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ABSTRACT: Electrochemical oxidative radical selenylation/
1,2-carbon migration and Dowd−Beckwith-type ring-expan-
sion sequences of alkenylcyclobutanols were developed in this
study. This approach is environmentally benign and uses
shelf-stable diselenides as selenium radical precursors and
electrons as oxidizing reagents. The present protocol offers a
facile way to prepare β-selenated cyclic ketone derivatives. Under Dowd−Beckwith-type rearrangement, it can afford the
corresponding one-carbon ring-expanded ketones.

Selenium-containing organic compounds are of great
importance in medicinal chemistry and material science

because of their biological and chemical properties.1 They can
also be used as chemical intermediates for organic and
inorganic synthesis.2 Owing to the wide applications of these
compounds, intensive efforts have been made to develop novel
and practical synthetic methods as well as new organoselenium
compounds.3 Diselenides are easily accessible and shelf-stable
reagents. They have emerged as valuable selenating agents for
the synthesis of organoselenium compounds. The reaction of
diselenides with various substrates such as alkenes, boronic
acids, aromatics, and diazonium salts has been used to furnish
diverse selenium-containing organic compounds.4

The radical-mediated difunctionalization of alkenes provided
a practical approach for the difunctionalization of unactivated
alkenes with high chemo- and regioselectivity.5,6 Recently,
several groups have reported the synthesis of β-funtionalized
ketones via radical-addition and 1,2-rearrangement sequences
of allylic alcohol derivatives with various radicals including
alkyl, aryl, acyl, difluoromethyl, trifluoromethyl, azido, amine,
and phenylsulfonyl radicals (Scheme 1a).7

In the past few years, electrochemistry has emerged as an
attractive approach for organic chemists to introduce chemical
functionality into organic molecules due to its environmentally
benign and practical nature. Synthetic electrochemistry could
achieve redox reactions without needing transition-metal
catalysts or toxic reagents due to use of electrons as oxidizing
or reducing reagents.8

To the best of our knowledge, electrochemical oxidative
selenylation and ring-expansion sequences of alkenylcyclobu-
tanols have not been reported yet. We envisioned trans-
formation of alkenylcyclobutanols to β-selenated cyclopenta-
nones by an electrochemical-catalyzed oxidative selenylation/
semipinacol rearrangement sequence with diselenides as
selenium radical precursors. In addition, β-selenated cyclic
ketone derivatives under radical-initiated Dowd−Beckwith-

type rearrangement could give the corresponding one-carbon
ring-expanded ketones (Scheme 1b). Recently, application of a
one-carbon ring-expansion reaction for the synthesis of cyclic
ketones has gained increasing interest in organic chemistry due
to the availability of substrates as building blocks for bioactive
compounds.9

As part of our research program related to redox reaction
and cyclization sequences, we recently reported intramolecular
redox,10 radical-addition, and ring-expansion reactions of
alkenes with several radical sources under redox condi-
tions.7c−h In this paper, we report electrochemical-catalyzed
oxidative selenylation and semipinacol rearrangement sequen-
ces via 1,2-alkyl migration of alkenylcyclobutanol derivatives
and Dowd−Beckwith-type rearrangement of β-selenyl-sub-
stituted cyclopentanones to afford cyclohexanone derivatives.
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Scheme 1. Stratergy for Radical Selenation/1,2-Carbon
Migration and Dowd−Beckwith-Type Ring-Expansion
Sequences
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To determine optimal reaction conditions for electro-
chemical radical selenylation/semipinacol rearrangement11

sequences of alkenylcyclobutanol derivatives, we chose 1-(1-
phenylvinyl) cyclobutanol (1a) and diphenyl diselenide (2a)
as the model substrates. The reaction was conducted in an
undivided cell with glassy carbon plate as electrodes under
constant current. Initially, n-Bu4NBF4 was employed as the
electrolyte and methanol as the solvent at a constant current of
3 mA. The radical-addition and ring-expansion product 3a was
obtained in 61% yield after the reaction proceeded at room
temperature for 4 h (Table 1, entry 1). We then surveyed

different kinds of common solvents, such as DMSO, THF, and
acetonitrile (Table 1, entries 1−4). Of them, acetonitrile was
found to be the best medium. Various supporting electrolytes
such as n-Bu4NBF4, n-Bu4NPF6, n-Bu4NClO4, LiClO4, and KI
were screened (Table 1, entries 4−8). n-Bu4NBF4 was found to
be the most efficient electrolyte for this transformation (Table
1, entry 4). The effect of the amount of supporting electrolyte
(n-Bu4NBF4) was also investigated. The yield of 3a was
maintained when 2.0 equiv of n-Bu4NBF4 per 1-(1-
phenylvinyl)cyclobutanol (1a) was used (Table 1, entries 4,
9, and 10). Current intensity was also examined, and 7 mA was
found to be the optimum constant current for this reaction
(Table 1, entries 4, 11, and 12). Using platinum plates to
replace glassy carbon plates led to a slight decrease in reaction
yields (Table 1, entry 13). Finally, no desired product was
obtained without an electric current (Table 1, entry 14).
With the optimal reaction conditions in hand, we

investigated the scope of substrates for the electrochemical
radical selenylation/semipinacol rearrangement sequences of
alkenylcyclobutanol derivatives 1 with diselenide 2. As shown
in Scheme 2, various alkenylcyclobutanols 1 with electron-
donating or electron-withdrawing substituted-aryl and naph-

thyl groups furnished corresponding migration products with
moderate to high yields (69−90%, Scheme 2, 3a−i). Notably,
this radical selenylation/semipinacol rearrangement reaction
with alkyl-substituted vinylcyclobutanol, 1-(3-phenylprop-1-
en-2-yl)cyclobutanol, gave 68% yield of desired product 3j
under the optimal reaction conditions. To further examine the
scope of this reaction, a range of dibenzyl diselenides (2b)
were exposed to the optimal reaction conditions to react with
alkenylcyclobutanols 1. Corresponding products 3k−p were
obtained in moderate to high yields (49−90%, Scheme 2).
Furthermore, α,α-diphenyl allylic alcohol (4), 1-(3,4-dihydro-
naphthalen-1-yl)cyclobutanol (6), 9-(1-phenylvinyl)-9H-fluo-
ren-9-ol (8), and 1-(1-phenylvinyl)cyclopentanol (10) deriv-
atives were also used as substrates in these electrochemical
radical selenylation/semipinacol rearrangement sequences.
Corresponding products 5, 7, 9, and 11 were obtained in
73%, 37% (5.5:1 dr), 45%, and 54% yields (Scheme 3). In
order to demonstrate the practicability of this electrochemical
selenylation and ring expansion, the gram-scale reaction was
explored. As shown in Scheme 4, when 1-(1-phenylvinyl)-
cyclobutanol (1a) with diphenyl diselenide (2a) was used
under the optimum reaction conditions, the reaction
proceeded to afford the desired phenylselenyl-substituted
cyclopentanone 3a on a gram scale with 83% yield.
To illustrate synthetic utility, we also carried radical ring

expansion of selenyl-substituted cyclopentanones 3 through
Dowd−Beckwith-type rearrangement to afford one-carbon
ring-expanded cyclohexanone derivatives 12.9 By treating

Table 1. Optimization of the Reaction Conditionsa

entry solvent
current density
(mA/cm2) electrolyte

time
(h)

yieldb

(%)

1 MeOH 3 n-Bu4NBF4 4 61
2 DMSO 3 n-Bu4NBF4 4 32
3 THF 3 n-Bu4NBF4 4 trace
4 CH3CN 3 n-Bu4NBF4 2 80
5 CH3CN 3 n-Bu4NPF6 2 62
6 CH3CN 3 n-Bu4NClO4 2 63
7 CH3CN 3 LiClO4 2 68
8 CH3CN 3 KI 2 70
9c CH3CN 3 n-Bu4NBF4 1.5 80
10d CH3CN 3 n-Bu4NBF4 1.5 75
11c CH3CN 5 n-Bu4NBF4 1.5 82
12c CH3CN 7 n-Bu4NBF4 1 90
13c,e CH3CN 7 n-Bu4NBF4 1 81
14f CH3CN 0 n-Bu4NBF4 1 0

aReaction conditions: glssy carbon anode, glssy carbon cathode, 1-(1-
phenylvinyl)cyclobutanol 1a (0.1 mmol), diphenyl diselenide 2a (0.2
mmol), solvent (2.0 mL), electrolyte (0.4 mmol) at room temperature
using ElectraSyn 2.0. bIsolated yield. cElectrolyte (0.2 mmol).
dElectrolyte (0.1 mmol). ePt(+)−Pt(−) instead of C(+)−C(−).
fNo electricity.

Scheme 2. Variation of Substrates.a,b

aReaction conditions: glassy carbon anode, gassy carbon cathode, 1-
(1-phenylvinyl)cyclobutanol (1, 0.1 mmol), R2SeSeR2 (2, 0.2 mmol),
CH3CN (2.0 mL), n-Bu4NBF4 (0.2 mmol), 7 mA/cm2, 2.61 F/mol, at
room temperature using ElectraSyn 2.0. bIsolated yield.
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cyclopentanones 3 with tri-n-butyltin hydride and azobis-
(isobutyronitrile) (AIBN) in toluene at 110 °C for 4 h, the
one-carbon ring-expanded cyclic ketones 12 could be furnished
readily (Table 2). This is the first example of Dowd−Beckwith-
type ring expansion with selenyl-substituted cyclopentanones
3. It is noteworthy that β-substituted cyclohexanones can be
prepared using a consecutive one-carbon ring-expansion
sequence.
To gain mechanistic insights into this transformation, some

preliminary experiments were performed. The reaction was
shut down without an electric current (Table 1, entry 14). A
trace or reduced yields of the product were detected in the
presence of a radical scavengers, 2,2,6,6-tetramethylpiperidin-
1-yloxyl (TEMPO), 2,6-di-tert-butyl-4-methylphenol (BHT),
and 1,1-diphenylethene (Scheme 5). We also carried out cyclic
voltammetry (CV) experiments to study the redox potential of
substrates. An oxidation peak of 1-(1-phenylvinyl)cyclobutanol
(1a) and diphenyl diselenide (2a) in acetonitrile were
observed at 1.74 and 1.33 V, respectively (see the Supporting
Information). We proposed the reaction mechanism as shown
in Figure 1 based on our results and previously reported
work.11 Diphenyl diselenide (2a) is oxidized to generate
cationic radical intermediate (I) which is decomposed to give
phenylselenium radical II and phenyl selenium cation III.11

This phenyl selenium radical II then reacts with 1-(1-
arylvinyl)cyclobutanol 1, yielding intermediate IV which is
oxidized on anode to afford the cation V. 1,2-Carbon migration
of cation V then leads to ring expansion that yields product 3a

(path a). As another possibility, the pathway in which phenyl
selenium cation III was nucleophilically attacked by 1-(1-
arylvinyl)cyclobutanol 1 and 1,2-carbon migration to form the
desired product, could not be completely ruled out (path b).

Scheme 3. Electrochemical Radical Selenylation/1,2-Carbon
Migration Sequences of 4, 6, 8, and 10

Scheme 4. Gram-Scale Synthesis of 3a

Table 2. Dowd−Beckwith Rearrangement in the One-
Carbon Ring Expansion of 3a

entry 3, R1, R2 yieldb (%)

1 3a, Ph, Ph 12a, 65
2 3b, 4-MeC6H4, Ph 12b, 77
3 3c, 4-OMeC6H4, Ph 12c, 73
4 3d, 4-FC6H4, Ph 12d, 67
5 3e, 4-ClC6H4, Ph 12e, 76
6 3f, 3-MeC6H4, Ph 12f, 62
7 3g, 2-MeC6H4, Ph 12g, 72
8 3h, 2-FC6H4, Ph 12h, 65
9 3i, 2-naphthyl, Ph 12i, 68
10 3j, benzyl, Ph 12j, 70
11 3k, Ph, benzyl 12a, 60
12 3l, 4-MeC6H4, Benzyl 12b, 70
13 3m, 4-OMeC6H4, Benzyl 12c, 81
14 3n, 4-FC6H4, Benzyl 12d, 72
15 3o, 3-MeC6H4, Benzyl 12f, 60

aReaction conditions: 2-phenyl-2-((selanyl)methyl)cyclopentanone 3
(0.1 mmol), tributyltin hydride (0.3 mmol), AIBN (20 mol %),
toluene (1 mL) at 110 °C. bIsolated yield.

Scheme 5. Control Experiments

Figure 1. Proposed reaction mechanism.
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In conclusion, we have developed a new and efficient
strategy for the synthesis of cyclohexanone derivatives via
electrochemically oxidative selenylation/1,2-carbon migration
and Dowd−Beckwith-type rearrangement sequences of
alkenylcyclobutanol derivatives 1 with diselenides 2. This
approach is environmentally benign by using shelf-stable
diselenides as selenium radical precursors and electrons as
oxidizing reagents. The present protocol is an efficient option
for synthesizing β-selenated cyclic ketone and one-carbon
expanded cyclic ketone derivatives.
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