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Abstract -- The electrooxidations of pyrrole, indole, carbazole and a
number of thelr substituted and partially reduced derivatives are des-
eribed. The overall mechanistiec aspects are summarized and discussed.
Certaln aspectas of indole alkaloid biesynthesis invelving oxidation are
considered. The experimental conditions used in & number of reactions

are summarized.

INTRODUCTICN
In an earlier review article on the electrooxidation of phenolie isoquinolines,1
we presented & general introduction to electrooxidation and discussed some of the
advantages and disadvantages of the technique. 3pecifically, we pointed out that
it was possible to control the amount of oxidizing power (potential) applied to
a given substrate, thus minimizing overoxidation of easily oxidized materials.
We summarized our attempts to carry out biomimetic oxidations in the iseoquino-
line alkaloid series., In this article, we will summarize the electrooxidations
of another group of heterocyclic compounds which are easily oxidized, specifi-
cally pyrrole and its benzoderivatives, indole and carbazole.

Pyrrole and itg derivatives are quite similar to the phenols in their general
degree of reactivity, their degree of acidity, and their ease of oxidation.
Furthermore, parallel bicsynthetic roles are played by the phenolic amine acid
tyrosine and the indolic amino acid tryptophane. These two amino aclds, through
a series of oxidations and ring clesures, give rise to the isoquincline and
indole alkaloids, respectively. Considering the importance of the pyrrole
system, its relative ease of oxidatlon and the desirability of preventing "over-
oxidation”, it is remarkable that relatively few electrooxidation studies have
been carried out.

The half-wave potentials of some pyrrole systems are given in Table I along
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with some reference compounds of interest. The actual values of the potentials
differ depending upon the substituents present and the conditions of the measure-
ments. However, the relative order of reactivity is valid. Pyridine is much
more difficult to oxidize than any of the five-membered systems and is sometimes
used as a golvent for electrooxidations. The half-wave potentials for the
pyrroles and phenols are strongly dependent upon pH, being more easily oxidized

in base (as long as the pyrrole is unsubstituted on nitrogen).

Table I, Oxidation Potentials of Some Pyrrole Derivatives and Reference

Compounds

Ceompound Half-wave potentials, V. vg. S.C.E. Ref.

pyrrole 1.08 2

indole 0. 94 3

carbazole 1.18 2

1,2,3,4~tetrahydro- 0.66 3
carbazole

1,2,3,4-tetrahydro- 0.70 3
f3-carboline

pyridine 2,22 2

phenolie 1,2,3,4-tetra- 0.7 - 1.2 2, 4

hydroisoguinolines
and phenols
PYRROLE

There are at least four reports on the electrooxidation of unsubstituted pyrrole.
Lund® found that pyrrole oxidation rapidly coated the anode with a polymer which
stopped the reaction. This polymerization reaction has been used recently5
to prepare a polymer coated electrode. The coating ls reported to be a “strongly
adhered durable film with enhanced conductivity and good electrode properties.”
The electrode was used to study the cyclic voltammetry of several subsirates,
but no catalytic effects were noted, and no preparative reactions were carried
out.

Pyrrole has been oxidized in the presence of benzaldehyde to give porphines
in low yields.7 However, the actual electrooxidation l= probably that of a
partially reduced porphine formed from pyrrole and benzaldehyde rather than an
oxidation of pyrrole itself. Finally, the electrooxidation of pyrrole in bvase
has been shown to produce compounds &) 2, and 3 in unspecifled yield.8 Possible

mechanisms for this reaction are considered below.
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When the nitregen in pyrrole 1s blocked with a methyl group, polymerization
appears to be retarded, and oxidation products can be obtained. The brief commu-
nication of Yoshida? provides some elegant examples of electrochemical synthesis
as well as a mechanistic framework for the presentation of this article. A
series of N-substituted pyrroles and indoles were oxidized in methanolic sodium
cyanide to yield two types of products. Most of the products contained a cyano
group on the aromatic ring, but in a few cases, side chain eyanation occurred.
Scheme I, as drawn out for a methyl N-methylpyrrole (ﬁ). illustrates the
mechanistic possibilities. These possibilities correspond to the classical
mechanisms proposed for oxidative substitution on aromatic systems vs. oxidative
substitution on side chains.10 1In pathway 1, the initially formed cation
radical gé) may react with cN @ to give the radical (§) which subsequently loses
another electron and proton to give a ring substituted product gg). In pathway
2,‘2 may lose a proton to form a benzyl type radical (2) which loses a second
electron to give 10 which reacts with CN ® to yield a side chain substitution
product (12). Yoshida carried out a molecular orbital calculation on the radical
cation of 1,2-dimethylpyrrole which showed the positive charge distribution

given in 12.
From 12, it is obvious that ring cyanation would go firset to the 2 and 5

positions if they are vacant. This is in accord with the experiments. If the
2 and 5 positions are occupied by methyl groups, reaction appears to take the
gecond pathway leading to side chain cyanation. In only one case, 2,5-dimethyl-
1-phenylpyrrole, was any 3-substitution obtained, and this was in low yleld
(5%). The products observed from pyrrole itself (1,2 and 2)8 can be explained
by similar reasoning. The radical cation which would be derived from pyrrole
(corresponding to é) could react with OH © to yield, after loss of a second
electron and a proten, 2-hydroxypyrrole which is a tautomer of 1. Compound 1

iz an enamide which would be expected to undergo a non-oxidative nuclecphilic
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Scheme I

e . e —CH
T CHs e WCHa CN At -, [t

v H ~ H
5 H3C .
pathway 1 HaC 78 3 2

CH,

[ Fery - [ e o G—CHZCN L Jen

CH3 R Chy 12 CH3“ 8 CH3
— -+
072 073
190
244 Chs
™338
! 12 ¢H3

attack by an eleectron-rich pyrrole to give 2. A similar reaction of 2 with a
second molecule of _!.. would produce 3.

In an earlier work, Weinberg and Brownll oxidized N-methylpyrrole to give
a 64% yield of 2,2,5,5-tetramethoxy-N-methylpyrrole (16)., Although a mechanism
involving a dication was proposed by the authors, the reaction can be easily
explained by a Yoshida type pathway. A radical cation derived from N-methyl-
pyrrole and analogous to_é could react with CH30‘9 to give a radieal which could
lose a second electron to give a cation analogous to 2+ If 7 reacts with CH30 @
instead of losing a proton, 2,5.dimethoxy-3-pyrroline (i;) is obtained. If 13
undergoes similar oxidation at the oxygen-activated allyl position, the reso-
nance hybrid (14) would be obtained. Further reaction of 14 with CH3dswuould
yield 15 which, by a similar process could yleld product (18). It is note-
worthy that various slectrooxidations of thiophene and furan in the presence of |
nucleophiles tend £o stop at the intermediate disubstituted, dihydro stage
corresponding to 13 rather than being further oxidized.12

When the four carbons of pyrrole are substituted by aromatic groups,
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pathway 2 in Scheme 1 is blocked and pathway 1 cannot te completed. Caullet
and his coworkers have investigated an extensive series of these compounds and
found that the ultimate products depend upon the solvent and temperature.13 In
neutral solution, all of the compounds studied showed two waves which are
thought to correspond to the sequential formation of the radical cation (l§)
and the dication (;?} (Scheme II for 2,3,4,5-tetraphenylpyrrole, iz). In base,
only one wave was observed corresponding to the two electron pathway through
18 and 21 to the cation {22). At 0°C, in nitromethane or acetonitrile containing
traces of water, 23 (R=H) was obtained in yields of about 60%. In methanol and
ethanol, the corresponding ethers (Eg, R=CHq and CH3CH2) were obtained. Compound
Eg could be formed by several routes: nucleophilic attack by water (or alcohol)
on the cation radical (18) to give 20 followed by loss of another electron and
a proton; nucleophilic attack by water on the cation 22 followed by loss of a
proton; or, as the authorg prefer, attack of water on the dication (lg) followed
by the leoss of two protons. The same product was obtained when the reaction was
carried out at the first or second wave. The authors present evidence that the
radical cation (;@) disproportionates to starting material and 19 when the
reaction is carried out at the first wave, thus explaining the products through
dication 19. When 23 (R=H) was heated, it rearranged to 24.

When the reaction was carried out at higher temperature {2 40°) in CH3CN,
Eﬂ was obtained along with Eg. In the presence of air, the peroxide (Ez) was
obtained, presumably from a radical such as 3&. At higher temperatures in
nitromethane, an interesting reaction occurred in which the carbon from the

nitromethane was incorporated into a pyridine ring. It was proposed that the
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dication {19) reacted as shown to yield ’%é 5imilar and perhaps mere plausible
mechanisms could be written involving other intermediates i Scheme II. 1In
many cases, traces of the dibenzoylstilbene (32) were isolated and are thought

to arise from oxidation of 23, perhaps with NOp @ rormed as shown in 19 to 26,
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In all, five tetraarylpyrroles were investigated; tetraphenyl, tetra-p-
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tolyl, tetra-p-anisyl, tetra-p-chlorophenyl, and tetra-p-biphenyl. The ease of
oxidation of the various compounds was correlated with Taf‘t;o"values,13d and
the more electron rich systems were found to be more easily oiidized. The

more electron rich systems Were also found to give the more stable cation
radicals (ig). A recent analytical study of a series of tetrasubstituted
pyrroles supports the formation of the cation radicals and dications described

1h However, no preparative reactions were carried out.

in Scheme II.
When all five atoms of pyrrole are substituted with aromatic gfoups, the
reactions of Scheme II are btlocked, and relatively stable cation radicals are
obtained.}? The cation radicals were characterized spectrometrically, but no
products were lsolated from the reactions. In his studies on the electrooxida-
tion of amino acids, Takayama oxidized pyrrolidine-2-carboxylic acid (proline)16a
and 5-carboxy—2-pyrrolidone.16b From proline, he obtained pyrrolidine, succin-
imide, suceinic acid, COp, and NH5. From 5-carboxy-2-pyrrolidone, he obtained
succinimide, suceinic acid and COy. The reactions were not potential controlled
and should be repeated using modern methods.uu
INDOLE
Indole itself, like pyrrole, produces an electrode fouling on oxidation which
makes product isolation difficult.3 However, when the oxidation was carried
out using a graphite cloth anode (which was replaced several times during the
reaction} in the presence of tetraethylammonium perchlorate in acetonitrile,
it was possible to isolate about 15% of £§:17 The extra atoms appear to have
come from the electrelyte, but the mode of formation is not known. In light

of the results given below for the g¢yanation of indole, it is remarkable that

reaction has occurred at the 3-position of the indole.
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Yoshida?9 has also ecyanated varlous indoles. The reaction was more success-

»

ful when the nitrogen was methylated, although a 16% yield of 2-cyano-3-methyl-
indole was obtained from 3-methylindole. N-Methylindole gave 50% of the 2-

eyano derivative and 9% of the 3-cyano derivative, thus indicating that the
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indole cation radical (analogous to‘é) is more reactive at the 2-position. This

is in contrast to the Nelson workl? and the normal ground-state behavior of
indole. It is, however, in accord with the results of a molecular orbital
caleulation on the cation radical of indole as shown in 22.18 When position
2 was occupied, cyanation took place at the 3-position. The mechanism of this
reaction is similar to pathway 1 in Scheme I. No side chain ¢yanation was
noted.

When positions‘2 and 3 of indole are blocked, dimerization reactions take
place. Thus, 2,3-diphenylindole (30) gives a 90-95% yield of 2;_.19 This di-
merization can take place by at least two mechanisms. The first of these is
proposed by the authors and involves a radical pairing of the two resonance forms
of the indole cation radical (21) followed by & losz of two protons to givelgg.

A second or ionic pathway would invelve the loss of two electrons and a proton
from 30 to give & cation (32), Thls cation could then attack ancther molecule

of 30 to give 2} after proton loss. This is almost a classic case of contrast-
ing radical and ionic mechanisms which must be considered in any electrochemical
dimerization reaction, and it is extremely difficult to distinguish between them.
Analytical evidence is presented in favor of a cation radical formation followed
by a rapid second order reaction, thus corresponding to a radical mechanism,
However, the isolation of a single unsymmetrical dimer would appear to be evi-
dénce in favor of an ionic mechanism. It is difficult to see why two identical
regonance forms of 2& should not couple to give, for example, a 5,5' dimer as is
obgserved in the carbazole series shown below. We have observed 3020 4ne electro-
oxidative dimerization of 1,2,3,%~-tetrahydrocarbazole (22) to the known dimer
(22)21 and have suggested the lonic mechanism shown below, Aiura and Kanaoka2l
have shown that an ionie mechanism best accounts for the peroxide oxidation of
3 te 35.

A v

Sainsbury and Wyattz2 have investigated the intramolecular coupling of a

number of compounds containing two easily oxidizable portions, an indole or a
partially reduced indele and & dimethoxybenzene. Several interesting results
were obtained, but 1t is not easy to decide which of the two portions was
oxidized first to bring about reaction. The results are sketched out in Scheme
IV. The oxidation of gé to 22 is thought to take place through an intermediate

dienol as shown since the methoxy group at position & on the indoline is lost
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and since reaction does not take place when the two methoxy groups on the

indoline are replaced by a methylenedioxy group. The oxidation of_2§ t°,2?
takes place in 68% yield and could involve an initial oxidation in either the
indole or the benzene ring to give an intermediate as shown. The intermediate
was not iselated but is thought to rearrange and yield }2 after further oxida-
tion. The oxidation of &9 produces two products, depending upon whether the
nitrogen is acetylated or free. when the nitrogen is free, reaction appears to
take place through the oxindole ring leading to the 3-hydroxyoxindole Qi}) and
a dimer (ﬂ?). The dimer could result from the acid catalyzed dimerization of:
i& or from one of the electrolysis intermediates. ihen nitrogen is acetylated,
the reaction is best visualized as the oxidation of the benzene ring to give a
positive specias which attacks the indole at the 7a position to cause a loss of
the methoxy group at 5 and dienone formation EQ;). The intramolecular coupling
of &9 to ﬁ; is similar to the intramolecular coupling observed in the isoquino-
line series by Miller and Stermitz23 and in the lycorine alkaloid series by
Tobinaga and his coworkers.Z2d

The oxidation of a series of 3-arylaminoindoles Qﬁi) has been studied analy-

tically and preparatively.25 The products are imineindoles such as ﬁé. and the
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Scheme IV
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reaction is thought to take place by & cation radical mechanism.

ELECTROOXIDATION AND THE INDOLE ALKALOID3
The indole alkaleids are derived from the amino acid tryptophane g&é) by a
¢complex series of enzyme mediated ring closures, rearrangements and oxidations.26
Frequently, indole alkaloids contain an oxygen function such as a hydroxyl or
a methoxy group in the benzene ring. This oxygen may be added as the first

i or at a

oxidation step as is probably the case in the isoguinoline alkaloids
later stage. The biomimetic oxidation of tryptophane has been studied intan-
sively,27 but the electrooxidation has been studied only briefly under fairly
uncontrolled conditions. The only products isclated were ammonia and carhon
dioxide.28 The problem should be reinvestigated using a controlled potential.

The next step in indole alkaloid biosynthesis involves the formation of a
ﬁ-carboline ring from tryptophan and some fragment which will give carbon 1
of the @-carboline ring. In the case of harman (23) this fragment provides
carbon 1 and a methyl group. The general routes from‘E§ to_ig are shown in
Scheme V. There are two points of variation in different routes. The first
point is whether &é is decarboxylated to tryptamine (47} before ring closure or
not. 3ince some indole alkaloids retain the tryptophane carboxyl group.25° it
would appear that some (3-carboline-3-carboxylic acids such as 48 or‘E? are in-
volved in some bicsyntheses at least. The second point of variation concerns
the fragment which yields carbon 1 of the (3-carboline. The fragment could be
acetaldehyde (46 to 49 to 32 and.E? to 50 to 52) or pyruvic acid (46 to 48 to
23 and 2] to 2} to ig). This controversy has been summarized for a similar
situation in isOquinoiine alkaloid bilosynthesis, which appears to follow the
pyruvate pathway.29

For the more complex indole alkaloids, carbon 1 of the (3-carboline is part
of a monoterpene unit derived from the iridoid loganin. The final elaboration

6d some of which

of the complex alkaloids involves a number of oxidation steps.2
seem to involve an oxidative decarboxylation of a (3-carboline-3-carboxylic
acid.30

In the biomimetic conversion of tryptophane to harman, there are essentially
three problemss the loss of the carboxyl group at carbon 1, the loss of the
carboxyl group at carbon 3, and the aromatization of the ring. We postulated

that these conversions might all take place through a controlled electrooxidation

of the easily oxidized indole portion of the various intermediates. We found
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Scheme Y
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that similar reactions occur in the isoguinoline series.>1 Actually, the loss
of carboxyl from carbon 1 is not so much a problem since it decarboxylates
easily in acid without oxidation. 32 Furthermore, chemical oxidations of the

carboxylic acids constitute a known synthetic route to aromatic ﬁ#carboline
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systems.33 1In order to test our hypothesis, we prepared samples of 48, 49, 50,
and 23 as well as some other reference compounds.3

At about the discharge potential of the indole ring, as determined from
indole and 1,2,3,4~tetrahydrocarbazole, all of the carboxylic acids are oxida-
tively decarboxylated and the rings are aromatized to give harman (52) in good
yield. Furthermore, the conversion of‘&§ to,é? appears to take place via
1—methyl-3.4-dihydro—[3-carboline-j-carboxylic acid (22) which was also prepared
and investigated. The conversion of 2? to‘ég appears to go through a 1,2-dihydro-
(3-carboline although such an intermediate could not be isolated (such 1,2-
dihydro- g -carbolines have never been isolated}. The conversion of 51 to 32 dia
take place through a 3,%-dihydro-(3-carboline which could be isolated. In
addition, two compounds containing a l-hydroxymethyl group were prepared.‘iﬂ
and éé. Compound é} gave the natural product (2;) in good yield on oxidation,
and 29 wad converted to ég with the loss of the hydroxymethyl group. 1,2,3,4-
Tetrahydro- [*-carboline, 1-methyl-1,2,3,4-%etrahydro-(3-carboline (;9), indole,
1,1~dimethyl-1,2,3,4-tetrahydro-(3 -carboline-3-carboxylic acid, and the N-
acetyl derivatives of 1,2,3,4-tetrahydro-f3 ~carboline and its 1l-methyl deriva-
tive all gave electrode fouling and no isolable preducts.

Five different reactions appear to take place in 3Scheme V. These are oxida-
tive decarboxylation of a l-carboxylic acid and a 3-carboxylic acld, dehydro-
genation between C~1 and nitrogen and between C-3 and C-%4, and the loss of the
hydroxymethyl group. The last three are probably driven partially by formation
of an aromatic ring. These reactions can all be visuwalized as taking place
through a positively charged intermediate similar to }9, E}, and‘gg as given
above. Possible mechanisms are given in Scheme VI. A general structure EZ?)
could lose iwo electrons and a proton to give a cation which can be written in
a number of ways, two of which are j§ and 29. If 2? is further deprotonated
and drawn with the carboxyl groups in place as in 60 and_é}. the decarboxylations
can take place by conventional paths to give the intermediate dihydro derivatives
(ég and 64) respectively. Compound §§ was not isolated, but 64 was. The oxida-
tion of the dicarboxylic acid (i?) would involve both reactions. If 23 were
further oxidized to Eé. and ¢4 were oxidized to é? by routes similar to those in
23 to 29, 2?. compounds Q; and‘gy would result. Both could tautomerize to the
observed aromatic product (§§). If éé were visualized with a -CH,O0H group in

place as in 99. the loss of the group as formaldehyde can be rationalized.
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These facile decarboxylations triggered by oxidation of an aromatic ring are

reminiscent of the "pseudec Kolbe" reactions proposed by Coleman and Eberson.jub

Jha phenylacetic acids were oxidatively decarboxylated

In this specific example,
to give benzyl carbonium ions. In our oxidative decarboxylations of 1,2,3,4-
tetrahydroisoquinoline-~1-carboxylic acids?! the reaction was again that of a
substituted phenyl acetiec acid. In the (3-carboline systems, the decarboxylations
involve both a phenyl acetic acid system and a phenyl propionic acid system.
Indole-3-acetic acid has been shown %o undergo a typical Kolbe radical dimeriza-
tion te 1,2-bis(3-indolyl)ethane in low yield.35

The voltammetry of a number of indole alkaloids was studied by Allen angd
Powell.36 They concluded that the loss of one electron from the indole was the
rate controlling step in acid but that a two-electron reaction occurred under
neutral conditions. These observations are in accord with the mechanistic views
in this review. However, no products were isolated, and preparative experiments
in this geries would be interesting.

CARBAZOLE

In the various oxidations described above, the electron-rich nitrogen ring is
the initial site of oxidation, and the various products result from a nucleo-
philiec attack on the ring or from reactions taking place on aliphatic carbons
attached to the ring. In carbazole, most of these reactions are blocked by the
fused benzene rings. However, the radical character of the initially formed
specles is spread over the entire system, giving rise to quite a different reac-
tivity.

Carbazole (92) and 71 of its substituted derivatives have been oxidized by
Nelson and his coworkers.37 The products were isclated in most cases, and the
mechanism wag carefully investigated. The products are symmetric carbon-carbon
{3, 3') and nitrogen-nitrogen (9,9') dimers like 72 and‘zf in Scheme VII. The
oxidation of 3,6,9~trimethylcarbazole was postulated to give the dimer EZ;)
although the product was not isolated. It is interesting to note that no unsym-
metrical dimers were lsolated in this study whereas the dimerizations of the
various indoles gave only unsymmetrical dimers .

The distribution of the unshared electron or radical character of the carba-
zole cation radical was calculated to be as shown in 26. Note that the numbers
in zé refer to radical character whereas the numbers previously noted for pyrrole

(%3) and indole QE?) refer to positive charge. The reaction is visualized to
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take place through the cation radiecal (zg). In neutral solution, 70 dimerizes

to the dlcation 22' Loss of two protons leads to the 3, 3'-dimer gz&) in moder-
ate yields., 1In base (2,4,6~trimethylpyridine), Zg is deprotonated to the radical
(Z}) which dimerizes to the 9.9'-dimer(2§) in almost quantitative yleld. When

8 gubetituent is present on nitrogen, the 3,3'-dimer is obtained. When substitu-
ents are present on nitrogen and in the 3J-position, a 6,6'~dimer results. When
the nitrogen and both positions 3 and & are substituted, a fairly stable cation
radical is obtained. These cation radicals were characterized by ultraviolet-
visible spectroscopy and by electron paramagnetic resonance.

When the carbazole contained amino groups or dimethylamino groups in the
3-position, the behavior was comparable to that of p-phenylenediamines with the
derived cation radicals having an enhanced stability. Similarly substituted
cation redicals have been obtained from carbazoles by Lamm, Pragst, and Jugelt.38

EXPERIMENTAL CONDITIONS
In an electrooxidation, the initially formed cation radical can undergo essen-
tially three reactions) loss of a proton to glve a radical, reaction with a
nucleophile, and dimerization to a diecation. In such reactions the solvent and,
the electrolyte play major roles, A basic solvent or one containing a base will
promote proton lossp & nucleophilie sclvent will promote nucleophilic reactlions;

and a neutral and non-nucleophilic solvent will produce dimerizations. Examples
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of all of these reactions have been given.

The solvent, in particular, is a problem. It must be sufficiently polar to
dissolve an electrolyte to conduct a current, but it must be sufficiently non-
polar to dissolve organic compounds. A polar solvent generally has some nucleo-
philic properties, and such common solvents as water and alcohol generally pro-
duce nucleophilic reactions. In recent years, much work has been done in non-
aqueous solvents. An elegant discuasion of such systems is given by Mann. 39
For preparative purposes, a solvent should have a low boiling point so that the
products can be easily isolated. The preferred non-agueous solvent is surely
acetonitrile when one is trying to aveid nucleophilic reactions of selvent,
although, under some conditions, acetonitrile does hehave as a nucleophile,
giving rise to acetamido substituents.

The preferred electrolytes seem to be salts of the tetraalkylammonium ion
such as tetraethyl- or tetra-n-butylammonium perchlorate or fluoroborate. A
study of a number of these salts as well as directions for their preparation
are given by House.uo When & base is needed in the system, one of the sterically
hindered pyridines such as 2,4,6-trimethylpyridine will usually serve. It does
not react as a nucleophile, but will remove a proton.

Three anodic materials, platinum, carbon, and lead dioxide, are in common
use, and instructions for their preparation and use are available.¥1 Flatinum
is probably the easiest to use, but carbon is available in more forms and is

much less expensive. We favor the use of graphite or c¢arbon felts or cloth'l’2

which have a large surface area and are inexpensive enough to be disposable after
one use, The cathode is generally platinum or nickel.

Cell design varieg widely from elaborate custom-made glasa systems to open
beakers. Only two aspects are really important. One is whether the system is
closed or open to air, and the second is whether the ancde and cathode are sepa-
rated by a membrane of not. In most cases, it is advisable to conduct reactions
under nitrogen, at least in initial experiments until it can be shown that air
ig not a factor in the reaction. Most organic oxidations are not reversible
reactions and do not need to be carried out in membrane divided cells. However,
because it is customary, most reactions are carried out in such systems. The
DuPont Nafion membreanes make ideal dividers for most reactions.3

Some of the experimental conditions used in the work reported in this review

are given in Table II. The solvents or electrolytes which participated in the
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reactions are designated with an astrisk (#).

Table II. Experimental Conditions for Preparative Oxidations
Cmpd. Solvent Electrolyte Potential Anode Ref.
V. v8. 5.C.E.
PYRROLES
pyrrole CH4CN Et, NBFy ? 6
(99%) )
ﬁ_and CHBOH NaCN* 1,0 Pt g
gimilar
cmpds.
4 CH,0H KOH constant Pt 11
current
17 and a. GHBCN LiClOu a. 1.0 Pt 13
similar b. CHaNOR" b. 1.2-1.4
cmpds., C. CH30H* c. 0.4
INDOLES
indole CH,CN EtyNC10y," 1.4 C cloth 17
N-gubst- CHBOH NaQN* 1.0 Pt 9
ituted indoles
30 CHACN Et,NC10, 1.1 Pt 19
2& CHBCN- LiClOu 0.7 C felt 3, 20
Hp0, 931
26, 29. 40 CH4CN NaCl0, 1.1-1.3 Pt and 22
C felt
48, b9, 31, CHOH- KHp POy, 0.7-0.9 C felt 3
2&, 26 Ha0 (141) K HPO,
buffered to
7
4h CHoCN Bt NC10, 0.8-0.95 Pt 25
CARBAZOLES
§2 and a. CHBCN EtuNClou 1.1-1.5 Pt a7
derivatives b, CHHCN +
2ok,6-
trimethyl-
pyridine¥
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