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A.J. Fry
1. Introduction

Current interest in the electrochemical behavior of organic compounds is at-
tested to by a number of recent books and reviews devoted to various aspects
of the subject. The recent article in this series by Eberson and Schafer ¥ con-
stitutes a good general introduction to the state of the art in synthetic and
mechanistic organic electrochemistry, and also contains, in Chapter 1, many
useful references for the interested reader who wishes to delve deeper into
the extensive literature of organic electrochemistry.

A great deal of knowledge concerning the mechanisms of organic electrode
reactions has been accumulated in recent years, principally through the applica-
tion of sophisticated electrochemical techniques such as cyclic voltammetry,
polarography, electron spin resonance (e.s.r.) spectroscopy, coulometry, and
controlled-potential electrolysis 1) Relatively less attention has been paid, on
the other hand, to certain standard tools developed by physical organic chem-
ists for study of organic reaction mechanisms. This review is devoted to a sur-
vey of progress in the applications of one of these tools, stereochemistry, to
the understanding of mechanisms of organic electrode reactions. It should
scarcely be necessary to point out the central role which stereochemical prin-
ciples have played in our modern understanding of the mechanisms of organic
reactions. Determination of the stereochemical course of a given organic reaction
is usually one of the first steps taken in a study designed to unravel its mechanism,
Despite the undoubted utility of stereochemical information in mechanistic
studies, there are relatively few organic electrode reactions whose stereochem-
ical course has been examined at all, and fewer yet which have been studied in
much more than cursory fashion. This is unfortunate not only for the reasons
outlined above but also because the synthetic organic chemist must know the
stereochemical features of a reaction when he is considering using it in a syn-
thetic scheme. It is hoped that by setting forth the current state of knowledge
concerning the stereochemical course of electrochemical reductions, this re-
view will not only provide that information (insofar as it is available) to those
interested in synthetic applications and will afford a convenient summary for
investigators carrying out or contemplating research in this field, but may also
provide a stimulus for further work in this area by pointing out the many
unsolved problems, intriguing results, and sometimes even outright contra-
dictions which have been reported by those who have studied the stereo-
chemistry of electrochemical reductions. It should be pointed out that a re-
view article on this subject was recently published by Feoktistov 2. The prin-
cipal emphasis in that article was however upen data obtained from polaro-
graphic methods, rather than preparative-scale electrochemical reductions and
it did not represent an exhaustive review of the Western literature on the sub-
ject. Certain areas, mainly polarographic, treated in detail there will not be
discussed at length here.
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Stereochemistry of Electrochemical Reductions

1.1. Special Stereochemical Features of Electrochemical Reactions

It will be assumed in this review that the reader is familiar with the usual ster-
eochemical concepts employed in organic chemistry. Reactions carried out at
electrodes are sometimes complicated by special features, however, which are
not commonly encountered in normal organic chemical practice and which
one must therefore be aware of. These are all associated with the fact that
electrochemical reactions at electrodes are heterogeneous processes.

1.1.1. Orientation

The orientation of the electroactive substance (the material undergoing elec-
tron-transfer at the electrode) with respect to the electrode surface can very
substantially affect its electrochemical reactivity. This ought not be surprising:
electron transfer is a heterogeneous process, and ought therefore to be sub-
stantially dependent upon the exact nature of the contact between the elec-
troactive species and the electrode. Orientational effects ought to be partic-
ularly important when the electroactive species is adsorbed upon, and hence
in intimate contact with, the electrode surface. What kinds of effects are as-
sociated with orientation of substances at an electrode surface? Generally
what one observes is

a) efficient electron-transfer to a molecule or functional group when the
electroactive material is oriented in a particular geometry with respect to the
electrode surface, and

b) conversely, that reduction of the electroactive substance and other com-
ponents of the medium may be slowed or even completely inhibited for other
orientations of the electroactive material at the electrode.

The p.z.c., or potential of zero charge, is, as its name implies, the poten-
tial at which an electrode immersed in a given medium bears no net charge .
The charge on the electrode increases as its electrode potential is made in-
creasingly positive or negative of the p.z.c. If a compound adsorbed on the
electrode surface possesses a permanent dipole moment, it may change its
orientation with respect to the electrode surface as the electrode potential is
changed. For example, it has been found that at potentials positive and even
slightly negative of the p.z.c., coumarin is adsorbed upon a mercury surface
such that the plane of the coumarin ring is parallel to the electrode surface 9
(Fig. 1a). This behavior, which has also been observed with a number of other
aromatic compounds 6-%), is not entirely unexpected; the flat geometry allows
maximum overlap of the electrons in the m-cloud of the aromatic ring with the
metal surface, an effect which ought to assume particular importance when the
electrode bears a positive charge. If the electrode potential is swept toward in-
creasingly negative potentials, it is found that at a point somewhat negative of
p.z.c. the coumarin molecule reorients itself so that it is perpendicular to the elec-
trode surface, with the positive end of the coumarin dipole closest to the neg-
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Fig. 1aand b, a) Coumarin adsorbed parallel to electrode surface it poténtials positive of p.z.c.
b) Coumarin absorbed perpendicular to electrode surface at potentials negative of p.z.c.

atively charged electrode (Fig. 1b). Reorientation occurs when the negative
charge on the electrode surface has induced a large enough dipole in the ad-
sorbed molecule to overcome the stabilization associated with the parallel sur-
face orientation of coumarin 9. In the paraliel orientation electron-transfer to
other components of the solution is not impeded by coumarin; presumably
electron-transfer through the coumarin ring is mediated by the n-cloud of the
coumarin system. Perpendicularly adsorbed coumarin, however, completely
inhibits reduction of other components of the medium 5), Differences in
electrochemical behavior as a function of orientational differences have not
been searched for, but studies in this area might provide useful information
concerming the detailed geometrical requirements for electron-transfer to var-
ious functional groups. One area of possible synthetic interest is selective re-
duction of a molecule containing two identical functional groups, of which
only one is oriented properly for reduction. This is very likely to be a rather
general phenomenon. Such behavior has in fact already been observed with
erythrosin and 2,2-dichloronorbornane (Section 2.1) and diketocholanic acid
(Section 3.1).

1.1.2. Shielding

Intermediates generated at an electrode surface may react while still near the
electrode. If so, one side of the intermediate may be wholly or partly shielded
from attack by other reactants by the electrode itself. Such behavior is partic-
ularly common in the electrochemical oxidation of aromatic compounds since,
as we have already seen with coumarin, aromatic compounds are generally
tightly adsorbed parallel to the electrode surface at potentials positive of the
p.z.c. For example, electrochemical oxidation of the stilbenes in alkaline me-
thanol affords a mixture of d! and meso-1,2 dimethoxy-1,2-diphenylethane (1)
10} Tt is found that cis-stilbene affords a mixture of isomers of  in which the

4



Stereochemistry of Electrochemical Reductions
OCH,
|
CgHs—CHCH-C¢H;
{
OCH,

dl: meso ratio is 2:3, while the dl: meso ratio of ] obtained from trans-stilbene
is 2.2:1. The oxidation process amounts therefore to an overall preferred cis
addition of the two methoxyl groups to the double bond. The probable mech-
anism of formation of ! is as follows:

CeHsCH=CHC Hs —=— C¢HsCHCHC H AN C¢Hs CHCHC (Hs
CH,
2 3
- . OCH,
3 = CeHsCHCHC{H; ——— 1

CH,4
4

It is probable that adsorption of intermediates such as 2, 3, and 4 upon the
electrode surface requires that both methoxyl groups be added from the same
(unshielded) side of the planar system !}, Shielding is probably less important
in cathode processes than it is in oxidations, In order for shielding to dominate
the stereochemistry of attack upon an electrochemically generated intermediate,
the intermediate must either be tightly adsorbed upon the electrode or must be
so reactive that it reacts before it can diffuse away from the electrode. The

first of these two requirements is much more likely to be obeyed in oxidations
of electron-rich species than in reductions generating carbanionic intermediates,
which ought not to be absorbed on the electrode at negative potentials.

1.1.3. Medium Effects

The composition of the highly structured region of solution nearest to the
electrode surface, the so-called electrical double layer, may differ very sub-
stantially from the composition of the bulk solution 12). The chemistry of
electrochemically generated intermediates may therefore differ greatly from
what one would expect on the basis of the nominal solution composition if
such intermediates react while still in the double layer. Anomalous behavior
associated with a double layer composition which differs from the composi-
tion of the bulk solution may be termed a medium effect. Medium effects are
more likely to be observed in electrochemical reactions involving highly reac-
tive intermediates, since less reactive intermediates are more likely to survive
long enough to permit diffusion out of the electrical double layer into bulk
solution.
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Medium effects can be quite striking. Nyberg 13) studied the electrochem-
ical oxidation of hexamethylbenzene(5) in acetic acid-acetonitrile mixtures.
Oxidation of 5 is known to generate the pentamethylbenzyl cation (6). The
products obtained by Nyberg are pentamethylbenzyl acetate (7) and N-penta-
methylbenzylacetamide (9). These are formed by nucleophilic attack upon 6
by acetic acid and acetonitrile, respectively. The latter process is the first step
of a Ritter reaction, which is completed by reaction of nitrilium ion 8 with
traces of water in the solvent. The ratio of 7 to 9 is highly dependent upon
the solvent composition and the nature of the supporting electrolyte employed
As expected, the relative proportion of amide 9 increases as the ratio of aceton-
itrile to acetic acid in the solvent is increased. In 99: 1 acetonitrile-acetic acid,
the ratio of 9 to 7is 84:16 and 78:22 when the electrolyte is sodium perchlor-
ate or tetra-n-butylammonium perchlorate (TEAP), respectively. When the
electrolyte is tetra-n-butylammonium tetrafluoroborate, the ratio of 9 to 7
was however found to be 19:81. This dramatic depéndence upon the nature
of the supporting electrolyte was interpreted as a medium effect. Nyberg
argued that the small tetrafluoroborate anion is solvated preferentially by
acetic acid, the minor (1%) component of the mixed solvent system, and that
this ion is solvated better by acetic acid than is the larger perchlorate anion!3),
It is known that the anion of the supporting electrolyte is present in the double
layer in excess over its bulk concentration at the positive potentials at which
oxidation of aromatic species takes place 2). It was argued that the presence
of tetrafluoroborate ion at the electrode surface, coupled with its preferential
solvation by acetic acid, causes the acetic acid concentration at the electrode
surface to be much higher than its bulk concentration.
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o CH,OH CH;NHAc
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Eberson and Olofsson 14) observed exactly the same effect, and advanced
the same rationale, in their study of the electrochemical oxidation of 5 in
acetonitrile-water mixtures, to afford mixtures of pentamethylbenzyl alcohol
{10/} and the amide 9.

Besides being of obvious synthetic utility, these results remind us that
changes in experimental parameters, particularly solvent, electrolyte, potential,
and temperature, may cause substantial changes in the composition of the
double layer and therefore may provoke changes in the course of electrochem-
ical processes occurring at the electrode surface.

2. Electrochemical Cleavage of Single Bonds
2.1. Alkyl Halides

In 1949 von Stackelberg and Stracke proposed a general mechanistic scheme
for the electrochemical reduction of alkyl halides (Scheme I) 19, It was sug-
gested that the reduction is stepwise, proceeding via initial one-electron

Scheme [

reduction of the alkyl halide to generate a free radical, which is then reduced
further to a carbanion, the latter then abstracting a proton from the solvent
to afford the hydrocarbon. In spite of the fact that this mechanistic Scheme
was Initially formulated upon the basis of very little experimental evidence,

it has withstood the test of time fairly well. It is now known, however, that
the Scheme as originally formulated must be modified in several respects. For
example, not stated explicitly by von Stackelberg and Stracke, but implicit in
the statement that the only reaction open to the intermediate radical is reduc-
tion to a carbanion, is the assumption that potential £; necessary for cleavage
of the carbon-halogen bond is quite negative of E,, the reduction potential of
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the radical, so that the radical is reduced as soon as it is formed. Sometimes,
however, the intermediate radical is sufficiently long-lived to undergo rear-
rangement '6:!'7 | dimerization {8 or combination with the electrode to form
organometallic products 13-29 before reduction to a carbanion can occur.

A number of stereochemical questions may be raised in connection with
Scheme I. These include the following:

a) is there a preferred orientation of the carbon-halogen bond with respect
to the electrode surface?;

b) if so, can the electrode discriminate between identical groups in different
stereochemical environments in a molecule? ;

c) is reduction stereospecific, i.e., do sterecisomeric halides afford stereo-
isomeric products?

Data bearing on all of these questions are now available, but since alkyl
halides exist in great structural diversity, the answers to the questions some-
times depend upon the structure of the individual halide. Answers to all of
these questions are not yet available for all structural types. Furthermore most
stereochemical experiments have been conducted upon alkyl halides of rather
special structures, so that it is often difficult to extrapolate the resuits to sim-
pler systems.

Very little is known concerning the stereochemistry of electrochemical re-
duction of simple acyclic halides. Eberson studied the reduction of optically
active a-methylbenzyl chloride (1) in dimethylformamide (DMF) contain-
ing deuterium oxide 21). The a-deuterioethylbenzene (12) obtained from this

CeHsCHCH, —X— C4HsCDHCH,
| D,0
ol
11 12

reaction is at least 98% racemic. This result is exactly what one would expect

if the reduction proceeded via an intermediate a-methylbenzyl radical or car-
banion. Optically active a-phenyl-a-chloropropionic acid (/3) has on the other
hand been reported to undergo reduction with predominant inversion of stereo-
chemical configuration 22,

CH, 2e” (|3H3
CeH;CCO, R —> C4HgCHCO,R
&
13, R=H 15
14, R =C,H;

Erickson and Fischer have not been able to reproduce this result, however 23.
They found that the products isolated from reduction of either 73 or its ethyl
ester { 14) are essentially completely racemic, thus making the stereochemistry
of electrochemical reduction of /3 consistent with that of /1.

8
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ﬁl\}m QS@, th
Cl 1 Br

16 17 18

Recent experiments upon the electrochemical reduction of stereoisomeric
geminal dihalides support the conclusion that configuration is lost during the
reduction of most alkyl halides 24:25), The compounds investigated were 2,2-
dichloronorbornane-exo-*€Cl (16), exo-2-bromo-endo-2-chloronorbornane
(17), and exo-2-chloro-endo-2-bromonorbornane (18). Reduction of all three
compounds consumes two Faraday/mole, and produces in each case a mixture
of nortricyclene (19) and endo-norbornyl chloride (20). A reduction scheme
which accounts for the formation of these products is presented in Scheme II.
Reduction of any of the three dihalides generates the rapidly interconverting
pair of stereoisomeric carbanions 21a and 21b. Protonation of 21 from the
less hindered exo direction will produce the endo chloride 20, while ejection
of chioride ion from 21 and intramolecular insertion 28) of the resulting car-
bene 22 affords 19. The fact that both /7 and 18 lead to 20 demonstrates
that equilibration between 21a and 215 is much faster than protonation of

either.
16,170r18 2¢ E@l gh

e 2O ﬁb—*—i
3

20 22 19

Scheme 11

The question 26:27) whether there is a preferred surface orientation for
facile reduction of the carbon-halogen bond may also be answered by refer-
ence to the electrochemical behavior of 16-18. This question was investigated
in two ways. The first method involved determination of the amount of iso-
topically labelled chlorine remaining in 20 isolated from the electrochemical
reduction of 16. This proportion was found to be 7 + 1% under a variety of
experimental conditions 25.29), This means that reduction of the exo chlorine

9
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of 16 is faster than reduction of the endo chlorine by a factor of 13 # 2. The
second approach to this problem involved measurement of the relative rates
of heterogeneous electron transfer to 77 and I8, respectively. This analysis
was based upon the fact that the polarographic current for a totally irrevers-
ible electrochemical process (reduction of alkyl halides is totally irreversible)
increases exponentially with increasingly negative potential when measure-
ments are restricted to potentials near the foot of the polarographic wave 30),
Logarithmic plots of polarographic current vs. potential in this region were
constructed for 17 and I8; the plots were parallel lines, hence the relative
rates of reduction of /7 and 18 are independent of potential. The relative
rates of reduction of /7 and 18, under identical polarographic conditions,
are simply equal to the ratio of the respective polarographic currents for
reduction of the two halides. This ratio is 3, i.e., electron transfer to /7 is
faster than electron transfer to I8 by a factor of 3. Considering the approxi-
mations involved, this is in reasonable agreement with the value of 13 + 2
determined from the measurements made upon /6. Thus both approaches
lead to the same conclusion, that reduction of an exo halogen in the nor-
bornyl system is easier than reduction of an erndo halogen. Other data sup-
port this conclusion. Butin, ef al., studied the polarographic behavior of
seventeen 7-oxa-bicyclo-{2.2.1]-heptane derivatives 30, They found that for
any pair of stereoisomeric halides, the exo isomer is easier to reduce than the
endo isomer. Lambert found that exo-norbornyl bromide is easier to reduce
than the endo isomer 32). Since stereochemical approach to the norbornyl
ring system is less hindered from the exo direction, all of these data suggest
that the halogen end of the carbon-halogen bond is nearest the electrode sur-
face in the electron-transfer step. Sease and coworkers have reached this same
conclusion on other grounds 33}, There is one set of data in the literature
which is discordant with this conclusion, however. Limosin and Laviron de-
termined the relative ease of polarographic reduction of several isomeric pairs
of a-halocamphors, e.g., 23 and 24 34, For any given pair of isomers, the exo
isomer was always found to be easier to reduce than the endo isomer. Stereo-
chemical approach upon the camphor system is generally easier from the
endo direction, because of the steric bulk of the methyl group at C-7 which
is syn with respect to the carbonyl group, hence one might expect that endo
isomers would here be easier to reduce than exo isomers. The observed order
of ease of reduction may, however, be due to the fact that the ground-state

Br
Br

o 0
23 24
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25

energies of exo-halocamphors are higher than their endo epimers because of

steric. compression of the exo halogen and the syn-7-methyl. A similar expla-
nation could account for the well-known fact that in rigid a-halocyclohexa-

nones, including those in the f-butyl-cyclohexane 3%) and steroid 3%) se-
ries, axial halogens are noticeably easier to reduce than equatorial halo-

gens 37),

The selective removal of the exo chlorine of 16 demonstrates that it is
indeed possible to remove one halogen from a dihalide in which the two halo-
gens reside in different stereochemical invironments. Board and coworkers 3%
discovered a very dramatic example of the same phenomenonin a study which
also shows the value of adsorption studies in determining the nature of the
surface orientation of adsorbed molecules and which incidentally, further
supports the hypothesis that the halogen end of the carbon-halogen bond is
nearest the electrode surface during electron transfer. These investigators
examined the electrochemical behavior of erythrosin, i.e., tetraiodofluoroscein
(25). This compound (as its disodium salt) exhibits three polarographic waves
at -0.55,-0.80,and -1.2 V (vs. s.c.e.), of relative heights 1:2:2, respectively.
Since the first wave is known to be associated with a two-electron reduction
of the quinoid system of ring C to the corresponding phenol, the other two
waves must each correspond to an uptake of four electrons. The only other
reducible functionalities in 25 are the carbon-iodine bonds. It is known
that electrochemical reduction of aryl iodides consumes two electrons per
molecule. The existence of two discrete, well-separated reduction steps im-
plies therefore that two of the iodine atoms in 25 are reduced more readily
than the other two. Inspection of the structure of 25 does not reveal any
obvious reason why this should be so. Adsorption studies, however, supplied
an answer to this problem. Measurement of the amount of 25 necessary to
coat a mercury surface of known area with a monomolecular film showed
that each molecule of adsorbed 25 occupies an area of 117 A? at the electrode
surface. Examination of scale molecular models reveals that this can only be
so if the molecule assumes a geometry in which the carbon-iodine bonds at
C-4 and C-5 are perpendicular to the electrode surface, with these iodine atoms
nearest to the electrode surface. If this is the orientation actually assumed by
25 at the electrode surface, one would expect that the iodine atoms at C-4 and
C-5 ought to be more easily reduced than those at C-2 and C-7.

11
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26

This was confirmed by experiment: controlled-potential electrolysis of 25
at ~1.0 V,ie., on the plateau of the first four-electron wave, produced 2,7-di-
iodofluoroscein ( 26/ as the major product.

At the beginning of this section the question was raised whether it might
be possible to obtain stereoisomeric products from stereoisomeric starting
materials. This amounts to asking the question whether or not it might be
possible to intercept electrochemicaily generated stereoisomeric intermediates
(radicals or carbanions) before they can completely equilibrate. As we have
seen, this was not observed in the studies upon 172%), 1825 and optically ac-
tive 1121), nor in the reinvestigation of optically active /3 by Erickson and
Fischer 23). In a few special structural cases, however, stereoisomeric inter-
mediates have been intercepted. Fry and Mitnick 16) examined the electro-
chemical reduction of the stereoisomeric 3-iodo-3-hexenes. The cis-iodide
affords a 3-hexene mixture which is richer in the cis isomer than is the 3-
hexene mixture obtained from frans-3-iodo-3-hexene (Table 1).

Table 1. Stereochemistry of electrochemical reduction of the stereo-
isomeric 3-iodo-3-hexenes

Substrate Phenol Relative % products
concentration trans-3- cis-3-
M Hexene Hexene
trans-3-lodo-3-hexene (0] 94 6
trans-3-lodo-3-hexene 0.1 94 6
cis-3-Iodo-3-hexene 0 70 30
cis-3-lodo-3-hexene 0.1 70 30

Since vinyl anions generally retain configuration 3%} while isomeric vinyl
radicals rapidly interconvert 4®) these results constitute evidence that reduc-
tions of alkyl iodides do proceed via radical intermediates. Isomerization of
stereoisomeric vinyl anions is ruled out by the lack of effect of phenol on the
stereochemistry of the products (Scheme III). Since cis and trans-3-hexene
are formed in differing proportions from the two halides, it may be concluded
that the stereoisomeric vinyl radicals are being intercepted by electron trans-
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fer from the electrode (k;,, and k'; ) at rates comparable with rates (k; and
k_,) at which they are interconverting.

Elving, Rosenthal, Hayes and Martin 4D studied the electrochemical re-
duction of bromofumaric acid (27) and bromomaleic acid (28) in aqueous solu-
tion over a wide pH range. It was claimed that reduction of 27 proceeds stereo-
specifically to fumaric acid, and that reduction of 28 affords mixtures of
maleic and fumaric acids. Because of the polar and hydrogen-bonding prop-
erties of the carboxyl groups in 27 and 28, the relation of these results to
those of Fry and Mitnick 16) is unclear.

The electrochemical reduction of 1,3-dibromides to cyclopropanes
(30> 31) appears to be fairly general 42-44) and has been applied to the syn-
thesis of some rather strained ring systems, e.g., 32, 33, and 34. Rifi has sug-

H,0C H e HO,C H
Br: :CO, H H: :(IO; H

27 29
HO:C)iCO;H e 29 + HOQC: :COQH
Br H H H

28
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gested that ring closure is concerted with cleavage of the two carbon-bromine
bonds, i.e., that the transition state for electron transfer resembles 35 42,43},
Stereochemical evidence has, however, recently been obtained which shows
that this suggestion is incorrect. It was found by Fry and Britton 45) that
meso and dI-2 4-dibromopentane (36) each afford a mixture of cis and trans-
1,2-dimethylcyclopropane (37) upon electrochemical reduction in dimethyl-
sulfoxide. Concerted ring closure ought to be stereospecific, i.e., each isomer
of 36 ought to be converted to a single (and different) isomer of 37. Since
the reduction of meso and di-36 is not stereospecific, reduction is not con-
certed. Formation of cyclopropanes from 1,3-dibromides must proceed in
stepwise fashion, via an intermediate carbanion (38). This conclusion is sup-
ported by the fact that reduction of 36 produces not only the cis and trans
isomers of 37 but also products derived from base-promoted dehydrohalo-
genation of 36, presumably by the intermediate carbanion 45,

30 2e Br Br 31 + 2B

14
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30 2e - —~Br- 31
——— \/\Br ———

38

There is on the other hand a great deal of evidence showing that the
electrochemical reduction of 1,2-dihalides to olefins can occur via a con-
certed pathway, i.e., via a transition state (39) in which both carbon-halogen
bonds are partially broken and the carbon-carbon double bond is partially
formed. An important, indeed critical, point of evidence supporting the con-
clusion that reduction is concerted lies in the remarkable ease with which
vicinal dihalides are reduced. For example, the half-wave potentials of ethy!
bromide and 1,2-dibromoethane are -2.08V and -1.52V (vs. s.c.e.), respec-
tively; 15:46) those of ethyl iodide and f-chloroethyl iodide are -1.6 V and
-0.9V, respectively 47, These very large differences must reflect the tower
energy of delocalized transition state 39 relative to the transition state for
reduction of an alkyl monohalide.

a
x—{z—ﬁ':—x 2 [x~-~c=c-~-x} >c:1:< + X

39

As one might expect, however, there are serious geometric constraints on
this concerted reduction mechanism. Orbitals in the starting material are in
the best position to be converted smoothly into the 7m-bond of the product
olefin when @, the dihedral angle between the two halogen atoms when viewed
along the axis of the carbon-carbon bond (see 40) is either 180° or 0°, i.e.,
when the two halogens are anti (41) or eclipsed (42). This is exactly what has
been observed experimentally: a plot of polarographic half-wave potential vs
@ for a series of conformationally rigid dibromides showed that

a) reduction is easiest when () = 180°,
b) is most difficult when § = 90°, and
¢) becomes very easy again when @ = 0° 46),

Reduction is probably stepwise when @ = 90°. (The plot in fact resembles
very closely in form the familiar Karplus plot of the magnitude of vicinal
proton-proton coupling constants as a function of @ *®), The haif-wave
potentials of 43 and 44 are representative; the half-wave potential of a
related monohalide (45) is given for reference #6), These investigators did
not examine the products of electrochemical reduction of the vicinal di-
halides which they studied. If reduction is concerted, the products should
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X
X<g X X
¥
oSy
X
40 4] 42
Br 7' 7'
Br— Br Br
Br
43, Eyy; =-086V 44, E\ ;2 =161V 45, E\jp =-191V

consist entirély of alkene, with no accompanying alkane formed by a step-
wise removal of both halogens; if reduction is stepwise via an intermediate
carbanion, some of the corresponding alkane should also be formed:

. i -
x—cl—cl:—x 2, x—cl—c':- X, c=c
VH
| 2 |
X-C-C-H —5— H-C-C-H
{1 H [ ]

To test this point, McKeon and Koch examined the preparative scale electro-
chemical reduction of the diaxial bromides 43 and 46 in aqueous DMF 49
They found only the corresponding olefins as products, under analytical con-
ditions which could have detected as little as 3% of the alkanes, had they been
formed. It is unfortunate that a dibromide for which ¢ =~ 90° was not investi-
gated by these workers. Reduction of such a compound ought to be stepwise,
and alkane could be formed, especially in a proton-donating medium. Finally,
Nelson and coworkers have suggested from their study of a series of rigid vi-

Br
46
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cinal dihalides that concerted reduction is observed when both halogens are
eclipsed, i.e., when ¢ = 0° 59,

Open-chain vicinal dihalides are apparently reduced concertedly via a con-
formation in which the two halogen atoms are anti to each other. This con-
clusion is based upon the fact that meso isomers of structures 47 are generally
more easily reduced than the d/ isomers, presumably because steric repulsions
are less for meso than for dl in the transition state for electron transfer, The
stereochemistry of the products of reduction of simple open chain vicinal di-

]ISr
R(|2HCHR
Br

47, R =CH,0H or CH,ONO, 51
R=n-C.Hy %
R = CO,C,H, 5

halides has not been investigated. Presumably meso dihalides should afford
trans-olefins, while d/ dihalides should afford cis olefins. Elving, Rosenthal,
and Martin found that electrochemical reduction of meso-2,3-dibromosuc-
cinic acid (meso~47, R = CO,H) does afford fumaric acid over a wide range

of pH conditions 52). DI-2,3-dibromosuccinic acid (@47, R = CO,H) exhibited
more complicated behavior: fumaric acid was isolated from electrolyses carried
out at pH less than 0.4 or greater than 6.9, while some maleic acid was obtain-
ed when the pH was between 0.4 and 6.9. The yield of maleic acid was highest
(70%) at pH 4.0. It was suggested that because of steric and electronic repul-
sions the two carboxyl groups will assume an anti geometry with respect to
each other at either very low or high pH. The bromine atoms will therefore not
be anti to each other, hence reduction will be stepwise and thermodynamically
controlled, leading to the more stable trans isomer, fumaric acid. At interme- -
diate pH values, the dominant species in solution is the singly-ionized diacid,
and it was argaed that hydrogen bonding between the carboxylate ion and the
remaining carboxy! group stabilizes the conformation leading to maleic acid:

Br
H CO," _ H H
2e

H O.H HO,C CO,H
Br

These investigators also found that d/ and meso diethyl 2,3-dibromosuccinate
(47, R = CO,Et) are both reduced to diethyl fumarate 52),
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Br R’ ljr \ﬁr
fé Br R R’

48 49

It appears that vicinal dihalides also undergo concerted reduction when
the two halogen atoms are disposed trans about a double bond. Mairanovskii
and Bergel’son found that for several pairs of isomers of general structure 48
and 49, the rrans-dibromide (48) is generally substantially easier to reduce
than cis; for R = R’ = (CH;),COH, the difference is 0.58V 53, Jura and Gaul
found that 50 and 51 exhibit very different polarographic behavior 4. The

Cl :Cl Cl :CN
CN Cl

50 51
. a ) .
50— e d 2 CH,=CHCN —2& = CH,CH,CN
CN
52 53 54

cis isomer (50} exhibits three two-electron polarographic waves, associated
with stepwise reduction of 50 to 52, 53, and finally propionitrile (54). That
trans-dichloride (51), on the other hand, exhibits a four-electron wave was
interpreted as arising from an initial concerted two-electron reduction of 57
to propiolonitrile {55), which is reduced to acrylonitrile (53) in a second two-
electron step as quickly as it is formed. The second polarographic wave of 57
is simply due to reduction of 53 to 54. (A control experiment demonstrated

51 2 [HC=CCN] X 53 25 54

55

that 55 is easier to reduce than 57, and hence that it should indeed be reduced
to 53 as quickly as it is formed). These results parallel numerous reports in the
chemical literature of stereospecific frans-elimination across the double bond 55).
The problem is apparently more complex, however. Elving and coworkers
studied the electrochemical reduction of dibromomaleic and dibromofumaric
acids and their diethyl esters (49 and 48, respectively, R = CO,H and CO,Et)
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CO,Et  Et0,C cl

Et0,C
1 Cl ol CO,Et

56 57

in protic media %6), Unlike the preceding results, reductive elimination to pro-
duce the corresponding acetylene took place in all cases. Also surprisingly, the
two dicarboxylic acids were equally easy to reduce, while the cis diester (49,
R = CO,Et) was actually easier to reduce than its trans isomer. These results
constitute the only reported exception to the generalization that trans-1,2-di-
bromoolefins (48) are easier to reduce than their cis isomers (49).

Feoktistov and coworkers 57} found a third mode of reactivity in a closely
related system. The electrochemical reduction of the diethyl esters of dichloro-
maleic (56 and dichlorofumaric {57/ acid was studied. Neither afforded the
corresponding acetylene.

Several studies of the electrochemical reduction of cyclopropyl halides
have been reported in the literature 29-26,27,58) It appears that reduction oc-
curs without complete loss of stereochemical integrity. The predominent
stereochemical pattern involves reduction with overall (partial) retention of
configuration. The following examples are representative:

H

Cl

Br —L major minor
2Cl - H*

2e” R .
BCl ————=  minor major
r

03

Cl”)

\\\\\%
=

W

\\\“_Z-

The stereochemistry of the process appears to be influenced by a variety of
‘experimental parameters 200, among which are the nature of the supporting
electrolyte, solvent, electrode material, the identity of the halogen (bromine
or iodine), and the nature of substituents at the reaction site, e.g., while re-
duction of 58 (R = CH; or CO3) occurs with partial retention of configuration,
partial inversion is observed when R = CO,H or CO,CH; 58, All of these fac-
tors suggest that the reaction involves adsorbed intermediates. Retention of
configuration, which is most common (it is observed in all but the latter two
cases) is probably associated with the fact that cyclopropyl carbanions retain
their stereochemical integrity for much longer times than do other carbanions$9,
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C Hs H20 53)
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i

58 59

The partial loss of configuration often observed during reduction of cyclopro-
pyl halides may actually occur via the corresponding cyclopropyl radicals,
which lose configuration rapidly 60) In that event, their behavior would re-
semble that of vinyl halides, as exemplified by the 3-iodo-3-hexenes 16), Oc-
casional cases of partial inversion could be associated with shielding of the
cyclopropyl carbanion by the electrode surface, with concomitant protona-
tion on the other face of the carbanion 53,

There is some evidence that carbanions generated by electrochemical re-
duction of cyclopropyl halides slowly lose their initial configuration. The
electrochemical reduction of 60 probably occurs via preferential removal of
the more sterically accessible halogen atom 28) to form carbanion 61 (although
a dissenting viewpoint has been expressed by Erickson 27) and coworkers). In
a good proton-donating medium (95% methanol-5% conc. hydrochloric acid),
- protonation of 6/ is fast, and 62 is the exclusive product. In a poorer pro-
tonating solvent (DMF), isomerization of 61 to 63 can compete; the ratio of
62 to 64 in this solvent is 81 : 19 26),

Steric acceleration of the isomerization can apparently occur: it is almost
certainly Cl, of 65 which is removed electrolytically, yet the major electro-
lysis product is 66 {66: 67 = 3.2:1) 27) | probably because steric compression
between Cl, and the nearby aromatic ring in 65 can be relieved through iso-
merization (inversion).

As was indicated previously, several other parameters can affect the stereo-
chemistry of reduction of cyclopropyl halides 29). For example the optical
purity of 59 produced from the electrochemical reduction of 58 in acetonitrile

cl 2 ‘ H* ’ H
() “Cl *Cl
60 6/ 62

lslow
63

64

W
X
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containing tetraethylammonium bromide increases from 25% to 47% when the
electrode is changed from mercury to glassy carbon 29, Solvent and electro-
lyte play a role: the optical purity of 59 is 25% in DMF containing tetra-n-
propylammonium perchlorate, 6-10% in acetonitrile containing tetra-n-butyl-
ammonium iodide, and 0% in 1,2-dimethoxyethane containing tetra-n-buty!-
ammonium perchlorate 20). As indicated above, these effects suggest surface
phenomena involving adsorbed intermediates.

2.2. Phosphonium and Arsonium lons

Homer and his coworkers have made the important discovery that reduction
of optically active phosphonium salts (68, X = P) proceeds with retention of
configuration at phosphorus 61:62) | Cleavage of phosphonium salts can be
carried out in aqueous solution at platinum, lead or mercury cathodes. The
reaction is preferably carried out at a platinum electrode, upon a salt of which
at least one substituent is a readily cleavable group, e.g., allyl, benzyl, or phen-
acyl. At mercury or lead, saturated alkyl and aryl groups are also removed,
hence there is relatively indiscriminate cleavage of the four substituents
about P in 68 $1)_ On the other hand, the potentials necessary for undesired
cleavage of alkyl and aryl groups cannot be attained at platinum because of
the low overvoltage of hydrogen upon platinum. Since 69 can be alkylated,
new optically active phosphonium salts are accessible via this electrochemical
reaction. The mechanism of electrochemical cleavage of phosphonium salts
has not been studied. It probably involves a process in which the carbon-phos-
phorus bond is partially broken in the transition state for the initial electron
transfer:

*PR, <— [R...PR3]' —— PR, +R’ —‘-",_l—-» RH

R.\(/R,

I 2¢” X

R X, K MR,
68 69
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This would explain the fact that groups which form stable radicals, e.g., benzyl,
allyl, or phenacyl, are easiest to remove electrolytically, and that tertiary alkyl
groups are removed more readily than secondary or primary. This mechanism
is more likely than one previously suggested, which involves a pentacoordinate
phosphorus hydride (70) 61):
R,P —ff;-» R,PH —— R4P+RH
70

The reduction of optically active phosphonium salts by lithium aluminum
hydride, which probably does involve 70 as an intermediate, affords racemic
phosphines, presumably by pseudorotation in 70 before it decomposes 3},

Horner has extended this reaction to the electrochemical reduction of op-
tically active arsonium salts (68, X = As), which also undergo cleavage with
retention of stereochemical configuration at arsenic 64-65)_ This is a conven-
ient synthetic route of optically active arsines of known configuration.

2.3. Ammonium lons

The electrochemical reduction of quarternary ammonium ions (68, X =N),
to tertiary amines is possible if one of the four groups attached to nitrogen

is one which forms a stable radical, e.g., allyl, benzyl, or phenacyl. Because
of the rapid inversion rates characteristic of tertiary amines, it is not possible
to determine whether the initial cleavage occurs with retention of configura-
tion at nitrogen as it does at phosporus and arsenic. One may however inquire
into the stereochemistry at carbon in the cleavage reaction. Reduction of
benzyltriethylammonium ion ( 71) in DMF affords a mixture of bibenzyl (72)
and toluene 6.67), The formation of 72 might occur by either a radical or an
ionic path (Schemes IV and V). The problem was investigated stereochem-
ically. Optically active a-methylbenzyltrimethylammonium ion ( 73) was re-
duced electrochemically, and the 2,3-diphenylbutane { 74) formed in the elec-

C4HsCH;N'(C;Hs); —S— C4HCH, - + N(C,Hs)s
71
2 C4HsCH,* ——> C¢HsCH,CH,CHs
72
Scheme IV. Radical path
71 -2 CHCH; + N(C,Hs),
71 + CeHsCH; —— 72 + N(C,Hg)s

Scheme V. lonic path
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trolysis was isolated %) . If the reaction follows the radical path a mixture of
racemic and meso 74 will be formed, while the ionic path ought to afford a
mixture of meso and optically active 74. The 74 isolated from the electro-
lysis was completely optically inactive, supporting the radical machanism 66).
The latter was also supported by an analysis of the shape of the polarographic
wave for the reduction of benzyldimethylanilinium ijon ( 75), which indicated
the transfer of only one electron in the transition state for electron transfer 69,

CeHsCHﬂF‘(Cﬁa)z
CeHs
75

2.4. Other Single Bonds

While electrochemical cleavage of several other kinds of single bonds has been
reported, stereochemical information is sparse. Erickson and Fischer examined
the electrochemical reduction of 0-benzoylatrolactic acid (76, R = H) and

its methyl ester (76, R = CH;) 9. The products (77, R = H and CH,) of the

0COCHs
(- CaHeCCOR :L—» ()~ CA1.CHCOAR
CH CH,
76 77

electrolysis are essentially completely racemic, which is what would be ex-
pected if the reduction involved radical or carbanion intermediates, and is, it
will be recalled, exactly what was observed by Erickson and Fischer for the
electrochemical cleavage of the corresponding chlorine compound (13) (Sec-
tion 2.1) 23), Erickson and Fischer also established the fact that reduction of

<|:1 ?Ceﬂs
C.SHS(IJCOzH céusfcozk

CH, ' CH,

13 78

the sulfur derivative (78, R = H and C,Hj;) also affords racemic 77 29,
Horner and Singer examined the electrochemical cleavage of alkyl p-tol-
uenesulfonates ( 79) 7. The reduction can be carried out under very mild

ROTs —2%— ROH +Ts”
(Ts = p-toluenesulfonyl)

conditions (mercury cathode at 8-10 °C, in ethanol containing tetramethyl-
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ammonium chloride). The alcohol corresponding to the starting p-toluene-
sulfonate is obtained in 75-95% yield, and, most important, the cleavage of
the sulfur-oxygen bond proceeds with retention of configuration at carbon
(less than 1% racemization). Electrolytic removal of the p-toluenesulfonyl
group thus involves milder experimental conditions and is much cleaner
stereochemically than are most other reagents, e.g., lithium aluminum hydride,
Raney nickel, or sodium in ammonia, commonly employed for the conversion
of p-toluenesuifonates to alcohols. The reaction of sodium naphthalene with
p-toluenesulfonates 7%) is comparable in ease and efficiency with the electro-
chemical method, but is probably not as safe for large scale operations.

Hoemer and Neumann found that electrochemical cleavage of the sulfur-
nitrogen bond of alkyl p-toluenesulfonamides proceeds in high yield, under
mild conditions, and with little or no racemization 71);

2¢7, Hg, 10 °C
_—

L—<{-)-T 9
MeuN'CL EORT L Tyr (96%)

Ts— L—(—~)-Tyr
(Ts = p-toluenesulfonyl; Tyr = tyrosine)

These investigators also observed that cleavage of the carbon-sulfur bond of
aryl sulfones, a very difficult process to carry out by other means, proceeds
smoothly at a mercury electrode even with sterically hindered sulfones, al-
though the direction of cleavage of the latter appears to be governed by steric
considerations, e.g. 72,

2e,Hg, 5°C -
CsH;50; Me,N+Cl-, MeOH \Q/ (88%) + C,H;SO;” (80%)

3. Reduction of Multiple Bonds

3.1. Carbonyl Compounds to Alcohols

Arylalkyl ketones (80) are reduced to alcohols over the pH range of 7 to 12
(approx.) 7). The reduction probably involves the following sequence of
steps:
AICOR —— Ar(;IR AR S AR 2 ArcHR
| | I
-0 OH OH OH
&80 81

The reduction of ketones to alcohols by sodium in alcohol probably involves
a very similar mechanism, but there appear to be some differences between
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the stereochemistry of the two processes. For example, Mandell, Powers and
Day found that electrochemical reduction of a-methyldesoxybenzoin (82)

OH

2" |

CeHsCHCOC Hs i CeHsCHCHCH
CH, CH,
82 83

affords the erythro isomer of 83 in at least 92% stereochemical purity, while
sodium-alcohol reduction of 82 affords a 64:36 mixture of the eryrhro and
threo isomers of 83 7). Juday isolated the corresponding erythro alcohols
from electrochemical reduction of 82 and of a-aminodesoxybenzoin (84) 75).
The stereochemical preference for erythro formation may implicate surface
phenomena in the reaction. It is known, in fact, that radicals of structure §/

C¢HsCHCOCH
J

NH,
84

are strongly adsorbed upon the electrode surface during the electrochemical
reduction of ketones 76). There is evidence of a different sort which indicates
that adsorption plays an important role in determining the stereochemistry of
electrochemical reduction of ketones to alcohols. Horner and Degner effected an
electrochemical asymmetric synthesis through use an optically active supporting
electrolyte 7). From the reduction of acetophenone in methanol containing
(-)-ephedrine hydrochloride, they isolated R-(+)-a-methylbenzyl alcohol of
4.2% optical purity. When (+)-ephedrine hydrochloride was used as the sup-
porting electrolyte, S-(-)-«-methylbenzyl alcohol (4.6% optical purity) was
produced. These results suggest a high degree of orientation of both aceto-
phenone and the chiral electrolyte at the electrode surface.

Dialkyl ketones undergo reduction to the corresponding alcohols over a
wide pH range. Several groups have examined the stereochemical features of
this reduction. Kabasakalian and McGlotten studied the polarographic behav-
ior of a number of steroidal ketones 78, They found that the relative ease of
reduction of the carboryl group depends upon its position on the steroid
nucleus: the less steric hindrance there is to attack upon a carbony! group,
the easier it is to reduce electrochemically. These experiments suggest that it
might be possible to reduce the less hindered carbony! of a diketosteroid
selectively. This is correct: Schenck and Kirchhof reduced the less hindered
carbony! (at C-3) of a 3,12-diketosteroid selectively on a preparative scale
many years ago 79, Kabasakalian and McGlotten found that steroidal keto-
nes and a-hydroxy or acetoxy ketones are all reduced to the corresponding
alcohol 3 The hydroxyl group was found to be equatorial in all cases ex-
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HO.. O

AcO

85 86

X
I

(H]
RCCHR! —— RCHCH,R!
I |
0 OH
(X =H, OAc, or OH)

amined (cf. 85 = 86), but small amounts of the axial alcohol would probably
have escaped detection by these investigators.

Further evidence for surface effects upon the stereochemistry of electro-
chemical reduction of ketones comes from the discovery that the nature of
the cathode material may effect stereochemistry. Reduction of 2-methylcyclo-
hexanone affords pure trans-2-methylcyclohexanone at mercury or lead cath-
odes, a mixture of cis and trans alcohols (mostly frans) at nickel, and pure
cis alcohol at copper 8, Reduction could not be effected at platinum; pre-
sumably hydrogen evolution takes place before the potential necessary for
reduction of the ketone can be reached.

Coleman, Kobylecki, and Utley studied the electrochemical reduction of
the conformationally fixed ketones 4-tert-butylcyclohexanone and 3,3,5-tri-
methylcyclohexanone 82). Stereochemically, the cleanest reductions took
place at a platinum cathode in a mixture of hexamethylphosphoramide and
ethanol containing lithium chloride. Under these conditions the equatorial
alcohol predominated heavily (95% from 4-tert-butylcyclohexane and 91%
from 3,3,5-trimethylcyclohexanone).In acidic media roughly equal quantities
of axial and equatorial alcohol were produced. It was suggested that organo-
lead intermediates are involved in the reductions in aqueous media. This is
reasonable, based upon the probable mechanism of reduction in acid 83). Re-
ductions inacid at mercury cathodes in fact do result in the formation of

H* . - .

R,C=0 —— R,C=OH —— R,COH

Combination
with

electrode

R,COH R,C—M —— Products

OH
(M = a metal: Pb, Hg, etc.)
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dialkylmercury compounds 8 it is significant that the latter are known to be
much more stable against protolysis than are organolead compounds 85),
3.2. Carbony! Compounds to Pinacols

Arylalkyl and diaryl ketones are converted to the corresponding pinacols upon
electrochemical reduction in acidic and very alkaline media:

R R
]|

2 ArCOR ;;—> ArC—CAr
* |

HO OH

(R = aryl or alkyl)

The pinacols may of course exist in two diastereomeric modifications, i.e.,
as dl or meso forms. Many carbonyl compounds have been reported to pro-
duce a mixture of diastereomeric pinacols; these include

furfural 36) 3,4-dimethoxybenzaldehyde
p-dimethylaminobenzaldehyde 87) p-tolualdehyde 89)
desoxybenzoin 75) bénzaldehyde 88-89)
acetophenone 88 3,5-dimethylbenzaldehyde 89
piperonal 89) p-chlorobenzaldehyde 89)
anisaldehyde 39) m-chlorobenzaldehyde 89).

In a number of other cases it has been reported or implied that a single
diastereomeric pinacol was formed, but the stereochemistry of the product
was not determined; these reports come from studies upon the electrochem-
ical reduction of 3-acetylpyridine 87, p-acetamidobenzaldehyde 91, 8-di-
methylaminopropiophenone 1), p-aminoacetophenone (which affords one
pinacol in acid and the other in alkali)®?, and the reduction of a mixture of
p-dimethylaminoacetophenone and p-methoxyacetophenone to afford a
mixed pinacol (87) 93),

H, ﬁ}

87

In view of the very considerable activity in this area it is surprising and
somewhat dismaying to find that relatively little attention has been paid to
the identity of the electrochemically generated pinacols. In none of the studies
cited in the preceding paragraph was the stereochemistry of the products estab-

27



A J Fry

lished. Only in recent years, with the recognition that the stereochemistry of
the pinacol can provide information concerning the nature of the dimerization
step has attention been paid to this problem. Important contributions have
been made in this area by Stocker and his coworkers, who have examined the
effect of changes in a variety of experimental variables upon the stereochem-
istry of pinacols generated by electrochemical reduction of arylalkyl carbonyl
compounds 94-96.98) Stocker and Jenevein found-that the di:meso ratio in the
mixture of pinacols produced by reduction of acetophenone ranges from ca.
1.0 to 1.4 in acid under a wide variety of experimental conditions, and from
2.5 to 3.2 in alkaline media 9. In acid the pinacol arises by dimerization of
neutral radicals:
AICOR —=— AR
on
81

R R

[
281 — ArC—(IZAr
|
HO OH

On simple steric grounds one would expect the meso pinacol to predominate;
the fact that the dl isomer actually predominates was rationalized as due to
favorable inter-radical hydrogen bonding in the d/ transition state (88). Sup-
port for this postulate was found in a study of the electrochemical reduction
of 2-acetylpyridine %6). Strong intramolecular hydrogen bonding in the radical
(89) resulting from reduction of the latter does result in the predominance of
meso isomer anticipated on steric grounds. Likewise, electrochemical reduc-
tion of 90 in acid affords the meso pinacol exclusively, presumably because of
strong intramolecular hydrogen bonding in the intermediate radical 97)

R
R Ar
Ar OH
O-H
88
| S
N —CH,
H—O CoH;COCONH,
89 90
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Stocker and Jenevein have suggested that in alkali the pinacols arise by
combination of the neutral radical 8/ with the radical anion (91) of the ketone:

AICOR -~ ArCR
|

o
91
R R
+

| |
81+91 —> ArC——-——(‘JAr B, Pinacol
|
o /O
“H

92

This suggestion appears reasonable, and accounts for the increased preference

for formation of the df pinacol in alkali, since the hydrogen bond in the tran-

sition state leading to 92 should be stronger than in 88. Propiophenone and

benzaldehyde exhibit behavior analogous to that observed with acetophenone 93,
There does exist one prominent exception to the generalization 95) that

the d! pinacol heavily predominates in reductions carried out in alkali. When

the aromatic ring bears a phenolic hydroxyl, reduction in alkali affords the

meso pinacol exclusively. Thus reduction of 93 produces a mixture of d/ and

meso pinacols, but 94 affords the pure meso pinacol 297, Other aromatic car-

CHO CHO

OCH, OCH,
OCH; OH
93 94

bonyl compounds which have been found to produce a single pinacol cleanly
in base are p-hydroxyacetophenone 87), 2-hydroxy-3-methoxybenzaldehyde 99,
and p-hydroxybenzaldehyde 199). Only in the last of these three examples was
the stereochemistry of the pinacol established. Grimshaw and Ramsey %9
have argued that the meso isomer predominates in alkali in these cases because
electrostatic repulsion between the two negatively charged aromatic rings
forces these two groups to be as far apart as possible in the transition state

for coupling to the meso isomer (95). However, this is unlikely to be the ori-
gin of this phenomenon, since the d! diastereomer can also be formed via a
transition state { 96) which also has the aromatic rings as far apart as possible,
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95 96

and has the added advantage of permitting hydrogen bonding between the two
coupling radicals %5). Gourley and Grimshaw 101) have advanced a rationaliza-
tion similar to that of Grimshaw and Ramsey to account for the fact that,
while reduction of ether 98 results in formation of 99 in which the trans:cis
ratio is 3:79, the phenol 97 affords 99 in which the trans:cis ratio is 47:42.

It is not clear why the cis pinacol should predominate to such a great extent
in the reduction of 98 or the analogous compound with R =H 102},

OH OH
p- R_C°H4(If(CH2)3ﬁC6H4—p_R — p—R—C°H4 C6H4 ——p—R
o 0
97, R=0H 99
98, R= 0CH3

Vincenz-Chodkowska and Grabowski found that benzil (100) is reduced
electrochemically to a mixture of ¢is and trans stilbenediols (101 and 102) 193),

CeHan f,}ls CeH, OH
HO OH Hoj NCoH;

101 102

The relative proportions of these two compounds, which slowly rearrange to
benzoin with a half-life of several hours, are strongly dependent upon changes in
experimental parameters which are known to affect the strength of the elec-
tric field at the electrode surface, i.e., electrode potential, ionic strength, tem-
perature, and the nature of the supporting electrolyte. The ratio of /101 to
102 could be varied anywhere from 1:50 to 2:1, with /0] predominating at
high field strengths. It is likely that field strength controls stereochemistry by
affecting the relative population of rotamers /00a and 100b in the starting

material.
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¢Hs o Hs Q‘cHs é)
Q (o] (o} “oHs

100a 100b

3.3. Carbonyl Derivatives

Fry and Reed 29-19%) examined the stereochemistry and mechanism of electro-
chemical reduction of several monoaryl imines (103-105) in DMF. Reduction
of the bicyclic imines /03 and 104 may lead in each case to either exo (106a
and 106b) or endo (107a and 107b) amine products. The stereochemical con-
sequences of treatment of /03 and 104 with a variety of reducing agents are
presented in Table 2, along with data pertaining to the reduction of
(R)-(-)-105 29,

C.He
\;:N
~.
b THC, Hy
C.H, ol H,
103 104 105
R R R
NHC, Hs
NHC H,

106 (a, R=H; b, R=CH;) 107

The data demonstrate that electrochemical reduction of these imines (at a
mercury cathode) resembles a dissolving metal (sodium-ethanol) reduction
much more closely than it resembles a reaction involving hydrogen addition
from the less hindered side (catalytic hydrogenation). This is not particu-
larly surprising. It is interesting to note, however, that while the electrolysis
products are not kinetically controlled (as are those from catalytic hydrogen-
ation), neither they nor the sodium-ethanol products are thermodynamically
controlled, either, since thermodynamic controi would afford /06a as the
major product from 703 The predominance of 107a disproves the frequent
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Table 2. Stereochemistry of reduction of imines

Ralative % products

Compound Mode of reduction
Exo-amine Endo-amine
103 H;, platinum 0 100
103 Sodium-ethanol 33 . 67
103 Electrochemical 20 80
104 H,, platinum 100 0
104 Sodium-ethanol 0 100
104 Electrochemical 0 100
(R,R)-(~)-Amine (R,S)-Meso-amine
(R)H-)-105 H,, platinum 20 10
(R)-(-)-105 Sodium-ethanol 42 58
(R)-(-)-105 Electrochemical 43 57

assertion in the literature 105) that sodium-alcohol reductions generally afford
the more stable of a pair of epimeric products. Other data in the literature
have also shown that this generalization is not valid 196,197)  The reason for
predominance of the endo isomer from both 103 and 104 is not yet clear.
Huffman and Charles found that sodium-alcohol reduction of norcamphor
and camphor, the ketones corresponding to 703 and 104, affords the endo
alcohol as the predominant product from both ketones 198, They accounted
for this observation by the assumption that sterically hindered ketones are
reduced by a different mechanism than that followed by unhindered ketones.
The data of Fry and Reed render this assumption unlikely, however: it was
found that 103 and 104 are reduced electrochemically by identical mecha-
nisms, yet the product stereochemistry is still similar to that from sodium-
ethanol reduction.

Diaryl imines 1%) and immonium salts 119 have been found to undergo
bimolecular reduction to vic-diamines under the appropriate experimental

\/
N
\

\/
N
R

conditions, but stereochemical information is not available in this area, save
for the report by Law that benzal-p-toluidine affords a mixture of the df and
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meso isomers of 108 upon reduction in neutral ethanol at a copper electrode
111)

- CeHsCH
2CHCH=NAr 2 (955

NHAr 2
108
(Ar=p-CH;-CsH,)

Fry and Newberg 112) examined the electrochemical reduction of nor-
camphor oxime {109} and camphor oxime { 110) to the corresponding amines.
The results of this study are shown in Table 3. It is clear from a comparison
of these data with those in Table 2 that the electrochemical reduction of
oximes /09 and 110 takes a very different stereochemical course from reduc-
tion of the corresponding anils 703 and 104. Reduction of oximes apparent-
ly proceeds under kinetic control, affords products corresponding to protona-
tion at carbon from the less hindered side of the carbon-nitrogen double bond,
and affords the less stable epimeric amine in each case. It is not evident why
the stereochemistry of reduction of anils and oximes should differ, however.

R R R R R
de
NH;’
R OH R R NH,
109, R=H
110, R=CH,

Table 3. Stereochemistry of reduction of bicyclic oximes

Relative % products

Compounds Mode of reduction
Exo-amine Endo-amine
109 Sodium-ethanol 75 25
109 Lithium aluminum 0 100
hydride
109 Electrochemical 0 100
110 Sodium-ethanol 4 96
110 Lithium aluminum 929 1
hydride
110 Electrochemical 99 1
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S SH

111

Electrochemical reduction of thioketones affords mercaptans under cer-
tain conditions. The stereochemistry of this process has not been examined.
Reduction of thiocamphor (171) affords a single isomeric thioborneol 113)
but although both isomeric'mercaptans are known compounds 114:115) the
stereochemistry of the product was not established 16),

3.4. Olefins

Isolated double bonds are not electrochemically reducible, Conjugated double
bonds are, however, reducible, and one may inquire into the stereochemistry
of such processes. Because the area has not been investigated extensively, the
stereochemical picture is confused and contradictory, however.

Horner and Roder examined the electrochemical reduction of the stereo-
isomeric «, «-dimethylstilbenes (712 and 173} at a mercury cathode 117,
The reduction mechanism was not investigated, although the suggestion

CH,
CeHs H, 26 ]
- C4H;CHCHC H;  dI: meso = 53:47
2H I
CH, CeHs CH,
112
CH
CsHs CQHS 2e- ' 3
Z’H—*’_) CsHsCHCHCgHs  dl: meso = 70:30
&,  tu, éHs
113

was made that adsorbed anions are involved. An ECE process of the following
type is probably more likely:




Stereochemistry of Electrochemical Reductions

Horner and Réder also found that dimethylmaleic acid (712, R = H) and its
methyl ester (J12, R = CHy) are reduced stereospecifically to meso-2,3-di-
methylsuccinic acid and its methyl ester, respectively (13, R = H and CH,)"1?,

CO,R

g6 I CH, H,
EHT) _CH;ICHCHCH;,
CO:R RO]C 02 R
113 112

These results, which correspond to stereospecific cis addition of hydrogen to
the double bond, stand in direct contradiction to the report 5¢) by Elving and
coworkers that dimethylmaleic acid (112, R = H) affords d/- 113 (R =H) ex-
clusively and that dimethylfumaric acid affords only meso-113 (R = H). The
latter results correspond of course to stereospecific trans addition of hydrogen
across the double bond. Camilli, like Horner and Réder, however, observed
cis-addition of hydrogen, albeit in a slightly different system 118):

qCOzH 26 O““COIH
CO,H 2H ---CO,H

Dietz and Peover examined the electrochemical reduction of cis and trans
stilbene (114) in DMF containing carbon dioxide !#9). The first electron trans-
fer to trans-114 affords a planar radical anion (] 15) which then undergoes
rapid reaction with carbon dioxide to produce, ultimately, 2,3-diphenylsuc-
cinic acid (116) in

CO,H
- 200,
CoHsCH=CHCHs —— [C4HsCH=CHCgHs]= > C¢HsCHCHC,H;
CO,H
114 115 116

which the di:meso ratio is 2.7:1. Reduction of cis-114 affords a twisted rad-
ical anion whose half-life for conversion to /15 is at least 15 seconds. In the
presence of carbon dioxide the twisted radical anion affords 176 in which the
dl:meso ratio is 1.4:1 119),

Klemm, Olson, and White discovered that the double bond in /17 may be
reduced electrochemically with overall stereospecific rans addition of hydro-
gen to the double bond 120} It was suggested that reduction proceeds by an
initial two-electron reduction of the protonated starting material to carban-
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117 118
(Ar = 3,4,5-trimethoxyphenyl)

ion 119, protonation of 119 to produce the thermodynamically more stable
cis ring juncture would then afford 1718

19

Gourley, Grimshaw, and Millar studied the electrochemical reduction of
4-methyl coumarins ( 120) in the presence of optically active supporting elec-
trolytes 1210, The major products are the corresponding hydrodimers (122),
but it is interesting to note that the saturated compounds(121) obtained as
minor products are optically active. The results were rationalized as due to
asymmetric hydrogen atom transfer from species /23 (with nine bonding

H R C
3 ~CH, Hs
= 2e” H‘
0o RN o

120 122
(R = H or OCH;)

electrons around nitrogen!), but other explanations seem possible, e.g., asym-
metric electron transfer to 120 from an optically active ammonium amal-
gam 122)_or direct electron transfer to /20 adsorbed asymmetrically at the
electrode surface in the presence of the optically active electrolyte, as sug-
gested for the electrochemical asymmetric reduction of acetophenone in the
presence of ephedrine salts (Section 3.1).

The electrochemical reduction of activated double bonds may also be
used in the characterization of olefins. In all cases in which pairs ( 124 and 125)
of 1,2-disubstituted olefins in which both X and Y are electron-withdrawing
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R;NH &= R,NH

123

Ry CH,
123 + 120 —— = * 2 121
o H

substituents have been studied polarographically, it has been found that the
trans olefin is easier to reduce than the cis isomer 123-125)_ It apperars that this
generalization is good enough to be used as a criterion for assignment of con-
figuration to an unknown isomeric pair of olefins.

X\Cg -
ot )E\ 2 e XCH,CHY

Y
124 125
(X, Y=COR, CO;R, CN, etc.)

3.5. Acetylenes

The stereochemistry of electrochemical reduction of acetylenes is highly de-
pendent upon the experimental conditions under which the electrolysis is
carried out. Campbell and Young found many years ago that reduction of
acetylenes in alcoholic sulfuric acid at a spongy nickel cathode produces cis-
olefins in good yields 126). It is very likely that this reduction involves a
mechanism akin to catalytic hydrogenation, since the reduction does not
take place at all at cathode substances, such as mercury, which are known
to be poor hydrogenation catalysts. The reduction also probably involves
the adsorbed acetylene as an intermediate, since olefins are not reduced at
alt under these conditions and since hydrogen evolution does not occur at
the cathode until reduction of the acetylene is complete. Acetylenes may
also be reduced to cis olefins in acidic media at a silver-palladium alloy cath-
ode 127)

Benkeser and Tincher 128) on the other hand, reduced acetylenes pre-
ferentially to trans olefins using solvated electrons generated at a platinum
cathode by electrolytic reduction of lithium chloride in methylamine [lithium
metal is formed from lithium ion at the cathode in this electrolysis; its dissolu-
tion in methylamine generates the solvated electron and regenerates lithium
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ion]. Trans: cis ratios in the resulting olefin mixtures ranged from 92: 8 to
98:2. This method is experimentally simple and requires only a catalytic
amount of lithium chloride and hence ought to be safer for large scale pre-
parations than the use of sodium in ammonia, which is the usual method of
effecting this transformation. The diethyl ester of acetylenedicarboxylic

acid is reduced to diethyl fumarate 56). Horner and Roder have found that
acetylenes are slowly reduced to (predominantly trans) olefins upon electro-
chemical reduction at a mercury cathode in a protic solvent containing a
quarternary ammonium salt as supporting electrolyte 117)_ It is not clear
whether this reduction involves direct electron transfer to the acetylene or
whether the first step involves formation of a tetraalkylammonium amalgam 122,
which is the actual reducing agent. Reduction of the diethyl ester of acetyl-
enedicarboxylic acid to diethyl fumarate 56) occurs at rather positive potential
and hence must involve direct electron transfer from the electrode to the acet-
vlene.

4. Coupling of Activated Olefins

A wide variety of activated olefins ( /26) undergo reductive electrochemical
dimerization to compounds of structure /27 (electrolytic hydrodimerization)
129) While the product 127 is capable of existing in either d/ or meso modifica-
tions, relatively little attention has been paid to the stereochemistry of hydro-
dimers
R
2RCH=CHX 2 XCH;(IZHCIHCHzx
R
126 127

(X = CN, CO,R’, COR', etc.)

or to factors affecting the stereochemical course of the hydrodimerization
process.

Befare discussing what is known concerning the stereochemistry of hydro-
dimerization, it will be useful to discuss probable mechansims of hydrodimeri-
zation. It appears that a different mechanism is followed in acid than in neutral
or alkaline media. In acid the first step is a one-electron reduction of the pro-
tonated starting material to form a neutral radical, which then dimerizes. Thus
for mesity] oxide (128):

+
(CH,),C=CHCOCH, - (CH,),C=CHCCH,
It

LOH
128 129
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€ .
129 —— (CH;3),C=CH(CCH; +— (CH,),%CH=C|CH3
|

Head OH Tail OH
130

2 130 ——— (CH,),CCH,COCH,
(CH3),CCH,COCH,
131
In neutral, alkaline, and aprotic media the first step is a one-electron re-
duction of the neutral ketone to a radical anion. There is some disagreement
130,131,144) ¢concerning whether the next step is dimerization of the radical an-

ion or reaction between it and the starting material. These two possibilities
may be illustrated for benzylidene ketones (132) as follows:

CsHsCH=CHCOR ——> [C4HsCH=CHCOR]™

132 133
then
C6H5
- - ont
2 133 — RCOCHC|IHCHCHCOR -—_ RCOCH,;CH—
i
CgHs CeHs |2
134 135
or
CeHs
132+133 —> RCOEHC'HCHCHCOR —fﬁ? 135
CeHg
136

The reaction is complicated in aprotic media by polymerization of the olefin
at the electrode 132) apparently because anions such as /34 or 136 can initiate
anionic polymerization of the activated olefin. Steric hindrance about the
double bond can retard polymerization; yields of hydrodimer from /32 in di-
methylformamide as a function of the size of R are: R = hydrogen or methyl,
0%, R % n-propyl, 25%; R % i-propyl, 65%; R % t-butyl, 95% 132), Saturation
of the double bond to produce, e.g., 136 from 132, is a side reaction in neutral

C¢HsCH,CH,COR
136

media. This process is particularly important when dimerization is sterically
inhibited: note the contrast between the behavior of 137 and 138 133):
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CH,COCH=CH, —— CH,CO(CH,);COCH,

137

+-BuCOCH=CH, —— -BuCOCH,CH,
138

Steric factors are also important in hydrodimerizations carried out in acid-
ic media. Excessive steric hindrance about the -carbon in an «, f-unsaturated
carbonyl compound can retard tail-to-tail coupling, e.g., 2 130 — 131, and
lead to products of head-to-head (and occasionally head-to-tail) coupling. Thus
in the reduction of mesityl oxide at pH L4 there is also formed a small amount
of ketone 7140, apparently formed via head-to-head coupling of 130 and sub-
sequent pinacol rearrangement of 139 134);

2 130 — g H' MN
——
H ——H;O
139

140

C5H5
K=
C5H5
141

Head-to-head coupling to produce pinacols is the exclusive pathway when the
f-carbon is badly sterically hindered, as in steroidal enones and dienones 135-137,
or the dienone 147 138),

Head-to-head coupling ought to be more important in &, f-unsaturated alde-

hydes, in which steric hindrance about the carbonyl carbon (head) is less than
in the corresponding ketones. Indeed, 8, -dimethylacrolein (142) affords 143
(a di:meso mixture), 144, and 145 in 24, 67, and 9% yield, respectively, upon
electrochemical reduction at pH 5.0 139 Tail-to-tail coupling does not occur;

OH

(CH),C=CHCHO (CH3)2C=CHCH(|3HCH=C(CH3)2
on
142 143
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143 is the head-to-head product, while 7144 and 145 arise via head-to-tail cou-
pling, followed by intramolecular cyclization. This behavior contrasts markedly
with the almost complete tail-to-tail coupling observed with the related ketone
128 134

There is little data in the literature concerning the stereochemical identity
of pinacols and hydrodimers produced in the electrochemical reduction of
«, B-unsaturated ketones, Lund found that the pinacols produced from elec-
trochemical reduction of steroidal ring A ketones in alkali are generally dif-
ferent from those obtained from electrolysis in acid 137), Three isomers are
possible in principle: referring to the respective configurations of the two
hydroxyl groups, the isomeric pinacols may be diequatorial, diaxial, or axial-
equatorial. Lund assigned the stereochemistry of the pinacols arising from re-
duction of androsta-1, 4-diene-17-8-01-3-one in acid and base, respectively, on
semi-intuitive grounds. These assignments have been criticized by Bladon, Corn-
forth, and Jaeger, however 138} | It appears that the only steroidal pinacol whose
stereochemistry has been definitely established is that from reduction of chol-
estenone in ethanol containing sodium acetate. This was shown to be the di-
equatorial pinacol by chemical degradation 136},

Harle and Lyons isolated a mixture of d/ and meso hydrodimers from the
electrochemical reduction of coumarin (/46) at pH 6.8 140} Archer and Grim-
shaw, on the other hand, isolated a single diastereomer in high yield upon elec-
trolytic reduction of 3-phenylcoumarin ( 747) in methanolic hydrogen chlo-
ride ¥V, Interpretation of the difference between the behavior of /46 and /47

(020 9]

146 147

is difficult because the two pairs of investigators employed different experi-
mental conditions and because the stereochemistry of the hydrodimer from
147 was not established. Isophorone (/48) likewise affords only a single dia-
stereomeric hydrodimer also of unknown configuration 142).

Useful information concerning the stereochemistry of hydrodimerization
comes from a study of the electrochemijcal behavior of trans-2,2,6,6-tetra-
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0O
t-Bu I-U
\—:.\g[_Bu —= t -Bu

149 150
t—Bu B
149 = \wt—Bu dl-hydrodimer
151 ©
1—35 °C
150 & — “—-Bu I8¢, meso-hydrodimer
152

methyl-4-hepten-3-one { 149} and its cis isomer ( 150) in dimethylformamide
143} The trans isomer 149 undergoes one-electron reduction to a radical an-
fon(151), detectable by e.s.r. spectroscopy, which then reacts further to af-
ford the dI hydrodimer. Reduction of 150 affords the meso hydrodimer when
electrolysis is carried out at —78 °C, and the d! hydrodimer at -35 °C. Appar-
ently at the higher temperature the cis radical anion (752} can isomerize to
151 before coupling. It appears that experimental conditions exert a very con-
siderable influence upon the stereochemistry of hydrodimerization: controlled-
potential reduction of /32 (R = t~Bu) in an acetate buffer in 50% ethanol-
water afforded a mixture of meso and d/ hydrodimers in which the major iso-
mer was the meso diastereomer (meso:dl =~ 10: 1) 144) By way of contrast,
reduction in dimethylsulfoxide containing 0.1 M lithium perchiorate and 7%
water or 0.1 M tetra-n-butylammonium perchlorate and 0.075M lithium per-
chlorate afforded a mixture of dimers in which the dl diastereomer predomi-
nates (meso/dl < 0.25) 111, Electrochemical reduction of 132 (R = C¢H;) (pre-
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sumably trans) in DMF affords the meso hydrodimer 145), The situation is ob-
viously unsatisfactory with respect to an understanding of the factors control-
ling the stereochemistry of hydrodimerization.

Acknowledgments. Financial support has been provided by Wesleyan
Unjversity and grants from the National Science Foundation. Drs. Elofson
and Erickson kindly supplied unpublished information.

References

D Eberson, L., Schifer, H.: Fortschr. chem. Forsch./Topics Curr. Chem. 21, 1 (1971).
2 Feoktistov, L. G.: Progr. Electrochem. Org. Compounds I, 135 (1971).
3) Meites, L.: Polarographic techniques. 2nd edit., p. 96ff. New York: J. Wiley & Sons
1965.
9 Partridge, L. K., Tansley, A. C., Porter, A. S.: Electrochim. Acta 17, 5§17 (1966).
5) Partridge, L. K., Tansley, A. C., Porter, A. S.: Electrochim. Acta 14, 223 (1969).
6) Conway, B. E_, Barradas, R. G.: Electrochim. Acta 5, 319 (1961).
7) Damaskin, B. B.: Electrochim. Acta 9, 231 (1964).
8) Bordi, S., Papeschi, G.: J. Electroanal. Chem. 20, 297 (1969).
9) Blomgren, E., Bockris, J. O’M., Jesch, C.: J, Phys. Chem. 65, 2000 (1961).
10) Inoue, T., Koyama, K., Matsuoka, T., Matsuoka, K., Tsutsumi, S.: Tetrahedron Letters
1963, 1409.
11) Weinberg, N. L., Brown, E. A.: J. Org. Chem. 31, 4058 (1966).
12) Mohilner, D. M.: Electroanal, Chem. 1, 241 (1966).
13) Nyberg, K.: Chem. Commun. 1969, 774.
14) Eberson, L., Olofsson, B.: Acta Chem. Scand. 23, 2355 (1969).
15) Von Stackelberg, M., Stracke, W.: Z. Elektrochem. 53, 118 (1949).
16) Fry, A. J., Mitnick, M, A.: J. Am. Chem. Soc. 91, 6207 (1969).
17) Eberson, L.: Acta Chem. Scand. 22, 3045 (1968).
18) Grimshaw, J., Ramsey, J. S.: J. Chem. Soc. (B) 1968, 60.
19} Fleischmann, M., Pletcher, D., Vance, C. J.: I. Electroanal. Chem. 29, 325 (1971).
20) webb, J. L., Mann, C. K., Walborsky, H. M.: J. Am. Chem. Soc. 92, 2042 (1970).
21) Eberson, L.: Discussions Faraday Soc. 45, 60 (1968).
22) Czochralska, B:: Chem. Phys. Let. 1, 239 (1967).
23) Erickson, R. E., Fischer, C.: Private communication, August 4, 1971.
29 Fry, A.J., Reed, R. G.: J. Am. Chem. Soc; 93, 553 (1971).
25 Fry, A. 1., Reed, R. G.: J. Am. Chem. Soc., in press.
26) Fry, A. J., Moore, R. H.: J. Org. Chem. 33, 1283 (1968).
27) Erickson, R. E., Annino, R., Scanlon, M. D., Zon, G.: J. Am. Chem. Soc. 91, 1767
(1969).
28) pauben, W. G., Willey, F. G.: J. Am. Chem. Soc. 84, 1497 (1962).
29) Reed, R. G.: Ph. D. thesis, Wesleyan University 1971,
30) Meites, L.: Polarographic techniques. 2nd. edit., pp. 235—239. New York: J, Wiley
& Sons 1965,
31) Butin, K. P., Belokoneva, N. A., Eldikov, V. N., Zefirov, N. S., Beletskaya, . P.,
Reutov, O. A.: Izv. Akad. Nauk SSSR, Ser. Khim. 1969, 254.
32) Lambert, F. L., Albert, A. H., Hardy, J. P.: J. Am. Chem. Soc. 86, 3155 (1964).
33) Sease, J. W., Chang, P., Groth, J. L.; J. Am. Chem. Soc. 86, 3154 (1964).

43



A.J. Fry

34) Limosin, N., Laviron, E.: Bull, Soc. Chim, France 36, 4189 (1969).

35) Wilson, A. M., Allinger, N. L.: J. Am. Chem. Soc. 83, 1999 (1961).

36) Kabasakalian, P., McGlotten, J.: Anal. Chem. 34, 1440 (1962).

37) For a summary of the conformational corcepts involved in this suggestion, see
Eliel, E. L., Allinger, N. L., Angyal, S. J., Morrison, G, A:: Conformational analysis,
pp. 81-85. New York: Wiley-Interscience 1965.

38) Board, P. W, Britz, D., Holland, R. V.: Electrochim. Acta 13, 1575, 1633 (1968).

39) Curtin, D. Y., Koehl, W, J.: J. Am. Chem. Soc. 84, 1967 (1962).

40) E_G., Singer, L. A., Kong, N. P.: J. Am. Chem. Soc. §9, 6805 (1967).

41 Elving, P. I, Rosenthal, I., Hayes, J. R., Martin, A. J.: Anal. Chem. 33, 330 (1961).

42) Rifi, M. R.: Collection Czech. Chem. Commun. 36, 932 (1971).

43) Rjfi, M. R.: Tetrahedron Letters 7969, 1043.

44) Rifi, M. R.: J. Am. Chem. Soc. 89, 4442 (1967).

45) Fry, A. ], Britton, W. E.: Tetrahedron Letters 1971, 4363.

46) Zavada, J., Krupicka, J., Sicher, J.: Collection Czech. Chem. Commun. 28, 1664
(1963).

47) Feoktistov, L. G., Tomilov, A. P., Gol’din, M. M.: Izv. Akad. Nauk SSSR, Ser. Khim
1963, 1352.

48) Karplus, M.: J. Am. Chem. Soc. 85, 2870 (1963).

49) Koch, H. R., McKeon, M. G.: I. Electroanal. Chem. 30, 331 (1971).-

50) Nelson, S. F., Travecedo, E. F., Seppanen, E. D.: J. Am. Chem. Soc. 93, 2913 (1971).

51) McKeon, M. G.: J. Electroanal. Chem. 3, 402 (1962).

52) Elving, P. J., Rosenthal, L., Martin, A. J.: J. Am. Chem. Soc. 77, 5218 (1955).

53) Mairanovskii, S. G., Bergel’son, L. D.: Russ. J. Phys. Chem. (English Transl.) 34,
112 (1960).

54) Jura, W. H., Gaul, R. J.: J. Am. Chem. Soc. 80, 5402 (1958).

55) E. g., Kobrich, G.: Angew. Chem. (Intern. Ed. Engl.) 4, 49 (1965).

56) Rosenthal, L., Hayes, J. R_, Martin, A. J., Elving, P. J.: J. Am. Chem. Soc. 80, 3050
(1958).

57) Feoktistov, L. G., Markova, I. G.: J. Gen. Chem. USSR (Engl. Transt.) 39, 482 (1969).

58) Annino, R., Erickson, R. E., Michalovic, J., McKay, B.: J. Am. Chem. Soc. 88, 4424
(1966).

59) Watborsky, H. M., Impastato, F. J., Young, A. E.: J. Am. Chem. Soc. 86, 3283 (1964).

69) Walborsky, H. M., Chen, C. J., Webb, J. L.: Tetrahedron Letters 1964, 3351.

61) Horner, L., Mentrup, A.: Liebigs Ann. Chem. 646, 65 (1961).

62) Horner, L., Fuchs, H., Winkler, H., Rapp, A.: Tetrahedron Letters 1963, 965.

63) Horner, L., Ernst, M.: Chem. Ber, 103, 318 (1970).

64) Horner, L., Fuchs, H.: Tetrahedron Letters 1963, 1573.

65) Horner, L., Fuchs, H.: Tetrahedron Letters 1962, 203.

66) Ross, S. D., Finkelstein, M., Petersen, R. C.: J. Am. Chem. Soc. 82, 1582 (1960).

67 Ross, S. D., Finkelstein, M_, Petersen, R. C.: J. Am. Chem. Soc. 92, 6003 (1970).

68) Mayell, 1. S., Bard, A. J.: . Am. Chem. Soc. 85, 421 (1963).

69) Ericksen, R. E., Fischer, C. M.: J. Org. Chem. 35, 1604 (1970).

70) Horner, L., Singer, R.-J.: Chem. Ber, 101, 3329 (1968).

702) Closson, W. D., Wriede, P., Bank, S.: J. Am. Chem. Soc. 88, 1581 (1966).

71) Horner, L., Neumann, H.: Chem. Ber. 98, 3462 (1965).

72) Horner, L., Neumann, H.: Chem. Ber. 98, 1715 (1965).

73) Elving, P. J., Leone, J. T.: J. Am. Chem, Soc. 80, 1021 (1958).

74) Mandell, L., Powers, R. M., Day, R. A_: J. Am. Chem. Soc. 80, 5284 (1958).

44



Stereochemistry of Electrochemical Reductions

75) Juday, R. E.: Symposium on the Synthetic and Mechanistic Aspects of Organic
Electrochemistry, U.S. Army Research Office, Durham, N.C., USA, October 14-16,
1968, p. 211.

76) Brown, O. R., Lister, K.: Discussions Faraday Soc. 45, 106 (1968).

77 Horner, L., Degner, D.: Tetrahedron Letters 1968, 5889,

78) K abasakalian, P., McGlotten, J.: Anal. Chem. 31, 1091 (1959).

79) Schenk, M., Kirchhof, H.: Z. Physiol. Chem. 163, 125 (1927).

80) K abasakalian, P., McGlotten, J., Basch, A., Yudis, M. D.: J. Org. Chem. 26, 1738
(1961).

B1) Anziani, P., Anbry, A., Cornubert, R.: Compt. Rend. 225, 878 (1947).

82) Coleman, J. P., Kobylecki, R. J., Utley, J. H. P.: Chem. Commun. 1971, 104.

83) Zuman, P., Barnes, D., Ryvolova-Kejharova, A.: Discussions Faraday Soc. 45, 202
(1968).

84) £ g., Schall, C., Kirst, W.: Z. Elektrochim. 29, 537 (1923).

85) Neumann, W. P., Kuhlein, K.: Advan. Organometal. Chem. 7, 241 (1968).

86) Albert, W. C., Lowy, A.: Trans. Electrochem. Soc. 75, 367 (1939).

87) Allen, M. J.: 1. Org. Chem. 15, 435 (1949).

88) Kaufmann, H.: Z. Elektrochim. 4, 461 (1898).

89) Law, H. D.: J. Chem. Soc. 89, 1512 (1906). — Law, H. D.: J, Chem. Soc. 91, 748
(1907). — Law, H. D.: J. Chem. Soc. 99, 1113 (1911).

90) Grimshaw, J., Ramsey, J. S.: J. Chem. Soac. (C) 1966, 654.

91 Allen, M. J., Fearn, J. E., Levine, H. A.: J. Chem. Soc. 1952, 2270.

92) Allen, M. J.: J. Chem. Soc. 1951, 1598.

93) Levine, H. A., Allen, M. J.: J. Chem. Soc. 1952, 254.

99) Stocker, J. H., Jenevein, R. M.: J. Org. Chem. 33, 294 (1968).

95) Stocker, J. H., Jenevein, R. M., Kern, D. H.: J. Org. Chem. 34, 2810 (1969).

96) Stocker, J. H., Jenevein, R. M.: J. Org. Chem. 34, 2807 (1969).

97) Armand, J., Dana, G., Valentini, F.: Bull. Soc. Chim. France 1968, 4581.

98) Stocker, J. H., Jenevein, R. M.: 1. Org. Chem. 33, 2145 (1968).

99) Pearl, I, A.: J. Am. Chem. Soc. 74, 4260 (1952).

100) Allen, M. J.: J. Am. Chem. Soc. 72, 3797 (1950).

101) Gourley, R. N., Grimshaw, J.: J. Chem. Soc. (C) 1968, 2388.

102) Hoffmann, W. D., McEwen, W. E., Kleinberg, J.: Tetrahedron 5, 293 (1959).

103) Vincenz-Chodkowska, A., Grabowski, Z. R.: Electrochim. Acta 9, 789 (1964).

104) Fry, A.J., Reed, R. G.: J. Am. Chem. Soc. 91, 6448 (1969).

105) £ g, Coxon, J. M, Harthorn, M. P, Kitk, D, N.: Tetrahedron 23, 3511 (1967).

106) House, H. O., Miller, H. C., Pitt, C. G., Wickham, P. P.: J. Org. Chem. 28, 2407
(1963). :

107) Cope, A. C., Grisar, J. M., Peterson, P, E.: J. Am. Chem. Soc. 82, 4299 (1960).

108) Huffman, J. W., Charles, J. T.: J. Am. Chem. Soc. 90, 6486 (1968).

109) Horner, L., Skaletz, D. H.: Tetrahedron Letters 1970, 1103, 3675.

110) Andrieux, C. P., Saveant, J.-M.: Bull. Soc. Chim. France 35, 4671 (1968).

111) Law, H. D.: J. Chem. Soc. 101, 154 (1912).

112) Fry A.J., Newberg, J. H.: J. Am. Chem. Soc. 89, 6374 (1967).

113) Elofson, R. M., Gadallah, F. F., Gadallah, L. A.: Can. J. Chem. 47, 3979 (1969).

114) Sybluskey, L. A., King, L. C.: J. Am. Chem. Soc. 73, 2647 (1951).

115) Sen: J. Indian Chem. Soc. 12, 647, 651 (1935).

116) Ejofson, R. M.: Private communication, February 24, 1972.

117) Horner, L., Réder, H.: Liebigs Ann. Chem. 723, 11 (1969).

118) Camilli, C. T.: Ph. D. thesis, Ohio State University 1953.

45



A.J.Fry

119) pjetz, R., Peover, M. E.: Discussions Faraday Soc. 45, 154 (1968).

120 Klemm, L. H., Olson, D. R., White, D. V.: J, Org. Chem. 36, 3740 (1971).

121) Gourley, R. N., Grimshaw, J., Millar, P. G.: T, Chem. Soc. (C) 1970, 2318.

122) | jttlehailes, J. D., Woodhall, B. J.: Discussions Faraday Soc. 45, 187 (1968).

123) pasternak, R.: Helv, Chim, Acta 3/, 753 (1948).

124) Wawzonek, S., Fossum, J. H.: Proc. 1st Internat. Congr. Polarography, Prague /,
548 (1951).

125) wawzonek, S., Reck, R. C., Vaught, W. W., Fan, J. W.: ]. Am. Chem. Soc. 67, 1300
(1945).

126) Campbell, K. N., Young, E. E.: I. Am. Chem, Soc. 65, 965 (1943).

127) Lee, J. B., Cashmore, P.: Chem. Ind. 1966, 1758.

128) Benkeser, R. A, Tincher, C. A.: J. O1g. Chem. 33, 2727 (1968).

129) Bajzer, M. M., Petrovich, J. P.: Progr. Phys. Org. Chem. 7, 189 (1970).

130) petrovich, J. P., Baizer, M. M., Ort, M. R.: J. Electrochem. Soc. 116, 743 (1969).

131) Childs, W. V., Maloy, J. T., Keszthelyi, C. P., Bard, A. J.: J. Electrochem. Soc. 118,
874 (1971).

132) Simonet, J.: Compt. Rend. 263, 1546 (1966),

133) K ossanyi, J.: Bull. Soc. Chim. France 32, 714 (1965).

134) Wiemann, J., Bouguerra, M. L.: Ann. Chim, [14] 2, 35 (1967).

135) ¥ abasakalian, P., McGlotten, J.: J. Am. Chem. Soc. 78, 5032 (1956).

136) Bladon, P., Cornforth, J. W., Jaeger, J. W.: J, Chem. Soc. 1958, 863.

137) Lund, H.: Acta Chem. Scand. /7, 283 (1957).

138) Mazzenga, A., Lomnitz, D., Villegas, J., Polowczyk, C. J.: Tetrahedron Letters 1969,
166S.

139) Miller, D., Mandell, L., Day, R. A.: J. Org. Chem. 36, 1683 (1971).

140) Harle, A. J., Lyons, L. E.: J. Chem. Soc. 1950, 1575.

141) Archer, J. F., Grimshaw, J.: J. Chem. Soc. (B) 1969, 266.

142) gimonet, J.: Compt. Rend. 267, 1548 (1968).

143) Bowers, K. W, Giese, R. W., Grimshaw, J., House, H. O., Kolodny, N. H., Kronber-
ger, K., Roe, D. K.: J. Am. Chem. Soc. 92, 2783 (1970).

144) Zimmer, J. P., Richards, J. A., Turner, J. C., Evans, D. H.: Anal, Chem. 43, 1000
(1971).

145) Wawzonek, S., Gundersen, A.: J. Electrochem. Soc. 111, 324 (1964).

Received May 23, 1972

46



Electrochemical Oxidation
of Biologically-lmportant Purines
at the Pyrolytic Graphite Electrode

Relationship to the Biological Oxidation of Purines

Prof. Glenn Dryhurst
Department of Chemistry, University of Oklahoma, Norman, Oklahoma, USA

Contents
I.Introduction . . . . . . . . . . . . . . . . ... ... 49
2. UricAcid . . . . . . . . . ... ... ... ... 5
2.1. Electrochemical Oxidation . . . . . . . . . . . . . . . 50
2.2. Biological Oxidation . . . . 58
2.3. Correlations between Electrochemlcal and Blologlual Oxndanons
ofUricAcid . . . . . . . . . . .. .. ... ... 62
3.Xanthines . . . .. . . . . . . . ... ... ..... 64
3.1. Electrochemical Oxidation -3
3.2. Biological Oxidations . . . .71
3.3. Comparison of Eleutroghemlstry and B1o<,hemlstry of Xanthmes 74
4. Adenine . . . . . . . . . . . . . . . ... ... ... 15
4.1. Electrochemical Oxidation Y
4.2. Biological Oxidations . . . .77
4.3. Correlations between Electrochemu,al and Blologu,al 0x1dat10n
of Adenine Y
S.Guanine . . . . . . . . . .. ... ...
5.1. Electrochemical Oxidation S &
5.2. Biological Oxidations . . . .79
5.3. Correlation between Electrochemlcal and Blologmal Ox1dat10n
of Guanine e L

47



G. Dryhurst

6. 6-Thiopurine

6.1. Electrochemical Oxidation
6.2. Biological Oxidation

6.3. Correlations between Electrochemlcal and Blologlcal 0x1dat10n

of 6-Thiopurine e e e e e e
7. Adsorption of Purines at Charged Electrode Surfaces .
8. Conclusions

References

48

79

79
81

81
82
83
84



Electrochemical Oxidation of Biologically-Important Purines
1. Introduction

Most studies on the electrochemistry of 'biologically-important molecules have
been concerned with reduction reactions, principally at the dropping mercury
electrode. Such processes are relatively simple and involve primarily hydrogena-
tion of one or more double bonds within the substrate molecules. Although
these processes are of electrochemical interest, in fact they generally reveal
little information of direct relevance to biological, particularly metabolic,
processes. This is so because metabolism (or better catabolism) of most or-
ganic molecules in biological systems proceeds by oxidation or other non-re-
ductive reactions. The major exceptions to this are primarily the coenzymes
involved in certain metabolic processes which act as the electron (or hydride
ion-) acceptors for electrons removed from substrate molecules. Most of the
coenzymes are themselves reoxidized ultimately by oxygen by way of the
respiratory or electron-transport chain. Oxidation of purines is very impor-
tant in the catabolism of these compounds in all organisms. Purines them-
selves are found in every living cell in every living organism principally as
components of the nucleic acids. The particular sequence of purines and py-
rimidines in the nucleic acids contain the information for direction of pro-
tein synthesis and for transfer of genetic information. In addition, certain
purines, particularly adenine and to a lesser extent guanine, are important in
intermediary metabolism in the form of certain of their nucleotides. Other
purines are implicated in various diseases, or ailments, for example excessive
formation of uric acid leads to precipitation of this compound in bone joints
and results in the common and painful affliction called gout. Other purines
are used extensively as drugs, for example 6-thiopurine is one of the three or
four most effective drugs for treatment of certain leukemias. Theophylline,
theobromine and caffeine are effective diuretics, particularly the latter com-
pound and are imbibed in very large quantities from tea, coffee and many soft
drinks. Theophylline is extensively utilized as a mild cardiovascular stimulant.
It is accepted that all of these compounds are metabolically oxidized in
man or other organisms, but without exception the mechanism of the biologi-
cal oxidation is at best only understood to a fragmentary and incomplete ex-
tent, and often even the products of biological oxidation, i.e. the metabolites
have not been totally identified. Electrochemistry offers one of the possible
ways to investigate potential mechanisms of biological oxidations of the pu-
rines and presumably other suitable molecular systems. At first sight it might
appear that the possibility of any relationship between biological (i.e. enzyma-
tic) and electrochemical reactions is remote. However, there are several mark-
ed similarities between the two types of processes. First, the electron-trans-
fer reaction at both an electrode surface and at the active site of an enzyme
is essentially a heterogeneous process. It is fairly certain that at a charged
electrode surface a purine molecule is oriented in a very specific manner
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when the electron-transfer reaction occurs. Enzymes are also known to de-
mand a very specific orientation of the substrate at the active site for reac-
tion, as well as restricting their activity to particular types of molecular sub-
strates. Both enzymatic and electrochemical processes occur in aqueous so-
lution, although the presence of free water in enzymatic reactions may not
be necessary and hence it is reasonable to propose that electrochemical reac-
tions in non-aqueous media could yield information of relevance to biologi-
cal reactions. Many biological reactions occur at charged membrane or ribo-
somal surfaces just as an electrode reaction occurs at a charged electrode sur-
face. Both biological and electrochemical reactions normally occur in solu-
tions containing large excesses of inert electrolytes at comparable concentra-
tions, although these electrolytes are present for somewhat different reasons.
Finally, both types of reactions take place or are studied at very similar tem-
peratures. A priori therefore, there are a number of at least superficial similari-
ties between the conditions of biological and electrochemical redox processes
and accordingly it would appear that useful information regarding biological
redox mechanisms can be obtained by way of in vitro electrochemical studies.
In this paper a detailed review of the mechanism of the electrochemical oxi-
dation of a number of biologically-important purines will be presented. These
mechanisms will be compared to known biochemical-biological data, and it
will be demonstrated that in some instances the electrochemical data is of vatue
in interpretation of biological observations.

2. Uric Acid

2.1. Electrochemical Oxidation

Fichter and Kern V) first reported that uric acid could be electrochemically
oxidized. The reaction was studied at a lead oxide electrode but without con-
trol of the anode potential. Under such uncontrolled conditions these workers
found that in lithium carbonate solution at 40—60 °C a yield of approximately
70% of allantoin was obtained. In sulfuric acid solution a 63% yield of urea
was obtained. A complete material balance was not obtained nor were any
mechanistic details developed. In 1962 Smith and Elving 2 reported that uric
acid gave a voltammetric oxidation peak at a wax-impregnated spectroscopic
graphite electrode. Subsequently, Struck and Elving 3 examined the products
of this oxidation and reported that in 1 M HOAc complete electrochemical ox-
idation required about 2.2 electrons per molecule of uric acid. The products
formed were 0.25 mole CO,, 0.25 mole of allantoin or an allantoin precursor,
0.75 mole of urea, 0.3 mole of parabanic acid and 0.30 mole of alloxan per
mole of uric acid oxidized. On the basis of these products a scheme was de-
veloped whereby uric acid (1, Fig. 1) is oxidized in a primary 2e process to a
shortlived dicarbonium ion (IIa, IIb, Fig. 1) which, being unstable, under-
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Fig. 1. Proposed mechanism of electrochemical oxidation of uric acid at a wax-impreg-
nated spectroscopic graphite electrode in 1 M HOAc¢ according to Struck and Elving 3

went hydrolysis to allantoin (III, Fig. 1) (or its precursor), hydrolysis to al-
loxan (1V, Fig. 1) and urea (V, Fig. 1) and further oxidation to parabanic acid
(VI, Fig. 1) and urea. That the C,=Cs double bond was the site of the ox-
idation was evidenced by the fact that upon initiation of the electrochemical
oxidation the characteristic UV absorption spectrum of uric acid began to de-
crease and ultimately disappeared. The UV spectrum of uric acid is associated
with a 7 = 7* transition associated with the —C,=C;— chromophore. There
are several major objections to this mechanism. First there is no real evidence
in favor of the dicarbonium ion, indeed it is more plausible if any positive
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Table 1. Linear Ep vs. pH relationships for oxidation of some purines at the stationary

pyrolytic graphite electirode ®

Compound Peak pH Range Ep Reference
Volt vs. SCE

Purine 0-14 NOY 2)
Theobromine I 2.3-5.5 1.67-0.064 pH 35,37)
(3,7-dimethyl-
xanthine)
Caffeine 1 2.3-5.5 1.59-0.042 pH 35,37)
(1,3,7-trimethyl-
xanthine)
Adenine I 3.6-10 1.39-0.051 pH®) 99
Theophylline I 4-9 1.35-0.069 pHY)  35,39)
(1,3-dimethyl- i 2.3-85 1.45-0.056 pH
xanthine)
1,7-Dimethyl- I 0-12.5 1.31-0.059 pH 35)
xanthine
Hypoxanthine I 0-5.7 1.27-0.067 pH® 2
3-Methylxanthine I 5.5-12.5 1.20-0.056 pHY 3%

1§ 0-11.9 1.27-0.050 pH
7-Methylxanthine 1 7-12.5 1.19-0.049 pHd)  35)

1 0-12.5 1.22-0.042 pH
Guanine I 0-12.5 1.12-0.065 pH 6)
Xanthine I 0-12.5 1.07-0.060 pH 35)
Isoguanine I 2M H,50, 1.05%90 2
1-Methylxanthine I 0-12.5 1.05-0.049 pH 35)
6-Thiopurine I 2-8 0.51-0.047 pHY

I 0-12 0.81-0.052 pH 65)

i 2-10 1.88-0.136 pH
2,6-Dithiopurine I 1-8 0.61-0.057 pH%) 79

11 4.7-9 1.26-0.062 pH

111 4,7-12.5 1.86-0.100 pH
Uric acid 1 2.3-5.7 0.76-0.069 pH®  2)
2-Thiopurine 1 0-9 0.36-0.049 pH 74)

1 4-13 1.83-0.082 pH

) Except where otherwise stated the scan rate was 3.3 mV. sec™!.

b) Not oxidized.

¢) Scan rate 60 mV. sec™!.
) Adsorption peak.

1

¢) Equation for the half-peak potential, Epj3, at wax-impregnated spectroscopic graphite

electrode.

) Only one data point available.
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charge is localized on surrounding nitrogen atoms. Second, the peak for ox-
idation of uric acid is strongly pH dependent 2 (Table 1) and hence protons
must be involved in the electrode reaction, which the mechanism does not in-
dicate. Third, uric acid is very readily oxidizable and it was claimed that the
primary electrode product, the dicarbonium ion, is further oxidized at poten-
tials where uric acid is oxidized. The probability of a doubly positively charged
species readily losing two further electrons to give parabanic acid is remote.
Finally, oxidation of the dicarbonium ion to parabanic acid is, as just stated,

a two-electron process. Formation of 0.3 mole of parabanic acid per mole of
uric acid would therefore require a total transfer of 2.6e not 2.2e asclaimed. A
subsequent study of the electrochemical oxidation of uric acid at a pyrolytic
graphic electrode (PGE) 9 revealed that in 1 M HOAc very close to 2e were re-
quired to oxidize uric acid. The same products were obtained as were reported
by Struck and Elving 9, although only traces of parabanic acid were found.
The major products were alloxan and urea along with a smaller amounts of al-
lantoin. [The actual molar amounts of products are shown in Fig. 3] The peak
potential for the anodic peak of uric acid at the PGE was strongly pH depen-
dent (Table 1). It has also been shown by use of fast sweep cyclic voltammetry
that oxidation of uric acid gives rise to a very unstable but very easily reducible
product 9. Thus, for example, in the case of uric acid in acetate buffer pH 4.7,
on the first potential cycle at a clean electrode a single voltammetric oxidation
peak is observed at £, =ca 0.6 V vs SCE (Peak 1,, Fig. 2). If the positive-going
potential sweep is reversed after having scanned the single oxidation peak, then
on the negative-going sweep two well-formed cathodic peaks are observed, the
first at £, ~ + 0.4V (Peak I, Fig. 2) and the second at £, = -0.9V (Peak II,
Fig. 2). The former peak could not be observed unless the anodic peak was
first scanned and unless the scan rate exceeded about 0.5 volt sec™!. In fact as
the scan rate was increased so the height of this cathodic peak approached that
of the primary oxidation peak. The cathodic peak II, was originally proposed
to be due to reduction of parabanic acid 9 a reaction which occurs at about
this potential. This, may in part be true, but the very small quantity of para-
banic acid formed at the PGE precludes this compound being the major con-
tributor to the process occurring; further discussion of this peak will be present-
ed later. In summary, the primary product of the 2Ze oxidation of uric acid
is a very readily reducible species which is also very unstable as evidenced by
cyclic voltammetry. The oxidation peak of uric acid and the reduction peak

of the unstable product form an almost reversible couple, and since the poten-
tials for both peaks shift close to 60mV more negative for each unit increase
of pH 2:6) it is possible to conclude that the number of protons and electrons
involved in the electrode process are equal i.e. 2. It was proposed in several
early papers by Dryhurst 5.6) that the primary product of this 2e-2H" reaction
was a 4,5~diol. However, this compound would not be expected to be electro-
chemically reducible, although it can be expected to readily decompose to the
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Fig. 2. Cyclic voltammogram of saturated uric acid in acetate buffer pH 4,7 at a clean
stationary PGE

Scan pattern: 0.0V > -1.10V+>1.20V>-1.10V > 0.0V

Scan rate: 4.6V sec™!; current sensitivity: 200 pa per division
Current above axis marker is cathodic

observed products. Accordingly, it was subsequently proposed that the pri-
mary 2e-2H" product of the electrooxidation of uric acid (I, Fig. 3) is a bis-
imine which can exist in two tautomeric forms (Ila, IIb, Fig. 3). Such a system
of conjugated double bonds would be expected to be very readily electrochem-
ically reducible. Although no electrochemical data are available on the reduci-
bility of bis-imines, in fact it is well known that aldimines and ketimines are
very readily reduced electrochemically 7-9). The expected ease of reduction

of structures Ila and/or IIb along with their expected facile hydration across
the imine N=C double bonds accounted nicely for part of the observed cyclic
voltammetry of uric acid. Thus, provided the sweep rate is fast enough, Ila or
I1b formed as the primary products of oxidation of uric acid can be detected
as very readily reducible species. At slow scan rates IIa or IIb cannot be detect-
ed because they are hydrated too rapidly. Hydration of I1a or lIb would re-
sult in the formation of uric acid-4,5-diol (IiI, Fig. 3) which, being a typ-
ical intermediate of an imine-like hydrolysis, would be expected to readily
fragment to the observed products, allantoin, alloxan, parabanic acid and
urea (Fig. 3). There is definite evidence for the formation of an electrochem-
ical product having the 4,5-diol type of structure 19, Thus, electrochemical
oxidation of uric acid in aqueous acetate buffers pH 3.7 and 4.7 at the PGE
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Fig. 3. Primary electrochemical mechanism and products formed on oxidation of uric
acid at the PGE in 1 M HOAc

results in transfer of 2e and 2H* and 90% or more of the initial uric acid ox-

idized gives rise to allantoin, along with small amounts of parabanic acid and

alioxan. Addition of increasing amounts of methanol to solutions of uric acid
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in the same buffers results in a systematic decrease in the cathodic bis-imine
peak observed cyclic voltammetrically until in 50% methanolic solutions the
latter peak cannot be observed at all under sweep rate conditions where it is
very prominent in totally aqueous solutions. In a 50% methanolic solution the
oxidation still involves only 2e but only about 20% of the initial uric acid gave
rise to allantoin and no parabanic acid or alloxan were formed. Since the UV
spectrum of uric acid in methanolic solutions was also destroyed upon elec-
trolysis attack must have occurred at the C,=C; bond. The mechanism of the
process in methanol has been rationalized 19 by assuming that under volta-
metric conditions the greater nucleophilicity of methanol (or methoxide ion)
results in preferential and very rapid formation of 4,5-dimethoxy uric acid
rather than the uric acid—4,5-diol. The former compound would not be ex-
pected to fragment in the same way as the diol, and hence does not give ap-
preciable quantities of alloxan, allantoin or parabanic acid.

The evidence therefore strongly supports the primary formation of a bis-
imine (Ila, IIb, Fig. 3) which can be detected cyclic voltammetrically. There
is also substantial, although indirect, evidence that the bis-imine hydrates in
aqueous solutions to give uric acid—4,5-diol. A plausible mechanism for for-
mation of allantoin from uric acid-4,5-diol has been written 4. Protonation
of uric acid-4,5-diol (I, Fig. 4) should lead to cleavage of the C;—C,4 bond of
the diol forming an imidazole isocyanate (II, Fig. 4), which following the ex-
pected proton shift giving 111 would be very readily hydrolyzed to allantoin
(V) and CO,. A simple fragmentation of the 4,5-diol to alloxan (VI, Fig. 4)
and urea (VII) has also been written 4), Although only minor amounts of para-
banic acid are formed on oxidation of uric acid at the PGE, large amounts are
claimed to be formed at spectroscopie graphite electrodes . Formation of
parabanic acid necessarily involves some secondary electrochemical oxida-
tion. A mechanism is shown in Fig. 4 where uric acid-4,5-diol undergoes
a ring opening reaction to give the structures VIIIa and VIIIb. In acid solution
VIlia should readily cleave across the original C;—Cg bond to give an isocy-
anate (IX) and 2-oxy-4,5-dihydroxyimidazole (X). Alternatively the structure
VIIIb could undergo a ring closure to give XI which in turn should also cleave
to give X and XI. Simple hydrolysis of the isocyanate (IX) would give rise to
urea and CO,. 2-Oxy-4,5-dihydroxyimidazole (X) is of course an enediol. Ene-
diols are known to be very readily oxidizable to a-diketones !1) even by such
weak oxidizing agents as cupric ion or, on occasion, oxygen. Accordingly, it
has been proposed that the parabanic acid (XIV, Fig. 4) which appears during
the electrooxidation of uric acid is formed as a result of the electrochemical
oxidation of the enediol (X, Fig. 4) in a 2e-2H" process 9. It is important to
realize that the parabanic acid could, according to the mechanism proposed
in Fig. 4, arise from either the original pyrimidine or imidazole rings of uric
acid via intermediates (VIIIa) or (XI). The larger amount of parabanic formed
on electrooxidation of uric acid at spectroscopic graphite 3 than at pyroly-
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Fig. 4. Mechanisms for decomposition of uric acid-4,5-diol to allantoin (V), alloxan (V1),
urea (VII) parabanic acid (XIV) and CO,
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tic graphite ¥ can only be rationalized by proposing some specific effect
brought about by the nature of electrode material.

2.2, Biological Oxidation

Uric acid is one of the principal products of purine metabolism in man 1213),
However, in many other organisms further oxidative degradation of the pur-
ine molecule occurs. One of the most important enzymes involved in uric
acid oxidation is uricase, which has been studied to some extent in vitro.
It will act quite well, for example, when injected intravenously 14}, although
it does not occur naturally in man. Early workers proposed that in the presence
of uricase, uric acid was quantitatively oxidized to allantoin, CO, and H,0,
according to Eq. 1 15-19)_ Other workers 20-21) showed that under certain
conditions the uptake of oxygen was somewhat more rapid than the evolu-

tion of CO,. This was interpreted to mean that an intermediate was formed

in the reaction. By using water, and gaseous oxygen labelled with 130, Bent-

ley and Neuberger 22) were able to show that the oxygen atoms of the hydro-
gen peroxide formed in the oxidation of uric acid in the presence of uricase
were derived from molecular oxygen. Hence, uricase can be regarded as act-

y 9y H
N N URICASE M, N O3-N
J\)‘I >0+ Op ¥H0 ——» ZJ\ J: >0 + Co, + H0; M
0 N m 0NN TN
H

pHH

ing as a catalytic site for transfer of two electrons from uric acid to (presum-
ably) dissolved oxygen. By labelling the C, position of uric acid with 4C it
was found that the CO, formed in the enzymatic oxidation was derived from
that carbon atom. On the basis of their own and other experiments !7), Bent-
ley and Neuberger 22) concluded that the mechanism of uricase oxidation of
uric acid involved transfer of 2e from the monoanion® of uric acid (1, Fig. 5)
to give a carbonium ion (11, Fig. 5). It was proposed that the electron-transfer
process was the only step that involved the enzyme, and that further changes
were purely chemical reactions arising from the reactivity of the intermediates.
The carbon atom at position 5 of the carbonium ion (II, Fig. 5), being strong-
ly electrophilic, was proposed to interact with the N, nitrogen to give III,
which being unstable, interacts with hydroxyl ion to give IV, This in turn

3) The optimum reactivity of uricase isatca. pH 9.25 where uric acid exists predominantly
as its monoanion,
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Fig. 5. Mechanism of uricase catalyzed oxidation of uric acid according to Bentley and
Neuberger 22)

hydrolyzes and decarboxylates giving allantoin and CO, which are the ob-
served major products in moderately alkaline solution.

Agner 23:24) Paul and Avi-Dor 25) and Canellakis et al. 26) have studied the
"oxidation of uric acid in the presence of various peroxidase enzyme systems.
The identity and vield of various products was found to depend on the pH and
buffer system employéd. A combination of the findings of these workers sug-
gests that in the presence of a peroxidase enzyme (e.g., lactoperoxidase, verdo-
peroxidase, horseradish peroxidase) and H,0,, uric acid (I, Fig. 6) is oxidized
via a very unstable intermediate to uric acid -4,5-diol (II, Fig. 6). At moderate
pH the diol was then proposed to decompose, via an unknown species D, to al-
lantoin (VI). At low pH decomposition primarily to alloxan (V) occurred, via
an unspecified intermediate B. At moderately high pH it wasproposed that
the ultimate product observed, alloxanic acid (IV) was formed by breakdown
of 5-ureido-2-imidazolidone-4,5-diol-4-carboxylic acid (III). Paul and Avi-Dor
25) suggested that in the case of 1-methyl uric acid (I, Eq. 2) the primary pro-
duct of the enzymatic reaction was a bis-imine (II, Eq. 2) which then hydrated
to give the appropriate 4,5-diol (I1I, Eq. 2). There was no direct evidence to
support the existence of intermediates II or III, although many years earlier
Blitz and Max 27 had suggested that the 4,5-diol was an intermediate in the
nitric acid oxidation of uric acid to alloxan or the oxidation with alkaline per-
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Fig. 7. Mechanism of oxidation of uric acid by methemoglobin and H,0, according to
Howell and Wyngaarden 2%

manganate to allantoin. Indeed, Blitz 28 reported that the dimethyl ether of I1I
(Eq. 2) could be isolated after oxidation of uric acid with chlorine in methanol.

More recently Howell and Wyngaarden 2%) studied the oxidation of uric
acid with methemoglobin (a hemeprotein) and H,O,. At pH 5 the rate of oxi-
dation is optimum and allantoin is one of the major oxidation products. In
view of the fact that hydroxyl radicals were thought to be liberated in the
reaction and that methemoglobin formed a peroxide complex, a mechanism
was proposed where the hydrogen atom at Ny of the uric acid (Fig. 7) was re-
moved by the methemoglobin-peroxide complex giving a radical (II, Fig. 7).
This could exist in at least two structural forms (II or III, Fig. 7), one of which
(IIT) might react in two ways:

{2) loss of an electron to a hydroxyl radical to give the carbonium ion (IV)
which could then undergo the Bentley-Neuberger 22) transformation to allan-
toin (Fig. 5), or
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(b) addition of a hydroxyl radical to (III) would give V. A complex mech-
anism for decomposition of V to allantoin was propsed 29). However, it is in-
teresting to note that hydration of the structures IV or V would lead to uric
acid-4,5-diol which could decompose as outlined earlier. Soberon and Cohen
30) have shown that uric acid is oxidized in the presence of myelo-peroxidase
and peroxide to alloxan and other products by mechanisms which are similar
to those previously discussed.

2.3. Correlations between Electrochemical and Biological Oxidations of
Uric Acid

A tabulation of proposed intermediates and major products observed in the
biological and electrochemical oxidations of uric acid are presented in Table 2.
Also included in this table are similar data for the photodynamic oxidation of
uric acid and for oxidation under the influence of ionizing radiation. Clearly,
the preponderence of evidence favors an intermediate or primary product
formed by attack of the C,=C; bond. Comparison of the ultimate products
obtained by the various oxidative processes reveals that the products formed
upon enzymatic (particularly with peroxidase enzymes) and electrochemical
oxidation (at the PGE) are essentially identical with respect to the nature,
yields and effects of pH on these in as far as they have been investigated. Ac-
cordingly, it is pertinent to consider what the electrochemical information re-
veals about the biological processes that is not available from the enzymatic
and other related studies. First, not only can some type of unstable primary
product or intermediate be inferred from the nature of the products formed
electrochemically, but the cyclic voltammetric evidence allows one to physi-
cally detect it and confirm that it is extremely unstable and that it is very
easily reducible, i.e., the bis-imine. The electrochemical data also positively
indicate that 2e and 2H" are involved in the primary reaction. In addition, the
electrochemical data also support the view that uric acid-4,5-diol is aimost
certainly formed at some stage of the reaction by hydration of the bis-imine
because of the formation of the 4,5-dimethyl derivative when methanol is pre-
sent. Finally, the ultimate products observed electrochemically can all be ex-
plained by secondary reactions of the uric acid4,5-diol using currently accept-
able organic reaction mechanisms. The enzymatic reactions which give essen-
tially the same products are based on the existence of a reactive unstable in-
termediate. [t seems reasonable therefore in view of these findings to propose
that the enzymatic and electrochemical reaction mechanisms are very similar
if not identical.

The nature of the species that gives rise to the more negative cathodic peak
observed on cyclic voltammetry of uric acid (Fig. 2) is not clear. It must be due
to some relatively transient species since the peak is not pronounced at the com-
pletation of the electrolysis nor is a large amount of parabanic acid formed,
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Table 2. Structures of proposed primary products or intermediates formed on oxidation

of uric acid along with the major products of the oxidations

Oxidizing Structure of primary product or intermediate Major final Reference
system products
Uricase/O, at 0 .
pH ca. 9 Hoy A : Allantoin )
oJ\N/
Peroxidases/H,0, 0 OH Low pH-Al-
ZHZO ‘N loxan
>=0 J\ )=o Intermediate 25:26)
N pH-Allantoin
H OoH H High pH-Al-
loxanic acid
H e N He + n
. N -e N . 29)
Hemeproteins/H,0, J\ - ):0 e J\ P >=0 Allantoin
N N
0 N 0" "N H
H
QHe
(o]
HH
ey OH 1
L Js o
0" N7 TN
H
Rose bengal Q0H Triuret,
hp/0, /H, 0 in 01y sodium oxo- 31:32)
alkaline Hen N nate, allan-
solution J\ - >=0 toxaidin
0" N N
H
HH
H‘N 0 N
y-Radiation J\ =0 Not known  33.39)
0 ™N N
H H
OOH
Pyrolytic Low pH-Al-
graphite __. o loxan
electrode J\ 0 J\ >= Intermediate 3.4.5)

HOHH

pH-Allantoin

which is reduced at very similar potentials. Many intermediate species shown
in Fig. 4 could be proposed as being responsible for the peak. Another possible
explanation is that the bis-imine (I, Eq. 3) could be hydrated in a stepwise fash-
ion, first to the tertiary alcohol (II, Eq. 3) then to the uric acid-4,5-diol (III,
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Eq. 3). Species II might be the species responsible. for the major contribution
to the more negative cathodic peak observed cyclic voltammetrically.

PP B2 T o

NOH H
(I) () (m)

3. Xanthines

3.1. Electrochemical Oxidation

Xanthine is electrochemically oxidized at the PGE by way of a single pH-de-
pendent voltammetric peak (Table 1) that involves over-all 4e and 4H*. Ev-
idence favors the view that the reaction proceeds by two 2e - 2H" oxidations
35)  The first, potential-controlling reaction is a 2e - 2H" oxidation of the
N,=Cjg (or Nyg=Cjy) bond of xanthine ([, Fig. 8) to give uric acid (I, Fig. 8).
Since uric acid is more readily electrochemically oxidized than is xanthine
(Table 1) the former compound is immediately oxidized in a further 2e - 2H’
process to the uric acid bis-imine (I1la or HIb, Fig. 8). Hydration of this species
would give rise to uric acid-4,5-diol which then undergoes exactly the same sec-
ondary reactions as described previously (Fig. 4) so that the same products are
observed from xanthine as are observed for uric acid 9. The involvement of
uric acid and its bis-imine in the electrochemical oxidation of xanthine is very
evident from fast sweep cyclic voltammetry. The first potential sweep for xan-
thine at a clean PGE is shown in Fig. 9 which exhibits only a single oxidation
peak (peak Ia, Fig. 9) which corresponds to the 4e = 4H* oxidation of xan-
thine to the uric acid bis-imine (I - 1IIa,b Fig. 8). Provided the sweep rate is
fast enough the bis-imine can be detected as a reduction peak (peak Ic, Fig. 9)
once having scanned peak Ia. Peak Ic¢ of course correponds to the reduction of
the bis-imine to uric acid (I1la, HIb — 11, Fig. 8). On the second positive-going
sweep the uric acid formed in the latter process is reoxidized to the bis-imine
and gives rise to peak Ila. The very negative reduction peak in Fig. 9 was
thought 35 originally to be due to reduction of parabanic acid to 5-hydroxy-
hydantoin 36), However, in view of the very small amount of parabanic acid
actually formed in the oxidation of xanthine it must be assumed that the peak
is due to some other reducible intermediate species (vide supra).
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Fig. 8. Primary electrochemical mechanism and products formed on oxidation of xanthine
at the PGE in 1 M HOAc

Studies of the linear sweep and cyclic voltammetric behavior of N-methyl-
ated xanthines 25,37 reveals that they undergo electrochemical oxidation over
a fairly wide pH range at the PGE (Table 1). All but three of the xanthines
studied show just a single voltammetric oxidation peak, although it is prob-
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CURRENT

1 ] 1 [] ]
20 1.0 O -10 -2.0
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Fig. 9. Cyclic voltammogram of saturated xanthine at a clean, stationary PGE in acetate
buffer pH 4.7

Scan rate: 4.6 V sec™!
Current sensitivity: 200 ua per division
Current above axis marker is cathodic

—

able that the additional peaks observed at most negative potentials (peak I,
Table 1) for some xanthines are due to adsorption processes 35), Fast sweep
cyclic voltammetry of many methylated xanthines revealed that methylation
of the xanthine at N, caused a very pronounced decrease, even perhaps elimi-
nation, of the cathodic peak corresponding to reduction of the bis-imine pri-
mary oxidation product to the appropriate uric acid (i.e., equivalent to peak Ic,
Fig. 9). In the case of 3,7-dimethylxanthine (theobromine) and 1,3,7-tri-
methylxanthine (caffeine) there was no evidence at all from fast sweep cyc-
lic voltammetry that peaks equivalent to peaks I¢ and IIa of xanthine were
present. In order to demonstrate that the effect of N; and N, dimethyl-
ation of xanthines was principally to alter the stability or lifetime of a bis-
imine-type intermediate such that it could not be detected cyclic voltam-
metrically, rather than to completely alter the overall mechanism, Hansen
and Dryhurst 37 examined the nature and amounts of the products of elec-
trochemical oxidation of theobromine and caffeine. Both of these compounds
are oxidized by way of a single voltammetric oxidation peak at the PGE in a
process that involves overall 4e. In view of the pH dependence of the peak ob-
served for both compounds (Table 1) and the nature of the products formed
(Figs. 11-13) a mechanism can be proposed where, as with xanthine, the in-
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Fig. 10. Mechanism of primary electrochemical oxidation of theobromine (I, R=H) and
caffeine (I, R=CH,) at the PGE

itial 2e - 2H" reaction involves oxidation of the Ny=Cg double bond of the
methylated xanthine (I, Fig. 10) to give the corresponding methylated uric
acid (I1, Fig. 10). The follow up electrochemical reactions can be described as
removal of a proton and 2e from the C,=C; double bond of the uric acid to
give not a bis-imine but rather a bis-iminum ion (Il = 111, Fig. 10). This im-
inium ion would be expected to be extraordinarily susceptible to hydration
38) so that the corresponding methylated uric acid-4,5-diol (IV) would be
formed very rapidly. It is logical therefore that the failure to detect an un-
stable, reducible product by fast sweep voltammetry of theobromine and caf-
feine is not due to the fact that a reducible species is not produced, but rather
to the fact that the reducible iminium ion (1II) would be extremely rapidly
hydrated to give the electrochemically inactive substituted uric acid-4,5-diol
(IV). The observed electron number and amount of substituted parabanic
acids formed upon oxidation of theobromine and caffeine indicate that the
primary route of decomposition of a 3,7-dimethyluric acid-4,5-diol is to al-
lantoin and alloxan derivatives. Nevertheless, small amounts of parabanic acid
are produced. In the case of theobromine the appropriate uric acid-4,5-diol
(IV, Fig. 11) could undergo ring opening across the ~N;—C,— bond to give
Va which upon protonation and fragmentation would give 2-oxy-3-methyl-
4,5-dihydroxyimidazole (VII) and the isocyanate (VIII). Electrochemical
oxidation of the former would lead to methyl parabanic acid (IX) derived
from the imidazole moiety of the original compound, while hydrolysis of
VIHI would yield CO, and N-methylurea. The same products could be ob-
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Fig. 11. Mechanism for formation of parabanic acids from the methylated uric acid-4,5-
dio] derived from theobromine (3,7-dimethylxanthine) and caffeine (1,3,7-trimethylxan-
thine). Molar amounts of products are those formed in 1 M HOAc¢
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Fig. 12, Mechanism for formation of allantoins from the methylated uric acid-4,5-diol
derived from theobromine and caffeine. Molar amounts of products are those formed in
1 M HOAc

tained viz intermediates Vb and V1, although in this case the N-methyl-
parabanic acid that results would originate from the pyrimidine ring moiety
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of the original compound. In the case of caffeine only dimethylparabanic
acid is produced 37). A mechanism analogous to IV - Va (Fig. 11) is not
possible with caffeine which is methylated at N, the only route to para-
banic acid is first by opening of the N;—C, bond of X (Fig. 11) to give

XI followed by ring closure to XII. This, upon protonation and fragmenta-
tion, would give 2-0xy-1,3-dimethyl4,5-dihydroxyimidazole (XIII) which
should be readily oxidized to dimethyl parabanic acid (XV). The isocyanate
(XIV) would hydrolyze to CO, and methylurea.

Formation of methylated allantoins from the uric acid-4,5-diols (IV, X,
Fig. 11) would likely proceed by different mechanisms. Protonation of the
diol (1V, Fig. 12) derived from theobromine would lead to ring opening at the
Cs—C; position giving an imidazole isocyanate (XVI, Fig. 12). This could
readily form XVII which after hydrolysis and loss of CO, would give dimethyl-
allantoin (XVIII). On the other hand, the uric acid diol derived from caffeine
(X, Fig. 12) cannot fragment by this mechanism. Accordingly, either or both
of the processes could decur via the form of the diol hydrated at the Cq car-
bony! group (XIX, Fig. 12) which could readily lose CO, to give XX followed
by rearrangement to trimethylallantoin (XXI).

3,7 - DIMETHYLXANTHINE
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H 0 Q)i 3 H 0
N N N (o] CH3NH
L 0 ———p A + )c:o
o t;soﬁ o7 N o H,N
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Fig. 13. Proposed mechanism for formation of alloxans from the methylated uric acid-
4,5-diol derived from theobromine and caffeine. Molar amounts of products are those
formed in 1 M HOAc
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Secondary rearrangement of the uric acid-4,5-diol derived from theobro-
mine or caffeine to give a methylated alloxan is shown in [V - XXII and X~
XXI1I, Fig. 13 respectively.

Hansen and Dryhurst 39) found that theophylline (1,3-dimethylxanthine)
in 1 M HOACc is electrochemically oxidized by way of a single, pH-dependent
(Table 1) voltammetric peak at the PGE in a process that involves about 3e
per molecule of theophylline oxidized. The products and their quantitative
yields are shown in Fig. 14. These products differ from those obtained from
other xanthines in that a theophylline dimer, 8-(1,3-dimethylxanthyl)-1,3-di-
methylxanthine V, Fig. 14 is formed. All of the remaining products are similar
to those obtained from other xanthines with the obvious methylation differ-
ences. In view of dimer formation it is obvious that the first two electrons
must be removed from theophylline (1, Fig. 14) in a stepwise manner, result-
ing first in formation of a free radical (II, Fig. 14). About 40 per cent of the
free radical dimerizes to give V, while the remainder is further oxidized to
1,3-dimethyl uric acid (III). This is then further oxidized to the bis-imine (IV).
The bis-imine is susceptible to hydrolysis, but is sufficiently stable to be de-
tected by fast sweep cyclic voltammetry as a cathodic peak corresponding to
reaction IV - I1I. The 1,3-dimethy! uric acid (111) so formed can be detected
cyclic voltammetrically since it is more readily oxidizable than theophylline
35.39) Hydration of IV results in formation of 1,3-dimethyl! uric acid-4,5-
diol (VI) which can undergo a ring opening at the N;—C, bond to give the
substituted imidazole (VIIa) or its hydrated derivative (VIIIb). Protonation
and fragmentation of the latter would yield dimethyl urea and CO, and the
4,5-dihydroxy-imidazole (VIII) which is readily electrochemically oxidized to
parabanic acid (IX). Again, unsubstituted parabanic acid can only result from
the original imidazole moiety of the purine ring. The hydrated form of 1,3-
dimethyl uric acid (Vla) upon protonation can give rise to X which should
readily form dimethylallantoin (XI). Simple cleavage of VI would yield di-
methyl alloxan (XII) and urea.

3.2. Biological Oxidations

Most in vitro studies of xanthines have centered around the enzyme xanthine
oxidase. Bergmann and co-workers 4%-41) have examined the main oxidative
pathways in the xanthine oxidase catalyzed oxidation of purines. The mech-
anism proposed by these workers 4!) is that the enzyme binds a specific tau-
tomeric form of the substrate, regardless of whether or not that form re-
presents the major structure present in solution. It is then proposed that the
purine, e.g., xanthine, undergoes hydration at the N,=C,; double bond either
prior to or simultaneously with dehydrogenation of the same position. Ac-
cordingly, the process would involve either pathway a or b, Fig. 15. Route a
would give a lactim form of the oxidized purine, while b would give the cor-
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Fig. 14. Products and mechanism of the electrochemical oxidation of theo-
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phylline at the PGE. Molar amounts of products are those formed in 1 M HOAc
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Fig. 15. Proposed generalized route for oxidation of xanthine (and other purines) by
xanthine oxidase 41

responding lactam. Many of the early studies on the metabolism of the methyl-
ated xanthines, caffeine, theophylline and theobromine in man suggested that
all three compounds were oxidized to uric acid 42.43). However, Buchanan

et al. *» subsequently reported that uric acid is not excreted as a result of
metabolism of caffeine and theophylline, but rather that 1-methyl, 3-methyl-
and 1,3-dimethyl uric acids are produced. Indeed, Brodie et al. 45) have shown
that the primary metabolic oxidation product of theophyliine is 1,3-dimethyl
urucacid. Weingeld and Christman 46) succeeded in isolating 1-methyl uric
acid from human urine after ingestion of caffeine and both 1-methyl and 1,3-
dimethyl uric acid after ingestion of theophylline. A report by Cornish and
Christman 47 outlines the possible metabolic pathways for caffeine, theophyl-
line and theobromine. In summary, 62 per cent of theobromine, 77 per cent
of theophylline and 66 per cent of caffeine is claimed to be excreted in the
form of methylxanthines and methyl uric acids within 48 h. There is a con-
siderable amount of demethylation in man, the order of demethylation be-
ing N3, N;, N; although complete demethylation does not appear to occur.

3.3. Comparison of Electrochemistry and Biochemistry of Xanthines

There is no doubt that electrochemically xanthine is initially oxidized to uric
acid, which is then further oxidized to a bis-imine that undergoes hydrolysis
giving ultimately alloxan, allantoin and urea. There is no single enzyme in man
that will bring about such a fragmentation of xanthine. However, there are or-
ganisms that possess a combination of enzymes, e.g., xanthine oxidase and
certain peroxidases, that under conditions comparable to those employed in the
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electrochemical studies, would give rise to identical products, and identical
mechanisms could be utilized to explain the processes.

In the case of the methylated xanthines, particularly theophylline, theo-
bromine and caffeine, the preponderance of data on the metabolism of these
compounds in man suggests that a methylated uric acid is the principal pro-
duct. However, the data presented earlier proposes at best a 77 per cent ac-
counting of the methylated xanthine administered. The question can be
raised as to whether the final products observed upon electrochemical oxi-
dation of these compounds aids these studies. Very recently studies of meta-
bolism of caffeine have revealed that 3,6,8-trimethylallantoin is a metabolite
of caffeine 48). This methylated allantoin is, of course, a major product ob-
served electrochemically. The mechanism developed for the electrochemical
oxidation seems to nicely rationalize the observed products and electrochem-
ical behavior. The mechanism of biological oxidation could well be very simi-
lar, although insufficient work has yet been performed to come to any definite
conclusions. There is however, one major difference between the electrochem-
ical and biological reactions which is concerned with the fact that in the former
situation no demethylation occurs whereas in the latter systems considerable
demethylation appears to take place.

4. Adenine

4.1. Electrochemical Oxidation

Adenine is oxidized by way of a single, pH-dependent voltammetric peak at
the PGE (Table 1) 49) that involves a total of 6e. The probable mechanism
involves three 2e - 2H" oxidations of adenine (I, Fig. 16) to give 2-oxyadenine
(11, Fig. 16), then 2,8-dioxyadenine and then the bis-imine (IV). The latter
can be detected by fast-sweep cyclic voltammetry as a cathodic peak due to
reduction of the bis-imine (IV) to 2,8-dioxyadenine (III) which in turn can be
detected on the subsequent positive positive going sweep as an anodic peak 5.
Hydration of the bis-imine gives the corresponding 4,5-diol (V) which upon
hydrolysis and fragmentation gives the 2-oxy-4,5-dihydroxy imidazole (V —~
VII) and an isocyanate (VIII). The enediol (VII) is readily oxidized to para-
banic acid (X) (a major product from adenine), part of which hydrolyzes to
oxaluric acid (X,). The isocyanate (VIII) is hydrolyzed to urea, ammonia and
CQ,. Similarly, fragmentation of V would lead to allantoin (V = XI = XIV). .
Additional products were observed in the study of Dryhurst and Elving 49)
but were due to reactions occuring at the counter electrode that was neces-
sarily present in the working electrode compartment and hence are of no
interest in the present context.
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Fig. 16. Mechanism for the electrochemical oxidation of adenine at the PGE. Molar
amounts of products are those formed in 1 M HOAc¢
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4.2. Biological Oxidations

The oxidation of adenine in animal tissues occurs as a result of the enzyme
xanthine oxidase 50-52) and the product is 2,8-dioxyadenine 52.53) Wyngaar-
den and Dunn 5% consider that 8-oxyadenine is the principle intermediate in
the oxidation of adenine. Bergmann and co-workers 5%) came to the same con-
clusions. However, by examining various adenine derivatives they concluded
that adenine-like compounds are oxidized in the presence of xanthine oxidase
only if at least one hydrogen atom is present on the 6-amino group and pro-
vided that the imidazole ring contains a free N—H group. The biochemistry

of adenine is extensively covered in the reviews of Lister 56) Robins 57}, and
Balis 58,

4.3. Correlations between Electrochemical and Biological Oxidation of Adenine

The initial electrochemical and biological oxidation with xanthine oxidase are
essentially identical. However, electrochemically 2,8-dioxyadenine the final
product in the presence of xanthine oxidase is much more readily oxidizable
than adenine 59) so that considerable further oxidation occurs. To the authors
knowledge, 2,8-dioxyadenine is not a major metabolite of adenine in man or
other higher organisms. Accordingly, it is likely that other enzymes accom-
plish further degradation of 2,8-dioxyadenine. The relationship between the
products so formed and the mechanism of the reaction to the related electro-
chemical processes has yet to be studied.

5. Guanine

5.1. Electrochemical Oxidation

Guanine shows a single, pH-dependent voltammetric oxidation peak at the
PGE (Table 1) 8. Examination of the reaction by linear and cyclic sweep volt-
ammetry and by controlled potential electrolysis reveals that guanine (1,Fig.17)
is oxidized by an initial 2e - 2H" oxidation at the —Ny,=Cjg-bond to give 8-
oxyguanine (II, Fig. 17) which is immediately further oxidized in a further

2e - 2H" process to a bis-imine (III). Hydration of III gives a 4,5-diol (1V)
which can rearrange to the enediol (VI) and isocyanate (VII) as shown in Fig.
17. Secondary electrochemical oxidation of VI gives parabanic acid. Hydroly-
sis of the isocyanate VII gives guanidine and CO; . Hydrolysis and fragmenta-
tion of IV results in the formation of oxalyl guanidine (XII) and CO, . Close
to 4.7¢ are transferred during the oxidation of guanine, which is accounted for
very nicely by 4e involved in the primary electron transfer processes (I 11>
111, Fig. 17) plus the extra electrons required to oxidize 2-oxy-4,5-dihydroxy-
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imidazole (VI) to parabanic acid (VIII). The bis-imine (III) can be readily de-
tected by cyclic volammetry ©.

5.2. Biological Oxidations

Very little work has been reported on the mode of biological oxidation of
guanine. In many animals guanine appears to be converted in part to allantion
60) aithough in xanthinuric man it is primarily oxidized to xanthine 1), Since
8-oxyguanine is known to exist in nature 62,62) Wyngaarden 6% examined the
possibility of xanthine oxidase being the agent responsible for such oxidation
of guanine. In the presence of very large amounts of xanthine oxidase guan-
ine was slowly oxidized but not to 8-oxyguanine rather to uric acid. It was
therefore concluded that the xanthine oxidase was contaminated with guan-
ase which is responsible for the deamination process.

5.3. Correlation between Electrochemical and Biological Oxidation Guanine

There is really too little information on the biological oxidation of guanine to
attempt to compare it with the electrochemical oxidation. It might be useful
to bear in mind the electrochemical mechanism when further studies of the
biological oxidation of this compound are carried out.

6. 6-Thiopurine

6.1. Electrochemical Oxidation

6-Thiopurine (6-mercaptopurine) gives rise to three pH-dependent voltam-
metric oxidation peaks at the PGE (Table 1) 65). The first, least positive peak
is an adsorption pre-peak due to the one-electron oxidation of 6-thiopurine
(I, Fig. 18) to an adsorbed layer of product, bis (6-purinyl) disulfide (1II,

Fig. 18) presumably viz a free radical (II). The second peak is the same reac-
tion except the product is the dissolved form of I1I. At low pH a further

slow chemical oxidation of the disulfide occurs to give, probably, either a
sulfone (IVa) or a sulfoxide (IVb). At higher pH, e.g., at pH 9, in an am-

* monia buffer, the disulfide (I1T) decomposes rapidly under conditions of pro-
longed electrolysis to give 75 per cent of the original 6-thiopurine and 25 per
cent of a mixture of purine-6-sulfinic acid (V) and purine-6-sulfonamide (V1),
so that a type of cyclic process occurs and for complete oxidation of 6-thio-
purine close to 4e are transferred. The third, most positive peak is observed
only at high pH. In a non ammonia-containing buffer such as carbonate pH 9
a straightforward 6e - 6H" oxidation to purine-6-sulfonic acid (VII) occurs,
while in an ammonia buffer of the same pH a mixture of purine-6-sulfinic acid

79



G. Dryhurst

A. PEAK I
SH Se S——5
NZSN cecHY NZNN i NSNS NF
SIS OIS —— 14y )
N N P Y
N~ N N N N
H H H
{I} () ()
B. PEAK II

a) AT LOW pH

'\)j:\>—’z<\f\ )\,[\>

(m)

SLOW1+H20+ 0,

f )\L\> on «Iﬁ f;[p

(IZb) (IZa) H
b) AT w 9; AMMONIA BUFFER

SO,H SO,NH,
8(I)—->4(m)+NH +3H, o+ 0,—» 6 )I\ + )j:\ + )j:
T an' 2 l\ > k ) )
" (m)
C. PEAK I
a) !_Pi CARBONATE BUFFER pH 9
SH SO,H
|\ \>+3H20—-—> &\) + 6H'+ 6e
(I) (:m)
b) IN AMMONIA BUFFER pH 9
SO4H SO, NH,
|\ \)+NH +H20—>EI\>+'\)i\>+CI\>+H+Q
(I) 0.5 2I (]Z) (m) (I[) 5.2 Mole
| Mole Mole Mole 0.4 Mole 0.1 Mole 0.5 Mole

Fig. 18. Mechanism for the electrochemical oxidation of 6-thiopurine at the PGE
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(V), purine-6-sulfonic acid (VII) and purine-6-sulfonamide are produced with
around 5.2e being transferred.

6.2. Biological Oxidation

6-Thiopurine does not occur naturally, but is one of the most effective drugs
available for the treatment of acute leukemia ). A discussion of the thera-
peutic action of 6-thiopurine is presented elsewhere 67), The mechanism of
metabolic breakdown of 6-thiopurine even in terms of a complete picture of
its metabolites in man and other organisms is apparently not known. However
various studies in man have revealed that 6-thiopurine (I, Fig. 19) is at least
partially oxidized to 6-thiouric acid (II, Fig. 19) although inorganic sulfate

anf other unidentified products are obtained 63,69) Xanthine oxidase catalyzes
formation of 6-thiouric acid as a major metabolite of 6-thiopurine in bacteria
70, mice 71) and man ¢?). Bergmann and Ungar 72) have shown that 6-thiopurine
is attacked, in the presence of xanthine oxidase, first at Cg then at C,. How-
ever, in the purine oxidizing system pseudomonas aeroginosa 6-thiopurine is
attacked first at C, then at Cg5, but further oxidation to unidentified products
occurs 73),

SH SH
NZ SN NN -2
§ r —— J\)I >0 + SO + 2
\N N 0" N :‘l
H H
3] ()

Fig. 19. Partial description of metabolism of 6-thiopurine in mammals

6.3. Correlations between Electrochemical and Biological Oxidation of
6-Thiopurine

Electrochemically all thiopurines that have been studied (6-thiopurine, 2-thio-
purine 7, 2 6-dithiopurine 75) (Table 1) are oxidized only at the exocyclic
sulfur group. The reported biological oxidations of these compounds all indi-
cate that oxidation occurs at the ring C=N double bonds. However, electro-
chemical studies have been limited to three compounds so far, it is possible
that other thiopurines might behave differently. The small amount of data
and incomplete metabolic information, on 6-thiopurine in particular, certain-
ly does not rule out the possibility of oxidations of the exocyclic thiol group-
ing occurring. Again, therefore, it is interesting to speculate that some of the
electrooxidation products might well be the missing biological products. Elec-
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trochemical methods have been developed to analyze for mixtures of these
potential metabolites 7¢),

7. Adsorption of Purines at Charged Electrode Surfaces

A number of reports have appeared concerned with the adsorption of purines
at a dropping mercury electrode 77-80) but these are confined to studies at
potentials far removed from those where electrochemical oxidation occurs.
More recently some qualitative studies on the adsorption of certain purines

at the PGE have appeared with a view to understanding the adsorption of
these compounds at positively charged electrodes. Since many biological reac-
tions occur at charged membrane or ribosomal surfaces it is of considerable
interest to investigate these phenomena.

By use of linear sweep volammetry at various scan rates, concentration
studies and AC voltammetry, Dryhurst 81) has shown that guanine is quite
strongly adsorbed at the PGE before it is electrochemically oxidized and that
possibly at least one product of the oxidation is adsorbed to some extent. Sig-
nificantly however, in the presence of guanosine (the nucleoside of guanine)
adsorbed guanine is displaced from the electrode surface, i.e., guanosine is ap-
parently more strongly adsorbed than guanine. In a very similar manner adenine
is also adsorbed at the PGE and is also displaced from the electrode by adeno-
sine 82), The actual biological significance of these findings is not yet clear.
It is interesting to speculate whether nucleotides will displace adsorbed nuc-
leosides from a positively charged electrode surface and whether these find-
ings have any implications on the relative reactivity or susceptibility to reac-
tion at charged biological membrane surfaces.

An interesting study related to these findings has been reported by Dry-
hurst and De 83) who examined the adsorption of uric acid an the PGE and
the effect of allopurinol (4-oxypyrazolo [3,4-d] pyrimidine) on this adsorp-
tion. Allopurinol is a drug that is widely used for the treatment of gout 34)
(vide supra) and functions by inhibiting xanthine oxidase which is the enzyme
responsible for oxidizing many purines to uric acid. The investigation was car-
ried out in order to develop an analytical method for determination of allo-
purinol and uric acid. It is found that uric acid, which is very easily oxidized
(Table 1) is strongly adsorbed at the PGE. However, addition of allopurinal to
a solution of uric acid results in a displacement of adsorbed uric acid from the
electrode surface, presumably because allopurinal is more strongly adsorbed.
The same effect is not apparent at negatively charged mercury surfaces 83),
These findings could be significant in retrospect since it may indicate that
the facility of a purine to be oxidized or otherwise chemically altered at an
enzyme or other interface may be dependent not only upon stereochemical
factors but also on the charged nature of the catalytic or reactive surface.
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8. Conclusions

In the case of uric acid there is an impressive degree of parallelism between
the enzymatic and electrochemical products. The electrochemical informa-
tion has clearly demonstrated the existance of unstable products and the
nature of at least some of these products, and has allowed a much more de-
tailed mechanism to be written. In the case of less oxygenated purines the
initial positions of electrochemical and enzymatic (xanthine oxidase) attack
appear to be the same. However, on reaching the point where the purine ring
is oxidized at all unsubstituted C=N bonds xanthine oxidase for example
ceases to promote any further reaction, while electrochemically the C,=C;
double bond is further oxidized. This electrochemical behavior parallels close-
ly that expected with dual enzyme systems, e.g., xanthine in the presence of
xanthine oxidase and uricase or a suitable peroxidase. In the case of methyl-
ated xanthines it is felt that the electrochemical data should aid in unravel-
ling the total metabolite picture, and suggest possible mechanisms. Indeed, as
indicated earlier, it is possible that the presently incomplete knowledge of
metabolsm of caffeine might be completed using information gathered elec-
trochemically.

In the case of the thiopurines the electrochemical processes do not appear
to agree at all with the known biological oxidations. However, again in the
case of 6-thiopurine not even a complete picture of the metabolites is avail-
able. The electrochemical data indicates that thiopurines are very readily oxi-
dized to disulfides and hence to sulfinic or sulfonic acids. In view of well-
known sulfide-disulfide transformations in biological situations (e.g., L-cy-
steine to L-cystine), it is not unlikely that part of the metabolic degradation
pathway for thiopurines might proceed via reactions of the sulfide moiety.

In conclusion therefore it is felt that electrochemistry does offer a valu-
able technique to study the electron-transfer reactions of biologically-impor-
tant molecules. The mechanisms and products observed electrochemically do
appear to be similar in many instances to those of the biological reactions. In
cases where the biological products or mechanisms are not known electro-
chemical studies should prove useful in suggesting potential reaction routes
and products.
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