV and CV as
a function of the mediator concentration [A] in 0.2M
TBABF,-DMF at 25°C.

(a) Mediator: isoquinoline, RSSR: di-tert-butyl disulfide?

[A/mM
1 2 5 10 20
ker(LSVYM 1 g7 915 855 895 820 760
ker(CV)/M~1s™? 980 925 960 955 815

? The excess factor of di-tert-butyl disulfide was kept constant
at 2.

(b) Mediator: azobenzene, RSSR: diphenyl disulfide®

[AY/mM

1 2 5 10 20
ker(LSVIM~1 71 3820 3720 3600 3650 3160
keriCVYM 1 77 3750 3540 3370 3720 3300
ker(CVYM ™1 =10 3100 3130 2930 2950 2840

?The excess factor of diphenyl disulfide was kept constant
at 2. ® Thiophenoxide was present in 8 mM concentration.
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of (5) and (6) can thus safely be neglected in the kinetic
scheme in these specific cases. However, it should be
mentioned that problems due to adsorption of, especially,
diphenyl disulfide at the electrode surface were encoun-
tered in some of the measurements. These problems
could be overcome by cleaning the surface using multi-
scans just before the actual experiment. It was also noted
that even small amounts of thiophenoxide seemed to
have a pronounced effect on the reproducibility of the
experiments. The small but consistent decrease in the
rate constants observed in the presence of thiophenoxide
in Table 1b can probably be ascribed to this phenomenon.

The LSV and CV method cannot be applied when the
rate constants are below 10 M~* s™* but a kinetic ana-
lysis can still be carried out by employing a potentiostatic
technique which previously has been used for determining
rate constants of simple pseudo-first-order reactions.!’
In this method the aromatic radical anion A’ ~ is first
generated electrochemically from the aromatic com-
pound A and the decay of the limiting oxidation current
of A*~ (being proportional to the concentration of A" ™)
at a rotating disk electrode is then followed as a function
of time after addition of an excess of disulfide to the
solution. According to the overall reaction scheme [eqns.
(5)—(7)] the differential equation for species A~ can be
expressed as eqn. (8) when the backward reaction of (6)
has been neglected and the steady-state assumption has
been applied to the RSSR™~ and RS’ species. In the two
limiting cases characterized by the conditions
k.>k_gr[A] and k. <k_gr[A], eqn. (8) simplifies to
eqns. (9) and (10), respectively.

L 2kker[RSSR]
d[A " )/dt=— m[A | (8)
d[A " ]/dt= —2kg[RSSR]JA" 7] 9)
- 2k ker[RSSR] .
d[A ]/dt= — —m[A ] (10)

According to eqn. (8) the change in the concentration
of A’ is, in general, predicted to follow a simple pseudo-
first-order decay if the concentrations of the substrate
RSSR and the aromatic compound A are kept high. In
the present investigation with the disulfides this situation
was indeed observed in some cases. For instance, in the
reaction between fluoranthene radical anion and di-zert-
butyl disulfide the kinetics followed a pseudo-first-order
decay regardless of the values of [A] and [RS™] and even
initial concentrations of 20 and 10 mM, respectively, had
no influence on the reaction rate. The same behaviour
was observed for the reaction between 1,4-diacetylben-
zene radical anion and dimethyl disulfide thus allowing
in these specific cases the backward reactions of eqns.
(5) and (6) to be excluded from the kinetic analysis. For
most of the other radical anions investigated by the
potentiostatic method the kinetic picture was more com-
plicated; the decay of A"~ was not confined to a pure
pseudo-first-order reaction but dependent on the concen-
tration of A as well as of RS™. The importance of the
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backward reaction of eqn. (6) was especially pronounced
in the case of diphenyl disulfide whereas it could hardly
be detected for di-zerz-butyl disulfide and dimethyl disulf-
ide. For instance in the reaction between anthraquinone
radical anion ([A" 7 )y=1mM, [Alp:=5mM) and
diphenyl disulfide, the presence of 50 mM thiophenoxide
slowed down the reaction kinetics considerably.
However, the rather complicated kinetic picture could
be simplified somewhat by taking less than the first half-
life of the reaction into account in the kinetic analysis.
By doing so the rate expression (8) should be an adequate
description since the fast follow-up reaction (7) is
expected to outrun the backward reaction of eqn. (6) in
most cases as long as [A"~]>[RS™]. Furthermore, with
diphenyl disulfide as the substrate the simplification to
the pseudo-first-order case could be accomplished chem-
ically simply by scavenging thiophenoxide generated
during the reaction with methyl p-toluenesulfonate to
give the unreactive methyl phenyl sulfide. Use of the
latter procedure is based on the conditions that the
electron transfer reaction between the radical anion and
methyl p-toluenesulfonate is too slow to influence process
(5) and that the S\2 reaction between thiophenoxide and
methyl p-toluenesulfonate is able to remove thiophenox-
ide continuously. For the radical anions of 1,2-benz-
anthraquinone, 2,3-dimethylnaphthoquinone, 9,10-di-
cyanoanthracene, anthraquinone, (E)-1,2-dibenzoyl-
ethylene and 1-methoxyanthraquinone the first condition
was clearly fulfilled as deduced by recording and compar-
ing the oxidation current of A"~ in the presence of
methyl p-toluenesulfonate alone and in the presence of a
mixture of methyl p-toluenesulfonate and diphenyl disul-
fide. As concerns the second condition, a comparison
with simulations of a cyclic voltammetric study of the
reaction between methyl p-toluenesulfonate and thio-
phenoxide generated from the reduction of diphenyl
disulfide on the forward scan gave a rate constant of
about 100 M~! s™!. This high value will indeed allow
the concentration of thiophenoxide to be kept low
throughout the whole course of the reactions investigated
by the potentiostatic technique and prevent the backward
reaction of (6) from coming into play. Moreover, the
rate constant obtained by this procedure for the reaction
between anthraquinone radical anion and diphenyl disul-
fide was in agreement with the one obtained from a
kinetic treatment of the first half-life of the same reaction
in the absence of methyl p-toluenesulfonate.

A number of reactions were subjected to the kind of
redox catalysis analysis described above, namely the
reaction between perylene radical anion and di-ferz-butyl
disulfide, quinoxaline radical anion and di-terz-butyl
disulfide, anthraquinone radical anion and diphenyl di-
sulfide, and 2,3-dimethylnaphthoquinone radical anion
and diphenyl disulfide. The initial concentration of the
mediator was, in general, varied between 0 and 100 mM
but with perylene and anthraquinone it could not be
increased above 10 mM owing to the rather low solubility
in DMF. The results obtained are listed in Table 2 in
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which the parameter B in the term v = /2[RSSR] denotes
the numerical value of the slope in a plot of In[A" "] vs.
time. The first important point to note is that vy attains
a constant value for all four reactions investigated at
small concentrations of the mediator. This indicates
kinetic control by the forward electron transfer (5) and
according to rate expression (9), vy is then simply equal
to the rate constant kgr. At the higher mediator concen-
trations the reaction is slowed down and y decreases as
a function of [A]. The reaction has now moved into the
mixed kinetic region described by expression (8), i.e.,
v=kkgr/(k.+k_gr[A]), and by inserting the known
values of kgy and [A] the ratio k./k_gr=7Y[A}/(kgr—7)
can be obtained for each mediator the exception being
anthraquinone. Alternatively kg; and k./k _gr may be
determined by a non-linear fit. In none of the reactions
could full kinetic control by the cleavage reaction corres-
ponding to eqn. (10) be achieved.

If the backward reaction of (5) is assumed to be
diffusion-controlled (k_gr=10 M1 s71)* the results
obtained by redox catalysis can be used to estimate the
rate constant k. of the cleavage reaction. As will become
clear later on from plots of logkgr vs. —E." this
assumption is not totally correct and can only reason-
ably be justified for the reaction between diphenyl di-
sulfide radical anion and anthraquinone or
2,3-dimethylnaphthoquinone. For the two reactions in
Table 1 investigated by LSV and CV, k_g is expected
to be substantially smaller than 10 M~! s~! and the
weak tendency towards a decrease in the rate constant
kgr observed at the highest concentration of mediator
used cannot therefore be ascribed to mixed kinetic control
by reactions (5) and (6). The results obtained in Table 2
are of more interest since the mixed kinetic zone could
actually be observed by the potentiostatic method. In
this respect the latter method has a couple of advantages
over the ‘normal’ redox catalysis analysis using LSV.
The first one is the enhanced possibility of a situation in
which the backward electron transfer is under diffusion
control even for ET reactions considerably slowed down
by a large reorganization energy; rate constants kgr as
low as 1073 M ™! s™! may, in most cases, be measured
by the potentiostatic method. The second advantage is
that a value of [A] of the order of 100-500 mM can
easily be utilized as long as limitations due to impurities
and insolubility do not arise. The determination of
cleavage rate constants of about 5 x 10° s~* should there-
fore, in optimal situations, be within reach of this
method. In the present investigation the ratio k. /k _gr
for diphenyl disulfide was found to be ca. 0.05M, as
calculated and shown in Table 2(d) or obtained directly
by a non-linear fit to all the data points. If k_gr is
assumed to be close to the diffusion-controlled rate

* According to the Stokes-Einstein equation the value of the
diffusion-controlled rate constant in DMF depends on the
viscosity of the solvent and the radii of the reactants involved.
For the kinds of system investigated in this paper the use of
a value of 10 M ! 57! seems to be satisfactory.!*!®
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Table 2. The parameter y=p/2[RSSR] and k./k_gr=7y [Al/(ker—7) obtained for the reaction between some aromatic radical
anions and RSSR by a potentiostatic method as a function of the initial mediator concentration [Al;,; in 0.1 M TBABF,~DMF

at 25°C. The initial concentration of A"~ was 1 mM.
(a) Mediator: perylene, RSSR: di-tert-butyl disulfide

[A]init/mM

0 1 5 10
yM~1s? 0.044 0.047 0.040 0.037
(ks/k_gr)M 0.038 0.045

?The concentration of di-tert-butyl disulfide was in the range 50-100 mM and y was obtained from the first half-life of

the reaction.
(b) Mediator: quinoxaline, RSSR: di-tert-butyl disulfide?

[Aling/mM

0 1 5 10 30 60 100
yM~ 11 0.042 0.041 0.030 0.023 0.013 9.2x1073 6.6x1072
(k./k_eT)IM 0.013 0.012 0.014 0.017 0.019

?The concentration of di-tert-butyl disulfide was in the range 30-100 mM and y was obtained from the first half-life of

the reaction.
(c) Mediator: anthraquinone, RSSR: diphenyl disulfide?

[Alini/mM

1

5 10

YM~1 g1 0.18

0.21 0.22

2 Measured by both the potentiostatic method and stopped-flow UV spectroscopy at a wavelength of 555 nm. The concentration
of diphenyl disulfide was in the range 20-50 mM. The solution also contained 3 mM methyl p-toluenesulfonate.

(d) Mediator: 2,3-dimethylnaphthoquinone, RSSR: diphenyi disulfide?

[A]Init/mM

0 1 5 10 30 60 100
M~ 1s? 0.1 0.10 0.12 0.11 0.072 0.048 0.032
(ko/k —gr)M 0.058 0.047 0.041

2The concentration of diphenyl disulfide was in the range 20-50 mM. The solution also contained 3 mM methyl p-

toluenesulfonate.

constant of 10'° M1 s, a cleavage rate constant k, of
about 5x 108 s™! for the radical anion of diphenyl
disulfide thus follows.

For di-tert-butyl disulfide the situation is a bit more
subtle since the backward electron transfer is not under
total diffusion control in the two cases investigated.
Variation in the ratio k./k_gyr determined for the reac-
tions with perylene (k./k_gr~0.04 M) and quinoxaline
(ko/k_gr~0.015 M) are probably due to variations in
the magnitude of k _gr, although the high uncertainty in
the measurements with perylene should be emphasized;
the concentration of perylene could not be raised much
above 10mM in DMF. On the other hand, such a
variation does not seem unreasonable from a kinetic
point of view. According to the expression of the ratio
kgr/k—gr given in eqn. (11) a ratio of about 2.3 between

kgr/k _ gy =exXp[F/RT (Egssrrsse — — £ °)] (11)

the k_gr values of quinoxaline and perylene is to be
expected when the known values of kgr and E,° (kgr=
0.042 and 0.046 M~' s™!' and E,°=-—1.589 and
—1.613 V vs. SCE for quinoxaline and perylene, respect-
ively) are inserted. Quite surprisingly, the k. /k_gy ratio
did not seem to decrease further as the mediator
1,4-dicyanobenzene (E,°=—1.485V vs. SCE) was
employed. Even though the reactions were too slow in
this case to allow the determination of reliable rate
constants, a tentative value of k_/k _gr could be estimated
at about 0.03 M. At this point we do not have any
explanation of this result but the fact that the kinetic
region characterized by diffusion control of the backward
reaction is approached for the mediators in question may
play a certain role. All things considered a maximum
value of the cleavage rate constant can therefore be
settled at about 2x 108 s™! for di-tert-butyl disulfide
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radical anion. A similar determination of k. for dimethyl
disulfide radical anion was omitted since the rate con-
stants, in general, were harder to reproduce.

In relation to the above discussion it should also be
mentioned that radical anions of some aliphatic disulfides
have been generated and observed directly in pulse
radiolysis studies in aqueous media.!® The cleavage rate
constants for RSSR'~ were found to be of the order of
10° s™*, close to our result in DMF taking into consid-
eration the possible influence of solvation effects.? In
general the stability of the radical anions of disulfides is
much higher than that of the radical anions of peroxides
and most alkyl halides which cleave in a concerted
manner. The origin of this phenomenon is probably
ascribable to the ability of sulfur to accommodate more
than eight outer-valence electrons; PM3 calculations of
the charge density do indicate that most of the negative
charge in the radical anion will be localized on the two
sulfur atoms.t The higher stability of the radical anions
of the aliphatic disulfides compared with diphenyl disul-
fide can be attributed to the somewhat stronger S-S
bond in the former cases.

Based on the reaction scheme [eqns. (4)—(7)] with the
forward ET step (5) being rate-determining, second-
order rate constants kgy were measured for the reaction
between a number of aromatic radical anions and RSSR
by cyclic voltammetry'® and the homogeneous kinetic
method using a rotating disk electrode or ultraviolet
(UV) spectroscopy for detection of A" ~.!7 The exact
life-time of RSSR™~ has no effect on the determination
of the rate constant as long as k_ is higher than £ _g[A].
This condition is valid in all cases when [A] is kept low.
The influence of the thiolate ion in the slow reactions
was overcome by scavenging with methyl p-toluenesul-
fonate or by taking less than the first half-life of the
reaction into account in the kinetic analysis. The results
obtained are presented in Tables 3—5 and as (log kg Vvs.
—E,°) plots in Figs. 2—4. As can be seen the figures
clearly suggest a correlation between the activation Gibbs
energy, AG*, and the driving force (proportional to
—FE,°) of the electron transfer process. In favourable
cases thermodynamic information such as the standard
potential and self-exchange reorganization energy of the
RSSR/RSSR "~ couple may be extracted from the experi-
mentally derived free-energy relationships, since the
A/A" " couples are all characterized by having about the
same small intrinsic barrier. While the plots of dimethyl
disulfide and di-ters-butyl disulfide exhibit a single
straight line with slopes of 1/126 mV and 1/117 mV,
respectively, determined by linear least-squares analysis,
two straight lines with an intermediate region can be
resolved from the plot of diphenyl disulfide. This latter
feature is an indication of a transition from activation-

t The PM3 calculations were carried out on a Macintosh
Quadra 700 using the program package MOPAC written by
James J. P. Stewart. Prof. K. A. Jorgensen and Dr. E. R.
Mogiller are thanked for providing the facilities for the theoret-
ical calculations.
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controlled electron transfer at high driving force, to a
region characterized by equilibrium at low driving force,
thus being strong evidence of the existence of the radical
anion of diphenyl disulfide.’*'® This result is also in
accordance with the conclusion obtained from the meas-
urements of the ratio k./k _gr.

The two lines drawn in the figure of diphenyl disulfide
are based on theoretical slopes of 1/59 mV and 1/118 mV
and the fit to the experimental results is satisfactory,
although the points corresponding to the slowest reac-
tions show some scattered behaviour. In principle the
relationship in the activation-controlled region should be
parabolic according to the Marcus theory but as long as
E,° is close to the standard potential of the disulfide,
Exssrrsse -» the transfer coefficient of the homogeneous
reaction can be considered to be independent of the
driving force and close to 0.5, and a linear approxima-
tion will be valid. If the two points in the intermediate
region corresponding to (E)-1,2-dibenzoylethylene and
1-methoxyanthraquinone as mediators are omitted in a
linear least-squares analysis, the best straight line
obtained in the activation-controlled region would have
a slope of 1/126 mV, corresponding to a transfer coeffi-
cient of 0.47. These values are slightly smaller than
expected but this circumstance does not effect the deter-
mination of the standard potential of diphenyl disulfide
which can be extrapolated from the plot simply by
extending the lower line to the diffusion-controlled limit
(=10 M~! s71). The value of Egsqrpssr: - iS thereby
found to be —1.4 (£0.1)V vs. SCE. It should be
emphasized that the procedure, might be somewhat
hampered if the cleavage reaction is very fast
(k,>10' s ') and hence occurring within the solvent
cage.'® However, in the present case with a k, of about
5x 108 s~* such a complication can be disregarded.

The rate constant corresponding to Egssprssr'~ (and
zero driving force), k™, can be interpolated from the
activation-controlled region in Fig.2 to a value of
50000 M ~!s~!; whether the best straight line as obtained
by linear least-squares analysis or the theoretical line is
used in this estimation influences the magnitude of k°"°™
only slightly. Furthermore, by combining the Marcus
and the Eyring equations [eqn. (12)],%* where Z is the

A=(log Z—log k°"*™)4RT In 10 (12)

pre-exponential factor (=3 x 10!t M1 s~ 1), the reorgan-
ization energy A of the reaction (~37 kcalmol™') is
obtained. Since the self-exchange reorganization energy,
A0), of the A/A'~ couple is known to be ca.
10 kcal mol ! as measured by EPR spectroscopy,>* A(0)
of the RSSR/RSSR '~ couple can finally be estimated to
be about 65kcalmol™' according to Marcus cross-
relation.?

With the knowledge of Exgsrrssg - and o, a determin-
ation of the standard heterogeneous rate constant k°
of the reduction process for diphenyl disulfide (not
corrected for double-layer effects) can be obtained from
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Table 3. Rate constants kgy obtained for the reaction between different aromatic radical anions and diphenyl disulfide in 0.1 M

TBABF,-DMF at 25°C.

Mediator —EA°/V vs. SCE ker/M~ 1571
1,2-Benzanthraquinone? 0.672 2.4x10°%
2,3-Dimethylnaphthoquinone? 0.740 0.11
9,10-Dicyanoanthracene? 0.773 0.034
Anthraquinone®? 0.800 0.20
(E)-1,2-Dibenzoylethylene?® 0.830 0.40
1-Methoxyanthraquinone? 0.880 1.1
2-Chlorophenazine® 0.957 8.0
4-Methoxycarbonylazobenzene® 1.015 14
Phenazine® 1.090 150
3-Chloroazobenzene® 1.135 390
4-Chloroazobenzene® 1.183 930
Azobenzene® 1.279 3370
2,4’-Dimethoxyazobenzene® 1.416 29000
4-Dimethylaminoazobenzene® 1.464 91000

2 Measured by a potentiostatic method in the presence of 3 mM methyl p-toluenesulfonate. ® Measured by stopped-flow UV
spectroscopy at 555 nm in the presence of 3 mM methyl p-toluenesulfonate. ¢ Measured by cyclic voltammetry.

Table 4. Rate constants kg obtained for the reaction between
different aromatic radical anions and dimethyl disulfide in
0.1 M TBABF,-DMF at 25 °C.

Mediator —EA°/Vvs.SCE ker/M~ 1571
Phenazine? 1.090 75x10"*
4-Chloroazobenzene? 1.183 0.038
Azobenzene? 1.279 0.20
1,4-Diacetylbenzene? 1.406 0.62
1,4-Dicyanobenzene? 1.485 5.4
Perylene® 1.613 25
Fluoranthene® 1.688 130
9,10-Diphenylanthracene?® 1.794 1270
Anthracene? 1.890 7900
Pyrene® 2.018 46000

2 Measured by a potentiostatic method in which the rate
constant kgr was calculated from the first half-life of the
reaction. ® Measured by cyclic voltammetry.

Table 5. Rate constants kgr obtained for the reaction between
different aromatic radical anions and di-tert-butyl disulfide in
0.1 M TBABF,-DMF at 25 °C.

Mediator —EA°/Vvs.SCE ker/M~ 157!
1,4-Dicyanobenzene?® 1.485 3.6x10°3
Tetracene?® 1.505 43x1073
Quinoxaline? 1.589 0.042
Perylene? 1.613 0.046
Fluoranthene?® 1.688 0.16
9,10-Diphenylanthracene? 1.794 0.83
Anthracene® 1.890 8.9
Pyrene® 2.018 88
Isoquinoline? 2.131 890
Chrysene® 2.182 3600
Benzonitrile® 2.230 11000
p-Tolunitrile® 2.337 62000

? Measured by a potentiostatic method in which the rate
constant kgt was calculated from the first half-life of the
reaction.  Measured by cyclic voltammetry.
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Fig. 2. Plot of log ket vs. —E,° for the electron transfer
reaction between some electrochemically generated aromatic
radical anions and diphenyl disulfide in 0.1 M TBABF,~DMF
at 25°C.

eqn. (13).7
E. red— . R_T
P CRSSRRSSR' T T F
D# a Fv\i
X [0.780+ln (;{m) +In <—R‘]T> :l (13)

The diffusion coefficient D was measured to give
1.0x107° cm? s ! by comparing the two-electron wave
of diphenyl disulfide with the one-eclectron wave of
ferrocene (D=1.1x10"3cm? s~!) at a rotating disk
electrode. Inserting the relevant values then leads to
kott=2x10"3cms !,4x10"*cms 'and 1 x10~% cm
s™! at a gold, glassy carbon and platinum electrode,
respectively, thus illustrating the importance of the elec-
trode material on the heterogeneous electron transfer
process. Note also that the k°!®' values obtained are
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Fig. 3. Plot of log ket vs. —EA° for the electron transfer
reaction between some electrochemically generated aromatic
radical anions and dimethyl disulfide in 0.1 M TBABF,~DMF
at 25°C.
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Fig. 4. Plot of log ket vs. —E,° for the electron transfer
reaction between some electrochemically generated aromatic
radical anions and di-tert-butyl disulfide in 0.1M
TBABF,-DMF at 25°C.

sufficiently small to allow the process to be treated as
the irreversible case.”

The most interesting feature of the two figures per-
taining to dimethyl disulfide and di-zers-butyl disulfide is
the lack of a region controlled by diffusion of the
backward reaction. The k./k_gr values determined for
di-tert-butyl disulfide would therefore not be expected to
attain a constant value with the mediators used in this
study. Actually it may be that this region is about to
appear in the case of dimethyl disulfide for the two most
endergonic reactions investigated but this tendency could
not be confirmed by further measurements due to experi-
mental limitations. The general behaviour observed for
the aliphatic disulfides is most likely to be attributed to
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an even higher self-exchange reorganization energy com-
pared with diphenyl disulfide. PM3 calculations support
this view since the charge in the corresponding radical
anions is found to be localized more on the sulfur atoms
in the former cases.

In principle the straight line showing an activation-
controlled process for the two aliphatic disulfides might
also be due to a dissociative electron transfer mechanism
even though the k /k_gr measurements clearly did not
point in this direction. However, in order to exclude this
possibility rigorously from a theoretical point of view,
the experimental results obtained for all three disulfides
were compared with the predictions provided by theory
for the dissociative electron transfer process.®2* Such an
analysis has previously been performed for a number of
alkyl halides®#725 and di-tert-butyl peroxide?’ as elec-
tron acceptors. The extensive study of alkyl halides has
in general shown agreement between experiment and
theory especially when the alkyl halide is sterically
hindered, even though reports have appeared indicating
deviations at the extremes of the driving force inter-
val.?873° The experimental rate constants for di-tert-butyl
peroxide were found to be appreciably lower than
expected which was interpreted to suggest a non-
adiabatic rather than an adiabatic electron transfer
mechanism.

According to Eberson®* and Savéant® the activation
Gibbs energy AG* for the dissociative electron transfer
may be expressed as shown in eqn. (14).

o +AGSps (RSSR)
4

<[1- F(E§SSR/RS'+RS' —E,°) 2
Ao+ AGype (RSSR)

The parameter AGgpg (RSSR) is the bond dissociation
Gibbs energy of the S-S bond in the disulfide, A, is the
solvent reorganisation energy and Egpgsprs —+rs— 1S
defined as the standard potential of the reduction process
RSSR +e=RS +RS™. AGgpe (RSSR) can be extracted
from the bond dissociation energy AHgzpe (RSSR) by
correcting for the entropy term. While the values of
AHz3pn: (RSSR) for diphenyl disulfide and dialkyl disul-
fides are known and given as 51 and 72 kcal mol™?,
respectively,3!3? the entropy is unknown for the sulfur-
centred radicals in question, the exception being methyl-
thiyl. For dimethyl disulfide!3> AG3pg (RSSR) is lower
than AHjpe (RSSR) by 10 kcal mol™! and because of
insufficient data this will also be assumed to be valid for
the two other disulfides studied in this paper. In the case
of di-tert-butyl disulfide this assumption is justified by
the entropies, which can be estimated by use of Benson’s
additivity rules.>® A similar calculation is impossible
for diphenyl disulfide owing to the lack of a group
contribution of the [Cg—S’] group. The solvent reorganis-
ation energy A, can, to within small variations, be
estimated at 15 kcal mol ! for all three disulfides using
the procedure described by Savéant®3* and the standard

AGt=

(14)



potential Exssprs +rs- May be obtained from a simple
thermochemical cycle incorporating the standard poten-
tial of the RS’ species, Egg-rs-, and AGypg (RSSR) [eqn.
(15)]. Even though the standard potential Egg jrs-

FEgssr/rs +rs~ =FERrs'rs~ —AGppe (RSSR) (15)

is not always accessible experimentally by direct measure-
ment a reasonable estimate can often be obtainable
through a thermochemical cycle incorporating, as shown
in eqns. (16) and (17), the pK,, the bond dissociation

FE3s rs- =AGypg (RSH)—2.303RTpK, + FE+ 1

(16)
AG3pg (RSH)~AH S, (RSH)
+AGS, (H)—TS° (H) (17)

Gibbs energy of the S-H bond in RSH,
AGgpe (RSH), and the standard potential of the H* /H’
couple, Eg+p (=—2.69V vs. SCE in DMF).3° AGypg
(RSH) is approximated by the bond dissociation energy
in the gas phase, AHgpe (RSH), plus a contribution
from the solvation energy of H in DMF, AGS,; (H') =
3.4 kcal mol ™', and the entropy of the hydrogen atom
in the gas phase, S°(H') =27.4cal mol™!* K~'. The
differences in the solvation and entropy terms of RSH
and RS’ are assumed to be negligible.

Let us first consider the estimation of Exg-gs- and
ERssrirs +rs- for RSSR being equal to diphenyl disulfide.
The values of pK, and AHgpe (RSH) of thiophenol are
given as 10.7 in DMF and 83.3 kcal mol ~*,3¢3! respect-
ively, leading immediately to Egs rs- =0.08 V vs. SCE
as calculated from eqns. (16) and (17). However, in the
present case Egg-rs- may as well be estimated by a more
direct approach using electrochemical data. The oxida-
tion peak potential of a 1 mM solution of thiophenoxide
generated from the electrochemical reduction of 0.5 mM
diphenyl disulfide was found to be +0.05V vs. SCE at
a scan rate v of 100mV s~ 1. For an E_,C mechanism
in which the chemical step involves dimerisation of RS",
the relationship between the oxidation peak potential
E,°* and the reversible potential Egg s~ has long been
recognized [eqn. (18)].7-%"

ox o RT
Ep :ERS'/R57 + T 0902— A ln 3Fv

RT . [ 2RTkg,[RS™]
3F

(18)

By assuming that the rate constant of dimerisation
kgim is 6 x10° M~ s~ and that kinetic control is only
by the follow-up chemical step®® (at least at small scan
rates where E,°*—E_,°* is not far from the theoretical
value of 39 mV),*” Eg¢ s- can be calculated at 0.15V
vs. SCE. This value is not only close to the one obtained
above in the thermodynamic approach but also to a
corresponding potential measured in acetonitrile (0.1 V
vs. SCE) by applying fast cyclic voltammetry and taking
into account the mixed kinetic control of the reaction by
the oxidation step at the electrode and the chemical
dimerisation step.’® The standard potential Egg gs- in
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DMEF and acetonitrile would be expected to be of similar
size since the anion-solvating abilities of these two solv-
ents are known to be similar.3° Inserting the average
value of Egg rs-=0.12 V vs. SCE into eqn. (15) finally
leads to ERssgmrs +rs-=—1.7V vs. SCE for diphenyl
disulfide. This value is of the same magnitude or even
slightly negative relative to the reduction potential E,"¢
measured in cyclic voltammetry, an order of potentials
that, as expected, hardly fits the concept of a dissociative
ET mechanism. It may also be noted that the Gibbs
energy of dissociation of RSSR'™, AGggsr-—, corre-
sponding to reaction (6) can be calculated from the
potentials  estimated above as  FEgssppssr'— —
FERssrrs +rs- ~7 kcalmol ™. This positive value of
AGgRssr -, Which suggests the backward reaction of (6)
to be feasible on thermodynamic grounds, is in line with
the conclusion drawn on the basis of the kinetic measure-
ments made in this study.

The determination of Ejgsg/rs +rs~ for dimethyl disul-
fide and di-zert-butyl disulfide is relatively uncertain since
no thermodynamic information is directly available
about the acidity of the corresponding thiols RSH in
DMF and since the electrochemical oxidation process of
the corresponding thiolate ions is characterized by slow
charge transfer. The pK, value of 1-butanethiol is known
in DMSO (=17)%¢ and this value may be extrapolated
to DMF (=17.9) without increasing the uncertainty
appreciably.®® The pK, of methanethiol and 2-methyl-
2-propanethiol would be expected to be of the same
magnitude or perhaps slightly higher for the latter species
(probably about 20) if the trend in the thiol series is
similar to that of the corresponding alcohols. For both
thiols AH}pe (RSH) can be put equal to 91 kcal mol ~* 3!
The application of eqn. (16) followed by (15) then leads
to Ejgps-~00V and —01V vs. SCE and
ERssrirs +rs~~ —2.7 V and —2.8 V vs. SCE for dimethyl
disulfide and di-terz-butyl disulfide, respectively. First of
all it should be noted that the values of Egg s- are in
reasonable accordance with other thermochemical calcu-
lations with acetonitrile as solvent*® but that some incon-
sistency is apparent when compared with the
corresponding oxidation potentials E,°* obtained by
cyclic voltammetry. While the difference between
Exs rs- and E is about 400 mV for the methanethiol-
ate ion, the two sets of values are close to each other for
the 2-methyl-2-propanethiolate ion. Whatever the reason
may be for this different behaviour it does not effect the
conclusion that the finding of Exssprs +rs— Values being
close to the actual reduction potentials E,*¢ strongly
suggests the dissociative ET mechanism also to be an
unlikely reaction path in these two cases.

Finally, with the relevant parameters estimated, the
non-dissociative character of the mechanisms can be
confirmed theoretically by evaluating the free energy
relationship based on eqn. (14) for all three disulfides in
question. The theoretical rate constants may be calcu-
lated wusing a pre-exponential factor equal to
3x10" M~! 57! and the most striking feature of such
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values is that they are found to be as much as 10-20
orders of magnitude lower than the experimental ones.
This deviation is so high that it can hardly be explained
by anything other than a mismatch between experiment
and model. Even though the uncertainty in the estimation
of the parameters A, and Eggsrrs +rs- i rather high it,
at most, accounts for a deviation of three orders of
magnitudes. There seems therefore to be no doubt from
both an experimental and a theoretical point of view
that the radical anions of dimethyl disulfide and di-zert-
butyl disulfide do exist in DMF and that the absence of
a region controlled by diffusion of the backward reaction
in the free energy relation plot should indeed be attrib-
uted to a high value of the self-exchange reorganization
energy A(0). With this knowledge Figs. 3 and 4 may be
used to put a lower limit on the values of Egsspmrssr -
and A(0) for dimethyl disulfide and di-zert-butyl disulfide
by extending a line of slope 1/59 mV from the point
corresponding to the most endergonic reaction to the
diffusion-controlled limit (=10 M~* s~!). By this pro-
cedure the minimum values of Exgsprssp - and A(0) are
found to be —1.9V vs. SCE and 75 kcal mol™* and
—2.2Vvs. SCE and 75 kcal mol ! for dimethyl disulfide
and di-tert-butyl disulfide, respectively. As a con-
sequence, the corresponding Gibbs energies of dissoci-
ation, AGggr'-, must be appreciably positive
(>15kcal mol~1') and the backward reaction of (6)
should in principle be favourable.#* The kinetic measure-
ments in DMF did not firmly confirm this conclusion.

In summary it may be concluded that the radical
anions of the three disulfides investigated exist in DMF
with a k. of about 5 x 10® s~ for diphenyl disulfide and
less than 2 x 108 s~! for di-tert-butyl disulfide and pre-
sumably dimethyl disulfide. These rate constants were
estimated by kinetic measurements using a potentiostatic
method. The cleavage of diphenyl disulfide radical anion
is a reversible process and the reverse coupling process
is fast and close to diffusion control. Whereas relevant
parameters such as Eggeppsse'-=—1.4V vs. SCE and
A(0)=65 kcal mol ! could be obtained for diphenyl di-
sulfide from a plot of log kgy against the driving force
of the reaction, a similar determination was not possible
for the two aliphatic disulfides, owing to a higher value
of the self-exchange reorganization energy. However,
minimum values of Eggsrrsse’~ and A(0) were found to
be —1.9V vs. SCE and 75 kcal mol™* and —2.2V vs.
SCE and 75 kcal mol~! for dimethyl disulfide and di-
tert-butyl disulfide, respectively. The compounds of most
interest for further investigation seem therefore to be
substituted diary! disulfides. This work is in progress and
preliminary results do indeed indicate that both thermo-
dynamic and kinetic information will be accessible in
most cases.

Experimental

Materials. Diphenyl disulfide, dimethyl disulfide, di-zert-
butyl disulfide and methyl p-toluenesulfonate were com-
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mercially available and distilled or recrystallised from
ethanol. Furthermore it was found necessary to sublime
diphenyl disulfide before use in the potentiostatic meas-
urements. The solvent N,N-dimethylformamide (DMF)
and the supporting electrolyte tetrabutylammonium
tetrafluoroborate (TBABF,) were purified according to
standard procedures. The mediators were the same as
used previously.

Instrumentation. Instrumentation and data treatment
procedures have been described in detail elsewhere.!°
The rotating disk electrode system used in the potentio-
static method (Metrohm 628-10, glassy carbon elec-
trodes with @ =3 mm) was commercially available. The
working electrode in the CV measurements was homem-
ade and a glassy carbon, platinum or gold electrode (J =
30 pm, 0.5 mm or 1 mm) was used. The counter electrode
was made of platinum and the reference electrode con-
sisted of a silver wire in 0.1 M TBABF,-DMF. The
preparative reductions were carried out in an H-cell using
a platinum net as the working electrode and the same
reference electrode as just described. The counter elec-
trode was a carbon rod positioned in the anodic compart-
ment. The stopped-flow UV equipment consisted of a
home built electrochemical flow cell combined with a
Hewlett—Packard 8452A diode array spectrophotometer.
The cell for UV detection had a path length of 0.2 or
1 cm. GC analyses were performed with a Hewlett—
Packard 5890 gas chromatograph with an Hp-1 column:
injector temperature 200 °C; 60 °C for 5 min to 250 °C at
15°Cmin~1,

Procedure. The rate constants kg were measured by cyclic
voltammetry and linear sweep voltammetry for the faster
reactions or by a potentiostatic method using a rotating
disk electrode when kg <10 M ™! s~ Both procedures
have been described in detail elsewhere.'®!” Problems
originating from adsorption in CV and LSV could be
overcome in most cases by cleaning the electrode surface
using multi-scans just before the actual experiment. In a
few cases the rate constants were also measured by
stopped-flow equipment with UV detection. The radical
anions were generated in an electrochemical flow cell and
subsequently mixed with a solution containing the disul-
fide. The decay of the radical anion due to reactions (5)
and (7) was followed in the UV cell by recording the
absorption spectrum of A"~ as a function of time and the
kinetics were treated as described in Ref. 17. For the
slower reactions measured by the potentiostatic method
the rate constants were harder to reproduce especially in
the case of dimethyl disulfide. The uncertainty in all rate
constants was estimated to be +10% but may be larger
in the above-mentioned situation.

In the preparative reductions using an H-cell the
procedure was as illustrated in the following example:
37 mg anthracene and 0.2ml di-ters-butyl disulfide
(fivefold excess) were dissolved in 40ml 0.1 M
TBABF ,~DMF solution placed in the cathodic compart-



ment. The solution was deaerated for 15 min with argon
before the electrolysis commenced at a controlled poten-
tial (—2.0V vs. SCE) at a platinum net. When 190 C
had passed (corresponding to 1.9 electrons per RSSR)
the solution became blue due to the production of the
radical anion of anthracene, and the electrolysis was
stopped. Aqueous hydrochloric acid was added in order
to protonate any generated thiolate ion and the products
were extracted with diethyl ether. After drying, the
diethyl ether was removed in vacuo and the products
were identified by GC by comparison with authentic
samples. The main product detected was 2-methyl-
2-propanethiol accompanied by anthracene and small
amounts of 9,10-dihydroanthracene. The total amount
of anthracene and 9,10-dihydroanthracene corresponded
to the amount of anthracene inmitially added to the
electrolyte solution. In a similar reduction with anthra-
quinone and diphenyl disulfide at —0.8 V vs. SCE, the
electron consumption was found to be 2.2 electrons per
RSSR and the only product detected besides anthraqui-
none was thiophenol. If methyl p-toluenesulfonate was
present in the solution in a concentration at least double
the concentration of diphenyl disulfide, the generated
thiophenoxide ion was converted completely into methyl
phenyl sulfide.

Electroanalytical ~ experiments applying LSV,°
chronoamperometry!' and a steady-state technique!?
were used to confirm the reaction mechanism given in
eqns. (4)—(7). In LSV the I /I, ratio, where I, is the
reversible reduction peak current when only the mediator
is present and I, is the peak current after the substrate
is added, was measured at different scan rates and
compared with the theoretical behaviour determined
from a simulation of the proposed reaction mechanism.
Similarly in chronoamperometry I,/I,, where the two
parameters now symbolize the diffusion-controlled cur-
rent of the mediator with and without RSSR, was
measured at a potential E=E,°—200 mV for different
step times and compared with theoretical curves. The
agreement between experiment and theory was excellent
in all cases investigated, i.e., the reactions between
diphenyl disulfide and the mediators azobenzene,
4-chloroazobenzene and phenazine and the reactions
between di-terz-butyl disulfide and the mediators isoquin-
oline, pyrene and anthracene. For a few of the slower
reactions (perylene and di-terz-butyl disulfide, anthraqui-
none and diphenyl disulfide, and 1,2-benzanthraquinone
and diphenyl disulfide) the catalytic efficiency of the
mechanism was determined by a steady-state technique
using a rotating disk electrode. By measuring the changes
in the steady-state currents of A and A"~ in the reaction
with RSSR, A"~ was found to be converted exclusively
into A in accordance with the proposed mechanism.
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