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Since the pioneering work of Kolbe, electrochemistry and elec-

trosynthetic methods have been a part of the repertoire of the

organic synthesis toolbox [1,2]. In general, only electrons are

employed as reagents or the reagents are electrochemically

regenerated. Consequently, waste can be avoided, and limited

resources can be used in a careful and economic manner.

Because alternative reaction pathways are employed by elec-

trosynthetic methods, scarce and toxic elements can be replaced

or are not required at all [3]. Moreover, in the foreseeable future

regenerative sources of electricity, for example, photovoltaics

and wind power, will provide a surplus of electricity as the

current unsteady supply does not match the demand. Thus, the

use of abundant electric power in electrosynthetic processes

seems to be rational because high valorisation can be expected.

Therefore, electrosynthesis fulfils all requirements for “green

chemistry” [4]. When changing feed stocks and natural

resources begin to play a more crucial role, electrosynthetic

methodologies will not only be of ecological interest but also of

economic significance. Unfortunately, the research in the past

two decades was understated and considered as a niche method-

ology by the synthetic community. In addition, electrochem-

istry is mostly taught by physical chemists, which seems to

create a natural barrier to preparative organic applications.

However, the systematic use of cationic species as intermedi-

ates to avoid over-oxidation establishes new ways for function-

alization of substrates and paves the way to novel synthetic

tools [5-8].

Recently, a renaissance of electro-organic methods occurred in

several fields, including the construction of rather complex

molecules (e.g., natural products) [9]. Not only is the construc-

tion of biologically active molecules of interest but also the

anodic degradation of drug-like molecules. Such electro-oxida-

tive treatment generates potential metabolites that can be then

biologically studied [10]. The combination of electrosynthesis

with other powerful techniques, such as ultrasonic treatment

and flow microcells, will push the electrosynthetic applications

beyond current limits [11].

In addition, remarkable breakthroughs have been achieved

regarding electrodes and electrolytes, which allow for expan-

sion of the electrochemical window and/or novel reaction path-

ways. This leads to new electro-organic concepts and further

applications for a sustainable synthetic methodology. The

contributions within this Thematic Series demonstrate the broad

use of electrosynthesis and represent a snapshot of this current
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and vividly developing field. I am convinced that electro-

organic synthesis is an emerging field and that this issue will

stimulate the reader to employ electrochemical methods in their

own field.

Siegfried R. Waldvogel

Mainz, April 2015
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Abstract
Due to the fact that the major portion of pharmaceuticals and agrochemicals contains heterocyclic units and since the overall

number of commercially used heterocyclic compounds is steadily growing, heterocyclic chemistry remains in the focus of the syn-

thetic community. Enormous efforts have been made in the last decades in order to render the production of such compounds more

selective and efficient. However, most of the conventional methods for the construction of heterocyclic cores still involve the use of

strong acids or bases, the operation at elevated temperatures and/or the use of expensive catalysts and reagents. In this regard, elec-

trosynthesis can provide a milder and more environmentally benign alternative. In fact, numerous examples for the electrochemical

construction of heterocycles have been reported in recent years. These cases demonstrate that ring formation can be achieved effi-

ciently under ambient conditions without the use of additional reagents. In order to account for the recent developments in this field,

a selection of representative reactions is presented and discussed in this review.
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Introduction
The construction of heterocyclic cores undoubtedly represents a

highly important discipline of organic synthesis. The large

interest in this field is attributable to the occurrence of hetero-

cyclic units in numerous natural products and biologically

active compounds such as hormones, antibiotics and vitamins

[1]. Considering the fact that more than 70% of all active ingre-

dients in pharmaceutical and agrochemical products contain at

least one heterocyclic unit, the particular importance of hetero-

cyclic compounds becomes clear [2].

Most of the classical methods for heterocycle synthesis are

based on the use of acids or bases at elevated temperatures,

conditions which are often not compatible with the presence of

certain functional groups [3,4]. In the last decades, research in

this field has therefore been focused on the development of

more efficient and selective strategies. In the current focus of

heterocycle synthesis are C,H-activation with transition metal

catalysts [5-8], oxidative cyclization using hypervalent iodine

reagents [9-12], and homogeneously or heterogeneously
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catalyzed multicomponent reactions [13,14]. Moreover, radical

cyclizations predominantly conducted using Bu3SnH in the

presence of azobisisobutyronitrile (AIBN) play a crucial role

[15,16]. However, all these methods require the use of an

expensive catalyst and/or toxic and hazardous reagents. In order

to meet increasing environmental and economic constraints,

further efforts should be directed towards the development of

mild and reagent-free methods [17,18]. In this context, elec-

troorganic synthesis can provide an interesting and practical

alternative to conventional methods for heterocycle synthesis

[19,20]. Since toxic and hazardous redox reagents are either

replaced by electric current (direct electrolysis) or generated in

situ from stable and non-hazardous precursors (indirect electro-

lysis), electrosynthesis is considered to be a safe and environ-

mentally friendly methodology [21-25]. A further interesting

feature is that electrochemical reactions are feasible under very

mild conditions; since the reaction rate is determined by the

electrode potential, reactions with high activation energies can

be conducted at low temperatures.

The electrochemical synthesis of heterocyclic compounds can

be considered as a mature discipline. The last comprehensive

review dealing with electrochemical heterocycle generation has

been published in 1997 by Tabaković [26]. Earlier reviews on

different aspects of the electrochemistry of heterocyclic com-

pounds are also available [27-29]. However, recent innovations

in electrosynthesis such as the cation pool method or the devel-

opment of novel electron transfer mediators also have a signifi-

cant impact on heterocyclic chemistry [30,31]. This review

focuses upon both anodic and cathodic processes that lead to the

formation of heterocyclic structures in view of these recent

developments. Its scope is to highlight advances since the

appearance of Tabacovićs review in 1997. The intention is

rather to provide the reader with a general insight than to give

an exhaustive overview.

Review
Numerous mechanistic pathways to the formation of hetero-

cycles have been described and for a detailed treatment, inter-

ested readers are referred to earlier reviews by Lund and

Tabaković [26-28]. The electrochemical heterocycle synthesis

can principally proceed through C–Het-, C–C- and Het–Het-

bond formation, whereby the former two represent the predomi-

nant case in recent literature (Figure 1). Furthermore, one can

distinguish between intramolecular and intermolecular cycliza-

tion. The intramolecular version typically involves two func-

tional groups linked by a tether. The electrochemical reaction

leads to an Umpolung of the functional group with the lower

redox potential, triggering the ring-closure reaction between a

nucleophilic and an electrophilic site. Another possibility for an

intramolecular ring closure is represented by electrochemically

induced radical cyclization. Intermolecular cyclizations general-

ly fall into two further categories. In the first scenario, an anodi-

cally generated nucleophile (cathodically generated elec-

trophile) reacts with an electrophile (nucleophile) present in

solution. Consequently, an intermediate is formed, which under-

goes ring-closure reaction. The second scenario involves the

electrochemical formation of a reactive species followed by

cycloaddition in a concerted mechanism.

Figure 1: Common types of electrochemically induced cyclization
reactions.

The examples presented hereafter are classified according to the

reaction type rather than to the resulting type of heterocycle.

Among the intramolecular reactions, recent efforts in electro-

chemical heterocycle synthesis can mostly be differentiated into

anodic olefin coupling (section 1.1), radical cyclization (section

1.2), and trapping of anodically generated iminium/alkoxycar-

benium ions (section 1.3). On the other hand, cycloadditions

(section 2.1), sequential Michael addition/ring closure with in

situ generated quinones (section 2.2) and sequential cycliza-

tions involving acyliminium species and alkoxycarbenium ions

(section 2.3) represent the majority of recently reported inter-

molecular electrochemical cyclizations. Cases which do not fall

into any of these categories are discussed in sections 1.4 and

2.4.

A further important aspect is the type of electron transfer

involved in the reaction. With regard to heterocycle synthesis,

both direct electrolysis involving heterogeneous electron

transfer between electrode and substrate as well as indirect

electrolysis using electron transfer mediators (Scheme 1) play

an important role. With regard to selectivity, the direct method

is often complementary to typical chemical oxidations and

reductions, since electrochemical oxidation or reduction

proceeds via discrete electron transfer steps rather than atom

transfer. In contrast, the indirect process can either be initiated
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with a discrete electron transfer (outer-sphere mechanism) or

proceed via bond formation (inner-sphere mechanism),

depending on the type of mediator [31]. In both cases, the elec-

trode reaction proceeds at such a low potential that the sub-

strate is electrochemically inactive. In many cases, undesired

side-reactions can be avoided by using redox mediators, since

reactive intermediates do not accumulate on the electrode

surface. Moreover, the indirect approach is often used in order

to inhibit electrode passivation caused by formation of polymer

films. In the context of heterocycle synthesis, a number of

mediators based on organic molecules, inorganic salts and metal

complexes have been used recently and their use will be

discussed later on the basis of the relevant examples.

Scheme 1: Principle of indirect electrolysis.

1 Intramolecular cyclizations
1.1 Anodic olefin coupling
The anodic oxidation of electron-rich olefins such as enol ethers

1 in methanolic solution generates radical cation 2 which can be

used for a number of cyclization reactions (Scheme 2) [32,33].

Moeller et al. demonstrated that by intramolecular trapping of

this highly reactive intermediate with a tethered alcohol nucleo-

phile, a variety of tetrahydrofuran, tetrahydropyran and oxepane

structures 4 can be synthesized (Scheme 2, X = O) [34]. The

reaction is initiated by single electron oxidation to generate

intermediate 2, which after cyclization and deprotonation gives

radical 3. Further oxidation results in the formation of a cationic

species which is trapped by methanol to yield product 4.

This cyclization method is not restricted to hydroxy groups as

trapping agents. More recently, Moeller and Xu reported that

N-nucleophiles such as the tosylamine group can efficiently trap

2-type radical cations, resulting in N-tosylated pyrrolidine prod-

ucts (Scheme 2, X = NHTs) [35,36].

The reactions can be carried out under galvanostatic conditions

(C.C.E. = constant current electrolysis) at room temperature in

an undivided cell using a vitreous carbon anode. The presence

of a proton scavenger is necessary in order to obtain reasonable

Scheme 2: Anodic intramolecular cyclization of olefines in methanol.

reaction rates. When the radical cation is trapped with a

hydroxy group, the use of 2,6-lutidine is sufficient. However, a

stronger base such as NaOMe is needed when tosylamines are

converted in order to facilitate the cyclization reaction and to

suppress intermolecular coupling. In addition to enol ethers 1,

vinyl sulfides and ketene acetals have successfully been

cyclized according to Scheme 2 [34-36].

An interesting modification of this anodic coupling method was

achieved by Yoshida, Nokami and co-workers using the “cation

pool” concept [37-39]. In this approach, the anodic oxidation of

olefins was combined with a sequential chemical oxidation in a

one-pot fashion (Scheme 3) [39]. By using DMSO instead of

methanol as nucleophilic co-solvent for electrolysis, a pool of

alkoxysulfonium ions 7 is generated from tosylamine 5. The

generation of the cation pool has to be carried out at 0 °C in

order to stabilize the reactive alkoxysulfonium species. Analo-

gously to Swern- and Moffat-type reactions, this key intermedi-

ate is then converted to ketone 8 by quenching with NEt3 at

slightly elevated temperatures under elimination of dimethyl

sulfide.

Alternatively, a tethered carboxy group can be used as the

nucleophilic component, leading to the formation of lactone

rings [39]. A further option is the hydrolysis of alkoxysulfo-

nium species 7 with aqueous NaOH under formation of the

corresponding secondary alcohol [40].

The idea of integrating a chemical oxidation into the anodic

cyclization of olefins was extended to intramolecular coupling

of 1,6-dienes 9 (Scheme 4) [39]. In this version of the combined

cyclization/oxidation, the second carbon–carbon double bond

acts as the nucleophile after anodic oxidation, leading to

bisalkoxysulfonium species 10. When the reaction conditions
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Scheme 3: Anodic cyclization of olefines in CH2Cl2/DMSO.

depicted in Scheme 3 are applied, including quenching with

NEt3, exo–exo-cyclization product 11 is obtained in 63% yield

with 100% trans-selectivity. The yield can be increased to 72%

when Bu4NB(C6F5)4 is used as supporting electrolyte.

Scheme 4: Intramolecular coupling of 1,6-dienes in CH2Cl2/DMSO.

1.2 Electrochemically induced radical cyclizations
Among the numerous existing radical cyclization methods, the

conversion of unsaturated alkyl halogenides represents one of

the key-reactions for the synthesis of natural products

containing aliphatic heterocycles. Such ring-closing reactions

are frequently carried out using toxic tri-n-butyltin hydride in

combination with a radical initiator such as AIBN. Peters and

co-workers described an electrochemical alternative using

cathodically generated nickel(I) complexes as mediators

[41,42]. Under potentiostatic conditions (C.P.E. = controlled

potential electrolysis) in a divided cell, bromopropargyloxy

ester 12 was converted using [Ni(tmc)]Br2 (tmc = 1,4,8,11-

tetramethylcyclam) as catalyst, leading to cyclization products

13 and 14 (Scheme 5). When 12 was electrolyzed in absence of

mediator, significantly lower yields were obtained [42].

Scheme 5: Cyclization of bromopropargyloxy ester 12.

The acidity of the reaction medium strongly influences the

product distribution. Under aprotic conditions, the formation of

13 is favored, whereas in presence of HFIP (1,1,1,3,3,3-hexa-

fluoroisopropanol) as a proton donor, product 14 is formed

exclusively. On the basis of faradaic yields, cyclic voltammetry

data and product distribution, the authors proposed the mecha-

nism shown in Scheme 6. The sequence starts with electron

transfer from cathodically generated [Ni(tmc)]+ to 12, trig-

gering the cleavage of the C–Br bond in the rate-determining

step and resulting in radical species 15. After rapid intramolec-

ular cyclization, followed by hydrogen atom abstraction from

the solvent, product 13 is afforded, which equilibrates in the

presence of a proton donor to form the more stable α,β-unsatu-

rated product 14.

Scheme 6: Proposed mechanism for the radical cyclization of bromo-
propargyloxy ester 12.
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Scheme 8: Anodic cyclization of chalcone oximes 19.

Scheme 7: Preparation of pyrrolidines and tetrahydrofurans via Kolbe-
type electrolysis of unsaturated carboxylic acids 16.

A different radical cyclization method for the synthesis of

tetrahydrofurans and pyrrolidines was developed earlier by

Schäfer and co-workers [43-45]. In their approach, unsaturated

and saturated carboxylic acids were simultaneously subjected to

a mixed Kolbe-type oxidation in a KOH/methanol electrolyte

using an undivided cell under galvanostatic conditions

(Scheme 7). The cyclization reaction is initiated with the gener-

ation of radical 17 upon anodic oxidation of the potassium salt

of 16. Rapid cyclization gives 18, which recombines with the

alkyl radical R4• under formation of product 19. A synthetic

challenge is represented by the competing recombination of

intermediate 17 with R4•, resulting in an open structure which

was also isolated in some cases. With unsubstituted substrate 16

(R1 = R2 = R3 = H) this side reaction leads to the formation of a

significant amount of the undesired byproduct. However,

increasing alkyl substitution leads to improved yields of the

cyclization product; apparently, the cyclization rate is signifi-

cantly enhanced in this case due to the Thorpe–Ingold effect

[46].

Recently, Zeng, Little and co-workers reported a new electro-

chemical method for the preparation of 3,5-disubstituted isoxa-

zoles from chalcone oximes 20 (Scheme 8) [47]. The electro-

lysis of 20 is carried out in an undivided cell under galvano-

static conditions using a NaClO4/CH3OH electrolyte. The

cyclization is proposed to proceed via iminoxyl intermediate 22,

which is generated through deprotonation by cathodically

generated methanolate and subsequent anodic oxidation.

Cyclization of radical 22 is followed by further oxidation and

proton abstraction to afford isoxazol 21. The reported method

features a simple setup, mild conditions (room temperature, low

concentration of base) and a broad scope.

1.3 Cyclization of alkoxycarbenium and iminium
intermediates
A well-studied method for generation of aliphatic N- and

O-heterocycles is the intramolecular nucleophilic trapping of

anodically formed iminium (23) or alkoxycarbenium species

(24). The reactive intermediates can be generated directly from

ethers or carboxylic acid amides (Scheme 9) [32]. However, ali-

phatic ethers and amides generally exhibit high oxidation poten-

tials, and a large number of functional groups are therefore not

compatible with direct oxidation [48]. A milder and more selec-

tive approach is represented by the installation of an electroaux-

iliary (EA), a functional group which lowers the oxidation

potential of the compound, in α-position to the oxygen/nitrogen
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[30,49]. In this context, the use of silyl, stannyl and thioether

groups is generally preferred, since these groups are typically

cleaved off upon anodic oxidation. A number of intramolecular

cyclizations of 23- and 24-type intermediates have been

reported both in presence and absence of electroauxiliaries.

Scheme 9: Generation of N-acyliminium (23) and alkoxycarbenium
species (24) from amides and ethers with and without the use of elec-
troauxiliaries.

In the course of their research on functionalized peptido-

mimetics, Moeller and co-workers found that the amide unit

provides an excellent opportunity for oxidative modification of

the peptide framework [50,51]. In order to construct constrained

peptidomimetics, several electrochemical protocols for genera-

tion and cyclization of N-acyliminium species have been devel-

oped, resulting in the synthesis of a number of lactams and

lactam-derived heterocycles [52]. One representative example is

depicted in Scheme 10, where dipeptide 25 cyclizes via

intramolecular nucleophilic attack of the hydroxy group on the

anodically generated N-acyliminium unit [53].

Scheme 10: Anodic cyclization of dipeptide 25.

While this reaction proved to be very useful for the cyclization

of simple amino acid derivatives, major limitations were en-

countered when more complicated systems were oxidized [52].

As outlined before, amide groups exhibit rather high oxidation

potentials in the order of 1.95–2.10 V vs. Ag/AgCl, and their

oxidation becomes therefore less selective with increasing elec-

tron-donating character of functional groups attached to the

peptide. In this context, the introduction of electroauxiliaries to

the peptidomimetic structures and their use for site-selective

oxidation was explored [52]. The cyclization of dipeptide 27 as

a model reaction is shown exemplarily in Scheme 11. Since the

tethered olefin group is easier to oxidize than the amide unit, a

dimethylphenylsilyl group was introduced in α-position to the

amide and served as electroauxiliary. The cyclization was then

accomplished in two steps, starting with the anodic oxidation of

27 in methanolic solution under galvanostatic conditions. In the

second step, the resulting α-methoxy substituted intermediate

was treated with TiCl4 in CH2Cl2 at −78 °C to give cyclized

product 28.

Scheme 11: Anodic cyclization of a dipeptide using an electroauxiliary.

Generally, the anodic oxidation of aliphatic amines leads to the

formation of radical anions which can undergo multiple reac-

tion pathways, typically leading to complex product mixtures

[54]. The anodic generation of iminium species from amines for

a nucleophilic α-substitution analogously to acyliminium inter-

mediates 23 is therefore a rare case. However, Okimoto et al.

could recently demonstrate that iminium species can be gener-

ated selectively and used for a cyclization reaction when a stabi-

lizing benzyl group is attached to the nitrogen (Scheme 12,

compound 29) [55]. The hydroxy group tethered to the sub-

strate serves for nucleophilic trapping of the iminium species

under formation of oxazolidine or 1,3-oxazinane species 30.

According to their protocol, 29 is electrolyzed under galvano-

static conditions in a divided cell, using a NaOMe/MeOH elec-

trolyte and potassium iodide as electron transfer mediator. The

method provides access to a number of 2-aryl-1,3-oxazolidines

and 2-aryl-1,3-oxazinanes.

An intriguing example for the intramolecular cyclization of

alkoxycarbenium species has been reported recently by Suga,

Yoshida et al. [56]. Unsaturated thioacetals 31 were converted

anodically to 2,4-substituted tetrahydropyrans 32 using a medi-

ating system that is based on the ArS(ArSSAr)+ species, an

equivalent of ArS+ (Scheme 13). ArS(ArSSAr)+ is formed upon

anodic oxidation of ArSSAr at low temperatures and can be
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Scheme 12: Anodic cyclization of hydroxyamino compound 29.

employed for the generation of cationic intermediates (indirect

cation pool method) [57]. In the presence of a substrate with a

thioaryl group (31), “ArS+” is continuously regenerated (cation

chain mechanism) and therefore, both ArSSAr and electric

current can be employed in catalytic amounts. After formation

of alkoxycarbenium ion 33, cyclization proceeds and the

resulting carbenium ion 34 is trapped by ArSSAr to give 32.

Scheme 13: Cyclization of unsaturated thioacetals using the
ArS(ArSSAr)+ mediator.

The ArS(ArSSAr)+ species can either be generated prior to ad-

dition of 31 or in presence of the substrates. The use of tetra-

fluoroborate salts is associated with low yields due to fluorin-

ation of intermediate 34 and therefore has to be avoided. In

contrast, good results are obtained when the reaction is carried

out using Bu4NB(C6F5)4 as supporting electrolyte.

1.4 Further intramolecular cyclization reactions
As a part of their efforts in the total synthesis of several natural

products, Nishiyama and co-workers developed an electrochem-

ical method for the construction of N-heterocyclic cores (see

examples depicted in Scheme 14 and Scheme 15) [58-60].

PhI(OCH2CF3)2 was generated anodically from iodobenzene in

a solution of LiClO4 in 2,2,2-trifluoroethanol and served as

reagent for the oxidative intramolecular coupling of phenyl

rings with amide or carbamate groups. With control experi-

ments the authors demonstrated that this in situ generated

reagent works more efficiently in such cyclizations than the

more frequently used PIFA reagent. For instance, cyclization of

biaryl 35 to carbazole 36 was achieved using this indirect elec-

trochemical approach (Scheme 14) [59,60]. The transformation

represents the key-step of the synthesis of glycozoline 37, an

antifungal and antibacterial agent. Analogously, 38 was

converted to 39 as a part of the multistep synthesis of two

different tetrahydropyrroloiminoquinone alkaloids 40 and 41

(Scheme 15) [58,60].

Scheme 14: Cyclization of biaryl 35 to carbazol 36 as key-step of the
synthesis of glycozoline (37).

Tanaka et al. could achieve the electrochemical construction of

2,3-dihydrobenzofuran structures 43 via double-mediatory

Wacker-type cyclization of alkenyl phenols 42 [61]. Pd(OAc)2

was used to catalyze the cyclization while TEMPO served as

redox mediator for the electrochemical regeneration of the

catalytically active Pd(II) species. In contrast to conventional

Wacker-type cyclizations, where stoichiometric amounts of

co-oxidant are employed at elevated temperatures, the electro-

chemical version proceeds smoothly at room temperature. In the

case depicted in Scheme 16, the electrolysis was carried out in a

divided cell under galvanostatic conditions using platinum elec-

trodes. Among several electrolyte compositions, NaClO4 in a

7:1 mixture of dioxane/water proved to be the most efficient

one. Halogen substituents on the phenol unit are tolerated under

the described reaction conditions. In contrast, electron rich

substrates (R = OMe) render unsatisfactory results.
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Scheme 15: Electrosynthesis of 39 as part of the total synthesis of
alkaloids 40 and 41.

Scheme 16: Wacker-type cyclization of alkenyl phenols 42.

In view of the fact that the indole unit is present in a variety of

natural products and biologically active compounds, Arcadi,

Rossi et al. reported a clean and mild electrochemical method

for the construction of this heterocycle (Scheme 17) [62]. The

procedure is initiated with the electrolysis of the Et4NBF4/

CH3CN electrolyte at 0 °C in a divided cell, followed by addi-

tion of 44 to the cathodic chamber after completed electrolysis

(Q = 2.5F/mol). The cyanomethyl anion, a cathodically gener-

ated base which is formed upon reduction of the solvent

CH3CN, triggers the cyclization reaction via deprotonation of

the amide group. According to the authors, the deprotonation is

followed by ring closure on the C–C-triple bond, generating a

carbanion intermediate which is then protonated by the solvent.

For sufficient cyclization rates, the reaction mixture has to be

heated to 80 °C. Various alkynylanilines with different

substituents on the aromatic ring and on the alkynyl group were

cyclized in good to excellent yields. When N-ethoxycarbonyl-

substituted anilines are converted under the conditions

described above, the carbamate group is cleaved and unpro-

tected indoles are obtained.

Scheme 17: Cathodic synthesis of indol derivatives.

Scheme 18: Fluoride mediated anodic cyclization of
α-(phenylthio)acetamides.

An electrochemical method for the synthesis of oxindoles and

3-oxotetrahydroisoquinolines 47 via intramolecular cyclization

under C–C-bond formation was reported by Atobe, Fuchigami

et al. (Scheme 18) [63]. The protocol is based on the anodic oxi-

dation of α-(phenylthio)acetamides 46 in the presence of

Et3N∙3HF. The latter serves as supporting electrolyte and as

fluoride source for mediation of the reaction. In absence of fluo-

ride, the formation of the cyclization product was not observed.

The authors proposed a mechanism, in which after initial one-

electron oxidation the resulting radical cation 48 is attacked by

a fluoride ion under formation of an S–F bond. Radical 49 is

then further oxidized to the corresponding cationic species 50,
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Scheme 20: Synthesis of euglobal model compounds via electrochemically induced Diels–Alder cycloaddition.

which undergoes elimination of HF under formation of cationic

intermediate 51. Finally, intramolecular trapping by the

aromatic ring in a Friedel–Crafts type reaction leads to cycliza-

tion and formation of product 47. A selectivity problem is

caused by concurrent nucleophilic attack of fluoride ions on

intermediate 51. However, this undesired side reaction is

suppressed when ultrasonic irradiation is applied during electro-

lysis. The authors studied the product distribution under varia-

tion of stirring speed and temperature in order to determine

whether improved mass transport or strong local heating is re-

sponsible for the improved selectivity. Whereas an increase of

the stirring speed did not significantly affect the ratio between

desired cyclization product 47 and fluorinated byproduct, higher

temperatures lead to preferential formation of the desired

cyclization product. In the reported case, the use of ultrasonic

radiation leads to significantly better results compared to

conventional heating. These results suggest that the effect of

ultrasound on the selectivity is attributable to strong local

heating at the electrode surface, which increases the tempera-

ture sufficiently for cyclization. In contrast, such high tempera-

tures are not available by conventional heating, where the reac-

tion temperature is limited by the boiling point of the solvent.

Zeng, Little et al. described an indirect electrochemical method

for the generation of 2-substituted benzoxazoles from Schiff

bases (Scheme 19) [64]. Using 20 mol % NaI as redox medi-

ator, the electrolysis is conducted under galvanostatic condi-

tions in an undivided cell. A two-phase system composed of a

sodium carbonate buffer solution and dichloromethane is

employed as electrolyte. The method features attractive yields

(70–95%) and a broad scope with regard to substitution on the

phenylene moiety (R1 and R2) and on the oxazole unit (R3).

Scheme 19: Synthesis of 2-substituted benzoxazoles from Schiff
bases.

2 Intermolecular cyclizations
2.1 Cycloadditions with anodically generated inter-
mediates
A well-established strategy for the construction of certain six-

membered heterocycles is the electrochemical generation of

heterodienes for Diels–Alder cycloadditions [65,66]. In this

context, electrosynthesis provides a significant advantage over

conventional methods: Instable diene precursors which are

difficult to synthesize by conventional means, can be conve-

niently generated in situ at low temperatures. The electrogener-

ated intermediate is subjected to cycloaddition either by in situ

trapping with the dienophile or by using the cation pool ap-

proach.

Chiba et al. reported an interesting example for the use of such

an electrochemically induced cycloaddition in natural product

synthesis. The cyclization method was used for the generation

of structures 54–56 (Scheme 20), which represent model com-
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Scheme 21: Cycloaddition of anodically generated N-acyliminium species 58 with olefins and alkynes.

pounds for euglobals, natural products which can be obtained

by extraction of eucalyptus leaves [65]. These structures consist

of a terpene element and a benzodihydropyran unit and feature

antiviral activity. First, quinomethane intermediate 53 is formed

upon indirect anodic oxidation of 52, which reacts with α-phel-

landrene at room temperature to give compound 54. Alter-

natively, 53 can be converted with α- and β-pinene to form

euglobal model compounds 55 and 56.

The electrolysis was carried out in an undivided cell under

potentiostatic conditions with a CH3NO2/Et4NOTs electrolyte.

DDQ was employed as a redox mediator, allowing for opera-

tion at a relatively low electrode potential of 0.45 V vs. SCE.

Furthermore, the use of PTFE-coated platinum as working elec-

trode proved to be beneficial. Presumably, the reaction

sequence proceeds within the hydrophobic electrode coating,

where the highly reactive intermediate 53 is protected from

side-reactions and the reaction with the hydrophobic dienophile

is facilitated.

Yoshida, Suga and co-workers reported on the use of electro-

generated N-acyliminium ions as heterodienes in [4 + 2]

cycloadditions [66]. It was found that these highly reactive

species, generated from silylated carbamate 57 at −78 °C

(cation pool method), undergo cycloaddition at 0 °C with a

variety of electron-rich alkenes and alkynes (Scheme 21) to

afford 1,3-oxazinan-2-ones 59 and 3,4-dihydro-1,3-oxazin-2-

ones 60, respectively. The product yields strongly depend on

the electronic character of the substituents on the dienophile.

While monoalkyl- and monophenyl-substituted dienophiles

generally render moderate to good yields, excellent results can

be obtained either with silylated or acetoxylated alkenes/

alkynes or with dienophiles containing two phenyl moieties.

The conversion of alkyl-substituted olefins proceeds stereo-

specifically with respect to E- and Z-configuration, yielding

either the cis- or trans-cycloadduct exclusively. Consistent with

the results of computational studies conducted by the authors,

this stereospecifity points towards a concerted reaction mecha-

nism. In contrast, cycloaddition of phenyl-substituted olefins

seems to proceed via a stepwise mechanism involving a cationic

intermediate, since partial loss of the stereospecifity was

observed.

Furthermore, the method for mixing of the cation pool with a

solution of dienophile plays an important role. Best results were

obtained by using a micromixer at 0 °C. While simultaneous

pouring of the solutions into a flask at −78 °C still renders

attractive results, addition of dienophile to 58 and vice versa

leads to significantly lower yields.

Due to the synthetic usefulness of aziridines, the aziridination of

olefins is of particular interest for organic chemists [3]. The

three-membered aziridine ring exhibits an enormous strain and

is therefore susceptible to ring-opening reactions with a variety

of nucleophiles [3,4]. Such transformations lead to 1,2-

heteroatom structures which are often found in pharmaceuticals

and natural products. Yudin et al. described an electrochemical

aziridination process where an anodically generated nitrene

equivalent was transferred to a broad range of olefins using

readily available N-aminophthalimide (Scheme 22) [67,68]. In

contrast to conventional olefin aziridation, which is typically

accomplished via metal-catalyzed nitrene transfer to the C–C-

double bond, the electrochemical approach proceeds reagent-

and catalyst-free. Both electron-rich and electron-deficient

olefins can be efficiently converted. The electrolysis is carried

out under potentiostatic conditions in a divided cell at room

temperature using a platinum working electrode. A mixture of

triethylamine and glacial acetic acid (1:1 molar ratio) in acetoni-

trile serves as electrolyte. The presence of acetate turned out to

be crucial for aziridine formation, since with the use of other

supporting electrolytes such as Bu4NBF4 the formation of the

desired product could not be observed. Apparently, acetate ions
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Scheme 24: Electrochemical synthesis of benzofuran and indole derivatives.

are stabilizing the anodically generated nitrene species via for-

mation of adduct 61 (Scheme 23), which then undergoes

concerted addition to the olefin. The fact that upon anodic oxi-

dation in absence of olefins, N-aminophthalimide dimerizes

readily to the corresponding tetrazene compounds, supports the

postulated intermediate 61. Furthermore, N-acetoxyamino

species 61 can be observed by NMR at temperatures below

5 °C. Finally, the stereospecifity of the reaction with respect to

Z- and E-configuration of the olefins is a further indication for a

concerted mechanism involving intermediate 61.

Scheme 22: Electrochemical aziridination of olefins.

Scheme 23: Proposed mechanism for the aziridination reaction.

2.2 Anellation of in situ generated 1,2-benzo-
quinones via sequential Michael addition/ring
closure
An electrochemical method for the synthesis of benzofuran and

indol derivatives is based on the oxidation of catechol in pres-

ence of 1,3-dicarbonyl compounds or analogous C,H-acidic

compounds 62 (Scheme 24) [69-72]. The anodically generated

1,2-benzoquinone undergoes a Michael reaction with 62 under

formation of adduct 63, which is further oxidized to give benzo-

quinone 64. Finally, anellation proceeds in a second Michael

addition step under formation of heterocyclic compound 65. In

the reported cases, both the generation of 1,2-benzoquinone and

the anellation reaction proceed smoothly at room temperature.

In addition to the fact that the reaction is carried out without the

use of oxidation agents, a further advantage of this method is

the possibility for operation in an aqueous electrolyte. Typi-

cally, aqueous sodium acetate or phosphate buffer solutions are

used for this type of reaction [69-72]. In many cases, the prod-

uct can be obtained in high purity by simple filtration of the

precipitate after completed reaction and thorough washing with

water.

The synthesis of 11,12-dihydroxycoumestan 67 by anodic oxi-

dation of catechol in the presence of 4-hydroxycoumarin was

reported by Tabaković et al. (Scheme 25, left) [69]. Using an

undivided cell, an aqueous sodium acetate electrolyte and a

graphite anode, the product was obtained in 95% yield. In a

similar fashion, benzofurans of type 68 and 69 were synthe-

sized by Nematollahi and co-workers from 3-substituted cate-

chols 66 (Scheme 25, right) [70,71]. Interestingly, the forma-

tion of 68 and 69 proceeds under very high regioselectivity.

Zeng et al. developed a method for the synthesis of 1,2-fused

indoles 71 (Scheme 26) based on the reaction depicted in

Scheme 24 [72]. In this example, 1,2-benzoquinone derivatives

are generated in the presence of ketene N,O-acetals 70. Out of

four possible regioisomers, 71a and 71b are exclusively formed

(in ratios 71a/71b between 1:1 and 1:2). In a follow-up study,

unreacted α-arylated ketene N,O-acetal intermediates (63,

Scheme 24) have been identified as byproducts [73,74].
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Scheme 25: Anodic anellation of catechol derivatives 66 with different 1,3-dicarbonyl compounds.

Scheme 26: Electrosynthesis of 1,2-fused indoles from catechol and ketene N,O-acetals.

Furthermore, it was demonstrated that ketene N,S-acetals can

also be employed for indole synthesis, although the use of these

substrates is associated with lower yields compared to N,O-

acetals [75].

2.3 Acyl iminium ions and alkoxycarbenium ions in
intermolecular cyclizations
Yoshida, Suga and co-workers investigated the electrochemical

synthesis of five-membered heterocycles by integration of an

intermolecular and an intramolecular step in one sequence. For

this purpose, acyl iminium ions, electrogenerated as a cation

pool at −78 °C, were converted at −23 °C with olefins bearing a

nucleophilic group (Scheme 27) [76]. The cyclization is initi-

ated by nucleophilic attack of the alkene on the acyl iminium

species under C,C-bond formation. The resulting cationic inter-

mediate is then trapped by the tethered nucleophile in an exo

cyclization step under formation of a C,O-bond and generation

of the five-membered heterocycle. Hydroxy, carboxy and oxime

moieties were tested as nucleophiles for this reaction, leading to

the corresponding tetrahydrofurans, γ-lactones and isoxazolines,

respectively.

Scheme 27: Reaction of N-acyliminium pools with olefins having a
nucleophilic substituent.
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Scheme 29: Electrochemical synthesis and diversity-oriented modification of 73.

The chemistry depicted in Scheme 13 was also used for the

construction of thiochroman frameworks in a sequential inter-

molecular cyclization reaction (Scheme 28) [77]. A cation pool

of methoxycarbenium ions is generated at −78 °C from the

corresponding th ioaceta l  us ing anodical ly  formed

ArS(ArSSAr)+, and converted at 0 °C with 4,4’-disubstituted

stilbenes and ArSSAr to give the desired thiochroman. Both ali-

phatic (R = alkyl) and benzylic (R = Ar) thioacetals can be

used, rendering the corresponding thiochroman in moderate to

good yields. The reaction does not proceed stereospecifically

with respect to E- and Z-configuration of the olefin. Out of four

possible diastereomers, only two are obtained.

2.4 Anodic oxidation of 2,4-dimethylphenol
An interesting electrochemical route to complex scaffolds

containing five membered O-heterocycles was found by Wald-

vogel and co-workers. In the course of their studies on the syn-

thesis of 2,2’-biphenols via anodic coupling of phenols [78,79],

they could observe the formation of spiropentacyclic scaffold

76 (Scheme 29) as byproduct of the electrolysis of 2,4-

dimethylphenol (72) [80]. Later it turned out that compound 73

(a dehydrotetramer of 72) is the actual electrolysis product,

which reacted to 76 via thermal rearrangement under loss of a

phenol unit during purification of the crude product by sublima-

tion [81]. The authors proposed a mechanism where the forma-

Scheme 28: Synthesis of thiochromans using the cation-pool method.

tion of 73 starts with the anodic generation of a derivative of

Pummerer’s ketone (74) from two phenol units. After a second

oxidation step and condensation with 72, intermediate 75 is

formed. Trapping by a further phenol unit results in product 73.

Since spiropentacycle 76 resembles the core moieties of several

natural products and therefore seemed to be a useful starting

point for further investigations [81], the authors decided to opti-

mize the reaction conditions in favor of the formation of 73. As

optimum reaction conditions, the use of a Ba(OH)2/MeOH elec-
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trolyte in combination with platinum electrodes and a current

density of 12.5 mA/cm2 was identified. Under these conditions,

73 precipitates in the course of the electrolysis and can be

obtained in high purity by simple filtration and washing. It was

also found that compared to thermal treatment, the rearrange-

ment of 73 to 76 proceeds by far more efficiently in the pres-

ence of sulfuric acid (Scheme 29, top right).

In a follow-up study, the elaborated electrolysis protocol served

as a key-step for the generation of a variety of polycyclic struc-

tures containing typical structural elements of bioactive com-

pounds [82]. Since 73 provides manifold possibilities for struc-

tural modifications, the generation of complex and structurally

diverse scaffolds could be achieved in very few steps (diversity-

oriented approach) [83]. In addition to the synthesis of 76, two

more examples for such diversity-oriented transformations are

depicted in Scheme 29 (middle right and bottom right): Struc-

tures 77 and 78 were obtained upon treatment with TFA/Et3SiH

and BF3∙OEt2/2,4-dimethoxyphenol, respectively.

Conclusion
Undoubtedly, much progress has been made in the electrochem-

ical synthesis of heterocyclic compounds since Tabaković's

review appeared in 1997. Advances in anodic olefin coupling or

electrochemically induced radical cyclization have made impor-

tant contributions to this field. Moreover, the emergence of the

cation-pool method has significantly expanded the toolbox of

the electrochemist with regard to the synthesis of heterocyclic

compounds. In many cases, the unique selectivity of electro-

chemical transformations could successfully be utilized for the

construction of heterocyclic cores within natural products. It

was also demonstrated that electrosynthesis can be a useful

method for the generation of complex heterocyclic scaffolds

from very simple precursors in a single step.

Obviously, electrosynthesis provides a number of possibilities

for the construction of heterocyclic cores. In many cases, elec-

trochemistry represents a complementary method to conven-

tional synthesis, due to unique selectivity and the possibility for

electrochemical Umpolung. However, considering the fact that

heterocycle-containing compounds represent the major part of

active ingredients in pharmaceutics and crop protection, a lack

of efficient protocols for the electrosynthesis of such com-

pounds becomes evident. In particular, the electrochemical

construction of aromatic heterocycles deserves more attention,

since they represent the larger portion of drugs [1]. Moreover,

most of the electrochemical heterocycle syntheses reported so

far were achieved by anodic oxidation, whereas cathodic hete-

rocycle generation seems to represent a rare case. Of course this

means that there are unexplored territories and numerous oppor-

tunities for research in this field.

Table 1: List of abbreviations.

Abbreviation Explanation

C.C.E. constant current electrolysis
C.P.E. constant potential electrolysis
AIBN azobisisobutyronitrile
tmc 1,4,8,11-tetramethylcyclam
DMSO dimethyl sulfoxide
HFIP 1,1,1,3,3,3-hexafluoroisopropanol
EA electroauxiliary
DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
SCE saturated calomel electrode
PTFE polytetrafluoroethylene
PIFA [bis(trifluoroacetoxy)iodo]benzene
TFA 2,2,2-trifluoroacetic acid
TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl
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Abstract
N-acyliminium ions are useful reactive synthetic intermediates in a variety of important carbon–carbon bond forming and cyclisa-

tion strategies in organic chemistry. The advent of an electrochemical anodic oxidation of unfunctionalised amides, more

commonly known as the Shono oxidation, has provided a complementary route to the C–H activation of low reactivity intermedi-

ates. In this article, containing over 100 references, we highlight the development of the Shono-type oxidations from the original

direct electrolysis methods, to the use of electroauxiliaries before arriving at indirect electrolysis methodologies. We also highlight

new technologies and techniques applied to this area of electrosynthesis. We conclude with the use of this electrosynthetic ap-

proach to challenging syntheses of natural products and other complex structures for biological evaluation discussing recent techno-

logical developments in electroorganic techniques and future directions.

3056

Review
N-Acyliminium ions are synthetically versatile
N-Acyliminium ions [1,2] have a long and distinguished history

in organic chemistry being important components in

carbon–carbon bond forming reactions and in the generation of

cyclic and heterocyclic ring systems through such classic named

reactions as the Pictet–Spengler and Diels–Alder [3,4]. There

have been many excellent and comprehensive reviews on the art
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Scheme 1: Application of anodic oxidation to the generation of new carbon-carbon bonds [11].

Scheme 2: The influence of the amino protecting group on the “kinetic” and “thermodynamic” anodic methoxylation [16].

of electroorganic synthesis and the reader is directed to these

articles for a thorough background and insight into the many

facets of electrosynthesis [5-10]. In this review, we focus upon

the development and application of the Shono-type electro-

chemical oxidation of unfunctionalised amides (last comprehen-

sively reviewed in 1984 by Prof. T. Shono) [10] to N-acyl-

iminium ion intermediates and their application to synthetic

challenges.

The Shono electrooxidation route to N-acyl-
iminium intermediates
Shono and colleagues reported the first direct electrochemical

anodic oxidation of an α-methylene group to an amide (or

carbamate) to generate a new carbon–carbon bond via an anodic

methoxylation step and Lewis acid mediated generation of an

N-acyliminium ion reactive intermediate; Scheme 1 overviews

such a process [11].

Although the anodic oxidation/alkoxylation of amides pre-dates

this work [12,13], Shono showed the synthetic utility of

combining an electroorganic step with key carbon–carbon bond

forming reactions required in synthetic organic chemistry. The

key anodic methoxylation is operationally straightforward with

a standard electrochemical set-up using carbon electrodes and is

well documented [14,15]. The anodic methoxylation of unsym-

metrical amides raises a key question regarding the regioselec-

tivity of the products formed. Onomura and colleagues have

detailed the influence of the protecting group on nitrogen on a

series of cyclic amines on the product formed. It was argued the

protecting group would influence and stabilise the N-acyl-

iminium ion formed, therefore altering the regioselectivity of

the product obtained. It was found that in all cases (e.g., carbon-

yl or sulfonyl-based protecting groups and ring size, n = 1 or 2)

the kinetic-type product was exclusively formed except when

the protecting group (PG) was changed to a cyano group the

thermodynamic-type product was the dominant product formed

(see Scheme 2) [16]. Looking more closely at these examples

(PG = CN), it was found that increasing the size of the R group

had little effect in adjusting the kinetic/thermodynamic ratio

when the ring size was n = 1. The kinetic/thermodynamic ratio

became more pronounced when n = 2 and the thermodynamic

product was formed exclusively when large R groups were used

(for example, phenyl).

The conventional two-step electrochemical procedure for the

generation of the N-acyliminium ion and trapping with solvent

(e.g., methanol), regenerating the N-acyliminium ion through

treatment with a Lewis acid (quenching with the nucleophile)

can be overridden by the “cation pool” method [17]. The cation

pool methodology relies on the low temperature electrolysis of

carbamates to accumulate the N-acyliminium ion reactive inter-

mediate then under non-oxidative conditions the nucleophile is

introduced. Importantly, the nucleophile cannot be present

when the N-acyliminium ion is being formed under electro-

chemical conditions, as in most cases it is easier to oxidise the

nucleophile than the amide precursor. This circumvents the

need to prepare, trap and release the N-acyliminium cation

under more favourable conditions, allowing the direct α-alkyl-

ation or arylation of carbamates (Scheme 3); the cation pool

method has been extensively studied [17-31].
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Scheme 3: Example of the application of the cation pool method [17].

Scheme 4: A thiophenyl electroauxiliary allows for regioselective anodic oxidation [32].

The use of electroauxiliaries
The concept of electroauxiliaries has proven useful for devel-

oping and expanding the scope of the Shono-type oxidation of

carbamates; electroauxiliaries activate organic compounds

towards electron transfer controlling the fate of the generated

reactive intermediates and assist in the formation of the desired

products. Tin, silicon or sulfur-based electroauxiliaries have

proved useful in this endeavour. Yoshida and co-workers devel-

oped an organothio electroauxiliary that is selectively cleaved

under anodic oxidation conditions [32,33]. Although the intro-

duction of an electroauxiliary requires an additional synthetic

step to prepare, the resulting carbon–tin, carbon–silicon or

carbon–sulfur bond has a less positive oxidation potential than

an unfunctionalised carbamate. Therefore, exquisite control can

be exerted on the introduction of the nucleophile to the C–X

bond that contains the electroauxiliary (Scheme 4).

Similarly, α-silyl-carbamates undergo low potential anodic oxi-

dation reactions with complete regiocontrol and in special cases

diastereoselectivity [34,35]. Interestingly, a porous graphite felt

anode and a stainless steel cathode were utilised in a flow cell

set-up [35]. An important example of the scope and synthetic

potential of the silyl electroauxiliary approach was reported by

Yoshida (Scheme 5) in combination with a chiral auxiliary a

highly diastereoselective cationic carbohydroxylation occurred

[18]. The proposed formation of a bicyclic intermediate 18

resulting from a cycloaddition reaction would enhance the dia-

stereoselectivity of the hydration step compared to an acyclic

intermediate that would be formed in the step-wise mechanism

to 18. The authors’ suggest the step-wise mechanism does play

a role in reducing the diastereoselectivity of the reaction when

the alkene is aryl- or alkyl-substituted. The hydration step can

occur via pathway a or b to afford 17 (dr ca. 3:2).

The N-acyliminium ions formed during an anodic oxidation of a

silyl auxiliary can be coupled to a radical pathway using a

radical initiating agent such as distannane (Scheme 6). This

allows the N-acyliminium ion to react with an alkyl halide to

generate the typical carbon–carbon products of the Shono oxi-

dation [19,27,28] Examples of reactions with activated olefins

have been reported using the generation of carbon free radicals

from the cation pool method [24,25].

Indirect electrolysis methods
The only indirect anodic oxidation method to perform the

Shono-oxidation with a thiophenyl electroauxiliary has been

reported by Fuchigami and co-workers [36]. Using a catalytic

triarylamine redox mediator, anodic fluorodesulfurization

occurred (Scheme 7). Direct Shono-type fluorination of an

α-carbon to an amide has also been reported [37].
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Scheme 5: A diastereoselective cation carbohydroxylation reaction and postulated intermediate 18 [18].

Scheme 6: A radical addition and electron transfer reaction of N-acyliminium ions generated electrosynthetically [19].

Scheme 7: Catalytic indirect anodic fluorodesulfurization reaction [37].

Technical advances in the Shono electroxi-
dation reaction
The “cation-pool” method for the generation of N-acyliminium

ions [17-31] has been adapted to efficiently generate novel

small molecules in an electrochemical microflow system

[26,30]. Combining the advantages of the cation-pool method

with microflow technologies has enabled the concept of “cation

flow” systems (Figure 1). In this arrangement a porous carbon

felt is used as an anode and a platinum wire coil is used as the

cathode; the flow cell is placed into a dry ice bath to maintain

the −78 °C temperature required. Cation flow systems can be

used to prepare individual molecules and combined with the

concept of combinatorial chemistry to generate libraries of com-

pounds.
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Figure 1: Schematic of a cation flow system and also shown is the electrochemical microflow reactor reported by Suga et al. Figure redrawn from
reference [30].

A further advance to the micro-flow reactor strategy is to use a

parallel laminar flow set-up (Figure 2 overviews such an experi-

mental design) [38,39]. Due to the small size of the flow

channel when two liquids are injected the liquid–liquid contact

area will remain stable and laminar, where only contact between

anodically generated carbocations occurs by mass transfer

diffusion across the liquid–liquid contact area. Therefore, one

liquid can be oxidized and the other liquid containing the

nucleophile can intercept the N-acyliminium ion formed in the

microflow reactor (when the two sides of the channel are anode

and cathode) (viz. Figure 2).

Figure 2: Example of a parallel laminar flow set-up. Figure redrawn
from reference [38].

This technique of microflow mixing can also be applied to the

synthesis of polymers [29]. A single channel miniaturised

microfluidic electrolysis cell that is modular with other

microfluidic techniques has now been developed to perform

anodic methoxylation reactions [40]. Microflow mixing can

confer other advantages such as increase electrode surface to

reactant volume and reduced distance between electrodes. It has

also been shown that electroorganic synthesis can be performed

without supporting electrolyte in a microflow system [41]. If the

cation pool method is unsuitable, for instance due to the insta-

bility of the cation formed, Chiba and co-workers have

proposed a reversible capture method [42]. Using liquefiable

micelle-like microparticles containing a thiomaleimide unit,

N-acyliminium ions generated electroorganically can be inter-

cepted and tagged in situ. The tagged and now stable “reactive

intermediate” can then be removed from the electrolyte solu-

tion. Warming the tagged “reactive intermediate” converts the

micelle (eicosane, a thermosensitive alkane) from solid to liquid

and releases the thiomaleimide tagged N-acyliminium ion.

Further warming breaks the C–S bond and allowed the regener-

ation of the N-acyliminium ion in a new solution containing the

desired nucleophile interceptor to immediately react with the

N-acyliminium ion as it is released from its thiomaleimide tag

(Figure 3).

A micromixer has been used to generate an N-acyliminium ion

pool and under Friedel–Crafts conditions mono-alkylation prod-

ucts are formed (Scheme 8) [43,44]. A problem with conven-

tional Friedel–Crafts alkylation is the mono-alkylated product is

more reactive than the starting material making di- and tri-

alkylation products more likely. Improved yields and ratios of

up to 96:4 mono-alkylated to dialkylated were observed using

the cation pool micromixing strategy.

Acoustic emulsification can be used when the desired nucleo-

phile for an anodic methoxylation reaction which is insoluble in

the electrolyte [45,46]. Figure 4 depicts the experimental set-up

where the nucleophile is insoluble in an electrolytic medium

and is dispersed as sub-micrometre sized droplets by the appli-

cation of power ultrasound; such an approach results in a high

interfacial liquid–liquid area of the sono-emulsion and trapping

of the product.

Power ultrasound (20 kHz) induced a “temporarily soluble”

droplet of the nucleophile that can then intercept the N-acyl-

iminium ion. Electrosynthesis have been adapted to use solid-

supported bases [47-51], performing the electrosynthesis on

compounds directly attached to a catch and release solid-

support [52], or having the nucleophile solid-supported [53].

The use of ionic liquids as a green electrolyte/solvent [54] and

using solar power to provide the electrical current [55] are some
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Figure 3: A catch and release cation pool method [42].

Scheme 8: Micromixing effects on yield 92% vs 36% and ratio of alkylation products [43].

of the recent additions to make electrosynthesis even more envi-

ronmentally friendly. Further advances have been made using

spatially addressable electrolysis platform’s (SAEP) [56]. This

technique has been used to prepare both parallel and combinato-

rial libraries using Shono-type oxidation on a microarray. Some

technical aspects of anodic alkoxylation have been patented

[57].

The use of the Shono-type electrooxidation in
multiple branches of synthetic organic
chemistry
The enantioselective electrooxidation of sec-alcohols mediated

by azabicyclo-N-oxyls has been reported by Onomura and

colleagues [58,59]. The azabicyclo-N-oxyl oxidation mediators

were themselves prepared by anodic methoxylation. A chiral

example of the azabicylco-N-oxyl was employed to kinetically

resolve racemic sec-alcohols (Scheme 9).

The preparation of 1-(N-acylamino)alkyl sulfones from the

anodic electrooxidation of non-Kolbe or Shono-type precursors

affords the expected α-methoxyl products. Treatment with

triphenylphosphonium salts and sodium aryl sulfinates afforded

stable crystalline precursors of N-acyliminium ions that are acti-

vated by base [60]. The anodic methoxylation products of

unfunctionalised amides can be converted to carbonyl com-

pounds (aldehydes or esters) by treatment with cobaltacene [61]

or be used as starting materials for the Morita–Baylis–Hillman-

type reaction [62]. Anodic methoxylation can be combined with

biocatalytic approaches to prepare stereodivergent 4-hydroxy-

piperidines [63]. 3-Hydroxy-6-substituted piperidines inacces-
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Figure 4: Schematic illustration of the anodic substitution reaction system using acoustic emulsification. Figure redrawn from reference [45].

Scheme 9: Electrooxidation to prepare a chiral oxidation mediator and application to the kinetic resolution of sec-alcohols [58].
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Scheme 11: An electrochemical multicomponent reaction where a carbon felt anode and platinum cathode were utilised and carried out at −78 °C
[22].

sible by conventional synthesis approaches can also be effec-

tively synthesised by anodic methoxylation [64].

The scope of the anodic methoxylation has so far been limited

to either acyclic or 4–6-membered ring sizes, the use of elec-

trosynthetic approaches can also be applied to larger

7-membered ring systems, albeit less frequently [65,66].

β-Lactams (4-membered rings) undergo anodic oxidation of the

carbon–silicon bond (when an electroauxiliary is present) or

direct carbon–hydrogen bond fission to afford the α-methoxy-

lated product (Scheme 10) [67,68].

Scheme 10: Electrooxidation reactions on 4-membered ring systems
[68].

The direct anodic oxidation reaction to afford the N-acyl-

iminium ion can be intercepted with a carbon nucleophile

enantioselectively when a chiral auxiliary is attached either to

the carbamate or amide (Figure 5) [69-71] (using a platinum

anode and tungsten cathode electrochemical set-up) [69] or the

use of Cu-PyBox chiral ligand systems [72].

The cation pool method can be adapted to a multicomponent

reaction (MCR) when an N-acyliminium ion is intercepted by

an enamine [22]. Although the electrochemically generated

N-acyliminium ion has reacted, the enamine generated a second

Figure 5: Example of a chiral auxiliary Shono-oxidation intermediate
[69].

N-acyliminium which in turn can be intercepted by another

carbon nucleophile (Scheme 11). It was postulated that inter-

mediate 52a could cyclise to the bicyclic system 52b. It proved

difficult to determine the cis/trans relationship in many exam-

ples due to the presence of rotameric forms, however the prod-

ucts of phenyl magnesiumbromide were identified to be trans

presumably due to opposite face attack of intermediate 52b.

Bicyclic lactams [73] and tricyclic systems [74] have also been

prepared using the anodic oxidation route. Possibly, one of the

most important uses of the Shono oxidation has been in the

development of the [4 + 2] cycloaddition, more commonly

known as the Diels–Alder reaction for the controlled prepar-

ation of N-acyliminium ions to react with dienophiles

(Scheme 12) [21,23]. Another facet of this reaction was the

controlled application of micro-mixing resulted in a significant

improvement in isolated yield of the desired cycloadduct

compared to batch synthesis (79% vs 20–57%).

The electrochemical version of the Diels–Alder reaction is

gaining in popularity with an elegant synthesis of the natural

product, kingianin A, recently published by the Moses group,

albeit not through a Shono or non-Kolbe mechanism [75].
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Scheme 12: Preparation of dienes using the Shono oxidation [23].

Scheme 13: Combination of an electroauxiliary mediated anodic oxidation and RCM to afford spirocyclic compounds [76].

Scheme 14: Total synthesis of (+)-myrtine (66) using an electrochemical approach [78].

The Shono-type electrooxidation has been used to prepare

spirocyclic compounds using a double silyl electroauxiliary ap-

proach (Scheme 13) [76,77]. The ability to introduce two

carbon–carbon bonds on to the same α-carbon to prepare spiro-

cyclic systems is a challenge, yet the application of electro-

chemistry in tandem with ring closing metathesis (RCM)

readily achieved this feat.

The use of the Shono-type electrooxidation in
natural product synthesis
The synthesis of natural products is considered a good test of

the synthetic potential of a new reaction. The Shono-type oxi-

dation has proved itself in the following syntheses. Hurvois and

colleagues have reported an electrochemical asymmetric syn-

thesis of (+)-myrtine (66) as shown in Scheme 14 [78]. (+)-



Beilstein J. Org. Chem. 2014, 10, 3056–3072.

3065

Scheme 15: Total synthesis of (−)-A58365A (70) and (±)-A58365B (71) [79].

Scheme 16: Anodic oxidation used in the preparation of the poison frog alkaloid 195C [80].

Myrtine (66) is a member of the trans-4,9a-quinolizidin-2-one

family, originally isolated from Vaccinium myrtillis (Ericaceae).

The synthesis relied on the introduction of a cyano group fol-

lowed by α-deprotonation by LDA and installation of a methyl

group. Reductive decyanation of the α-amino nitrile, reinstalled

the N-acyliminium ion. Reduction of the N-acyliminium

afforded the major diastereoisomer as shown in Scheme 14 in

79% after column chromatography. Further synthetic modifica-

tion of this key intermediate afforded the total synthesis of (+)-

myrtine (66) in a further 5 steps in an overall yield of 30%.

The Moeller research group has used an anodic amide oxi-

dation for the total synthesis of the angiotensin-converting

enzyme inhibitors, (−)-A58365A (70) and (±)-A58365B (71)

(Scheme 15) [79]. This synthesis highlighted the power of the

anodic amide oxidation-N-acyliminium ion cyclisation strategy

in the presence of a disubstituted acetylene nucleophile. Anodic

oxidation proceeded in high yield and a smooth cyclisation of

the pendant acetylene nucleophile was triggered by treatment

with titanium tetrachloride. Ozonolysis of the chloromethyl

alkene intermediate afforded the carbonyl compound and the

5,6 and 6,6-ring systems of the target compounds.

Toyooka and co-workers have designed a route to both enan-

tiomers of the quinolizidine poison frog alkaloid 195C. Key to

the success of their synthetic endeavour was the preparation via

direct anodic oxidation of intermediate 73 (Scheme 16) [80].

195C had never before been prepared enantioselectively and the

first total synthesis of 195C utilised a key asymmetric Shono

oxidation step.

Electrosynthesis using anodic oxidation has also been applied to

the α-methylene of an amide for the preparation of iminosugars

[81,82]. Iminosugars have shown a variety of biological effects
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Scheme 17: Preparation of iminosugars using an electrochemical approach [81].

Scheme 18: The electrosynthetic preparation of α-L-fucosidase inhibitors [84,85].

Scheme 19: Enantioselective synthesis of the anaesthetic ropivacaine 85 [71].

including inhibiting glycosidases and glycoprotein-processing

enzymes. Onomura and Matsumura and colleagues have used

the anodic methoxylation and mild acid treatment strategy to

prepare the initial starting materials in the synthetic campaign

(Scheme 17).

The Shono-type oxidation of unfunctionalised amides has been

applied to the synthesis of inhibitors of a variety of biological

targets [83], in particular α-L-fucosidase [84,85]. Toyooka and

co-workers also applied anodic methoxylation to prepare

iminosugars as potent inhibitors of α-L-fucosidase, an impor-

tant target in the inflammation response (Scheme 18). The

α-methoxy group introduced could then be intercepted via an

N-acyliminium ion intermediate with a variety of C–C bond

forming reagents. The compounds prepared were interrogated

for bioactivity against α-L-fucosidase and related targets and

IC50’s of as low as 1 nM were reported for α-L-fucosidase with

limited off-target activity.

The total synthesis of the anaesthetic ropivacaine (85) was

accomplished enantioselectively using as its key step a direct

anodic oxidation to prepare at low temperatures a cation pool of

N-acyliminium ions that were intercepted with cyanide [71].

The enantioselectivity induced in this step was as a result of

using a chiral auxiliary, 8-phenylmenthyl attached to the carba-

mate (Scheme 19).

Other natural product syntheses have used the anodic oxidation

approach, often as the first step in a synthesis campaign to func-

tionalise a pyrrolidine or piperidine carbamate [86,87].



Beilstein J. Org. Chem. 2014, 10, 3056–3072.

3067

Scheme 20: The preparation of synthetically challenging aza-nucleosides employing an electrochemical step [88].

Scheme 21: Synthesis of a bridged tricyclic diproline analogue 93 that induces α-helix conformation into linear peptides [90].

A lithium perchlorate–nitromethane system was used to prepare

electrochemically azanucleoside derivatives [88]. Unactivated

prolinol derivatives underwent anodic oxidation to generate

N-acyliminium ions that were intercepted by nucleophilic bases

such as the nucleobases: protected cytosine, guanine 87,

adenine, and thymine to afford azanucleoside products such as

88 (Scheme 20).

The use of the Shono-type electrooxidation in
peptide and peptidomimetic chemistry
The preparation of a bridged tricyclic analogue to induce an

α-helix conformation in a linear peptide sequence was accom-

plished using an anodic oxidation step (Scheme 21). The stabili-

sation of linear peptides via inducing a stabilised secondary

structure is of importance in mimicking protein–protein interac-

tions (PPI) for diseases such as cancer and HIV [89,90]. The

methoxylated intermediate 90 was treated with a Lewis acid and

vinylmagnesium bromide to afford the trans-diastereomer after

column chromatography. Coupling of 91 and 92 (prepared

using conventional chemistry) resulted in the peptide-turn

inducing compound 93.

The Moeller research group has carried out extensive research

into the synthesis of functionalised peptides and peptido-

mimetics using the anode oxidation strategy [91-95]. The

anodic oxidation of pyrrolidine derivatives and silylated

peptides afforded a variety of bicyclic lactam peptidomimetics

and functionalised peptides (Scheme 22) [91,92,94]. Con-

strained amino acid mimics such as 95 are important molecules

as they display their functional group in a highly ordered way

and can be used to mimic, for example, a proline residue of a

natural peptide.

The Moeller research group has also employed an electrosyn-

thetic approach to the synthesis of a peptidomimetic of

substance P [93]. Substance P is an 11 amino acid peptide that

contains a phenylalanine7–phenylalanine8 linkage (Phe7–Phe8)

and a member of the mammalian tachykinin family of peptides

implicated in diseases such as arthritis, asthma, inflammatory

bowel disease and depression. Electrosynthesis of 3-phenylpro-

line, mono- or bicyclic piperazinone derived cores (conforma-

tionally constrained mimics of the Phe7–Phe8 linkage) afforded

the non-natural peptides. These compounds displayed their

amino acid residues in similar conformations to the receptor

bound conformation of substance P. The three analogues

prepared (Scheme 23; 98–100) showed competitive binding of

the native ligand with IC50’s = 32, 80, 5 µM using a radioiodi-

nated peptide binding to the NK1 receptor in Chinese Hamster

Ovary (CHO) cells (native ligand IC50 = 0.3 nM).

The preparation of arginine mimetics is an ongoing challenge

for chemical biology and epigenetics. Dhimane and co-workers



Beilstein J. Org. Chem. 2014, 10, 3056–3072.

3068

Scheme 22: Synthesis of (i) a peptidomimetic and (ii) a functionalised peptide from silyl electroauxiliary precursors [91].

Scheme 23: Examples of Phe7–Phe8 mimics prepared using an electrochemical approach [93].

utilised a strategy of anodic methoxylation to complete the first

step in the synthesis of 106 (Scheme 24) [96,97].

The preparation of chiral (up to 99% ee) cyclic amino acids was

achieved by Onomura and colleagues (Scheme 25) [20]. In their

paper, the authors justify the choice of the anode and cathode

material, something not always considered by others working in

the field of electrosynthesis, where it was shown that through

different combinations of cathode and anodes the product yield

was affected and also different amounts of electricity (Fmol−1)

was required [20]. The authors also detail a deallylation and a

debenzylation deprotection method to 108. An alternative

strategy to chiral amino acids was demonstrated by Kuźnik and

colleagues [98] through the electrochemical preparation of

3-triphenylphosphine-2,5-piperazinediones as chiral glycine

cation equivalents. Steckhan and co-workers have previously

demonstrated the power of electrosynthetic chiral glycine

equivalents [99,100].
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Scheme 24: Preparation of arginine mimics employing an electrooxidation step [96].

Scheme 25: Preparation of chiral cyclic amino acids [20].

Scheme 26: Two-step preparation of Nazlinine 117 using Shono flow electrochemistry [101].

Combination of technology and natural
product analogue synthesis
Lastly, Ley and co-workers have recently reported the expe-

dient synthesis of indole alkaloid nazlinine 117 (Scheme 26)

using a commercial electrochemical flow cell which allowed the

electrolyte loading to be reduced yet still obtained high conver-

sion and product purity [101]. Interestingly, the use of steel or

platinum electrode resulted in no conversion to the product and
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was only possible using a carbon anode. The reason for this was

not eluded to and voltammetry was not performed.

The judicial employment of a Shono electrooxidation coupled

to a flow cell led to the preparation of a range of α-methoxy

cyclic amines in excellent yield. The Ley group then tested this

enabling route to the total synthesis of the natural product,

nazlinine 117. Nazlinine was isolated in 1991 from the plant,

Nitraria schoberi, and exhibits serotonergic bioactivity. There

had been only two previous syntheses of nazlinine and neither

was sufficiently modular to prepare not only nazlinine but struc-

turally similar analogues. The α-methoxy cyclic amines were

treated with tryptamine (or analogues) and a camphorsulfonic

acid (CSA)-mediated Pictet–Spengler reaction afforded the

desired Nazlinine and structural variants in one pot.

Conclusion
In this review article we have highlighted the scope of the

Shono-type electrooxidation from simple intermediate syn-

thesis to natural product total syntheses and looked at the possi-

bilities of molecularly engineering reaction set-ups to drive the

formation of a desired compound electrochemically. We note

from the above exciting work that electrochemical parameters

and experimental set-ups are in some cases arbitrary with no

real consideration or foresight and there remains a great deal

further to explore. To quote the namesake of this paper Prof.

Tatsuya Shono in his 1984 review “Since electroorganic chem-

istry seems rather unfamiliar to those investigating organic syn-

thesis, the purpose of this review is to show that electroorganic

chemistry is one of the promising tools for organic synthesis”

[10]. Some excellent progress has been made in the intervening

years and still further progress is needed; namely, employing a

collaborative approach between synthetic chemists and electro-

chemists to significantly progress this exciting and burgeoning

field.
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Abstract
Dendronized polystyrene having peripheral bromo groups was prepared from the dendronization of unfunctionalized polystyrene

with dendritic diarylcarbenium ions bearing peripheral bromo groups using the “cation pool” method. The palladium-catalyzed

amination of the peripheral bromo groups with diarylamine gave dendronized polystyrene equipped with peripheral triarylamines,

which exhibited two sets of reversible redox peaks in the cyclic voltammetry curves.

3097

Introduction
Assembling small functional molecules using dendrimers [1]

and dendronized polymers [2-8] as scaffolds serves as a useful

method for synthesizing organic functional materials having

nanosize three-dimensional structures. Although there are many

examples of redox-active dendrimers, including those equipped

with ferrocene [9,10], triarylamines [11-14], and tetrathiafulva-

lene (TTF) derivatives [15-19], the corresponding dendronized

polymers are rare [20]. One of the major reasons for this seems

to be the difficulty in making such structures. However, redox-

active dendronized polymers should provide more opportuni-

ties to form functional organic materials, and therefore, the

development of efficient methods for the synthesis of redox-

active dendronized polymers is highly desirable. Recently, we

have developed a new method [21-26] for the synthesis of

dendronized polymers [27] from the dendronization of unfunc-

tionalized polystyrenes with electrogenerated dendritic diaryl-

carbenium ions. The simplicity and step economy of this

method prompted us to synthesize dendronized polymers

equipped with peripheral functional groups by the use of this

method.

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:yoshida@sbchem.kyoto-u.ac.jp
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Figure 2: Preparation of the dendrimer having peripheral bromo groups and their conversion to diarylamino groups. aOxdation potential (Eox). bRedox
potential (E1/2).

In principle, there are two synthetic approaches for synthe-

sizing peripherally functionalized dendronized polystyrenes:

(a) the functionalization of dendronized polystyrene (the “graft

from” approach, Figure 1a); and (b) dendronization of poly-

styrenes with the dendritic carbocation equipped with func-

tional groups (the “graft to” approach, Figure 1b). Both

approaches have advantages and disadvantages. In the former

case, more dendritic scaffolds can be introduced by functional-

ization, but structural inhomogeneity can occur from incom-

plete peripheral functionalization. In the latter approach, direct

dendronization by the functionalized diarylcarbenium ions may

be difficult, although the dendritic substituents would have a

uniform structure. In this paper we report on the synthesis of

redox-active dendronized polystyrenes via the peripheral modi-

fication of dendronized polystyrene [28].

Results and Discussion
Dendrimer 4, having a bromo functionality was prepared on

a multigram scale, as shown in Figure 2. Di(p-bromo-

phenyl)carbinol (1) was treated with SOCl2 to obtain di(p-

bromophenyl)methyl chloride (2) in quantitative yield. A

Friedel–Crafts-type alkylation [29] of diphenylsilane 3 with 2 in

the presence of boron trifluoride etherate as a Lewis acid gave 4

in 86% yield. The oxidation potential of 4 (Eox = 1.17 V vs

SCE) is slightly lower than that of the fluorine analogue

Figure 1: Two synthetic approaches toward the peripherally functional-
ized dendronized polystyrenes (blue dotted line = polystyrene, orange
sector = dendron of the 1st generation, dark orange sector = dendron
of the 2nd generation). (a) Peripheral functionalization of the
dendronized polystyrene (“graft from” approach). (b) Dendronization
with dendritic diarylcarbenium ions equipped with functional groups
(“graft to” approach).

(Eox = 1.25 V vs SCE) which was used as a precursor of the

dendritic cation in our previous work [25], indicating that

bromine analogue 4 can act as a precursor of the dendritic

cation.

The functionalization of 4 was examined before studying the

functionalization of dendronized polystyrene. Thus, di(p-

methoxyphenyl)amino groups were introduced to 4 using a
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Figure 3: Preparation of dendronized polystyrenes having peripheral diarylamino groups.

Buchwald–Hartwig amination [11]. The choice of a base is

crucial for this transformation, and the transformation was

successfully carried out using Cs2CO3 as a base and

Pd[P(t-Bu)3]2 as a catalyst [30] to obtain the dendrimer 5

having peripheral diarylamino groups in a yield of 77%. Com-

pound 5 can serve as the precursor of dendritic diarylcarbenium

ions having peripheral triarylamine structures. However, its

redox potential (E1/2 = 0.79 V vs SCE) is much lower than the

oxidation potential of dendrimer 4, indicating that the triaryl-

amine moiety is oxidized before the benzylsilane moiety. Using

the “graft to” approach to synthesize peripherally functional-

ized dendronized polystyrene (Figure 1b) employing 5 as a

precursor of the dendritic carbocation was unsuccessful. Low-

temperature electrochemical oxidation of dendrimer 5 using the

“cation pool” method [31-47] did not give the corresponding

dendritic diarylcarbenium ion even, when subjected to excess

capacitance (up to 5.0 F/mol).

Next, we examined the “graft-from” approach (Figure 3). The

low-temperature electrochemical oxidation of dendrimer 4

using the “cation pool” method was performed in CD2Cl2, and

the resulting anodic solution was transferred to NMR tubes.
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Table 1: Molecular weight analyses of the dendronized polystyrenes.

polymer GPC SEC-MALLS

Mn Mw PDI Mn Mw PDI

7ba 9,300 9,490 1.02 – – –
8b 18,800 19,900 1.06 59,400 62,000 1.04
9 18,200 22,100 1.21 175,800 226,000 1.29

aPolymer 7b was analyzed only by GPC.

Figure 4: MALDI–TOF MS analysis of the dendronized polystyrene
with peripheral bromo groups.

Low-temperature NMR analysis indicated that an accumulation

of dendritic diarylcarbenium ion 6 in the solution had occurred.

The chemical shift of the cationic carbon (13C NMR δ 194.8)

and that of the proton attached to the cationic carbon (1H NMR

δ 9.93) indicated that there was no interaction between the

cationic carbon and peripheral bromo groups, because the

chemical shifts were almost identical to those of the fluorine

analogue (13C NMR δ 194.4, 1H NMR δ 9.92) [25].

The reaction of 6 (generated on a preparative scale in CH2Cl2)

with a low-molecular weight polystyrene 7a (Mn = 1,580, poly-

dispersity index (PDI) = 1.04, 22 mg) was performed at 0 °C

(Figure 3). The resulting dendronized polystyrene 8a was char-

acterized using MALDI–TOF MS analysis. Six peak groups

were observed, as shown in Figure 4. The peak occurring at

10,573 Da [M + Ag+] is derived from 11 dendritic substituents

(815 Da × 11), 14 styrene units (103 Da × 11 + 104 Da × 3),

and a butyl group (58 Da), which was derived from the initiator

at the end of the polystyrene. The broader peaks seem to be

attributable to two isotopes of the bromo groups (79 and 81 Da),

and the small peak separation 101–103 Da is consistent with the

molecular weight of styrene monomer (104 Da). The MS

analysis indicated that 6 reacted with about 80% of the phenyl

groups on polystyrene 7a. This ratio is consistent with the

implemented rate (77%) calculated from the increase in weight

of the polystyrene (22 mg to 150 mg).

In a similar manner, dendronized polystyrene 8b was synthe-

sized from polystyrene having a longer chain length 7b

(Mn = 9,300, PDI = 1.02). Using GPC analysis to estimate the

molecular weight of the dendronized polymer was not appro-

priate, because both the Mn and Mw values of the obtained

dendronized polystyrene 8b were only twice that of the starting

polystyrene 7b (Table 1). SEC–MALLS analysis indicated that

6 reacted with about 70% of the phenyl groups on polystyrene

7b. This ratio is slightly larger than the implemented rate (55%)

calculated from the increase in weight of the polystyrene

(156 mg to 820 mg).

The peripheral bromo groups of 8b were converted to diaryl-

amino groups using a Hartwig–Buchwald amination employing

Pd[P(t-Bu)3]2 (10 mol %) and Cs2CO3 (12 equiv) to obtain 9.

Dendronized polystyrene 9 was also analyzed using GPC and

SEC–MALLS measurements employing DMF as an eluent. The

results are summarized in Table 1. GPC analysis indicated

either a slight increase or no increase in molecular weight from

the peripheral functionalization, but SEC–MALLS measure-

ments showed an identifiable increase in the molecular weight

(Mw = 62,000 to 226,000), which is more than double the theo-

retical value (Mw = 100,000 after 100% conversion of the

peripheral bromo groups to diarylamino groups). Although the

PDI did not change appreciably after dendronization (7b to 8b),

the PDI increased slightly after peripheral functionalization (8b

to 9). Presently, the ratio of methine protons in the focal points

of the dendritic structure (δ 5.38–5.00, broad singlet, 3H) and

the methyl protons of the peripheral methoxy groups

(δ 3.80–3.40, broad singlet, 24H) in the 1H NMR spectra is the

only evidence for the conversion of the peripheral bromo

groups to diarylamino groups. The observed ratio was 1:8.4

(methane/methyl), which indicates a quantitative conversion

(theoretical ratio is 1:8).

The redox behavior of 9 was studied by means of cyclic voltam-

metry (CV, Figure 5). Compound 9 showed two sets of revers-
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Figure 5: Cyclic voltammograms of dendronized polystyrene 9 (black line), model compound 10 (blue line), and the film of dendronized polystyrene 9
(red line). See the Experimental section for the details.

ible redox peaks (E1/2 = 0.80 and 1.04 V vs SCE), although it

has been reported that di(p-methoxyphenyl)phenylamine shows

a single redox peak in its CV curves [48]. Therefore, the two

sets of redox peaks of 9 seem to be ascribable to the interaction

of the initially formed radical cation from the triarylamine

moiety with a neighboring neutral triarylamine moiety, which

disfavors the second electron transfer from the latter, although

the details of this reaction are not clear as yet [49,50]. This is

consistent with the observation that dendrimer 10 prepared by

desilylation of 5 followed by amination (see Supporting Infor-

mation File 1 for preparative details) showed two reversible

waves occurring at similar potentials (E1/2 = 0.81 and 1.10 V vs

SCE) (Figure 5, blue line).

A film of dendronized polystyrene 9 was prepared on a Pt plate

electrode as a film by drop casting of a CH2Cl2 solution of 9.

The redox behavior of the film of 9 on a Pt electrode was

analyzed using CV (Figure 5, red line). Reversible CV cycles

(E1/2 = 0.76 and 1.01 V vs SCE) were obtained in a mixed

solvent (CH3CN/toluene 1:3) using Bu4NB(C6F5)4 as the

electrolyte. The small shifts in the redox peaks from those

obtained from solution may be attributable to the changes in

solvent and electrolyte. The peak separations for a film of 9

(ΔE (Eox – Ered) = 52 and 27 mV) are significantly smaller than

those observed for a solution of 9 (ΔE = 103 and 87 mV), indi-

cating immobilization of 9 occurred on the surface of the elec-

trode.

Conclusion
In conclusion, redox-active dendronized polystyrene was

successfully synthesized by peripheral functionalization of

dendronized polystyrene having peripheral bromo groups with

diarylamines. Thus, dendronized polystyrene having peripheral

bromo groups may serve as a versatile precursor of dendronized

polystyrenes equipped with various functional groups.

Dendronized polystyrene having peripheral diarylamino groups

showed reversible redox behavior in both solution and as a film

deposited on an electrode. Further optimization of the present

method and applications of peripheral functionalization of

dendronized polystyrenes are under investigation in our labora-

tory.

Experimental
Electrochemical analyses
Electrochemical analysis was performed using an ALS/

Chi700DS electrochemical analyzer. A saturated calomel elec-

trode (SCE) (RE-2B, ALS Co. Ltd.) was used as the reference

electrode.

The oxidation potential (Eox) of dendrimer 4 was measured

using linear sweep voltammetry employing a gassy carbon (GC)

rotating disk electrode (diameter = 3.0 mm, ALS Co. Ltd.) and

a Pt wire counter electrode at room temperature. CH2Cl2 was

used as a solvent and Bu4NBF4 (0.1 M) was used as a support-

ing electrolyte. The scan rate was 100 mV/s.

The redox potentials (E1/2) of 5 and 10, and that of dendronized

polystyrene 9 were measured by cyclic voltammetry (CV) using

a GC working electrode (diameter = 3.0 mm, ALS Co. Ltd.) and

a Pt wire counter electrode at room temperature. CH2Cl2 was

used as a solvent and Bu4NBF4 (0.1 M) was used as a support-

ing electrolyte. The scan rate was 100 mV/s. The GC electrode

was polished with alumina powder (0.05 μm) in water using a

polishing pad, water-washed, and air-dried before use.
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Cyclic voltammetry of a film of 9 deposited on a Pt plate elec-

trode was measured as follows: Dendronized polystyrene 9 was

deposited on a Pt plate electrode (1 × 1 cm2) as a film by drop

casting of a CH2Cl2 solution of 9, and the solvent was evapo-

rated under reduced pressure to obtain the film of 9 attached to

the Pt plate. The CV measurement was performed using the Pt

plate with the film of 9 as the working electrode and a Pt wire

counter electrode at room temperature. A mixer of CH3CN/

toluene (1:3) was used a solvent and Bu4NB(C6F5)4 (0.1 M) as

a supporting electrolyte. The scan rate was 100 mV/s.

Supporting Information
Supporting Information File 1
Experimental procedures for the synthesis of new

compounds and spectral data of new compounds including
1H NMR, 13C NMR, and HMQC spectra.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-326-S1.pdf]
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Abstract
Anodic fluorination of dithioacetals bearing electron-withdrawing ester, acetyl, amide, and nitrile groups at their α-positions was

comparatively studied using various supporting poly(HF) salts like Et3N·nHF (n = 3–5) and Et4NF·nHF (n = 3–5). In the former

two cases, the corresponding α-fluorination products or fluorodesulfurization products were obtained selectively depending on

supporting poly(HF) salts used. In sharp contrast, in the latter two cases, fluorination product selectivity was strongly affected by

the electron-withdrawing ability of α-substituents: A dithioacetal bearing a relatively weak electron-withdrawing amide group

provided a fluorodesulfurization product selectively while a dithioacetal having a strongly electron-withdrawing nitrile group gave

the α-fluorination product predominantly regardless of the poly(HF) salts used.
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Introduction
The introduction of fluorine atom(s) into organic molecules

very often improves or enhances their desired characteristic

physical and biological properties hence organofluorine com-

pounds are highly useful for medicinal, agrochemical, and ma-

terials science [1-6]. In order to prepare new fluorine com-

pounds, selective fluorination of organic compounds is

becoming significantly important. Although the selective fluo-

rination has been extensively studied, highly efficient and safe

fluorination methods are still demanded [7,8]. With these facts

in mind, we have developed a selective electrochemical fluorin-

ation using ionic liquid poly(HF) salts such as Et3N·nHF and

Et4NF·nHF (n = 3–5) as supporting electrolyte and fluorine

source [9-11], and we have systematically studied the anodic

fluorination of various heteroatom-containing compounds

including heterocycles and macromolecules so far [12-20].

More than 20 years ago, we reported the first successful

example of the electrochemical selective fluorination of
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Scheme 2: Anodic fluorination of dithioacetals.

heteroatom-containing compounds such as α-(phenylthio)ester

and its analogues as shown in Scheme 1 [21,22]. Furthermore,

anodic fluorodesulfurization of dithioacetals was achieved by

direct and indirect anodic oxidation in the presence of the

poly(HF) salts [12-16,23-25] or alkali-metal fluorides like KF

and CsF with PEG 200 [17]. The anodic fluorination of a

dithioacetal derived from an aliphatic aldehyde provided the

fluorodesulfurization product while a dithioacetal derived from

an aromatic aldehyde provided the α-fluorination product

(Scheme 2) [25]. These results suggest that the fluorinated prod-

uct selectivity seems to be controlled by the easiness of the

deprotonation of the cationic intermediate A. Namely, since the

α-proton of the aromatic dithioacetal is more acidic compared to

that of an aliphatic dithioacetal, the deprotonation of the former

is faster than it is for the latter. Therefore, it can be stated that

the product selectivity is controlled by the kinetic acidity of the

cationic intermediate A [26,27].

Scheme 1: Anodic fluorination of sulfides having an electron-with-
drawing group.

With these facts in mind, we studied comparatively the anodic

fluorination of dithioacetal derivatives having various electron-

withdrawing groups at their α-positions using various poly(HF)

salts [28].

Results and Discussion
Various α-substituted methyl phenyl sulfides, 1a, 1c, 1e, and

1g, and their α-phenylthio derivatives (dithioacetals) were

prepared, and their oxidation potentials ( ) were measured

by cyclic voltammetry in an anhydrous acetonitrile (MeCN)

solution containing n-Bu4NBF4 (0.1 M) using a platinum disk

working electrode and a saturated calomel electrode (SCE) as

the reference electrode. All compounds exhibited irreversible

multiple oxidation peaks and the first oxidation peak potentials

are summarized in Table 1. It was expected that the introduc-

tion of an additional phenylthio group to the α-position of the

sulfides would decrease their oxidation potentials. However,

unexpectedly they are higher than those of the corresponding

sulfides having a single phenylthio group. Although a detailed

reason is not clear at present, the additional phenylthio group

does not act as an electroauxiliary, but acts as an electron-with-

drawing group. As shown in Table 1, the oxidation potentials of

sulfide 1g and dithioacetal 1h having a stronger electron-with-

drawing cyano group (Taft σ* = +1.30) [29] are much higher

compared to those of 1a, 1b with an ester group (Taft

σ* = +0.69) [29] and 1c, 1d with an acetyl group (Taft

σ* = +0.60) [29], respectively. This indicates that the polar

effect, namely electron-withdrawing effect of a substituent

greatly affects the electron-transfer step from the substrate to

the anode.

Table 1: First oxidation potentials,  of compounds 1.

Substrate X R (σ* value)a  (V vs SCE)b

1a H COOEt (+ 0.69) 1.60
1b SPh COOEt (+ 0.69) 1.73
1c H COMe (+ 0.60) 1.59
1d SPh COMe (+ 0.60) 1.63
1e H CONEt2 1.60
1f SPh CONEt2 1.64
1g H CN (+ 1.30) 1.85
1h SPh CN (+ 1.30) 2.04

aFrom [29]. bSubstrate concentration: 5 mM; sweep rate: 100 mV/s;
working electrode: Pt disk (Ø = 1 mm).

At first, anodic fluorination of ethyl α,α-bis(phenylthio)acetate

(1b) [30,31] was carried out at platinum plate electrodes in an

undivided cell using various solvents in the presence of

Et3N·3HF as supporting salt and fluorine source. A constant

current was passed until the starting material 1b was completely

consumed (monitored by TLC). As shown in Table 2, the

anodic fluorination of 1b proceeded to give the corresponding
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Table 2: Anodic fluorination of 1b in various solvents containing Et3N·3HFa.

Entry Solvent Charge passed (F/mol) Yield (%)b,c Total yield (%)

2b 3b 4b

1 MeCN 3.0 74 (70) 9 0 83
2 DME 5.0 74 9 0 83
3 CH2Cl2 2.5 73 5 4 82
4 MeNO2 2.2 73 7 1 81
5d MeCN – – – – –

aConstant current (8 mA/cm2) electrolysis was carried out in 0.3 M Et3N·3HF/solvent. bDetermined by 19F NMR. cIsolated yield given in parentheses.
dMechanical stirring was performed overnight at ambient temperature without electrolysis.

Figure 1: Dependency of fluorinated product selectivity on a series of fluoride salts (a) Et3N·nHF (n = 3–5) and (b) Et4NF·nHF (n = 3–5).

α-fluoro product 2b in a good yield regardless of the solvent

used. Thus, it was found that the solvents did not affect the

yield of 2b in contrast to the current efficiency. When the reac-

tion was performed in DME as the solvent, anodic decomposi-

tion of DME took place simultaneously with the anodic fluorin-

ation of 1b, which resulted in low current efficiency. In all

cases, fluorodesulfurization product 3b [22] was detected in

considerable yield. When CH2Cl2 and MeNO2 were used, a

small amount of ethyl α,α-difluoro-α-(phenylthio)acetate (4b)

[22] was also detected (Table 2, entries 3 and 4). As a blank

test, the electrolytic solution of 1b was mechanically stirred

without electrolysis overnight and 1b was mostly recovered

(Table 2, entry 5). Therefor electrolysis is necessary for the

fluorination to take place.

Among the solvents tested for electrolysis, we decided to use

MeCN for further studies on the anodic fluorination based on a

good current efficiency and the formation of only one

byproduct.

Next, anodic fluorination of 1b was carried out in MeCN using

various poly(HF) salts until the substrate was completely

consumed and the results are shown in Figure 1. As mentioned

earlier, the anodic fluorination of 1b using Et3N·3HF provided
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Table 3: Anodic fluorination of dithioacetal derivative 1 in acetonitrilea.

Entry R Supporting electrolyte Charge passed (F/mol) Yield (%)b,c

2 3 4

1 COMe (1d) Et3N·3HF 3.0 80 (66) – 5
2 COMe (1d) Et3N·5HF 2.5 – 63 3
3 COMe (1d) Et4NF·3HF 2.7 60 – 10
4 COMe (1d) Et4NF·5HF 2.5 6 78 (70) 1
5 CONEt2 (1f) Et3N·3HF 5.0 0 18 17
6 CONEt2 (1f) Et3N·5HF 3.0 0 72 (63) 1
7 CN (1h) Et3N·3HF 3.0 98 (87) 0 0
8 CN (1h) Et3N·4HF 2.8 98 0 0
9 CN (1h) Et3N·5HF 2.5 90 0 0
10 CN (1h) Et4NF·3HF 2.7 94 0 0
11 CN (1h) Et4NF·4HF 2.5 95 0 0
12 CN (1h) Et4NF·5HF 2.5 93 0 0

aConstant current (8 mA/cm2) electrolysis was carried out using 0.3 M supporting fluoride salt. bDetermined by 19F NMR. cIsolated yields are given in
parentheses.

α-fluorinated product 2b selectively in good yield along with a

small amount of fluorodesulfurization product 3b. In contrast,

the fluorodesulfurization reaction was significantly promoted

with increasing HF content of the poly(HF) salts; especially the

use of Et3N·5HF gave predominantly the fluorodesulfurization

product 3b in 85% yield (Figure 1a). Previously, we obtained

3b in 75% yield by constant potential anodic oxidation of ethyl

α-(phenylthio)acetate in a similar electrolytic solution [22]. A

comparable dependency of product selectivity on supporting

poly(HF) salts was also observed in a series of Et4NF·nHF

(n = 3–5) although the product yields are moderate (Figure 1b).

According to these results, we carried out the anodic fluorin-

ation of other dithioacetals bearing different electron-with-

drawing substituents such as acetyl, amide, and cyano groups

under similar conditions. The results are summarized in

Table 3. In the case of α,α-bis(phenylthio)acetone (1d) [32], the

use of Et3N·3HF and Et4NF·3HF resulted in predominant

α-fluorination to provide the corresponding monofluorinated

product 2d in good to moderate yields (Table 3, entries 1 and

3). On the contrary, when higher HF content salts such as

Et3N·5HF and Et4NF·5HF were used, fluorodesulfurization

product 3d [22] was obtained almost exclusively in moderate or

good yield (Table 3, entries 2 and 4). Regardless of poly(HF)

salts, difluorinated product 4d [33] was always formed due to

the further oxidation of products 2d and 3d. In contrast, anodic

fluorination of N,N-diethyl-α,α-bis(phenylthio)acetamide (1f)

with Et3N·3HF required a large excess amount of electricity to

consume the starting substrate 1f, and fluorodesulfurization

took place exclusively to provide the corresponding mono- and

difluorinated products 3f and 4f [22,34] with the same ratio in

rather low yields (Table 3, entry 5). The longer electrolysis

caused the formation of complicated products. This result is

quite different from the case of 1b and 1d (Table 2, entry 1 and

Table 3, entry 1). Such different anodic behavior may be attrib-

utable to different pKa values of the α-proton of the substrates.

It is known that the acidity of the α-proton of N,N-diethylace-

toamide is 4 to 5 times lower than that of acetone and ethyl

acetate [35]. Therefore, the acidity of the α-proton of 1f having

an amide group would be much lower compared to that of 1b

and 1d having an ester and acetyl group, respectively. Thus, it is

reasonable that no deprotonation of the cationic intermediate of

1f took place. Moreover, when a higher HF content poly(HF)

salt like Et3N·5HF was used, fluorodesulfurization product 3f

was exclusively formed in good yield. This tendency is quite

similar to the result of anodic fluorination of 1b and 1d

(Figure 1a and Table 3, entries 2 and 4). Thus, it was found that

due to the low acidity of the α-proton of 1f, fluorodesulfuriza-

tion took place prior to α-fluorination even in the presence of

Et3N·3HF containing the free base Et3N. In sharp contrast to

these cases, α,α-bis(phenylthio)acetonitrile (1h) [36] bearing a

strongly electron-withdrawing cyano group underwent α-fluo-
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Scheme 3: Plausible reaction mechanism for anodic fluorination of 1b, 1d, and 1f.

rination exclusively to produce α-fluorinated product 2h in

excellent yields regardless of the poly(HF) salts (Table 3,

entries 7–12). In case of 1h, no difluoro product was formed at

all, which is probably due to a much higher oxidation potential

of 2h compared to that of the starting substrate 1h. In support of

this, we have already shown that introduction of one fluorine

atom to the α-position of α-(phenylthio)acetonitrile increased

the oxidation potential by 0.36 V [22].

A plausible mechanism for the anodic fluorination of dithio-

acetals 1b, 1d, and 1f is shown in Scheme 3. The fluorination

reaction is initiated by electron transfer from a sulfur atom of

the substrate to generate the corresponding radical cation B,

which traps a fluoride ion to afford radical C. This is followed

by a further oxidation to give cationic intermediate D. In the

cases of 1b and 1d having electron-withdrawing ester and

acetyl groups, the α-protons are acidic enough and can be

cleaved by either base, free Et3N (from Et3N·3HF) [37] or fluo-

ride ions (from Et4NF·3HF). The resulting cation E reacts with

a fluoride ion to form 2b and 2d. Further anodic fluorodesulfur-

ization occurs to provide the corresponding difluorinated prod-

ucts 4b and 4d, respectively. On the other hand, the desulfuriz-

ation of intermediate D followed by reaction with fluoride

provides the corresponding fluorodesulfurization products 3b,

3d, and 3f.

When high HF content salts like Et3N·5HF and Et4NF·nHF

(n = 4, 5) are used, the higher concentration of HF in the elec-

trolytic solution would increase the amount of D rather than E

in an equilibrium between them as shown in Scheme 4. Namely,

the deprotonation of D would be retarded due to high concentra-

tion of protons in the solution, and consequently the C–S bond

cleavage seems to take place more favorably than a deprotona-

tion. A similar effect on the suppression of defluorination of

CF3-enolate anion in the presence of a large amount of fluoride

ions has been reported [38].

On the other hand, it is known that the acidity of α-protons of

acetoamides is much lower compared to that of acetate and

acetone as mentioned. Therefore, it is understandable that the
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Scheme 4: Mechanism for suppression of the elimination of HF
(deprotonation) and preferable desulfurization of D at high concentra-
tions of HF in an electrolytic solution.

anodic fluorination of 1f having a weakly electron-withdrawing

amide group resulted in fluorodesulfurization to provide 3f even

when Et3N·3HF containing free base, Et3N was used. As

mentioned, the yield of monofluorodesulfurization product 3f

increased markedly by using high HF content salt, Et3N·5HF.

In sharp contrast, in the case of substrate 1h having a cyano

group, α-fluorination without desulfurization always took place

even when Et3N·5HF and Et4NF·5HF were used. This can be

explained in terms of fast deprotonation of cationic intermedi-

ate D promoted by a strongly electron-withdrawing cyano group

as shown in Scheme 3.

Conclusion
The regioselective anodic fluorination of ethyl α ,α-

bis(phenylthio)acetate and its acetone, acetoamide, and acetoni-

trile analogues was successfully carried out using various

poly(HF) salts such as Et3N·nHF and Et4NF·nHF (n = 3–5) to

provide α-fluoro and/or fluorodesulfurization products. The

fluorinated product selectivity was found to depend on

substituents and supporting poly(HF) salts. The unique product

selectivity was tentatively explained in terms of electron-with-

drawing ability (Taft σ*) of substituents and HF content of the

used supporting poly(HF) salts.
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Abstract
3α,5α-Cyclocholestan-6β-yl alkyl and aryl ethers were proved to be efficient cholesteryl donors in the electrochemical synthesis of

glycoconjugates. 3α,5α-Cyclocholestan-6β-ol (i-cholesterol) and its tert-butyldimethylsilyl ether can also be used for this purpose.

The i-cholesterol derivatives show similar reactivities to those of previously studied 3α,5α-cyclocholestan-6β-thioethers.
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Introduction
We have recently elaborated an electrochemical method for the

preparation of glycosides and glycoconjugates from

3β-hydroxy-Δ5-steroids (sterols). The method consists of elec-

trooxidation of a proper cholesterol derivative in the presence of

an unactivated sugar with a free hydroxy group at the anomeric

position (formation of glycosides) or at any other position (pref-

erentially a primary position) that leads to sterol glycoconju-

gates. Initially, the reaction of cholesterol (1) with various

sugars was studied. During anodic oxidation of cholesterol in

dichloromethane (the choice of solvent is crucial as the reaction

course may be different in other solvents) [1], splitting of the

carbon–oxygen bond in an intermediate radical cation occurs,

thus leading to a mesomerically stabilized homoallylic carboca-

tion and a hydroxyl radical (Scheme 1) [2]. However, the

glycosylation reaction was not very efficient due to competi-

tion between the sugar alcohol and cholesterol for the carboca-

tion [3]. If cholesterol wins the competition, the dimer 2 (dicho-

lesteryl ether) is formed. A large excess of sugar was used to

avoid this undesired side reaction. In our further study, instead

of cholesterol, cholest-5-en-3β-yl and 3α,5α-cyclocholestan-6β-

yl thioethers (3 and 4) were applied as cholesteryl donors [4].

Of the two, the latter appeared to be much more efficient in

cholesteryl transfer to the sugar moiety. The problem, however,

with 6β-steroidal thioethers is that they are not easily accessible.

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:morzycki@uwb.edu.pl
http://dx.doi.org/10.3762%2Fbjoc.11.16
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Scheme 1: Synthesis of glycoconjugates from different cholesteryl donors.

Therefore, we searched for the best leaving group at C-3. A

series of cholesterol derivatives was tested and, finally, choles-

teryl diphenylphosphate (5) was selected as the best cholesteryl

donor [5]. Apart from these cholesterol derivatives, also simple

alkyl or aryl ethers (6b–g) of 3α,5α-cyclocholestan-6β-ol (6a)

(i-cholesterol) are readily available by solvolysis of cholesteryl

p-tosylate in the corresponding alcohol under buffered condi-

tions, while tert-butyldimethylsilyl ether 6h can be prepared by

silylation of i-cholesterol 6a with TBDMSCl. Now we report

the results of our study on the application of these ethers as

cholesteryl donors in electrochemical glycosylation reactions.

Results and Discussion
The cyclosteroid (i-steroid) rearrangement is a well-known

steroid reaction [6]. The solvolysis of cholesteryl p-tosylate

proceeds via the SN1 mechanism with the formation of a

mesomerically stabilized carbocation. The addition of a nucleo-

phile (alcohol, water, etc.) may occur either to C-3 or C-6,

depending on the reaction conditions. In both cases the nucleo-

phile is attached only from the upper side (β) of cholesterol due

to stereo-electronic reasons. Under buffered conditions the addi-

tion is irreversible and leads to 3α,5α-cyclocholestan-6β-substi-

tuted products in excess. The addition to C-6 is faster (the

kinetic product is formed) since the mesomeric carbocation is

more positively charged in this position than in C-3. However,

under acidic conditions the reaction becomes reversible and the

3β-substituted product, which is more stable (the thermody-

namic product), is exclusively formed. The i-steroid ethers are

frequently prepared for simultaneous protection of both 3β-ol

and Δ5 groups in sterols. The cycloreversion that occurs under

acidic conditions allows to recover sterol functions.

We thought that such highly energetic i-steroid ethers would

easily generate the mesomeric carbocation during electrochem-

ical oxidation by cleavage of the carbon–oxygen bond in an

intermediate radical-cation. For this reason, i-cholesteryl ethers

seemed to be suitable donors of the cholesterol moiety for the

electrochemical synthesis of cholesterol glycoconjugates.

A series of i-cholesterol derivatives 6b–h was prepared

including alkyl, aryl, and silyl ethers. Most of the compounds

were prepared by solvolysis of cholesteryl p-tosylate in an

appropriate alcohol (neat or mixed with dioxane) in the pres-

ence of potassium acetate as a buffer. TBDMS ether 6h was

obtained by silylation of i-cholesterol 6a with TBDMSCl in

DMF in the presence of imidazole and DMAP.

All of these compounds proved to be electrochemically active.

Cyclic voltammograms measured in dichloromethane on a plat-

inum electrode indicated that the main oxidation peak for the

substances occurred within 1.8–2.0 V (vs Ag/AgNO3 in

MeCN). The shapes of the voltammograms are similar (except

6f and 6g) to the one for 6β-isopropyloxy-3α,5α-cyclo-

cholestane (6d), which is presented in Figure 1 (curve c, blue).

The cyclic voltammogram for 6β-phenyloxy-3α,5α-cyclo-

cholestane (6f) shows an additional anodic peak at 1.45 V
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Scheme 2: Electrochemical reaction of 3α,5α-cyclocholestan-6β-yl ethers 6a–h with 1,2:3,4-di-O-isopropylidene-D-galactopyranose (7).

(curve d, green) and the cyclic voltammogram for 6β-(4-

hydroxyphenyloxy)-3α,5α-cyclocholestane (6g) shows two ad-

ditional anodic peaks at 0.88 V and 1.45 V (curve e, brown).

The existence of these peaks is probably connected with elec-

trooxidation of the substituents. It is worth to notice that in the

case of 6f and 6g the oxidation currents are approximately equal

to the half of oxidation current of 6d and also other investi-

gated compounds. This is probably caused by the electrode

blocking due to an adsorption of the oxidation products. The

fact that the electrochemical oxidation of 6f and 6g starts at

more negative potentials in comparison to the other investi-

gated compounds supports this explanation. Moreover, during

subsequent voltammetric cycles of 6d the oxidation current is

decreased to almost the half of the current registered in the first

scan. In addition the second peak for 6d exhibits the most posi-

tive value among ethers investigated. This observation is diffi-

cult to explain without further investigations. Figure 1 also

presents the voltammogram of a model sugar alcohol – 1,2:3,4-

di-O-isopropylidene-α-D-galactopyranose (7) (curve b, red

line), which indicates that the substrate is electrochemically

inactive within the applied potential region. The readily avail-

able α-D-galactopyranose derivative 7 was chosen as a model

sugar since the anomeric and secondary hydroxy groups in this

compound are protected as diacetonide and the remaining pri-

mary hydroxy group is highly reactive.

The results of preparative electrolysis of compounds 6a–h in

the presence of 1,2:3,4-di-O-isopropylidene-α-D-galactopyra-

nose (7) are shown in Scheme 2. In all of the experiments the

ratio of sugar:cholesteryl donor was close to 1:1. The electro-

Figure 1: Cyclic voltammograms registered in 0.2 M tetrabutylammo-
nium tetrafluoroborate (TBABF4) in dichloromethane on a platinum
electrode (area, 0.008 cm2) of (a) the supporting electrolyte (black),
(b) 1,2:3,4-di-O-isopropylidene-α-D-galactopyranose (7) (red),
(c) 6β-isopropyloxy-3α,5α-cyclocholestane (6d), (blue) (d) 6β-phenyl-
oxy-3α,5α-cyclocholestane (6f) (green) and (e) 6β-(4-hydroxyphenyl-
oxy)-3α,5α-cyclocholestane (6g) (brown). Concentrations of all com-
pounds are equal to 5 mM, scan rate 1 V s−1. Potentials were
measured vs Ag/0.1 M AgNO3 in acetonitrile at room temperature.

chemical reaction conditions were the same as those applied in

our previous paper for the preparation of cholesterol glycocon-

jugates by using cholesteryl donors with an activating group at

C-3 (such as diphenylphosphate 5) [5].

The glycosylation reactions leading to 11 were accompanied by

isomerization of substrates to analogous cholesterol 3β-deriva-
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Table 1: Electrochemical oxidationa of 3α,5α-cyclocholestan-6β-yl ethers 6a–h in the presence of 1,2:3,4-di-O-isopropylidene-α-D-galactopyranose
(7).

Substrate 6 3β-O-(1’,2’:3’,4’-di-O-isopropylidene-D-galactopyranos-
6’-yl)-cholest-5-ene (11) (yield)

Isomerization product
12 (yield)

Other steroidal product (yield)

6a 47% 8%b 2 (17), 14 (3%), 13 (2%)
6b 40% 24% 13 (2%), 1 (1%)
6c 51% 45% 13 (2%), 14 (1%)
6d 41% 34% 1 (2%), 2 (2%)
6e 50% 40% 1 (trace)
6f 58% 22% 1 (4%), 13 (1%), 14 (1%)
6g 9% 12% 15 (18%)
6h 52% 1% 13 (9%), 1 (6%), 2 (5%)

aElectrochemical reaction conditions given in the Experimental section. bCompound 12a = 1 (cholesterol).

tives 12 (Table 1). Compounds 12 proved much less electro-

chemically active or not active at all.

The electrochemical reaction of i-cholesterol (6a) with 1,2:3,4-

di-O-isopropylidene-α-D-galactopyranose (7) afforded product

11 in 47% yield in addition to the product of isomerization

(cholesterol (1), 8%) and dicholesteryl ether (2) (17%). Minor

amounts of diene 13 and cholesteryl chloride (14) were also

formed.

In the reactions of i-cholesterol alkyl ethers (methyl 6b, ethyl,

6c, isopropyl 6d, and benzyl 6e), cholesterol glycoconjugate 11

was also formed in 40%, 51%, 41%, and 50% yield, respective-

ly. Glycoconjugate 11 was accompanied by substantial amounts

of isomerization products 12 (24–45%) and tiny amounts of

other products (cholesterol (1), dicholesteryl ether (2), diene 13,

and cholesteryl chloride 14).

The best yield (58%) of cholesterol glycoconjugate 11 was

achieved with 3α,5α-cyclocholestan-6β-yl phenyl ether (6f).

The reaction was relatively clean; the isomerization product,

i.e., cholesteryl phenyl ether (12f), was obtained in 22% yield.

It should be emphasized that the yield of 11 was even better

than those obtained in analogous reactions of 3α,5α-cyclo-

cholestan-6β-yl phenyl thioether (40%) and 3α,5α-cyclo-

cholestan-6β-yl p-tolyl thioether (52%) which we had previ-

ously studied [4]. Now it seems to be clear that high efficiency

in the generation of the mesomeric carbocation may be attrib-

uted to the 3α,5α-cyclocholestan-6β-yl moiety rather than to the

presence of an arylthiol group at C-3 or C-6. This conclusion is

supported by the fact that cholesteryl phenyl thioether proved to

be a rather poor cholesteryl donor for the electrochemical reac-

tion (12% yield).

In contrast to the above, the reaction of 4-hydroxyphenyl

i-cholesteryl ether 6g was messy and afforded only 9% of the

desired glycoconjugate 11. The isomerization product, i.e.,

4-hydroxyphenyl cholesteryl ether 12g, was formed in 12%

yield, while the major reaction product (18%) was 1,4-phenyl-

ene dicholesteryl diether (15).

The difference in reactivity between 6f and 6g is rather

surprising. Both compounds are oxidized at relatively low

potentials, which suggests that the mesomeric carbocation is

formed more easily than in the case of the other investigated

compounds. Indeed, the best yield of glycosylation obtained for

3α,5α-cyclocholestan-6β-yl phenyl ether (6f) as a substrate

supports the hypothesis. On the other hand, the reason for the

low yield observed for 4-hydroxyphenyl i-cholesteryl ether (6g)

can be attributed to the electrochemical oxidation of the phenol

type substituent, which is responsible for an additional peak at

low potentials. The process is usually irreversible, resulting

from the fast deprotonation of the primarily generated radical

cation [7]. The phenoxy radical formed can be further oxidized

to the phenoxenium ion, which reacts with nucleophiles.

However, since the phenolic OH group is not sterically shielded

here, competitive oligo- and polymerization reactions may also

occur. Therefore, despite the low oxidation potential of 6g, the

side reactions account for a low yield of the desired product.

Relatively satisfactory results were obtained with i-cholesterol

TBDMS ether 6h. The glycoconjugate 11 was obtained in 52%

yield with only a trace amount of the isomerization product

12h. The major byproduct in this case was diene 13 (9%).

The occurrence of the isomerization process during electro-

chemical oxidation of i-cholesterol ethers is rather surprising.

We proved that without electrochemical activation the glycosyl-

ation or isomerization processes do not take place under the

reaction conditions. The likely mechanism of isomerization is

shown in Scheme 3. The proposed formation of disteroidal

oxonium ions accounts for an alkyl (aryl) group transfer from



Beilstein J. Org. Chem. 2015, 11, 162–168.

166

Scheme 3: Plausible mechanism of isomerization.

C-6 to C-3. Interestingly, the isomerization itself is not an elec-

trochemical reaction. Electrooxidation is needed only to initiate

the whole process, i.e., to generate the homoallylic carbocation;

then the chain process occurs. The blank experiments (electro-

chemical reactions without the presence of sugar) were carried

out to establish the approximate isomerization rates. The

concentration of 3α,5α-cyclocholestan-6β-yl alkyl ether (methyl

or ethyl) in the reaction mixture has fallen by half in less than

15 minutes, i.e., after that time the 3- and 6-substituted ether

concentrations were approximately equal.

Even in the case of i-cholesteryl phenyl ether (6f), fast isomer-

ization to 12f was observed. It is worth noting that no isomer-

ization occurred for i-cholesterol TBDMS ether (6h), probably

due to steric reasons.

A limitation of the glycosylation process are the consecutive

reactions of glycoconjugate 11 at a growing voltage and its

limited stability under electrolysis conditions. The major

decomposition product is 3β-O-(3’,4’-O-isopropylidene-α-D-

galactopyranos-6’-yl)-cholest-5-ene, i.e., compound 11 loses

one of the O-isopropylidene groups upon prolonged electrol-

ysis. Although the electrochemical overoxidation of glycocon-

jugate 11 seems to be a minor problem at the initial steps due to

a relatively large difference in the oxidation potentials and

concentrations between substrates (sterol donors, sugar alcohol)

and the resulting glycoconjugate, the possibility that side

processes will occur increases as the anode potential is more

positive and the glycoconjugate concentration grows.

A series of blank experiments proved that the electrochemical

activation of i-steroidal ethers 6a–h is necessary for their reac-

tions with sugar 7. No coupling occurred when chemical

promoters were attempted.

Conclusion
3α,5α-Cyclocholestan-6β-yl ethers are excellent cholesteryl

donors for the electrochemical synthesis of cholesterol glyco-

conjugates. All of the tested compounds proved efficient in this

respect, although the best yields were obtained with ethyl,

benzyl, phenyl, and TBDMS ether. The side reaction is isomer-

ization to the much less reactive cholesteryl ethers. This unde-

sired reaction may be partially suppressed by using 3α,5α-

cyclocholestan-6β-yl phenyl ether or completely stopped by

employing TBDMS ether.

Experimental
Cyclic voltammograms were recorded with iR compensation at

25 °C using a three-electrode potentiostat (Princeton Applied

Research, model Parstat 2273). The experiments were

conducted in a 3 mL electrochemical cell with an argon-purge

system. The working electrode was a Bioanalytical Systems

platinum inlay (1 mm in diameter), the auxiliary electrode was a

platinum mesh (contained in a glass tube with a medium

porosity glass frit), and the reference electrode was

Ag/0.1 M AgNO3 in acetonitrile. The potential of the electrode

vs the ferrocene/ferricinium ion reference couple is equal to −37

mV [8]. The reference electrode was contained in a Pyrex tube

with a cracked softglass tip which was placed inside a Luggin

capillary. Before each experiment, the working electrode was

polished using Buehler Micropolish Alumina Gamma 3B and a

Buehler Microcloth polishing cloth, rinsed with dichloro-

methane and dried. In all of the measurements, 0.2 M solution

of tetrabutylammonium tetrafluoroborate (TBABF4) from

Aldrich in dichloromethane was used as a supporting elec-

trolyte.

The preparative electrolyses were performed with a potentio-

stat/galvanostat (Princeton Applied Research, model Parstat
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2273) under galvanostatic conditions using a current that was

equal in a typical experiment to 7.5 mA and a reaction time of

4000 s. The current applied was the maximum current available

for the electrolysis set-up being used (power supply and ohmic

resistance). During the electrolysis the potential of the anode

was monitored and the process was stopped when the potential

reached the value of +2.3 V vs Ag/0.1 M AgNO3 to avoid the

occurrence of undesired oxidation processes. The reactions

were also monitored by TLC and stopped when no further

increase in the concentration of the glycosylation products was

observed. A divided H-cell was used in which the cathodic and

anodic compartments (3.5 mL of electrolyte each) were sep-

arated by a glass frit. In all measurements, 0.1 M solution of

tetrabutylammonium tetrafluoroborate (TBABF4) from Aldrich

in dichloromethane was used as a supporting electrolyte. The

steroid (0.30 mmol) and sugar (0.36 mmol) substrates were

introduced into the anodic compartment together with 0.3 g of

3 Å molecular sieves added to eliminate traces of water,

whereas anionite (1.5–2 g, Dowex 2 × 8, 200–400 mesh, per-

chlorate form) was placed in the cathodic compartment to elimi-

nate chloride ions that are formed by the reduction of dichloro-

methane. The solutions in both compartments were stirred

during electrolysis and, additionally, a continuous flow of argon

was applied in the anodic compartment. A platinum mesh was

used as a cathode and a platinum plate (2 × 1.5 cm) was used as

an anode. All measurements were performed at 25 °C.

The sugar (1,2:3,4-di-O-isopropylidene-α-D-galactopyranose;

7) [9] and steroidal substrates, 3α,5α-cyclocholestan-6β-ol

(i-cholesterol; 6a) [10], 6β-methoxy-3α,5α-cyclocholestane (6b)

[11], and 6β-ethoxy-3α,5α-cyclocholestane (6c) [12], were

prepared according to known procedures.

Melting points were determined on a Toledo Mettler-MP70

apparatus. 1H and 13C NMR (400 and 100 MHz, respectively)

spectra were recorded on a Bruker Avance II spectrometer in

CDCl3 solutions with TMS as the internal standard (only

selected signals in the 1H NMR spectra are reported in

Supporting Information File 1; sugar protons are marked with

the ‘prime’ index). Infrared spectra were recorded on a Nicolet

series II Magna-IR 550 FTIR spectrometer in chloroform solu-

tions. Mass spectra were recorded at 70 eV with a time-of-flight

(TOF) AMD-604 spectrometer with electrospray ionization

(ESI) or AutoSpec Premier (Waters) (EI).

Merck Silica Gel 60, F 256 TLC aluminum sheets were applied

for thin-layer chromatographic analysis. For a visualization of

the products, a 5% solution of phosphomolybdic acid in ethanol

was used. The reaction products were separated by column

chromatography performed on a 70–230 mesh silica gel (J. T.

Baker).

Typical electrochemical experiment. Anodic oxidation of

6β-phenyloxy-3α,5α-cyclocholestane (6f) in the presence of

1,2:3,4-di-O-isopropylidene-D-galactopyranose (7):

6β-Phenyloxy-3α,5α-cyclocholestane (138 mg, 0.30 mmol) and

1,2:3,4-di-O-isopropylidene-D-galactopyranose (94 mg,

0.36 mmol) were dissolved in a 0.1 M solution of tetrabutylam-

monium tetrafluoroborate in dichloromethane (3.5 mL) and

introduced into the anodic compartment together with 0.5 g 3 Å

molecular sieves to eliminate traces of water. The same

supporting electrolyte was placed in the cathodic compartment

with an anionite (2 g, Dowex 2 × 8, 200–400 mesh, perchlorate

form) added. Preparative electrolysis was carried out in a

divided H-cell in which the cathodic and anodic compartments

(3.5 mL of electrolytes each) were separated by a glass

frit under galvanostatic conditions. A direct current 7.5 mA

was run for 4000 s. A platinum mesh was used as a cathode and

a platinum plate (2 × 1.5 cm) was used as an anode.

Ag/0.1 M AgNO3 in an acetonitrile electrode was used as a

reference. When the electrolysis was completed, the solvent was

removed from the reaction mixture and the products were sep-

arated by silica gel column chromatography. The hexane elution

afforded diene 13 (1 mg, 1%) and cholesteryl chloride 14

(1 mg, 1%). With the hexane/ethyl acetate mixture (96:4),

cholesteryl phenyl ether 12f (31 mg, 22%) was eluted. Further

elution with hexane/ethyl acetate (93:7) afforded 3β-O-

(1’,2’:3’,4’-di-O-isopropylidene-α-D-galactopyranos-6’-yl)-

cholest-5-ene (11, 108 mg, 58%), followed by cholesterol 1

(5 mg, 4%) eluted with hexane/ethyl acetate (9:1).

Glycosylation product 11 was described in our previous paper

[4]. Also, other products of the electrochemical reactions (com-

pounds 2, 13, 14, and 15) were described in our previous papers

[1-5]. The isomerization products, i.e., 3β-cholesteryl ethers

12b [13], 12c [14], 12e [15], 12f [14], 12g [5], and 12h [16], are

known compounds, except for 12d which was obtained during

electrochemical reaction of 3α,5α-cyclocholestan-6β-yl iso-

propyl ether (6d). See the Supporting Information File 1 for full

experimental data.

Supporting Information
Supporting Information File 1
Experimental section including 1H, 13C NMR, and mass

spectra for all new compounds.
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Abstract
The cobalt(I)-catalysed 1,4-hydrovinylation reaction of allyloxytrimethylsilane and allyl alcohol with substituted 1,3-dienes leads to

hydroxy-functionalised 1,4-dienes in excellent regio- and diastereoselective fashion. Those 1,4-dienols can be converted into

tetrahydrofuran and pyran derivatives under indirect electrochemical conditions generating selenium or iodonium cations. The reac-

tions proceed in good yields and regioselectivities for the formation of single diastereomers.

174

Introduction
The reaction of terminal alkenes with 1,3-dienes under cobalt

catalysis results in 1,4-dienes in a 1,4-hydrovinylation reaction.

Besides cobalt, also other transition metals were described to

undergo such transformations [1-4]. However, only for the

cobalt-catalysed reactions a regiodiverse reaction has been

described where the carbon–carbon bond formation, either at

the terminal carbon of the double bond (C1) or on C2 was

formed, depending on the ligand system applied [5,6]. Besides

the ozonolysis of the 1,4-dienes for the generation of 1,3-dicar-

bonyl derivatives [7-9], these 1,4-dienes are in turn potential

substrates for the synthesis of functionalised heterocycles.

Particularly, we were interested in the synthesis of tetrahydro-

furan and pyran derivatives. Those heterocycles are prevalent

substructures in many natural compounds, pesticides and drugs

with antifungal and antibacterial properties [10-13]. For this

purpose, we investigated a protocol for the straight forward syn-

thesis of 1,4-dienols which should be cyclised into the corre-

sponding tetrahydrofuran or pyran derivatives. With our sight

set on efficient and atom economic organic reactions electro-

chemistry seems to be a powerful tool for the transformation of

those 1,4-dienols. Although it seems that all possible functional

groups have been investigated in organic electrochemistry,

reports on electrochemical transformations of 1,4-dienes are

rare [14-17]. First attempts of a direct electrochemical conver-

sion were not very successful, so that we turned our attention

towards indirect electrochemical methods [18,19]. Among these

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Scheme 1: Cobalt-catalysed 1,4-hydrovinylation.

we became interested in the electrochemical generation of

reactive cations inducing a transformation of the 1,4-diene

moiety. As a starting point we put our interest in electrochem-

ical reactions using selenium cations. Several methods applying

electrochemically generated selenium cations with alkenes or

alkynes including seleno-etherification and lactonisation, epox-

idation and oxoselenylation sequences have been reported in the

last decades [20-27]. The reactions often proceed in a regio- and

stereoselective fashion and tolerate a wide range of functional-

ities.

Next to selenium cation induced reactions we put our focus on

using halonium cations. The advantage of this type of reaction

is its lower toxicity and the easy access towards the halonium

source. Several reactions using bromonium- and iodonium

cations such as iodo-etherification, lactonisation or Friedel–

Crafts alkylation reactions can be found in literature. However,

these procedures often use expensive or toxic halonium sources

like molecular bromine [10,28,29] or organic trihalide salts

[30], N-bromosuccinimide or N-iodosuccinimide and its

derivatives [31-36], or more specialised reagents such as

bis(pyridinium)iodonium(I) tetrafluoroborate [37-39]. Next to

those, the in situ oxidation of halogenide ions with strong oxi-

dants such as oxone, Pb(IV), mCPBA, FeCl3 or H2O2 have

been reported [40-45]. A more efficient and versatile method is

the electrochemical generation of halonium ions. Thereby, it is

possible to accumulate the halonium ions in solution and to add

those to a substrate in a separated process (“pool” method) [46-

51] or to consume the halonium ions in situ in follow-up reac-

tions inside the cell [52].

Accordingly, we envisaged the generation of suitable starting

materials via a cobalt-catalysed hydrovinylation reaction and

investigated their in situ conversion via electrochemically

generated selenium- or iodonium cations.

Results and Discussion
Cobalt-catalysed 1,4-hydrovinylation of allylic
alcohols
For the successful application of 1,4-dienes in the electrochem-

ical reactions, 1,4-dienes with additional internal nucleophiles,

such as an alcohol group, were envisaged and those 1,4-dienols

could be generated from simple 1,3-dienes, such as 1,3-

butadiene or 1-aryl-substituted 1,3-dienes 1, and TMS-protected

allylic alcohol (Scheme 1) for the synthesis of 1,4-dienols of

type 2.

The cobalt-catalysed hydrovinylation reaction is highly regio-

specific for the carbon–carbon bond formation which takes

place exclusively at the internal carbon of the double bond of

the terminal alkene (C2) and C4 of the 1-aryl-substituted 1,3-

diene. The key intermediate A in the reaction mechanism is

proposed to be a cobaltacycle which only allows the double

bond generated from the 1,3-diene component to adopt a Z-con-

figuration. Accordingly, the products of type 2 are formed in

high selectivity in terms of regio- and diastereomeric control.

The starting materials of type 1 were generated from the

aromatic aldehydes and allyltriphenylphosphonium bromide in

a Wittig reaction following a known protocol [53]. The syn-

thesis of the 1,4-dienes was then accomplished utilising the

cobalt-catalyst precursor and reducing conditions in the pres-

ence of zinc iodide for abstracting the bromide anions at room

temperature. The TMS-protected allylic alcohol was applied in

the cobalt-catalysed 1,4-hydrovinylation process with aryl-

substituted 1,3-dienes 1a–k because the use of allylic alcohol

itself led to significant lower yields (up to 30%). Only in case of

buta-1,3-diene, 2,3-dimethyl-1,3-butadiene and isoprene allyl

alcohol could be used directly without decreasing the yield

(Table 1, entries 12–14). The results of the 1,4-dienol syntheses

are summarised in Table 1.

The cobalt-catalysed hydrovinylation tolerates halide, ether,

ester, trifluoromethyl and heterocyclic substituents and gave the

desired products in acceptable to good yields over a two-step

reaction sequence of hydrovinylation and deprotection. Elec-

tron-withdrawing and electron-donating groups as well as ster-

ically hindered aryl substituents are also accepted (see Table 1,

entries 7 and 9). The use of buta-1,3-diene and 2,3-dimethyl-

1,3-butadiene gave the 1,4-dienols in excellent yields (Table 1,

entries 12 and 13). When isoprene was used, the regioisomeric

products 2n and 2o were formed in good yields and acceptable

regioselectivity, with the carbon–carbon bond formation taking

place predominantly at the lower substituted end of the 1,3-
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Table 1: Results of the cobalt-catalysed 1,4-hydrovinylation reaction of TMS-protected allylic alcohol with 1,3-dienes of type 1.

Entry 1,3-Diene (1) 1,4-Dienol (2) Yielda

1 60%

2 71%

3 81%

4 51%

5 69%

6 87%

7 64%

8 67%

diene moiety. These results demonstrate that the cobalt-cata-

lysed hydrovinylation reaction is a powerful tool for the

straightforward synthesis of various 1,4-dienols of type 2 and

the mild reaction conditions made it possible to generate and

isolate the products without isomerisation of the double bonds

towards undesired side-products.

Transformation of 1,4-dienols via electro-
generated selenium cations
The 1,4-dienols were transformed into cyclic phenylseleno-

ethers by intramolecular cyclisation using selenium cations

generated by indirect electrolysis. The reaction was carried out

by electrolysing a mixture of the 1,4-dienol, diphenyl disel-
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Table 1: Results of the cobalt-catalysed 1,4-hydrovinylation reaction of TMS-protected allylic alcohol with 1,3-dienes of type 1. (continued)

9 60%

10 59%

11 87%

12 92%b

13 90%b

14 89%
(2n:2o = 79:21)

aReaction conditions: (i) 1,3-diene (1.0 equiv), allyloxytrimethylsilane (1.2 equiv), CoBr2(dppe) (5–10 mol %), Zn powder (10–20 mol %), ZnI2
(10–20 mol %), CH2Cl2 (1 mL/mmol), rt, 12–16 h (ii) TBAF (1.1 equiv), THF, 0 °C, 3 h. bReaction conditions: 1,3-diene (1.0 equiv), allyl alcohol
(1.2–2.0 equiv), CoBr2(dppe) (5–10 mol %), Zn powder (10–20 mol %), ZnI2 (10–20 mol %), CH2Cl2 (1 mL/mmol), rt, 12–16 h.

Scheme 2: Electrochemical selenoalkoxylation of 2.

enide and tetraethylammonium bromide in CH3CN at room

temperature in an undivided cell, using platinum foil electrodes

(constant current 10 mA). In this investigation only diphenyl

diselenide was used as selenium source. These reaction condi-

tions led to the formation of products of type 3 as exclusive

diastereomers (Scheme 2).

The cyclisation of 2 could lead to a number of products. The

PhSe+ cation could interact with the 1,1-disubstituted double

bond and nucleophilic attack could lead to oxiran- or oxetan-

type products. On the other hand, the interaction of the PhSe+

ion with the 1,2-disubstituted double bond would lead to the

furan-type products 3 or alternatively to pyran-type product 4.

The results of the electrochemical selenoalkoxylation of the 1,4-

dienols are summarised in Table 2.

The electrochemical selenoalkoxylation of the aryl-substituted

derivatives of type 2 (Table 2, entries 1–7) led exclusively to

the tetrahydrofuran derivatives 3 via a 5-exo-tet-type cyclisa-

tion in moderate to good yields. The products were generated in

diastereoselective fashion and the configuration of the formed

diastereomer could be identified by 1H NMR experiments
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Table 2: Electrochemical selenoalkoxylation of 1,4-dienols 2a.

Entry 1,4-Dienol (2) Furan (3) or pyran (4) Yieldb

1 50%

2 82%

3 58%

4 68%

5 42%

6 90%

7 62%

8 86%

9 46% (3m)
47% (4m)

10 10% (3o+3o’)
58% (4n)
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Table 2: Electrochemical selenoalkoxylation of 1,4-dienols 2a. (continued)

11
75%

(3p:4p =
1:2.5)

12
53%

(3q:4q =
1:1.4)

aReaction conditions: 1,4-dienol (0.5 mmol, 1.0 equiv), Ph2Se2 (0.5 equiv), Et4NBr (0.1 equiv), CH3CN (10 mL), rt, undivided cell, Pt/Pt, 10 mA,
6.67 mA/cm2. bOxidation of the alcohol could be observed in all reactions (less than 10%).

Scheme 3: Electrochemical iodoalkoxylation of 2.

comparing a mixture of both diastereomers, synthesised by

conventional selenoalkoxylation, with the electrochemically

generated selenoether (see Supporting Information File 1). As a

side reaction the oxidation of the alcohol could be observed in

all reactions (less than 10%). Moreover, under electrochemical

conditions the simple methyl-substituted derivative 2l led to the

tetrahydrofuran-type product 3l in 86% yield (Table 2, entry 8)

while the reaction using PhSeBr under conventional methods

gave the product in 76% yield and a diastereoselectivity of

73:27 (threo:erythro). When alkyl-substituted 1,4-dienols are

used, the formation of tetrahydrofuran or pyran derivatives can

be observed (Table 2, entries 9 and 10). Depending on the

substitution grade of the internal double bond, the alcohol func-

tionality attacks at the less-substituted carbon of the internal

double bond based on better stabilisation of the cationic inter-

mediate. The triple methyl-substituted starting material 2m gave

a 1:1 mixture of tetrahydrofuran and pyran products 3m and

4m, the latter product is formed via a 6-endo-tet-type cyclisa-

tion, in an excellent combined yield of 93%. When the mixture

of the 1,4-dienols (2n and 2o) was applied, the major regioi-

somer 2n gave the pyran exclusively in good yields, while the

minor 1,4-dienol 2o resulted in the formation of two tetrahydro-

furan diastereomers which could be separated easily by column

chromatography (Table 2, entry 10). Using higher substituted

1,4-dienols (2p and 2q) a preferred formation of the pyran

products was observed (Table 2, entries 11 and 12). However,

under no circumstances the previously discussed strained

epoxy-derivatives could be detected.

Transformation of 1,4-dienols via electro-
generated iodonium cations
In a similar approach we investigated the cyclisation of the 1,4-

dienols 2 with in situ electrochemically generated iodonium

ions for the desired synthesis of iodoalkoxylated products of

type 5 (Scheme 3).

The electrolysis was carried out in an H-type divided cell (4G

glass filter) equipped with carbon fiber electrodes (see

Supporting Information File 1). Each chamber was charged

with 2,6-lutidine and TBABF4 in CH3CN (0.3 M) and addition-

ally the 1,4-dienol and sodium iodide were placed in the anode

chamber. The reaction was performed at constant current elec-

trolysis (10 mA) at 0 °C. It is considerable that the presence of

2,6-lutidine is crucial for a successful reaction. In the absence of

2,6-lutidine only traces of the product can be observed and oxi-

dation of the alcohol functionality takes place. It is mentionable

that under the reaction conditions no aromatic iodination could

be observed. Next to sodium iodide other iodide sources such as
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Table 3: Electrochemical iodoalkoxylation of 1,4-dienols 2.

Entry 1,4-Dienol 2 Iodofuran 5 Yielda

1 66%

2 60%

3 40%

4 68%

5 46%

6 68%

KI, I2 or Bu4NI can be used, whereas applying other halogen-

ides such as NaBr, Et4NBr or Bu4NCl led to a complex mixture

of products.

In this series of experiments we focussed our attention on the

aryl-substituted 1,4-dienes to avoid undesired mixtures of

tetrahydrofuran and pyran derivatives as obtained in the selen-

oalkoxylation for alkyl-substituted dienols. The results of the

electrochemical iodoalkoxylation reactions are summarised in

Table 3.

The electrochemical iodoalkoxylation of the aryl-substituted

1,4-dienols 2 led to the formation of the tetrahydrofuran deriva-

tives 5 as single regio- and diastereomers. 1,4-Dienols with

electron-donating and electron-withdrawing substituents as well

as heterocyclic compounds gave the product of type 5 in good

yields. It is noteworthy, that under these reaction conditions the

electron-rich 1,4-dienols (2g and 2h) gave higher yields than in

the selenoalkoxylation (Table 3, entries 7 and 8). For com-

pound 5g the structure could be verified by X-ray analysis (see

Supporting Information File 1). It is also considerable that the

1,4-dienols 2c, 2e and 2i which did not gave the selenoether 3

led to a product formation in at least moderate yields of 40% to

46% (Table 3, entries 3, 5 and 9).

The products of the selenoalkoxylation as well as of the

iodoalkoxylation are interesting building blocks for further

transformations which are under current investigation.

Conclusion
In conclusion, we have developed the alkoxylation of 1,4-

dienols by electrochemically generated selenium and iodonium

cations. First, the synthesis of 1,4-dienols via a cobalt-catalysed

1,4-hydrovinylation of substituted 1,3-dienes with allyloxy-
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Table 3: Electrochemical iodoalkoxylation of 1,4-dienols 2. (continued)

7 70%

8 67%

9 46%

10 82%

11 66%

aReaction conditions: H-type cell, anodic chamber: 1,4-dienol (0.5 mmol, 1.0 equiv), NaI (1.1 equiv), 2,6-lutidine (2.0 equiv), TBABF4/CH3CN (0.3 M,
10 mL); cathode chamber: 2,6-lutidine (2.0 equiv), TBABF4/CH3CN (0.3 M, 10 mL); 0 °C, C/C, 10 mA.

trimethylsilane or allyl alcohol has been elaborated. Those 1,4-

dienols have been transformed into tetrahydrofuran or pyran

derivatives by constant current electrolysis of suitable selenium

and iodonium precursors. The reactions proceed in acceptable

to good yields in regio- and diasterioselective fashion and

tolerate a range of functionalities.

Experimental
General procedure for the cobalt-catalysed
1,4-hydrovinylation of aryl-substituted buta-
1,3-dienes with allyloxytrimethylsilane and
subsequent desilylation with TBAF
Cobal t  d ibromo(1,3-bis(diphenylphosphino)ethane)

(5–10 mol %), zinc powder (10–20 mol %) and zinc iodide

(10–20 mol %) were suspended in dichloromethane and stirred

at room temperature for 20 min. Then the 1,3-butadiene

(1.0 equiv) and the allyloxytrimethylsilane (1.2–2.0 equiv) were

added and the mixture was stirred at room temperature until

complete conversion was detected by TLC and GC–MS

analysis. n-Pentane was added, the mixture was filtered through

a short pad of silica and concentrated under reduced pressure.

The crude material was dissolved in 5 mL tetrahydrofuran,

TBAF (1 M in THF, 1.1 equiv) was added and the mixture was

stirred at 0 °C for 3 h. Upon completion of the reaction 15 mL

water were added, the mixture was extracted with diethyl ether

(three times 15 mL), dried over Na2SO4, filtered and concen-

trated under reduced pressure. The product was obtained after

column chromatography (n-pentane/diethyl ether).

General procedure for the cobalt-catalysed
1,4-hydrovinylation of buta-1,3-dienes with
allyl alcohol
Cobalt dibromo(1,3-bis(diphenylphosphino)ethane) (5 mol %),

zinc powder (10 mol %) and zinc iodide (10 mol %) were

suspended in dichloromethane and stirred at room temperature

for 20 min. Then the 1,3-butadiene (1.0 equiv) and allyl alcohol

(1.2–1.5 equiv) were added and stirred at room temperature

until complete conversion was detected by TLC and GC–MS

analysis. Pentane was added and the mixture was filtered
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through a short pad of silica. The solvent was evaporated and

the crude product was purified by column chromatography to

give the desired 1,4-diene.

General procedure for the electrochemical
seleno-alkoxylation of 1,4-dienols
An undivided electrolysis cell was charged with diphenyl disel-

enide (78 mg, 0.25 mmol, 0.5 equiv), tetraethylammonium bro-

mide (11 mg, 0.05 mmol, 0.1 equiv), the 1,4-diene (0.5 mmol,

1.0 equiv) and 10 mL acetonitrile. Then, the cell was equipped

with a platinum plate anode and cathode and electrolysed under

a constant current (10 mA, 6.67 mA/cm2) at 20 °C until

completion was detected by TLC and GC–MS analysis. Then,

15 mL water were added, the mixture was extracted with

diethyl ether (three times 15 mL), dried over Na2SO4 and the

solvent was removed under reduced pressure. The product was

obtained after column chromatography (n-pentane/diethyl

ether).

General procedure for the electrochemical
iodonium-induced alkoxylation of 1,4-dienols
An H-type divided cell (4G glass filter) was equipped with a

carbon fiber anode and carbon fiber cathode. Each chamber was

charged with 10 mL TBABF4 solution (0.3 M in acetonitrile)

and 2,6-lutidine (2.0 equiv). The anodic chamber was charged

with the 1,4-diene (1.0 equiv) and sodium iodide (1.1 equiv).

Constant current electrolysis (10 mA) was carried out at 0 °C

until completion was detected by TLC and GC–MS analysis.

Then, 15 mL Na2S2O3 solution (10% in water) were added to

both chambers, the mixture was extracted with diethyl ether

(three times 15 mL), dried over MgSO4 and the solvent was

removed under reduced pressure. The product was obtained

after column chromatography (n-pentane/diethyl ether).

Supporting Information
Experimental details and detailed spectroscopic data of all

compounds are available as Supporting Information. Single

crystal data for compound 5g (CCDC 1030546) has been

deposited in the Cambridge Crystallographic Data Center.

Supporting Information File 1
Experimental details and detailed spectroscopic data.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-11-18-S1.pdf]
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Abstract
The electroreduction reaction of methyl cinnamate on a boron-doped diamond (BDD) electrode was investigated. The hydrodimer,

dimethyl 3,4-diphenylhexanedioate (racemate/meso = 74:26), was obtained in 85% yield as the major product, along with small

amounts of cyclic methyl 5-oxo-2,3-diphenylcyclopentane-1-carboxylate. Two new neolignan-type products were synthesized from

the hydrodimer.

200

Introduction
Numerous lignans and neolignans were found as secondary

plant metabolites, and many of them are known to exhibit

interesting biological activities [1]. Due to their plausible roles

as defense substances of plants, lignans, neolignans, and their

congeners are promising candidates for agricultural chemicals,

and some of their antioxidant and/or anti-inflammatory prop-

erties may be utilized for biological research and as lead struc-

tures for chemotherapeutic agents. Despite consisting of two

phenylpropane (C6–C3) fragments, the variety of carbon frame-

works provides a huge library of lignans and neolignans [2-4].

As a result of their structural diversity, they have been targets of

synthetic and biological investigations. Several synthetic

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:einaga@chem.keio.ac.jp
mailto:nisiyama@chem.keio.ac.jp
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Figure 1: Expected coupling products from one-electron oxidation (left) and one-electron reduction (right) of C6–C3 compounds.

approaches, including electrochemical oxidative coupling reac-

tions mimicking biosynthetic pathways, were reported to

construct the backbones of these molecules [5]. Recently,

boron-doped diamond (BDD) electrodes have attracted a great

deal of attention for their wide potential window against evolu-

tion of both hydrogen and oxygen and for their high stability

which is derived from their diamond carbon structure [6].

Although anodic oxidation reactions mediated by BDD elec-

trodes have been exploited in organic synthesis, there have been

only few reports regarding their application in preparative-scale

cathodic reduction of organic compounds [7].

During our investigations of phenolic oxidation reactions using

BDD electrodes, we observed the generation of solvent-derived

methoxy radicals that conducted an oxidation process of the

phenol substrate to the corresponding coupling product [8]. In

our second investigation on the use of the BDD electrode in

organic synthesis, the electrochemical reduction of methyl

cinnamate (1a) was investigated to assess the applicability of

BDD electrodes under cathodic reduction conditions, and to

obtain new neolignan-type bioactive substances. As shown in

Figure 1, the radical intermediate derived from phenylacrylate

through a one-electron reduction (right) differs from that

obtained by anodic oxidation of 4-hydroxyphenyl-1-propene

(left). Therefore, the reductive dimerization of cinnamic acid

derivatives was expected to provide access to unprecedented

neolignan-type dimeric compounds.

Results and Discussion
Cathodic reduction on BDD electrode
The ester methyl cinnamate (1a) was electrolyzed under

constant current electrolysis (CCE) conditions in a divided cell.

Solvents used for the reactions played a significant role in

providing the desired coupling (Table 1, entries 1–5). Thus,

only acetonitrile (Table 1, entry 5) gave the desired coupling

product (±)-2 [9] in 4% yield, recovered educt 1a and

hydrolyzed product 1b. The undesired hydrolysis could be

depressed using a phosphate-buffered solution in the cathodic

cell (pH 7, Table 1, entries 7–11), and finally the optimized

conditions for the synthesis of 2 (85% yield, racemate/meso =

74:26) were acquired in the case of 2.5 F/mol current (Table 1,

entry 11).

To check for a different behavior of the BDD electrode, several

electrode materials, including glassy carbon (GC), platinum

(Pt), and magnesium (Mg), were examined as cathodes under

the optimized electrolytic conditions (Table 1, entry 11).

Hydrogen evolution at the electrode was recognized when Pt

and Mg electrodes were used, and the educt 1a was recovered in

high yield. The GC electrode provided the coupling product 2

(34%, racemate/meso = 74:26) and E-3 (25%), along with 41%

of 1a. Similar cathodic reductions of cinnamate derivatives

were carried out using Hg [10,11], Cu [12,13], Pb [13,14], Zn

[13], Sn [13], and Ag [13], and the major products were the

cyclic products (type 3) through Diekmann-type cyclization,

whereas the hydrodimer 2 was the predominantly produced

product in the present BDD electrode mediated reduction.

Despite a different product ratio, the GC electrode gave similar

reaction products to that of the BDD electrode.

Synthesis of new neolignans
As shown in Scheme 1, after separation of the diastereomeric

mixture, (±)-2 was submitted to the chemical conversion into

the new neolignan-type derivatives E-5 and E-8. Thus, reduc-

tion of (±)-2 with LiAlH4 gave the alcohol (±)-4 [15] in quanti-

tative yield, which on oxidation with PCC [16] gave the lactone

E-5 in 32% yield. Selective DIBAL reduction of E-5 gave an

inseparable mixture of 6 and 7, which were identified by
1H NMR spectroscopy. Subsequent treatment of the mixture

with Et3SiH in the presence of BF3·OEt2 finally gave E-8.

Conclusion
The cathodic reduction of 1a using BDD electrode pre-

dominantly gave the dimeric product 2 in 85% yield. A
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Table 1: Cathodic reduction of 1a on a BDD electrode.

Entrya Solvent Current
density (mA/cm2)

Potential
(V vs SCE)

F/mol Yield (%)b

1a 1b 2 [(±)/meso)]c 3d

1 DMSO 0.21 −2.08 to −1.93 1 32 51 0 0
2 DMF 0.50 −1.96 to −1.86 1 43 43 0 0
3 TFEe 0.53 −2.00 to −1.85 1 100 0 0 0
4 MeOH 1.29 −2.08 to −1.84 1 74 12 0 0
5 MeCN 1.29 −2.00 to −1.88 1 42 46 4 (100/0) 0
6 MeCNf 1.29 −2.21 to −1.98 1 10 23 19 (79/21) 3
7 MeCNg 1.29 −2.07 to −1.89 1 23 13 33 (85/15) 5
8 MeCNh 1.29 −1.91 to −1.83 1 45 0 44 (73/27) 3
9 MeCNh 1.29 −2.02 to −1.84 1.5 26 0 67 (73/27) 5
10 MeCNh 1.29 −2.00 to −1.82 2.0 15 0 70 (73/27) 5
11 MeCNh 1.29 −2.12 to −1.93 2.5 1 0 85 (74/26) 4

aUpon using undivided cell systems, the reaction proceeded slower than in the divided cell cases, and lower selectivity of 2 and 3 was observed.
bIsolated yields. cThe ratio of (±) and meso forms was determined by 1H NMR spectroscopy. dEnantiomeric mixture. e2,2,2-Trifluoroethanol.
fContaining 0.07 M pH 6.0 phosphate buffer. gContaining 0.07 M pH 7.0 phosphate buffer. hContaining 0.33 M pH 7.0 phosphate buffer.

Scheme 1: Chemical conversion of (±)-2 into E-5 and E-8.

remarkable solvent effect of MeCN was observed for

this dimerization reaction, while stereoselectivity was

unaffected among the conditions tested and the racemic form

was predominant over the meso form in all cases. Electrochemi-

cally prepared (±)-2 was further converted into E-5 and E-8 as

novel unprecedented neolignan-type derivatives. These results

provide an example for an electroorganic synthesis using

cathodic reductive coupling on a boron-doped diamond elec-

trode.
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Abstract
β-Haloalkoxysulfonium ions generated by the reaction of electrogenerated Br+ and I+ ions stabilized by dimethyl sulfoxide

(DMSO) reacted with sodium hydroxide and sodium methoxide to give the corresponding halohydrins and epoxides, respectively,

whereas the treatment with triethylamine gave α-halocarbonyl compounds.

242

Introduction
Alkene difunctionalization through three-membered ring halo-

nium ion intermediates [1] is an important transformation in

organic synthesis. Usually the halonium ions such as bromo-

nium or iodonium ions are generated by the reaction of alkenes

with Br2 and I2 [2]. However, the most straightforward method

is the reaction of alkenes with halogen cations such as Br+ and

I+. The I+ cation pool exists as reported by Filimonov et al. [3],

although the used solvent is concentrated sulfuric acid which is

therefore not compatible with most organic compounds.

Electrochemical oxidation [4-11] is a potent technique to

generate and accumulate highly reactive cationic species in

solution (the “cation pool” method) [12-17]. Although halogen

cations are too unstable to accumulate in solution as “cation

pools”, halogen cations stabilized by an appropriate stabilizing

agent that coordinates the cations can be accumulated in the

solution. For example, “I+” cations stabilized by acetonitrile

(CH3CN) [18-20] or by trimethyl orthoformate (TMOF) [21]

were reported in the literature. Recently, we reported that

dimethyl sulfoxide (DMSO) can also be used to effectively

stabilize halogen cations (Scheme 1) [22].

The pools of stabilized halogen cations enable alkene difunc-

tionalization. We previously reported that the reaction of

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:yoshida@sbchem.kyoto-u.ac.jp
http://dx.doi.org/10.3762%2Fbjoc.11.27
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Scheme 1: Synthesis of halohydrins and epoxides through β-haloalkoxysulfonium ions generated by the reaction of alkenes with DMSO-stabilized
halogen cations.

alkenes with DMSO-stabilized halogen cations such as Br+ and

I+ gave β-haloalkoxysulfonium ions and their subsequent treat-

ment with triethylamine gave α-halocarbonyl compounds

through Swern–Moffatt-type oxidation [23-27]. Recently reac-

tion integration [28-31] has received significant research

interest because it enhances the power and speed of organic

syntheses and this is an example of integration of an electro-

chemical reaction and a chemical reaction using a reactive inter-

mediate. Herein, we report that the reaction pathways of

β-haloalkoxysulfonium ions can be switched to give different

products by changing the base, thus expanding the utility of the

present method. The treatment of β-haloalkoxysulfonium ions

3-X with sodium hydroxide gave the corresponding halohy-

drins 5-X, while the treatment with sodium methoxide gave

epoxides 6 (Scheme 1).

Results and Discussion
Reactions of β-bromoalkoxysulfonium ions
generated from (Z)-5-decene
We first examined the reactions of β-bromoalkoxysulfonium

ion 3a-Br generated by the reaction of (Z)-5-decene (2a) with

Br+/DMSO (1-Br) [21] (Scheme 1, X = Br). Bu4NBr in DMSO/

CH2Cl2 (1:9 v/v) was electrochemically oxidized at −78 °C in a

divided cell using Bu4NBF4 as a supporting electrolyte until

2.1 F/mol of electricity was applied. After addition of 2a to the

solution, the mixture was stirred at 0 °C to give 3a-Br, which

was characterized by NMR spectroscopy [22]. The treatment of

3a-Br with triethylamine gave α-bromoketone 4a-Br in 83%

yield [22]. However, the treatment of 3a-Br with NaOH gave

bromohydrin 5a-Br in 89% yield as shown in Table 1. These

phenomena can be explained as follows: Due to the steric repul-

sion, triethylamine cannot attack the sulfur atom in 3a-Br and

acts as base to abstract a proton attached to the carbon adjacent

to the sulfur. The formed carbanion part of the resulting sulfur

ylide abstracts a proton attached to the carbon adjacent to the

oxygen to give α-bromoketone 4a-Br by the Swern–Moffatt-

type oxidation mechanism [23-27]. On the other hand, the

hydroxide ion attacks the sulfur atom in 3a-Br and cleaves the

S–O bond to give the alkoxide ion, which is protonated by

water to give bromohydrin 5a-Br (Scheme 2). The stereochem-

istry determined by NMR (5a-Br was synthesized using NBS

according to the literature; see Supporting Information File 1)

indicated that the addition of Br+ and DMSO across the C–C

double bond was anti-selective, which is consistent with the

results reported previously [22].

Treatment of 3a-Br with NaOMe resulted in a different product,

namely epoxide 6a in 95% yield. In this case, the methoxide ion

attacks the sulfur atom and cleaves the S–O bond under forma-

tion of an alkoxide ion. The latter intramolecularly attacks the

carbon atom bearing the bromine substituent to give epoxide 6a

(Scheme 2). Presumably, the protonation of the alkoxide ion

with MeOH is slower than the intramolecular nucleophilic

attack. We could not exclude the possibility that a protonated

DMSO molecule presumably generated by the reaction of 3a-Br

with the hydroxide ion protonates the alkoxide ion to give

5a-Br, while a methylated DMSO molecule presumably gener-

ated by the reaction of 3a-Br with the methoxide ion cannot

protonate the alkoxide ion, which converts to 6a. The stereo-

chemistry determined by NMR [32] is consistent with a mecha-

nism involving the back-side attack of the alkoxide ion to form

epoxide 6a.
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Table 1: Reaction of 3a-X (X = Br, I) with different bases.a

% Yield of productb

X = Br X = I

Base 4a-Br 5a-Br 6a 4a-Ir 5a-I 6a

Et3N/CH2Cl2 83 ND ND 85 ND 1
NaOH/H2O ND 89 2 ND 84 1
NaOMe/MeOH ND ND 95 ND ND 96

aThe electrolysis was carried out using 1.3 equiv of Bu4NBr or Bu4NI (based on the alkene which was added after electrolysis) with 2.1 F/mol of elec-
tricity based on Bu4NBr or Bu4NI. bYields were determined by GC.

Scheme 2: Proposed reaction mechanisms for the syntheses of bromohydrin 5a-Br and epoxide 6a.

Reactions of β-iodoalkoxysulfonium ions
generated from (Z)-5-decene
We next examined the reactions of β-iodoalkoxysulfonium ion

3a-I generated by the reaction of (Z)-5-decene (2a) with

I+/DMSO (1-I) cation pool [22] (Scheme 1, X = I). Bu4NI in

DMSO/CH2Cl2 (1:9 v/v) was electrochemically oxidized at −78

°C in a divided cell using Bu4NBF4 as a supporting electrolyte

until 2.1 F/mol of electricity was applied. After addition of 2a

to the solution, the mixture was stirred at 0 °C to give 3a-I,

which was characterized by NMR spectroscopy [22]. The treat-

ment of 3a-I with triethylamine gave α-iodoketone 4a-I in 85%

yield as we reported previously [22]. However, the treatment of

3a-I with NaOH and NaOMe gave iodohydrin 5a-I in 84% yield

and epoxide 6a in 96% yield, respectively (Table 1). The stereo-

chemistry as determined by NMR (5a-I was synthesized using

I2 and H2O2; see Supporting Information File 1) indicated that

the addition of I+ and DMSO across the C–C double bond was

anti-selective as anticipated.

Synthesis of halohydrins and epoxides from
various alkenes
The present method was successfully applied to the synthesis of

halohydrins and epoxides from various alkenes. The reactions

of alkenes with 1-X followed by the treatment with NaOH gave

the corresponding halohydrins as shown in Table 2. The reac-

tions of E and Z isomers of 1-phenyl-1-propene (2d) with 1-Br

gave 5d-Br and 5d’-Br, respectively (Table 2, entries 7 and 9),

indicating the anti-addition of Br+ and DMSO across the C–C

double bond. The reaction with 1-I also gave the anti-addition

products (Table 2, entries 8 and 10). Therefore, the reaction is
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Table 2: Synthesis of halohydrins by the reaction of 1-X with alkenes followed by the treatment with NaOH.a

Entry Alkene Product Yield (%)b

1

2a

5a-Br, 5a-I

5a-Br: 87
2 5a-I: 84c

3

2b
(Z:E = 72:28) 5b-Br, 5b-I

5b-Br: 74
(trans:cis = 79:21)

4 5b-I: 94
(trans:cis = 71:29)

5

2c

5c-Br, 5c-I

5c-Br: 57
6 5c-I: 53

7

(E)-2d

5d-Br, 5d-I

5d-Br: 73
8 5d-I: 35

9

(Z)-2d

5d’-Br, 5d’-I

5d’-Br: 75
10 5d’-I: 51

aThe electrolysis of Bu4NBr and Bu4NI was carried out using 1.3 equiv of Bu4NX (based on the alkene which was added after the electrolysis) with
2.1 F/mol of electricity based on Bu4NX. bIsolated yield. cYield was determined by GC.

stereospecific, and the stereochemistry is consistent with the

proposed reaction mechanism (Scheme 2). The addition of Br+

or I+ and DMSO to unsymmetrically substituted olefins 2c and

2d regioselectively gave bromohydrins as single regioisomers

(Table 2, entries 5–10). The regioselectivity of the products can

be explained by the stability of carbocations (benzyl > second-

ary > primary). In the case of terminal alkene 2c, Br and I were

introduced to a primary carbon atom, whereas OH was intro-

duced to a secondary carbon atom. In the case of styrene deriva-

tive 2d, Br and I were introduced to a secondary carbon,

whereas OH was introduced to the benzyl carbon. DMSO seems

to attack the more positively charged carbon of the three-

membered ring bromonium ion or iodonium ion.

The reaction of 1-X with alkenes followed by the treatment with

NaOMe gave the corresponding epoxides as shown in Table 3.

Alkenes having an alkoxycarbonyl group gave the corres-

ponding epoxides in moderate yields (Table 3, entries 11–14).

Diene 2f reacted with 1-Br and 1-I to give monoepoxide 6f in

moderate yields (Table 3, entries 13 and 14). Interestingly, 2g

reacted with 1-Br to give 6g but not with 1-I (Table 3, entries 15

and 16), although the reason is not clear at present. The facial

selectivity of the reaction is the opposite to that of the epoxida-

tion using conventional reagents such as m-chloroperoxy-

benzoic acid (mCPBA) which epoxidizes alkenes from the less

hindered face [33,34]. In this reaction, Br+ adds to the C–C

double bond of 2g from the less hindered face to form the

corresponding three-membered ring bromonium ion intermedi-

ate. Subsequently, DMSO attacks the bromonium ion from the

more hindered face to form the corresponding β-haloalkoxysul-

fonium ion. The treatment of the β-haloalkoxysulfonium ion

with NaOMe cleaves the O–S bond to generate the alkoxide
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Table 3: Synthesis of epoxides by the reaction of 1-X with alkenes followed by the treatment with NaOMe.a

Entry Alkene Product X Yield (%)b

1

2a 6a

Br 95c

2 I 96c

3

2b
(Z:E = 72:28) 6b

Br 68
(cis:trans = 74:26)

4 I 89
(cis:trans = 74:26)

5

2c 6c

Br 73c

6 I 86c

7

(E)-2d 6d

Br 53
8 I 38d

9

(Z)-2d 6d’

Br 60
10 I 67d

11

2e 6e

Br 52e

12 I 57e

13

2f 6f

Br 49e

14 I 47e

15

2g 6g

Br 69
16 I 0

aThe electrolysis was carried out using 1.3 equiv of Bu4NBr or Bu4NI (based on the alkene which was added after electrolysis) with 2.1 F/mol of elec-
tricity based on Bu4NBr or Bu4NI. bIsolated yield. cYield was determined by GC. d2.0 Equiv of Bu4NI was used. eReacted with 2.5 equiv of NaOMe for
2 h.

ion, which attacks the carbon atom bearing bromine to give

epoxide 6g. Therefore, the installation of the oxygen atom takes

place from the more hindered face.

Reaction mechanism
To confirm the mechanism shown in Scheme 2, the experiment

was repeated using 18O-labeled DMSO (96% 18O)/CH2Cl2

(1:50 v/v). As outlined in Scheme 3, epoxide 6c containing 18O

(94% 18O) was obtained in 81% yield, indicating that the

oxygen atom in the product originated from DMSO. Since 18O-

labeled DMSO can be easily obtained from H2
18O [35], the

present transformation serves as a convenient method for

synthesizing 18O-labeled epoxides, that can be used for various

mechanistic and biological studies.

Conclusion
In conclusion, we found that the reaction pathways of

β-haloalkoxysulfonium ions generated by the reaction of elec-
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Scheme 3: Mechanistic study using 18O-DMSO.

trogenerated Br+ and I+ stabilized by dimethyl sulfoxide

(DMSO) can be switched by changing the nature of the base.

The present transformation serves as stereospecific route to

halohydrins and epoxides from alkenes. The method is also

useful for synthesizing 18O-labeled epoxides.

Supporting Information
Supporting Information File 1
Experimental and analytical data.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-11-27-S1.pdf]
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Abstract
The combination of visible light, photovoltaics, and electrochemistry provides a convenient, inexpensive platform for conducting a

wide variety of sustainable oxidation reactions. The approach presented in this article is compatible with both direct and indirect

oxidation reactions, avoids the need for a stoichiometric oxidant, and leads to hydrogen gas as the only byproduct from the corres-

ponding reduction reaction.
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Introduction
Organic electrochemistry is an extremely versatile tool for con-

ducting a wide variety of chemical reactions [1-3]. This versa-

tility stems from both the gentle, acid/base neutral reaction

conditions employed for the reactions and the adjustable poten-

tial of the working electrode that enables the oxidation and

reduction of substrates that often greatly differ in their elec-

tronic structure.

It is particularly easy to take advantage of the opportunities

electrochemistry offers when conducting constant current

(galvanostatic) electrolysis [4]. When a constant current is

passed through an electrolysis cell, the potential at the anode

increases until it reaches that of the substrate in solution with

the lowest oxidation potential. It then remains constant at that

potential until the effective concentration of the substrate at the

anode decreases to the point that the rate of substrate oxidation

is small relative to the rate of electron transfer. At that point, the

potential at the anode begins to increase and the selectivity of

the reaction for the initial substrate is lost. When a low current

density is used for the reaction, over 90% of the initial sub-

strate can be consumed before this loss of selectivity occurs.

Hence, at low current densities a constant current electrolysis

reaction automatically adjusts to the potential of the substrate to

be oxidized and then remains at that potential for the majority

of the reaction. In this way, a series of substrates can be selec-

tively oxidized using the same reaction conditions even if the

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:moeller@wustl.edu
http://dx.doi.org/10.3762%2Fbjoc.11.32
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substrates have significantly different oxidation potentials. For

most of the following cases discussed, reticulated vitreous

carbon (RVC) is used as a highly porous anode material to keep

current densities low. All of the RVC electrodes used were of

100 pores per inch and approximately 1 × 1 cm in size, and thus

the differences in current are directly proportional to the current

density from experiment to experiment. An equal but opposite

reduction reaction happens at the cathode. For all of the oxi-

dation reactions highlighted in this work, this reduction reac-

tion leads to the formation of hydrogen gas.

In addition to the direct oxidation of a substrate described in the

preceding paragraph, indirect electrochemical methods also

offer a powerful means of recycling chemical oxidants [5]. In

such experiments, the potential at the anode increases to a point

where it matches the oxidation potential of the reduced chem-

ical oxidant (Scheme 1). The reduced chemical oxidant is then

oxidized in order to generate the active chemical oxidant. The

chemical oxidant then performs the desired chemical transfor-

mation before returning to the anode as its reduced form. The

process converts the chemical oxidant into a catalyst. Since the

oxidant is not consumed during the reaction, the potential at the

anode remains constant throughout the electrolysis. As in the

direct oxidation, the corresponding reduction reaction at the

cathode generates hydrogen gas. Hence, the reactions allow for

the use of a chemical oxidant together with its inherent selec-

tivity while avoiding the byproducts associated with consump-

tion of the reagent.

Scheme 1: Electrochemical recycling of a chemical oxidant.

Based on this scenario, it is tempting to suggest electrochem-

istry is a “green method”. However, any attempt to promote

electrochemistry as being environmentally benign must account

for both the use of the electrolyte in the reactions and the source

of the electricity used.

Most electrochemical reactions require the use of an electrolyte.

The electrolyte provides counter ions for the ions generated at

the electrodes and serves to reduce the resistance of the cell by

making the electron-transfer reaction at the electrodes easier.

The presence of this electrolyte, often used in large excess, can

render an electrochemical reaction less than sustainable unless

the electrolyte is recycled. A number of research groups have

addressed this issue by either providing alternative electrolytes

that can be easily recycled [6] or conducting the reactions in

ionic liquids [7]. An alternative approach takes advantage of

flow technology. In these experiments, the electrolysis reaction

solution is flowed as a thin film between two closely spaced

electrodes. The small separation between the electrodes enables

the charged molecules generated at each electrode to interact.

This neutralizes the charges, reduces the resistance of the cell,

and eliminates the need for an electrolyte [8].

With efforts to address the electrolyte problem already

underway in the community, we turned our attention to the

source of electricity. Since the potential at the electrodes in a

constant current electrolysis automatically adjusts to match that

of the substrates, in principle, any source of current can be used

to drive the reactions in a selective fashion. With this in mind, it

seemed that a photovoltaic system would make an excellent

power supply for performing the reactions with minimal envi-

ronmental impact. There are numerous commercial photo-

voltaic systems that can be used to convert visible light into

electricity, two of which are shown in Figure 1 [9].

The first is a portable photovoltaic device capable of generating

a potential large enough to recharge a wide variety of batteries.

The second is a much less expensive alternative that is sold for

use in connection with science fair projects and the operation of

solar-driven toys [10]. Both can be used to power an electro-

chemical reaction, and both offer the opportunity to perform

oxidation reactions that consume only sunlight and generate

hydrogen gas as the only byproduct.

The experimental setup for a photochemically driven reaction is

trivial. One simply needs to connect the wires originating from

the photovoltaic source to the electrodes used for the reaction.

One can vary the current passing through the cell by simply

changing the amount of photovoltaic that is exposed to light.

With a large panel like the one shown in Figure 1a, regions of

the array can be covered to generate only a small amount of

current. For the smaller units (Figure 1b), the total surface area

of photovoltaic can be controlled by varying the number of indi-

vidual photovoltaic cells connected in series. One is, thus, not

limited by the day to day variations in sunlight intensity, as the

current through the cell can be adjusted very quickly using these

methods.

With an experimental design in place, a series of direct and

indirect oxidation reactions were used to determine the viability

of the method [11,12].
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Figure 1: a) Electrolysis setup with a “suitcase” photovoltaic device. b) Electrolysis with a very simple, commercially available, photovoltaic cell.

Scheme 2: Examples of solar-driven direct electrochemical oxidations.

Discussion
Direct oxidation
Initial efforts began by examining reactions where the substrate

to be oxidized underwent the electron-transfer reaction directly

at the electrode surface. We have employed reactions of this

nature to functionalize amides [13,14] and to conduct umpolung

reactions [15,16] that originate from electron-rich olefins [17].

Two examples are given in Scheme 2 [11]. A yield for the reac-

tions is given for an experiment using photovoltaics as the

power supply and a comparable reaction using a more tradi-

tional electrochemical setup. The photovoltaic-based reactions

were conducted by adjusting the area of the photovoltaic cell

exposed to the light until the current passing through the reac-

tion was the same as that used with the traditional setup. The

two cases in Scheme 2 were selected because the oxidation

potential of the substrates differed by more than 0.5 V.

However, that difference in potential had little effect on the

success of the electrolysis reactions, as the potential at the

anode surface adjusted to that of the substrate. In both cases, the

reaction using the photovoltaic system led to excellent product

yield. In the case of the amide oxidation, a lower current was

passed through the cell for the photovoltaic relative to the tradi-

tional setup. The lower current was a result of limitations asso-

ciated with the very simple photovoltaic system employed

(Figure 1b). The inexpensive photovoltaic setup did not produce

a large enough potential drop to overcome the resistance of an

electrolysis reaction with a more difficult-to-oxidize substrate.

The use of a larger photovoltaic cell would have afforded a
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Scheme 3: Overoxidation of dithioketal.

larger potential drop across the cell, a scenario that would allow

for the passage of more current through the cell. This approach

would have been undertaken if further optimization of the reac-

tion had been needed. Another point of interest is related to the

choice of the electrolyte for the reaction. The reactions high-

lighted in Scheme 2 provide an opportunity to address this

issue. Typically, the choice of electrolyte is not crucial, and

tetraethylammonium tosylate can be employed for the majority

of reactions reported. However, this is not always the case. In

the first reaction shown, LiClO4 was used as the electrolyte

when a reaction utilizing Et4NOTs failed to afford the product

[18]. The change was made because of the polarity of the sub-

strate. In an electrolysis reaction, the electrolyte forms a double

layer immediately around the electrode surface that can prevent

molecules from reaching the electrode. For example, a “greasy”

hydrocarbon-based electrolyte will form a hydrophobic double

layer and exclude polar molecules from the region surrounding

the electrode. This was the case when Et4NOTs was used as the

electrolyte for the oxidation of the sugar derivative

(Scheme 2a). The result was a dramatic reduction in the current

efficiency of the process. The switch to LiClO4 as the elec-

trolyte led to a more hydrophilic double layer that no longer

excluded the sugar-based substrate, leading to an improved

current efficiency and a high product yield.

A number of direct electrolysis reactions were driven by visible

light using the same approach shown in Scheme 2. In almost

every case, the simple visible-light-driven electrolysis setup

appropriately mimicked reactions performed with the signifi-

cantly more sophisticated electrochemical equipment. The

examples where the simple electrolysis setup was not as effec-

tive typically required more careful control of the current and

hence the working potential of the electrode. The reaction in

Scheme 3 provides an example of such a reaction. In this reac-

tion, the initially formed cyclic product has an oxidation poten-

tial that is not significantly higher than that of the starting ma-

terial. As a result, undesired oxidation of the product and

cleavage of the dithioketal moiety were observed. When a

photovoltaic device was used to conduct the reaction, an

increase in this over-oxidation product was observed, presum-

ably due to lessened control of the current being passed through

the reaction.

Indirect oxidation
While direct oxidation reactions can be powerful synthetic

tools, electrochemical reactions are typically more selective and

are based on the relative oxidation potential of the various

groups in solution. The group with the lowest oxidation poten-

tial is the group that will be oxidized. Chemical oxidations,

however, do not have this limitation. They can be selective for

one substrate based on steric effects, chirality, or other factors.

For this reason, the sunlight-driven oxidation reactions were

extended to the recycling of chemical oxidants. Three examples

are shown in Scheme 4 [12] where each was chosen for its

unique feature related to the indirect electrochemical approach.

In the first reaction (Scheme 4a), an asymmetric dihydroxyla-

tion with K2OsO2(OH)4 and hydroquinidine 1,4-phthalazine-

diyl diether ((DHQD)2PHAL) was performed in a catalytic

fashion by recycling the ferricyanide cooxidant at the anode

[19]. In this case, the use of the chemical oxidation strategy

allows for incorporation of an asymmetry-inducing element into

the transition state for the oxidation in a manner not possible

with a direct electrochemical oxidation.

The oxidation proceeded smoothly in the light-driven electro-

chemical reaction. The yield and ee of the product was in accor-

dance with that reported in the literature for the reaction using a

traditional electrochemical setup. The same electrochemical

solar cell developed for the direct oxidation experiments could

be utilized to conduct indirect electrolysis.

In the second oxidation illustrated, 2,2,6,6-tetramethylpiperidin-

1-oxyl (TEMPO) was recycled at the anode [20]. The bulky

oxidant was used to selectively oxidize the primary alcohol of a

glucose derivative in the presence of the unprotected secondary

alcohols. Once again, this is an example of selectivity that

cannot be accomplished with a direct electrochemical oxidation,
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Scheme 4: Examples of solar-driven, indirect electrochemical oxidations.

which would select the oxidation based exclusively on poten-

tial. Again, the yield from the light-driven process is compa-

rable to the literature value for the oxidation.

The final oxidation in Scheme 4c illustrates the use of the light-

driven electrolysis reaction for recycling ceric ammonium

nitrate (CAN) for a p-methoxybenzyl deprotection of an alcohol

proceeding through oxidation of the aromatic ring. This is a

reaction that does not have a direct literature precedent on a

preparative scale. Instead, it is an electrochemical reaction that

was initially developed in the context of performing site-selec-

tive reactions on a microelectrode array [21]. It was selected for

discussion here because the reaction serves to both illustrate the

range of oxidation reactions that can be performed in a catalytic

fashion using a simple photovoltaic and highlight the scala-

bility of the process. In order to perform the reaction on a

preparative scale, the array-based method was increased by

twelve orders of magnitude without any change in the overall

reaction conditions.

Recent advances
The reactions illustrated above are an ideal set. Each was

selected to address a key scientific point and because the elec-

trochemical reaction used was straightforward and not particu-

larly complex. The reactions were all easily performed at room

temperature and were conducted in simple electrochemical cells

and governed by the initial electron-transfer reaction. Given that

not all electrochemical oxidation reactions are so straightfor-

ward, the compatibility of such a simple photovoltaic power

supply with a more challenging electrolysis reaction is a valid

concern. In the following section, the use of the visible-light-

driven electrolysis setup for three such reactions is illustrated.

The first case stems from the use of an anodic coupling reac-

tion to make C-glycoside derivatives from styrenes (Scheme 5)

[22]. We have found that the yield of product obtained in these

reactions is directly dependent on the efficient removal of a

second electron from the system. This requires higher current

densities at the electrodes and often the use of more electrolyte.

Neither requirement is a problem for the visible-light-driven

electrolysis system. The reaction using the photovoltaic power

supply provided the same result as the electrolysis using a more

advanced electrochemical setup.

The second example (Scheme 6) involves an oxidative conden-

sation reaction between an aromatic aldehyde and a diamine

[23-25]. The reaction requires a careful balance between the

initial condensation reaction and the oxidative step with either

CAN or DDQ serving as the mediator.

In the third reaction (Scheme 7), an intramolecular alcohol

nucleophile was added to an olefin coupling reaction [26].
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Scheme 5: Solar-driven synthesis of C-glycosides.

Scheme 6: Solar-driven oxidative condensation.

Scheme 7: Solar-driven oxidative cyclization with a second nucleophile.

When a radical cation was generated from the enol ether, it was

rapidly trapped by the alcohol nucleophile. This generated a

radical that was in turn trapped by an allylsilane. The loss of a

second electron and elimination of the silyl group led to the

final product. To be successful, the reaction needed to over-

come the barriers of quaternary carbon and six-membered ring

formation. The use of the second nucleophile and a fast initial

trapping reaction reduced the cation character of the radical

cation intermediate, slowed competitive elimination reactions,

and allowed for the desired quaternary carbon formation. In

these reactions, the initial alcohol trapping reaction was found

to be both exothermic and reversible. Hence, cooling the reac-

tion to −78 °C helped to maintain the initial cyclization and to

keep the cation character of the reactive intermediate low. This

significantly increased the yield of the desired cyclization.

As in the previous cases, none of these complications (or the

need for the lower reaction temperature) prevented the use of

the very simple reaction setup. The use of the photovoltaic

system with visible light to generate the electricity needed for

the reaction led to product yields only slightly less than those

obtained when the overall system was more carefully

controlled.

Conclusion
A broad range of electrochemical oxidations can be performed

in a fashion that consumes only visible light and generates

hydrogen gas as the only byproduct. The reactions include both

direct and indirect oxidation strategies, which can be used to

generate new carbon–carbon bonds, functionalize amides, and

capitalize on the reagent-based selectivity associated with
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chemical oxidants. In all cases, the use of constant current elec-

trolysis conditions allows the potential at the anode surface to

be adjusted to that of the substrate. Hence, the same experi-

mental protocol can be used for each reaction.

It should be noted, that in many ways, the use of a simple

photovoltaic device to directly power an electrochemical reac-

tion as illustrated in Figure 1 is a gimmick. For a more complex

system or large-scale electrolysis, a more sophisticated photo-

voltaic array would be used to harvest enough energy to run a

standard potentiostat. This would result in a far more selective

electrolysis since the current passed through the reaction could

be carefully controlled and the efficiency of the electrochem-

ical process optimized. However, the use of a simple photo-

voltaic device to drive the reactions does highlight two key

points. First, the reactions illustrate how electrochemistry can

be used to expand the growing area of visible-light-driven

chemistry to include electron-transfer reactions in molecules

and reaction systems that have no internal chromophore.

Second, the reactions illustrate how simple sustainable electro-

chemical methods can be employed. This is particularly impor-

tant since the larger synthetic community is often hesitant to

adopt electrochemical reactions. This hesitation frequently has

its origins in the perception that electrochemical reactions

require the use of sophisticated and expensive equipment. The

range of reactions that can be conducted with the very simple

reaction setup shown in Figure 1b demonstrates that this

perception is not accurate. Any electrochemical reaction in the

literature can be mimicked satisfactorily with only a small

investment of time and money.

Experimental
General information
Electrolysis reactions were performed using a photovoltaic cell

and a light source (direct sunlight or a compact fluorescent bulb

(hydrophonic, full spectrum, 60 W, 5500K)) with an ammeter

and an optional coulometer connected in series. The output

voltage of the photovoltaic cells varied from 6–35 V depending

on the light intensity, which was varied to control the current

output. For reactions requiring higher current, a Topray solar

panel briefcase was connected in series with the reaction flask

(Figure 1a). Alternatively, several 6 V solar photovoltaic cells

can be connected in series to generate the equivalent amount of

current (Figure 1b).

Representative procedure for solar-driven
direct electrochemical reactions (Scheme 2a)
The enol ether substrate was dissolved in anhydrous MeOH

(0.03 M) with lithium perchlorate (0.03 M, 1.0 equiv) in a

flame-dried three-necked round-bottomed flask at room

temperature under an argon atmosphere. The flask was

equipped with a RVC anode and platinum wire cathode using

two of the three necks of the flask. The photovoltaic system was

inserted in series with the reaction flask along with an ammeter

to monitor the current. The reaction was carried out at a

constant current of 8.0 mA until the desired amount of charge

was passed. The crude mixture was washed with water and then

the organic solution was concentrated under reduced pressure

and purified by silica gel chromatography.

Representative procedure for solar-driven
indirect electrochemical reactions
(Scheme 6)
A flame-dried three-necked round-bottomed flask was charged

under argon with 1 equiv of o-phenylenediamine (0.31 mmol,

33.8 mg), 1.1 equiv of 3-nitrobenzaldehyde (0.34 mmol,

52 mg), 20 mol % CAN (31 mg), and LiClO4 (0.1 M, 127 mg)

in 12 mL of THF/MeOH 5:1. A RVC anode and a carbon rod

cathode were inserted into the flask. A constant current of 8 mA

was supplied (either via a potentiostat or a photovoltaic cell)

until 2.3 F/mol of charge had passed. After the electrolysis, the

contents of the flask were extracted with EtOAc, washed with

brine, and dried with MgSO4. The product was purified by

column chromatography (EtOAc/hexanes 1:1) to give the benz-

imidazole product.

Specific electrolysis procedures for other substrates may be

found in the original publications for the reactions as cited in

the main text. The modification of these reactions to the solar-

driven versions were carried out according to the general infor-

mation and example solar-driven procedures provided above.
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Abstract
The electrochemical generation of menthylamines from the corresponding menthone oximes equipped with an additional

substituent in position 8 is described. Due to 1,3-diaxial interactions a pronounced diastereoselectivity for the menthylamines is

found.
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Introduction
Optically active amines serve as powerful and versatile tools in

organic synthesis. Among numerous applications they are

applied as chiral ligands [1], as catalysts for various asym-

metric transformations [2], and as building blocks for alkaloid

and pharmaceutical drug synthesis [3,4]. The increasing number

of applications leads to a growing interest in the stereoselective

preparation of such amines. Throughout the last decades,

several strategies [3] such as stereospecific amination via C–H

insertion [5-8] or asymmetric olefin hydroamination [9-13]

have been investigated in order to obtain access to optically

pure amines. However, the major fraction of starting materials

for the synthesis of these compounds is still provided by the

chiral pool. Usually, optically active alcohols or amino acids

serve as starting material for such amine syntheses [14]. Natu-

rally occurring terpenes such as carene [15], limonene [16],

pinene [17,18] or camphor [19] are used as precursors for chiral

β-amino alcohols. As precursors for α-chiral primary amines,

fenchone [20] and camphor [21,22] are typically employed.

Furthermore, optically pure dehydroabietylamine is readily

available and applicable without further modification [23-25].

Among the terpenoid derived amines, menthylamine and its

8-substituted derivatives 1 represent a particularly interesting

candidate. Due to the strong steric influence in the vicinity of

the amino functionality, high selectivity can be expected for

asymmetric transformations [26,27], since appropriate moieties

as substituents R create a molecular U-turn (see Scheme 1).

However, while optically pure menthol derivatives play a

significant role in organic synthesis [28], menthylamines have

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:waldvogel@uni-mainz.de
http://dx.doi.org/10.3762%2Fbjoc.11.34
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Scheme 2: Synthetic strategies to menthylamines.

Scheme 1: Structural features of 8-substituted menthylamines 1.

only been used in a few situations, which is attributable to their

rather poor availability in optically pure manner. Among the

applications reported so far, are the uses as building blocks in

supramolecular receptors [29-34] or the synthesis of high-

performance stationary phases for liquid chromatography

[35-38]. (−)-Menthone (2) can be converted to menthylamine

by different methods: A general way to convert naturally

occurring terpenoids is the reductive amination under

Leuckart–Wallach conditions (see Scheme 2, pathway I) [39].

This method was applied to convert 2 to N-alkyl substituted

menthylamines [40]. However, a significant disadvantage of

this method is the lack of stereocontrol and partial inversion of

the configuration at position 4 resulting in a complex diastereo-

meric mixture. Alternatively, reduction of menthone oxime can

be achieved, either employing Bouveault–Blanc conditions

[41], or via hydrogenolysis at a transition metal catalyst [42].

Both approaches lead to the desired product as a diastereomeric

mixture.

In the past, we elaborated straightforward and efficient

approaches to optically pure (−)-menthylamine (3, see

Scheme 2, pathways II, III, IV).

One protocol involves conversion of the inexpensive technical

intermediate racemic neomenthol to menthylamine in a three-

step sequence, followed by enantiomeric resolution employing

tartaric acid (see Scheme 2, pathway IV) [43]. By the amount

of water in the crystallisation mixture the precipitation of

the desired diastereomeric salt can be chosen [44]. Furthermore,

we developed a Bouveault–Blanc-type protocol where

(−)-menthone oxime is converted to 3 in attractive diastereose-

lectivity (see Scheme 2, pathway II) [45]. However, the neces-

sity for excess amounts of sodium metal constitutes a major

drawback. Consequently, we also investigated on electrochem-

ical alternatives for the reduction of (−)-menthone oxime. In

this context, we found that it can be efficiently converted to the

corresponding diastereomeric amines with an excess of 3a in a

divided cell under galvanostatic conditions employing an Hg

pool cathode (see Scheme 2, pathway III) [26]. Here, we report

a new synthetic route to optically pure 8-substituted menthyl-

amines 1 starting from commercially available (+)-pulegone (4,

Scheme 3). An important feature of this sequence is the initial

introduction of a sterically demanding moiety R in position 8

via cuprate addition. After conversion to menthone oximes 7

within the second step, R is supposed to enhance the stereose-

lectivity of the following electrochemical reduction process

(Scheme 3, step 3). Concomitantly, the resulting amines 1 are

expected to have improved properties as catalysts/auxiliaries for
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Scheme 3: Stereoselective synthesis of 8-substituted (1R,3R,4S)-menthylamines.

Scheme 4: Influence of the cathode system onto the stereoselectivity of the reduction of (1R,4S)-menthone oxime.

asymmetric transformations due to the increased sterical

demand in the vicinity of the amine group.

Results and Discussion
Exploratory work
Our previous studies revealed that menthone oxime can be elec-

trochemically reduced on either mercury pool or lead cathode

(see Scheme 4) [26]. Under optimized reaction conditions, the

use of a mercury pool cathode renders compound 3 in 86%

yield with a diastereomeric ratio (dr) 3a:3b of 2.4. In contrast,

using a lead cathode under optimized conditions leads to a

reversed diastereomeric ratio of 0.6 in 99% yield. Notably,

methyltriethylammonium methylsulfate (MTES) was used as

additive in the latter case in order to suppress lead corrosion and

to improve the current efficiency [26,46,47]. These promising

results prompted us to study the stereoselectivity of the reduc-

tion in the presence of a sterically demanding group in position

8 of the substrate molecule.

Synthesis of the menthone oxime substrates
In order to obtain the desired 8-substituted (1R,4S)-menthone

oxime substrates 7 we started from commercially available (+)-

pulegone (4) in technical grade (92%) (see Scheme 5). First, the

desired aryl moiety was installed by cuprate addition generated

from aryl bromide 5, yielding the corresponding menthones

6a–c in good yields. In all cases, simple distillation is sufficient

to isolate 6 in high purity.

Subsequent treatment of epimeric mixtures 6a–c with

NH2OH∙HCl and NaOH provides the corresponding (1R,4S)-

menthone oximes in good yields (68–85%). For both, cuprate

addition and oxime formation, conversions of the compounds

exhibiting the diphenyl moiety in position 8 (6c and 7c,

R2 = Ph) require prolonged reaction times and render slightly

lower yields.

Electrochemical reduction of 8-substituted
menthone oximes
The electrolyses were carried out in a divided cell using a

Nafion® sheet as separator and platinum as anodic material.

Since previous studies revealed that the reduction of the non-

substituted menthone oxime was most effective on mercury or

lead as cathodic material [26], we were prompted to study the

influence of such cathodes onto yield and stereoselectivity in

the conversion of 7a (see Scheme 6).

The results clearly indicate that lead represents the superior

cathode for this application. Compared to mercury, the use of a
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Scheme 5: Preparation of 8-substituted (1R)-menthones 6 and the corresponding oximes 7.

Scheme 6: Influence of cathode material on the preparation of (1R,3R,4S)-menthylamine 8a.

lead cathode renders significantly higher yields (93% vs 19%).

Furthermore, an improved dr of 8:1 in favor of the desired

isomer 8a is obtained (compare dr = 6:1 obtained at Hg). Both

results clearly demonstrate the positive effect of the substituent

in position 8 onto the diastereoselectivity of the reduction

(compare Scheme 4, dr = 2.4). Since lead was distinctly the

prime cathode material it was used throughout all further

investigations. To determine the influence by the temperature

onto the selectivity, the reaction was carried out at 20, 40, and

60 °C (see Table 1). Methyltriethylammonium methylsulfate

(MTES) serves as additive in order to suppress electrode corro-

sion due to PbSO4 formation [26,46,47].

With increasing temperature higher diastereoselectivity can be

observed, but the product yield strongly decreases. At 60 °C,

hydrolysis of the oxime becomes the predominant reaction,

yielding large amounts of menthone 6a and the desired product

8 in only 33% yield (Table 1, entry 1). Moreover, the influence

of alkylammonium salt additives on the reaction was studied

(see Table 2). Such additives are known to have a positive

effect on reductions on lead cathodes due to the formation of an

Table 1: Effect of temperature onto yield and stereoselectivity of the
electrochemical reduction of 7a on a lead cathode.

Entrya T [°C] yieldb [%] c.e.c [%] drd [8a:8b]

1 60 33 13 6.2
2 40 85 34 5.4
3 20 93 38 5.2

aCatholyte: 0.5% MTES and 2% H2SO4 in MeOH, current density:
12.5 mA cm–2, passed charge: 10 F mol–1, anode: platinum; byield
determined by GC (internal standard); cc.e. = current efficiency; dratio
determined by NMR spectroscopy.

ionic coating on the electrode surface and concomitant inhibi-

tion of cathodic corrosion and evolution of molecular hydrogen

[46,47].

The chosen additives differ in size and number of ammonium

groups. The use of additive 11 leads to the highest product yield

(Table 2, entry 3) but with a dr of 4.7 the lowest stereoselec-

tivity. However, optimal compromise is given by MTES (addi-

tive 10) as additive with a yield of 93% and a diastereomeric
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Table 2: Influence of alkylammonium salts on the electrochemical preparation of 8a.

Entrya additive yieldb [%] c.e.c [%] drd [8a:8b]

1
9

83 33 7.5

2

10

93 37 6.2

3

11

95 38 4.7

aCatholyte: 0.5% additive and 2% H2SO4 in MeOH, current density: 12.5 mA cm−2, passed charge: 10 F mol−1, anode: platinum; byield determined by
GC (internal standard); cc.e. = current efficiency; dratio determined by NMR spectroscopy.

Table 3: Electrochemical synthesis of 12a using different additives.

Entrya additive yieldb [%] c.e.c [%] drd [12a:12b]

1 9 63 25 6.8
2 10 42 17 5.6
3 11 78 31 8.6

4

13

73 29 4.4

aAnode: platinum; byield determined by GC (internal standard); cc.e. = current efficiency; dratio determined by NMR spectroscopy.

ratio of 6.2 (Table 2, entry 2). The compact cation 9 renders the

best result with regard to diastereomeric ratio, but with inferior

yield of 83%.

Next, the elaborated conditions were applied to oxime 7b

(Table 3, entry 2). The corresponding menthylamines 12a and

12b were obtained in only 42% yield in a diastereomeric ratio

of 6:1. However, the yield can be significantly improved using

other alkylammonium additives, such as tetramethylammonium

salt 9, BQAOH (11) and cyclic alkylammonium salt 13 (see

Table 3, entries 1, 3 and 4), whereas 10 and 13 render im-

proved yields along with lower diastereoselectivity, the use of

additive 11 provides the highest yield with best stereoselec-

tivity (see Table 3, entry 3). Again, the positive effect of the
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Scheme 8: Separation of the diastereomeric 8-substituted menthylamines by crystallization of their hydrochlorides.

substituent in position 8 onto the diastereoselectivity of the

reduction is clearly demonstrated (compare Scheme 4).

Since the achieved results with additive 11 are very promising

(78%, dr 8.6) we were prompted to perform further studies on

the effect of the concentration of 11 contained in the electrolyte.

The results reveal that a concentration of 1 wt % renders

optimum values for product yield, current efficiency and dia-

stereomeric ratio (see Table 4).

Table 4: Influence of the concentration of additive 11 on the electrore-
duction of 7b.

Entrya c (additive 11)
[%]

yieldb

[%]
c.e.c
[%]

drd
[12a:12b]

1 0.5 78 13 8.6
2 1 89 36 8.9
3 4 85 37 7.8

aCatholyte: 2% H2SO4 in MeOH, current density: 12.5 mA cm−2,
passed charge: 10 F mol−1, anode: platinum; byield determined by GC
(internal standard); cc.e. = current efficiency; dratio determined by
NMR spectroscopy.

Increasing the additive amount to 4 wt % does not have any

further benefit onto the oxime conversion, while simultane-

ously the stereoselectivity decreases slightly (Table 4, entry 3).

Employing oxime 7c demonstrates the limitations of our

methodology. After passing 10 F under the optimized reaction

conditions using additive 10, non-converted oxime 7c was fully

recovered. A possible explanation is a strong decrease of the

electron transfer rate due to steric shielding of the oxime func-

tionality (see Scheme 7). Also the low solubility of the sub-

strate is obstructive.

Scheme 7: Protection of the oxime functionality in 7c due to the steri-
cally demanding diphenyl moiety in 8-position.

Diastereomerically pure 8-substituted
menthylamines
To obtain diastereomerically and analytically pure 8-substi-

tuted (1R,3R,4S)-menthylamines, each diastereomeric mixture

can be transformed to the corresponding hydrochlorides by

passing HCl through a solution of 8 or 12 in diethyl ether

followed by a selective crystallization of diastereomers 8c and

12c from 1,4-dioxane or CH2Cl2/heptane, respectively (see

Scheme 8). 8c and 12c can thus be obtained in 73% and 88%

yield.

Conclusion
We presented an efficient strategy to synthesize (1R,3R,4S)-

menthylamines with aryl substituents in position 8. Starting

from commercially available (+)-pulegone, the desired aryl

moiety can be installed in position 8 by cuprate addition. Subse-

quent treatment with NH3OH∙HCl at alkaline conditions

provides the enantiomerically pure (1R,4S)-menthone oximes in

good yields. In the final step of the reaction sequence, the

oxime is electrochemically reduced. We found that the use of a

lead cathode in combination with alkylammonium additives

render the desired 8-substituted (1R,3R,4S)-menthylamines in

high yields and good diastereoselectivity. Compared to non-

substituted (1R,3R,4S)-menthylamine, the diastereoselectivity is

significantly improved, owing to the increased steric demand of
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the substituent on the stereocenter in vicinity to the oxime func-

tionality. However, if the size of the substituent is further

increased, the electrochemical conversion is significantly

impaired.

Supporting Information
Supporting Information File 1
Experimental details and 1H and 13C NMR spectra are

provided.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-11-34-S1.pdf]
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Abstract
The electrocopolymerization of 3,4-ethylenedioxythiophene (EDOT) with the branched thiophene building block 2,2′:3′,2″-terthio-

phene (3T) is presented as a versatile route to functional polymer films. Comparisons to blend systems of the respective homopoly-

mers PEDOT and P3T by in situ spectroelectrochemistry and Raman spectroscopy prove the successful copolymer formation and

the access to tailored redox properties and energy levels. The use of EDOT-N3 as co-monomer furthermore allows modifications of

the films by polymer analogous reactions. Here, we exemplarily describe the post-functionalization with ionic moieties by 1,3-

dipolar cycloaddition (“click”-chemistry) which allows to tune the surface polarity of the copolymer films from water contact

angles of 140° down to 40°.
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Introduction
The many different applications of conducting polymers

demand for tailored properties, especially the position of the

HOMO level and the HOMO–LUMO band gap value are

crucial for the applicability in different devices such as organic

photovoltaics, organic field effect transistors, organic light

emitting diodes or organic electrochromic windows [1-6].

There are different ways to tune HOMO–LUMO band gap

values, mostly concerning the modification of the used

monomers, for example by a rigidification of the conjugated

system [7], the introduction of electron-withdrawing [8] or elec-

tron-donating groups [9,10] to the monomers or the increase of

the quinoid character [11]. One widely used approach is the

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:sabine.ludwigs@ipoc.uni-stuttgart.de
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introduction of different co-monomers to build up copolymers,

e.g., new donor–acceptor low band gap copolymers [12-14].

Among synthetic approaches electropolymerization has gained

particular attention, because it allows easy tuning of polymer

film properties by modification of the monomers. In addition to

electropolymerization of simple conjugated monomers [15]

more complex monomers which include different building

blocks were presented. Roncali et al. used for example EDOT

containing branched thiophene monomers [16,17]. In some of

the more complex monomer systems the electropolymerization

can be regarded as a crosslinking step [17,18]. Electropolymer-

ization of monomer mixtures is another powerful tool to modify

material properties. Among a variety of monomer mixtures

including pyrrole and thiophene [19,20], 2,2’-bithiophene and

pyrrole [21,22] and dicyanovinylene-substituted cyclopentabi-

thiophene and EDOT [23], we recently presented the copoly-

merization of EDOT and the branched unit 2,2’:3’,2’’-terthio-

phene (3T) [24].

Additional functionalities, such as ions, can be introduced either

by direct attachment of the functional moieties to the monomers

or via precursor monomers which give access to post-polymer-

ization reactions. Ionic groups on conjugated polymers –

so-called conjugated polyelectrolytes [25] – are discussed in the

context of solubility tuning [26], sensor applications [27],

improvement of solar cell performance by usage as hole injec-

tion layers [28] or the modification of the surface polarity

heading for bio-compatible electrodes [29]. The direct elec-

tropolymerization of ionically modified monomers was for

example carried out by Reynolds et al. for sulfonic acid func-

tionalized pyrrole [30,31]. The groups of Heeger et al. [32-34],

Bäuerle et al. [35] and Visy et al. [36] synthesized sulfonic acid

and carboxylic acid functionalized polythiophenes to study the

so called “self-doping” effect of conducting polymers [37].

Interwoven polymeric composite materials based on polymer

blends were obtained by electrodepositing sulfonic acid modi-

fied bithiophene followed by bipyrrole monomers [38].

In some cases the direct polymerization of ionically modified

monomers remains problematic: this was for example reported

in the case of sulfonic acid modified pyrrole, where film deposi-

tion was only possible when a copolymerization with pristine

pyrrole was conducted [30].

Post-polymerization processes on the other hand have to

provide high yields and mild reaction conditions to keep the

formed polymer backbone intact and to reach a considerable

degree of conversion of functional groups. The Cu(I)-mediated

1,3-dipolar cycloaddition between azides and alkynes (“click”-

reaction) is a commonly used reaction in post-polymerization

processes [39,40]. In the case of the azidomethyl-modified

EDOT (EDOT-N3) building block different approaches of

modifying the corresponding polymer PEDOT-N3 have been

conducted so far, including the modification of electropolymer-

ized PEDOT-N3 with different redox functionalities as

employed by Bäuerle et al. [41-43]. The PEDOT relative,

propargyl-substituted chemically synthesized 3,4-propylene-

dioxythiophene was used by Kumar et al. to introduce ionic

groups by “click”-chemistry to render the solubility of the

gained polymers from organic solvents to water solubility [44].

“Electro-click” modifications were used for chemically synthe-

sized PEDOT-N3 and copolymers of EDOT-N3 and EDOT with

halogens and fluorescent markers [45,46] and of electrochemi-

cally synthesized PEDOT-N3 to introduce fluorinated alkyl

chains [47]. In the latter case the water contact angles could be

gradually varied.

We here present the electrocopolymerization of EDOT-N3 with

the branched terthiophene 2,2’:3’,2’’-terthiophene and the post-

polymerization into an ionically modified copolymer. Only

recently, we reported on the copolymerization of 3T and EDOT

as a straightforward approach to conducting polymer films with

tailored HOMO levels and therefore band gap values by varying

the monomer ratio during chemical (with FeCl3 as oxidant) and

electrochemical polymerization [24]. Characterization of the

chemically polymerized copolymers by 1H DOSY NMR and

MALDI–TOF spectroscopy indicated that the EDOT and 3T

units are covalently linked. While comparisons with these

chemically synthesized polymers support our finding, a real

proof of copolymer formation for the electropolymerized films

was still missing in our previous publication. Here, we show

that by comparison of blend films of the homopolymers with

copolymer films obtained by electropolymerizing monomer

mixtures the copolymer formation, i.e., the covalent linkage of

the two co-monomers can be proven also for the electrochemi-

cally synthesized films by means of electrochemical and spec-

troscopic (in situ and ex situ) techniques.

We further show that the redox properties of the polymers

remain identical when EDOT–N3 is used as a co-monomer

instead of EDOT and that “click”-chemistry is a versatile tool to

largely modify material properties, e.g., by the introduction of

covalently bound ionic groups.

Results and Discussion
Electropolymerization of monomer mixtures does not necessar-

ily lead to copolymers of the two monomers but can also result

in polymer blend structures. This is often a difficult task to

prove [48]. Case one is that both monomers readily react with

each other and the polymerization of a mixture of monomers

leads to a copolymer. In case two, both monomers react with

themselves but not with each other and the polymerization of
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Scheme 1: Polymer constitutions of the electropolymerized films.

the monomer mixture leads to a mixture of the two homopoly-

mers which can be regarded as a polymer blend. We mimicked

the latter case by consecutive electro-deposition of layers of the

respective homopolymers on the electrode. We have shown in

earlier work [24] that the oxidation potentials of EDOT and 3T

at 1.0 V and 1.1 V vs Fc/Fc+, respectively, do principally allow

for copolymer formation. Scheme 1 highlights the different

polymer constitutions of the electropolymerized films we

discuss in the present article: pure homopolymer films P3T and

PEDOT, the blend film containing both P3T and PEDOT layers

and the copolymer which represents a random combination of

the monomers EDOT and 3T and strongly depends on the ratio

of the monomers used during the electropolymerization. The

nomenclature of the copolymers is in accordance to our

previous publication [24]: P(EDOT-co-3T)-1:1 means for

example that a 1:1 mixture of 3T and EDOT is used during

polymerization.

Figure 1A summarizes representative cyclic voltammograms

(CVs) of PEDOT, P3T, a PEDOT/P3T-blend and the copolymer

P(EDOT-co-3T)-1:1. During the electrochemical oxidation the

homopolymers PEDOT and P3T both show chemically revers-

ible behavior, but they differ significantly in their onset poten-

tials of −0.8 V and 0.3 V vs Fc/Fc+, respectively (blue and red

curves). The cyclic voltammogram (CV) of the PEDOT/P3T-

blend has two current maxima located at −0.3 and +0.7 V. Both

values correspond to the oxidation potentials of the respective

homopolymers indicating the combination of the redox prop-

erties of PEDOT and P3T. The P(EDOT-co-3T)-1:1 film on the

other hand shows one broad oxidation wave with an onset

potential of −0.6 V. The UV–vis absorption spectra of the

neutral electropolymerized films are shown in Figure 1B: while

the homopolymers exhibit absorption maxima at 630 nm for

PEDOT and 450 nm for P3T, the PEDOT/P3T-blend and the

copolymer P(EDOT-co-3T)-1:1 film show rather broad spectral

shapes with maxima around 530 nm. From the spectra of the

neutral compounds a clear distinction between the copolymer

and the blend is not possible.

Monitoring the optical properties during the electrochemical

oxidation process by in situ spectroelectrochemistry, however,

gives further information about the electronic properties of the
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Figure 1: Cyclic voltammograms in 0.1 M NBu4PF6/MeCN (A) and vis–NIR spectra (B) of electropolymerized films of PEDOT (blue curve), P3T (red
curve), PEDOT/P3T-blend (black curve) and P(EDOT-co-3T)-1:1 (purple curve) deposited on ITO-coated glass substrates. C–F: In situ spectroelec-
trochemistry of films deposited under potentiostatic control on ITO with oxidative cycles at 50 mV s−1 in 0.1 M NBu4PF6/MeCN (C and E) and vis–NIR
spectra (D and F) recorded during the forward scan in the oxidation process of PEDOT/P3T-blend (C and D) and P(EDOT-co-3T)-1:1 (E and F). The
films were prepared according to [24].

charged species and thus allows to allocate redox states and

absorption bands to certain species. The recorded spectra of the

blend and the copolymer films reveal remarkable differences.

Figure 1C and D show the CVs and the absorption spectra

recorded during the forward scan of the PEDOT/P3T-blend

film. Following the process of the first oxidation wave in the

CV the broad absorption band is decreasing asymmetrically

upon potential increase. The loss of the shoulder of the absorp-

tion band at around 630 nm suggests that PEDOT is oxidized

first yielding the charged PEDOT species with an absorption of
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Table 1: Summary of absorption and electrochemical characteristics of polymer films electrochemically deposited on ITO electrodes under potentio-
static control derived from in situ spectroelectrochemical experiments in 0.1 M NBu4PF6/MeCN.

Polymer film Eox
onset [V vs. Fc/Fc+]

(HOMO [eV])a
λmax (neutral)
[nm]b

λmax (radical cation)
[nm]b,c

P3Td +0.3 (-5.4) 450 780
PEDOTd −0.8 (−4.3) 630 880
PEDOT/P3T-blend −0.7 (−4.4) – ≈780 and ≈890
P(EDOT-co-3T)-1:1 −0.6 (−4.5) 530 830

aHOMO levels calculated using −5.1 eV as formal potential of the ferrocene/ferrocenium (Fc/Fc+) redox couple in the Fermi scale [50]; bthe error is
estimated to be ±15 nm; cvalues determined at E = Eox

onset +0.5 V as previously described in [24]; dfrom [24].

the radical cation around 890 nm. This is in accordance to

literature where the PEDOT radical cation is described with an

absorption maximum around 880 nm [24]. Only when

approaching the second oxidation wave around +0.9 V the

absorption band at 450 nm is decreasing, revealing a new

absorption at 780 nm which can be attributed to the radical

cation formation of P3T matching the literature value [24]. To

our knowledge this is one of very few examples [48,49], where

a polymer blend provides the separated absorption and redox

properties of the homopolymers which allow for the separated

addressing of the polymers by CV and monitoring thereof by

spectroscopy.

The copolymer P(EDOT-co-3T)-1:1 (Figure 1E and F) shows,

as described above, one broad oxidation wave in the CV and a

broad absorption with a maximum at 530 nm. During the oxi-

dation the 530 nm band is decreasing uniformly and steadily

while at 830 nm a single band is ascending, which indicates the

formation of the charged radical cation species. This is in agree-

ment with our earlier data where we showed this uniform steady

decrease of the band at 830 nm absorption during the oxidation

for P(EDOT-co-3T) polymer films with different ratios of the

monomers EDOT and 3T [24]. This, with respect to the blend

films, completely opposite behavior is a reliable argument that

indeed a copolymer is formed from the copolymerization of

EDOT and 3T. Table 1 summarizes the characteristic values for

the neutral and charged polymer films.

As a further analytical tool we employed Raman spectroscopy

which addresses the different vibrational modes of the samples.

Figure 2A shows the Raman spectra of the homopolymers

PEDOT and P3T, the blend film PEDOT/P3T-blend and the

copolymer P(EDOT-co-3T)-1:1. Note that the spectra are

recorded at 532 nm in order to be in resonance with the lowest

energy absorption band (HOMO–LUMO transition) of the

neutral polymers and therefore out-of-resonance with the

absorption bands of the oxidized species. In accordance with

earlier work [51], the Raman spectrum of PEDOT exhibits a

very intense band at 1428 cm−1 which is associated with a

symmetric Cα=Cβ stretching and two less intense bands at 1519

and 1370 cm−1 which arise from asymmetric Cα=Cβ and Cβ–Cβ

stretching vibrations, respectively. In the branched P3T

polymer, a broadening of the band associated with the collec-

tive Cα=Cβ stretching mode (at 1459 cm−1) is observed with a

shoulder appearing at 1441 cm−1 while the two less intense

bands appear at 1496 and 1373 cm−1. The broadening of the

spectra in P3T is related to its branched architecture with

different conjugation paths along their π-conjugated backbones

which also results in a lowering of the molecular symmetry and

an increase of molecular flexibility when compared to the linear

polymers.

On the other hand, the Raman spectrum of the blend is clearly a

simple superposition of the homopolymer spectra. Note the very

good correlation between the spectral profiles of the experi-

mental blend and the calculated spectrum created by adding the

spectra of the two homopolymers PEDOT and P3T in

Figure 2A. A direct comparison between the spectra of the

blend and copolymer, however, reveals a noticeable downshift

of the asymmetric Cα=Cβ stretching modes (from 1514 in

PEDOT/P3T-blend to 1500 cm−1 in P(EDOT-co-3T)-1:1) and

the Cβ–Cβ Raman bands (from 1368 in PEDOT/P3T-blend to

1364 cm−1 in P(EDOT-co-3T)-1:1). This frequency downshift

strongly suggests that the copolymer has an improved π-conju-

gation because of the better π-electron delocalization through

the covalently connected 3T and EDOT units. A detailed super-

position of the spectra of the blend and the copolymer (see

labelled bands in Figure S1 in Supporting Information File 1),

evidences the presence of two new bands in the copolymer at

1204 and 1060 cm−1 which can be assigned to stretchings of

newly formed Cα–Cα bonds [52] between the monomers EDOT

and 3T and to Cβ–H bending modes [51], respectively. This

gives further evidence that the materials formed are copoly-

mers rather than polymer blends.
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Figure 2: A: Raman spectra of electrodeposited films of the homopolymer P3T and PEDOT, PEDOT/P3T-blend, a simulated spectrum of a blend of
PEDOT and P3T (created by adding the spectra of the two homopolymers) and the copolymer P(EDOT-co-3T)-1:1, λexc = 532 nm. B: Comparison of
Raman spectra between 1300 and 1600 cm−1 for different monomer ratios of the copolymer films (black curve EDOT, broken black curve 1:1, blue
1:3, broken pink curve 1:5, green curve 1:10, red curve P3T), λexc = 532 nm.

The Raman spectra also give valuable information about

different compositions in the copolymers. In a similar manner

as described in our earlier work [24] we prepared copolymer

films with different compositions (ratio of the monomers EDOT

and 3T during polymerization ranging from 1:1 to 1:10).

Figure 2B shows the Raman spectra between 1300 and

1600 cm−1 of the copolymers as well as of the homopolymers

P3T and PEDOT for comparison. The main Raman bands of all

copolymers which are associated with the collective symmetric

Cα=Cβ stretching modes are located between the band maxima

in P3T (1459 cm−1) and PEDOT (1428 cm−1) and downshift

from 1456 to 1435 cm−1 on passing from P(EDOT-co-3T)-1:10

to -1:1. It is well established in literature that the frequency of

this band shifts downward upon increasing conjugation length

or increasing quinoidization [53,54]. Therefore, the shift

towards lower frequencies (i.e., lower energies) with increasing

EDOT content demonstrates that the incorporation of EDOT in

a branched thiophene polymer improves the conjugation length.

This can be ascribed to the significant participation of the

oxygen atoms in the π-conjugation and a gain in rigidity of the

polymer backbone due to intramolecular sulfur–oxygen interac-

tions [55,56]. The asymmetric Cα=Cβ stretching modes upshift

and increase in intensity with increasing EDOT content while

the Cβ–Cβ mode slightly increases in intensity; this is also in

accordance with an improved effective conjugation in going

from P(EDOT-co-3T)-1:10 to -1:1. Note that a similar spectral

evolution is found when the sample is recorded with different

excitation wavelengths (see Figure S2 in Supporting Informa-

tion File 1).

Further functionalization
Summarizing the first part of our manuscript the electropoly-

merization of monomeric mixtures of 3T and EDOT leads to

copolymers and the HOMO levels of these polymers are

adjustable by varying the ratio of the monomers during the

polymerization process. In a next step we further transferred the

copolymerization approach to the azidomethyl-substituted

EDOT-N3 monomer which allows for the straightforward modi-

fication with various alkynes by Cu(I)-catalyzed 1,3-dipolar

cycloaddition (“click”-reaction) [57].

For the functionalization experiments we chose the copolymer

prepared with the highest EDOT-N3 content namely the 1:1-

copolymer. The functionalization was first conducted with

1-hexyne as a model system. The successful modification had

been displayed earlier by Bäuerle et al. who could show, that

the cycloaddition takes place with high conversion rates both

with EDOT-N3 and when the reaction was performed in elec-

tropolymerized films of PEDOT-N3 [41]. As functional moiety

we introduced an ionic alkyne sulfonate (SO3Na–alkyne). As

the cycloaddition-reaction with SO3Na–alkyne is not known in

literature we first made tests on the reaction with the monomer

EDOT-N3 and obtained the product EDOT-clickSO3Na in high

yield. For 1H NMR and IR-spectra we refer to Figure S3 and

Figure S4 in Supporting Information File 1. Figure 3A depicts

the synthesis of the cycloaddition-reactions of the copolymer

films P(EDOT-N3-co-3T)-1:1 with 1-hexyne and SO3Na-alkyne

(yielding a butyl end group or a sulfonate end group, respective-

ly). DMSO was chosen as solvent as the degree of swelling is

very high [58] and allows modification of the bulk of the film

and not just of the surface.

The modified films were analyzed by IR spectroscopy in a

combined reflection/absorption mode (RAS) (Figure 3B). The

disappearance of the characteristic azide-band at 2100 cm−1

indicates that the cycloaddition-reaction takes place almost
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Figure 3: A: Modification of the copolymer films P(EDOT-N3-co-3T) with 1-hexyne and alkyne sulfonate with [Cu(NCMe)4]PF6 and copper powder as
catalyst in DMSO, reaction time 3 days at room temperature (rt). B: IR spectra of copolymer films P(EDOT-N3-co-3T) (black line), P(EDOT-clickHex-
co-3T)-1:1 (red line, hexyl modification) and P(EDOT-clickSO3Na-co-3T)-1:1 (green line, sulfonate modification); spectra were rescaled (y-offset) for
comparison reasons. C, D: Microscope images (top) and IR mappings (bottom) of the azide band intensity at 2100 cm−1 of copolymer films deposited
under potentiostatic control on gold in 0.1 M NBu4PF6/MeCN. P(EDOT-N3-co-3T)-1:1 (C, before modification) and P(EDOT-clickSO3Na-co-3T) (D,
after sulfonate modification). Spectra of the IR microscopy were normalized and plotted with identical colour ranges for comparison reasons.

quantitatively (within the detection limit of IR spectroscopy).

For the butyl-modified film P(EDOT-clickHex-co-3T)-1:1 (red

line) one can also observe new sp3-C–H-vibrations at

2800–3000 cm−1, which also confirm the successful incorpor-

ation of the alkyl moieties. The characteristic bands of the

sulfonic acid at 1190 and 1030 cm−1 (see Figure S4 in

Supporting Information File 1) overlap with other bands of the

polymer P(EDOT-clickSO3Na-co-3T) (green line) in the finger-

print region and therfore a proper assignment is difficult.

Further information was gained by a mapping of the polymer
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films with IR-microspectroscopic measurements. Figure 3

shows the microscope images of the polymer films P(EDOT-

N3-co-3T)-1:1 (C, top, before modification) and P(EDOT-

clickSO3Na-co-3T)-1:1 (D, top, after sulfonate-modification)

and the corresponding maps (bottom) of the intensity of the

azide-band at 2100 cm−1 wherein the highest azide band inten-

sities (transmission of 10%) are displayed in red, and the lowest

intensities (transmission of 100%) are displayed in blue. For

comparison and to limit the influence of the film thickness all

transmission spectra were normalized. While for P(EDOT-N3-

co-3T)-1:1 the high intensity and a homogeneous distribution of

the azide band is observed for the whole film unless the bare

gold electrode is visible (light areas in the microscope images;

green and blue spots in the IR map. Note that the background of

the single IR spectra is about 70–80%), for the modified

P(EDOT-clickSO3Na-co-3T)-1:1 nearly no azide band inten-

sity can be observed. This provides information about the

integrity of the modification over the whole film.

The integrity of the redox and optical behavior upon modifica-

tion of the P(EDOT-N3-co-3T)-1:1 with sulfonic acid with

regard to the parent copolymer was further proven by cyclic

voltammetry and in situ spectroelectrochemistry. It was recently

demonstrated that the azide group does not change the oxi-

dation potentials and that the redox behavior of EDOT-N3

resembles pristine EDOT [41]. The copolymerization of

mixtures of the monomers EDOT-N3 and 3T in different ratios

(1:1, 1:3, 1:5 and 1:10) was performed in analogy to the copoly-

merization of EDOT and 3T. The cyclic voltammograms of the

respective copolymers show broad oxidation waves with onset

potentials ranging in between the onset potentials of the

homopolymers P3T and PEDOT-N3 (see Figure 4A). The

cathodic cycles of the copolymers reveal identical onset poten-

tial values and therefore LUMO levels for P3T and the P3T-rich

copolymers (1:3, 1:5 and 1:10), while PEDOT-N3 and the

PEDOT-N3-rich 1:1 copolymers show a chemically irreversible

electron transfer reaction under our conditions. These data are

consistent with those obtained for P(EDOT-co-3T) films.

The in situ spectroelectrochemistry data in Figure 4B–E reveals

that the ionic modification with sulfonic acid has no influence

on the oxidation onset and therefore HOMO level of the

polymer film. We attribute this finding to the absence of conju-

gation between the attached N3 groups and the π-system of the

polymer backbone. The absorption development upon electro-

chemical charging shows the characteristic steady decrease of

the neutral band and the increase of the absorption at lower

energy accounting for the generation of delocalized charges in

both the parent polymer and the ionically modified one. The

preparation of a conjugated polyelectrolyte with tunable HOMO

level is therefore accessible via this modification process.

While no changes of the electronic properties were detected

between P(EDOT-N3-co-3T)-1:1 and P(EDOT-clickSO3Na-co-

3T)-1:1, the introduction of ions into the polymers can drasti-

cally alter the surface properties. Water contact angle measure-

ments are a convenient tool to study the surface polarity. Inter-

estingly, we found in the context of this study that the water

contact angle of as polymerized P(EDOT-N3-co-3T)-1:1 is

quite high with a value of 137 ± 2° (Figure 5, left). Similar

values were found for P(EDOT-co-3T)-1:1 (137 ± 1°). The

corresponding homopolymers PEDOT and PEDOT-N3 have

lower values with a contact angle of 71 ± 3° and 91 ± 6°, res-

pectively, whereas P3T gives an even larger value of 147 ± 6°

(see Figure S5 in Supporting Information File 1). This highly

hydrophobic surface of the polymers containing branched 3T

units may be explained by a high porosity based on a 3-dimen-

sional growth of these polymer films during the electropolymer-

ization process [59,60].

After butyl modification the hydrophobic character remains

constant (135 ± 2° after modification, Figure 5, middle), while

we changed the surface polarity of the polymer from highly

hydrophobic to hydrophilic in the case of the sulfonate modifi-

cation. A water contact angle of 42 ± 4° is obtained for

P(EDOT-clickSO3Na-co-3T)-1:1 after modification (Figure 5,

right), i.e., 100° lower than in the case of the parent polymer

P(EDOT-N3-co-3T)-1:1. In the case of the analogue modifica-

tion of PEDOT-N3 similar trends were observed (see Figure S6

in Supporting Information File 1).

Conclusion
We showed that the monomers 3T and EDOT are suited for

blend formation by sequential electropolymerization, where

both polymers maintain their pristine redox features and are

both addressable in electrochemical devices. We used in situ

spectroelectrochemistry and Raman spectroscopy to prove that

copolymer formation from mixtures of the two monomers takes

place and that by variation of the feed ratio polymers with

adjustable optical and redox properties are accessible. We

successfully transferred the copolymerization route to the func-

tional EDOT derivative EDOT-N3. As an example we showed

the potential of surface polarity adjustment by the introduction

of ionic moieties to the hydrophobic polymer films. A decrease

of the water contact angle of ≈100° could be achieved which

evoked a complete change of the polymer surface nature from

hydrophobic to hydrophilic. This opens the way to a library of

polymers which carry tailored redox properties as well as addi-

tional functionalities through a manifold of different functional-

ization possibilities by “click”-chemistry by leaving the redox

properties unchanged. Such an orthogonal functionalization

may further be used to control the properties in new materials

for organic photovoltaics where low oxidation potentials are
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Figure 4: Cyclic voltammograms of films deposited under potentiostatic control on gold-coated glass substrates (1 cm2) from different monomer
mixtures: (A) Ratio of EDOT-N3:3T = 1:0 (black), 1:1 (dark green), 1:3 (light green), 1:5 (orange), 1:10 (red) and 0:1 (brown curve) recorded in 0.1 M
NBu4PF6/MeCN, 20 mV/s. B–E: In situ spectroelectrochemistry of films deposited under potentiostatic control on ITO in 0.1 M NBu4PF6/MeCN. Cyclic
voltammograms (B and D) and corresponding vis–NIR spectra (C and E) recorded during the forward scan of the oxidation of the P(EDOT-N3-co-3T)-
1:1 (B and C) and P(EDOT-clickSO3Na-co-3T)-1:1 (D and E) at 50 mV s−1.
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Figure 5: Water contact angle (CA) of the films of P(EDOT-N3-co-3T) (left), P(EDOT-clickHex-co-3T)-1:1 (middle) and P(EDOT-clickSO3Na-co-3T)-
1:1 (right).

needed (monomer ratio) and a good processability from envi-

ronmental solvents (e.g., water) is desired (introduction of

polar/ionic groups).

Experimental
Materials
All chemicals and solvents were purchased from Sigma-Aldrich

or Alfa-Aesar. Solvents were at least of HPLC grade and were

used as received except otherwise noted. NBu4PF6 (Sigma-

Aldrich, electrochemical grade) was stored in a desiccator over

silica beads (activated in an oven at 80 °C for several days).

Acetonitrile (Alfa Aesar, supergradient HPLC grade (far-UV),

+99.9%) was stored over neutral Al2O3 (activated under

vacuum at 120 °C for 24 h) under an argon atmosphere. DMSO

was distilled in vacuum, crystallized at 4 °C and the mother

liquor was removed. After melting of the crystals the crystal-

lization procedure was repeated once. DMSO was stored over

3 Å molecular sieves (activated in an oven at 80 °C for several

days) under argon atmosphere. All reactions were carried out

under argon atmosphere unless otherwise noted. The synthesis

of 3T was published elsewhere [61].

Methods
1H (250 MHz) and 13C{1H} (63 MHz) NMR spectra were

recorded on a Bruker Avance 250 spectrometer. vis-NIR spectra

of the polymer films deposited on ITO-coated glass substrates

were recorded with a Lambda 35 spectrometer (Bruker).

IR spectroscopy was performed on a Bruker FTIR spectrometer

IFS 66/S in a wavelength region of 600–3500 cm−1. Liquids

and oils were measured on a diamond-ATR-device (golden

gate). Polymer films were measured with a VeeMAXTM II

Variable Angle Specular Reflectance Accessory (Pike Tech-

nologies) with an incidence angle differing 35° from the orthog-

onal plane. IR-microscopy experiments (ultra-fast mappings) of

deposited films were performed with a Thermo Fisher Scien-

tific Nicolet iN10 MX spectrometer equipped with a nitrogen

cooled MCT/A detector. The sampling interval was 0.10 s, with

a step size of 25 µm or 50 µm. The spectral resolution was

16 cm−1, the aperture was set to 80 µm or 150 µm. Spectra are

corrected for background. Modified electrodes were directly

placed under the microscope. Data acquisition was performed

with Thermo Fisher Scientific Omnic Picta software. Raman
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spectra with 532 laser excitation were recorded using a Bruker

Senterra dispersive Raman microscope equipped with a

neon lamp and using a Nd:YAG laser with excitation at

λexc = 532 nm. Raman spectra with excitation at λexc = 488 nm

were recorded by using a Microscope Invia ReflexRaman

RENISHAW. Fourier Transform (FT) Raman spectra with

1064 nm laser excitation were recorded using a Bruker FRA

106/S instrument and a Nd:YAG laser source with excitation at

λexc = 1064 nm, operating in a back-scattering configuration.

Water contact angle measurements were carried out on a

Contact Angle System OCA 20 by dataphysics using water

droplets of 1–2 µL volume (R > 18.2 MΩ). Calculations of the

contact angles were done with the software SCA20 using ellipse

fitting. Mean values were calculated using at least 4 different

measurements. Deviations given are the mean values of al

obtained single deviations.

Electrochemical experiments
All electrochemical experiments were performed with an

Autolab PGSTAT101 potentiostat (Metrohm, Germany) in a

three-electrode glass cell under argon atmosphere at room

temperature. The counter electrode was a Pt plate. The

pseudoreference electrode consisted of AgCl-coated silver wire

that was directly immersed into the electrolyte. As working

electrodes, gold (50 nm layer)-coated Si wafers (with a 5 nm Cr

adhesion layer between the Si wafer and the Au layer) or ITO-

coated glass (≤50 Ω/sq, PGO, Germany) slides (approximately

1 cm2) were used. The gold working electrodes were fabricated

by the physical vapor deposition of Cr and Au on rotating Si

wafers. The gold-coated Si wafers and the ITO substrates were

thoroughly washed with acetone prior to use. Additionally, the

electrodes were treated with oxygen plasma for at least 5 min

before electrodepositions. NBu4PF6 was used as the supporting

electrolyte at a concentration of 0.1 M. Electrolyte solutions

were deaerated by argon bubbling. All potentials are referenced

to the formal potential of the Fc/Fc+ external redox standard

[62]. To avoid charge-trapping effects during cyclic voltam-

metric experiments, the oxidation and reduction cycles were

performed separately.

Visible–NIR spectroelectrochemical measurements were made

in situ with transparent ITO electrodes (on glass, ≤50 Ω/sq,

PGO, Germany) and 0.1 M NBu4PF6/MeCN as the electrolyte.

The electrodeposited films were used directly for the measure-

ments. The vis–NIR spectra were recorded with a diode array

spectrometer from the Zeiss MCS 600 series (equipped with a

Zeiss CLH600 halogen lamp and two MCS 611 NIR 2.2 and

MCS 621 VIS II spectrometer cassettes).

Electropolymerization of PEDOT, PEDOT-N3, P3T and

copolymers: In a similar manner as described in reference [24]

electropolymerization of the monomers 3T, EDOT and EDOT-

N3 on gold or ITO was performed under potentiostatic control

(deposition time = 200 s) with an overall monomer or

comonomer concentration of 2 mM in 0.1 M NBu4PF6/MeCN

at 0.9–1.1 V vs Fc/Fc+, followed by a discharging step

(200–205 s, −1.4 V vs Fc/Fc+). The deposition potentials

correspond to the peak potential of the overlapping signal of the

oxidation of both comonomers in the corresponding electrolyte.

The desired concentrations were achieved by taking appro-

priate aliquots from stock solutions (c = 10 or 20 mM). For

blend formation, four consecutive potentiostatic polymeriza-

tions (each for 50 s at 0.9–1.1 V vs Fc/Fc+, followed by a

discharging step of 50 s at −1.4 V vs Fc/Fc+) were conducted

alternating the used monomer in each step. For this purpose,

two identical cells, one loaded with EDOT and one with 3T

(c = 2 mM) were used. Between the steps, the polymer films

were rinsed thoroughly with pure acetonitrile.

Synthesis
2-(Azidomethyl)-2,3-dihydrothieno[3,4-b][1,4]dioxine

(PEDOT-N3 )  [42 ,63]  and sodium 3-(prop-2-yn-1-

yloxy)propane-1-sulfonate (SO3Na–alkyne) [64] were synthe-

sized based on literature.

Synthesis of sodium 3-((1-((2,3-dihydrothieno[3,4-

b ] [ 1 , 4 ] d i o x i n - 2 - y l ) m e t h y l ) - 1 H - 1 , 2 , 3 - t r i a z o l - 4 -

yl)methoxy)propane-1-sulfonate (EDOT-clickSO3Na):

Sodium 3- (prop-2-yn-1-y loxy)propane-1-su l fona te

(SO3Na–alkyne, 0.1 mmol, 20.0 mg), 2-(azidomethyl)-2,3-dihy-

drothieno[3,4-b][1,4]dioxine (PEDOT-N3, 0.1 mmol, 19.5 mg)

and tetrakis(acetonitrile) copper(I) hexafluorophosphate

(0.005 mmol, 2.0 mg) were dissolved in DMSO (2.5 mL).

Copper powder (0.1 mmol, 6.9 mg) was added and the reaction

mixture was stirred for 3 days at room temperature. The reac-

tion mixture was filtered, the filtrate was concentrated in

vacuum and poured in methanol which was then decanted.

Residual solvent was removed under reduced pressure to yield

the raw product as a greenish highly viscous oil (37 mg, 93%).
1H NMR (250 MHz, DMSO-d6) δ 8.13 (s, 1H), 6.61 (s, 2H),

4.66 (m, 3H), 4.47 (s, 2H), 4.31 (m, 1H), 3.95 (m, 1H) 3.48 (t, J

= 6.6 Hz, 2H), 2.4 (t, J = 7.5 Hz, 2H), 1.78 (m, 2H) ppm;
13C{1H} NMR (63 MHz, DMSO-d6) δ 141.1, 140.8, 125.1,

100.9, 100.6, 72.2, 69.5, 65.7, 63.7, 50.35, 49.6, 26.1 ppm; IR

(ATR): 3107, 3006, 2916, 2870, 2484, 2424, 1192, 1035 cm−1.

Synthesis of P(EDOT-clickHex-co-3T) and P(EDOT-

clickSO3Na-co-3T): For the polymer analogue “click”-modifi-

cation of P(EDOT-N3-co-3T) polymer films on gold or ITO

electrodes were placed in flasks containing DMSO (10 mL),

tetrakis(acetonitri le)  copper(I)  hexafluorophosphate

(0.005 mmol, 1.9 mg) and copper powder (0.1 mmol, 6.4 mg).
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Alkyne (sodium 3-(prop-2-yn-1-yloxy)propane-1-sulfonate,

0.1 mmol, 20.0 mg or 1-hexyne, 0.1 mmol, 8.2 mg) was added.

The films were allowed to react for three days, while the solu-

tion was gently agitated from time to time. The films were thor-

oughly rinsed with DMSO (2×) and methanol (3×) and dried in

vacuum. The success of the reaction was confirmed by IR spec-

troscopy.

Supporting Information
Supporting Information File 1
Additional Raman data of PEDOT, P3T, copolymers and

blends; 1H NMR and IR spectra of EDOT-ClickSO3Na;

contact angles of P3T; PEDOT-N3, PEDOT-clickHex and

PEDOT-clickSO3Na.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-11-39-S1.pdf]
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Abstract
Thin films of PEDOT synthesized on platinum single electrodes in contact with the ionic liquid 1-ethyl-2,3-dimethylimidazolium

triflimide ([EMMIM]Tf2N) were studied by cyclic voltammetry, chronoamperometry, infrared spectroscopy and atomic force

microscopy. It was found that the polymer grows faster on Pt(111) than on Pt(110) or Pt(100) and that the redox reactions asso-

ciated with the PEDOT p-doping process are much more reversible in [EMMIM]Tf2N than in acetonitrile. Finally, the ion exchange

and charge carriers’ formation during the p-doping reaction of PEDOT were studied using in situ FTIR spectroscopy.
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Introduction
Conducting polymers have been subject of an intense research

during the last decades because they exhibit high conductivity

and interesting optical properties. These properties allow their

use in several electronic devices [1,2]. The poly(3,4-ethylene-

dioxythiophene) (PEDOT) is one of the most conducting and

stable (thermal and chemical) conducting polymer. For these

reasons PEDOT thin films have been extensively studied [3].

Special attention has been paid to the use of electrochemical

methods to synthesize conducting polymers due to the high

degree of control afforded during the polymerization reaction.

On the other hand, thin films of conducting polymers are more

suitable to explore electrochemical properties such as stability,

capacitance, resistance, ionic exchange kinetics and electro-

catalysis [4].

Besides the synthesis technique, there are two important factors

that can influence the polymer properties: the surface structure

of the electrode and the solvent used [2,5]. It has been reported

that the nucleation and growth kinetics, and the electrochemical

properties, as the ionic resistance or the electrocatalytic activity,

of PEDOT are affected by the surface energy state of the elec-

trode [6]. For example, it was found that the ionic resistance of

the PEDOT films electrochemically synthesized on platinum

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:juan.feliu@ua.es
http://dx.doi.org/10.3762%2Fbjoc.11.40
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electrodes increases in the order Pt(100) < Pt(110) < Pt(111)

[6]. The synthesis of other conducting polymers on well-defined

surfaces [7-10] and templates [11] also has shown how the

surface affects their adhesion, coverage, morphology and redox

kinetics.

On the other hand, the synthesis of conducting polymers in

ionic liquids (ILs) has shown an enhancement in stability, orga-

nization and electroactivity [12-14]. These characteristics are

obtained mainly because of the dry medium, their wide electro-

chemical window, and their low nucleophilicity. Therefore,

during the electrosynthesis of conducting polymers the overoxi-

dation of the polymer is less probable and the average length of

the polymer chains is higher in ionic liquids than in molecular

solvents [15].

In this work, Pt single crystals electrodes and the moisture

stable IL 1-ethyl-2,3-dimethylimidazolium triflimide,

[EMMIM]Tf2N [16], are used to carry out the electrochemical

synthesis of PEDOT. The electrochemical properties of thin

films of PEDOT are subsequently studied and compared with

the behavior obtained in acetonitrile.

Results and Discussion
Cyclic voltammetry
Figure 1 shows the cyclic voltammograms of EDOT in

[EMMIM]Tf2N. The onset of the EDOT oxidation begins at

0.9 V in Pt(111) and Pt(110) while in Pt(100) it starts at 1.0 V.

The loop observed during the first scans (Figure 1a – insert) is

typical of the electrosynthesis of conducting polymers both in

organic media [17] and in ILs [2,18,19]. This characteristic has

been well described by Heinze et al. [18]. They associated the

loop with an autocatalytic mechanism in which the oligomers

formed during the first oxidation cycle react as redox mediators

with the monomer, but this kind of loops is also characteristic of

a nucleation and growth mechanism. The continuous increase of

the current between −1.0 and 1.0 V with the number of cycles

clearly indicates that the polymer film is growing. After ten

cycles, the currents are higher for the film grown in Pt(111)

than in Pt(110) or Pt(100) as it can be observed in Figure 1c.

This behavior can be related to the fact that the Pt(111) is more

catalytic for the electrodeposition of conducting polymers as it

was observed in acetonitrile [6,9].

It is interesting to notice that during the first cycles the voltam-

mograms show one oxidation peak and two negative peaks. In

the case of Pt(111) and Pt(110) the oxidation peak appears at

0.37 V and the reduction peaks at 0.31 V and −0.10 V, which

rapidly merge to one broad oxidation peak at 0.30 V and two

reduction peaks at −0.10 V and −0.50 V. However, in Pt(100) a

peak grows at 0.50 V upon potential cycling, while another one

Figure 1: a, b) Cyclic voltammograms of 0.1 M EDOT in [EMMIM]Tf2N
at 100 mV s−1. 10 cycles are shown: a) Pt(111), insert – 2nd cycle;
b) Pt(100), Insert – zoom of the cycles from 2 to 6, c) 10th scan of
figures “a” and “b” on Pt(111) (solid line), Pt(100) (dashed line) and
Pt(110) (dotted line).

appears at 0.30 V, as it can be observed in the Figure 1b (insert

graph). On the other hand, the two cathodic peaks at 0.30 V and

−0.03 V shift to lower potentials up to the values of −0.10 V

and −0.50 V, i.e., the same potentials observed for Pt(111) and

Pt(110).

The peaks at 0.50 V and 0.30 V in Pt(100) can be produced by

hydrogen oxidation and protons reduction, respectively, because

these peaks appear at the same potentials where these reactions

take place in [EMMIM]Tf2N on Pt(100) [20]. Protons can be

produced during the oxidation of EDOT and they can be

reduced to hydrogen at negative potentials. These hydrogen

reactions can inhibit the polymer growth on Pt(100) during the

first cycles. Figure 1 clearly shows that the electrochemical

polymerization of EDOT on platinum electrodes is a surface

sensitive reaction. It was found that Pt(111) has the highest

electrocatalytic activity for the EDOT oxidation reaction fol-

lowed by Pt(110) and finally Pt(100).
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Taking into account that more reproducibility during the syn-

thesis of conducting polymers is normally obtained using the

galvanostatic method, the following experiments were done

using PEDOT films galvanostatically synthesized.

Figure  2  shows the vol tammograms of  PEDOT in

[EMMIM]Tf2N free of monomer, in the potential range where

the p-doping reaction is observed. Two broad oxidation and

reduction signals are present after several cycles, as it was

previously reported [19,21,22]. Domagala et al. [23] have

provided strong experimental evidences that polarons represent

the main charge carrier group in p-doped PEDOT. However, it

is still unclear if the two oxidation signals in ionic liquids

correspond to two different redox states (polarons and bipo-

larons) or if they are related to different polymer structures [4].

Figure 2: Cyclic voltammograms of PEDOT on Pt(111) (black line),
Pt(100) (red line), Pt(110) (blue line) in [EMMIM]Tf2N Scan rate
100 mV s−1. The films were synthesized applying a charge density of
1.2 mC cm−2 during a chronopotentiometry. Insert graph: Current
density vs scan rate of PEDOT on Pt(111).

Voltammetric profiles of PEDOT thin films in Figure 2 show

that there are no significant differences between the Pt elec-

trodes. On the other hand, the currents measured at 0.35 and

−0.30V (A1 and A2) follow an almost linear tendency with the

scan rate, which is characteristic of the surface controlled

processes (Figure 2 – insert graph). As expected, thicker

PEDOT films were obtained when the synthesis time was

increased (Figure 3a).

Figure 3b shows the voltammetry of a PEDOT film synthesized

as in Figure 2, but transferred into a cell with 0.1 M

[EMMIM]Tf2N in acetonitrile as supporting electrolyte. Many

differences are observed between Figure 3a and Figure 3b for

the PEDOT films of the same thickness: the ratio between

height of the cathodic peaks is different, the separation between

Figure 3: a) Cyclic voltammograms of PEDOT on Pt(111) in
[EMMIM]Tf2N. The total charge densities used for the galvanostatic
synthesis were 1.2, 3.0, 4.3 and 6.2 mC cm−2, respectively. The scan
rate was 100 mV s−1 and the 50th scan is shown. b) Cyclic voltammo-
gram of PEDOT on Pt(111) characterized in 0.1 M [EMMIM]Tf2N in
acetonitrile. The total charge used during the PEDOT synthesis was
6.2 mC cm−2. The scan rate was 100 mV s−1.

the anodic and the cathodic peaks is smaller in pure

[EMMIM]Tf2N and the polymer is oxidized at lower potential

in [EMMIM]Tf2N than in acetonitrile.

Chronoamperometry
In order to maintain electroneutrality, the generation of charges

in the conducting polymers must be accompanied with the

entrance of counterions from the solution. The chronoampero-

metric experiments allow the study of the ionic exchange

kinetics. Figures 4a–c show the current traces when the poten-

tial is switched from −1 V to 1 V and vice versa. It is observed

that the transients of PEDOT films on the three Pt surfaces used

are characteristic of nucleation kinetics [21].

The insert of Figure 4a shows the integrated charge, Qi, as a

function of the charge of synthesis, Qpol. It can be observed that

the charge involved in the current transient increases linearly

with increasing polymerization charge. The reduction charge is

slightly lower than the oxidation charge. It seems that during

the oxidation step the film is slightly overoxidized. No signifi-
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Figure 4: Chronoamperometry of PEDOT films synthesized on platinum single crystals in [EMMIM]Tf2N. The total synthesis charge was
6.2 mC cm−2. The potential steps were between −1.0 V and 1.0 V. a) Zoom of the first milliseconds for the PEDOT film on Pt(111) at 35 °C. Insert:
integrated charge of the chronoamperometry vs the synthesis electric charge for the Pt(hkl) electrodes. b) Chronoamperometry of PEDOT on Pt(hkl)
at 25 °C. c) Chronoamperometry of PEDOT on Pt(111) at temperatures of 20, 25, 30, and 35 °C. c) Logarithm of the current at 1.5 ms vs the inverse
of temperature for: Pt(111) (black line), Pt(100) (red line) and Pt(110) (blue line).

cant differences were observed in the exchange kinetics for the

different Pt surfaces (Figure 4b).

Figure 4c shows the current transients at different temperatures

for the oxidation and reduction steps. The increase in tempera-

ture favors these processes as it has been observed for other

conducting polymers [24,25]. With the value of the current at

the very beginning of the transient (1.5 ms) it is possible to

establish a relation between the current and the temperature

using the “initial rate” approximation and the Arrhenius Equa-

tion. Since the logarithm of the current density vs the inverse of

the temperature plot showed a linear dependence, Figure 4b, the

apparent activation energy were calculated (Table 1).

The values of the activation energy for the oxidation and reduc-

tion processes are very similar and very close to the one

reported for polythiophene (16 kJ mol−1) [24], which means

that the oxidation and reduction of PEDOT (and the corres-

ponding counterion exchange) occurs easily in spite of the fact

that the viscosity of the ionic liquid is quite high [16]. It is

important to state that the activation energy of the nucleation

kinetics related to the ion exchange depends on the overpoten-

tial used. Even so, the results shown in Table 1, Figure 3a and

Figure 4 show that the kinetics of the redox processes of

PEDOT films is faster in [EMMIM]Tf2N than in acetonitrile

[6], which is a relevant characteristic feature for the use of

PEDOT thin films to build electrochromic devices or actuators

[12,26,27].

Morphology by AFM
Figure 5 shows the AFM images of the polymer synthesized

with a charge density of 1.2 mC cm−2 on the three Pt basal

planes. It can be observed a grain shape with a low root mean

square roughness (between 3 nm and 4 nm). These results are in
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Table 1: Nucleation activation energies calculated from the linear graphs shown in Figure 4d.

Intercept Slope
Activation

energy

Electrode Value Standard error Value Standard error R2 kJ mol−1

Pt(111)
Oxidation 10.70 0.35 −2130.27 106.15 0.993 17.71
Reduction 11.08 0.07 −2116.69 22.11 1.000 17.60

Pt(100)
Oxidation 12.34 0.12 −2636.36 35.68 0.999 21.92
Reduction 12.64 0.10 −2620.68 29.84 0.999 21.79

Pt(110)
Oxidation 11.39 0.08 −2364.92 22.83 0.999 19.66
Reduction 11.69 0.10 −2341.47 28.85 0.999 19.47

Figure 5: AFM images of PEDOT thin films synthesized on a) Pt(111), b) Pt(100) and c) Pt(110) with a charge density of 1.2 mC cm−2. The film thick-
ness is approximately 10 nm.

agreement with those obtained by MacFarlane et al. [13,28]

which also reported very flat polymers in ILs. Opposite to the

behavior obtained in aqueous or organic media, the synthesis in

ILs generates very flat and homogeneous polymers [29,30].

Specially in the case of Pt(100), the polymer follows the surface

and its defects, indicating a two-dimensional growth [31].
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Figure 6: In situ FTIR spectra of a PEDOT thin film synthesized with a charge density of 0.6 mC cm−2 on Pt(111). 250 interferograms were recorded
per spectrum. The reference potential was −0.90 V. a) p-Polarized spectrum at 0.80 V. b) s-Polarized spectrum at 0.80 V. c) ATR spectrum of 0.1 M
[EMMIM]Tf2N in acetonitrile, obtained as the average of 100 interferograms.

In situ FTIR
When the vibrational behavior of PEDOT films is analyzed by

in situ infrared spectroscopy, the observed bands depend on the

applied potential. The reference potential in this case was

−0.9 V in order to start form the neutral form of PEDOT. There-

fore, the positive bands correspond to products present in the

oxidized form while the negative bands correspond to species

consumption at the working potential.

Usually, PEDOT films are studied under attenuated total reflec-

tion conditions [17,19,32] because it is difficult to distinguish

between the bands coming from solution species and the bands

coming from the polymer film. However, we found that it was

possible to study the PEDOT behavior under external reflection

conditions when very thin layers of polymer are used, as it can

be observed in Figure 6 and Figure 7. A comparison between

the solution spectrum of the IL and the p- and s-polarized

spectra of the polymer is shown in Figure 6. The p-polarized

spectrum shows a high absorption between 4000 and 2000 cm−1

typical of conducting polymers. This is an electronic absorption

related to the formation of charge carriers [3]. However, this

feature is not observed with the s-polarized light, which means

that the p-polarized spectrum is effectively recording the behav-

ior of the electrode surface. Also, it is important to recognize

that there are no water bands, which means that the IL is practi-

cally dry.

The bands at 3186 and 3151 cm−1 in the p-polarized and ATR

spectra, are related to the imidazolium cation. However, the

intensity of these bands is very low, hindering their detection.

The negative orientation of the bands in the p-spectra means

that a considerable amount of cations is being exchanged during

the oxidation of the polymer, as it has been reported previously

[5].

The zone between 1800 and 1000 cm−1 is complex because

both polymer and IL bands are detected. The bands at 1334,

1226 cm−1, related to the [Tf2N] anion, are observed as nega-

tive bands both in the p-polarized and the s-polarized spectra

which means that the anion is been consumed from the solution.

Ispas et al. [33] reported that PEDOT film charge neutraliza-

tion in ILs proceeds mostly by anion incorporation during the

p-doping process, but for [EMIM]Tf2N at 85 °C and

[EMIM][OTf] at 25 °C the charge regulation occurs mainly via

cation exchange. Our results show that, upon oxidation of the

PEDOT films in [EMMIM]Tf2N both cations and anions are

switched but more cations than anions have to be exchanged in

order to keep ion neutrality. In other words, it seems that during

PEDOT redox cycling some part of the anions remain within

the PEDOT film.

The bands related to the oxidation of the polymer and their

assignment, based on the literature [6,17,19,32,34], are listed in
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Figure 7: a) In situ FTIR spectra of a PEDOT thin film synthesized with a charge density of 0.6 mC cm−2 on Pt(111). 250 interferograms were
recorded per spectrum. The reference potential was −0.90 V. Integrated IR intensities of several functional groups vs electrode potential:
b) 1415 cm−1 (solid line) doping induced band , 1529 cm−1 (dotted line) doping induced band; 1339 cm−1 (dashed line) vas(SO2); c) 1437 cm−1 (solid
line) ν(C=C).

Table 2. The absorption bands at 1339 cm−1 and 1415 cm−1 can

be assigned to the asymmetric stretching, νas, of the SO2 moiety

and the stretching of the thiophene ring in the oxidized state,

respectively. Figure 7b shows that there are two potential

regions where significant changes of the IR peak intensity are

observed, between −0.6 V and −0.2 V and between −0.2 V and

0.6 V. These are the same potential zones where the two reduc-

tion signals are observed (Figure 3a). The two potential regions

mean that there are two different processes, both related to

p-doping, which can be related to two different redox or con-

formational states. It is important to notice that the intensity of

these two signals oscillate out of phase in the potential range

studied. Also, the band at 1132 cm−1 associated with the

symmetric stretching of the SO2 is positive within the whole

potential range showing an adsorption at the surface in which

this vibrational mode is active. These features could mean that

the consumption of anions (from the IL to inside the polymer) is

directly related to the generation of positive charge, which

occurs in two regions that correlate well with the peaks A1/C1

and A2/C2 observed in Figure 2.

Also, the bands associated with the C=C bonds in the thiophene

ring (1437 and 1469 cm−1) are negative. The trend of the IR

intensity at 1437 cm−1 (Figure 7c) shows a slight decrease from

−0.7 to −0.3V and an abrupt fall at higher potentials. This trend

closely resembles the currents observed during the p-doping of

PEDOT (Figure 3a), suggesting that the disappearance of the

ν(C=C) stretching signal of the thiophene ring upon oxidation

can be used to quantify the charge carriers inside the polymer. It

seems that with increasing potential, the concentration of charge

carriers (polarons) increases between −0.3 V and −0.1 V where

a plateau is reached. This IR signal also behaves very similar as

the EPR signal intensity upon changing potential reported by

Domagala et al. [23].

Finally, it is important to remember that when a weak electric

field is applied across a molecule, both the molecular vibra-

tional energy levels and the transition dipoles between the

levels change slightly. These changes affect the infrared absorp-

tion spectrum of the sample, i.e., the position and the intensity

of the bands [36,37]. Taken into account that the IR spectra
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Table 2: Comparison between the absorption bands of ATR spectrum
of 0.1 M [EMMIM]Tf2N in acetonitrile and external reflection FTIR
spectra of PEDOT in [EMMIM]Tf2N.

Wavenumber (cm−1) Assignment

[EMIM]Tf2N] PEDOT

3186 3186 (n) ν(C-H) ring [34]
3151 3151 (n) ν(C-H) ring [34]
2993 ν(C-H) alkyl
2946 ν(C-H) alkyl [34]
1589 ν(C=C) ring [35]
1543 ν(CH-N) [35]

1529 (p) Doping induced band [17]
1469 (n) ν(C=C) [17,19]
1437 (n) ν(C=C) [19]
1415 (p) Doping induced band
1381 (n) ν(C-C) [19]

1349 νas(SO2) [34]
1334 1339 (n) νas(SO2) [34]

1296 (p) νinterring [17,19]
1226 1222 (n) νs(CF3) [34]
1195 νas(CF3) [34]

1176 (p) ν(C=C), ν(COROC) [19]
1141 1132 (p) νs(SO2) [34]

1070 (p) ν(COROC) [17,19]
1061 νas(SNS) [34]

1045 (p) ν(COROC) [17,19]

(n) Negative oriented band; (p) positive oriented band; ν: stretching; s;
symmetric; as: asymmetric; COROC: ethylenedioxy group.

were recorded at different potentials and that the ion orientation

depends on the intensity and direction of the electric field at the

interface, some influence of this effect on the spectra shown in

Figure 7 is also expected. This effect can explain, in part at

least, the complex behavior observed in Figure 7.

Conclusion
PEDOT films were synthesized on platinum single crystal elec-

trode substrates in [EMMIM]Tf2N. Cyclic voltammetry shows

that the polymer grows faster in Pt(111) than in Pt(110) or

Pt(100). On the other hand, the chronoamperometric experi-

ments show that the activation energy for the oxidation and

reduction processes is very low and that the kinetics of the

redox processes of PEDOT films is faster in [EMMIM]Tf2N

than in acetonitrile, which is very useful to build elec-

trochromic devices or actuators.

Pt(111) and Pt(110) show almost the same characteristics in

cyclic voltammetry, chronoamperometry and AFM experi-

ments. On the other hand, polymer films grown on Pt(100)

present marked differences, which suggests a different nucle-

ation and growth mechanisms in this surface, probably a

progressive 2D growth. Finally, the IR and voltammetric exper-

iments show two potential zones where it seems that some

changes on the structure and/or on the nature and number of

charge carriers take place.

Experimental
The electrochemical experiments were performed in single

compartment glass cells. A platinum wire was used as counter

electrode, and a silver wire was used as the pseudoreference

electrode. Platinum single crystals were used as working elec-

trodes, which were prepared from small single-crystal beads

following the Clavilier’s method [38].

Prior to each experiment the cell was deareated with Ar

(≥99.995% Alphagaz). The electrodes were heated in a

gas–oxygen flame, cooled down in a reductive atmosphere

(H2 + Ar) and protected with a droplet of the IL at temperatures

low enough to avoid decomposition. Then, the electrode was

positioned in contact with the IL using a meniscus configur-

ation.

1-Ethyl-2,3-dimethylimidazolium triflimide ([EMMIM]Tf2N),

>99% purity, was purchased from Iolitec. It was purified prior

to use as it has been previously reported [20].

Polymer films were grown under galvanostatic conditions

(unless otherwise stated) by applying a current density of

0.124 mA cm−2 during 5, 10, 25, 35 or 50 s in a solution of

0.1 M 3,4-ethylenedioxythiophene (EDOT, Sigma-Aldrich

97%). After the electropolymerization, the PEDOT films were

rinsed with ionic liquid free of monomer and then positioned in

contact with fresh ionic liquid using a meniscus configuration.

50 scans were performed to ensure a stable voltammetric

profile. Characterization was also made in a solution of 0.1 M

[EMMIM]Tf2N in acetonitrile (Sigma-Aldrich, anhydrous,

99.8%)

A commercially available potentiostat/galvanostat µ Autolab III

(Ecochemie) was used for the electrochemical experiments. The

morphology of the polymer was studied with a NanoScope III

Multimed contact AFM. Scan rate of 2 Hz. A standard

cantilever of Si3N4 with piramidal tips (Digital Instruments)

were used.

In situ Fourier Transform Infrared spectroscopy (FTIR) experi-

ments were performed with a Nexus 8700 (Thermo Scientific)

spectrometer equipped with an MCT detector. The spectroelec-

trochemical cell was provided with a prismatic CaF2 window

beveled at 60°. Spectra shown are composed of 250 interfero-

grams and were collected with a resolution of 4 cm−1. Unless
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otherwise stated, the spectra were collected with p-polarized

light. They are presented as absorbance, according to

A = −log(R/R0), where R and R0 are the reflectance corres-

ponding to the single-beam spectra obtained at the sample and

reference potentials, respectively [39]. The contact of the elec-

trodes with the IL was performed at a potential where the

polymer was reduced (−0.90 V). This potential was maintained

while the electrode was pressed against the CaF2 window. After

collecting the reference spectrum at this potential, the potential

was stepped progressively to higher potentials up to 0.80 V

waiting 5 minutes between steps to ensure the stability within

the thin layer.

Attenuated total reflection configuration (ATR) was used to

obtain the spectra of 0.1 M [EMMIM]Tf2N in acetonitrile using

a ZnSe hemicylindrical window with an incident angle of 45°.

The reference spectrum was obtained in acetonitrile. The

spectra are composed by 100 interferograms with a resolution

of 8 cm−1.
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Abstract
Indirect cholesterol electrochemical oxidation in the presence of various mediators leads to electrophilic addition to the double

bond, oxidation at the allylic position, oxidation of the hydroxy group, or functionalization of the side chain. Recent studies have

proven that direct electrochemical oxidation of cholesterol is also possible and affords different products depending on the reaction

conditions.

392

Introduction
Cholesterol is the most common steroid in the mammalian

body. It is necessary to ensure a proper membrane permeability

and fluidity. It also serves as a precursor for the biosynthesis of

steroid hormones, bile acids, and vitamin D [1]. The chemical

oxidation of cholesterol is a crucial reaction in the synthesis of

many compounds that are of pharmaceutical importance [2,3].

At the close of the previous century, special attention started

being paid to cholesterol oxidation products [4]. Since then,

these compounds have constantly drawn the attention of

biochemists and medicinal chemists. Cholesterol that is present

in food of animal origin undergoes autoxidation during

processing as well as during storage, thus it yields toxic prod-

ucts. These are formed due to oxidation reactions caused by the

contact with oxygen, the exposure to sunlight, heating treat-

ments, etc. [5-7]. Furthermore, they can be generated in the

human organism through different oxidation processes, some of

which require enzymes. Cholesterol oxidation products cause

many diseases, coronary heart disease and atherosclerosis being

among the most common in modern societies [8-11]. Choles-

terol oxidation products have also been proven to exhibit cyto-

toxicity as well as apoptotic and pro-inflammatory effects

[12,13]. Therefore, in-depth studies on cholesterol oxidation

may allow for significant advances in cholesterol biology and

chemistry.

Review
General remarks
A series of physiological actions in both humans and animals

are caused by chemical oxidation, photooxidation or enzymatic

oxidation of cholesterol. Despite the importance of these

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:morzycki@uwb.edu.pl
mailto:asobkow@prz.edu.pl
http://dx.doi.org/10.3762%2Fbjoc.11.45
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Scheme 1: Functionalization of the cholesterol side chain.

processes, cholesterol has been regarded as an electrochemi-

cally inactive compound [14]. However, during the last two

decades the electrochemical oxidation of cholesterol, direct and

indirect, was studied intensively. The first reports on choles-

terol oxidation concerned indirect electrochemical methods with

redox agents as electron mediators [15,16]. In these methods,

cholesterol (Chol) forms adducts with the oxidized redox agents

and then reacts, affording the products (P). The reduced forms

of redox agents also produced in these processes are electro-

chemically regenerated. The indirect electrochemical reaction

can be outlined as follows [17]:

Mred → Mox + ne−,

Mox + Chol → Mox·Chol,

Mox·Chol → Mred + P,

where Mred and Mox are the redox agents in the reduced and

oxidized states, respectively.

From a chemical point of view, cholesterol (1) is a homoallylic

alcohol with a relatively large hydrophobic part. The preferen-

tial sites of cholesterol electrooxidation are shown in Figure 1.

These are the hydroxy group at C3, the C5–C6 double bond, the

allylic positions (particularly C7), and the tertiary positions

(mainly in the side chain at C25). The multiple potential sites of

chemical or electrochemical oxidation of cholesterol lower the

reaction yields. The search for highly regio- and stereoselective

reactions is a challenging problem. The yields of reactions are

also low due to various consecutive reactions. To avoid this

problem chemists frequently stop the reactions before comple-

tion. In many cases, the yields given in this article are not

compensated for a low conversion.

All compounds throughout this review are assigned to Arabic

numerals. Sometimes, the only difference between two com-

pounds is the presence of an acetyl group at C3. In that case, the

two compounds have the same numeral, but the acetylated

derivative is amended by the letter “a”, e.g., cholesterol (1) and

cholesteryl acetate (1a).

Figure 1: Preferential sites of cholesterol electrooxidation.

Indirect electrochemical oxidation of choles-
terol
The selective oxidation of saturated hydrocarbons by dioxygen

and hydrogen peroxide remains a challenging problem in chem-

istry and biology [18-21]. In analogy of the oxidation of choles-

terol in the human body the Takayama group [22] has employed

the process of dioxygen activation by Tl(II), which was electro-

chemically generated by the cathodic reduction of the Tl(III)

hematoporphyrin (HMP) complex. The system produced acti-

vated oxygen species that regioselectively oxidized the tertiary

C–H bonds. The reactions were carried out under constant

current conditions in aqueous acetonitrile with Tl(TFA)3, HMP,

LiClO4 and by bubbling with O2 gas with platinum electrodes

in an undivided cell. The starting cholesterol was transformed to

25-hydroxycholesterol (2) in 13% yield (Scheme 1). The state-

ment that the Tl(II)/HMP/O2 adduct, suggested to be a radical

in nature, is responsible for cholesterol oxidation was based on

the following observations. The electrolysis performed in the

divided cell indicated that the oxidation of cholesterol took

place in the cathodic compartment. The oxidation did not occur

without the electrochemical reduction of Tl(III), which suggests

that Tl(III) cannot activate dioxygen. In addition, the replace-

ment of dioxygen by hydrogen peroxide gave a mixture of oxi-

dation products. This indicates that dioxygen was not electro-

chemically reduced to hydrogen peroxide, which could act as an

oxidant. It was also observed that the replacement of Tl(III)

with Fe(III) caused a decrease in the reaction yield and the

replacement of HMP with tetraphenylporphyrin or its deriva-

tives resulted in product mixtures.
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Scheme 2: Oxidation of cholestane-3β,5α,6β-triol triacetate (3) with the Gif system.

Scheme 3: Electrochemical oxidation of cholesteryl acetate (1a) with dioxygen and iron–picolinate complexes.

Many investigations on oxygenation reactions have been carried

out by using a simple, readily available reagent system mimic-

king monooxygenase enzymes. An interesting system for the

oxidation of aliphatic hydrocarbons, consisting of oxygen,

powdered zinc, pyridine, acetic acid, and a catalytic amount of

an iron cluster, was described in the 1980s by Barton et al. [23].

The system (Gif system) showed an unusual regioselectivity –

the secondary positions were preferentially oxidized. An iden-

tical selectivity was also observed in an electrochemical version

of the reaction (Gif–Orsay system), in which the reducing agent

for oxygen (zinc) was replaced with electroreduction [24,25].

The chemical system was also applied to the oxidation of a side

chain (Scheme 2) in protected cholesterol 3 [26], affording the

corresponding 20-oxo derivative 4 (4.7%; yields are not

corrected for recovered starting material) as the main product in

addition to other products (e.g. 15-oxo 5, 16-oxo 6 and other

oxo-steroids). The electrooxidation of cholesterol derivatives

also produced ketones but the detailed product analysis was not

reported. It seems that the active species for the ketone forma-

tion in Gif systems is Fe(V)=O formed by heterolytic O–O-

bond cleavage in Fe(III)–O–OH. There is no direct evidence for

the existence of such species in Gif-systems and it was not

spectroscopically characterized. However, the arguments for the

oxoiron(V) species as an active oxidant has been recently

summarized by Que [27]. In Gif systems pyridine is not only

used as a solvent but it also acts as a ligand on the iron com-

plex [28].

Different Fe(II) or Fe(III) picolinate (PA) and dipicolinate

(DPA) complexes as catalysts of oxygenation reactions have

been studied by the Sawyer [29-31], Barton [31,32], and

Kotani–Takeya [33,34] groups. The oxidation of cholesteryl

acetate with hydrogen peroxide or peracetic acid catalyzed by

these complexes varied depending on the solvent used and the

reaction conditions. To avoid the use of hazardous peroxy

reagents, an electrochemical system was invented, which can be

considered as analogical to the Gif-system. In this approach,

hydrogen peroxide was exchanged for a process of dioxygen ac-

tivation with electrochemically generated [FeII(PA)3OH2]−

ions. With the system, stereoselective allylic hydroxylation of

cholesteryl acetate was carried out [35]. The H-shaped one-

compartment glass cell equipped with platinum mesh elec-

trodes (cathode and anode) was filled with a cholesteryl acetate

(1a) solution in acetonitrile containing ammonium tetrafluoro-

borate as a supporting electrolyte. The constant potential tech-

nique mainly afforded 7-hydroxylated products (7a and 8a;

19–38%), along with the 7-oxo product 9a (15–19%). In add-

ition to these products, epoxide 10a (1.5–3%) was also formed

under constant current conditions (Scheme 3). Irrespective of

the iron complex used, the reactions afforded the 7α-hydroxy-

lated product 7a in a large excess. The authors postulated the

formation of a dimeric Fe(III)–Fe(V) manifold complex,

(H2O)(PA)2Fe(III)–O–Fe(V)=O(PA)2, as an active intermedi-

ate that would work as a monooxygenating species for choles-

teryl acetate.
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Scheme 4: Electrochemical chlorination of cholesterol catalyzed by FeCl3.

Indirect electrochemical oxidation of cholesterol was also

reported by Wu et al. [36]. The electrolysis was performed

under galvanostatic conditions at a platinum electrode in DMF

containing 6% water with NaBr as a supporting electrolyte. A

mixture of products was formed, among them “3,5,6-trihydrox-

ycholesterol” (probably cholesta-3β,5ξ,6ξ-triol), 7-oxocholes-

terol (9), 5,6-epoxycholesterol (10), and 7-ketocholesterol were

identified. However, the yields of the products were not

reported. Based on cyclic voltammetry and rotating ring-disk

electrode measurements the authors suggested that Br− is elec-

trochemically oxidized through Br to BrO− and that the latter is

the oxidizing agent for cholesterol.

The oxidation of cholesterol by electrochemically generated

superoxide radical anion (O2
·−) in acetonitrile was described in

1997 [37]. It was established that in dry solution, with water

content below 4%, no products were observed. However,

cholesterol was oxidized to 7-oxocholesterol (9), 7α-hydroxy-

cholesterol (7), and 7β-hydroxycholesterol (8) when hydrogen

peroxide was combined with superoxide solution in water

matrix. The authors suggested that under these conditions the

rate of the disproportionation reaction of superoxide radical

anion is increased, and the formation of more reactive oxygen

species such as hydroxyl radical or singlet oxygen is possible.

A stereoselective electrochemical method of the chlorination of

steroidal Δ5-olefins was described by Takayama et al. [38]. The

oxidation of cholesterol was carried out in an undivided cell

under constant current conditions in CH2Cl2/MeCN/H2O

(2:2:1), the cathode and anode being platinum plates. The elec-

trolysis was performed in the presence of FeCl3 and hematopor-

phyrin (HMP), and dioxygen was constantly delivered to the

cell. Three products, 5α,6β-dichlorocholestan-3β-ol (11),

6α-chlorocholestane-3β,5ß-diol (12), and epoxide (10), as a 1:3

mixture of α and β-isomers, were obtained in 32, 31, and 7%

yields, respectively (Scheme 4). It is noteworthy that the reac-

tion afforded a single stereoisomer of 11 or 12.

Several important observations provided in the paper can give

an idea on a plausible mechanism of cholesterol oxidation.

First, in the absence of HMP and O2 only compounds 11 (20%)

and 12 (43%) were formed. Second, during the reaction with

hydrogen peroxide as an oxidant under non-electrochemical

conditions no products were detected, which indicates that the

role of dioxygen is not the source of electrochemically gener-

ated H2O2. Furthermore, the epoxide 10 was not converted into

chlorohydrin 12 under the reaction conditions, which implies it

was not formed through an epoxide intermediate. Finally, no

products were formed when the electrolysis was performed in a

divided cell .  I t  seems that a chlorine species (e.g.

Clδ+…FeCl4
δ−), produced from anodically generated chlorine

(dichloromethane was the likely source), initiated the sequence

of reactions leading to cholesterol oxidation products.

A very similar result was obtained by Kowalski et al. [39]. They

carried out the electrolysis of cholesterol in dichloromethane by

using a divided cell, the cathode of which was placed in a glass

tube with a glass frit. No metal chlorides were added, but again

the major products were dichlorides, 5α,6β-dichlorocholestan-

3β-ol (11, 14%) and its 5β,6α-isomer (9%), as well as chlorohy-

drin 12 (6%) and 3β-chlorocholest-5-ene (1c, 4%). It is clear

that dichloromethane was the chlorine source since no addi-

tives were employed. The observed results may be explained by

assuming a cathodic reduction of dichloromethane to chloride

ions, followed by their diffusion to the anodic compartment,

and electrooxidation to chlorine which reacted with cholesterol.

An efficient electrochemical chlorination of some Δ5-steroids

(Scheme 5) was reported by Milisavljević and Vukićević [40].

The electrolyses were carried out in dichloromethane under

galvanostatic conditions with a graphite anode in an undivided

cell. The supporting electrolyte tetraethylamonium chloride was

a source of chloride ions, which were anodically oxidized to

chlorine. The electrophilic addition of chlorine to the double

bond of the investigated compounds cholesteryl acetate (1a),

cholesteryl benzoate (1b), 3β-chloro-5-cholestene (1c), and

5-cholestene (1d), gave the corresponding 5α,6β-dichloro

steroids in good yields (70–73%). However, cholesterol

produced a complex mixture of products under the same reac-

tion conditions.
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Scheme 5: Electrochemical chlorination of Δ5-steroids.

Scheme 6: Electrochemical bromination of Δ5-steroids in different solvents.

The same authors also studied the electrochemical bromination

of similar cholesterol derivatives 1a–c (Scheme 6) [41]. The

electrolyses were performed in a divided cell with a platinum

anode in different solvents under constant current conditions.

The supporting electrolyte tetraethylammonium bromide was

used as a source of bromide ions, which were oxidized to give

bromine. In aprotic solvents (dichloromethane, acetonitrile or

acetic anhydride) only the corresponding 5α,6β-dibromo-

cholestanes 13a–c were formed in high yields. In methanol,

however, in addition to dibromides 13a–c, the corresponding

regioisomeric pairs of 5α-bromo-6β-methoxy- and 5α-methoxy-

6β-bromocholestanes (14a–c and 15a–c) in a ratio of 3:1 were

produced. The reactions apparently proceeded via a tricentric

bromonium ion. Since the subsequent nucleophilic attack on

this intermediate must occur from the back, the overall stereo-

chemistry of the addition must be anti. It seems that in the first

step an electrophilic attack of Br+ from the α side prevails. The

diaxial opening of the bromonium intermediate with bromide

yields the same dibromo product 13a–c, irrespective which

bromonium ion (α or β) is actually formed. When this inter-

mediate is attacked by methanol, the product structure 14a–c or

15a–c depends on the configuration of the bromonium ion.

Direct electrochemical oxidation of choles-
terol
The first direct electrochemical oxidation of cholesterol was

reported only in 2005 [42]. The preparative electrolysis was

performed in glacial acetic acid on a platinum anode under

constant current control in a divided cell. The reaction afforded

two major products, 7α-acetoxycholesterol (16) and 7β-acetoxy-

cholesterol (17), in a ratio of 10:3 (Scheme 7).

However, several byproducts were also formed. Voltammetric

measurements indicated that the cholesterol oxidation process is
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Scheme 7: Direct electrochemical acetoxylation of cholesterol at the allylic position.

Scheme 8: Direct anodic oxidation of cholesterol in dichloromethane.

controlled by the rate of the electron transfer. It was proven that

the oxidation occurs at the allylic position. The C7 carbocation

is formed by a two-electron transfer and then a nucleophile

(acetate) is added to this intermediate, preferentially from the

less sterically hindered α-side.

An interesting product of the electrochemical oxidation of

cholesterol [39], i.e. dicholesteryl ether 18, was obtained in

28% yield during the electrolysis carried out in a divided cell in

dichloromethane as a solvent (Scheme 8). Except for the major

product, the formation of small amounts of cholesteryl acetate

(1a, 4%), cholesteryl chloride (1c, 3%), and N-acetyl-

cholesterylamine (19, 4%) were also observed. The formation

of cholesteryl chloride (1c) was explained by the possibility of

cathodic dichloromethane reduction yielding chloride ions,

which can migrate to the anodic compartment. To prevent the

cathodic reduction of dichloromethane a small amount of

glacial acetic acid was added to the cathodic compartment, but

its leakage to the anodic part of the cell was responsible for the

appearance of cholesteryl acetate (1a) among the oxidation

products. To avoid this problem the anodic and cathodic parts

of the cell were connected with an electrolytic bridge, which

contained acetonitrile among other components to increase

conductivity. However, its diffusion to the anode can be attrib-

uted to the formation of N-acetylcholesterylamine (19).

All observed products can be formed through a common inter-

mediate. It seems that the first step of the reaction is a one-elec-

tron transfer from the oxygen atom of cholesterol to the anode

(Scheme 9). The heterolytic cleavage of the C3–O bond in the

resulting radical cation leads to the formation of a hydroxyl

radical and the steroidal carbocation. Such a mesomerically

stabilized homoallylic carbocation can react with any nucle-

ophile present in the reaction mixture. In the absence of better

nucleophiles it reacts with cholesterol to give dicholesteryl ether

18.

Later, the electrochemical system was improved by replacing

the functionality of the bridge with a divided H-cell with

anionite (Dowex) placed in the cathodic compartment to bind

chloride anions which are formed by the reduction of

dichloromethane. The formation of byproducts was diminished

with this system. The presented system proved suitable for the

electrochemical glycosylation of 3β-hydroxy-Δ5-steroids [43].

In this case, 2,3,4,6-tetra-O-acetyl-D-glucopyranose

was used as a nucleophile (Scheme 10). The anodic oxidation

of cholesterol (1) carried out in dichloromethane in

the presence of the sugar used in excess afforded glycoside 20

(28%) as a 1:1 mixture of α and β-anomers, accompanied

by a  number  of  by-products  such  as  choles te ry l

ace ta te  (1a ,  10%) ,  d icholes te ry l  e ther  (18 ,  4%) ,
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Scheme 9: A plausible mechanism of the electrochemical oxidation of cholesterol in dichloromethane.

Scheme 10: The electrochemical formation of glycosides and glycoconjugates.

cholest-4-en-3-one (21, 6%), and cholesta-4,6-dien-3-one (22,

9%).

An analogous reaction carried out with 1,2:3,4-di-O-diisopro-

pylidene-α-D-galactopyranose yielded glycoconjugate 23 with

an ether bond between the sugar and steroid molecules. In

further studies on the preparation of glycoconjugates from

3β-hydroxy-Δ5-steroids, various derivatives were applied, such

as thioethers [44], diphenylphosphates [45], trichloroacetimi-

dates [45], and i-steroids [46].
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Scheme 11: Efficient electrochemical oxidation of cholesterol to cholesta-4,6-dien-3-one (24).

Cholesterol has been shown to be electrochemically oxidized

(Scheme 11) in acetonitrile containing LiClO4 at a carbon elec-

trode [47] to give cholesta-4,6-dien-3-one (24). The electrolysis

conditions were optimized on a laboratory synthetic scale [48].

The use of a flow cell equipped with a carbon fiber working

electrode, allowed for the efficient production (43% yield) of

cholesta-4,6-dien-3-one (24) during electrolysis under potentio-

static conditions at 1.9 V vs Ag/AgCl electrode. This result is

rather surprising since cholesta-4,6-dien-3-one was not previ-

ously reported as a major product during electrochemical oxi-

dation of cholesterol. The product was formed through a four-

electron, four-proton electrochemical process, but no explan-

ation was given for the selectivity observed.

Enzymatic and non-enzymatic methods of
cholesterol determination with electrochem-
ical detection
The development of fast and reliable methods of cholesterol

determination in the human body and in processed food is still a

demanding problem. Since this review article is mainly focused

on the electrochemical transformations (direct or indirect) of

cholesterol, the analytical aspects of cholesterol oxidation are

only briefly mentioned. The cholesterol reactions that lie behind

the analytical procedures are frequently unknown or are largely

neglected by their authors. To date, many analytical methods

have been developed to quantitate cholesterol contents,

including spectrophotometry and HPLC, sometimes with elec-

trochemical detection [49].

The majority of cholesterol determination methods however,

take advantage of electrochemical biosensors based on choles-

terol oxidase immobilized on an electrode surface. Cholesterol

oxidase is an enzyme that catalyzes the reaction between

cholesterol and dioxygen to produce cholest-4-en-3-one and

hydrogen peroxide [50]. Then, the cholesterol level can be

determined from an amperometric response, which can either be

measured as a decrease in the dioxygen electroreduction current

or, more frequently, from the hydrogen peroxide reduction or

oxidation current. However, cholesterol in blood is mainly

present in form of its fatty acid esters. If the total cholesterol

amount is needed, the cholesterol esters must be hydrolyzed

prior to analysis by the use of cholesterol esterase [51]. A poor

stability of the enzymes and an influence of various factors

(e.g., temperature and pH) on their performance limit a prac-

tical application of these methods. Therefore, the procedure of

an enzyme immobilization on electrode surface is a crucial step

for biosensors stability and efficiency.

Enzymatic oxidation of cholesterol with elec-
trochemical detection
There are numerous reports on these methods and their detailed

discussion is beyond the scope of the present review. Therefore,

we limited ourselves to these publications, which include a

comparison of the applied methods and have been published

only recently. Up to date the most popular method is the

immobilization of an enzyme on the electrode covered with

different conducting polymers often embedded with carbon

nanotubes and/or metal nanoparticles [52-56]. Chitosan, a natu-

rally occurring biopolymer, has also been utilized for sensor

fabrication [57,58]. Cholesterol oxidase has been immobilized

on carbon nanotubes [59], metal nanoparticles [60] or graphene

[61], and additionally decorated with metal nanoparticles [62]

or modified with ionic liquids [63]. The application of

composite electrodes, including silica sol–gel matrix with

Prussian Blue [64], carbon nanotubes with zinc oxide nanoparti-

cles [65], and zinc oxide nanorods directly grown on silver [66],

has also been reported on. The “cholesterol self-powered

biosensor” [67], in which the cathodic process is determined by

cholesterol oxidase and on an anode phenothiazine-mediated

oxidation of cholesterol as well as immobilization of choles-

terol oxidase and cholesterol esterase onto thulium oxide [68]

have been found as an alternative for biosensors which operate

in blood.

Non-enzymatic indirect cholesterol detection
with electrochemical techniques
Non-enzymatic approaches toward cholesterol detection

exploiting an electrochemical route of sensing, which have a

distinct advantage over conventional enzymatic processes, have

recently been developed. Some of these methods are based on

the indirect electrochemical oxidation of cholesterol by using

bromine species in organic media [69,70]. In a recent method,
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methylene blue formed an inclusion complex with β-cyclodex-

trin functionalized graphene and emerged as a cholesterol

sensing matrix. Methylene blue was then replaced by the

cholesterol molecule and moved out in the buffer solution,

where it was detected electrochemically by using the differen-

tial pulse voltammetric technique [71]. An interesting tech-

nique for non-enzymatic sensors represents molecularly

imprinted self-assembled monolayers. In this approach, the

layer containing organic compounds together with cholesterol is

deposited on an electrode surface. Then, the cholesterol is

removed from the layer, and the oxidation current of ferro-

cyanide is measured. Next, the electrode is placed into a solu-

tion containing cholesterol, which is adsorbed in the empty

spots and the oxidation current of ferrocyanide is measured

again. The difference in the current values is proportional to the

concentration of cholesterol [72-74]. These sensors have been

proved to be useful for analyzing food samples [74].

Non-enzymatic direct electrochemical oxi-
dation of cholesterol
The third class represents sensors based on the direct electro-

chemical oxidation of cholesterol. The authors claim that the

process occurs on nanoporous electrodes such as Pt [75], Ag

[76], Au/Pt [77], and Cu2S [78]. However, apart from the

increase of the registered current, there is no evidence that

cholesterol is electrochemically oxidized. The assumption that

cholesterol is directly electrooxidized seems surprising, as the

observed process occurs at relatively negative potentials (0 to

+0.4 V vs SCE). Definitely, the mechanism of the process needs

to be established.

There is a worldwide effort toward the development of bioana-

lytical devices which can be used for the detection, the quantifi-

cation and the monitoring of specific chemical species. The

design of mixed biocatalyst pathways for the comprehensive

oxidation of cholesterol, and, at the same time, the acquisition

of frequent answers with an individual application for biosen-

sorics is of major interest. Sophisticated sensing arrangements

including single and complex selective agents may be expected

to contribute to clinical chemistry.

Conclusion
Cholesterol has been regarded as an electrochemically inactive

compound for a long time. Since the 1990s several methods

have been developed for the indirect oxidation of cholesterol.

The active species in these methods were different reactive

oxygen species, various hypervalent transition metal–oxo and

metal–peroxo species, dihalogens, hypohalites, and enzymes.

The first direct electrochemical oxidation was reported only in

2005. The electrochemical oxidation of cholesterol may occur

at the C3-hydroxy group, at the C5–C6 double bond, at the

allylic position, and at the side chain (particularly at the tertiary

position C25). Interestingly, the particular progress of the reac-

tion depends on the reaction conditions, including the solvent,

the supporting electrolyte, the mediator, the electrode material,

and the potential applied. The yields of cholesterol oxidation

products are rather low, often less than 30%. This may be

caused by the high oxidation potential of cholesterol and the

necessity to operate at a relatively high positive potential. More-

over, due to the hydrophobic properties of cholesterol it is

necessary to use non-polar solvents, e.g., dichloromethane,

which lowers the conductivity of the supporting electrolyte.

Therefore, the galvanostatic regime of electrolyzes is often

applied, which favors the occurrence of side reactions. The

cholesterol oxidation products are often adsorbed at the elec-

trode surface, which lowers the effectiveness of the electro-

chemical process. However, in some cases, reasonable yields of

products are obtained and these reaction conditions may be of

interest in practice.
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Abstract
The oxidative degradation of lignin into a variety of valuable products has been under investigation since the first half of the last

century. Especially, the chance to claim this cheap, abundant and renewable source for the production of the important aroma chem-

ical vanillin (1) was one of the major driving forces of lignin research. So far most of the developed methods fail in technical appli-

cation since no viable concept for work-up is included. This work represents a combined approach of electrochemical conversion of

Kraft lignin and product recovery by adsorption on a strongly basic anion exchange resin. Electrolysis conditions are optimized

regarding reaction temperatures below 100 °C allowing operation of aqueous electrolytes in simple experimental set-up. Employing

ion exchange resins gives rise to a selective removal of low molecular weight phenols from the strongly alkaline electrolyte without

acidification and precipitation of remaining lignin. The latter represents a significant advantage compared with conventional work-

up protocols of lignin solutions.

473

Introduction
The biopolymer lignin is one of the most abundant and renew-

able feedstocks in the world [1-3]. Moreover, lignin represents

the largest source of aromatic compounds among renewables

and can be considered as non-food biomass. It usually occurs as

a major waste fraction of the pulping industry on a multimillion

ton scale [4]. This source has the potential to be an alternative

for petroleum-based production of fuels as well as fine chemi-

cals [5-7]. Since the middle of the last century, the large amount

of aromatic structural features making up the polymer led to

much effort concerning efficient degradation methods into high

value fine chemicals like vanillin (1), acetovanillone (2) and

guaiacol (3) (Scheme 1) [8-10]. Different approaches for selec-
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Table 1: Influence of the anode material on the electrochemical degradation of lignin.a

Entry Anodeb UNS-# Alloy base Yield of vanillin (1) / wt %c

1 Ni – – 0.7
2 Monel 400k N04400 Ni 0.7
3 Nichem 1151 – Ni 1.0
4 Co – – 1.4
5 Stellite 21 W73021 Co 1.8

aElectrolysis conditions: 80 °C, constant current (1.9 mA∙cm−2), undivided cell, 2688 C∙g−1, 0.525 g Kraft lignin. bDetailed information about the alloys
can be found in Supporting Information File 1. cBased on used Kraft lignin. UNS = Unified numbering system.

tive degradation of lignin, applying catalytic, microbacterial,

photochemical, sono-chemical and electrochemical methods

were investigated but struggled with several problems [11-17].

The dominating challenges are usually low selectivity resulting

in a plethora of products, drastic and technically unreasonable

reaction conditions, purification of the resulting crude product

mixture, and separation of the desired products from unreacted

lignin [18-20]. When using transition metal catalysts they

commonly disappear in the unreacted lignin contaminating that

particular material which limits further subsequent use. Electro-

chemistry is one of the most promising approaches for highly

sustainable conversions because only electrons serve as reagent

[21-27]. Consequently, such conversions are considered as

reagent-free and avoid reagent waste [28-30]. We present a

highly selective electrochemical approach providing an almost

exclusive formation of vanillin (1) under very mild reaction

conditions. The application of a strongly basic anion exchange

resin allows an elegant separation of the formed vanillin (1)

from remaining lignin directly out of the basic reaction solution.

Scheme 1: Direct electrochemical degradation of lignin into low molec-
ular weight phenolic compounds.

Results and Discussion
The electrochemical degradation of lignin in alkaline media is

usually performed on nickel anodes. Utley et al. presented a

very promising electrochemical approach using Ni anodes

which enabled conversion of lignosulfonate in a filter press cell

at elevated temperature and pressure. The conversion led to

high yields of vanillin (1) in the range of 5–7 wt %. The com-

plex experimental set-up as well as evolution of hydrogen are a

major drawback of this approach [31]. Nevertheless, the applied

Ni electrodes usually exhibit a high stability against corrosion at

these conditions due to the formation of an electrocatalytic

surface layer which is stable in alkaline electrolytes [32]. Kraft

pulping represents the predominant pulping process [33]. Due

to this we investigated the electrochemical degradation of Kraft

lignin and avoided the use of lignosulfonate which originates

from the outbounding sulfite process. The most common mech-

anistic rationale indicates the formation of an electrocatalyti-

cally active NiOOH species at the anodic surface which is

regenerated during lignin oxidation [34]. The chemical relation

between Ni and Co implies a similar electrocatalytic behaviour.

The major focus of this study was to investigate the applicabil-

ity of a lignin degradation process under technically relevant

conditions. This implies an aqueous system due to the limited

solubility of Kraft lignin as well as temperatures below 100 °C

to avoid pressurized systems. Several electrode materials, based

on Ni or Co alloys, were investigated towards their electrocat-

alytic activity in this particular degradation process. Table 1

displays yields of 1 by electrochemical degradation using the

most productive anode materials.

Under the conditions described, the electrochemical process

usually resulted in moderate yields of 1 <2.0 wt % per electrol-

ysis run but the selectivity towards vanillin (1) formation is

outstanding (Figure 1). The only other volatile byproduct

formed in much lower yields compared to 1 is acetovanillone

(2). Information about the quantities of 2 are given in

Supporting Information File 2. In general, the application of

Co-based materials resulted in higher yields of vanillin (1) with

a maximum of 1.8 wt %. Unfortunately, all investigated

Co-based alloys show some corrosion leading to mass loss and
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Figure 1: Crude product composition after electrochemical treatment of lignin at Ni-based electrodes by gaschromatography. Retention times:
10.50 min vanillin (1), 11.64 min acetovanillone (2), 16.00 min dodecylbenzene (ISTD).

the concomitant formation of Co oxides found as dark coating

on the electrode surface as well as suspended to a small extent

in the electrolyte.

The application of Ni-based materials on the other hand results

in lower yields up to 1.0 wt %, but no corrosion is observed.

Besides the applied anode materials, the current density has a

tremendous influence on the achievable yield. Rather low

current densities <2.0 mA∙cm−2 usually result in the highest

yields of vanillin (1) independent of the electrode materials.

Especially, Co-based materials are very sensitive to this para-

meter and even a slight increase of the current density leads to a

drastic drop in the yield of vanillin (1). This effect is displayed

in Figure 2 comparing planar electrodes of Ni and the Co base

alloy Stellite 21. Low current densities are very unfavourable

from a technical point of view due to long electrolysis times.

Three-dimensional electrodes are a suitable way to increase the

effective anodic area leading to an improved space–time yield.

For this reason 3D materials composed of different Ni-based

materials were employed as electrode materials for the electro-

chemical process (Figure 3).

A comparison of 3D and plane Ni-based materials shows that

even at low current densities of <2.0 mA∙cm−2 surface

enhanced materials are superior to planar electrodes. Ni foam

and stainless steel electrodes, with a Ni content of up to 13%,

showed a very similar and promising behaviour especially

at elevated current densities. With current densities of up to

38 mA∙cm−2 (this number corresponds to the geometric surface

directly exposed to counter electrode) almost constant yields

≥1.0 wt % of 1 were observed. This application gives rise to

increased yields of 1 as well as a decrease of electrolysis time to

Figure 2: Influence of the current density onto the yield of 1 using Ni or
Stellite 21 anodes.

Figure 3: Influence of the current density on the yield of 1 using
different geometries of anodic materials.
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5% of the initially applied with planar electrodes. Another

important factor for the efficiency of the selective degradation

to 1 is the reaction temperature. At elevated temperatures

usually decoiling or fragmentation takes place in the lignin

particles [35,36]. This is very important to improve the accessi-

bility of possible reaction sites located rather inside the lignin

particle to the anode surface and high temperatures >100 °C are

usually chosen for efficient degradation processes. Due to

limited solubility of the commonly used Kraft lignin in aqueous

systems, it was necessary to set-up massive autoclaves [37].

This was always a very limiting aspect for technical realiza-

tions due to cost and safety issues. It is noteworthy, that on the

cathode hydrogen is formed and performing the electrolysis in a

closed system is not desired. However, even at rather low reac-

tion temperatures between 20–80 °C the particle behaviour and

also the yield of 1 is influenced tremendously (Figure 4). In the

past, the use of different mediators and catalysts often led to the

formation of over oxidation products, i.e., vanillic acid (4) [34].

Our system avoids the formation of these low value products

even if an excess of current is applied. As depicted in Figure 5

an almost linear increase of 1 is observed until an applied

current of about 1200 C∙g−1.

Figure 4: Influence of the reaction temperature onto anodic degrad-
ation of lignin using stainless steel electrodes.

Further current does not lead to an increased formation of 1. But

the system tolerates the excess and the formed 1 is not

consumed to generate oxidation products like vanillic acid (4).

Under these conditions the electrochemical oxidation of vanillin

(1) does not take place. This was proven by a control experi-

ment trying to oxidize vanillin (1) in alkaline solution at Ni

foam and stainless steel electrodes. In both cases no formation

of vanillic acid 4 was observed and the starting material was

recovered almost quantitatively which indicates that no

oligomer formation took place (see Supporting Information

File 2). Screening of different anode materials and reaction

Figure 5: Influence of the applied current onto the yield of 1 by electro-
chemical degradation of lignin using stainless steel electrodes,
applying a current density of 38 mA∙cm−2.

parameters allowed an optimization of the electrochemical

process. Ni foam electrodes enable enhanced current densities

of up to 38 mA·cm−2 without negative influence on the yield of

1. A reaction temperature of 80 °C and an applied current of

1500 C·g−1 leads to the maximum yield of 1.

With the ability to selectively generate vanillin (1) from lignin

in hand, we turned our attention to the development of an isola-

tion strategy for the product. As in the method discussed above,

degrees of conversion were usually rather low, but this is

compensated by the enormous scope of the feedstock lignin

[35]. But selectivity and product recovery are the most chal-

lenging aspects. After the electrolysis the electrolyte contains

large amounts of unreacted, respectively chemically modified

lignin. A conventional approach for product recovery includes

acidification of the mixture, which leads to precipitation of

lignin. Filtration followed by liquid–liquid extraction results in

the clean product 1. This procedure is rather problematic from a

technical point of view. Filtration processes usually are time

and maintenance intensive processes but even more disadvanta-

geous is acidification of the whole electrolyte. That approach is

expensive comparing the amount of acid necessary to neutralize

the solution and the moderate yields of 1 which can be achieved

by these processes. Consequently, alternative concepts are

necessary to allow product removal without precipitation of

lignin and acidification of the whole reaction mixture.

For this purpose the applicability of strongly basic anion

exchange resins was tested. It is known from literature that

these resins can be utilized for phenol recovery from waste

water streams at different pH [38]. These methods usually take

advantage of the combined physi- and ionosorptive interactions

between the resin and the adsorptive phase. In the case of
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Figure 7: Different attractive interactions between ion exchange resin and the vanillate anion.

phenolate stronger, ionic interactions usually dominate at basic

pH [39]. But even under acidic conditions strong interactions

between the polymer backbone and the adsorptive phase remain

[40]. For this reason several commercially available resins were

tested concerning their adsorption and desorption affinity

towards 1 in model solutions at two different pH values

(Figure 6). The different resins with their functionalities and the

individual polymeric backbone are listed in Table 2.

Figure 6: Amount of vanillin (1) removed by adsorption in a batch
process at different strongly basic anion exchange resins. Experi-
ments were performed at two different NaOH concentrations and
desorption was realized by acidic treatment of the loaded resins.

Even in batch processes it was possible to remove more than

90% of dissolved 1 from the model solution which indicates

that strong interactions between the resins and the adsorptive

phase takes place. Desorption of the product can easily be

performed by acidic treatment of the loaded resins. The most

promising desorption system so far is a solution of EtOAc and

AcOH (ratio 8:2). This treatment leads to protonation of vanil-

late anions adsorbed at the resin and ionic interactions between

the resin and the product vanish. The remaining interactions

between vanillin (1) and the aromatic backbone are not strong

Table 2: Polymeric backbones and functionalities of the different
strongly basic anion exchange resins used for batch adsorption
experiments.

Resina Backbone Ionic function

a Polyvinylpyridine
divinylbenzene

N-Methylpyridinium

b Polystyrene divinylbenzene Tetraalkylammonium
c Polystyrene divinylbenzene Tetraalkylammonium
d Polystyrene divinylbenzene Tetraalkylammonium
e Polystyrene divinylbenzene Tetraalkylammonium
f Polyacrylate divinylbenzene Tetraalkylammonium

aCommercial names of the different resins, corresponding exchange
capacities and further information about specifications of the resins are
listed in Supporting Information File 1.

enough to prevent dissolution of 1 in the eluent. The results

indicate that besides the ionic function the polymeric backbone

has a very important influence on the adsorption behavior

(Figure 7).

The polystyrene backbones appear to be especially well suited

for the adsorption of 1 from alkaline solutions. This can be

explained by attractive π–π interactions between the backbone

and the adsorptive phase. All resins containing an aromatic

backbone lead to a loading of 1 >50% based on the total amount

of used 1. Resin f is a polyacrylate resin. This resin showed a

far inferior loading of 1 <20% which supports the assumption

that the polymeric backbone has a major importance for the

adsorption process. Control experiments of non-modified poly-

styrene resin gave no adsorption at all. These batch experi-

ments were optimized regarding the low vanillin (1) concentra-

tions in the corresponding reaction solution after electrochem-

ical degradation of lignin. Therefore, experiments were

performed applying a high ratio of resin to vanillin (1). Further

studies regarding the total capacity of this resin were performed

showing that a loading of more than 60% is possible. This

allows an easy removal of vanillin (1) on a gram scale (see
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Supporting Information File 2). The superior resin e was used

for the adsorption of 1 from the lignin-containing reaction mix-

ture. Electrochemical degradation reactions of lignin were

performed and afterwards various amounts of anion exchange

resin were added to perform a batch process for adsorption of 1

(Figure 8).

Figure 8: Recovery of vanillin (1) by adsorption from lignin containing
reaction solutions after electrochemical treatment at Ni foam elec-
trodes. Different amounts of resin were applied in a batch process.
Desorption was performed treating the loaded resins with an acidic
solution (EtOAc/AcOH, 8:2) in a batch process.

The results indicate that a large excess of resin is necessary to

adsorb the maximum amount of 1. Applying 6 g of resin led to

the maximum yield of vanillin (1) of 0.9 wt % using this work-

up protocol. This is close to the theoretical maximum yield of

1.0 wt % which was observed by conventional work-up of the

reaction solution. Addition of more than 6 g of resin does not

lead to an enhanced product removal, even lower yields of 1

were observed. This behavior can be rationalized by residual

loading of the resin. The concentration of 1 in the reaction solu-

tion is about 0.06 mg·mL−1 and even under acidic conditions

interactions between adsorptive phase and backbone are strong

enough to keep a certain amount of formed 1 adsorbed in the

equilibrium. This incomplete desorption is a common problem

of batch processing [41]. To avoid this process it is necessary to

allow a continuous shift of the equilibrium which can be real-

ized by a continuous adsorption and desorption process. This

was realized by setting up a column filled with anion exchange

resin and the corresponding solutions for adsorption (lignin

containing reaction mixture) and desorption (acidic eluent) of 1

were pumped through the column. This set-up allows a contin-

uous enrichment of 1 on the column which avoids acidification

of the solution and no precipitation occurs. The performance

and applicability of this process was investigated by ten iden-

tical electrochemical degradation reactions followed by adsorp-

tion of the resulting solutions in a continuous process on the

Figure 9: Adsorption of vanillin (1) on anion exchange resins and size
exclusion of lignin particles by application of gel type resins.

same column. After adsorption the depleted reaction solutions

were analyzed for residual amounts of 1 by conventional work-

up. No fraction of the depleted solution showed any content of

vanillin (1) which indicates a complete take up of 1. After-

wards the loaded resin was treated using an acidic eluent

consisting of EtOAc/AcOH (8:2) analogous to the continuous

adsorption process. Afterwards the acidic fraction was investi-

gated concerning its content of 1. It was observed that the

expected maximum yield of 1.0 wt %, based on the total

amount of used Kraft lignin, was exceeded and an effective

yield of 1.3 wt % was found. This surprising observation can be

explained by the optimized recovery process which avoids the

very disadvantageous precipitation of lignin. The precipitate can

include and adsorb certain amounts of 1 which leads to a

reduced total yield. The present adsorption process avoids such

precipitation and is by far superior to known conventional

work-up procedures for alkaline lignin solutions. Using the

desorption system EtOAc:AcOH (8:2) is very advantageous

from an ecological point of view. Both components are environ-

mental friendly and biocompatible. This is another advantage of

this protocol compared with the conventional work-up proce-

dure including acidification and liquid–liquid extraction

applying dichloromethane as extracting agent. Excess of EtOAc

and AcOH used for desorption can easily be recovered by distil-

lation. Furthermore, the applied resin avoids adsorption of the

dissolved lignin particles by size exclusion pictured in Figure 9.

The chosen gel type resin is distinguished from macroreticular

adsorbents by lower pore diameters [42,43]. Average pore

diameters of gel type resins are in the range of 1–2 nm

compared with macroreticular diameters up to several hundred

nanometer. Lignin particles themselves can have larger diame-

ters up to a few micrometers which allows an exclusion of

these particles by application of gel type ion exchange resins

[44]. So far no long-term study on the reusability of the

resin was performed but the activity of the resin after an adsorp-

tion–desorption cycle with high loading of vanillin (1) was

investigated and no loss of activity was observed. This indi-

cates that adsorption of vanillin (1) has no negative influence on
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stability of the ion exchange resin (see Supporting Information

File 2).

Conclusion
In conclusion, our approach combines a highly selective elec-

trochemical formation of vanillin (1) and a novel as well as

viable work-up concept exploiting strongly basic anion

exchange resins. As renewable feedstock we employed alkaline

lignin solutions. Alloys of cobalt and nickel as anodic material

are suitable forming in situ electrochemically active MO(OH)

coatings. Despite higher yields for 1 using Co based anodes,

Ni-based anodes seem to be the electrodes of choice due to their

enhanced stability against corrosion. The electrolysis was

successfully optimized to a process that can be operated below

100 °C and the application of 3D electrode designs, increased

the space–time yield tremendously. To circumvent the common

challenges in the work-up of lignin solutions (precipitation of

lignin, use of excess acid and subsequent extraction of the low

molecular weight products), we developed a novel and viable

strategy for direct and selective removal of vanillin (1) and

related phenols from the alkaline electrolyte. An easy to

perform enrichment of the desired product by adsorption at

strongly basic anion exchange resins was established. The

larger lignin particles were not bound to the gel-type resins

because the size exclusion effect does not affect them. Only

small amounts of acid will be required to rinse the product from

the solid support, which is of significant advantage to the

conventional approaches. The resulting lignin-containing waste

streams could be incinerated for energy production and base

recovery performed, as currently done with waste streams of the

pulping process [45]. The combined concepts represent a

starting point for vanillin (1) production based on renewable

resources [46,47].
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Abstract
Nitroalkenes are easily accessible in high variety by condensation of aldehydes with aliphatic nitroalkanes. They belong to the

group of activated alkenes that can be hydrodimerized by cathodic reduction. There are many olefins with different electron with-

drawing groups used for cathodic hydrodimerization, but not much is known about the behaviour of the nitro group. Synthetic

applications of this group could profit from the easy access to nitroolefins in large variety, the C–C bond formation with the intro-

duction of two nitro groups in a 1,4-distance and the conversions of the nitro group by reduction to oximes and amines, the conver-

sion into aldehydes and ketones via the Nef reaction and base catalyzed condensations at the acidic CH bond. Eight 1-aryl-2-nitro-

1-propenes have been electrolyzed in an undivided electrolysis cell to afford 2,5-dinitro-3,4-diaryl hexanes in high yield. The

4-methoxy-, 4-trifluoromethyl-, 2-chloro- and 2,6-difluorophenyl group and furthermore the 2-furyl and 2-pyrrolyl group have been

applied. The reaction is chemoselective as only the double bond but not the nitro group undergoes reaction, is regioselective as a

ß,ß-coupling with regard to the nitro group and forms preferentially two out of six possible diastereomers as major products.

1163

Introduction
Olefins being activated by an electron withdrawing group can

be hydrodimerized by cathodic reduction [1,2]. Thereby, the

cathode serves as cheap, versatile, immobilized and mostly non-

polluting reagent providing economical and ecological advan-

tages compared to chemical reducing agents [3,4]. Alkenes with

a large variety of electron withdrawing groups have been

explored in cathodic hydrodimerizations (Scheme 1) [1,2]. We

were interested in the nitro group as a substituent. It can be

easily introduced by addition of a nitroalkyl anion to a carbonyl

group followed by elimination of water from the resulting

alcohol. The nitroolefin can be reduced at the nitro group, at the

double bond and simultaneously at both groups. In acidic

medium the nitro group is reduced between −0.25 V to −0.55 V

vs SCE to mixtures of syn/anti-oximes in 85% to 92% yield at a

mercury pool cathode and with slightly lower yields at a

graphite cathode [5-8]. The current controlled reduction of

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:schafeh@uni-muenster.de
http://dx.doi.org/10.3762%2Fbjoc.11.131
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Scheme 1: Proposed mechanisms via pathways (I) to (III) for the cathodic hydrodimerization of olefins with electron attracting substituents.

alkyl- and aryl-substituted nitroalkenes in acidic medium

affords mixtures of ketones and oximes in yields of 39% to 72%

[9] and 55% to 91% [10], respectively.

Conducting the reduction at the more negative potential of

−1.1 V to −1.3 V vs SCE and otherwise comparable conditions

amines are obtained in 60% to 69% yield [5]. Thereby, (E)-1-

(3-cyclohexen-1-yl)-2-nitroethene can be chemoselectively

reduced in 69% yield to 1-amino-2-(3-cyclohexen-1-yl)ethane

without hydrogenating the C–C double bond.

The hydrodimerization of nitro olefins should lead to 1,4-di-

nitroalkanes following the regioselectivity found in other

hydrodimerizations of activated olefins [1,2]. Thereby, the

proton concentration in the electrolyte should be not too high,

as otherwise the reduction of the nitro group to oximes would

be favoured. On the other side the electrolyte should not be

aprotic as protons are required for protonation of the intermedi-

ate anions in the reductive dimerization (Scheme 1).

According to the proposed mechanism for the cathodic

hydrodimerization the radical anion b formed by one electron

reduction of the substrate a, has three pathways for dimeriza-

tion [1,2]. In path (I) protonation followed by one-electron

reduction leads to anion c, which in a Michael addition with

substrate a forms the anion d, which is protonated to

hydrodimer f. In path (II) b undergoes a nucleophilic addition to

a forming a dimer radical anion that is reduced to e that is then

protonated to the dimer f. In path (III) the radical coupling of

two radical anions b leads to the dianion e, which is protonated

to the product.

We first checked the cathodic reduction of (E)-2-nitro-1-phen-

yl-1-propene (1) [for chemical formulas see Table 4] whether

the dimer 2,5-dinitro-3,4-diphenylhexane (2) can be obtained

and which would be the optimal conditions for a high selec-

tivity and yield. The optimization and subsequent hydrodimer-

ization of eight nitro olefins has been previously reported in

[6-8]. There have been reports on the reductive dimerization of

nitro alkenes prior to 1991. 1,4-Dinitro-2,3-diphenylbutane (3)

has been obtained in less than 20% yield in the catalytic hydro-

genation of β-nitrostyrene (4) [11]. Hydrodimerization of 4 was

observed in enzymatic reduction [12]. Furthermore 3 was found

in the reduction of 4 with TiCl3 [13,14]. High dimer yields are

reported for the reduction of several nitro olefins with the

dianion of cyclooctatetraene [15]. ß-Nitrostyrene (4) has been

reductively dimerized with organomanganese reagents to 3 in

low yield [16]. The electrochemical reduction of 1-nitroalkenes

was studied by cyclic voltammetry and controlled potential

coulometry. The reduction probably proceeds by initial forma-

tion of the radical anion, which subsequently dimerizes [17].

Later conditions were described to achieve selectively either a

cathodic ß,ß-coupling (cathodic hydrodimerization) or a α,ß-

coupling with aliphatic nitro alkenes having acidic α-protons.

ß,ß-Coupling can be achieved in good to high yield (41–95%) at

high current densities [18]. In the reduction of 3,3-dimethyl-1-

nitrobut-1-ene the intermediate radical anion has been identi-

fied by ESR. Nitroalkene 4 is reported to be converted quantita-

tively to the hydrodimer 3 with SmI2 [19]. A catalytic reductive

β,β-carbon coupling of nitroalkenes catalyzed by a N-hetero-

cyclic carbene has been reported recently. Diastereomers are

formed, whose dr (d,l- over meso-ratio) ranges between 66:34

to 90:10. The interesting new reaction proceeds through a

radical anion of the nitroalkene generated in a catalytic redox

process. For ß-isopropyl-nitroethylene the radical anion has

been identified by ESR [20].

Results and Discussion
Investigation of the cathodic hydrodimeriza-
tion of nitroalkene 1 to hydrodimer 2
The cathodic hydrodimerization is performed in a divided elec-

trolysis cell by variation of the electrolyte (Table 1, Scheme 2).

The working potential was chosen from cyclic voltammetry and

current/voltage curves in the cell used for the preparative

conversion. The potential in the controlled potential electrol-

ysis was −0.9 V to −0.95 V vs SCE.
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Table 1: Hydrodimerization of 1 in dependence on the electrolyte composition.

Nr. 1
(mmol)

electrolyte HOAca

(mmol)
T
(°C)

Q
(F/mol)

yield (%)b

2 5 1

1 3.06 DMF/H2O (9:1)
0.2 M TBABF4

0.2 M 20 1.95 24 20 –

2 3.06 DMF/H2O (25:1)
0.2 M TBABF4

– 20 1.25 c – –

3 5.09 DMF
0.2 M TBABF4

1 × 5.0 30 1.08 30 7 20

4 7.50 DMF
0.2 M TEA-pTos

2 × 3.7 30 1.5 48 4 –

5 6.13 DMF
0.2 M TEA-pTos

10 × 0.6 30 1.01 60 – –

a0.2 M HOAc in electrolyte (Nr. 1); addition of corresponding fractions of an equivalent of the H+-donor at the start (Nr. 3, 4, 5) and after throughput of
the respective theoretical charge (Nr. 4, 5). bIsolated by flash chromatography. cProduct mixture, about 30% of 2.

Scheme 2: Cathodic reduction of nitroalkene 1 to hydrodimer 2 and oxime 5.

The results indicate: an increased acidity favours the formation

of oxime 5 (Table 1, Nr. 1), whilst without a proton donor the

olefin presumably is polymerized to a large extent (Table 1,

Nr. 2). The addition of acetic acid in portions appears to be a

good choice as a too high proton concentration is avoided and

the necessary amount of protons is continuously provided in the

proper amount. TEA-pTos appears to be a better supporting

electrolyte than TBABF4: In the latter hydrogen bonds between

the fluorine atoms and water possibly increase the water

concentration in the double layer and this way reverse partially

the hydrophobic effect of the alkyl groups in the tetraethyl-

ammonium cation. The dimer yield should increase with

increasing radical concentration, which means that at the begin-

ning of the reaction the dimer yield should be higher than

towards the end. As olefin 1 and dimer 2 are expected to have a

higher oxidation potential than DMF due to the nitro group the

advantageous use of an undivided cell appears to be possible.

Taking the optimal conditions of electrolysis Nr. 5 in Table 1

the influence of the parameters mentioned above was investi-

gated (Table 2).

The influence of the temperature is less significant than

expected. The increase of the temperature to 50 °C shows a

marginal increase of the yield, whilst a temperature decrease is

more successful. Best results could be achieved at 0 °C. The

yield after 50% charge consumption based on conversion is

insignificantly higher (Table 2, Nr. 9). This indicates that there

Table 2: Hydrodimerization of 1a in dependence of temperature,
conversion and cell type.

Nr. T (°C) Q (F/mol) Yield 2 (%)b

5c 30 1.01 60
6 50 1.19 63
7 −10 1.27 70
8 0 1.19 81
9 0 0.51 46 (83)d

10e 30 1.42 44
11f 0 0.98 88

a5.03 mmol 1 in 25 mL 0.2 M TEA-pTos/DMF. bIsolated yield. cNr. 5 in
Table 1 is shown for comparison. dYield in parenthesis based on
conversion; 45% reisolated 1. eUndivided cell, 0.25 equiv HOAc.
fUndivided cell without addition of acetic acid.

is no higher yield at higher substrate concentration in the first

half of the reaction compared to the second half. However, a

remarkable increase of the yield is obtained in an undivided cell

without addition of a proton donor. With a quantitative conver-

sion of 1 the dimer 2 is obtained in 88% material yield and 90%

current yield. Presumably the protons are generated at the anode

by oxidation of residual water and/or the solvent DMF. A major

source of residual water could be the very hygroscopic tosylate

as one of the reviewers suggested. The conditions of Nr. 11 in

Table 2 should be suitable for the conversion of further

nitroalkenes.
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Table 3: Preparation of 1-aryl-2-nitroalkenes.

Aldehyde Nitroalkane Method Nitroalkenea Yield (%)b

6a, R: phenyl 7a, R1: H c 4 50c

6a, R: phenyl 7b, R1: Me A 1 54
6a, R: phenyl 7c, R1: Et A 8 62
6b, R: 4-methoxyphenyl 7b, R1: Me B 9 44
6c, R: 4-trifluoromethylphenyl 7b, R1: Me d 10 42d

6d, R: 2-furyl 7b, R1: Me A 11 75
6e, R: 2-pyrrolyl 7b, R1: Me A 12 10e

6f, R: 2-chlorophenyl 7b, R1: Me A 13 58
6g: 2,6-dichlorophenyl 7b, R1: Me B 14 36
6h: 2,6-difluorophenyl 7b, R1: Me A 15 62

aFor the structures of the nitroalkenes see Scheme 4. bIsolated, not optimized yield. cRef. [23]. dRef. [24]. eCrude yield higher, product decomposes
slowly during recrystallization.

The cyclovoltammogram (CV) of 1 shows two irreversible

reduction peaks at −1.08 V and −1.8 V vs SCE. The second

peak can be attributed to the reduction of hydrodimer 2, as for

isolated 2 the reduction peak is found at this potential. The first

peak can be assigned to the reduction of 1 forming the radical

anion. Addition of acetic acid shows no potential shift but a

slight increase of the peak current. This could indicate that the

radical anion is fast protonated and the resulting radical is

further reduced. Proton addition, however, could also favour the

reduction of the nitro group to the oxime, which consumes four

electrons. Decreasing hydrodimer yields with increasing

temperature could be due to the existence of chemical side reac-

tions of the radical anion, such as oligomerization or protona-

tion, which are more accelerated at higher temperatures

compared to the radical dimerization. It should be mentioned

that at the cathode deep red species are formed that become

colorless upon addition of acetic acid. In an undivided cell and

an unstirred electrolyte, which allows diffusion between the

electrodes, a red colour appears at the cathode, which disap-

pears at the anode. This indicates the formation of coloured

nitroalkyl anions and their decolourization by protonation.

The nitroalkenes were obtained by condensation of aldehydes

with nitroalkanes (Scheme 3, Table 3) [21,22].

Scheme 3: Preparation of the 1-aryl-2-nitroalkenes 1, 4, 8–15.

For work-up unreacted aldehyde was removed by way of the

bisulfite adduct, this facilitated the crystallization and impro-

ved the yields. The preparation of the nitroalkenes 1, 4, 8, 9 is

described in [25]; the IR, 1H NMR, and MS data are provided in

the experimental part (Supporting Information File 1). From a

comparison of the experimental δ value for the vinylic proton

with this from an increment calculation the cis position of the

hydrogen atom to the nitro group can be assigned for the

nitroalkenes 1, 8, 9, which is the E-configuration.

As the trifluoromethyl compound 10 is not accessible by the

method A or B it is prepared in two steps from aldehyde 6c via

the n-butylazomethine [24]. Particularly difficult was the syn-

thesis of 12, where a product mixture is formed; additionally 12

decomposes partly during purification by fractional crystalliza-

tion, furthermore it is air sensitive. All that leads to low yields

of 12. The dinitrodiene 16 was prepared from 1,4-dinitrobutane

and two equivalents of benzaldehyde with 1,2-diaminoethane as

catalyst in 59% yield [26]; 1,4-dinitrobutane was prepared from

1,4-dibromobutane [27]. The structures of the prepared com-

pounds were secured by comparing the melting points with

these from the literature [24-27] and their spectroscopic data.

The nitroolefins 10–15 exhibit the same spectroscopic features

as these of 1, 4, 8, 9. The C,H,N and C,H,F,N analyses addition-

ally confirm the structures. From the 1H NMR spectra for all

nitro olefins the E-configuration of the double bond can be

derived.

Cyclic voltammetry
The reduction potentials (Ep,c) of the nitroalkenes were deter-

mined by cyclic voltammetry. The values, ordered by

decreasing potentials, are shown in Scheme 4.

The reduction potentials Ep,c are determined by the con-

formation of the aryl group, the electron density at the double
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Scheme 4: Reduction potentials (Ep,c in Volt) of nitroolefins. Conditions: amalgamated gold wire, v = 0.1 V/s, 0.2 M TEA-pTos in DMF, accuracy of
Ep,c = +/− 0.02V vs SCE, measured against the Marple electrode and converted to SCE.

bond and the nitro group, the energy of the radical anion and the

reactivity of the radical anion. We have not determined these

values, but have concentrated ourselves on the preparative

aspects of the cathodic hydrodimerization. Certain influences of

substituents on the reduction potentials of the nitroolefins can

be qualitatively seen. Aryl substituents shift the potentials to

more negative values according to their Hammett σ values [28]:

10 (4-CF3, σp = 0.53) > 1 (4-H, σp = 0) > 9 (4-CH3O,

σp = −0.12). With a Hammett equation for an electrochemical

reaction and using the Ep values as E0-values one obtains from

these three values a Hammett reaction constant ρ = 5.34. This is

similar to the reaction constant ρ = 6.37 obtained from the

Hammett plot for the one-electron reduction of substituted

benzo- and naphthoquinones in DMF [29], which have an elec-

trophore being similar to this of the nitroolefins. For the other

substituents no σ-values are available to apply the Hammett

equation. They are ordered according to decreasing Ep-values in

three groups: 11 (2-furyl) > 9 (4-CH3O) > 12 (2-pyrrolyl); 14

(two o-Cl) ≈ 13 (one o-Cl) > 15 (two o-F); another correlation

concerns the vinyl substituents at C2 of the double bond: 4

(2-H) > 1 (2-CH3) ≈ 8 (2-C2H5) > 17 (no aryl group, methylene

groups only). These orders are compatible with the electron

donating abilities of the substituents, being derived from their

σm values [28]. The more positive potential of 16 compared to 1

could be due to intramolecular interactions of the nitro groups

with the non-conjugated double bonds. The Ep,c of 1 and 4

measured at an amalgamated gold-wire electrode in DMF are

somewhat more positive than those measured at a Pt-disc in

ACN [17].

In the CV of all nitroolefins a second reduction peak appears at

a potential being 600–800 mV more cathodic compared to the

first one. Possibly this is the reduction of the hydrodimer as the

CV of the hydrodimer of nitroolefin 1 indicates. This is

different for the nitroolefins 14 and 15, which are o,o’-disubsti-

tuted at the phenyl ring (Figure 1).

In the CV of 14 and 15 (Figure 1a) already at low scan rates

(0.1 V/s) an anodic peak (Ep,a = −0.95 V for 14 and

Ep,a = −0.92 V for 15) appears in the reverse scan. Reversing

the scan after the first peak leads for 15 at a scan rate of 10 V/s

to a CV peak with Ep,c = −1.084 V, Ep,a = −0.904 V and

ip,c/ip,a = 1. For 14 higher scan rates were necessary to achieve a

similar effect, but there the curve became strongly distorted

possibly due an increasing capacitive current and iR-drop. This

indicates, that most probably due to the o,o-substituents in 15

the follow-up reaction of the radical anion is slowed down for

steric reasons. For 14 no dimer was found (see below). Further

electroanalytic investigations were omitted in favour of the

preparative scale hydrodimerizations of the nitroolefins.

Preparative scale electrolyses at the Hg
cathode
The preparative scale electrolyses were performed using the

following conditions: Hg cathode, undivided cell, 0.2 M TEA-

pTos in DMF at 0 °C, cathode potential of −0.90 V to −0.95 V

vs SCE. These conditions were optimal for the potential

controlled conversion of nitroolefin 1 into dimer 2. The conver-

sions shown in Table 4 consumed one charge equivalent
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Figure 1: (a) CV of 15; v = 0.1 V/s, (b) CV of 15; v = 10 V/s.

Table 4: Preparative hydrodimerization of nitroalkenes.

Nitroalkene Hydrodimera Yield (%)b

1
2

88

4
3

71c

8
18

84

9
19

75

10
20

68
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Table 4: Preparative hydrodimerization of nitroalkenes. (continued)

11
21

85

12
22

73d

13
23

83

aProducts are mixtures of diastereomers (see chapter: Structure of the hydrodimers). bIsolated yield; material yield corresponds to 95–100% of the
current yield. cSee text following Table 4. dReduction in divided cell, as product is sensitive to anodic oxidation; yield in undivided cell: 60%.

(Q = 1 F mol−1) for completion, then the electrolysis current

had decreased to nearly 0 mA. In the work-up following the

electrolysis the products in general can be extracted by nonpolar

petroleum ether/diethyl ether mixtures from the aqueous emul-

sions or suspensions, respectively. The insoluble dimer 3 was

isolated by filtration and washing the solid with petroleum

ether/diethyl ether. The products are obtained after purification

by flash chromatography as colourless oils, which are mixtures

of diastereomers. They crystallize partially or completely after

some time and are in general not sensitive against air and light.

An exception is the pyrrole derivative 22, in the air its light

colour deepens quickly to brown. The electrolyses proceed

uniformly. The current reaches after a short induction period

(1–3 min) depending on the substrate a maximal current of

250–450 mA, which then decreases exponentially to zero.

The dichloro derivative 14 deviates from this behaviour.

Applying the usual electrolysis conditions no dimer 26 but only

the oxime 24 (37%) and the nitro alcohol 25 (31%) are formed

(Scheme 5a). As already indicated in the CV of 14 the dimeriza-

tion of the intermediate radical anion of 14 is apparently

hindered for steric reasons, which can explain the absence of

the dimer. This can favour the further reaction of the radical

anion of 14 to the oxime 24 and the Michael addition of

hydroxy ions to form the nitro alcohol 25.

The smaller space filling of the fluorine atom compared to the

chlorine atom should lead to a sterically less hindered radical

anion in the reduction of 15, which allows the formation of 40%

of the dimer 29 and leads to less oxime and nitro alcohol as side

products (Scheme 5b).

The dimers 2 and 18–23 could be identified by 1H, 13C NMR,

MS and elemental analyses (see Structures of the hydrodimers

and Experimental part in Supporting Information File 1). Dimer

3 is insoluble in common solvents at rt, thus no 1H and
13C NMR could be obtained. It has a correct elemental analysis

and the IR spectrum is similar to this of 2 and the other dimers

with regard to the NO2 group. It melts at 238–242 °C with

decomposition, which is similar to the product obtained by

hydrogenating dimerization of olefin 4 in [11]. The insolubility

and the melting point disagree, however, with compound 3

(n = 1) described in [20]. From the laser desorption ionization

(LDI) mass spectrum of 3 it could be presumed that 3 is mainly

a trimer (3, n = 2). The trimer could arise by a Michael addition

of the intermediate dimer radical anion or dimer dianion of 4 to

olefin 4. Indications to greater portions of 3 (n = 1) and 3

(n = 3) were not found in the LDI–MS. Support for this assump-

tion comes from coulometry for 4 in [17], which indicates

oligomerization. Oligomerization does not occur if the

substituent α to the nitro group is an alkyl group as in olefin 1,

possibly due to steric hindrance.

The dinitrodiene 16 is intramolecularly coupled at the Hg

cathode to form the dinitrocyclohexane 30 (Scheme 6a), it also

does not show the usual behaviour found in the preceding elec-
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Scheme 5: Hydrodimerization of nitroalkene 14 and 15.

trolyses. A significant decrease of the current is only found after

a current consumption of 2.96 F/mol. Except for benzaldehyde

no further side products were detected. 30 is formed as mixture

of diastereomers, which could not be separated by flash chro-

matography.

Scheme 6: (a) Intramolecular hydrocoupling of dinitrodiene 16 and
(b) hydrodimerization of 1-nitrocyclohexene (17).

The aliphatic nitroalkene 17 could be hydrodimerized in 68%

yield to the hydrodimer 31, which is a mixture of diastereomers.

Partial separation by flash chromatography and 1H NMR spec-

troscopy of the fractions indicates four diastereomers in a ratio

of about 38:9:14:1.

It is possible to substitute the cathode material mercury against

the environmentally benign graphite. At a graphite cathode the

nitroolefin 1 could be hydrodimerized to the dimer 2. With 60%

the yield is lower than in the reduction at the Hg cathode, where

88% of the dimer were obtained. Possibly higher yields can be

obtained with other graphite varieties or other nontoxic cathode

materials. But in principle the mercury cathode can be replaced

by a graphite cathode.

Structure of the hydrodimers
All products show for the nitro group characteristic asymmet-

rical and symmetrical vibrations at 1530–1560 cm−1 and

1350–1360 cm−1, which, compared to the educts, are shifted to

shorter wavelengths.

The hydrodimers show in the upper masses of the mass spectra

few fragments and these have a low intensity. The base peak in

all hydrodimers results from breaking of the dibenzyl bond and

loss of NO2 affording the mass = (M+/2 − 46).

The C–C bond formation can lead to α,α-, α,β- and ß,ß-coupled

products. The 1H NMR spectra and MS data support in all cases

a ß,ß-coupling. A α,β- or a α,α-coupling would lead to the

occurrence of methyl singlets or non-coupled benzylic protons.

Such signals were not observed in the spectra of the hydro-

dimers.

The stereochemistry of the hydrodimer results from a β,ß-C–C

bond formation and from a α,δ-diprotonation, which creates a

dimer with four stereocenters with the exception of dimer 3,

which has only two stereocenters. This means 23 diastereomers

can be formed, which are decreased to six diastereomers due to

the identity of two pairs of enantiomers as shown in Scheme 7.
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Table 5: δ-Values and multiplicities of the alkyl protons in 2a–e.

Isomer δ (ppm) and multiplicity for H-atom at carbon-atom Nr.:

1 6 2 5 3 4

2a 1.25, d 4.85, dq 3.44, d

2b 1.28, d 1.90, d 4.91, dq 4.79, dq 3.36 and 3.71, 2 dd

2c 1.74, d 5.21/5.22, 2 dqa 3.64, dd

2d 1.29, d 4.47–4.56, m 4.13–4.15, m

2e 1.25, d 1.30, d 4.44, dq 4.62, dq 4.59, dd 3.33, dd
aCoupling pattern of the α-nitro protons is verified by NMR-simulation.

Scheme 7: Possible stereoisomers and their mirror images for the
hydrodimers 2 and 18–23; R and S are the configurations at the
stereogenic centers.

Configurations could not be assigned, as data for comparison

are not available in the literature and crystals for X-ray diffrac-

tion could not be obtained.

The dimers are obtained as mixtures of diastereomers; as they

do not differ significantly in their MS and IR spectra the com-

pounds had to be characterized by their 1H NMR data. For that

purpose the diastereomers were purified as good as possible by

flash chromatography and/or HPLC. Single diastereomers are

denoted alphanumerically (e.g., 2a, 2b). The same letter means

for two diastereomers of different hydrodimers that they have

similar NMR spectra with regard to chemical shift and multi-

plicity. This corresponds to a similar rate of elution in chroma-

tography.

1H NMR spectra
For the hydrodimers 2 and 18–23 five different diastereomers

a–e can be identified. In Table 5 the 1H NMR data of the five

diastereomers 2a–e are assembled.

The numbering (determining C-1) is arbitrary, but the

remaining positions follow unequivocally from the coupling

constants (for example in 2b: J1,2 = 6.64 Hz, J5,6 = 6.51 Hz).

The diastereomers show remarkable differences in the chemical

shifts. This also holds for significant differences in the chem-

ical shifts for formally identical protons in 2b/e. The consider-

able differences probably result from the anisotropy effect of

the aromatic ring and the nitro group. For the nitro group a

similar anisotropic cone as for the carbonyl group is assumed

[30]. Due to the presence of two nitro and two phenyl groups

conformations are possible, where protons are in shielded and

unshielded areas. Also phenyl protons appear as broad, high

field shifted signals. For 18c a ratio of high field and normal

signals of 4:6 was found. With decoupling experiments they can

be clearly assigned to be phenyl protons. Comparable results, as

shown for 2, were found for the mixtures of diastereomers of

the other hydrodimers. Besides decoupling experiments also
1H NMR simulations give valuable support to assign the com-

plex coupling pattern. This is shown for 18b where the

complexity of the spectrum is strongly increased by the

diastereotopic methylene protons (Figure 2).

The ratios of diastereomers for the products 2 and 18–23 are

summarized in Table 6.

The main part of the mixture consists usually of the isomers a

and b. Dimer 22 is an exception being possibly caused by the

NH groups of the pyrroles. Their hydrogen bonds could influ-

ence the relative energies of the transition states leading to the

diastereomers. One of the two meso-configurations can be

assigned to isomer 22a because of the missing coupling

between the benzylic methine protons.
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Figure 2: 1H NMR spectrum of 18b (without aromatic H); below experimental spectrum, above: simulated signals for 2-H to 7-H.

Table 7: Calculated and experimental 13C shifts for 18.

Carbon atoms C-1/-8 C-2/-7 C-3/-6 C-4/-5

δ (ppm) calculated 15.0 22.0 90.4 54.4
δ (ppm) found 9.80–10.81 20.98–26.00 88.92–91.70 48.73–51.31

Table 6: Ratioa of the diastereomers a–e from the dimers 2 and
18−23.

Dimer a b c d e

2 10 14 2 1 3
18 11 17 4 1 3
19 12 20 6 1 6
20 7 14 3 1 2
21 11 16 3 1 2
22 1.7 3.2 1.7 1 5.5
23 2 2 Σ 1(for c, d, e)

aDetermined by comparing the intensities in the 1H NMR spectra of
different mixtures; average values from different electrolyses.

The 1H NMR data obtained for 29–31 are compatible with the

shown structures.

13C NMR spectra
The proposed structures were confirmed by their 13C NMR

spectra. Nearly all diastereomers can be characterized via their
13C signals. The regioselective ß,ß-linkage follows clearly from

the multiplicities of the carbon atom resonances. Signals of ali-

phatic quaternary carbon atoms were not detected. The differ-

ences between the signals of single diastereomers of a dimer

correlate very well with the results of the proton resonance

experiments. The measured values agree quite well with incre-

ment calculations (Table 7) [31].

Elemental analyses
The structures could be secured additionally by elemental

analyses and in the case of dimer 20 by high resolution MS.

They were obtained from the mixtures of isomers taking into

account all elements (C, H, N, halogen).

Conclusion
The potential controlled cathodic hydrodimerization of

1-nitroalkenes affords a one step electrochemical C–C bond

formation to 1,4-dinitro compounds. Applying optimized

conditions the hydrodimers are obtained in good to very good

yields. Besides mercury also graphite can be used as cathode

material. The scope of the reaction is demonstrated in ten

nitroalkenes with different 1-aryl and mostly 2-methyl

substituents. Likewise the cathodic cyclization of a dinitrodiene

could be realized.

The dimerization is chemoselective: the fairly easy reduction of

the nitro group can be suppressed and aryl C–Cl and aryl C–F

bonds are not cleaved. Additionally a good regioselectivity is

obtained, among the possible three coupling products only the
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ß,ß-linked dimer is found. The diastereoselectivity is moderate,

one obtains two main diastereomers (about 70–80% of the mix-

ture of isomers) and one of the six possible diastereomers was

not found.

The use of an undivided cell facilitates the electrolysis and

lowers the energy consumption. For the preparation of dimer 2

in an undivided cell at cell voltages of 10–15 V, one needs

1.8–2.7 kWh/kg of product, which is much below the

8 kWh/kg, where a technical electrolysis becomes favourable

with regard to the energy consumption [32,33].

Supporting Information
Supporting Information File 1
Experimental procedures, 1H, 13C NMR and MS spectra

and elemental analyses.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-11-131-S1.pdf]
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