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REACTIONS OF ORGANIC SULFUR 
COMPOUNDS AT ELECTRODES 

OLE HAMMERICH 
Department of General and Organic Chemistry, The H. C. (arsted Institute, University of 

Copenhagen, DK-2100 Copenhagen, Denmark 

VERNON D. PARKER 
Organic Chemistry Laboratories, Norwegian Institute of Technology, University of 

Trondheim, N-7034 Trondheim-NTH,. Norway 

The redox behavior of organic sulfur compounds at electrodes is reviewed emphasizing synthetic, structural 
and mechanistic aspects of the reactions. A wide variety of electrode reactions are covered including a 
number of novel syntheses and some detailed mechanism studies. Electroreduction of carbon disulfide pro- 
vides the useful intermediate, 2-thioxo- 1,3-dithioI-4,5-dithiolate. Oxidation of a number of sulfur com- 
pounds results in the formation of dimers. Reductive dimerization is an important reaction of sulfur contain- 
ing heterocyclic cations. A number of bond cleavages involving either C-S or s-S bonds have been studied 
and many are integral parts of synthetic procedures. Transformation of sulfur containing functional groups 
by changes in the oxidation state of sulfur can be carried out in both oxidative and reductive processes. 
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I. GENERAL INTRODUCTION 

Oxidation and reduction play an important role in the reactions of organic sulfur 
compounds. The oxidation state of sulfur can vary from -2 to 4-6 giving rise to a very 
large number of classes of organic sulfur compounds. In recent years, electrode processes 
have been used to an ever increasing extent in affecting the redox reactions. In addition to 
the synthetic applications, electrode studies can also provide valuable kinetic and 
thermodynamic information in the study of mechanisms of the transformations. 

Our coverage of the literature of the reactions of organic sulfur compounds at 
electrodes will be limited to studies relating to synthesis, mechanism and structure. A 
large body of published material relating to analytical applications will not be included. 

The most significant work in the electrochemistry of organic sulfur compounds has 
appeared since 1965. This review will primarily deal with papers appearing from that time 
including the first half of 1981. Various aspects of the subject have previously been 
reviewed. 

11. ELECTROCHEMICAL METHODS 

A brief review of the electrochemical techniques most frequently used in the study of the 
electrode reactions of organic sulfur compounds is in order. More detail of these and 
other electrochemical techniques can be found in more specialized reviews.697 

I .  Controlled Potential and Controlled Current Electrolysis. 

The synthesis of compounds by electrolytic reactions is normally carried out under 
conditions where either the electrode potential or the current is controlled in order to 
assure that maximal selectivity is achieved. When controlled potential methods are used it 
is first necessary to carry out analytical studies to determine the pertinent electrode 
potentials. Cyclic voltammetry (CV) and polarography are most frequently used for this 
purpose. 

2. Cyclic Voltammetry. 

During cyclic voltammetry the potential of the electrode where the processes of interest 
take place, usually called the working electrode, is varied linearly with time in a cyclic 
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R 

P- 0 

I 1  

EEx EED E 

FIGURE 1 
Voltage sweep rate, 150 mV/s. EFD = -0.27 V VS. SCE. IEy'- ex1 = 60 mV. 

Cyclic voltammogram for the reduction of 3,5-di henyl-l,2-dithiolylium ion in acetonitrile. 

manner in order to observe the response of the substrate and reaction intermediates. For 
the case where the product of electron transfer is stable in solution the cyclic voltam- 
mogram is of the form of Figure 1. In Figure 1 the peak labelled R is due to the reduc- 
tion of the 1,Zdithiolylium ion to the moderately stable free radical which is oxidized 
on the reverse scan at peak 0. In addition to  providing the electrode potential for the 
process the cyclic voltammogram also gives an indication of the stability of the inter- 
mediate. The relative peak currents at 0 and R give a measure of the latter and the 
ratio is 1.0 for the no-reaction case. 

When the electron transfer reaction is followed by a rapid chemical reaction the cyclic 
voltammogram takes the form shown in Figure 2. In this case the 1,Zdithiolylium ion is 
reduced irreversibly to  the dimer at R. On the reverse scan, the dimer is oxidized 
irreversibly to regenerate the substrate at 0. This is an illustration of the detection of the 
reaction product during cyclic voltammetry. Figure 2-b shows the voltammogram after 
exhaustive electrolysis during which all of the dithiolylium ion is converted to the 
corresponding dimer. 

3. Coulornetry. 

The determination of the number of electrons per molecule of substrate that is involved in 
the electrode process, n, is called coulometry. Coulometric n values are important 
quantities for the determination of mechanisms and also give an indication of efficiency 
during preparative studies. Coulometry at controlled potential is carried out by 
integration of current as a function of time during exhaustive electrolysis. Alternatively, 
the current can be controlled at  a low value t o  insure that the electrode potential remains 
in the desired range and the consumption of substrate can be determined as a function of 
time. The latter procedure is demonstrated in Figure 3 where cyclic voltammetry is used 
to  monitor the process. Under the reaction conditions, 6.44 minutes was the calculated 
electrolysis time necessary to  completely consume the 1,2-dithiolylium ion in a one 
electron reduction process. The intercept of the plot of the peak height as a function of 
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E(V vs. SCEI 

FIGURE 2 Cyclic voltammograms for (a) the reduction of 3,4-diphenyl-l,2-dithiolylium ion and (b) the 
oxidation of the corresponding dimer in acetonitrile. Voltage sweep rate, 150 mV/s. (Reprinted from Ref. 30 
by courtesy of Pergamon Press Ltd.). 

time gives the electrolysis time which can be used to determine n (equal to 0.96 in this 
case). 

4. Polarography and Rotating Electrode Voltammetry. 

In contrast to cyclic voltammetry where mass transport of the substrate to the electrode 
takes place only by diffusion, polarography and rotating electrode voltammetry involve 
convective mass transport as well. The current-voltage curve in these cases take the form 

I I I I I I I I 

1-11 I I I I I I I I 
0 1 2 3 4 5 6 7  

Electrolysis time in minutes 

I 

I+) 
D 
I-) 

FIGURE 3 Constant current (25 mA) coulometry of 3,4diphenyl-l,2-dithiolylium ion (0.1 mmol) in 
acetonitrile. 
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(+I 
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I 
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E El12 

FIGURE 4 Rotating disk electrode voltammograms. (1) Background and (2) in the presence of substrate. 

shown in Figure 4. The most pertinent features used in analysis are the limiting current iL 
and the half-wave potential E1/2. The limiting current is a measure of the number of 
electrons transferred and the half-wave potential is related to the standard potential at 
which the process takes place. The rotating ring disk electrode is constructed so that 
products of the electrode reaction taking place on the disk electrode are swept pass the 
ring electrode where they can be monitored. The use of the ring disk electrode is 
demonstrated by the voltammograms shown in Figure 5. The 1,4-dithiin is oxidized on 

E 

FIGURE 5 Rotating ring-disk voltammogram for the oxidation of 2,5-bis(4-chlorophenyl)-l,4-dithiin in 
dichloromethane at rotation rates between "'I2 = 5 and w'12 = 30(0 = 2 rf) .  The current amplification for 
the ring electrode is five times that for the disk electrode. N (w'/*  = 10) = 0.134 and N (w'" = 25) = 0.212. 
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the disk electrode and the resulting cation radicals can be detected at the ring electrode. 
The cation radicals undergo a dimer forming reaction at a moderate rate. At low rotation 
rates the collection efficiency N (  = iR/iD) is considerably lower than for the no-reaction 
case which for the particular electrode is equal to 0.213. At higher rotation rates the 
effect of the chemical reaction is not observed and N is close to the theoretical value 
for the complete recovery of the cation radical. 

5. Electrode Kinetics and Mechanism Analysis. 

Some of the studies which will be discussed in this review have employed more 
sophisticated analyses, the explanations of which are beyond the scope of this review. 
Reference to detailed discussions of these techniques will be pointed out at the appropri- 
ate points in the discussion. 

111. CARBON DISULFIDE AS A BUILDING BLOCK 

1. Introduction 

The electrochemical reduction of carbon disulfide in aprotic solvents provides a 
convenient route to the 4,5-dimercapto-l,3-dithiole-2-thione dianion ( I )  (Scheme 1) .*  The 
dianion ( I )  is produced along with (2) during reduction in eitherN,N-dimethylformamide 

LCSZ -sI)s  cs: 
-S 

1 2 

Scheme 1 

J 

(DMF) or  acetonitrile (AN) and both species were identified by converting to the 
dimethyl derivatives on reaction with methyl iodide. The same products are obtained by 
sodium amalgam reduction of CS2.' The latter reaction has been studied earlier and the 
tetrathiooxalate structure was erroneously assigned to the major product.' 

2. Synthetic Applications of Carbon Disulfide Reduction. 

The 1,3-dithiole-2-thione dianion ( I )  has proven to be a versatile building block for other 
heterocyclic sulfur compounds. The various syntheses are summarized in Scheme 1 .  
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324 0. HAMMERICH and V. D. PARKER 

Various alkylated derivatives are readily prepared by reaction with the appropriate alkyl 
Reaction of ( I )  with 1,2-dibromoethane, hydrolysis, and further reaction with 

1,Zdibromoethane followed by dehydrogenation with dichlorodicyanobenzoquinone 
(DDQ) gave 1,4,5,&tetrathiatetralin, a tetrathiafulvalene isomer.I2 Reaction of ( I )  with 
thiophosgene gave rise to 1,3,4,6-tetrathiapentalene-2,5-dithione which was of interest as 
a donor in organic charge transfer salts. l 3  A number of tetrathiafulvalene derivatives 
have been prepared from ( I ) . 1 4  

3. The Mechanism of the Cathodic Reduction of CS2. 

Wawzonek and Heilmann' suggest that the mechanism of the formation of ( I )  involves 
the sequence of reactions shown in Scheme 2. The key step in the mechanism is the 

-H- 2cs2 L 2cS.z- - 
Scheme 2 

L 5 

2&-s&=(s- 2*1 MewMe 
Y Y 

s s - s  s 

1 6 

dimerization of CS'; to the tetrathiooxalate which then reacts with substrate to give (4).  
Loss of sulfide was proposed to give (5) which upon reduction generates the dianion ( I ) .  
No supporting evidence for this mechanism was presented. 

More recently, a more detailed mechanism study has appeared. l 5  The cyclic vol- 
tammogram of CS2 in DMF showed an irreversible reduction peak (Figure 6 )  at -1.96 V 
(vs. SCE) and on the anodic scan a small peak due to a product was observed at -0.08 V. 
The anodic peak was described to be of non-diffusive character and interpretted to 
indicate some adsorption of reaction products. Plots of the peak current vs. substrate con- 
centration and the square root of the voltage sweep rate ( v ~ ' ~ )  were not straight lines as 
predicted by theory for chemical reactions following charge transfer. The curvature of the 
plots was taken as a further indication of complications from adsorption of products. 
Controlled potential coulometry at -2.2 V resulted in an n value of 1. The most significant 
mechanistic evidence came from spectroscopic studies of the reaction mixtures and from 
product studies. Uv-vis spectral evidence was presented for the formation of CS:- which 
was then isolated as the barium salt and the structure was confirmed by infrared spectral 
studies. The formation of CS:- suggested, in analogy to the reaction pathway for the 
reduction of C02,'6,17 that CS should be a product as well. In fact, CS was trapped as 
Ph(C1)(CS)Rh(PPh3)2 in 5% yield. It was concluded that CS undergoes a competing 
reaction and that the trapping was inefficient. On the basis of the available evidence, the 
mechanism summarized in Scheme 3 was suggested. The key step in this mechanism is the 
disproportionation of CSS, to CS;' and CS. Combination of these two entities then results 
in the formation of ( I ) .  The number of electrons per substrate molecule is predicted to be 
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*xx )  

. -300 

,400 
i, 

FIGURE 6 
mV/s. (Reprinted from Ref, 15 by courtesy of Elsevier Sequoia S.A.). 

Cyclic voltammogram for the oxidation of CS2 (10-2M) in DMF. Voltage sweep rate, 200 

2cs2 r+, 2cs; - csf cs 
2 

Scheme 3 

1.0 by this mechanism. On the other hand, Wawzonek and Heilmann's mechanism 
requires the consumption of 1.33 electrons per molecule of CS2 reacting. Thus, both the 
coulometric n value and the isolation of intermediates strongly support the mechanism 
given in Scheme 3, which can be summarized to give the equation in Scheme 1. 

IV. ELECTRODE REACTIONS OF THIOCARBONATES 

1. Introduction. 

Both open chain and cyclic thiocarbonates have served as substrates for numerous studies 
involving either oxidations or  reductions at electrodes. A central emphasis in the work 
has been 'the search for possible synthetic routes to tetrathioethylenes. Open chain 
derivatives sometimes give tetrathioethylene derivatives during cathodic reduction while 
the cyclic thiocarbonates do not. Although progress along these lines has been made, the 
factors determining the reaction pathways followed for the various types of compounds is 
still not well understood. 

2. Oxidation Reactions. 

Upon anodic oxidation of ethylene trithiocarbonate (7) in acetonitrile the product 
isolated was ethylene dithiocarbonate (I2).'* Voltammetric data indicated that the 
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"short-time" n value was 0.5 which suggested that the initially formed cation radical (8) 
reacts with substrate to give (9)  as indicated in Scheme 4. The next postulated reaction 

Scheme 4 

10 11 

12 7 

step involves the loss of a sulfur atom to give cation radical (10) which then undergoes 
further oxidation to dication (11). Finally, hydrolysis gives the product (12) and 
regenerates substrate. It should be pointed out that the evidence for this reaction scheme 
is restricted to the voltammetric n value of 0.5 and the nature of the product. What is not 
clear is whether or not other products are formed and if so how the reaction scheme 
accounts for their formation. 

The work on the oxidation of cyclic trithiocarbonates was extended to a number of 
other compounds, (6), (13)-(Z7).I9 Reaction Scheme 4 was assumed to apply to all of these 

1s 13 

17 16 

processes. Tetrathioethylenes could not be detected as products in any case. However, it 
is of interest that oxidation of some of the compounds by AlCI3 in nitromethane did result 
in the formation of tetrathioethylenes. 

Voltammetric data provided the basis for further mechanistic discussion in support of 
Scheme 4. However, all peak widths, Ep-Ep,2, were larger than predicted for kinetic 
processes following reversible charge transfer. The latter indicates that the voltammetry 
is a reflection of charge transfer control, at least to some extent, and discussion of the data 
in terms of the succeeding chemical reactions is highly questionable. 

3. Reduction Reactions. 

Cyclic voltammetric data were reported for the reduction of (14) to (17). The anion 
radicals of (15) to (17) could be detected at high sweep rates and weak esr signals were 
observed when the reductions were carried out in the spectrometer cavity.Ig Preparative 
scale reductions2' in DMF at platinum electrodes followed by alkylation with methyl 
iodide gave (24) while alkylation with ethylene dibromide resulted in the formation of 
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(23). On the basis of the products observed, Scheme 5 was suggested for the mechanism of 

cs; * cs:- 
[[>SIT + cs:- 2 - [Y s scs; 

18 

Scheme 5 

\s-c-skk 
II 
S 
22 

the reduction. Needless to say, the mechanism can only be considered to be a working 
hypothesis since little or no evidence is presented for the various reaction intermediates. 

In contrast to  the behavior of the cyclic trithiocarbonates, reduction of a number of 
open chain dialkyl trithiocarbonates, Scheme 6, gives tetrathioethylene derivatives in 

RS SR SR Rs>-(sR Ht-SR + RzS 

SR 
' > S  R 

Scheme 6 
R=Me 38 '1. 43% . 
R = E t  39% 47% 23% 
R=i -Pr  46% 41% 21% 

moderately good yields.21 Similarly, alkyl aryl derivatives yield tetraalkylthioethylenes 
upon cathodic reduction in DMF (Scheme 7). 

RswsR + PhSR + R,S 
PhS 

RS 

R=Me 4 7 -1. 94% + 
R = E t  44 *I. 96% 49% 

8 1 '10 R-i -Pr  37% 

)=s 7%- RS SR 

Scheme 7 

- 

Providing that Scheme 5 is a reasonably accurate description of the mechanism of 
decomposition of the anion radicals of the cyclic trithiocarbonates, it seems reasonable to 
suggest that the difference in behavior as compared to the open chain systems is due to the 
facile loss of ethylene from the former. 
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Reduction of diaryl trithiocarbonates followed by alkylation with suitable alkyl halides 
led to the formation of dialkyl diaryl tetrathioethylenes in low to moderate yields.22 The 
stereochemistry of the products appears to be governed by the relative bulk of the aryl 
and alkyl groups with the E isomers predominating (Scheme 8). That no tetraaryl 

ArS ArS SR 

Ar S 
kj + RS)=(Ar ArSR 

25 26 

Ar = p-R-GH' (Z:E= 1:lO) 
Scheme 8 

R'=OMe 7-12'1. 05-90% 
R = M e  15- 26 *lo 70-00 *I. 
R'= H 23-21% 55-72'1. 
R = C I  20 - 62 '10 34-35 *I. 
R' = MeCO 6-0% 57 -90% 

tetrathioethylenes were observed is most likely a consequence ofthe better leaving group 
characteristics of the aryl thiolates. 

Compounds (27), (29) and (32) are available via carbon disulfide reduction. The three 
classes of compounds were examined as precursors to tetrathioethylenes." The reduction 
of (27) followed by alkylation gave low to moderate yields of the tetrathioethylenes (28), 

RS 
27 20 

Scheme 9 
R =Me 
R = E t  
R = i-Pr 
R = PhCHz 

30% 
2 1 -1. 
43% 
20% 

Scheme 9. On the other hand, the dithiocarbonates (29) gave excellent yields of the 
corresponding tetrathioethylenes (31) when subjected to the same procedure (Scheme 

29 30 31 
Scheme 10 

93% 
99% 

10). It was found that the reduction of 1,3,4,6-tetrathiapentalene-2,5-dione (32) provides 
(29) in excellent yield (Scheme 11). 

Scheme 1 1  32 33 29 

R:Me 
R =  i-Pr 

96% 
92% 
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4. The Electron Transfer Reaction. 

Thio-, dithio-, and trithiocarbonates were studied using electroanalytical techniques 
from a more theoretical point of view.23 The electrode potentials for the reduction of 
diaryl trithiocarbonates were observed to give linear Hammett plots when plotted vs. ap- 
propriate u constants for the para substituted derivatives. It should be pointed out that 
the reversible potentials reported were obtained by an extrapolation procedure rather 
than by direct measurement. It was found that the cleavage rates for the anion radicals of 
the same structure also gave a linear Hammett correlation. It was concluded that the 
cleavage rate is greatest for the most difficulty reduced compounds. For the thio- and 
dithiocarbonate anion radicals, the dependence of cleavage rate on reversible potential 
was more complicated and rules were formulated to  explain the results. Hammett plots 
using heterogeneous charge transfer rate contants were not as linear as those for the 
electrode potentials and cleavage rates. It was proposed that the relationship was a curved 
one and that it could be explained by electron transfer theory. The Hammett plots for the 
electrode potentials and the heterogeneous charge transfer rate constants are shown in 
Figures 7 and 8, respectively. It should be kept in mind that the precision in electrode 
potential measurements is expected to be considerably greater than that for the 
heterogeneous charge transfer rate constants. The authors are not convinced that the 

- 1  50 

FIGURE 7 
DMF. (Reprinted from Ref. 23 by courtesy of EDI, France). 

Hammett plot of the standard potentials for the reduction of diaryl trithiocarbonates in 
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OCHJ CHJ H ci ' COCHJ 

FIGURE 8 
(Reprinted from Ref. 23 by courtesy of EDI, France). 

Hammett plot of the electron transfer rate constants for diary1 trithiocarbonates in DMF. 

deviation of the point for the methoxy substituted compound in Figure 8 is of sufficient 
significance to  justify the theoretical conclusions arrived at.23 

V. THIOOXALATES 

The cyclic voltammogram obtained for the oxidation of the orthothiooxalate (34) 
(Scheme 12) in AN indicated the formation of a product which could be reduced in two 

35 36 

-nc- products 

_c 

Scheme 12 

38 37 
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consecutive reversible one electron steps.24 A comparison with the cyclic voltammogram 
for the oxidation of the tetrathioethylene (39), which consists of two reversible redox 
couples (Scheme 13), suggested that the product of the oxidation of (34) is the dication 

Scheme 13 
39 38 

(38). The identity of the product was supported by the identification of the cation radical 
(37) from the esr spectrum during the oxidation of (34). The sequence of reactions 
illustrated in Scheme 12 was proposed to account for the results. 

The cyclic voltammogram for the oxidation of (40) indicated a similar but more 
complex reaction pattern.25 The product of the oxidation was observed to undergo two 
consecutive reversible one electron reductions. However, the electrode potentials for the 
reversible couples did not coincide with those expected for the tetrathioethylene 
produced as in Scheme 12. In this case, a comparison of the voltammogram for the 
oxidation of the isomeric compound (44) which forms ions (45) and (46), revealed that 
rearrangement had taken place. Thus, one of the initial products of oxidation was 
proposed to be (46), formed according to Scheme 14. The cyclic voltammogram giving 

SMe 

LO Ll  

Scheme 14 

15 16 

evidence for the formation of (46) is reproduced in Figure 9. The peaks 0 x 3  and 0 x 2  
correspond to the formation of (45) and (46) formed by reduction of the ions in the first 
cycle of the voltammogram. 

The dication (46) is not stable and undergoes further rearrangement. Substrates (47) 
where the alkyl bridges contained either two or  three carbons were oxidized under cyclic 
voltammetric conditions and in both cases reduction peaks could be observed for both 
the corresponding dications and cation radicals.26 At a voltage sweep rate of 0.1 V/s, 
rearrangement was effectively complete on the second cycle. The redox behavior can be 
summarized by the reactions in Scheme 15. 

n = 2,3 
L l  
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FIGURE 9 Cyclic voltammogram for the oxidation of the orthothiooxalate (40) in acetonitrile. Voltage 
sweep rate, 130 mV/s. E;" = 1.11 V vs. SCE. (Reprinted from Ref. 25 by courtesy of Elsevier Sequoia S.A.). 

VI. SULFUR CONTAINING HETEROCYCLIC CATIONS 

1. Trithiocarbenium Ions. 

The reduction of trithiocarbenium ions of general structure (50) has been studied as a 
synthetic route to the formation of tetrathioethylene~.'~,~~-~~ In general, cyclic vol- 
tammetry at voltage sweep rates up to 100 V/s indicates that reduction is a one electron 
irreversible process. Analysis of the peak potential dependence on sweep rate and on 
substrate concentration gave results compatible with a radical-radical dimerization 

M 51 52 

Scheme 16 

53 

mechanism as shown in Scheme 16. The data clearly rule out a mechanism involving 
coupling of the radical (51) with the substrate (50). 

2. I ,  3-Dithiolylium Ions. 

The heteroaromatic ions of structure (54) are conveniently prepared from (6) by reaction 
with Meerwein's salt (Scheme 17). Reduction again gives the dimers which undergo 
thermal elimination of Me& accompanied by the generation of the tetrathioethylene 
(56).28 

Et3O'BFi 

MeS MeS Scheme 17 
6 5L 
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55 Scheme 17 
(continued) 

56 

A number of related compounds have been studied, some of which contain selenium 
(57-62). The behavior of these compounds differ only in that the elimination of R2Se2 
occurs readily at room t e m ~ e r a t u r e . ~ ~  

57 58 59 

60 61 62 

3. 1,2-Dithiolylium Ions 

The reduction of 3,4-diaryl- 1,2-dithiolylium ions was compared to the comparable 
reactions of tropylium ions.30 The irreversible reduction gives rise to the cyclic 
voltammogram (Figure 2) discussed earlier. The reactions are shown in Scheme 18. 

--o.sv R39 & T . W R 3  

s-s 
R4 RL -.07v 

63 65 

s,-s 

R 3 Y  R' 

61 

Scheme 18 

Reduction of (63) to dimer (65) could be reversed by anodic oxidation without loss of 
material. The reduction involves most likely the radical (64) as an intermediate. 

The cyclic voltammogram for the reduction of 3,5-diphenyl- 1 ,2-dithiolylium ion (66) 
in AN (Figure 1) indicates that in this case the free radical (67) is stable in The 

66 67 68 

Scheme 19 

s s  AruAr -4- Ar..(?JAr 

69 70 
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TABLE I 
Estimate of Relative Equilibrium Constants for Dissociation of the Dimer (68) in CH2Cl2 

at room temp.32 

(Monomer) a (Dimer) * 
(Ar, Ar) x 10-~ M x 10-~ M K J K ~  

@-An, p-An) 
@-An, Ph) 
@-An, p-DMAPh) 
@-TO], p-Tol) 
@-Tol, Ph) 
(Ph, Ph) 
(p-BrPh, Ph) 

0.38 0.43 0.06 
0.51 0.37 0.13 
0.65 0.30 0.26 
0.80 0.22 0.54 
0.81 0.22 0.55 
0.93 0.16 1.0 
0.94 0.15 1.1 

"Estimated from peak currents duringvoltammetry at 150 mV/sec. Substrate concentration = 1.25 X 10-3M. 
bEquilibrium constant for the compound divided by K for Ar = Ph. 

stability of (67) was attributed to steric interactions giving rise to  a weakening of the bond 
linking the monomer moieties together in the dimeric structure (68). At low temperature 
the equilibrium (Scheme 19) favors the dimeric form. 

The monomer-dimer equilibria as well as further reduction of the radicals (67) was 
studied in further The equilibrium constants at room temperature were found to 
be strongly dependent upon the para substituent of the aryl groups of (67). Electron 

FIGURE 10 Steady state cyclic voltammogram of 3,5-diphenyl-l,2-dithiolylium ion in acetonitrile. 
Voltage sweep rate, 300 mV/s. The voltage scale should be: 0,500,1000 and 1500 mV. (Reprinted from Ref. 
32 by courtesy of The American Chemical Society). 
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donating substituents appear to favor the dimers (68). Equilibria data are summarized in 
Table I. 

The irreversible reduction of (63 ,  accompanied by ring cleavage to (69), is demon- 
strated by the cyclic voltammogram (Rz) in Figure 10. It is of interest to note that the ring 
opening reaction can apparently be reversed by oxidation at 02. The anion undergoes 
reversible reduction (R3) to the dianion radical (70). 

4. Thiopyrylium Ions 

The bithiopyrylium ions (7Z) were observed to undergo two consecutive reversible one 
electron reductions to the cation radicals (72) and the neutral substances (73) as 

R x; * Rx; { .'# + x' 
R R -2' R 

71 72 73 

R = Ph, Me, H, COzEt 

Scheme 20 

illustrated in Scheme 20.33 Similarly, oxidation of substances (74) resulted in the 
formation of the cation radicals and dications, sometimes reversibly (Scheme 

Scheme 21 

7L 75 

R = H, CO2Et 

Kissinger, Holt and R e i l l e ~ ~ ~  have carried out a very thorough study on the reactions of 
the thiopyrylium ion (77) generated by anodic oxidation of (76). The pyrylium ion (77) 

-?s- @Q@ .&- & 
r/ *23L{j%, k 

76 78 

@j?& & 0 4  3 0  +% 0 0  
79 80 S 

81 

a 0 

Scheme 22 

82 0 83 
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336 0. HAMMERICH and V. D. PARKER - 
was observed to be stable in acetonitrile but reacted slowly with water to give (79) which 
could be oxidized first to (82) and then to (83) and finally to (80). The fully oxidized 
product (80) could also be obtained by the direct oxidation of the pyrylium ion in wet 
acetonitrile. The reactions are summarized in Scheme 22. Current reversal chronopoten- 
t i ~ m e t r y ~ ~  was used to demonstrate the quantitative formation of (77) during oxidation of 
(76) and the process was compared to the analogous process, the oxidation of tropylidene 
to tropylium ion.37 The excellent fit of the experimental to theoretical data for the ECE 
type reaction is illustrated in Table 11. The reduction of (77) to radical (78) which dimer- 
izes to (81) was also demonstrated by chronopotentiometry. Oxidation of dimer (81) was 
found to regenerate (77). Deprotonation of the postulated reaction intermediate (84) 
could not be detected (Scheme 23). The dimer (8Z) was also prepared by reduction of the 
bipyrylium ion (86) first to (85) in a reversible reaction before the final step. 

81 8L 

Scheme 23 

85 86 

VII. TETRATHIOETHYLENES 

The effect of structure on the reversible oxidation potentials to generate the cation 
radicals and dications of the tetrathioethylenes (87) to (90) gives a clear indication of the 
role of conjugation in stabilizing the ions.38 The reversible potentials for both oxidation 

TABLE I1 

Transition Time Ratios for the Me~hanisrn:~~ 
(76) - e - (76)* - (78) i- H' - (77) + H' f e 
(77) + e - 1/2 (81) 
H' + e - 1/2 Hz 

Ratio Theoretical Value' 76) 

8 
1.66 
3 

8.1 
1.7 
3.02 

a R. M. King and C. N. Reilley, J. Electroanal. Chem., 1,434 (1960). tris the forward transition time and Tb and 
rC are the transition times for the two reduction reactions.' 
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I I 1 1 
1.0 0.5 

V O l l S  ve .  s c 

FIGURE 11 Cyclic voltammograms of (A) (87), (B) (88) and (C) (89) in acetonitrile. Sweep rates, (A) 24 
mV/s, (B) 120 mV/s and (C) 120 mV/s. (Reprinted from Ref. 38 by courtesy of The American Chemical 
Society). 

stages in case of (87), (88) and (89) are progressively lower as the conjugation increases. 
Furthermore, the kinetic stability of the corresponding dications is increased in the same 

87 88 89 

PhS SPh 

P h F S P h  
90 

way. The latter is demonstrated by the cyclic voltammograms illustrated in Figure 1 1. In 
A very little recovery of the dication is observed after the sweep is extended beyond the 
second oxidation stage. The voltammogram for (88), B, shows that the dication is react- 
ing but at a lower rate. No apparent reaction can be detected for the dication of (89) in C .  
The voltammetry is summarized by the reactions shown in Scheme 24. It is interesting to 

87 91 

Scheme 24 

k c:$] HP-ao,m, - unidentified products 

92 

note that dication (92) is formed reversibly during cyclic voltammetry experiments in 
AlC13-NaCI mixtures.39 This suggests that the reason behind the apparent reactivity in 
AN is due to the failure to completely remove water from the solvent-electrolyte system. 

With regard to the effect of structure on the ease of formation of the tetrathioethylene 
cations, the oxidation of the open chain derivative (90) is of special interest. The cyclic 
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1.6 12 08 
vo l ts  vs. s c e 

FIGURE 12 Cyclic voltammogram for oxidation of (90) in acetonitrile. Voltage sweep rate, 300 mV/s. 
(Reprinted from Ref. 38 by courtesy of The American Chemical Society). 

voltammogram illustrated in Figure 12 indicates that the two oxidation stages are so 
closely separated that cation radical and dication formation appear as an overlapped 
peak. The peak potential is about 0.5 V more positive than that for the most difficulty 
oxidized cyclic system (87). The observed oxidation potential compares very favorably to 
data previously reported for the oxidation in AN and nitromethane at rotating elec- 
t r o d e ~ . ~ ~  The dication in this case appears to be very reactive and only the cation radical 
reduction can be observed on the reverse scan. It would be of interest to have data on this 
compound under conditions where the dication reduction could be observed. The fact 
that the open chain cation radical is formed at a much higher potential than the corre- 
sponding cyclic systems is probably a consequence of destabilization of the neutral com- 
pounds with cyclic structures due to steric interactions between the two ringsystems. The 
latter point was not discussed in the original 

A number of studies have been devoted to the measurement of reversible potentials for 
the oxidation of tetrathioethylene~.~'-~~ Reference to the original literature for the various 
structures (93) and (94) will only be given here; monosubstituted (93) with methyl and 
e tho~ycarbonyl ,~~ alkyl substituted (93),43 unsubstituted and methyl substituted (94),41-42 
monophenyl (93) and some more exotic  structure^.^^ 

93 9L 

An unusual reaction has been postulated during the oxidation of the carboxylate (95). 
When the cyclic voltammogram was recorded in AN in the presence of Na', the cation 
radical salt (97) precipitated on the e l e ~ t r o d e . ~ ~  When the oxidation was carried out at a 
potential where the dication (98) is formed, a slow evolution of COZ occurred and the 
tetrathioethylene dication (ZOO) could be detected. The reactions in Scheme 25 were 
proposed to account for the results. The key step is the decarboxylation of dication (98) to 
the ionic species (99) which was then supposed to abstract protons from the medium to 
generate (100). In the presence of (ZOO) the precipitated salt (97) dissolved and was 
oxidized to (98), while oxidation of (ZOZ) at the electrode regenerated (ZOO). The reason 
for decarboxylation is obscure. Structure (99) would appear to be of higher energy than 
(98). A scheme involving the decarboxylation of (96) would appear to be much more 
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98 

slow -co2 1 
91 

Scheme 25 

99 100 

101 

101 ;lt - 100 

reasonable. Perhaps the function of (ZOO) is to complex with (96) and prevent the 
precipitation of (97). 

Tetrathiafulvalene cation radical salts can be prepared by the oxidation of (89) in the 
presence of bromide ion.47 Similarly, tetracyanoethylene charge transfer complexes of 
(89) could be grown as crystals on an electrode surface.48 The tetrathiafulvalene- 
tetracyanoquinodimethane charge transfer complex has also been compressed into 
pellets and tested as a semi-conductor ele~trode.~’ 

VIII. THIOCARBOXYLATES AND THIOESTERS 

1. Thiocarboxylates. 

In general, thiocarboxylate salts undergo anodic oxidation to the corresponding 
disulfides. The reactions can be reversed by cathodic reduction of the disulfides as 
indicated in Scheme 26.50-53 

Q X  T //x x,\ 
2 R-C \S- * R--C\S-SF--R 

X = O, S ; R = alkyl, aryl, alkoxy 

Scheme 26 

The anodic oxidation of (102) has been reported to result in the formation of 
substances containing the tetrathiane ring system.53 The cyclic voltammogram for the 
oxidation of (103), obtained by anodic oxidation of (102), is shown in Figure 13. The 
reactions summarized by Scheme 27 were suggested on the basis of this voltammogram. 
Oxidation peak PI was postulated to be due to oxidation of (103) to the cation radical 
(104) which is in equilibrium with the cyclic form (107) which is oxidized along with (204) 
at PZ to produce the dication (105) and the cyclic isomer (106), the reduction of which 
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FIGURE 13 Cyclic voltammogram of (103) in acetonitrile. Voltage sweep rate, 80 mV/s. (Reprinted from 
Ref. 53 by courtesy of The Royal Society of Chemistry). 

105 

ti 
10L 

ti 
lO6 107 

appear at P3. While, the voltammogram can be rationalized in this manner, numerous 
other possibilities can be visualized which could give this rather indescriptive vol- 
tammetry. 

2. Thioesters. 

Extensive polarographic measurements have been made on thioesters of general 
structures (108), (109) and (110).54’-58 Preparative studies were carried out on esters (111) 

HS R - C  90 R - C  
4 s  R-C 
‘SR’ ‘SR’ ‘OR’ 
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and (114).54 In both cases, polymers were formed and methyl mercaptan could be 
identified from the reaction mixtures. The reactions are summarized in Scheme 28. 

@C” &-SH- I @C<: + MeSH 

SMe 
\SMe 

111 112 113 

4 
.SH 

H 
I 

I H 
SMe 

Me-C\ ” Me-C-SH - CH2=C, + MeSH 
SMe 

Scheme 28 

111 115 116 

Me-C\ 4s -D polymer 

H 
117 

The effect of structure on the half-wave potentials of compounds (1 18)-( 121) is 
indicated by the values given below the structures. The potentials become less positive by 
about 0.3 V with each change in going from (118) to (119) to (120) to (121). Thus, the 

” Ph-C, 9 Ph-C, Ph-C Ph-C\ 
OR ‘SR OR SR 

118 119 120 121 

EvZ(R=t-But): -2.58 V -2.24V -1.94 v -1.66V 

change of S to 0 in the single-bonded group results in a 0.3 V change in potential while the 
same change in the double bonded group brings about a change of about 0.6 V.58 A 
similar set of potentials were found when R=Me.54 For  a series of (108) where R is 
parasubstituted phenyl, the polarographic half-wave potentials in DMF gave an excellent 
correlation with Hammett sigma values. It is remarkable that the correlation en- 
compassed substituents varying from -NOz to -NMeZ with essentially no deviations from 
the linear r e l a t i ~ n s h i p . ~ ~  

A detailed product study was carried out on the reactions of esters (121) and (119).59 
The products and yields for the reactions of the various derivatives are summarized in 
Scheme 29. The cyclic voltammogram shown in Figure 14 gives further indication of the 
course of the reaction. The initial reduction peak corresponds to the reduction and 

121 122 123 

L -L 2L 3L 
Ph 73 92 95 

4-CIPh 80 91 96 
PhCHz 73 90 93 
Me3C 76 89 91 - Me 76 93 

Scheme 29 
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1 

]l,A 

- 
1.0 1.5 2 .o 2.5 - E / V v s  SCE 

Cyclic voltammogram of (1.71) (R = PhCH2) in DMF. Voltage sweep rate, 800 mV/s. FIGURE 14 
c = 1.83 mM. (Reprinted from Ref. 59 by courtesy of Acta Chemica Scandinavica). 

L Ph-C, Ph-Cs-Ph + 2 Ph-C:' 4 RSMe 
OMe SR "McI 

119 122 126 

1 1 - -1. 1 Scheme 29 
Ph 77 96 9L (continued) 

1-CIPh 80 94 93 
PhCH2 87 93 92 
Me$ 85 95 96 - Me 81 94 

further reaction of substrate. The second small peak is due to the formation of the dianion 
while the third reversible couple is due to diphenylacetylene and the corresponding anion 
radical. Upon increasing the voltage sweep rate the effect of the reactions following 
charge transfer was diminished to the point that the second peak has the characteristics of 
d one electron irreversible reduction. Under the latter conditions, the peak separation for 
the quasi-reversible reduction of substrate indicates a relatively slow heterogeneous 
charge transfer. 

A detailed scheme was proposed to account for the formation for products (122) and 
(123). It should be kept in mind that while this sequence of reactions appears to be 
reasonable, the existance of the various intermediates is highly speculative (Scheme 30). 

7- 7- 
Ph-C-C-Ph 

SR SR 
2 [Ph-C<:dT kDIM - I I  

9 s  
2 Ph-C, 

SR 

121 125 126 

- 
s s  

Ph-C-C-Ph s s  [Ph-!-!-Ph] ?::- 
127 128 

Scheme 30 

Ph-6-C-Ph r- Ph-C=C-Ph 121 - 
PhC-S S --PhC-S S- -"- - I It I t  

4 s - 
129 130 
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Ph-C=C-Ph 2i 
PhCiCPh 2 PhC-S- 

122 ! PhC-4 A-CPh 

5 1  131 123 

Scheme 30 
(continued) 

An electrochemically induced rearrangement of S,S-diarylbenzene- I ,Zdicarbothioates 
has been reported.60 The reduction of (132) produced (137) in high yield. The essential 
features of the mechanism proposed are summarized in Scheme 3 1. The cleavage of the 

0 0 
@!-SPhX + a C - S P h X  II 

--c 

C-SPhX 6-SPhX 
II I 
0 0- 
132 133 

0 

& s p h x ~  a$ -SPhX - 
-\ 

SPhX “SPhX 
131 135 

- 
0 ]i& 0 + 1 3 3  

XPhd ‘SPhX XPhS’ ‘SPhX 
136 137 

Scheme 31 

I I I I 
- 1.0 V vs Ag/Ag 1.0.1 M I -  0 - 0 5  

FIGURE 15 Cyclic voltammogram of (132) (X = H) in D M F  before (a) and immediately after (b) 
electrolytic reduction (0.05 F/mol). (c) 30 min after, (d) 1 h after and (e) 2 h after. (f) illustrates the cyclic 
voltammogram of solution (e) after addition of (137) (X = H). (Reprinted from Ref. 60 by courtesy of Acta 
Chemica Scandinavica). 
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radical anion (134) to the radical (135) and subsequent recombination to (136) can be 
viewed as an S R N ~  type of reaction. The reaction was observed to proceed to completion 
after the passage of only catalytic amounts of current. This behavior is demonstrated by 
the cyclic voltammograms reproduced in Figure 15. Scan a was recOrded immediately 
after a short electrolysis. The first peak corresponds to the reduction of substrate and the 
small second peak is due to the product. Scan b-e were recorded at increasing time 
intervals. The voltammograms clearly show the growth of the peak due to the reduction 
of the product at the expense of that due to the substrate. Scan e, where reaction is nearly 
complete was recorded two hours after the electrolysis was terminated. Scan f was due to 
the same solution as that for scan e but the product was added, showing an increase in the 
peak height for the product but no other changes. 

IX. 1,2-DITHIOLE-3-THIONES AND RELATED COMPOUNDS 

I .  I ,  2-Dithiole-3-thiones. 

The oxidation of a series of compounds (138) were studied under cyclic voltammetric and 
preparative conditions.61 In all cases the dimeric dications bonded through S-S bonds 
were the products (139). After oxidation the substrates could be regenerated in yields 
ranging from 100 to 60% by cathodic reduction.61 The reactions involved are summarized 
in Scheme 32. 

Scheme 32 
138 139 

RL = H, aryl ; R5 = H,oryl 

Reduction of (140) was observed to produce (143) which could be identified as the 
methyl derivative after alkylation with methyl iodide.62 The failure to observe an esr 
signal after one electron reduction led to the proposal that the dimer-radical (141) 
equilibrium favors the dimeric form believed to be bonded through either the 3 or 5 
positions. The data were rationalized in terms of the reactions shown in Scheme 33. This 

dimer 

Meas-+ Me A&--+ s% Me as- 
160 lL1 1L2 - -s s MeS SMe 

M e u S -  Me&& 
c- 

Scheme 33 

reaction sequence was later observed to be a very good synthetic procedure for the 
preparation of compounds (146) by reduction of (145) as indicated in Scheme 34.63 
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@q ouF:cMrco @JMe C-SMe 

X i1 
X 

345 

Scheme 34 
x =o,s 

1L5 

X = 0 90% 
x = s 04% 

146 

2. cu-(I’,2’-Dithiol-3’-ylidene)acetophenones. 

The title compounds (147) formed dimeric dications upon anodic oxidation in AN.64 The 
dications (148) undergo slow deprotonation to (149) which were isolated in moderate 
yields. The dimers (148) could also be dehydrogenated chemically with DDQ to form the 
series of dications (150). The reactions involved in the vasious transformations are 
summarized in Scheme 35. The oxidation of (147) and the reduction of the dimer (148) is 

Scheme 35 

119 150 

demonstrated by the cyclic voltammogram shown in Figure 16, where the peaks labelled 
, 0 1  and Rz refer to the two processes, respectively. Figure 17 is typical of the 

I.) (4 
0 

(-1 
1 

0, 

1 1  I I I I 1 
4 5 0  ’ .uo *as0 .a60 m o  0.0 

E I V  V 8  

FIGURE 16 Cyclic voltammogram of(Z47)(R = R4’ = R” = Ph) in acetonitde/dichloromethane(1/1). 
Voltage sweep rate, 86 mV/s. (Reprinted from Ref. 64 by courtesy of Acta Chemica Scandinavia). 
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1.) 
0 

1 4  
I 

voltammograms observed for the dehydro dimers (150). In this case the separation of 03 
and R3 is not due to the intervention of chemical reactions but rather to conformational 
differences in the neutral and cationic species. Such large conformation changes is in 
general accompanied by apparently slow heterogeneous charge transfer. Analogous 
behavior was reported during the reduction of (86) to (85).53 

3. 1, 6, 6ah4-Trithiapentalenes. 

Redox potentials were reported for a series of (I54 and (152) undergoing the anodic 
dimerization-cathodic cleavage reactions illustrated in Scheme 36. Starting with neutral 

R3 R2 

*0.7 to * 1 2  V ** 
s-s-s - s-s s-s s-s 

RlJ$$+R4 Scheme 36 
RZ R3 

Rl+R& 
-0.3 to ‘0.5V RZ R3 

151 152 

R’ = R‘ = aryl ; R2 = H, aryl ; R3 = H,aryl. 

(151) the dimeric dications (152) could be obtained in essentially quantitative yield and 
reduction resulted in the recovery of the substrates in 84-100% yield.6s 

A similar series of compounds (153) were reduced at -60°C in DMF.66 Esr spectra were 

R = H , M e , P h  

Scheme 37 

6 7  156 155 
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used to establish the existance of both the primary products of electron transfer (154) and 
the rearranged anion radicals (157) believed to form via Scheme 37. 

X. 1,6DITHIINS AND BENZODERIVATIVES 

1. 1.4-Diihiins and 2,3-Benzo-l, 4-diihiin. 

The fusion of benzene rings to the dithiin ring brings about an increase in the oxidation 
potential.67 The increasing trend in going from (160) to (259) to (158) can be rationalized 

158 159 160 161 

Er2 V vs. SCE) 0.96 0.80 0.69 0.90 

in terms of a decrease in electron density in the dithiin ring with the changes in bond 
order. Likewise, the increase in EP;2 in going from (160) to (161) reflects the fact that the 
non-bonding electrons on the heteroatom are held more tightly by the more electro- 
negative element. 

An apparent anomaly exists in the kinetic and thermodynamic stabilities of the series of 
para-substituted diaryldithiins (162).@ The peak potentials during cyclic voltammetry for 

X=MeO. H, CI, &, NO2 

the oxidation of (162) were found to vary in the order, p-NO2 > Br - C1 > H > Me0 
and the lifetimes of the resulting cation radicals were unexpectedly found to fall into the 
same order. The reason for this unusual trend in reactivities was attributed to the fact that 
it is the radical character rather than the cation character of the ion radicals that deter- 
mines the reactivity. Those substituents which bring about an increase in the odd electron 
density in the aryl groups hinder the dimerization of the cation radicals. 

A kinetic investigation showed that two major reaction pathways are involved in the 
dimer forming reactions of the cation radicals of (162).68 At substrate concentrations of 
the order of 1 mM, the kinetics suggest a mechanism involving the coupling between a 
radical cation and the substrate. At higher ion concentrations simple dimerization of the 
cation radicals is apparently a competing reaction. 

2. Thianthrenes and Related Compounds. 

The anodic oxidation of thianthrene and related compounds as well as the reactions of the 
corresponding cation radicals has received a great deal of a t t e n t i ~ n . ~ ~ - ~ ’  An early study 
demonstrated that the oxidation of (158) generated the cation radical which was identi- 
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fied from the ESR Voltammetric studies were carried out on the oxidation of 
thianthrene as well as compounds (163) to (170) and in many cases the ESR spectra of the 

163 

16L 

165 

166 

158 

0.991 

0.825 

0.751 

0.366 

0.865 

0.832 

167 

cation radicals were ~ b t a i n e d . ~ ' - ~ ~  The same trends in ease of oxidation, i.e. the more elec- 
tronegative the heteroatom the higher the oxidation potential, as was observed for (160)- 
(161) are evident from the data for (I58), (163)-(167).70 It is of special interest to note that 

168 169 

(168) undergoes reversible reduction as well and the ESR spectra of both the anion radical 
and the cation radical were ~b ta ined .~ '  

The reactions of thianthrene cation radical with nucleophiles has been the subject of 
much discussion and some controversy. The cation radical reacts with water to give 
thianthrene-5-oxide (171).73 Oxidation of (158) in 80% (v/v) HOAc/H20 containing 
HC104 gave (171) in quantitative yield when the reaction was carried out at i-1.1 V vs. 
Ag/AgCI (Scheme 38).74 At an anode potential of +1.6 V a complex reaction mixture 
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171 

0 &) 
d 
172 

173 

0 

a:D o* b 
174 

cis LLYo 

trons 28% 

13% 

10% 

Scheme 38 

containing (172)-(175) was obtained. The same products were obtained by oxidation of 
(1 71). 74 

A kinetic study of the reaction of(176) with water indicated that the reaction is second 
order in cation radical (Scheme 39) and the rate was found to be inversely proportional to 

k 2 Th' Th2+ + Th Kdisp= - k -1 

176 177 158 

Th2' + H,O k2 c Tho + 2H' 
177 171 

Scheme 39 

the concentration of (158).75 These observations led to the suggestion that reaction 
involves disproportionation and that the dication is the reactive species. The dispropor- 
tionation mechanism was challenged on the basis of potential step-sweep voltammetry 
experiments and it was concluded that the cation radical is the species reacting with 
water.76 A possible reaction sequence (Scheme 40) which accounts for the data was pro- 
posed. In order for this scheme to account for the kinetics the deprotonation of (179) 
would have to contribute to determining the rate of the reaction. 

Scheme 40 
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(ThoHT + Th? IThOH)' + Th 
178 176 179 158 

Scheme 40 
(continued) 

( lMH)* Tho + H' 
179 171 

In order to evaluate the feasibility of the disproportionation mechanism, it is necessary 
to estimate the equilibrium constant, Kdisp .  The pertinent data necessary are the potentials 
for the formation of the cation radical and the dication (Scheme 41). The reversible poten- 

2 Th* &!k= Kd Th2+ + Th 
176 177 158 

Scheme 41 

tial for the formation of the cation radical of thianthrene is readily determined by cyclic 
voltammetry. However, the dication (277,) is very much more reactive and only irreversi- 
ble cyclic voltammograms for the oxidation of (1 76) were observed during voltammetric 
studies. 

A derivative of thianthrene (280) by virtue of the stabilizing influence of the methoxy 
groups was observed to form a relatively stable d i ~ a t i o n . ~ ~  The electrode potential differ- 

ence for the reversible formation of the cation radical and the dication was observed to be 
250 mV in this case in acetonitrile indicating a K d i s p  of the order of It is of further 
interest that the dication of (180) was observed to be a ground state triplet in spite of the 
fact that HMO calculations do not predict this.78 

The relatively large Kdisp observed for the cation radical of (180) suggests that 
disproportionation reactions are feasible in the thianthrene cation radical series 
providing that methoxy substitution was not the cause of the small difference in the 
reversible potentials for the successive oxidations of (180). However, even the irreversible 
cyclic voltammograms for the oxidation of thianthrene cation radical indicated that Kdisp  

is much smaller in the unsubstituted case. 
It was found that the effective removal or passivation of nucleophiles in the 

voltammetric solutions made possible the measurement of the reversible potential for the 
oxidation of (176) and other cation radicals producing reactive di~ations. '~ A number of 
different methods have been used to accomplish the latter. The most pertinent of these is 
the use of neutral alumina to scavenge impurities in the solvent electrolyte system.79 Other 
methods include deactivating nucleophilic impurities with strong mineral acid in trifluoro- 
acetic acid," or with trifluoroacetic or the use of cation stabilizing solvents 
such as trifluoroacetic acidE2 or sulfur dioxide.83 
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TABLE I11 

Calculated disproportionation equilibrium constants for Th* in different solvents.79 

Solvent A W )  Kdisp(10 ") 

0.51 
0 -46 
0.42 
0 -49 
0.53 
0.51 
0.50 
0.60 
0.69 

2300 
16000 
76000 
4900 
1000 
2300 
3300 

68 
2 

* Solvent system A; CH2CIrTFA-TFAn (45/1/5). 
t Solvent system B; TFA-TFAn (9/1). 

The value of Kdisp for thianthrene cation radical is very dependent upon the solvent. 
Values ranging from to have been found. Values obtained in a variety of sol- 
vents are summarized in Table 111. The access to reliable values of Kdisp provides a 
basis for the discussion of possible disproportionation mechanisms. 

InScheme 41, if k-1 is assumed to be a diffusion controlled rate constant (-lO*'M-'s-'), 
the maximum possible value of kl can be estimated using experimentally determined &isp 

values. For example, in acetonitrile this leads to a value of 23 M-*s-' as the maximum 
possible value of an observed rate constant for a reaction of (176) following the 
disproportionation mechanism. If the disproportionation is considered to be in 
equilibrium, kl[Th*J2 must be at least 10. k2[Th2+][H20] and the value of the apparent 
second order rate constant could not exceed 2.3 M-'s-'. On the basis of this analysis and 
the data reported in support of the disproportionation mechanism75 we arrived at the 
conclusion that Scheme 41 represents a feasible mechanism for the hydroxylation of 
(176). However, more detailed kinetic studies in a ~ e t o n i t r i l e ~ ~  and dichloromethane- 
trifluoroacetic acid85 resulted in the rate laws given in Scheme 42, neither of which are 

(acetonitrile, ref. 86) 
- d(Th'1 = 2kKfK$Th'32[H2013 

dt CH30*1 

Scheme 42 

d[Th'] 0.32CTh'I2 CHzOI --- (CH&./TFA, ref. 85) 
dt (CThl 8.8.10-') CTFA12 
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consistent with the disproportionation mechanism. Since the two rate laws differ signifi- 
cantly, the mechanisms in the two solvents differ in some respects. 

Before discussing the hydroxylation mechanism it is instructive to examine the 
electrophilic reactions of thianthrene cation radical with a n i ~ o l e ~ ~  and phen01,~' the 
mechanisms of which appear to be more firmly established.88J89 The observed kinetics 
require that the initial step in the reaction (Scheme 43) between (176) and anisole be 

Th? + AnH & k ,  (ThlAnH)' 
176 181 

Kl=$ 

(ThlAnHl' + Th' k2 (ThlAnH12+ + Th -5 
181 176 182 158 

(ThlAnH)" Th-An' + H' 
182 183 

Scheme 43 

Q OMe 

183 

reversible. It was concluded that this step involves the formation of a T complex 
(Th/AnH)t, which undergoes electron exchange with (176) to form the dication complex 
(182) which then irreversibly forms the sulfonium salt (183). When the nucleophile is 
phenol, the deprotonation of the dication complex takes place more readily.89 The 
general validity of this reaction scheme has been supported by further spectroelectro- 
chemical studies.g0 

The observation that the reaction of (176) with water in acetonitrile is third order in 
water led to the proposal of a complicated mechanism (Scheme 42 a-d) in which water 
acts as both a nucleophile and a base.84 More recently,85 a re-examination of the previous 
kinetic analysis84 has shown that the postulated mechanism (Scheme 42) is inconsistent 
with the observed rate law. In order for the reaction to be dependent upon [HzO], 
equilibrium (a) must be displaced to the left. Thus, the mechanism predicts that the steady 
state concentration of Tht greatly exceeds that of Th(OH2)'. Furthermore, Th* is ex- 
pected to be a significantly stronger oxidant than the complexed cation radical. Thus, 
reaction (c) is expected to  be insignificant and it was necessary to include reaction (e) in 
the mechanism.85 Kinetic analysis of this mechanism gives a rate law with a second order 
water dependence which invalidates the mechanism a ~ s i g n m e n t . ~ ~  It was concluded that 
the water reaction in acetonitrile is similar to those of other nucleophiles but there are 
complications brought about various equilibria of the nucleophile itself. 

A kinetic study of the same reaction in dichloromethane-trifluoroacetic acid resulted in 
a rate law similar to that for the other nucleophiles (Scheme 43).85 Thus, it is apparent that 
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the general mechanism (Scheme 43) holds for most nucleophiles. It should be pointed out 
that rate laws describing the same overall mechanism can differ with conditions as the 
rate determining step may change. 

XI. THIOPHENES AND BENZODERIVATIVES 

1. Oxidation in Methanol. 

The anodic oxidation of thiophenes in methanol is a useful synthetic procedure for the 
preparation of ring opened products mainly (185) and in addition (186) (Scheme 44).9’ 

OM? 
M e O d M e  * zqL + Me0 OMe 

1s 185 186 

OAc 
/ 

Scheme 44 

187 

188 189 

The side chain substituted compound (187) behaved a n a l o g ~ u s l y . ~ ~  These reactions 
resemble those reported earlier during the oxidation of f ~ r a n . ~ ~ ’ ~ ~  The diketone (189) was 
formed under similar  condition^.'^ 

The oxidation of the benzoderivative (190) gave (191) as the major product and (192) 
and (193) as minor products (Scheme 45).96 Substrates with methyl in the 3 or 2,3-positions 
behaved similarly, 

191 I 
192 

190 

OMe 
c 193 

Scheme 45 

In the case of (194) where a thiophene ring is joined to a furan ring via a methylene 
group oxidation takes place exclusively in the furan moeity to give (295) (Scheme 46).97 
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Scheme 46 
19& 195 

The symmetrical bis-thiophene (196) gave only side-chain oxidation products (197) and 

Scheme 47 

1 198 

(198) (Scheme 47)." Compounds in which the thiophene ring is directly linked to a furan 
ring (199) undergoes substitution to give (200) (Scheme 48).98 

199 200 
Scheme 48 

2. Thioindigo. 

Cathodic reduction of 3-thianaphthenone (201) at pH 7.5 and -1.4 V vs. SCE gave 3- 
hydroxy-2,3-dihydrothianaphtene (202). It was implied from polarographic analysis that 
under basic conditions the conjugate base (203) is oxidized to thioindigo (201) (Scheme 
49).99 

201 202 

Scheme 49 

203 2w 

The reduction of trans and cis thioindigo was studied by cyclic voltammetry and 
rotating ring disk electrode voltammetry.'OO The anion radical of the cis isomer was 
observed to rapidly rearrange to the trans anion radical. The cyclic voltammograms of 
both forms in DMF are shown in Figure 18. In order to prepare the cis form in situ, it was 
necessary to irradiate the solution with light filtered through a Corning 3-68 filter. The 
voltammogram was then recorded during radiation. The oxidation peak prominent on 
the reverse scan in the case of the cis isomer is due to a dimeric reaction product. Dimer 
forming reactions were observed to be considerably faster during voltammetry of the cis 
isomer. 

The kinetics of several reactions of anion radicals of (205) where R is H with COZ, 
acrylonitrile and cinnamonitrile were studied by controlled potential reversal coulo- 
metry."' In the presence of benzoic acid the reduction product was found to be (206) 
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(C ) 

1 4 1 1  

355 

while the presence of CO2, (207) was proposed to be the product. The products in the 
presence of the nitriles were proposed to be the Michael addition adducts. In the absence 
of other reactants the dimer (208), on the basis of cyclic voltammetry, was proposed to be 
the product. It was pointed out that more careful product analysis is desirable. 

R=H. OEt 
R 

0 
205 

c&x)cJ$-f@ OH HOOCO 

206 207 

0 0 
0 

208 
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Studies were also carried out on the reduction of (205), where R is EtO, and results 
consistent with those of the unsubstituted compound were obtained.Io2 

3. Dibenzothiophene. 

Dibenzothiophene (209), upon anodic oxidation was found to form the sulfonium salt 
(210), (Scheme 5O).lo3 This reaction is analogous to the oxidation of diphenylsulfide 

Scheme 50 

209 210 

(XIII.2). The reaction was studied by cyclic and a.c. voltammetry. The heterogeneous 
rate constant was estimated to be equal to lo-'.* cm/s. The follow-up reaction was ob- 
served to be rapid and irreversible. Three possible mechanisms were proposed to be con- 
sistent with the data and could not be distinguished. However, two of the proposed in- 
volve the formation of highly unlikely intermediates, aryl radicals and aryl cations, and 
need not be considered. The remaining mechanism, a usual anodic substitution, is feasi- 
ble and highly likely. 

XII. THIOLS AND DISULFIDES 

1. Introduction 

A large amount of work has been published concerning the electrochemistry of thiols and 
disulfides. We will limit our coverage to papers most concerned with structural and 
mechanistic aspects of the reactions. For more complete coverage, Refs. 1-4 and 104 are 
recommended. Both the oxidation and reduction reactions are generally described by 
Scheme 51 where thiols are reversibly interconverted to disulfides with a near 
independence of the nature of R. 

-2e. -2H* n 
2 R-SH R-S-Sd 

211 w 212 

Scheme 51 

2. The Thiol-Disulfide Redox System. 

The general Scheme 5 I can be broken down into the individual steps for the oxidation of 
thiols (211) to the disulfides (212) as in Scheme 52. The oxidation may involve a direct 
oxidation of (211) or the conjugate base (213) depending on the reaction conditions. 

The processes involved in Scheme 52 have been investigated in detail in one case, where 
R is phenyl."' The oxidation of (213) was observed to take place at about 1 V less positive 
than the oxidation of (211). An interesting observation from this and other studies is that 
(212) are not reducible at a platinum electrode in protic solvents but are readily reduced in 
aprotic solvents such as DMF.'05-'07 
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R-S- -H' 

211 213 

R-SH - H, 

1- 1- Scheme 52 

The reduction of disulfides (212) can likewise be amplified to show the individual steps 
as in Scheme 53. The initial intermediate, anion radical (216) can undergo cleavage to give 

R-S-S-R I R-S-S-RI' 
212 216 

IR-S-S-RIT - R-S- + R-S 
216 213 214 

Scheme 53 

R-S A R-S- 
214 213 217 

R-S- + H* & R-SH 
213 211 

(213) and (214). The intramolecular cleavage of the anion radical of (228) is a particularly 
interesting example of this reaction.'07 The existance of (213) could be demonstrate by 

QH21;-COOH 

chemical trapping with alkylating agents such as dimethyl sulfate"' or methyl halides62363 
as well as ~xygen. ' '~  In the latter case the product is a sulfinate ion. 

Another means of identifying the fragments of the cleavage of anion radicals (222) has 
been attempted.'" A co-electrolysis of (221) and (219) was observed to result in the 
formation (226) which was attributed to the reaction of radical (224) with anion radical 
(220) (Scheme 54). 

218 

Ph-CH=CH-COOMe IPh-CH=CH-COOMer 
219 220 

Ph-CH-CH-COOMe 1' + Pr-S-S-Pr 
220 221 

Scheme 54 

219 + IPr-S-S-Prl' 
222 

IPr-S-S-Prl' - R-S- + Pr-s* 
222 223 224 
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Pr-S + [Ph-CH=CH-COOMe17 
226 220 

Ph-CH-CI+-COOMe Ph-cH-g-@~e H*, 
I 
S--pr L-Pr 

225 226 

Scheme 54 
(continued) 

An inventive approach to the elucidation of the details of the cleavage reaction has 
been presented."' A solution containing both (227) and (229) (Scheme 5 5 )  was subjected 

2e 
2 DPA 2 DPA' 

227 220 
(DPA = 9,lGdiphenylanthracene) 

Ph-S-s-Ph + DPA' - Ph-S-S-PK + DPA 
229 228 230 227 

ph-S-S-Ph' k, Ph--6 + Ph-S 
230 231 232 

Scheme 55  

Ph-S + DPA' Ph-S- + 3DPA 
232 228 231 233 

2 3DPA ------) 'DPA* + DPA 
233 234 227 

'DPA* DPA + hv 
234 227 

to polarographic reduction. The results of this experiment are illustrated in Figure 19. At 
the potential where (229) is reduced, El12 = -0.85 V vs. SCE, no fluorescence emission 
could be observed. However, near the potential where (227) is reduced electrochemilumi- 
nescence was observed as shown by curve 2 in Figure 19. The reactions taking place are 
summarized in Scheme 55 .  The electrochemiluminescence is due to the demotion of singlet 
state (234) formed in the bimolecular energy transfer reaction of triplet (233). This then 
provides evidence for the electron transfer reaction between (232) and (228). In the poten- 
tial region where (228) is reduced to the dianion, other reactions apparently take place 
giving rise to a reduction in the intensity of the emission. 

3. The Role of Mercury in the Electrode Processes. 

The fact that (212) are reduced on mercury but not on platinum in protic solvents suggests 
that this is simply a consequence of the higher overvoltage attainable with mercury. 
However mercury has been found to play a chemical role in both oxidation of thiols and 

A number of the reactions involving mercury which have reduction of disulfides. 
been proposed and in some cases demonstrated are summarized in Scheme 56. The 

112-117 
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-0 5 -1 0 -1  5 -2.0 -2 5 
ElVvs SCE 

FIGURE 19 Polarogram (1) and luminescence-potenital curve (2) of Ph-S-S-Ph/DPA (concentrations 1 .O 
mM) in DMF at the dropping mercury electrode. (Reprinted from Ref. 11 1 by courtesy of Elsevier Sequoia 
S.A.). 

Scheme 56 

-2e -2H' 
2 R-W + Hg % l(R--S)2Hg)ad, 

211 239 

difficulties involved in the demonstration of the role of mercury in the electron transfer 
reactions have been discussed. ' l6 For the reduction of diphenyldisulfide in DMF and 
DMSO, the assistance by mercury could neither be established nor refuted. On the other 
hand the reverse reaction, the oxidation of (238) where R is aryl, could be demon- 
strated.' l 7  

4. Sulfur Containing Amino Acids. 

The biologically important interconversion as exemplified by the cysteine (241)-cystine 
(242) couple has received much attention. 11104~118-124 This interconversion is shown in 
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H$-S-S-CH2 
I I 

H A H C  CHNH2 
I I 

C H S H  
I -2e. -2H' 

I 
COOH HOOC COOH 

241 242 

2 CHNH2 - ze, 2H: Scheme 57 

Scheme 57. Here again, mercury plays an active role which has been demonstrated for 
both the oxidation and reduction reactions.118-120 The processes have also been studied on 
gold electrodes where complications due to adsorption of both substrate and inter- 

The adsorption was studied in one case by 35S radiom- mediates were encountered. 
etry on platinum electrodes. 123 On platinum further complications were observed in 
that the reaction appeared to be facilitated by the formation of an oxide film or adsorbed 
oxygen. 124 

121-122 

5. Reduction of Thiols. 

Although the electrode reaction of most importance with thiols is oxidative coupling, 
cathodic reactions have also been reported. 125-128 An interesting dependence of the posi- 
tion of the thiol group was observed in the reduction of (243) (Scheme 58)-and (247) 

2L3 24L 

Scheme 58 

246 245 

(Scheme 59).125-127 Compound (243) substituted in the 6-position gives rise to the forma- 
tion of (245) accompanied by the expulsion of H2S. Further reduction of (245) results in 

J 

249 

Scheme 59 

the dihydro derivative (246). The 2-substituted compound (247) undergoes one electron 
reduction to the radical (248) which dimerizes to (249). In this case the thiol group re- 
mains intact. An example starting with a thiolate (250) is shown in Scheme 60 which again 
results in the expulsion of the sulfur containing fragrnent.lz8 
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H Ph &$ &#” + HS- 

S- 
251 250 

Scheme 60 

6. Oxidation of Disulfides. 

The oxidation of (252) has been reported to give (253) as described earlier (XII.3) as well 
as (254) in proportions depending upon the amount of charge passed.117 This indicates 
that disulfide (253) can be oxidized to the thiosulfonate (254) which was also 
demonstrated directly (Scheme 6 1) when the reactions were carried out in DMF 

80% 20% 

IAr-S),Hg Ar-S-S-Ar + Ar-S-SOyAr 
2% 

90% 
252 w h  253 

10% Scheme 61 

Ar- = M e 0 0  

Ar-S-SO2-Ar -4e. 240, Ar-S-S-Ar -LH+ 

253 2% 

containing LiCIOc The oxidation of (229) on the other hand in acetonitrile containing 
NaC104 was proposed to give the cation radical (255) upon anodic oxidation and the 
ultimate formation of (256) and CIOZ (Scheme 62). The latter implicates the supporting 

Scheme 62 Ph-S-S-ph & [Ph-S-S-phF & a@ + P W ;  
229 255 256 

electrolyte anion in the oxidation pro~ess.’~’ Co-electrolysis of (2Z2) and an alkene 
resulted in potentially useful intermediates (259) in reasonably high yield (Scheme 63). 130 

+ R-CH=CH-R 
R-S-N=C--Me R-CH-CH-R” 

HZO I 1  
258 SPh NHCOMe 

259 

50-80% 

Scheme 63 

XIII. SULFIDES 

1. Introduction. 

Some of the compounds which formally belong in this section have been dealt with 
already; i. e. tetrathioethylenes, thianthrenes, thioxanthene, and orthothiocarboxylates. 
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362 0. HAMMERICH and V. D. PARKER 

2. Oxidation in Aprotic Solvents. The Formation of Cation Radicals and SuIfonium Salts. 

A large series of sulfur containing compounds (260)-(281) were studied by rotating 
platinum electrode voltammetry or cyclic voltammetry.'31p132 Electrode potentials were 
correlated with molecular orbital parameters and charge transfer maxima and good cor- 

SMe 260 261 262 
263 

@Me kSg" M e s e  
MeS SMe 

h e  b e  
264 265 266 

269 270 

271 272 273 

mSMe SMe MeS db MesmSMe 
274 275 276 

SMe MeS 

277 278 279 

280 281 

respondence was found. Electrochemiluminescence was observed in some cases when the 
solutions in DMF were subjected to electrolysis with an a.c. voltage of 3-10 V amplitude. 
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363 ELECTROCHEMISTRY OF ORGANIC SULFUR COMPOUNDS 

The phenomenon is due to the reaction of anion radicals with cation radicals generated in 
different phases of the potential variation. 13' 

The bis-sulfide (282) was prepared as a model tetraalkylcyclobutadiene in order to  
test for the energy levels of the highest occupied and lowest unoccupied molecular or- 

282 

bitals and to compare with theoretical predictions. The data supported theoretical 
predictions that (282) should be more easily oxidized and reduced than some simple 
reference compounds. It was concluded that the sulfur atoms were not involved in 
either oxidation or reduction of (282).'33 

An interesting study was carried out on the cyclic bis-sulfides (283) to test for 
transannular interaction between the heteroatoms in the oxidation process.'34 The data 

P7 
LJ 

ICH2Im ICHJ, 

283 

reproduced in Table IV show that the oxidation potentials are in most cases significantly 
lower for the bis-sulfides than corresponding mono-sulfides which suggest that trans- 
annular interactions indeed do give rise to  the facile reversible oxidation processes. 
Rotating disk electrode measurements showed that in all but one case the processes 
consist of two electron oxidations to the corresponding dications. The exception was 1,4- 
dithiacyclohexane (283-m = 2, n = 2) in which case the wave was found to  correspond 
to a single electron process probably giving rise to the formation of a dimeric dication. 

A good example of the use of modern electroanalytical techniques36 is found in the 
studies recently reported on the oxidation of (284).13' The overall reactions demonstrated 
are summarized in Scheme 64. The cyclic voltammograms (Figure 20) show the unusual 

DTCO + DTCO' 
281 285 

DTCO' -"1;- DTC02+ 
285 286 

Scheme 64 

CDTCOI:* 2 DTCO 
287 284 
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364 0. HAMMERICH and V. D. PARKER 

TABLE IV 

Anodic Oxidation of Mono- and Dithioethers. 134 

nD 2/3x 

compd Epa 

1.13 10.8 1,3-dithietane 
1.25 5.4 1,4-dithiacyclohexane 
0.343 13.6 1,5-dithiacyclooctane ( 1,5-DTCO) 
0.424 12.7 1,5-dithiacyclononane (1,5-DTCN) 

1,3-dithiacyclohexane 1.14 12.3 
1,4-dithiacycIoheptane (1 ,CDTCH) 0.75 11.9 

1,6-dithiacycIodecane (1,6-DTCD) 0.424 11.2 

1,4-dithiacyclooctane (1,4-DTCO) 0.8 1 11.8 
7,8-benzo- 1,5-dithiacycIononane 0.48 11.2 

2,5-dithiahexane 0.97 10.0 

thiolane (tetramethylene sulfide) 1.13 11.1 

3,4,8,9-dibenzo-1,6-dithiacyclodecane 0.62 9.8 

2,6-dithiaheptane 0.66 12.3 
2,7-dithiaoctane 0.67 

thiane (pentamethylene sulfide) 1.32 
4-oxa t h ian e 1.31 15.5 
1 -thiacyclooctan-5-ol 0.72 12.4 

Peak potentials of first oxidation peak determined at a Pt-electrode in acetonitrile. Potentials are given VS. 
AdO.1 M AgNOJ in AN. 
*Estimated from rotating disk electrode measurements. 

effect that decreasing the voltage sweep rate gives an apparently more reversible 
voltammogram. The latter is due to the reversible dissociation of (287) to (285). 
Apparently, at the highest sweep rate, 10 V/s dissociation appears slow while at the other 
extreme 0.01 V/s dissociation is sufficiently fast on this time scale to give rise to an 
essentially reversible cyclic voltammogram. 

The effect of neighboring group participation in oxidation processes was delineated 
during voltammetric studies on (288) and (289).’36 The oxidation potentials of the ex0 

288 289 

290 
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0 
I 

.I000. 

C . . ' " '  
.*a .M Y ao .OI -.to 

VOLTS VS. SRE 

FIGURE 20 The effect of the voltage sweep rate on voltammograms of DTCO (284) in acetonitrile. (A) 10 
mV/s, (B) 100 mV/s, (C) 1 V/s and (D) 10 V/s. (Reprinted from Ref. 135 by courtesy of The American 
Chemical Society). 

isomer (289) were observed to be essentially independent of the nature of X (Table V) 
while those of the endo isomers were strongly dependent upon the latter. The most 
effective X in the participation was observed to be carboxylate which was found to lower 
the potential for oxidation of (288) 0.63 V in comparison to the corresponding (289). The 
carboxyl group was observed to be much less effective bringing about only an 0.08 V 
decrease for the endo isomer oxidation potential. The structure proposed for the two 
electron oxidation product for (288-X = COO-) is (290). 

The oxidation of dimethylsulfide (291) in acetonitrile containing sodium perchlorate 
and water (1%) gave exclusively dimethyl~ulfone. '~~ In dry acetonitrile the ultimate 
products were observed to be methane sulfonate and CO. The initial steps were proposed 
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TABLE V 
Anodic Oxidation of Norbornyl Derivatives Using Cyclic V~l tarnmetry . '~~  

ex (V vs. Ag/Ag') 

X (288) (289) 

COOH 
COOMe 

NHCOOEt 
CHzOH 

1.20 
1.21 
0.56 
0.98 

1.28 
1.29 
1.20 
1.20 

coo- 0.65 1.28 

to consist of deprotonation of (292) and further oxidation to give (293) which can react 
with substrate to give the sulfonium salt (294) (Scheme 65). The proposed mechanism for 

Me-S-Ue -c - M e - h e  Me-!%CH2 
291 292 293 

Scheme 65 
Me 
4 - *" -291 - Me-S-CH2-S\ 

294 Me 

the formation of the observed products involves a chemical oxidation of further 
intermediates by C1207 believed to be present in equilibrium with perchloric acid 
generated by reactions with protons liberated in the primary process. 

Oxidation of alkylphenylsulfides (295) in acetonitrile containing lithium perchlorate 
gave reasonably good yields of sulfonium salts (299) according to the generalized Scheme 
66.'38 

Ph 
Ph-S-R 7 Ph-5-R 295, ' S O S - R  ..- 

297 
295 296 dH 

299 

3-Butenyl 67 % 

R = Methyl 60 '10 

Cyclohexyl 57% 

Phenyl 71 Yo 

Scheme 66 

The oxidation of diphenylsulfide (300) is more complicated because the sulfonium salt 
(301) is oxidized giving ultimately (303) as indicated in Scheme 67. 13' The effect of water 
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Ph 

2 Ph-S-Ph -2e.;H'r ' ' ) i o S - p h  
Ph 

301 
300 

301 302 
Scheme 67 

302 

Ph Ph 

303 

in acetonitrile on the product distribution was studied.'40 In dry acetonitrile the 
sulfonium salt (301) was almost the exclusive product while in the presence of water (10%) 
the ratio of products (301)/(304) was observed to be about 211 (Scheme 68). 

71% 1% 

'dry" MY 
/ 

W S - P h  p h \ $ a S - P h  + Ph-$-Ph I 

300 \ P i  301 0- 
Scheme 68 

L6% =9/1 

30& 

25% 

The effect of the nature R on the oxidation products of (295) in acetonitrile containing 
water (0.5%) has been studied.14' The results (Scheme 69) show that the partitioning 

Ph-g-R + Ph-S-S-Ph + ROH + R-NHCOCH3 Ph-S-R t&c;;LlCla- 
295 05% Hp tr 3% 307 308 

305 

% 

Me 74 0 0 0 

25 12 3 .  11 

- Y O  - % - % - R - 

CYPh 
CPh3 0 4a 52 0 

Scheme 69 

between hydroxylation and cleavage of the cation radical of (295) is strongly dependent 
upon the stability of the cation R' generated during cleavage. 

3. Oxidation in Protic Solvents. The Formation of Sulfoxides and Sulfones. 

Under these conditions, oxidation of (309) was observed to take place stepwise to (3Z0)'42 
or to (3ZZ)143 depending upon the extent of oxidation (Scheme 70). 
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w w R-S-R +, -M.w R-S'-R +, -*,,,+- R-S-R 
309 tr c! 'b Scheme 70 

310 311 

More recent detailed studies have been carried out in aqueous acetic acid on the 

techniques including cyclic voltammetry, coulometry, the recording of polarization 
curves and logarithmic current-concentration analysis were applied. The three mecha- 
nistic proposals had the common features of substrate adsorption on either the platinum 
electrode or a platinum oxide film. 

Oxidation of (312) in methanol containing methoxide ion gave the products shown in 
Scheme 71. Similar trends in the products were obtained from electrolysis and thermal 
decomposition of a precursor to (313, tert-butylphenylthioperacetate.'46 

oxidation of diphenylsulfide which proceeds in near quantitative yield. 144,145 A number of 

Ph-S-CH&OO- 7 Ph-S-CH2COO' Ph-S-CHi 
312 313 314 

rPh-S-CH2Cfi-S-f'h 1.5 O h  

315 

Scheme 71 - - 4 Ph-S-S-Ph 32 O h  

I 229 
IPh-S-CY-OMe 3L% 

316 

The cation radical (317) has been used as an electrocatalytic mediator in the oxidation 
of alcohols (Scheme 72).147 Oxidation of (260) in benzonitrile containing the alcohol and 

Scheme 72 

R\ ph\+ / 

cp-Al Fr R 

R 
p ~ 0 - C  - 260 + ,C=O 

319 LO-W% 

/ \  

2,6-lutidine gave the ketones in moderate to good yields in spite of the fact that the 
process is apparently very inefficient in terms of the charge consumed. 

4. Thioacetals. 

The oxidation of (320) to (212) in high yields was reported independently by two 
groups. Different mechanisms (Scheme 7314' and 74149) were proposed to account 
for the observed products. Very strong support: for the validity of Scheme 73 was obtained 
in a studies of cyclic (330). I5'The most convincing evidence for the participation of a cyclic 

148,149 
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320 321 

Scheme 73 

Ph-S, Ph-S' Ph-S' 

Ph-S ph-S Ph-S 
32L 326 327 

,CH2 325 ,&-I2 325 ,CH20H 

Scheme 14 

Ph-S Ph--S 
lost_ 325 <+p _c I + CH20 

-e -H* Ph-S 329 ph-S 328 
229 325 

intermediate such as (321) was the observation that 2-phenyl-l,3-dithiolan (333) gave only 
5% of the carbonyl compound while 2-phenyl-l,3-dithian gave high yields of benzaldehyde 

333 

(Scheme 75). This suggests that the intermediate in the first case having a four membered 
ring fused to the three membered ring is highly strained and other reactions are favored. 

Scheme 75 
330 50-70% 331 332 

In the second case involving fused five and three membered rings in the intermediate less 
strain is involved and the reaction is favorable. The effect of structure on the yields is not 
an expected consequence of the mechanism depicted in Scheme 74. These reactions are 
useful in the removing of dithian protecting groups for carbonyls. Other series of com- 
pounds including (334) were investigated. 151-153 

R' 

334 

X=H. Me and U. Me 

5. Miscellaneous Oxidations of Sulfides. 

Compounds (335) (Scheme 76)'54 and (337) (Scheme 77)'55 when subjected to anodic 
oxidation under aqueous conditions gave the corresponding carbonyl compounds (336) 
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and (338) together with diphenyldisulfide (229) in high yields. In the presence of 
methanol, the acetal (339) and (340) are formed during oxidation of (337).’” 

RCHO + Ph-S-S-Ph 
338 229 R 

h-COOH 
/ 

PhS 
m RCH(OMe1, + Ph-$-OMe 

I 
0- 
uo 

339 

Scheme 77 

A convenient synthesis of compounds containing the structural features of (342) or 
(343) has been found in the anodic oxidation of compounds (341).156 Excellent yields were 
reported (Scheme 78). 

Scheme 78 

341 342 343 

Y=OMe, OEt 75-100% 

The oxidation of vinylsulfides (344) provides a convenient synthesis of a-alkyl- 
thioaldehydes (345) (Scheme 79).15’ The reaction was carried out at controlled potential 
in aqueous acetonitrile. 

Scheme 79 

6. Reduction of Sulfides. 

Sulfides (295) are reduced in DMF to (347) and (350) (Scheme 80).”* Three reaction 
pathways were discussed and it was proposed that most of the anion radicals (346) 
undergo reaction pathways (a), (b) or (c). Compounds (351) to (353) were observed to 

Ph-S- + R- 

/A jL7 5, 
u6 * x 7  u8 

Ph-S-R A I P h - S - R I ’ L  Ph-S- + R 
295 

Ph-S- + RH 
347 350 

Scheme 80 

undergo one electron processes in DMF which changed to two electron steps when 
phenol was added. 
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Ph-S-CHQOEt Ph-S-CH2COOH 
351 352 

Ph-S-CH2CN Ph-S-CH2COPh 
353 3% 

Although the 
electrochemical reaction involves a two electron reduction, deactivation of substrate in 
the acid-base reaction with (355) results in an apparent n value of 1 (Scheme 8 1). The same 

159,160 The reduction of (354) has been studied in aprotic solvents. 

Ph-S-CH2COPh Ph-S- + PhcoCHI 
354 347 355 

Scheme 81 
Ph-S-CH2COPh + PhCOCHi ------C Ph-S-CHCOPK + PhCOMe 

354 355 356 357 

general behavior was observed during the reduction of (358-R = aryl) but no cleavage 
was observed when R was alkyl, in which case the carbonyl function was reduced to the 
alcohol (Scheme 82).161 

R-S- + MeCOCOOR' y 
360 R:aryl 359 

R-S*COCOOFT 

R-S-CH2CHOHCOOR' 
358 

361 

Scheme 82 

A gallant attempt to verify stereospecific reductive cleavage of optically active ethyl 2- 
phenylmercaptopropionate (362) failed to  give anticipated results in that the optical 
purity of the product (363) was only 2-4% (Scheme 83).16' 

S-Ph H 
I I 

I 
Me 

I Me 
362 363 364 

Ph-C-COOEt a Ph-C-COOEt + PhSH Scheme 83 

The electron itself has been shown to be a reducing agent during the electrolysis of (365) 
in DMF (Scheme 84).'63 Elimination of water and phenylthiolate resulted in the 

Scheme 84 
365 366 347 

formation of (366) in good yield. Two electron reduction of (367) resulted in cleavage to 
the bis-carboxylate (368).164 Only partial recovery of substrate could be achieved upon 
oxidation due to competing reactions (Scheme 85). 
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&pz&p 2e 

0 

Scheme 85 

367 368 

An interesting structural effect on the cleavage of thiocyanates (369) and (374) has been 
reported (Scheme 86).165 The intermediate anion radical (370) was found to decompose in 
a first order reaction with a rate constant of 0.23 s-l in acetonitrile at 22.5"C to give (373). 

s 
373 

4dimer 

Scheme 86 

NO2 N 4  N4,' Q-O .._. -- Q, 
cH2sGN 374 375 376 w 6' 

E;(e 
377 

Two reduction peaks were observed during cyclic voltammetric experiments on p -  
nitrobenzyl thiocyanate (374) in acetonitrile. The anion radical was found to decompose 
rapidly to an electroactive species which was reduced at the second peak. Exhaustive 
electrolysis of (374) resulted in the formation of both the dimer, 4,4'-dinitrobibenzyl, and 
(377). The rate constant for the conversion of (375) to (376) was estimated to be about 
2 X lo4 s-'. The reason for the differences in bond points of cleavage is probably 
connected with the relative stabilities of the radicals generated. 

The participation of neighboring sulfur in the reduction of a series of thiacyclanones 
was investigated for compounds (378) to (385).166 Compounds containing sulfur were 

go (yo QO 6 
378 379 380 381 

382 383 384 385 

observed to be more easily reduced than the parent cyclic ketones. The magnitude of the 
effect was observed to be dependent upon the ring size and position of the sulfur atom. 
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< 

Reduction of (386) gave rise to a variety of products of which (387) and (388) were most 
p r ~ m i n e n t . ' ~ ~  A detailed product analysis also showed the presence of the other minor 
products shown in Scheme 87. 

Ph-Ui4H-Ph 
307 

S K  A A  P h s P h  
388 

P\ 
Ph- CH-CH-Ph 

389 

PhCHO 
390 

PhCt+-S-CHph 
391 

Phyf H 

Ph 
L 392 

IS\ 
PhCH CHPh 

I I  
Br Br 

386 

38% 

LL% 

2% 

2 O h  

1 O h  

2 Yo 

Scheme 87 

XIV. SULFONIUM SALTS 

The reduction of sulfonium salts produces the radical (394) as the primary intermediate 
(Scheme 88). In most cases (394) is expected to be unstable with respect to decomposition 
to the sulfide (395) and radical (396). Thus the chemistry observed is that of the radical 

R3S' A R3S R2S + R' 
393 394 395 396 

R-R 
397 

RH 
Y 399 

Fy A R- 

RH + ylid 
399 

398 --L 

RH + Solv' 

Scheme 88 

(396). Possible reaction pathways are dimerization to (399 ,  reduction either at the 
electrode or in solution to the carbanion (398) or hydrogen atom abstraction from the 
medium to give the reduced product (399). The presence of (393) gives rise to a special 
reaction of the carbanion (398) with the formation of (399) and an ylid. 

The reactions illustrated in Scheme 88 assume that the electrode is acting only as a 

168-1 70 
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source of electrons and does not chemically interact with the intermediates. This situation 
When 

The the electrode is mercury a more intimate interaction is involved (Scheme 89). 
is apparently realized when platinum or aluminum is used as the electrode. 168- 170 

17 1-1 72 

Ph3S* [Ph3S.....-Hg) 
coo 401 

Scheme 89 

reaction is formulated as an atom and electron transfer giving the complex (40Z) which 
may either undergo electron and proton transfers to give (402) and (404) or dispropor- 
tionate giving (402), diphenylmercury (403) and mercury. 
Cyanomethyldimethylsulfonium salt (405) undergoes apparent one electron reduction 

to give (408) in high yield (Scheme 90.). 173 This is another case where the primary process 

Me2SCH2CN Me2S + -CH# 
405 406 4007 

Scheme 90 

2M&CH&N M+S + M&-&CN + MecN 
405 406 u)8 L09 

involves two electron reduction but further reaction consumes one mole of substrate. A 
similar reaction has been observed during reduction of dimethyl-9-fluorenylsufonium ion 
to give the stable ylid (4Z0).’74 This method has been employed to generate ylids in 

s+ 
Me’ ‘Me 

410 

The reduction of (4ZZ) in the presence of carbonyl compounds 175- 176 preparative studies. 
gave potentially useful epoxides (Scheme 91) in moderate yields. 

412 

Scheme 91 

Ll4 
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The cleavage reactions already discussed for the reduction of sulfonium salts have also 
been employed in synthetic work. Sulfonium ion (4Z5) was observed to undergo two 
electron reduction in the presence of acrylonitrile (416) to give 3-phenylbutyronitrile 
(417) (Scheme The yield in this case was 29%. 

M&CI+Ph cy&cN- PhCH2CH2CHzCN 29% 
415 416 117 

Scheme 92 

XV. THIOKETONES 

1. Reduction of Thioketones. 

Only simple thioketones will be treated here. Thioesters and related compounds have 
been discussed in sections VIII and IX. Polarography is buffer solutions (32 different) 
showed that (418) is reduced in a two electron-two proton step to give (419) (Scheme 
93).'78 The same conclusion was arrived at by polarographic studies in water 2-propanol 

Ar Ar 
\ 

/ Ar Ar 
>C=S CHSH 

418 419 

Scheme 93 

(40%).'79 Further details of this overall scheme was reported from results obtained in a 
polarographic study of the reduction of (420) and (42Z)."* In acid solution it was 
proposed that the reaction involves a preliminary protonation equilibrium followed by 

420 421 

422 123 121 125 

S 
II 

Ph-C-CMe2COOEt 
5 

Ph-C-CHfiOOEt 
U6 427 

S 
Ph-!-CHCNPh 

3 
Me-C-CH2COOEt 

428 129 

S S 
II 

Ph2CH-C-CH2ph 
II 

EtCKrC-CH2Pr 
WO 631 
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two consecutive one electron transfers. However, at intermediate and higher pH, direct 
reduction of the thione was postulated to take place before protonation. In strongly 
alkaline solution dimerization of the intermediate radicals was believed to be the general 
reaction pathway but the radical derived from (420) reduces further to the parent 
hydrocarbon. Plots of the half-wave potentials measured in acetonitrile were found to 
correlate linearly with the energy of the longest wavelength absorption band (n - n*). 
A similar linear relationship was found between half-wave potentials and spectroscopic 
parameters.18' Heterogeneous charge transfer kinetics were studied by an a.c. method 
during the reduction of three different thiobenzophenones. Rate constants ranging from 
0.1 to 0.2 cm/s in acetonitrile at 25°C were reported. 

Polarography was used to show that the ease of reduction increases in the order 
(422) > (423) > (424) > (425) in aqueous buffer at pH 7.'82 The half-wave potentials and 
the energies of the lowest vacant T orbitals showed no apparent correlation while an ap- 
proximate linear dependence was found between the energy of the first intense absorption 
band and the half-wave potentials. 

Compounds (426) and (428)-(43I) in contrast to (423 ,  have enolizable hydrogens 
which give rise polarograms in which the reduction of both the enthiol and thione are 
e~ident . ' '~  Analysis of the polarograms indicated that the percent of thione present varied 
between 33% (430) and 0% (431). It was further demonstrated that enthiol-thione 
equilibrium was strongly affected by the nature of the supporting electrolyte cation. 

2. Oxidation of Thioketones. 

The oxidation of (432) in aqueous solution at platinum electrodes was observed to give 
(433) and SO2 in a six electron process (Scheme 94).IE4 

Ye P 
L)ks N -6e,-6H' 3w - + so2 Scheme 94 

I 
Me 
a2 

I 
Me 
433 

XVI. SULFOXIDES 

1. Reduction of Sulfoxides. 

Sulfoxides (434) are reduced in the presence of protons to the corresponding sulfide (435) 
(Scheme 95).185-187 Surprisingly, no polarographic waves could be observed during 

R-&R R-S-R HzO 
L35 

I 
0- 

Scheme 95 

136 

attempted reduction of the cyclic compounds (436) and (437)."' The presence of a 
carbonyl group in the P-position has been observed to bring about a dramatic change in 
the reaction pathway (Scheme 96 and 97).'88-190 The initial cathodic cleavage of (44Z) to 
(442) is followed by reaction with proton donors or if the reaction is carried out in DMF a 
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Q Q  I I 
0- 0- 

436 431 

Scheme 96 

Ar-CO-CH,-&le - 2e Ar-CO-CH; + Me-S-O* 
LL2 443 

I 
0- 

441 p 
Ar-CO-C~-CH=CH-CO-Ar - 442 Ar-CO-CH=CHOH 

445 444 
Scheme 97 

2e 2H' i 
Ar -CO-ICH2),-CO-Ar 

446 

condensation with solvent to give (444) which in turn reacts with carbanion (442) to pro- 
duce the addition product (445) which is electroactive and is reduced to the 1,5-diketone 
(446). 190 

The cathodic reduction of 1 ,Zdiphenylthiiren monoxide (447) was found to afford 
products arising from cleavage of the carbon sulfur bonds (Scheme 98). 19' The authors 

Ph Ph 

Ph Ph 
p-o- c, p-0- 

L47 LL0 

Ph mpPh- Ph-CSC-Ph + SO2' 
S F P h  451 L52 Scheme 98 

Ph / 449 450 

Ph 
*0- 

\r 
440 [ lD]l- Lx:]'- Ph-C-C-Ph II II 

0 0  
453 L5L 455 

suggested the reaction sequences shown in Scheme 98 to account for the formation of the 
products. While the reactions leading to (455) appear to be a reasonable formulation, 
those leading to (451) with the ejection of SO2- (452) from the dianion (450) would appear 
to be somewhat less likely. 

2. Oxidation of Sulfoxides. 

Little has been reported on this class of  reaction^.'^'^^*-^^^ The oxidation of (456) in 
acetonitrile was observed to give the corresponding sulfone (459) in yields of about 
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50%. 193 The further observation that when the reaction was carried out in the presence of 
benzene the formation of the triphenylsulfonium ion (461) without changing the yield of 
(459) was the basis for the proposal of the reactions in Scheme 99. The key step in this 

456 457 458 

Scheme 99 

Ph3s' 
459 

461 

mechanism is the reaction of cation radical (457) with substrate (456) to give unstable 
cation radical (458) which can undergo rearrangement and decomposition to (459) and 
(461). 

XVII. SULFONES 

1. Anion Radical Formation and Mechanisms of Further Reactions. 

Diary1 sulfones (462) are rather difficultly reduced, for example the diphenyl derivative is 
reduced at -2.09 V vs. SCE.194 The first step has been demonstrated to give the anion 

The anion radicals (476) are radical in a number of cases such as (462)-(475). 194-196 

Ar-s-Ar 
462 

464 465 

467 6 8  

470 47 1 

4r3 474 475 
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generally reactive and decompose to generate the aryl radical and the aryl sulfinate ion 
(477) (Scheme 100). The radical is either reduced by electron transfer or undergoes 

Ar-S02-Ar &$= [Ar-S02-Ar]T 
462 476 

A f  + Ar-SO; 
477 products 

(ArH) 

Scheme 100 

Ar-S02-Ar Ze.H’_ ArH + Ar--M; 
462 478 477 

hydrogen atom abstraction in either case generating (478). Thus, the overall reaction is a 
two electron one proton reduction. 

A great deal of effort has gone into the demonstration of the intervention of aryl 
radicals in these reactions. A particularly pertinent case is studies conducted on the 
reduction of (479) (Scheme 101). 19’ The proposed reactions of radical (481) to generate 

+ o=c 
I 

Me -N 

OMe 
480 

Me0 

Q 
Me/ “0 

484 482 

Me0 I-”’ 
M,/ ‘0 

485 483 

Scheme 101 

(483) and (485) were compared to those of (481), generated by halide cleavage from the 
corresponding aryl halide anion radical. The comparison is shown in Table VI. Although 
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TABLE VI 
Relative Yields of Products after Reduction in DMF at a Hg Cath~de.'~' 

Relative Yields (%) 

Compound Solvent V (vs. SCE) (481-H)" (485) (483) 
~~ ~ 

(479) DMF -2.0 22 50 28 
(481 -Br) DMF -1.9 33 23 44 
(481 -el) DMF -1.6 47 25 28 

(479) H 2 0  -1.9 26 63 11 

the comparison is not exact, the correspondence appears to be good enough to support 
the intermediacy of (481) during the cathodic reduction of (479). 

Another view on the reaction mechanism of the decomposition of diaryl sulfones is 
outlined in Scheme 102.'94 This proposal, based upon cyclic voltammetry and double 

Ph-S-Ph [Ph-SQ-Ph]' & 
486 407 

[Ph-SOz-Ph]H' - $( [Ph-S02-Ph]H)2A 
488 489 

Scheme 102 

[Ph-SO,-Ph]H-- 0 + Ph-Sq 
490 491 

potential step chronoamperometry, involves protonation of the anion radical (487) to 
give the undefined adduct (488) and subsequent rapid dimerization to (489) and finally 
further reduction to (490) which cleaves to benzene and benzene sulfinate ion (491). 

2. Product Distribution from Reductions of Diary1 and AryI Alkyl Sulfones. 

A very thorough investigation of the cathodic cleavage of unsymmetrical diaryl sulfones 
(492) was carried out to establish the factors determining which of the two sulfur-carbon 
bonds are cleaved (Scheme 103). 198-200 Product isolation studies were carried out under a 
very wide variety of conditions where supporting electrolyte cation, electrode material, 
substrate concentration, current density, and substitution patterns were varied. Structural 

&93 

470 

Ar-S&-At' 
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Scheme 103 
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+ RH 
496 

495 
478 

Scheme 103 
(continued) 

effects were found to be of most importance. In the absence of unfavorable steric 
interactions, i.e. when substituents were in the 4-position, the cleavage of the bond giving 
rise to the most stable aryl radical was found to  be favored. When the substituent was in 
the 2-position, apparent unfavorable steric interaction brought about an increase in the 
amount of the less stable aryl radical. The only other variable influencing the reaction was 
found to be the electrode material, variations of which significantly affected the current 
yield. 

An early report of the reduction pathway of alkylaryl sulfones (495) (Scheme 103) led 
to  the conclusion that aryl radicals were produced.201 Only compounds containing aryl 
groups with electron withdrawing substituents were included in the study. Conflicting 
results were reported for the reduction of (495) in which only alkyl cleavage was 
observed.202 More recently, only cleavage of naphthyl was observed when R was methyl in 
(495).203 However when Ar was naphthyl and R was benzyl, only benzyl cleavage was 
observed. Cyclic arylalkyl sulfones (498) were found to undergo exclusive aryl-sulfur 
cleavage (Scheme 104). The products were characterized by converting the resulting 

203-204 

498 n s 2 . 3 . L  

Scheme 104 

sulfinate ions to benzyl sulfones (499). In the special case, n = 1, (500) a mixture of prod- 
ucts (50Z) and (502) were obtained indicating the cleavage of the alkyl-sulfur bond took 

On the basis of available data it is difficult to predict which bonds of place as well. 
(495) would be cleaved upon reduction. 

205-206 

3. Di- and Trisulfones. 

The difunctional (503) was reduced both cathodically and indirectly with anthracene 
anion radical as a mediator in DMF.”’ Higher selectivity was reported for the indirect 
method with preferential cleavage as indicated in the structure. Compounds bearing three 
sulfone groups (504)-(505) have been studied as 

503 
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(Ar-S@-),CH-SO2-R R=Me. Ar 
504 

4. Sulfones Containing Other Functional Groups. 

Reduction of (506) was observed to produce the sulfinate (491) and the nitrile (507) in 
moderate yield (Scheme 105).209 It was concluded that the reaction involves a two electron 

R' 
I 

R' 
I 2e.H. 

Ph-S&-C-CN - Ph-SG + CH-CN 

507 
A2 491 A2 

506 

Scheme 105 

one proton reduction as shown. More recently, the mechanism has been proposed to 
involve an apparent one electron reduction because of protolytic reactions deactivating 
starting 

Electrolytic reduction of (508) in DMF containing acetic acid was found to give (491), 
(509)-(511) (Scheme 106).211 More complicated reaction mixtures were obtained in the 

Ph-SK 1 491 

Ph-CHOH-CH*-Ph 

Scheme 106 

508 

absence of acetic acid and this was attributed to reaction of the substrate with 
electrolytically generated base. 

p-Ketosulfones (512) have been observed to undergo cathodic cleavage to (513) and 
(514) (Scheme 107).212,213 Either reduction or dimerization of (513) was found to take 

R-CO-CH-S02-R" R-CO-kH-R + R"-% 
513 514 I R 

51 2 
Scheme 107 

R-CO-CY-R dirner Fr-sq 
516 o-zrt. 515 

60-90% 

place giving rise to either (516) or dimer. Sulfinate (514) apparently underwent anodic 
oxidation to the corresponding sulfonate (515). The origin of the dimers formed as 
byproducts is most likely coupling of radicals rather than the result of S N ~  attack by 
reduced (513) on the substrate.214 No unsymmetrical coupling product was found during 
the reduction of a mixture of two fl-ketosulfones. 

A polarographic study of the reduction of (517)-(522) was carried out to determine the 
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51 7 518 519 

E,,2(V VS. SCE) -1.67 -1.96 -2.LO 

520 52 1 522 

El,zlV S. SCE) -1.U -2.15 -2.L3 

effect of transannular interactions on the ease of r e d ~ c t i o n . ~ ”  Transannular interactions 
were observed to be significantly greater for the sulfone than the sulfide groups. The 
actual reduction process involves the keto group. 

5. Unsaturated Sulfones. 

Dependent upon the structure of (523) either cleavage to (497) and (524) or reduction of 
the double bond to give (525) is observed during electrolysis (Scheme 108).216-218 

523 

Scheme 108 

XVIII. DERIVATIVES OF SULFUR CONTAINING ACIDS 

Sulfenic acid esters (526) have been reduced to the corresponding thiophenols (527) 
(Scheme 1 09).219-220 Sulfinic acids (529) may be reduced to thiols as well (Scheme 1 

Ar-SH + R-OH Ze. 2H+ Ar-S-0-R - 
526 527 528 

R-SQH %% R-SH + 2 y O  
529 530 

Scheme 109 

Scheme 110 

Sulfinate ions (531) can be oxidized on glassy carbon electrodes to dimer (532) in low yield 
(Scheme 11 1).222 When the oxidation was carried out on mercury, a nearly quantitative 
yield of the mercury containing compound (533) was observed. During the reduction of 

Scheme 11 1 
531 532 
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Scheme 1 1  1 
(continued) 

sulfonic acids either a hydrogen wave223 or a cleavage reaction (Scheme 1 12)224 have been 
reported. Sulfonic acid esters (536) can either cleave to give aryl radical (538) or radical 

&L + se- 
534 535 

Scheme 112 

(543).225 Hydrolysis of (539) gives the alcohol (541) which can then react with substrate 
(536) to give ethers (546) and tosylate ion (547) (Scheme 1 13).225 The mode of cleavage 

M e - @ 0 2 0 R  
536 

[ M e a S 0 2 0 R ] T  

/ 537 / 
M a  + ROSq M e a S 0 2  + RO- 

538 539 543 544 

I H *  IW el I+ 
M e a  ROH + H S G  M e e S G  ROH 

540 541 542 545 541 

Scheme 113 

541 + 536 - ROR + M e e S q  

546 547 

may be strongly affected by the stability of the resulting anions as is evident from the 
results of the cathodic reduction of (548) in which case only oxygen-carbon cleavage is 
observed (Scheme 1 14).226 Here again, the anionic product (549) was observed to react 
with substrate (548) in an SN2 type reaction. Thiosulfonic esters (551) may also be reduced 

Me-@O2O-CY--C=CH2 
54B b0Et 

547 549 Scheme 114 

7H2-7-h 

€4 COoEt 
5L8 + 519 - 5L7 + H&=C C-Cb 

I 

550 
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, 

to thiols, in this case accompanied by equimolar amounts of sulfinate ions (Scheme 
115).2278228 The reduction of sulfonyl chlorides can lead to a variety of products as is 

R-S02-S-R R-SO; + R-SH 
551 

Scheme 115 

illustrated in Scheme 116.229 The Hammett equation was extended using polarographic 
reduction potentials of bisarylsulfonyl chlorides (556) in which the aryl groups were 

Ar-S02CI 

MeCN. 2 F l m o  552 y N . H C I O I .  6Flrnol 

Ar-so; Ar-S02-S-Ar 

I 
55L 

IRX 
t 

AT-SQ-R ArsH 
553 555 

Scheme 116 

separated by various bridging Sulfonamides (557) are reduced to give sulfinate 
ion (477) and amine (558) or if R is H cleavage takes place to give the hydrocarbon (559) 
and (560) which hydrolyzes to bisulfite ion and ammonia (Scheme 117). 231-236 

Ar-SO; + NHR2 Ar-SOz- NRz --L 
Ze. H' 

557 477 558 

Scheme 117 
ArH + S02NHI 2e. H* Ar-S&-NRz 

557 559 560 

HSO; + N Y  

More details of the reactions covered briefly in this section can be found in a recent 
review. ' 

XIX. THE PRESENT STATE OF THE ELECTROCHEMISTRY OF ORGANIC 
SULFUR COMPOUNDS 

Except for the unusual interactions of organic sulfur compounds with mercury elec- 
trodes, the electrochemistry of these compounds does not differ in any essential way from 
that of others. Therefore in terms of the electrochemistry there is no particular advantage 
in considering them as a separate group. The present state of this topic is then that of 
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organic electrochemistry in general. Future work may show that there are more specific 
effects of the large sulfur atom in the electrode processes. Except for organic halogen com- 
pounds, sulfur compounds are the only class of substances with electronic configurations 
with higher orbitals than those encompassed by the second row elements that has been 
studied to any significant degree by electrochemical methods. 

The synthetic aspects of organic sulfur compound electrochemistry are generally 
concerned with the conversion of functional groups and many useful procedures have 
evolved. As is the case in general, in recent years detailed mechanistic studies have been 
conducted as well. The present state of this area of endeavor is however not very well 
developed. For example, most of the schemes presented in this review are based on 
postulated mechanisms which have not been subjected to detailed mechanistic analysis. It 
can therefore be expected that more detailed studies will show that some of the postulated 
mechanisms are not correct descriptions of the processes. Even in some of the cases where 
very detailed studies have been carried out, the mechanisms are still in a stage of 
evolution. This is not the impression left upon the reader of some recent reviews in this 
area. For example, the half regeneration mechanism of the reactions of such species as 
thianthrene cation radical has been taken as established for the description of a number of 

The term half regeneration arises from the fact that for each mole of processes. 
product formed from the ion radical a mole of substrate is formed as in Scheme 40. Thus, 
half regeneration is a description of the stoichiometry of the reaction and will apply 
regardless of the detailed mechanism. The recent reviews237J238 have overlooked the fact 
that a significantly different mechanism has been reasonably well established for these 
reactions. 

During the writing of this manuscript we became aware of another review241 covering 
some of the aspects of the electrochemistry of organic sulfur compounds. 

237,238 

This general mechanism has been shown in Scheme 45. 85,88,89,239,240 
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