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1 INTRODUCTION

Electrochemical transformations can, in principle,
be considered. “Green Chemistry™ because oxida-
tion and reduction reactions are initiated by electron
transfer from the substrate to the electrode or vice
versa.! Therefore. the redox process is not associ-
ated with an additional reagent that has to be added
in stoichiometric amounts and, consequently, the
spent redox reagent does not have to be removed.
These reagents are often toxic transition-metal com-
plexes, the avoidance of which is most favor-
able from an environmental standpoint. In addition,
electrochemical reactions can be controlled by the
current passed through the solution through the cur-
rent density at the electrode surface (galvanostatic
conditions), or the applied redox potential which
can be controlled in a three-electrode setup uti-
lizing a reference electrode as internal standard.
Another factor that controls the reaction is whether
the electrochemical reaction is performed in an undi-
vided cell or the anode and cathode compartments
are sepurated by a diaphragm. In general, the less
complex the electrochemical setup, the easier it
is for nonelectrochemists to reproduce such trans-
formations. In the simplest setup, two electrodes
are immersed in the solution in a beaker-type cell
and power is supplied by a commercial battery.
The choice of the electrode materials, solvents, and
supporting electrolyte also play an important role,
and specific choices might be needed for optimal

results. Finally, the redox process can be performed
directly at the electrode surface or. in cases where
the eletron transfer is hindered in whatever fashion,
indirect electrolysis strategies utilizing a redox cat-
alyst (mediator) can be applied. For detailed intro-
duction to the theory. instrumentation, and various
direct and indirect electrochemical applications, the
reader is directed to the several reviews and com-
prehensive textbooks that are available.>~™*

Nevertheless, electrochemical conversions have
an enormous advantage in that the redox potential
can be adjusted to the needs of the individual start-
ing material so that even small differences in the
redox potential of the functional groups can be dif-
ferentiated. Accordingly. electron-rich materials can
be converted into radical cations upon abstraction
of an electron at the anode, while electron-deficient
starting materials can be reduced at the cathode
to the corresponding radical anions. Once these
radical cation/anion intermediates are formed near
the electrode surface, in the so-called Helmholtz
layer. either a follow-up reaction will occur or in
some cases the intermediates undergo further redox
processes to generate the corresponding cations or
anions, respectively. In this arlicle, we focus on the
chemistry associated with radical cations or radi-
cal anions, as well as neutral radical species. Of
particular interest are those electrochemical transfor-
mations published in the time frame from circa 1997
until 2010 that have generaled new carbon-carbon
bonds or led to the introduction of functional
groups.
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2 SYNTHETIC STRATEGIES AND APPLICATIONS

2 ANODIC PROCESSES

2.1 Intramolecular Anodic Coupling of
Electron-Rich Double Bonds to
Nucleophiles

Anodic  electrochemical  transformations  have
proven to be an effective method for the oxidation
ol electron-rich functional groups such as enol
ethers 1. Thereby. the reactivity of the enol ether
1 is altered and reactions are initiated under
umpolung of the initial reactivity. The oxidation
of the enol ether 1 by one-electron oxidation
generales a radical cation intermediate such as 2,
which can be trapped with a nucleophile in an
intermolecular fashion to form carbon—heteroatom
bonds or carbon—carbon bonds (Scheme ). This
transformation affords cyclic intermediates after
the bond formation process such as 3, and a
subsequent second oxidation step occurs to gen-
erate cationic intermediates such as 4 which are
quenched by the solvent (YH) to obtain the final
product 5.

Such anodic processes have been initiated by the
oxidation of enol ethers, N,O- or S,S-ketene acetals,
and electron-rich aromatic rings. Simple olefins,
enol ethers, allyl- and vinylsilanes, electron-rich
aryl rings, alcohols. amides, and sulfonamides have
been explored as internal nucleophiles for the
formation of carbon—heteroatom and carbon—carbon
bonds.'310
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Scheme 1

2.2 Oxidation of Enol Ethers

Recent applications ol the electrochemical oxidation
of enol ethers under current-controlled conditions
to the corresponding radical cation intermediates
have been reported by Moeller and coworkers.
This versatile method was used for the synthesis
of various carbocyclic systems either as studies in
methodology or for the diversity-oriented synthesis
of new carbon—carbon bonds. Various applications
of electrochemical oxidation reactions utilizing enol
ethers, as an example of an oxidizable electron-rich
functionality, have been described as key steps in
the synthesis of natural products. Out of the many
applications, a selected example of electrochemical
activation of an enol ethers is shown in Scheme 2.'7
The electrochemical oxidation is performed on
a reticulated vitreous carbon (RVC) electrode at
relatively low current (8 mA). and a total amount
of 22Fmol~" of electricity is passed through the
solution.

The synthesis of C-glycosides was accomplished
from enol ethers such as 6 in a current-controlled
electrolysis to afford 7 in good yields as a mixture of
diastereomers (Scheme 2). Nevertheless, the sterco-
chemistry of the substrate and the choice of the pro-
tecting groups (PGs) applied play important roles,
which have not been solved for all combinations.

The electrochemical oxidation of enol ethers was
also applied in cases where an allyl silane was
utilized to react as the electrophlic component.'®
It became obvious that the choice of silyl PGs

Oxidation Solvent Y
- Nu (+YH, =H") Nu
4 5

Intramolecular eyclization by electrochemical umpolung of the starting material,

>< RVC anode, Pt cathode O><0
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2,6-Lutidine (6.0 equiv)
i = LiCIO,, 30% McOH/THF OMe
TBDPSO OH OMe =
8,23 Bl TBDPSO OMe 70%

6

Scheme 2 Tetrahydroluran synthesis by electrochemical oxidation of an alcohol bearing enol cther.

Enevelopedia of Radicals in Chenistry, Biology and Materials, Online @ 2012 John Wiley & Sons, Lid.

This article is © 2012 John Wiley & Sons. Lid.

This article was published in the Encyvelopedia of Rudicals in Chewistry, Biology and Materiais in 2012 by John Wiley & Sons, Lud.

DOL: 10.1002/978047097 1253 rad034



ELECTROCHEMICALLY INITIATED RADICAL REACTIONS
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Scheme 3 Cyclopentane synthesis by electrochemical oxidation of an allylsilane-bearing enol ether.
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Scheme 4 Diastercoselectivity of the radical cation cyclization ol polysubstituted starting materials.

on oxygen functionalities in 8 that do not directly
react in the electrochemical conversion is crucial
for the control of the products formed. In the case
illustrated in Scheme 3. the diastereoselectivity is
best controlled by a triisopropylsilyl (TIPS) PG to
form 9 exclusively. while the r-butyldimethylsiloxy
(TBDMS) PG led to the formation of the additional
diastereomer 10.

For the synthesis of bicyclic products such as
14 and 15, the use of the racemic 11 led to
the formation of only two of the possible four
diastereomers. This stereocontrol is explained by
reactive conformers 12 and 13, which exhibit the
lowest barrier for the desired cyclization via their
corresponding radical cations (Scheme 4).'3

Accordingly, the OTBDMS as well as the biolog-
ically important isopropenyl group were introduced
with good diastereocontrol, as only the two trans
isomers 14 and 15 could be detected.

The Moeller group also reported the use of
nitrogen-based functional groups as trapping agents
for the intramolecular cyclization of appropriate
alkenyl amines such as 16 and 18 (Scheme 5).

When the enol ether moieties in 16 or 18 were
oxidized at low current densities, the cyclization led
predominantly to the five-membered proline-type
products such as 17 and 19. Also, excellent results
were obtained when thivenol ethers (X = S) were
applied in this reaction under basic conditions."”

The deprotonation of the sulfonamides 16 and
18 proved to be of advantage for the cycliza-
tion process, reducing the tendency to eliminate
methanol from the primary cyclization product but
also enabling the equilibrium between 20 and 21
by single-electron transfer (SET) (Scheme 6), from
which the 5-endo-trig-cyclization toward the prod-
uct rationalizes the formation of the five-membered
products 22.

2.3 Oxidation of Ketene Dithio- and
N,O-Acetals

The anodic oxidation of ketene dithioacetals was
investigated by Moeller for the synthesis ol new
carbon—carbon bonds when two electron-rich olefins
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4 SYNTHETIC STRATEGIES AND APPLICATIONS
XMe XMe
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== nBuLi (0.5 equiv) R OMe
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NHTos 6 mA, 2.2 F mol™
18 19

Scheme 5 Pyrrolidine formation by electiochemical oxidation of an amine-bearing clectron-rich olefins.
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Scheme 6 Mechanism of the radical-cation-initiated cyclization of amine-bearing thioenol ether.

are reacted with each other. The redox potential
is expected to be an important issue in these
reactions. Electrochemical methods are well suited
to discriminate between two functional groups that
differ only marginally in their electronic nature.
The potential is either controlled by applying
an additional reference electrode (potentiostatic
electrolysis), or the current density in galvanostatic
electrolysis is set to a low value. In the latter case,
the low current density at the working electrode will
select the starting material (or the functional group),
which has the lowest redox potential as long as the
diffusion of the starting material is not the limiting
factor.

For this purpose, the two Ketene dithioacetals
23 and 24 were synthesized and electrolyzed
on an RVC anode at a constant current of

S
/j RVC anode, Pt wire cathode
g 2,6-Lutidine

8.0mA until 22Fmol™" passed through the solu-
tion (Scheme 7). The two reactions guve excellent
results in terms of chemical yields. and the five- and
six-membered rings were formed in the absence of
the all-too-often-needed Thorpe—Ingold effect. It is
interesting to note that the two reactions gave dif-
ferent types of diastereomers upon cyclization.
While the five-membered ring product 24a gave
the wans isomer. the cyclization to the cyclo-
hexane derivative 24b produced the c¢is isomer
exclusively. This finding is in strong contrast to
earlier reports concerning coupling reactions of (wo
enol—ether-type double bonds.>' In these cases. the
corresponding cyclization products were formed
in a nearly 1l:1 ratio of the cis/trans isomers.
Moeller also reported the trapping of the radi-
cal cation generated [rom the oxidation of the

()

2 «OMe

n

23

0.1 M Et,NOTos, MeOH
8mA, 2.2 F mol™!

Scheme 7 Cyclization of a ketene dithio-acetal-bearing enol ether.

S S
OMe
n “CH(OMe),;
24a n=1 88% (trans isomer)

24b n=2 82% (cis isomer)
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ELECTROCHEMICALLY INITIATED RADICAL REACTIONS 5
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S 94%
0.1 M Et,NOTos, 30% MeOH/THF 0 .

8 mA, 2.2 F mol™

Scheme 8 Tetrahydrofuran synthesis of an alechol-bearing ketene dithio-acetal.
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Scheme 9  Cyclopentane synthesis of an allylsilane-bearing ketene dithio-acetal.

ketene dithioacetal subunit by oxygen nucleophiles.
In these cases, tetrahydrofuran (THF) as well
as tetrahydropyran derivatives®® were obtained in
excellent yields and additional substituents were
well accepted for the formation of the THF deriva-
tive 25 in excellent yields as a single product
(Scheme 8).2°

In this context, the direct formation of lactones
was realized when amides were utilized as nucle-
ophilic groups in similar cyclization reactions.?! In
addition, an intramolecular cyclization utilizing an
allyl silane functionality could be performed for the
formation of a new carhon—carbon bond as well. and
product 26 was generated in acceptable 55% yield
as a mixture of diastercomers (Scheme 9).7

In a very interesting cross-experiment, Moeller
described the cyclization of the two kelene
dithioacetals 27 and 29 (Scheme 10).>* Ketene
dithioacetal 27 gave the desired bicyclic product
28 with a good yield of 76% and an accept-
able  diastereoselectivity transicis =5: 1. The
racical-type cyclization is not hindered by the
steric bulkiness on the carbon bearing the radical
functionality. On the other hand. the corresponding
regioisomeric starting material 29 did not result
in an oxidative cyclization. In this case. the steric
hindrance of the internal carbon of the olefin being
attacked by the radical has a strong effect on
cyclization.

8 5 m
RVC anode, Pt cathode S
N 2,6-Lutidine, Et;NOTos Meo=T""> [CH(OMe),
OM
€ 30% ME:O[-L'TH!:'I 6%
27 8mA, 2.2 F mal (cis:trans=1:5)
28
OMe RVC anode, Pt cathode
2,6-Lutidine, Et4NOTos .
| : i > No cyclized product

30% MeOH/THF
8 mA, 2.2 Fmol™!

Scheme 10 Cross experiments for cyclization reactions of ketene dithio-acetal-bearing enol ethers.
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6 SYNTHETIC STRATEGIES AND APPLICATIONS

OH
Me RVC anode, Pt cathode
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Scheme 11 Diastercoselective formation of tetrahydrofurans for the synthesis of (+)-nemorensic acid,

Moeller also noted that these cyclization reactions
were dependent on the nature of the trapping group.
An alkene will react as a “radical-like™ nucleophile
with the radical cation. When alcohol nucleophiles
are used. the observed behavior is different. [n these
cases, the radical cation intermediates originating
either from the oxidation of a ketene dithioacetal
or from the oxidation of an alkyl enol ether exhibit
“cation-like™ reactivity.

This observation eventually led to the design of a
ketene dithioacetal starting material which was used
for the synthesis of (4)-nemorensic acid (33). In
this case, the starting material 30 was converted
under oxidative conditions in an undivided cell
al a constant current of 8.0mA using 2.0 Fmol™'
(Scheme 11).%

In the key step ol the synthesis, the alcohol
group trapped the radical cation intermediate 34.
while the allyl group in 30 did not react but
remained available as a masked carboxylic acid
functionality. The two diastereomers utilized for
the electrochemical reaction were transformed with
excellent stereocontrol via the transition state 34 to
the desired products 31, while 32 wus formed from
an analogous epimeric transition state. Finally, the
natural product 33 was obtained from 31 in three
more steps realizing the synthesis of (4)-nemorensic
acid in only 11 steps. with the electrochemical
conversion as key (ransformation.

Another interesting application  concerning
ketene N,O-acetals was the anodic oxidation
reaction observed when an intramolecular allyl

trimethylsilane subunit was utilized as the radical
acceptor.”® A comparison of different cyclization
precursors led to the conclusion that the presence of
a single additional methyl substituent such as in the
starting material 35 decreased the yield dramatically
compared to the pure allylic system so that only
20-30% of 36 could be obtained (Scheme [2).
When ketene N.O-acetals such as 37 were applied,
good yields of up to 74% for the similar cyclization
product 38a were obtained as a nearly 1:1 mixture
of diastereomers. The corresponding product 38b
was generated exclusively as the lrans isomer in a
lower yield of 57%.

Although the diastereoselectivity of this process
is only maoderate at best for products of type 38a.
the possibility for further optimization using (chi-
ral) modification of the oxazolidinone substituents
seems possible, opening the way to controlling the
absolute stercochemistry of cyclization products of
this type.

2.4 Oxidation of Electron-Rich Aromatic Rings

The electrochemical oxidation of electron-rich aro-
matic subunits can be used for the intramolecu-
lar cyclization of the intermediate radical cations.
In particular, furan derivatives were utilized by
Moeller and Wright for the synthesis of bicyclic and
tricyclic derivatives.

In studies on the the usefulness of this method,
furan derivatives were investigaled that were
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ELECTROCHEMICALLY INITIATED RADICAL REACTIONS 7
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S 2,6-Lutidine, 0.1 M EtyNOTos

T™MS 30% MeOH/THF

35 Me 8 mA, 2.2 F mol™
TIPSO O
RVC anode and cathode
Z>SN" Mo 2,6-Lutidine (6.0 equiv)

0.1 M Et;NOTos
8 mA, 2.2 F mol™

(M

S S
OMe
20-30%
36 Me
LA
N ©O
\/
n =
Me
38a n=1
MeOH 51% (cis:trans = 3:2)
25% MeOH/CH,Cl; 74% (cis:trans = 3:2)
38b n=2
MeOH 57% (trans only)

25% MeOH/CH;Cl; 54% (using 10.5 F mol™)

Scheme 12 Comparison between cyclizations of Ketene dithio-acetal or ketene N.O-acetals in clectrochemically initiated cyclizations.

Me

2,6-Lutidine

RVC anode, carbon cathode

0.1 M LiClO, o
20% MeOH/CH,Cl,
8 mA, 2.4 F mol™ 402 R=H 70%
40b R=Me 70%
Me TIPSO O Me O O
P JJ\ RVC anode, carbon cathode “\ JL
N (8] 2,6-Lutidine . o N 0
= ph“ 0.1 M E4NOTos = >_‘
. 0 20% MeOH/CH,Cl, ) 0 Ph 422 R=H .
R 41 20 mA, 2.1 F mol™! o a R=H 70%
42b R=Me 65%

Scheme 13 Electrochemically initiated cyclization of enol ether-bearing furan derivatives.

functionalized with enol ethers such as 39 as well
as ketene N,O-acetals such as 41 to optimize the
cyclization process (Scheme 13).7*% Both enol
ether functional groups are well suited to act as the
radical acceptor, and the radical cation generated by
the electrochemical oxidation of the furan subunit
initiates the cyclization. The tricyclic derivatives
40a and 40b, as well as the bicyclic product 42,
are generated in good yields as single isomers.

The synthesis of the tricyclic product 40 gener-
ated by the anodic oxidation of 39 at low current
densities is a promising example of a transformation
toward the synthesis of complex molecules. These
selected examples illustrate that the electrochemi-
cal oxidation of electron-rich aromatic rings under
controlled conditions utilizing low current densities
(<20 mA) is a well-suited method to initiate such
reactions.

Enevelopedia of Radicats in Chemistry, Biodogy and Marerialy. Online © 2012 John Wiley & Sons, Lid.

This article is © 2012 John Wiley & Sons, Lud,

This article was published in the Enexelopedia of Radicals in Chemistry. Biology and Meterials in 2002 by Jobn Wiley & Sons, Lid

DO 10.1002/978047097 1253 rad0 34



8 SYNTHETIC STRATEGIES AND APPLICATIONS

Me OTBS (1) RVC anode, carbon cathode
= 2,6-Lutidine
= OTBS LICIO,
6] 20% MeOH/CH,Cly
= 15.3 mA, 2.1 F mol™
43 (2) TosOH

44 0 4

Scheme 14  Electrochemically initiated cyclization ol enol ether-bearing furan derivatives for the synthesis of (—)-alliacol A.

The application of the anodic oxidation of enol
ethers as the key step in natural products synthesis
was exemplified in the synthesis of linalool*
and (—)-alliacol A (45)3"% For the synthesis of
(—)-alliacal A, the electrochemical oxidation of
the intermediate 43 (Scheme 14) was used for the
formation of the six-membered ring in 44 found in
the natural products. The product 44 was isolated
in an excellent yield of 88% over two steps and.
after a number of further steps. (—)-alliacol A 45
was obtained.

This application also illustrates that electrochem-
ical methods are well suited for activating func-
tional groups based only on their lowest oxidation
potential once current-controlled methodologies are
applied. Other functional groups are not affected, as
the higher redox potentials required are not reached.
Once the chemoselective activation of the furan
has been realized, the intramolecular cyclization is
the major reaction pathway to form the desired
products.

The Wright group also applied furan deriva-
tives for the synthesis of tricyclic products utilizing
silyl enol ethers as radical acceptor functionalities.

0
BrMg o

Cul, TMSCI, TMEDA
0 TMSO
Me
= ~
H M
o ot g M= b
6% 65%

The two-step process consists of a copper-initiated
1 4-addition of a suitable Grignard reagent onto
an «,fB-unsaturated ketone (Scheme 135), followed
by electrochemical cyclization and acidic workup
o generate tricyclic products such as 4632 For
this sequence. good yields of the desired prod-
ucls were also obtained when quarternary centers
were formed and the ring size was altered depend-
ing on the «.f-unsalurated ketone or the Grig-
nard reagent utilized, as shown in the additional
examples.

Mechanistic studies revealed that the electro-
chemical transformation leads to the formation of
the radical cation intermediate from the silyl enol
ether functionality based on the lower redox poten-
tial of this group (£, = ~0.85 V) compared to the
furan ring system (£, = ~1.31 V).

Interestingly, Wright also extended the applica-
tion ol the electrochemical generation of radical
cations with the use of anisole-lype starting mate-
rials. In a key investigation. 47 was generated as
before by a copper-catalyzed 1.4-addition and then
converted to product 48 by electrochemical oxida-
tion in methanol (Scheme 16).%

H
(1) Carbon anode
2,6-Lutidine
-
) 0.5 mA em™ H = /
1 M LiClO4 0 o}
(2) HCI 46 67%

65% 70%

Scheme 15  Electrochemically initiated cyclization .of enol ether-bearing furan derivatives for the synthesis of tricyclic products,
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ELECTROCHEMICALLY INITIATED RADICAL REACTIONS 9

OMe
BngK\©/

Cul, TMSCI, TMEDA

Qm
0

TMSO
OMe

Carbon anode
1M L1C104

+
H
0
OMe MeO

47% (4:1)

Scheme 16 Electrochemically initinted cyclization of enol ether-bearing anisole derivatives for the synthesis ol tricyclic products.

RMgX

_—
-3
//  Cul, TMSCI, TMEDA
© g TMSO

49a/b

C‘arbon anode

1 M LiClO4
2,6-Lutidine

R
/
o O}J/

50a R=CH=CH, 67%
50b R=Ph 71%

Scheme 17  Cyclization of enol ether-bearing furan derivatives for the synthesis of tricyclic products containing functionalized
= o =3

quarternary centers.

Also, more complex quarternary-carbon-bearing
derivatives such as 50a/b were obtained when the
copper-catalyzed |.4-addition was performed with
furan derivatives such as 49a/b (Scheme 17). The
electrochemical generation of the radical cation
led to the desired product of type 50 in good
yield.

An application of this method on a somewhat
more sophisticated level ol molecular complex-
ity was reported by Trauner for the assembly
of the carbocyclic skeleton of the guanacaste-
penes.™ The polyfunctionalized starting material
51 was utilized for the clectrochemical key step
of the reaction sequence to afford the desired
intramolecular  carbon-carbon  bond  formation
(Scheme 18). The product 52 was isolated in
70% vyield via a diastereoselective cyclization and
an approach toward the natural product class of
tetracyclic  guanacastepene derivatives could be
realized.

2.5 Synthesis of Four-Membered Rings

The electrochemically initiated formation of
four-membered ring systems starting [rom alkyli-
denmalonates can be realized in an undivided cell
in terms of a paired electrolysis where processes at
both electrodes are used for the generation of the
product.® In these reactions, the cathodic reduction
of the alkylidenmalonate 53 generates the radical
anion intermediates 54, which undergo radical
dimerization to form the dianion intermediate
55 (Scheme 19). From here. several reaction
pathways are accessible, resulting in a mixture
of the products formed. Nevertheless, when the
electrolysis is performed in an undivided cell with
sodium bromide or sodium iodide as the supporling
electrolyte, anodic oxidation of the halide generates
the corresponding Hala, which reacts with the
dianion leading to the formation of the cyclobutane
derivatives of type 56.

Me
M RVC anode
Lot 2,6-Lutidine
TBDPSO" > TBDPSO"
i 0.2 mA, 2.44 F mol™!
OTBS OTBS 0.06 M LiClO,
MeO

51 20% MeOH/CH,Cl»

Scheme 18  Electrochemical transformation as key step in the synthesis of the guanacastepenes skeleton,
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10 SYNTHETIC STRATEGIES AND APPLICATIONS

CO;Me
2 Phe_-

CO,Me
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53 54

-~ >C0,Me

Scheme 19 Cyclobutane synthesis via a paired electrolysis of Knoevenagel adducts.
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Scheme 20 Mechanism of the electrocatalytic intermulecular eyclobutane Tormation.

On the other hand. the formation of four-
membered ring systems by electrochemical oxi-
dation of electron-rich enol ethers was realized
by Chiba in an intermolecular cross-cyclization
using two different starting materials.*® The enol
ether 57 is electrochemically oxidized on the basis
of the less positive redox potential compared to
the allyl benzene derivative 38 (Scheme 20). The
umpolung of the reactivity of the enol ether rad-
ical cation 59 allows the reaction with the allyl
benzene derivative to proceed in a regioselective
fashion leading to intermediate 60. This interme-
diate reacts as an oxidizing agent on the aro-
matic substituent to form the more stable radical
cation 61 for the formation of the four-membered
ring system. The back-clectron transfer leading to
the final product 62 takes place either on the
cathode in an undivided cell or in homogenecous
solution utilizing the enol ether starting mate-
rial 57 as electron donor. Thereby, an electrocat-
alytic process can be realized in which the pro-
cess is not stoichiometric in the current passed
through the solution so that only a catalytic amount
of electricity is sufficient to achieve complete

conversion of the starting materials under ideal cir-
cumstances.

Similar processes have been utilized in the past
for the formation ol four-membered ring systems
with phenyl vinyl sulfones as starting materials in
terms of a homo-cyclization.?”¥ Recently, Felton
described the cross-cyclization of phenyl vinyl
sulfone in the presence of «,fS-unsaturated ketones
for the regio- and diastereselective formation of
cyclobutane derivatives such as 63 in moderate
yields of up to 45% along with a number ol side
products (Scheme 21).%

Nevertheless, in combination with a suitable sec-
ond starting material, similar inter- and intramolecu-
lar cyclization reactions initiated by electrochemical
oxidation of double bonds seem Lo be worth inves-
tigating in the future.

2.6 Synthesis of Biarylcompounds

Anodically generated radical cations of alkyl-
substituted arecnes such as 64 can follow two dil-

ferent reaction pathways?® Biaryl 66 is formed
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ELECTROCHEMICALLY INITIATED RADICAL REACTIONS 11

Me

Carbon anode

PhSOz

El4NBF4, CH;CN

PhSO? "'[**;0 45%

Ph
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Scheme 21 Intermolecular formation of a polyfunctionalized cyclobutane derivative,

64 65

LD OO
—
H

- '-—H*

L2

Scheme 22 Reaction pathways of the anodically generated radical cation derived rom alkylbenzenes.

when the radical cuLion 65 reacts with the starting
compound (Scheme 22, path A), whereas deproto-
nation leads Lo a benzyl radical which undergoes
an electrophilic aromatic substitution after being
reoxidized to the cation generating a diphenyl-
methane compound 67 (path B). A major fac-

tor influencing this selectivity is the choice of

solvent since. in nucleophilic solvents, the biaryl
is generated as the main product, whereas the
electrolysis in nonnucleophilic and therefore less
basic solvents leads to the side-chain reaction
forming diphenylmethanes of type 67. The lat-
ter conversion is synthetically more valuable and
therefore applied in industrial processes. Addi-
tional by-products, quinone-derivatives for example.
can occur depending on the reaction medium.
Therefore, the anodic coupling of alkyl-substituted
benzenes is not the effective method for the
synthesis of biaryl compounds compared to the
well-established transition-metal-mediated coupling
reactions.

Works of Nyberg*'=* in the early 1970s showed
that the homo-coupling products of alkyl-substituted
benzenes such as 68 and 69 can be obtained
moderate to good yields using carbon or platinum
electrodes and a tetrafluoroborate as the supporting

/N — /(CH3)2
(H;C)/ \ 7
68
17%

R = Me, Et,i-Pr, +-Bu 4-82%

Figure 1 Biaryls formed via anodic oxidation according to the
procedure of Nyherg.

electrolyte (Figure 1). The solvents utilized for these
conversions are acetonitrile or nitromethane.

The electrolysis of naphthalene and alkylnaph-
thalenes such as 70 in acetone—water leads to
binaphthyls under similar conditions when the sub-
strates are not substituted in l-position; otherwise,
the respective naphthoquinone 72 is formed via fur-
ther oxidation of the radical intermediate to the
cation 71 and a 1.2-shift of the alkyl-substituent in

I-position (Scheme 23).445
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12 SYNTHETIC STRATEGIES AND APPLICATIONS

o o=
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HO R HO R

~

. e +
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OH OH
R +NH
O — )"
=

Scheme 23 Formation of naphthoquinones after clectrolysis of [-ulkyl-substituted naphthalenes.

COL ¢
T O

73 74

o0 ¢
SOQGNee

75 76

Figure 2 Structures  determined by NMR ol the isolated
binaphthyls (no yield given).

The conversion of 2-methylnaphthalene leads to
four regioisomers of the binaphthyl, which were
isolated in a 20:10:1.5:1 ratio as detected by
gas chromatography-mass spectrometry (GC-MS).
The structures of the two major isomers 73/74

and 75/76 obtained from the conversions of

2-methylnaphthalene and 2.3-dimethylnaphthalene
were resolved using nuclear magnetic resonance
(NMR) techniques (Figure 2). Since a preparalive
separation of the other isomers was not possible.
their probable structures were derived from molec-
ular orbital calculations whereby the most reactive
positions of the substrate were determined.

The bulk electrolysis ol Auoranthene 77 toward
the perylene derivative 78 was accomplished by

Bard*® to investigate the electrochemical propertics
and chemoluminescence of the radical cation gener-
ated from 77. The process affords the formation of
two carbon—carbon bonds of which the first one is
intermolecular and the second one intramolecular.
[t was observed by means of cyclovoltammetry that
the intramolecular bond formation is reversible and
oceurs very slowly; therefore, the direct synthesis
ol the perylene 79 was not performed electrochem-
ically in preparative scales. The biaryl compound
78 was obtained in 24% yield and the second bond
formation is afforded by a chemical oxidation agent
(Scheme 24).

Phenol and its derivatives represent appro-
priate substrates for electrochemical conversions
because of the electron-donating and therefore
radical-stabilizing nature of the hydroxyl sub-
stituent. The anodic coupling is mostly carried out
under basic conditions to obtain phenolate 80 as an
intermediate, which is then oxidized to the phe-
noxy radical 81 (Scheme 25)." Common bases
for this purpose are alkali hydroxides, Et;NOH.
or 2.6-lutidine. The phenoxy radicals form dimers
either by carbon—carbon or carbon-oxygen bond
formation leading to a variety of isomers when the
substrate is an unsubstituted phenol. The main iso-
mer is normally the para—para product 82: but when
this position is blocked by a substituent, the cou-
pling reaction takes place at the ortho position to
form product 83 (Scheme 25)." Under convenient
conditions, [urther oxidation to a diphenoquinone
species 84 takes place: therefore the desired biaryl
compound 82 must be regenerated via a subsequent
reduction step.
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ELECTROCHEMICALLY INITIATED RADICAL REACTIONS 13
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Scheme 24  Synthesis of a perylene derivative by electrolysis and chemical oxidation of fluoranthene.

OH (ol o o*
Rl Rl R! Reaction with Nu~
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R/ R! R! OH R
Cr H Qo (O p
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55 K ° R' g R g3 HO R
i —2H*
-2¢”

RI
C—Q 0
R! 84

Scheme 25 Reaction pathways ol the phenoxy radical.

The ortho—para coupling is followed by an
intramolecular Michael addition, generating the
Pummerer ketone 85. When the radical recombi-
nation toward the coupling products is slow. the
phenoxy radical is further oxidized to the cation 86.
which can react with a nucleophile or form cycload-
dition products.

The selectivity between carbon—carbon and car-
bon-oxygen coupling of the phenoxy radical is
determined by the steric and electronic properlies
of the substituents.” Investigation of the oxidation
of phenols by Nonhebel'? suggests that the min-
imization of repulsion between the oxygen atoms
of the combining radicals plays an important role
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14 SYNTHETIC STRATEGIES AND APPLICATIONS

t-Bu
{) H

Scheme 26 Anodic oxidation ol 2,6-di-rers-butylphenol.

BDD electrode

_—

MeO HOCH(CF3);

Et;NCH;03S0CH;

g9 OH

Scheme 27 Anodic homo-coupling of 4-methylguaiacol.

for the regioselectivity. When this minimization is
not possible because of bulky substituents. the car-
bon-oxygen coupling represents the favored path-
way.

The homo-coupling of 2.,6-di-tert-butylphenol
with LiClOy as electrolyte in MeOH in an undivided
cell (Scheme 26) was investigated by Schiifer*® and
Torii et al * and led o diphenoquinone 87 as the
major product.

For the synthesis of the desired biphenol 88 in
excellent yields, the electrolysis was performed via
subsequent reduction of the initially formed diphe-
noquinone 87 by changing the current direction in a
divided cell. Another solution s a paired electrolysis
consisting ol the oxidation of the starling material

t-Bu t-Bu
. a%e
+-Bu 88 -Bu

fagees

OH ¢y OH

in the anode cell and the simultaneous reduction of
the generated diphenoquinone in the cathode cell.

An unusual anodic coupling of a substituted
phenol was found by Waldvogel: oxidation of
4-methylguaiacol (89) employing boron-doped dia-
mond (BDD) electrodes led to the ortho—meta cou-
pled product 90 instead of the expected ortho cou-
pling (Scheme 27).3°

The electrolysis was performed in hexafluoroiso-
propanol whose specific role has not yel been
established, but in the absence of hexafluoroiso-
propanol the conversion does not proceed. How-
ever, the fluorinated alcohol is capable of stabilizing
radicals because ol its nonnucleophilic and protic
nature. The reaction requires no additional base. and

. -

MeO = MeO MeO :

g9 OH 0 91 0

R
-_— e_
-
MeO I S -H* MeO =
OH b oH L ¢
94 2 93 4

Scheme 28 Mechanism of the anodic cross-coupling.
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MeQO MeO MeQ MeO
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MeO OH OMe MeO OH Br MeQ OH o

39% 18%
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Figure 3 Hetero-coupling produets of 4-methylguaiacol and arylethers

MeOH
HO.
alkali hydroxlde O O
Pt c]eclrudcs
HO

95

Scheme 29  Products of the anodic oxidation of 4.6-dimethylphenol.

generates no phenolate prior to the electron transfer
at the anode. After this oxidation of 89, the acidity of

the phenol species is increased: thus deprotonation
occurs immediately to the radical 91 (Scheme 28).

The following electrophilic attack takes place
at the most electron-rich position of the coupling
partner to form 92. Tautomerization to 93 and a
further oxidation step afford the desired product
such as 94. The reaction can also be performed as a
cross-coupling of phenol 89 with several arylethers
in moderate yields (Figure 3).

HO

97

Scheme 30  Proposed mechanism ol spirolactone formation.

(J

O

o
C

When 4,6-dimethylphenol was exposed to anodic
oxidation by Waldvogel, the pentacyclic spirolac-
tone 97 was generated as a single diasterecomer
alongside the biaryl coupling product 95 and the
Pummerer ketone 96 (Scheme 29).3' The spirolac-
tone 97 represents a trimer of the starting material
formed via three dehydrodimerization steps.

As the reaction is performed in basic media, the
formation of 97 begins with an electrophilic attack
of the phenoxy radical 98 on the enolate of the
Pummerer ketone 96 (Scheme 30). Further oxidation
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16 SYNTHETIC STRATEGIES AND APPLICATIONS

NaOMe, LiClOy4
MeOH

Glassy carbon
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X=CLBrI1

Scheme 31  Elccuralysis of 2.6-dihalogenated phenols.
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Scheme 32

generates the radical anion 99. which undergoes
cyclization to intermediate 100. Another SET is
followed by a Meerwein rearrangement. leading to
spirolactone 97.

The anodic oxidation of ortho-ortho’ dihalo-
eenated phenols accomplished by Nishiyama®® gen-
erates the ortho-substituted diarylether (101) or the
biaryl compound (102) depending on the halo-
gen substituent (Scheme 31). While the biaryls are
obtained [rom diiodophenols, the analog chlorine
and bromine compounds provide the diarylethers,
which represent the building blocks for the isodi-
tyrosine class natural products. In case of mono-
halogenated phenols. the reaction leads to the same
products. but the selectivity is independent of the
type of halogen atoms. The steric demand ol the
adjacent substituents is the only factor of conse-
quence.™

The oxidation of the dihalogenated phenol ini-
tially leads to a phenoxy radical with the unpaired
electron localized either al the oxygen atom (103a)
or one of the halogen-substituted carbons (103b)
(Scheme 32). According to density functional the-
ory (DFT) studies. the oxygen-localized radical
resonance structure is always preferred, but the

Mechanism of the anodic coupling of 2,6-dihalogenated phenols.

preference is, in agreement with the experimental
results, higher for the dichloro and dibromo system
than for the diiodo system.>?

A homo-coupling of the bromine-substituted
carbon-localized radical 103b is in any case improb-
able because ol the repulsion ol the bromine atoms;
therefore. the carbon-oxygen coupling pathway
toward the diarylether 104 is favored. In the case
of iodine, the biaryl product 105 is Formed after
cleavage of one halogen substituent via a nonradical
mechanism.

Starting from halogenated L-tyrosine derivatives.
the diarylether coupling product of the dibromo
derivative 106 was obtained in 45% yield and
could be converted into isodityrosine (107) in two
steps (Scheme 33).°%% By changing the halogen
substituents to iodine, the same anodic oxidation
created the biaryl compound 108 in 28% yield. a
precursor of dityrosine 109a. and its N-formylated
derivative aldostatin 109b  which is an aldose
reductase inhibitor.”

The eclectrooxidative coupling of arylethers
to biaryl compounds such as 111 occurs in
combination of two radical cations and is more
selective than the coupling of the correspending
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COzMB COgMe
MeO,C NHZ MeO,C. NHZ
NHZ NHZ
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(1) Electrolysis (2) HCI
—_—
(2) Z/AcOH Br 0 0
COsMe 106 OH Br OH 107
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NHZ
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OH NHZ NHR
X=Br,1 HO I HO 109a
(1) Hy, PUC R=H
(1) Electrolysis Q O (2) HC1 O O dityrosine
(2) Zo/AcOH 1095
1 OH OH R = CHO
108 ZHN RHN aldostatin
CO,Me CO;Me

Scheme 33

phenols because of the protected hydroxyl func-
tionality which makes the side reaction toward
diarylethers impossible (Scheme 34). Furthermore.
the ortho coupling and quinone by-products are less
readily formed. However. the initially formed radi-
cal cations 110 are highly sensitive to the attack of
nucleophiles present in the reaction medium: hence
water-free conditions are required. The conversions
are usually performed in dichloromethane (DCM)
or acetonitrile in combination with trifluoroacetic
acid (TFA) to lower the nucleophilicity. The
over-oxidized dicationic biaryl species 112 is more
stable under acid conditions, thus avoiding further
reactions to unwanted by-products.

OMe OMe
= 2| (]
2 —_— _—
110

Scheme 34  Biaryl synthesis via anodic coupling of arylethers.

-2H* ‘ —-e

111 OMe

Application of the coupling of 2,6-dihalogenated phenols for the syntheses of dityrosine-class natural products,

A frequently used electrolyte is BuyNBE, as in
the synthesis of biaryls such as 113a starting from
|.2-dimethoxybenzene by Parker (Scheme 35). The
respective coupling of orthe-bromanisole to 113b
was accomplished under the same conditions.™

A methoxy-substituted triphenylene derivative
114 was oblained in 60% yield by mixed electrolysis
ol anisole and veratrol (Scheme 36).%

Functionalized triphenylene cores, which repre-
sent receptors for the binding of alkylated oxop-
urines™® such as caffeine, were synthesized by Wald-
vogel under similar conditions (Scheme 37).%% The
coupling of chiral spirokelals derived [rom cate-
chol affords (wo diastereomers of the triphenylene

[ OoMe |

(]
J

OMe _|

OMe

——

112 OMe
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18 SYNTHETIC STRATEGIES AND APPLICATIONS

X X
TFA/CH,Cl,
BuyNBF,
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113b X=Br 43%

Scheme 35  Conversion ol arylethers.

e as e
MeCN/TFA
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MeO 114 60%
Scheme 36  Synthesis of a triphenylene core by electrolysis of anisole and veratrol.
R! R?
*
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Scheme 37  Coupling of chiral spiroketals toward functionalized triphenylene cores.
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Scheme 38  Formation of a methoxylated phenanthrene.
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Scheme 39 Intramolecular coupling of methoxylated diphenyl-
alkanes.
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Scheme 40 Synthesis ol isoquinolines and benzazepines.

product 115. These electron-rich donors are able
to host electron-deficient guest molecules showing
C; symmetry.® An intramolecular electrochemical
coupling reaction for the synthesis of alkyl-bridged
biphenyls of type 116 was accomplished by Parker
(Scheme 38).9"-6% The formation of a diradical

-
NR; NR,

124

Scheme 41 Electrochemical conversion of dialkylanilines.

L

species 117 is necessary [or this conversion Lo
proceed toward the intramolecular product 118:
otherwise. the dimer of the substrate will be formed.

The six-membered ring resulting  [rom  the
diphenylethane 116 is further oxidized to the cor-
responding phenanthrene 118 at higher potentials
(Scheme 38).°" Under typical conditions, five-,
seven-, and eight-membered rings (119) derived
from methoxylated diphenylalkenes were obtained
in excellent yields (Scheme 39).

Isoquinolines and benzazepines of types 122 and
123 were obtained via intramolecular cyclization
at the anode by Schiifer (Scheme 40).%* The
conversion of the alkyl-linked aryl enaminones
120/121 was performed in MeOH with NaClQ, as
the supporting electrolyte. The products 122/123
could be isolated in good yields and represent
building blocks in the syntheses of alkaloid natural
products.

The electrochemical reaction of arylamines
toward biaryl compounds of type 125 proceeds in
analogy to the conversion of arylethers starting with
the generation ol a radical cation 124 (Scheme 41).
The synthesis of the benzidines 125 resulting rom
carbon—carbon coupling (path A) is accompanied
by the formation of diphenylamines 126 (path B)
when utilizing primary or secondary arylamines.

The selectivity strongly depends on steric lactors
since the biaryl product of type 125 is lavored in
the presence of bulky alkyl substituents R, but the
product ratio is also determined by substrate concen-
tration, current density, and pH of the solution.®® In
dilute solutions at high current densities and low pH
values, the benzidine compound is the major prod-
uct, whereas the opposite conditions predominantly
lead to the diphenylamine. The electrolysis is usu-
ally carried out in acetonitrile with E44NCIO, as the
supporting electrolyte.™ Under these conditions. the

125

R
|

N
jogor™
R:N

126
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NM&Z
MeCN
Et;NCIO4 . .
i MezN O NME:
Pt anode
50% 127
NHPh
MeCN
Et,NCIO,
B o
Pt anode
80% 128
Scheme 42 Homo-coupling  of aniline  derivatives  toward

biaryl compounds.

homo-coupling of N N -dimethylaniline was accom-
plished by Hand and Nelson®® in moderate to good
yields to produce 127, while the respective coupling
of diphenylamine yielding 80% of benzidine 128
was performed by Cauquis (Scheme 42).%7

An oxidation-reduction sequence for the synthe-
sis of 10,10"-bisvindoline (131) was presented by
Tabakovic (Scheme 43).°% The synthesis was car-
ried out in a divided cell in MeCN with LiClOy
and additional TFA in the anode cell. where at first
the bis-indole alkaloid vindoline 129 was oxidized

MeCN, TFA
LiClOy4

/ E—
Pt anede

a -2H"
Dimerization
MeO ~ -3 MeO M
+= +
N N
130a ! 130b f

Scheme 43 Dimerization ol vindoline.

to the radical cation 130a/b. This intermediate is
stabilized by several resonance structures and dimer-
izes to the product 131. On account of further oxi-
dation to the dication 132. changing the current
direction after full conversion is required to obtain
the desired product in 60% yield.

The application ol unsubstituted indoles in anodic
oxidation leads to polymers linked at 2 and 3
positions. Polyindoles represent electroconductive
materials, which have evoked interest in the field
of sensors. Investigations by Berlin er al.® have
shown the initial formation of a 3.3'-coupled
dimer 133 for the oxidation of I-methylindole
in acetonitrile. Further electrolysis generales the
tetramer 134 (Scheme 44).

Sessler  recently  succeeded in  synthesizing
cyclo[8]pyrrole 138  electrochemically  from
tetracthyldipyrrole 135 (Scheme 45).™ They found
that the conversion strongly depends on the size
of counter anion of the ammonium salt applied
as the supporting electrolyte. The yield ranges
from 0% with tetrabutylammoniumfluoride (TBAF)
and almost 70% with tetrabutylammoniumdihy-
drogensulfate (TBAHSOy). This is explained by
templating effects of the anion during the polypyr-
role formation, which leads to stabilization of the
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Scheme 44  Electrochemical generation of an indole tetramer.

CH,ClL,
I TBAHSO,
—_—
Pt electrodes

N

H
N
N\

135

Scheme 45  Synthesis ol cyelo[8]pyrrole.

linear intermediates such as 136 and 137. However.
when the anion is too basic, deprotonation might
oceur leading to side-product formation.

The conversion starts with the anodic generation
of a radical cation (136), which undergoes dimeriza-
tion to 137 after being deprotonated. Further oxida-
tion and deprotonation leads to the tetramer and its
cyclization to cyclo[8]pyrrole 138.

2.7 Kolbe Electrolysis

The dimerization of two sp*-carbon-centered rad-
icals generated by electrochemical one-electron

oxidation of the homologous carboxylic acid is gen-
erally known as Kelbe synthesis (Scheme 46).

The short-lived intermediate acyloxy radicals 139
rapidly decarboxylate, leading to aliphatic radicals
of type 140. If two free radicals combine, the desired
Kolbe dimer is obtained. The most commonly
encountered side reaction results from a second
oxidation process. resulting in the formation of
the corresponding carbocation 141, which, being
itself” an unstable intermediate, generally reacts with
any present nucleophile. This process is known as
non-Kolbe synthesis or the Hofer—Moest reaction.

The conditions leading to the preference of Kolbe
synthesis over Hofer-Moest chemistry are well
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0 Anodic oxidation 0 .
R\)k R\)Lm' R= + €O
—e", -H*
GH % om0 140
139
@ Anodic oxidation . Dimerization R
R— — R— i SR \/\R
-€
141 140 142
Non-Kolbe synthesis or Kolbe synthesis

Hofer—Moest chemistry

Scheme 46 Electrochemical gencration of acyloxy radicals 139 with subsequent decarboxylation giving sp* carbon radicals 140 and

their reactions,

understood: polar/protic solvents (mainly methanol),
platinum anodic electrode. weakly acidic pH (easily
achieved by the addition of up to 30 mol% of alkali
alkoxides. thus regulating pH and generating the
supporting electrolytes in situ). and high current
densities arc the conditions commonly used.

The success ol the Kolbe dimerization depends
strongly on the substrate applied. Substituents
in o-position, which stabilize cations. lead to
Hofer—-Moest products via 144 (Scheme 47). As

(0]
X
X Anodic oxidation \|®
OH
R -2c R
143 144
X=0,N,C
(0]
EWG
EWG OH Anodic oxidation
_
_.e_
K 145 146
N
- 0
o~
‘\’)\OH Anodic oxidation
—_—
_ek
R 147 N
=
L 148
Scheme 47  Elfect of the substrate substitution paltern on

electron-withdrawing group).

/

ot

the

such. tertiary (and to a lesser extent secondary)
carboxylic as well as a-hydroxy or o-amino acids
are generally not convertible to the required radical
species 140. Electron-withdrawing substituents in
the @-position, on the other hand, strongly favor the
formation of radical species 146 and thus lead to the
desired dimeric Kolbe products. Notable exceptions
are w«-nitrilo acids, which give radical 148 upon
oxidation. Dimerization can proceed through both
of the shown mesomeric forms. leading to a

NonKolbe synthesis or
Hofer—Moest chemistry

—_—

_ Kolbe synthesis
| H
148 Ny N
— R
49 R O
N R
148 {\
=~
SN
_ 150 R
outcome  of the clectrolysis ol carboxylic acids (EWG:

Enevclopedia of Radicals in Chentistry, Biofogy and Materiuls, Online @ 2012 John Wiley & Sons. Lud.

This article is @ 2012 John Wiley & Sons. Lid.

This article was published in the Encvelopedio of Radicals in Chemistry, Biology and Materials i 2012 by John Wiley & Sons. Lid.

DOL 10.1002/4978047087 1253 radi34



ELECTROCHEMICALLY INITIATED RADICAL REACTIONS 23
R—" & —Rrl — 5 R\/\Rl + RI\/\R| + R\/\R
140 151 152 153 142
Excess Mixed Kolbe Suppressed by
dimer use of excess 151
Scheme 48  Reuction of two different substrates under Kolbe conditions.

Boc OCH,CH;Tos
f—'L'_'\
g © 0 0
o__N I
P G
0 -
CO;H .
Kolbe electrolysis
+ - -
CO;H
o}
0. Ph
P07 N o
_‘Y_JH Q="
Cbz OBn
Scheme 49

protecting groups.

mixture of products 149 (Ritter-type reactivity)
and 150.

Yields for Kolbe dimerizations of substrates
with hindering w«-substiluents are generally below
25-30%, although some new approaches offer the
possibility of improvement (sono-emulsions for
example).”!

The rather indiscriminaling reactivity pattern of

the radical intermediates 140 and 151 leads to sta-
tistical mixtures of products (152, 153, and 142)
when two different acids are applied (Scheme 48).
Unless the acids in question are of greatly differ-
ent polarity and/or molecular structure, separation
ol these mixtures is usually not readily attainable.
However. when one of the acids (usually the less
expensive one) is used in excess, the formation of
one of the symmetrical dimers (142 in Scheme 48)
is suppressed, greatly simplifying the purification
of the desired unsymmeltrical mixed Kolbe dimer.
Some work has been carried out utilizing differently

g @ g @
N\)J\ N\)]\
Boc” Y OCH;CH;Tos || Boc™ ™ OCH,CH,Tos

+

Coz. | OBn OCH,CH,Tos

H 5 154 Ho 5

Boc..,N

Desired product

o]

PN
Cbz” OBn

CbZ\N OBn

.

Example of separable mixtures of dimers ol orthogonally protected diaminodicarboxylic acids based on the applied

protected glutamic and aspartic acids in the synthe-
sis of orthogonally protected diaminodicarboxylic
acids where both starting materials are present in
I :1 ratio (Scheme 49).72

While no solution to the low yields of this
scenario is presented (12-16% of the desired
mixed dimers 154 are obtained). utilizing Boc
(tert-butyloxycarbonyl)/EtTos (ethyl tolyl sulfone)
on one glutamic acid and Cbz (carboxybenzyl)/Bn
(benzyl) on the other generally leads to mixtures
that are separable by column chromatography bused
on the greatly different polarity of the protected
diaminodicarboxylic acids (Scheme 49).

The applicability of the Kolbe reaction in
the formation of numerous substance classes
(1.w-diesters, long-chain hydrocarbons, ete.)™ and
natural products™"® has a long and proven track
record. which has been discussed clsewhere. Two
recent works, however, have extended the range of
applicability of this venerable reaction.
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O -
Anodic oxidation . = 3-exo-trig
HO = *
—-e
155 156 157
"-R
O/\/R
158
(0]
s e
HO = 5 equiv AcOH, NaOMe, McOH 0 N OM
0 PU/Pt electrodes, 100 mA cm™ (_’0 (/0
0
159 160, 35% 161,21%
Scheme 50 Radical cyclization initinted by Kolbe electrolysis.
0 EWG EWG
= 5equivRCO,H, NaOMe, McOH R
HO < 0
<3/ PUPt electrodes, 100 mA cm™ (_,_
(0}
- 162 163
Boc Boc Boc
HO,C I 5 equiv AcOH, NaOMe, McOH |
o) Pt/Pt electrodes, 100 mA em™ 0o o0
164 165, 64% 166, 16%

Scheme 51  Effect of an electron-withdrawing group (EWG) on the radical cyclization of e-unsaturated carboxylic acids.

Building on the pioneering work of Schifer’""

regarding the radical cyclization of &-(155, 159 in
Scheme 30) and ¢-unsaturated carboxylic acids to
five- and six-membered rings. respectively, Lebreux
has shown that the yield of the cyclization product is
areatly increased, compared Lo the almost | : | ratio
of eyclized (160) to linear (161) product obtained for
a terminal olefin, when the double bond is electron
deficient (Scheme 50).%

Both the 5-exo-trig and 6-exo-trig cyclizations.
leading 10 cyclopentanes (163) and hexanes (165),
readily occur under these conditions (Scheme 31).
although the 6-exo-trig cyclization does appear to

be somewhat slower. as a small amount of linear
product 166 was obtained.

The nature of the electron-withdrawing
group (EWG) is not unimportant: unbranched
«.f-unsaturated esters smoothly give the product
in excellent yield (167, Figure 4), while a-methyl
unsaturated esters already give a mixture of cyclized
(170) and cyclization/Hofer—Moest tandem product
derived from an intermediale presumably analogous
to 157. Nitriles predominantly lead to 168 and,
while no mention of alternative products is made,
it appears plausible that side reactions deriving
from radical itermediates of type 148 might play
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B el el o

170, 50%
(+30% of the non-Kolbe
product derived from the

167, 90% 168, 65% 169, 78%

Et0,C

0 el

171, 0% 172, 75%
(80% yield of the saturated

ketone derived from 162)

radical intermediate
analogous to 157)

Figure 4  Products obtained Irom the S-exo-trie eyclization presented in Scheme 51,

O CO,Et EtO,C
HO P 5 equiv RCOEt, NaOMe, MeOH R R= Me, s N
- PUPt electrodes, 100 mA cm™ o itk 1743, 86% 174b, 89%
7 —
R S8
EtO,C EtO,C 17de, 72% 174d, 87%
MEOZC\/:H{‘ F3C$
0 0 174e, 90% 174f, 0%
175, 16-24% 176, 89%
EtO,C CO,Me
0. 0\/\/\
-~ \]/ # CO,FEt
0" 177,57T% 178, 35-40%

Scheme 52 Synthesis of tetrahydrofuran and tewrahydropyran derivatives via electrochemically initinted radical eyelizations.

a role in the lower yield. Unsaturated ketones do
not appear to be substrates in this conversion, as
the cathodic reduction of the «,f-double bond
completely dominates (171, Figure 4).

The application of electron-deficient olefins and
the universal use of the Thorpe—Ingold effect enable
the reported increase in yields and selectivities with
respect (o the desired cyclization reactions.

Besides acetic acid, propanoic and isobutyric
acids were also applied as co-acids, both leading
to the desired products in good yields (169 and 172
respectively, Figure 4).

Ethers of type 173 could also be applied
(Scheme 52), permitting the generation of THF
derivatives with a wide range of functionalities
derived from various co-acids (174a—e). Only the

electron-poor  trifluoroacetic  acid proved to be
unreactive (174f). Products of the Lype 175 were
obtained only in poor yields, presumably because
of steric congestion of the intermediate radical, as
no further products were reported. Tetrahydropyran
derivatives are accessible in excellent yields (176)
when a gem-dimethyl substitution pattern is applied.
Without the dimethyl moiety, the obtained yield
is reduced (177), coupled with the generation of a
further linear product 178 possibly originating in
a rearrangement of either a radical or carbocationic
intermediate.

The classical application of the Kolbe reaction is
the dimerization of primary carboxylic acids leading
to the decarboxylated dimer (refer to Scheme 46).
While the reaction generally proceeds smoothly.
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o 0.1 M SiOz-piperidine, sio
MeOH/MeCN 1:1 R 1L
N o P ) e ! \
R\)I\OH 100 mA cm™2, 1.5-4.5 F mol™, el R SiOz-piperidine= N
Pt—Pt, undivided cell,
ice bath
CF,
o oM COM
(] (s}
MeO oM Meozcw 2 Cus\/\CBH” Ph\/\Ph
142a,93% CF, # 142b, 88% 142¢, 99% 142d, 44%
CgH MeO,C M C¢F
i ~c oy, 2 CO,Me Meozc/v\/coz e Fin ™o
142e, 90% 142f, 91% 142g, 91% 142h, 52%

Scheme 53  Kolbe dimerization of primary aliphatic carboxylic acids utilizing 102 gel-supported piperidine.

H
0.1M SlO2 piperidine N. OMe

McOH -

0y

Scheme 54
clectrolysis ol carboxylic acids.

180, quant.

Influence of w-heteroatoms on the outcome of the

yields of significantly lower than 50% are the
norni.

Recent work by Fuchigami has increased the yield
that can be expected for the dimerization.®' This
was achieved by the application of silica—gel-bound
piperidine as the base, with the resulting ammo-
nium carboxylate pair serving as the supporting
electrolyte. in methanol/acetonitrile 1: 1. Interest-
ingly. no Ritter-type side reactions derived from the
attack by the generated radicals on the nitrile func-
tionality ol the co-solvent were reported.

Using this new methodology, excellent to quan-
titative
generation of the radical (140) over the cationic
(141) intermediate (Scheme 53). Purification was

reported (o be greatly simplified: filtration and
removal of the solvent were usually the only tasks

required to allow isolation of pure product. The
silica-bound piperidine proved to be recyclable: up
to 10 cycles were reported without loss of activity.

The general limits of the Kolbe reaction do.
however, still apply. Benzylic radical intermediates,
generated from 2-aryl acetic acids, lead to the
formation of a significant amount of Hofer-Moest
products and thus lower yields of the desired dimer
(142d and 142h). The dimerization yields are

yields were obtained in the cases that favor

nevertheless still higher for these substrates than
usually obtained when using the original procedure.
Following this trend. the same authors have also
reported that heteroatoms in «-position as in 179
to the newly formed radical intermediate lead
exclusively to the generation of the carbocationic
species, so that non-Kolbe products such as 180 are
the only species observed (Scheme 5482

The higher yields obtainable with the silica-bound
piperidine bring the yield into synthetically inter-
esting ranges. Should the mixed Kolbe reaction be
equally amenable to this strategy, it stands to rea-
son that renewed attention will be directed at this
venerable transformation.

Shtelman and Becker recently reported the suc-
cessful synthesis of 1.2-bissilyl ethanes (182a—c,
Scheme 55) from the corresponding o-silyl car-
boxylic acids (181, Scheme 55).%" Part of the
interest for this project was derived from the uncer-
tain influence of the a-silyl group on the out-
come of the Kolbe reaction. The authors note that
competing electronic influences of the Si-C bonds
(a/B-Si effect) might lead to unexpected results for
these o-silyl acids. Should the cationic intermedi-
ate be preferred, substantially lower yields are to be
expected. The results indicate that radical formation
is indeed the preferred pathway, as good yields are
obtained, after optimization. for the three examined
silyl groups (Scheme 55).

It was found that the standard Kolbe conditions
did not lead to successful conversion of the starting
materials. When the amount of base (the preferred
base was 3N KOH) applied was increased to
20%, the yield responded favorably. leading the
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20-25% base,

3:1 MeOH/MeCN

2 R3Sin__COH

R;Si
= N NG,

3 F mol™!, 250 mA em™

181 i 182a—c
Ph Ph
Phsg; M Mesdi M Me~di M
e e i _Me
Me” i Me” "~ Me” o~ Nsi
| “Ph | Me | Me
Ph Ph Me
182a, 71% 182b, 76% 182¢, 77%

Scheme 55  Electrochemical dimerization of e-silyl acetic acids.

authors to the conclusion that the weaker pK,
of the a-silyl acetic acids (5.22 vs 4.75) was to
blame for the initial failure. Higher current densities
(200-250 mA cm™?). room temperature. and a 3: |
MeOH/MeCN mixture were further identified as
optimal parameters. Electricity consumptions of
over 3Fmol~" were also found to be detrimental.
Kolbe electrolysis has also been used by Sugiya
and Nohira to generate P-chiral bisphosphine com-
pounds via the intermediate P-chiral phosphinoyl
carboxylic acids (Scheme 56).%% Siarting from
phosphine, the key racemic phospinoyl carboxylic
acid intermediate is obtained after several steps.
Optical resolution by fractional crystallization using
(—)~(S)-1-phenylethylamine as the resolving agent
gave the desired chiral compounds (183). Stan-
dard Kolbe conditions permitted the synthesis of

—

PH; —r

1]
Me..EP\/COZH

183

PhSiH;
184

[Rh]
P/ \P
Mer R Rr
R Me
187

the P-chiral bisphospine oxides (184) in 60-65%.
isolated vield from which the bisphosphines (185)
were liberated by reduction with phenyl silane. The
expected side products of the Kolbe reaction account
for the nonquantitative yield and could be isolated,
showing varying amounts of Holer—Moest, dis-
proportionation (where possible), and esterification
products. The absolute configuration was confirmed
by conversion of 185 into bisphosphine—borane
complexes (186) and by comparing with available
literature for optical rotation values. The bispho-
sphino ethane 185 was used as a chiral ligand,
with rhodium giving chiral complexes of type 187.
This complex was tested in the hydrogenation of
e-(acylamino)acrylic derivatives. The correspond-
ing saturated compounds showed good to excel-
lent entantiomeric excesses, proving the worth of

(¢}
NaOMe, MeOH g IPI
—_—> Me"" 'R
87.5 mA cm? ) N lt/Ie
184, 60-65%
BH; BH;,
4 4
—_— Me“"‘P‘ ]t.,R
R Me
186

Me

Me
Me | Me
Me

R=

Scheme 56  Generation of P-chiral bisphosphino ligands with Kolbe electrolysis as the key step.
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28 SYNTHETIC STRATEGIES AND APPLICATIONS

this type of P-chiral chelating ligand in asymmet-
ric catalysis. Higher homologs of the bisphosphino
compounds are also accessible.

2.8 Aminoxyl Radical-Mediated Reactions

The electrochemical generation of radicals from
various precursor molecules permils the rapid and
selective  Tunctionalization or defunctionalization
ol molecular scaffolds. Many of these processes
involve radical species only transiently or as noncrit-
ical intermediates. While these reactions are in and
of themselves fascinating. they do not fall under the
scope of this brief overview and as such we point to
the original publications themselves for those inter-
ested in further information. %079

One of these felds of work which should

nontheless be highlighted is the regeneration of

reactive intermediates in the catalytic application
of stable N,O radical species (see Nitroxides
in Synthetic Radical Chemistry). This approach
underlines the synthetic utility of radical chemistry
in general and the unique opportunities afforded by
the appropriate use of electrochemistry. TEMPO
(2,2.6,6-tetramethylpiperidine-N-oxyl. 188) is the
most prominent of this class of stabile radicals and
numerous uses are known: stoichiometric quantities
of this species are often required, but the addition
of an oxidant to regenerate the active species 189
and thus allow catalytic turnover with regard to

Electrochemical generation of
the reactive intermediate

R

Anodic oxidation

-

+C—Z

188

(.

o=Z @

TEMPO are also common. In this context, Schiifer
has applied catalytic amounts of TEMPO as a
mediator in the selective electrochemical oxidation
of carbohydrates to the respective uronic acids.” "

TEMPO is clectrochemically converted to the
actual chemical oxidant: the nitrosonium  cation
189. After the target oxidation itsell is carried oul,
hydroxylamine 190 reacts with another equivalent
of 189 to regenerale TEMPO itself, thus closing
the catalytic cycle. The electrochemically generated
species (189) is not just the key oxidant but also
crucial for the regeneration of the catalyst. A wide
range of carbohydrates such as 191 were reacted
under the reported reaction conditions, a small
excerpt of which (192-195) is shown in Scheme 58.

A range of functionalities is tolerated. and in
general the yields are good to excellent. The
nitrosonium cation 189 can evidently discriminate
handily between the primary and secondary hydroxy
functionalities, thus permitting selective oxidation.
One of the key limitations of this method is that the
anomeric center must be protected.

Demizu et al. carried out [urther tests with
different stable N-oxyl radicals, here azabi- and
tricyclic systems. which owe their stability to
Bredt's rule.'™ The nitrosonium cations {equivalent
to 189. Scheme 57) were successfully applied in
the oxidation of primary and secondary alcohols to
aldehydes and ketones. In many cases, such as the
oxidation of menthol (196) to 198 mediated by 197
in Scheme 59, the alternative N-oxyl radicals lead
to significantly higher yields than TEMPO.

Chemical oxidation of

pH=>3

the carbohydrate
+RCH,OH
i - RCHO I?I
189 OH 190
J

v

Disproportionation regenerating
the initial species

Scheme 57 Role of TEMPO in the electrochemical oxidation of carbohydrates.
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OH 20 mol% TEMPO, 0
o Na,CO3/NaHCO;, H;0 MeO
Hg() Glassy carbon elecirude_r Hg o 9
OH OMe 0.56 V vs SCE OH OMe
191 192, 96%
0 0 0}
MeO MeO MeO
HO Q O~ . HO Q
HO HO
OH N3 T P OH/ O
2
193, 82% 194, 80% 195, 61%

Scheme 58 Examples of the uronic acids accessible via the TEMPO-mediated electrochemical vxidation of carbohydrates,

Pt electrodes,
TEMPO or 197

Scheme 59  Elcctrochemical oxidation o menthol mediated by

2.9 Halide-Mediated Reactions

The opening of carbocycles and subsequent deriva-
tization of the thus obtained radical intermedi-
ates is a strategy that shows promise. Royer’s
group has published work on the anodic oxida-
tion of N-cyanomethyloxazolidines of type 199
(Scheme 60). They have observed that. in the pres-
ence ol halogenides (ClI™ and Br™). which are
presumed to act as mediators in the course of
the reaction as well as the halogenating agents. a
gem-dihalogenated product 200 is observed, while
in the presence of water products of type 201 are
obtained.'™

A general feature of these reactions is that the
presence of at least traces ol bromide is essential to
obtain high yields and rates of reaction. The authors
provide mechanistic evidence pointing toward the
crucial role of the trihalogenide anions, which
are generated in sitt following electrochemical
oxidation of the simple halogenides to the elemental
halogens. for successful conversion of the starting
material (Scheme 61). The proposed hypothesis
argues that tribromide is the superior electron
transfer agent and thus critical to the success of

/:\

T 0 1EMPO:23%

197  :99%

198

azabieyelic N-oxyl radical 197

the conversion of 202 to 207. The bromination is
believed to proceed frem 204a/b to the iminium
cation 203, which is then in equilibrium with
the bicyclic intermediate 206. Repetition of this
sequence leads to the dihaloginated product 207.
Fluoride was not able to mediate the oxidation. in
accordance with its high oxidation potential. The
use of iodide was not reported.

When vinyl ethers are added and lithium perchlo-
rate is used as the supporting electrolyte, the result
is the expunsion of the ring system Lo the cyclization
product 208 (Scheme 62).'"" A similar mechanism
is postulated, with the addition of the unsaturated
ether to intermediate 209 as the key slep.

2.10 Functional Group Exchange Reactions

Le Gull presented a case where the selective frag-
mentation of an electrochemically generated radical
was exploited to deliver a valuable compound. They
report that, upon anodic oxidation ol N-substituted
a-silyl piperidines of type 210 in the presence of
a cyanide source, exclusive exchange of the silyl
group for cyanide to generate products of type 211
is observed.'™
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™\ Z OEt

0 -
NC Pielectrode, divided cell  NC
LiCIO,

199b

Ph., 0 Ph, O°
(\ OEt /—/

N ®
208, 75% 209

Scheme 62 Electrochemical ring expansion ol oxazolidines with vinyl ethers.

)
PG

Q Anodic oxidation, "CN O\
SiRs II\I CN
PG

210 211

Ph Ph Ph

211a, 70% 211b, 75% 211¢, 80%

Scheme 63  Exchange ol silyl for nitrile functionality in piperidine derivatives (PG: protecting group).

The mechanism is postulated to proceed via
a preliminary N-centered radical cation derived
from 210, which leads to exclusive fragmentation
of the «-C-Si bond. This generates a secondary
C-centered radical which is subjected to a second
oxidation step leading to an intermediate iminium
ion, which is then attacked by cyanide to yield the
a-nitrile amine products of type 211. The nitrile
group always assumes an axial orientation in the
piperidine ring. The authors offer an explanation
based on the stercoelectronics of the intermediate
iminium cation. The rationale is broadly identical
with the concept of un anomeric effect as derived
Irom carbohydrate chemistry.

A common problem when subjecting tertiary or
secondary amines lo anodic oxidation is the lack
of specificity with respect to which the w«-bond
fragments to generate the iminium cation. A novel
solution was presented by Yoshida's group.!™ They
determined that the C=S bond of a N.S-acetal (212)
functions as an electrochemically activated breaking

point (Scheme 64). The thus-derived iminium cation
215 can be subsequently derivatized by nucleophilic
attack to yield product 216.

The first step is the oxidation of the carbamate
nitrogen in 212 to generate the radical cation
213. Despite a second e-position being available
for fragmentation, the @-C-S bond is selectively
cleaved, frecing an S-centered radical 214 (which
reacts with a second equivalent to generale a
disullide) and the electrophilic iminium cation 215.
Various carbon nucleophiles were tested, and good
to excellent yields of the corresponding products of
type 216 were reported.

2.11 Coupling Reactions Initiated by Anodic
Oxidation

The coupling of substituted catechols (218) and
aromatic thiols (217) via electrochemical oxida-
tion of both substrates was achieved by Becker

R. _CO;Me R_*_CO;Me R_+_COMe R. _CO;Me
N —e” N N N
L _w * L _w N “ s L
S s R! *\_ Nu
212 213 8”7 Nu~ 216, 50-91%

R = C3H;s, PhCyHy
R! =Ph, 4-MeOPh

N=C—TMS

OMe
Sl

P

-

Scheme 64  Electrochemical functionalization of c-thio carbumates with carbon nucleophiles.
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>
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Scheme 65 Oxidative clectrochemical fTormation ol thioethers,

(Scheme 63).'"" While the desired thioethers of type
219 were obtained in poor to acceptable yields. the
products do show a relatively high degree of func-
tionality and are reported as intermediates of interest
for materials and biological applications.

Although the mechanism of this transformation
has not yet been elucidated, the authors speculate
that the coupling might take place via the reaction
of two separate electrochemically generated radical
intermediates, 220 and 221, which then combine to
give the product upon re-aromatization.

3 CATHODIC PROCESSES

3.1 Cyclizations Induced by Reduction of

Carbonyl Groups

The reduction of carbonyl groups by Smls is a very
versatile method for the initiation of cyclization
reactions of suitable starting materials utilizing
2 equiv of the reducing agent (see Organic
Synthesis Using Samarium Diiodide). In order
lo reduce waste and to be able to continuously
adjust the redox potential for each individual starting
material. electrochemical reduction would be the
method of choice. Recent applications in such
cyclization reactions have been reported by Kise
for the generation of mono- and bicyclic products
starting from ketones and oximes. As acceptor

107 108

functionalities, imides.”" indole derivatives,"™ and
esters,’” were used.

Of particular interest are those reactions that
involve heteroaromatic scaffolds such as the indole
derivative shown in Scheme 66.'"" The electro-
chemically initiated reaction of indole derivative
222 generates the tricyclic product 223 in good yield
ol 68% in an undivided cell (divided cell; 65%
yield), which is comparable to the yield obtained
for the chemical method utilizing Smls as reductand
(73%).

The electrochemical method allows the formation
of the product 225 in moderate yield (46%) with
three adjacent chiral carbon atoms with reasonable
diastereoselectivity (Scheme 23). Interestingly, the
corresponding Smls-initiated reaction from 224 led
to a different distribution of products. In this
case, 225 was generated alongside 6% of 226, but
the tricyclic derivative 227 was also isolated and
identified as yel another cyclization product.

In the case of the ester-lunctionalized start-
ing material 224, cyclovoltammetry indicated that
the reduction is more likely to proceed at the

222

Pb cathode H OH
divided cell A
_—

Et,NBr, i-PrOH
223
68%

Scheme 66 Reductive cvelization of a ketone-bearing indule

derivative.
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Scheme 67 Comparison ol the electrochemical and chemical reductive cyclization of a ketone-containing indole derivative.
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k
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Scheme 68 Reductive cyclization of a ketone-bearing alkene and alkyne derivative.

w.f-unsaturated subunit rather than at the keto
functionality as in 222. Accordingly. the reduction
ol the two starting materials generates radical anions
at different functional groups based on the redox
potential. The chemical reducing agent Smly gener-
ated a mixture of products in the presence of hexam-
ethylphosphoramide (HMPA) as cosolvent, while, in
the absence of HMPA product 225 was formed in
3% yield.

Nonconjugated enones and ynones were applied
by Nishiguchi for the synthesis ol functional-
ized five- and six-membered carbo-, sulfur- and
nitrogen-containing heterocycles.''"” The electroly-
sis was conducted with aluminum electrodes, and
the application of enones such as 228 gave the
desired products 229 in moderate o good yields
(Scheme 68), whereas the electrolysis of the ynone
230 gave the corresponding cyclic allylic alcohol
derivatives of type 231 in good to excellent yields.

The application ol ionic liquids such as
I-methoxyethyl-3-methylimidazolium mesylate
(MOEMIM) as solvent and electrolyte, together
with isopropanol as proton donor, was reported
by Yadav in the electrochemical reduction of
B-ketoesters and  B-ketoamides such as 232
(Scheme 69).""" In these cases, the B-dicarbonyl
groups were substituted with an alkyl group
and a |-butenyl substituent at the w-position to
supress the formation of enolates. Accordingly,
the polysubstituted products such as 233 were
formed in good to excellent yields, in good to
exclusive diastereselectivities, and with excellent
regioselectivities.

The electrochemical reduction of carbon—carbon
double bonds can be easily achieved when
electron-deficient double bonds are used as starting
materials. Accordingly, educts of the Knoevenagel
type have a long track of successful applications in
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0 (0]
Me NMe; Sn cathode
Et 89%
=1 .
232 200 mA, 3.0 F mol 233 dr>130:1

[MOEMIM]Ms/i-PrOH (9: 1)

Scheme 69  Reductive eyvelization ol an alkeny] substituted 1.3

such reactions. In the presence of in situ accessible
nucleophiles (such as malonates). two successive
carbon—carbon bond formations can be realized in
a one-step procedure. Thereby. cyclopropanations
of Knoevenagel-type starting materials can be
realized 127120 The reactions are performed
in alcoholic solvents utilizing a halide source
as the electrochemical mediator. and, therefore,
from a mechanistic point of view. such reactions
are most likely initiated by an electroreductively
generated alkoxide base that deprotonates the
malonate-type starting material and the oxidation
of the halide, initiating ionic follow-up reactions
with the Knoevenagel-type materials applied.

3.2 Nickel-Mediated Reduction of Alkylhalides

Another type of functional group that is well suited
for electrochemical reductions under mild condi-
tions are alkylbromide or alkyliodide derivatives.
Being adjacent to ester [unctionalities, the radical
anions such as 235 are stabilized and lead to cycliza-
tion reactions with unsaturated groups along the
chain (Scheme 70). The electrochemical reduction
of such starting materials (e.g., 234) can be per-
formed directly at the cathode surface with only

-diketone in a ionic liquid.

moderate success,'?! or indirectly utilizing nickel
complexes acting as mediators.'>?'*% In these latter
cases. the desired cyclization product 236 could be
obtained in up to quantitative yield, depending on
the nickel complex used as the redox catalyst or the
substituents present in the starting material.

Consecutive tandem cyclizations have been
described by Toyola for the synthesis ol
norbornene-type  structures  utilizing  vinylbro-
mides such as 237 as starting material under
nickel redox catalysis (Scheme 71 ). The tandem
cyclization reaction via intermediates 238/239 and
240 led predominantly to the endo-substituted
norbornene product 241 in moderate yield. Along-
side the norbornene products (243) formed from
bisallyl-modified cyclic enones (242), spiro-bicyclic
products such as 244 could also be obtained in
moderate yield.

On the other hand, when additional double bonds
were nol present as in 245, the formation of
bicyclic compounds such as 246 via a tandem
cyclization reaction sequence initiated by the reduc-
tive carbon-bromine bond cleavage was observed
(Scheme 72)."*" In these cases, the Thorpe-Ingold
effect seems to have promoted the cyclization: only
the appropriately substituted carbocycles or furan-
and pyrrolidine-derivatives were investigated.

Et0,C | Et0,C, . EtO,C
+e M
MeO. MeO. . e0.
Ni(II) e

¢ MeO MeO MeO 236
t
i E0,C_Br |
d
& Ni(D) MeO

MeO

Scheme 70 Mechanism ol the indirect electrochemical nickel-mediated reductive cyclization of a halide-bearing alkyne.
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Scheme 71 Mechanism ol the indireet electrochemical nickel-mediated reductive tandem cyelization ol o halide-bearing polyene.
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Scheme 72 Mechanism of the indirect electrochemical nickel-mediated cyclopropane formation from a halide-bearing alkene,

Nickel calalysts were also used lor the cleavage
of the carbon—sulfur bond in thioesters, as was
described by Ozaki. In these cases, the thioester
functionality in 247 is easily cleaved under reductive
conditions. Interestingly. this procedure can be used
for the generation of the sulfur-centered radical for
the synthesis ol sulfur-containing heterocycles'*®
as well as for the generation of acyl radicals
(248) as shown in Scheme 73. In the latter case.
the acyl radical 248 led to the formation of the
corresponding ketones 249 upon intramolecular
addition to a double bond and further reduction and
protonation.'2%139

In this context. the further reduction of the
sulfur-centered radical to the thiolate anion was

utilized by Ozaki for the nucleophilic ring-opening
reaction of epoxides to generate 5.7-membered
bicyclic  sulfur-containing heterocycles in  an
intramolecular fashion,'?!

Although the application of organic electron-
transfer reagents of the triarylamine type is an
oxidative indirect electrochemical-initiated reaction,
the methodology fits well into the context of indi-
rect electrochemical reactions. Accordingly. triary-
lamines can be utilized for the electron-transfer-
initiated Povarov reaction of aromatic imines with
styrene derivatives and dihydrofuran via radical
cation intermediates of type 251 (Scheme 74).'3

The reaction is very dependent on the redox
potentials of the starting material 250 and the
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Scheme 73 Mechanism of the indirect electrochemical nickel-mediated thioester cleavage for the synthesis of a kelone.

aval
NAg MBQN

oo =

1,3-H-shift

Ph Ph

} NO,

Ph
Meao
Me NH )
252 0%
+
Ph
Me;,,_
.....<j>71'ch2
Me NH 38%
253

Scheme 74  Mechanism ol the indireet electrochemical triarylamine-mediated, oxidatively induced Povarov eyclization.

styrene derivative applied. The reaction takes
place only when the oxidation potential of the
dienophile is appreciably lower than that ol the
hetero-diene 250. Nevertheless, when the redox
potentials are well chosen, the cis product 252
and the trans-configured product 253 are formed in
excellent combined yield.

Inokuchi reported a cobalt-mediated method lead-
ing to cyclohexane-1,4-diones (258) in moderate
o acceptable yields from cyclopentane-1,3-diones
(254).'%% Cobaloxime was used as the cobalt

source. and the electrochemical  generation  of
a cobalu(l) species permitted the abstraction of

bromine from the substrate 254 leading o the pri-
mary radical 255 (Scheme 75). The ring-expanded
cyclohexane-1,4-dione 258 is thought to result
from a formal [,2-acyl shift (255 to 257) via
cyclopropane 256 and subsequent reduction to an
enolate and protonation.

A further cobalt-mediated transformation of sty-
rene to cyclopropyl benzene has been ]'n'c.\sen[cd.""4
An electrochemical reduction of vitamin B> (a
naturally occurring cobalt—corrin complex) was car-
ried out to generate the reactive Co(l) complex.
This reacts with DCM. leading to the chloro
methyl radical. which adds to styrene. The benzylic
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254 255 256 257 258,61%

Scheme 75  Cobalt-mediated ring expunsion of cyclopentane-1,3-diones.

radical thus generated is postulated to be fur-
ther reduced, and the resulting anion should attack
the chlorine-bearing carbon intramolecularly. The
desired product cyclopropyl benzene was obtained
in quantitative yiclds. No other substrates were
examined, but the work does however hint at
the tantalizing prospect of combining biologically
derived or inspired molecules with synthetic elec-
trochemistry.

3.3 Coupling Reactions Initiated by Reduction
of Ketones

Radical anions generated via cathodic reduction
processes are also viable synthetic intermediates.
Gennaro and coworkers examined the reactions of
radical anions 260 derived from the benzophenone
and its halogenated derivatives 259 with CO» to
alford «-hydroxy carboxylic acids such as 261
(Scheme 76).'%

Yields of the target a-hydroxy carboxylic acids
were generally good to excellent: only in two cases
did the yield fall below 80%. The main focus
was however on the elucidation of the mechanistic
aspects of this transformations. The author’s pro-
posed mechanism is outlined in Scheme 76. The
reaction is initiated by the reduction of the ketone

0 _OZC\O

sasE=Ngay

X Y
259 &
X, Y=HCLF

260

259 to the respective ketyl anion radicals, which
capture COa, leading to formation of the carbon-
ate 260. A further reduction step leads to a car-
banionic intermediate, which itself nucleophilicly
attacks CO» giving a carbonate/carboxylate inter-
mediate that is transformed to the final «-hydroxy
carboxylic acid' 261 after acid workup freeing the
alcohol functionality by hydrolysis of the carbon-
ate moiety. The key to obtaining high yields, as
reported. is deemed to be the presence of COa, as
the intermediate ketyl radical anions suffer Fragmen-
tation of the C-X/Y bonds. precluding the forma-
tion of halogenated «-hydroxy carboxylic acids of
type 261.

A relatively early report of the reductive cou-
pling of ketones and imine-type compounds was
provided by Shono er al.'*% Under cathodic con-
ditions, the ketone was reduced to a ketyl rad-
ical anion (262) which then reacted with the
imine derivative (oximes, hydrazones, and nitrones
are reported as viable reaction partners) to form
the o-amino alcohol compound after chemical
reduction (Scheme 77). A wide variety of ketones
and nitrogen-containing compounds were reacted.
and some examples are presented in Scheme 77
(266-275).

Cyclic and acyclic ketones and oximes are suit-
able substrates for this conversion, with yields

OH
CO,H
(1) +e7; CO, O O
_—
(2) H*
X Y

LA 261, 58-96%

Scheme 76 Reactions of halogenated benzophenones with COs> under reductive conditions.
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Scheme 77  Reductive coupling of ketones with oximes. hydrazones.

generally in the good o excellent range (see com-
pounds 266. 267, 269-271). More complex ketones
also react satisfactorily, as shown by the reaction
ol a steroidal ketone leading to 268. Hydrazone
and nitrone derivatives also lead to the respec-
tive f-amino alcohol precursors 272 and 273.
although the yields are lower than in the reac-
tions with the oxime compounds. Intramolecular
cyclizations are also amenable to this methodol-
ogy. as exemplified by 275. Yields and selec-
tivities for the cyclizations are satisfactory 1o
good.

Initial efforts have been reported that com-
bine many of the optimization parameters spe-
cific to electrochemical systems, thus enabling
new synergistic possibilities of reaction activation.
An interesting application ol triple activation was
reported by Compton, who applied photoactiva-
tion, ultrasound emulsification, and electrochemistry
to permit a reaction previously not readily attain-
able. '3

trans:cis 95:5

il nitrones.

3.4 Defunctionalization

Delunctionalization ol aryl and alkyl halides has
been reported by several groups with two broad
trends being recognizable: direct defunclionaliza-
tion through direct electron transfer and sub-
sequent C—Hal bond cleavage; or activation of
transition metals or complexes thereof. which then
carry out the defunctionalization chemistry. Both
the direct defunctionalization at various electrode
materials'* " and the transition-metal-mediated
defunctionalization have been examined from a
primarily mechanistic viewpoint, but no particu-
lar effort with a methodological/synthetic focus has
been reported.'*! =14

4 CONCLUSIONS

The generation of neutral as well as charged
radical species can be performed by electrochemical
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methods, as shown by many applications in the past
and present. The uselulness of electrochemistry for
the initiation of relevant organic transformations has
been demonstrated in basic transformations such as
the formation ol carbon—carbon bonds as well as the
formation and the cleavage of carbon-heteroatom
bonds.

The use of the anode and cathode as mass-free
redox reagents will always be of considerable inter-
est in terms of eflectiveness and environmental
compatibility. Nevertheless, electrochemical meth-
ods are still considered as complicated and diffi-
cult to master. The examples outlined in this article
illustrate that the allocation of time and resources
required initially is not futile, as the puy off is most
rewarding.

While fundamental questions are stll being
addressed. evermore sophisticated applications are
being and have been developed and applied to the
selective activation of functional groups in increas-
ingly complex starting materials. The fact that
research groups are willing to apply electrochem-
ical redox processes in the synthesis of complex
molecules and do so with success is a remarkable
confirmation of the utility of these transformations
and a sign of how far this field has developed.
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