Organic Electrochemistry as a Tool for Synthesis

Umpolung Reactions, Reactive Intermediates,
and the Design of New Synthetic Methods

by R. Daniel Little and Kevin D. Moeller

ecause electrochemistry

allows for the selective intro-

duction and removal of elec-

trons from organic molecules,

it is an ideal tool for reversing
the polarity of known functional
groups and triggering umpolung reac-
tions. For example, electrons can be
added to electron-poor functional
groups in order to convert them from
electrophiles into nucleophiles or
removed from electron-rich functional
groups in order to convert them from
nucleophiles into electrophiles (Fig. 1).
The ensuing reactive intermediates can
then be trapped in order to complete
reactions that involve the net coupling
of either two electrophiles or two nucle-
ophiles in ways that would be other-
wise impossible. Such reactions are
intriguing because their availability cre-
ates the potential for developing entire-
ly new synthetic strategies for the con-
struction of complex molecules. What
follows is a short (non-comprehensive)
review of recent developments that
point the way to what can be accom-
plished using synthetic electrochem-
istry in the future.

Cathodic Reductions

It can be argued that the carbonyl is
the most versatile and important func-
tional group in organic chemistry. Its
polarization renders the carbonyl car-
bon susceptible to nucleophilic attack.
As indicated in the introduction, reduc-
tion reverses the polarity so that the
carbonyl carbon becomes nucleophilic.
Electron deficient alkenes display simi-
lar characteristics. Both the carbonyl
carbon and that positioned 3 to an a, 3
unsaturated carbonyl compound, for
example, display electrophilic charac-
ter. Once reduced, both sites assume
nucleophilic characteristics.

Figure 2 illustrates a number of bond
constructions and functional group
arrays that are accessible using the car-
bonyl (left) or the electron deficient
alkene (right) radical anion building
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Fic. 1. Electrons can be added to electron-poor functional groups in order to convert them from electrophiles
into nucleophiles or removed from electron-rich functional groups in order to convert them from nucleophiles

into electrophiles.

blocks. Each scheme is organized with
the radical anion at the center, while the
array of accessible functionality is dis-
played around the perimeter. The cou-
pling partner is indicated in parenthesis.
New bonds are highlighted in blue. A
few of the many specific examples that
exist are portrayed in Fig. 3. Notice that
even aryl groups,2 esters,3 and nitriles#
can participate (Reactions (a), (b), and
(); that four membered rings can be
constructed (Reaction (d));® and that
hindered quaternary centers can be
assembled in high yield (Reaction (g)).6
Thus, the chemistry provides a conve-
nient means to synthesize a variety of
building blocks, some of which have
proven useful in the total synthesis of
natural products (Reactions (€) and (f)).”

We do not mean to imply that only
carbonyl containing substrates are use-
ful. This is by no means the case. Many
other functional groups can, and do par-
ticipate in reductive coupling reactions.8
Imines, for example, undergo electrohy-
drocyclization.® A particularly interest-
ing example from Shono’s group illus-
trates the utility of the process as a route
to C, symmetric diamine ligands that
have been used to activate normally
unreactive dialkyl zinc reagents toward

nucleophilic addition to a carbonyl
group, and to achieve asymmetric induc-
tion (Fig. 3, example (g)).10 Nitroalkenes
can also serve as substrates.ll When
reduced, the radical anion participates in
two different reaction pathways,
depending upon whether a divided cell,
or a single cell at high current density, is
utilized (Fig. 3, example (h)). Given the
functional group equivalence of a nitro
group to a carbonyl adds interest to
these transformations.

It is difficult to imagine a method
better suited to the recycling of reagents
than is electrochemistry. A recent review
entitled “Environmental Protection and
Economization of Resources by Elec-
troorganic and Electroenzymatic Synthe-
ses” elaborates upon this notion.12 The
authors highlight the electrochemical
generation of redox reagents (mediators)
and their regeneration at the electrode
for reuse, the utility of paired electrosyn-
thesis and the design and utility of elec-
troenzymatic syntheses.

While many researchers have used
mediators in creative and useful ways,
we site but two examples, both from
Utley’s laboratory. The first example is
particularly intriguing in that the medi-
ator, maleic anhydride, also serves as the
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Fic. 2. This figure illustrates a number of bond constructions and functional group arrays that are accessible
using the carbonyl (left) or the electron deficient alkene (right) radical anion building blocks. Each scheme is
organized with the radical anion at the center, while the array of accessible functionality is displayed around
the perimeter. The coupling partner is indicated in parenthesis. New bonds are highlighted in blue.
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Fig. 3. A few of the many examples of the generalized scheme in Fig. 2.
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dienophile in a Diels-Alder reaction
with in situ generated o-xylylene (Fig. 4,
example (a)).13 p-Xylylenes are also
accessible via indirect electrolysis. As
illustrated, nickel salen can serve as a
mediator of a process that leads to p-
xylylene, its further reduction to a radi-
cal anion, and ultimately to the con-
trolled formation of poly(p-xylylenes)
(Fig. 4, example (b)).14

Sigma bond formation between sp2
hybridized carbon with preservation of
the hybridization (aryl-aryl, vinyl-
vinyl, aryl-vinyl, vinyl-alkyne) has
become commonplace. This was not
the case, even a comparatively short
time ago. Thus, the development of the
Heck and Stille reactions,15:16 as well as
the Sonogashira and Suzuki coupling
processesl?:18 have rendered this bond
construction relatively  routine.
Detailed electroanalytical studies by
Amatore and Jutand have provided sig-
nificant insight into the mechanism of
palladium-catalyzed Heck and cross-
coupling reactions.1® Nedelec and
coworkers have made notable contribu-
tions to the development of electro-
chemical alternatives to some of these
reactions, and have uncovered several
exceptionally useful variations.20 The
Nozaki-Hiyama-Kishi coupling between
allyl, vinyl, or aryl halides and aldehy-
des, for example, is traditionally
achieved using an excess of CrCl, in
the presence of catalytic amounts of
nickel chloride. Given the well-estab-
lished toxicity of chromium salts, the
chemistry is not environmentally
friendly. Nedelec’s group has found it
possible to generate catalytic amounts
of chromium and nickel from a preelec-
trolysis of a stainless steel rod. That
material, used in the presence of 3%
2,2-bipyridine and a sacrificial iron
anode make it possible to achieve cou-
pling in moderate to good yield (Fig. 5,
Reaction (a)).21

While the utility of cyclic voltam-
metry is clear to an electrochemist, it is
not obvious to others. Recently,
voltammetric studies were used to gain
mechanistic insight into the nickel-cat-
alyzed homocoupling of halopyridines.
Significant improvements resulted. It
was discovered, for example, that the
use of a sacrificial iron anode produced
iron ions at a rate that allowed them,
rather than nickel, to preferentially
complex with the product thereby free-
ing the nickel to re-enter the catalytic
cycle (Fig. 5, Reaction (b)). Another
example of how an appropriate choice
of a sacrificial anode can have a positive
influence, this time upon the stereo-
chemical outcome of an electroreduc-
tive cyclization that leads to a useful
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building block,22 is illustrated as Reac-
tion (c) in Fig. 5. Presumably, the mag-
nesium ions formed at the electrode
complex with the ester and aldehyde
units in a manner that favors cycliza-
tion to afford the trans substituted
product. When a platinum anode is
used, no stereoselectivity is observed.

Simple voltammetric experiments
were also instrumental in the develop-
ment of an electrochemical route to
one electron lanthanide reducing
agents.23 Voltammetry provided a sim-
ple and systematic means to screen the
properties of redox active species. The
data provided mechanistic insight and
assisted in determining which reagents
were best suited for further investiga-
tion, and fine-tuning of the properties
of the metal to fit the redox needs of
the problem at hand. In the case of
samarium(ll) diiodide, CV was used to
determine that ligand exchange occurs
between triflate and iodide when
samarium(lll) triflate is mixed with the
TBAI being used as the supporting elec-
trolyte (Fig. 5, Reaction (d)). Because
samarium triflate is available in large
quantities, is easy to handle, and is
inexpensive, the electrochemical proto-
col provides a convenient alternative to
existing routes to Sml,. Of added inter-
est is that fact that one can operate at a
potential less reducing than that
required for the direct reductive cou-
pling of the substrate. This suggests that
it should be possible to use more elabo-
rate substrates whose functionality
would normally be reduced. A similar
protocol was used to electrochemically
generate ytterbium (ll) reagents whose
reducing properties differed from those
of samarium (Fig. 5, Reaction (e)).

Anodic Oxidations

Anodic electrochemistry offers a
unique opportunity for initiating reac-
tions that construct new bonds while
either increasing or preserving the
functionality needed to further manip-
ulate the product generated. For this
reason, a number of groups have
focused on the development of anodi-
cally initiated synthetic methods.
Much of this work has been recently
reviewed.24 For that reason, we will
focus this abbreviated summary on
recent examples that illustrate the
potential synthetic utility of anodically
generated umpolung reactions. In so
doing we hope to entice interested
readers to probe the broader area in
more detail on their own. In particular,
we would call readers attention to the
fine work done utilizing the Kolbe elec-
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Fig. 4. Nickel salen can serve as a mediator of a process that leads to p-xylylene, its further reduction to a rad-
ical anion, and ultimately to the controlled formation of poly(p-xylylenes).
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Fig. 5. Stainless steel, used in the presence of 3% 2,2’-bipyridine and a sacrificial iron anode, make it possible
to achieve sp2-sp2 coupling in moderate to good yield. Ligand exchange occurs between triflate and iodide when
samarium (I11) triflate is mixed with the TBAI supporting electrolyte. Reduction provides a convenient alterna-

tive to existing routes to Smly

trolysis reaction25 as well as the synthet-
ic utility of mediated electrochemical
processes.26

Elimination Reactions

The anodic oxidation reaction of a
neutral substrate leads to a reactive radi-

cal cation intermediate that can then
undergo either an elimination or frag-
mentation reaction, a trapping reaction,
or an electron transfer reaction to form a
second reactive intermediate.
Elimination reactions most often lead to
reactive cation species that subsequently
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FiG. 6. The anodic oxidation reaction of a neutral substrate leads to a reactive radical cation intermediate that
can then undergo either an elimination or fragmentation reaction, a trapping reaction, or an electron transfer
reaction to form a second reactive intermediate. Elimination reactions most often lead to reactive cation species

that subsequently trap nucleophiles.
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Fic. 7. Examples of the generalized Scheme in Fig. 6.

trap nucleophiles (Fig. 6). Such transfor-
mations are frequently used to selective-
ly introduce functionality into a sub-
strate and are notable because they
reverse the flow of electrons normally
used to generate the cationic intermedi-
ate. For example, cationic intermediates
are typically generated from general sub-
strates like the one illustrated in Fig. 6 by
treatment of the substrate with acid.
This protonates Y and converts it into a
leaving group. The lone pair on X then
assists in the departure of the leaving
group. In the case of an oxidation reac-

tion, the opposite scenario occurs. In
this case the C-Y bond donates electron
density to the radical cation that is
formed by the initial oxidation. Hence Y
is not a leaving group but rather a hydro-
gen, silyl group, etc.

To date, the most common applica-
tion of this chemistry has been the
oxidative generation of N-acyliminium
ions from amides and carbamates. While
this area has been extensively
reviewed,2? several recent examples
deserve comment here. Yudin and
coworkers have developed electrochemi-
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cal techniques for effecting the parallel
synthesis of N-acyliminium ions from
pyrrolidine (R;= -CO,Me or -COR,
R,=R3 = -(CH,)3., Y=H) and piperidine
(R]_: ‘COZMe or 'COR, R2:R3 = '(CH2)4,
Y=H) based carbamates.?8 The N-acyli-
minium ions generated were used to
build a small library of alkylated
amines. Taking an alternative
approach, Yoshida and coworkers uti-
lized low temperature anodic oxidation
reactions to generate “cation pools” of
N-acyliminium ions in the absence of a
nucleophile (Fig. 7, example (a)).29
Under such conditions, the cations are
stable and can be used to build combi-
natorial libraries of molecules using
split-pool synthesis techniques. The
cation-pool method has also been used
to establish cation-flows for use in
microflow synthesis systems,30 as well
as to provide substrates for initiating
the formation of a-N-alkyl radicals.31

Amide oxidation reactions have not
been restricted to model systems or the
construction of simple alkylated build-
ing blocks. Hudlicky and coworkers
have used an anodic amide oxidation
in the construction of both octahy-
droisoquinoline32 and azathymine
derivatives.33 Royer and coworkers uti-
lized an anodic amide oxidation in
order to build metabolites of the anti-
cancer drugs ifosfamide and
cyclophophamide (Fig. 7, example
(0)).34 Anodic amide oxidations have
also proven useful for the construction
of constrained peptide mimetics.3° In a
recent variation on these efforts, the
use of a silyl group as an electroauxil-
iary36 was employed so that an N-acyli-
minium ion could be inserted into a
polypeptide (Fig. 7, example (c)).37 This
work clearly illustrated the synthetic
utility of reversing the polarity in
which the N-acyliminium ion was
formed by showing how the elec-
troauxiliary could be added to an
amino acid starting material and then
the resulting building block incorporat-
ed into preselected sites within the pep-
tide. An analogous strategy that masked
the N-acyliminium ion with a leaving
group on the carbon alpha to nitrogen
would fail due to the instability of the
initial functionalized amino acid build-
ing block.

Electroauxiliaries have also been
used in the synthesis of oxonium
ions.38 As in the iminium ion case, this
chemistry can be employed to make
cation-pools (Fig. 7, example (d)).39
When generated in this fashion the
oxonium ions are stable and can be
used in a split pool synthesis.
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Interestingly, when both a stannyl and
a silyl electroauxiliary are placed on the
carbon alpha to an oxygen, the elec-
troauxiliaries can be removed one at a
time. This enables the sequential addi-
tion of nucleophiles to the carbon bear-
ing the oxygen.40

In addition to nitrogen and oxygen
heteroatoms, the oxidation of sulfur
compounds has been used to trigger
synthetically useful reactions.41 For
example, Chiba and coworkers have
taken advantage of the oxidation and
then elimination of sulfur groups in
order to generate highly reactive o-
quinodimethane dienes for use in
novel Diels-Alder reactions.42

Trapping Reactions

While elimination reactions have
been employed in a number of success-
ful syntheses, it is perhaps the trapping
of a radical cation intermediate that
most clearly illustrates the utility of
anodic electrochemistry for initiating
umpolung reactions. Consider the sec-
ond of the two generalized reactions
outlined earlier in Fig. 1. In this reac-
tion, the oxidation of a substrate hav-
ing two nucleophiles leads to the for-
mation of a radical cation followed by a
coupling of the two nucleophiles. Such
transformations open up the possibility
of developing new methods for the
construction of ring systems.

Initially, reactions of this nature
were demonstrated by the coupling of
electron-rich aromatic rings.43 More
recently, the oxidation of an enol ether
was shown to afford a radical cation
that can be trapped by a host of nucle-
ophiles.#4 As illustrated in Fig. 8, exam-
ple (a), the anodic coupling of an enol
ether and an allylsilane can be used to
form fused bicyclic ring skeletons while
generating a quaternary carbon.4> This
example illustrates the uniqueness of
the anodic oxidation approach. On one
hand, the radical cation intermediate
generated is reactive enough to gener-
ate the quaternary carbon in high yield.
On the other hand, the reaction condi-
tions are gentle enough to be compati-
ble with an alkoxy-leaving group on
the allylic carbon of an allylsilane. Such
reactions are not restricted to simple
olefinic terminating groups. Wright
and coworkers have used the anodic
coupling of an enol ether to a furan
ring in order to build the tetracyclic
core of the cyathin ring skeleton (Fig. 8,
example (b)).46 Anodic coupling reac-
tions of this nature can also be initiated
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Fic. 8. Trapping reactions where the insipient radical cation intermediate is coupled to a nucleophile can
also provide a powerful method for constructing new bonds and synthesizing new ring skeletons.

by the oxidation of ketene acetal equiva-
lents.47 In related reactions, Yamamura
and coworkers have used the intramole-
cular coupling of phenols and electron-
rich olefins in order to synthesize a vari-
ety of natural products. Since this work
has been recently reviewed,48 a single
example leading to the synthesis of
acourtia-isocedrene (Fig. 8, example (c))
is illustrated here.4® Intermolecular

examples of these reactions have also
been used in synthesis. For example,
Chiba and coworkers have demonstrat-
ed that intermolecular coupling reac-
tions between phenols and electron-rich
olefins can provide a nice [3+2]-cycload-
dition route to furan rings (Fig. 8, exam-
ple (d)).50 This work was analogous to
earlier efforts published by the Swenton
group.5t
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Oxygen nucleophiles have been used
to terminate anodic cyclization reactions
originating from the oxidation of both
enol ethers and ketene dithioacetals in
order to form tetrahydrofuran and
tetrahydropyran rings.>2 For example,
the anodic oxidation of a ketene
dithioacetal has been used to trigger the
formation of a tetrahydrofuran deriva-
tive used in the synthesis of (+)-
nemorensic acid (Fig. 8, example (g)).53
Note how in a retrosynthetic sense the
availability of this reaction allowed for
the disconnection of an oxygen nucle-
ophile from the normally nucleophilic
carbon alpha to a carbonyl.

In an interesting twist on these reac-
tions, a pair of recent anodic couplings
benefited from an internal electron
transfer reaction. In the first example, an
anodic coupling between an enol ether
and an alcohol nucleophile was accom-
plished in the presence of a more easily
oxidized dithioacetal.># In this case, the
initial oxidation took place on sulfur. An
intramolecular electron transfer then led
to formation of the enol ether radical
cation that was trapped by the oxygen.
In the second example, an intermolecu-
lar [2+2] cycloaddition reaction was
aided by the presence of a remote aryl
ring (Fig. 8, example (f)).55 In this case,
the initial coupling led to a radical cation
intermediate that accepted an electron
from the electron rich aromatic ring. The
resulting aryl radical cation oxidized
another molecule of the substrate lead-
ing to an electrocatalytic reaction. In the
absence of the electron rich aryl ring, the
initial reaction led to none of the
cyclized product.

As a final note, the reactions illustrat-
ed in Figures 5 and 6 combine to further
demonstrate the versatility of the elec-
trochemical method. The nature, stabili-
ty, and oxidation potentials of the sub-
strates vary widely. Yet the same tech-
nique is used to accomplish each of the
reactions. In order to study the same set
of reactions using either chemical or
photochemical oxidation methods, a
host of stoichiometric oxidants would
have been required. Hence, it is easy to
see why electrochemistry provides such a
powerful tool for investigating new radi-
cal cation based synthetic methodology.

Conclusions

The discussion among chemists about
the true synthetic utility of organic elec-
trochemistry was initiated long before
many of us started to do science. What is
known is that electrochemistry can pro-

vide a neutral, tunable method for gen-
erating and studying a wide variety of
reactive intermediates in a systematic
way. This can be accomplished with
readily available equipment and well-
defined synthetic protocols.56 Recent
efforts have discovered a host of new
transformations that open up novel syn-
thetic routes to many complex mole-
cules.

But with the development of these
new synthetic methods, will electro-
chemistry finally take its place among
the tools commonly used by synthetic
chemists in the future? The success, ease,
and uniqueness of current electrochemi-
cal methods suggest that the answer to
this question may no longer lie in
demonstrating that electrochemistry can
serve as a useful alternative to existing
chemical methods, but rather in demon-
strating that there is no need to develop
new, stoichiometric chemical methods
to serve as alternatives to existing elec-
trochemical methods. ]
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