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Electrochemical Additions of the Allyl and the Benzyl
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Electrolysis of allyl chloride and five molar excess of acetone in hexamethylphosphoric triamide containing 0.5
Mtt tetrabutylammonium perchlorate gave an addition product, 2-methyl-4-penten-2-ol, in a 53%, yield. Allyl
groups of 1-chloro-2-methyl-2-propene, 1-chloro-2-butene(3), 3-chloro-1-butene(4), 1-chloro-3-methyl-2-butene(5),
and 3-chloro-3-methyl-1-butene(6), and benzyl groups of benzyl chloride, benzyl bromide, and 1-chloro-1-phenyl-
ethane can similarly be added to acetone by electrolysis to give the corresponding alcohols in fair to good yields.
Among these electrochemical reactions, those of 3, 4, 5, and 6 with acetone give respectively two isomeric homoallyl
alcohols, one of the isomers is not accessible by the usual chemical reaction between allylic organometallics and

acetone.

The electrochemical cleavage of the carbon-halogen
bond of organic halides generates radical and/or
carbanion as the important intermediates.’ Dimers
and hydrocarbons have been the only products isolated
in these studies.’  Although radical or carbanion
generated by ordinary chemical reaction is being used
in a variety of organic syntheses, carbanion or radical,
which was electrochemically generated, has rarely been
used for C-C hond formation.? For instance, with
regard to a nucleophilic addition of a carbanion gener-
ated electrochemically to a carbonyl carbon, only the
additions of tetrachloromethane®% or ethyl trichloro-
acetate® to carbonyl compounds and the additions of
allyl or benzyl chloride to carbon dioxide?®) have been
reported.®

In this paper we report successful additions of the
carbanions generated electrochemically from substi-
tuted allyl and benzyl halides to ketones in hexamethyl-
phosphoric triamide (HMPA) under mild conditions.

Results and Discussions

Electrochemical addition of the allyl group of allyl
chloride (la) to acetone was successfully carried out
by using HMPA as a solvent. Thus, electrolysis of 1la
in the presence of five molar excess of acetone in HMPA
containing 0.5 M tetrabutylammonium perchlorate
(TBAP) as a supporting electrolyte using an undivided
cell gave 2-methyl-4-penten-2-ol (9) in a 539, yield.

CH,
CH,=CHCH,X + CH,COCH, — CH,-CHCH,CCH,
|
OH
la: X =Cl 9
b: X = Br
c: X=1

Table 1 summarizes the results of this electrochemical
addition carried out under several different electrolytic
conditions. The Table indicates that HMPA is the
best solvent and gives a yield of 9 much higher than
that obtained by using other solvents such as DMF or
THF (runs 1—3). The ratio of acetone to la is

t Present address: Nippon Engelhard, Ltd., Ichikawa
272.

tt ] M=1 mol dm-3,

important (runs 3—6) and increasing the ratio of
acetone to la generally gives a higher yield of 9. The
use of ten molar excess of acetone, however, resulted in
a lower yield of 9. This lower yield can probably be
attributed to a lack of sufficient HMPA (2 ml). (The
total volume of the solution was kept nearly constant
in all runs and the volume of HMPA in usual runs was
5.5ml). With regard to the electrode material,
platinum cathode gave the best yield of 9 while mercury
and carbon as the cathode gave a yield lower than
platinum (runs 7 and 8). A change of the current
density from 10 to 50 mA/cm? did not show any appre-
ciable change in the yield (runs 11—14). The electro-
lysis at a cathode using a divided cell under the same
conditions as that of run 3 in Table 1 gave only 199,
yield of 9. Thus, the use of an undivided cell rather
than a divided cell may be preferable although this
electrochemical reaction is a cathodic reaction.

Electrochemical reaction of la with cyclohexanone
under the same conditions as that of run 3 in Table 1
gave l-allylcyclohexanol (10) in a 429, yield. Controlled
potential electrolysis at —2.2 V us Ag/Agl gave 10 in
a 559, yield.
% H°><\/

|— | |

la + |

10

Electrochemical additions of the allyl- or the benzyl
groups of various allyl halides or benzyl halides to
acetone in HMPA containing 0.5 M TBAP gave the
corresponding alcohols 9—17 and the results are sum-
marized in Table 2. 1,5-Hexadiene from the electro-
chemical reactions of allyl bromide (1b) or allyl iodide
(1e) with acetone, and bibenzyl from the reaction of
benzyl bromide (7b) were obtained as by-products.
The allyl anion generated by a two electron reduction of
1b or 1c underwent a nucleophilic attack on 1b or lc
to give 1,5-hexadiene!®:2®) along with a nucleophilic
addition reaction giving 9. The presence of the side
reaction pathway in the reactions of 1b and l¢ would
have led to a lower yield of 9, whereas the electro-
chemical reaction of 1a gave only 9 because of its lower
reactivity towards allyl anion.

It should be noted that the addition products such



1792

as 13 and 15 obtained in the electrochemical reactions
of 3, 4, 5, or 6 with acetone in the present study can not
be obtained by the reaction of allylic organometallics
derived from these halides with ketone. The organo-
metallic reactions give exclusively the products 12 or
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14 having the allyl group attached at the more heavily
substituted carbon terminus.5?® The reactions of a
metal with allyl halides 3 and 4 lead to the same organo-
metallic compound which contains mainly the primary
type of allylic organometallics, irrespective of the

TaBLE 1. RESULTS OF ELECTROHCEMICAL REACTION OF ALLYL CHLORIDE (la) WITH ACETONE®

Molar rati Supportin; Curr. dens. Yield/9

Run Ac%tacme";l: Solvent ele(gl;gl;te"g) T mAcm-2 Ffmol lglfdé e
1 5 THF 0.5 M TBAP 25 2 9
2 5 DMF 0.5 M TBAP 25 2 10
3 5 HMPA 0.5 M TBAP 25 2 53
4 2 HMPA 0.5 M TBAP 25 2 24
5 1 HMPA 0.5 M TBAP 25 2 13
6 10 HMPA 0.5 M TBAP 25 2 17
7% 5 HMPA 0.5 M TBAP 25 2 14
8® 5 HMPA 0.5 M TBAP 25 2 36
9 5 HMPA 0.2 M TBAP 25 2 43
10 5 HMPA 0.5 M TEAP 25 2 14
11 5 HMPA 0.5 M TBAP 10 1 24
12 5 HMPA 0.5 M TBAP 25 1 29
13 5 HMPA 0.5 M TBAP 50 1 26
14 5 HMPA 0.5 M TBAP 100 1 17

a) Electrolyzed at 0 °C using an undivided cell with a platinum cathode.
Tetrabutylammonium perchlorate; TEAP: tetraethylammonium perchlorate.

d) Carbon was used as a cathode.

Amount of 1a used was 10 mmol. b) TBAP:
c) Mercury pool was used as a cathode.

TABLE 2. RESULTS OF ELECTROCHEMICAL REACTIONS OF ALLYL OR BENZYL HALIDES WITH ACETONE?®

Halides Products (yield/%,)®
la 9(53)
1b 9(30)
1c 9(22)
| |V
/\Cl N\ NOH(99)
2 11
\/ \4 \/
NV AN OHUIN N\ OHE3) A\ /O ()
3 12 -13 c-13
/\|/ 12(44) t-13(15) ¢-13(18)
Cl 4
\V \V4
A\ C /\/\/\OH(43) \l/\/\OH(lﬁ)
| 5 14 15
/\|Z‘ 14(54) 15(18)
cl
6
PhCH,CI Ph\/\<OH(50) PhCH,(21)
Ta 16
PhCH,Br 16(46) PhCH,(15)  PhCH,CH,Ph(16)
7b
PhCHCH, \/
| 1 Ph\l/\OH(54) PhCH,CH, (9)
o)
8 17

a) A mixture of halide (10 mmol) and acetone (50 mmol) in 5.5 ml of HMPA containing 0.5 M Bu,NCIO, was
electrolyzed at 0 °C using platinum plate electrodes. Current density was 25 mA/cm? and electricity passed was

2.0 F per mol of halide.
of each product.

b) Yields are based on halides used. Numbers in parentheses are also a current yield
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structure of the starting halides 3 or 4. Such organo-
metallics derived from 3 or 4 undergo the addition
reaction to acetone to give exclusively 12 with a complete
allylic rearrangement.® On the other hand, the electro-
chemical reactions of 3 or 4 with acetone produced
different proportions of 12 and 13. These depended on
the properties of the electrode material, the readiness
of the reduction of the substrates, or other electrolytic
conditions. For instance, the electrochemical addition
of 4 to acetone on a platinum cathode gave 12 and 13
in the ratio of 62 : 38 whereas on a carbon cathode the
ratio was 29 : 71.9 An effect of the readiness of the
reduction of the substrates on these regiochemistries was
observed in the electrochemical conjugate additions of
5 to a,f-unsaturated esters.2°:®  Although the electro-
chemical conjugate addition of 5 to diethyl fumarate
which is more readily reduced than 5 took place at
the less heavily substituted carbon terminus of 5, the
addition of 5 to ethyl crotonate which is less readily
reduced than 5 occurred at the more heavily substituted
carbon of 5.2 These regiochemistries are of con-
siderable interest from the mechanistic and synthetic
points of views, and this will be discussed more fully in
later papers.

R! X 2 R! Rl
=

R?

SO
. RY\)V . OH
H* R2 RI

Scheme 1.

A probable path, which involves nucleophilic addition
of allyl or benzyl anion to a carbonyl carbon, is shown in
Scheme 1. Cyclic voltammetry shows that the reduction
peak of acetone does not appear at a potential less
negative than —2.5 V us. Ag/Agl whereas the reduction
peaks of 1a, 1b, 1c, 2, 3, 4, 7a, and 7b were observed at
—2.35, —1.90, —1.43, —2.40, —2.40, —2.20, —2.00
and —1.80V us. Ag/Agl, respectively. Thus, a two
electron reduction of allylic or benzylic halides is
involved in this electrolysis to give the corresponding
carbanions,'® which react with a carbonyl carbon.

One of the roles of HMPA as a solvent would be to
stabilize carbanion intermediates leading to an increased
yield of 9 as compared to those in other solvents. We
found that a controlled potential electrolysis of 1a and
acetone in HMPA at —2.0V or —1.5V us. Ag/Agl,
which is a reduction potential less cathodic than that
of 1a, gave 30—349, yield of 9. This may be partly due
to a specific property of HMPA which has been sug-
gested to be selectively adsorbed on the metal surface.1?)
It may be also due to some difference of the reduction
potentials between the microelectrolysis and the macro-
electrolysis.!t It should be noted that the elecro-
chemical reduction of naphthalene in HMPA took place
at a potential less cathodic than the half-wave potential
of naphthalene!?) although this electrolytic system was
considerably different from that of the present electro-
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chemical reaction with acetone. The exact roles of
HMPA during the course of the present electrochemical
reaction are now under investigation.

Experimental

All the products were isolated and purified by distillation
and by preparative GLPC with a JEOL JGC-20K or a Varian
Autoprep 700 instrument. Spectroscopic measurements were
carried out as described previously.2?? Quantitative GLPC
analyses were carried out with a Hitachi 063 instrument using
an internal standard method.

Materials. Hexamethylphosphoric triamide (HMPA)
was dried over calcium hydride and distilled before use over
lithium aluminium hydride under nitrogen at a reduced pres-
sure. Acetone was treated with potassium permanganate and
distilled. Most of the allyl or benzyl halides were commercial-
ly available and were distilled before use. 1-Chloro-3-methyl-
2-butene (5) and 3-chloro-3-methyl-1-butene (6) were pre-
pared from isoprene by the described procedure.’? 5 (43%):
bp 107—109 °C.2” 6 (70%,) : bp 10—12 °C/20 mmHg (1 mmHg
~2133.322 Pa); 'H NMR, 6 1.66 (6H, s), 5.15—6.1 (3H, m).

General Procedure for Electrolysis. For most of the pre-
parative electrolyses, a normal undivided cell (2.8 cm dia.)
equipped with a magnetic stirrer, a reflux condenser, and a
serum cap for introduction of nitrogen gas was used. Electro-
lysis was carried out under a nitrogen atmosphere at a constant
current using two platinum plate electrodes (2x2 cm?). A
typical procedure is as follows: A mixture of halide (10 mmol)
and acetone (50 mmol) in 5.5 ml of HMPA containing 0.5 M
Bu,NCIO, was electrolyzed at 0 °C with a current desity of
25 mA/cm? until 2.0 F of electricity per mol of halide was
passed. After electrolysis, the reaction mixture was dissolved
in diethyl ether and the solution was washed with thiosulfate
solution and water, and dried over magnesium sulfate. The
usual work-up of the solution gave a product mixture which was
subjected to distillation and preparative GLPC to give pure
products. Some physical properties of the products are
recorded below.

2-Methyl-4-penten-2-0l (9): ni! 1.4240; IR (neat) 3370,
3080, 1150, and 915 cm~1; 'H NMR ,6 1.13 (6H, s), 1.48 (1H,
s), 2.15 (2H, d), 5.1 (2H, m), and 5.85 (1H, m); MS m/z (rel
intensity) 85 (M*—CH,, 4), 59 (100), and 43 (51). Caled
for CgH,,O (M*+—1): m/z 99.081. Found: m/z 99.081

1-Allycylohexane (10): n}* 1.4729; IR (neat) 3380, 980, and
910 cm~*; 'H NMR, ¢ 1.19 (1H, s), 1.45 (10H, m), 2.17 (2H,
d), 5.1 (2H, m), and 5.85 (1H, m); MS m/z (rel intensity) 122
(M+*—H,0, 19), 99 (86), and 81 (100). Calcd for CyH,,0:
m[z 140.118. Found: m/z 140.118.

2,4-Dimethyl-4-pentent-2-ol (11): n¥* 1.4318; IR (neat)
3380, 3075, and 890 cm~'; 'HNMR, ¢ 1.18 (6H,s) 1.30
(1H, s), 1.83 (3H, s), 2.15 (2H, s), 4.73 (1H, m), and 4.90 (1H,
m); MS m/z (rel intensity) 96 (M+—H,O, 10), 81 (73), and
59 (100). Caled for C,H,O: m/z 114.104. Found: m/z
114.103.

2,3-Dimethyl-¢-penten-2-ol (12): n? 1.4325; IR (neat) 3400,
3080, and 915 cm~*; *H NMR, 6 0.95 (3H, d), 0.96 (1H, s),
1.07 (6H, s), 2.07 (1H, qi), 5.00 (2H, m), and 5.75 (1H, m);
MS mj/z (rel intensity) 96 (M+—H,O, 16), 81 (71), and 59
(100). Calcd for C;H,;,0: m/z 114.104. Found: m/z 114.104.

trans-2-Methyl-4-hexen-2-0l(t-13): n2® 1.4321; IR (neat)
3370, 3030, and 970 cm~*; *H NMR, 6 1.01 (1H,s), 1.08 (6H,
s), 1.65 (3H, m), 2.02 (2H, m), and 5.42 (2H, m); MS m/z
(rel intensity) 96 (M+—H,O, 16), 81 (100), and 59 (79).
Calcd for C;H,;,O: m/z 114.104. Found: m/z 114.104.

cis-2-Methyl-4-hexen-2-0l (c-13): n2°1.4370; IR (neat) 3370,
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3020, 1655, and 690 cm—1; 'H NMR, é 1.04 (1H,s), 1.13 (6H,
s), 1.59 (3H, d), 2.12 (2H, d), and 5.50 (2H, m); MS m/z (rel
intensity) 96 (M+—H,0, 45), 81 (100), and 59 (78). Calcd
for C,H,,0: m/z 114.104. Found: m/z 114.105.

2,3,3-Trimethyl-4-penten-2-ol (14): n2® 1.4453; IR (neat)
3450, 3080, 915 cm=1; 'H NMR, 6 1.03 (6H, s), 1.12 (6H, s),
1.26 (1H, s), 5.05 (2H, m), and 6.05 (1H, m); MS m/z (rel
intensity) 70 (32), 59 (100), and 43 (57). Calcd for CgH,;O:
mfz 127.112. Found: m/z 127.114.

2,5-Dimethyl-4-hexen-2-0l (15): n¥ 1.4437; IR (neat) 3370,
and 850 cm~!; 'H NMR, ¢ 1.15 (6H, s). 1.64 (3H, s), 1.75
(3H, s), 2.10 (2H, d), and 5.24 (1H, m); MS m/z (rel intensity)
70 (52), 59 (100), and 43 (57). Calcd for C;H,,0: m/z 128.120.
Found: m/z 128.120.

2-Methyl-1-phenyl-2-propanol (16): n%* 1.5110; IR (neat)
3350, 720, and 695 cm~!; *H NMR, 4 1.16 (6H, s), 1.64 (1H,
s), 2.69 (2H, s), and 7.21 (5H, s); MS m/z (rel intensity) 92
(100) and 59 (95). Caled for C,yH,,O: m/z 150.105. Found:
m/z 150.105.

2-Methyl-3-phenyl-2-butanol (17): n%* 1.5113; IR (neat)
3370, 765, and 695 cm~—!; TH NMR, ¢ 1.10 (3H, s), 1.12 (3H,
s), 1.32 (3H, d), 1.42 (1H, s), 2.71 (1H, q), and 7.22 (5H, s);
MS m/z (rel intensity) 106 (100), 91 (97), and 59 (95). Calcd
for C,,H,,0: m/z 164.120. Found: m/z 164.121.

Cyclic Voltammetry. Cyclic voltammetry was carried out
with a Yanaco V8 potentiostat at a sweep rate of 0.2 V s-!
using a platinum disk electrode (1 mm dia.) in HMPA contain-
ing 0.1 M Bu,ClO,. A potential was measured in V vs Ag/AgI.
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