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Abstract: Electrochemical oxidation of methyl ketones in methanol in 

the presence of alkali metal bromides affords methyl carboxylates. Ben- 

zyl alkyl ketones are transformed under similar conditions into methyl 

3-phenylalkanoates, while ketones lackingd-benzyl ord-methyl group are 

oxidized into d-hydroxyketals. 

INTRODUCTIQN 

Electrochemical oxidation of ketones results ueually in a mixture 

of acids, saturated and uneaturated hydrocarbons, carbon oxide and 

dioxidelW4. Remote oxidative functionalization of ketones was observed 

when electrooxidation has been carried out in acetonitrile or trifluoro- 

acetic acid aa a result of'subsequent transformation of an initially 
produced cation-radical R1R2C=O+' 54 In certain cases selective 

electrooxidation takes place. Thus, electrolysis of ecetophenonee in 

DMSO in the presence of CuBr affords arylglyoxels7,electrooxidetion of 

cyclohexanon; in the methanol in the presence of KI gives 2,2-dimethoxy- 

cyclohexanol , and eryl elkyl ketones give methyl 2-arylalkenoates being 

electrolysed in methyl orthoformate in the presence of iodides'. 

Continuing our studies on electrooxidetion of organic compounds in 

the presence of halides ae mediators we have accomplished electrochemical 

oxidation of ketones in methanol in the presence of bromides. 
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RESULTS AND PISCUSSION 

Electrocatalytic haloform reaction 

We have established" that electrooxidation of methyl ketones in 

methanol in the presence of alkali metal bromides in an undivided cell 

led to the corresponding methyl esters (Table I): 

R-C-Me -e 

a NaRr, MeOH R-!-"Me 

ta_a 2a_R 

aR=Ph e R P Me(CH2)5 

bR= 4-MeC6H4 f R = i-Pr 

CR = 4-MeOC6H4 gR= PhCH=CH 

d R ii: l-naphthyl 

Table 1. Electrooxidation of methyl ketones la- in methanol in the 
-Y presence of NaRra 

Entry 
Substrate ~[NaR~;~~~o, Conversion Yield of eater 2 Ml, 

mo (%I baaed on 1 converted 

1 

2 

3 

4 

5 
6 

7 

8 

9 
10 

11 

12 

3.00 100 71 

1.50 100 74 

0.75 100 63 

0.35 100 64 

0.20 92 42 

0.10 85 15 
1.50 93 83 
1.50 89 85 
1.50 100 88 

1.50 97 62 

1.50 78 67b) 

1.50 98 61') 

b) 
cl 

20 mm01 of 1 in 20 ml of methanol, Pt-anode, Cu-Zn (60:40)-cathode, 

current density 220 mA/cm2, amount of electricity passed 7.5 F/mol, 

300 c. 

Determined by GLC. 

5 F/mol 



Sodium bromide is the optimal electrolyte. Its replacement with 

l&I or KBr resulted in decrease in the yield of 2s to 30-509. In the 
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presence of NaCl the yield of 2s was 15%, no methyl bensoate was pro- 

duced in the presence of BaOPe or NaC104, the converaian of acetophenone 

(la) being 70-80% In the last three examples the main process was the 

condensation of & as well as its polyoondensation with formaldehyde 

produced upon oxidation of methanol. The pronounced oxidation of metha- 

nol in formaldehyde upon electrolysis in the presence of NaCl was ob- 

served as well as formation of products of condensation and polyconden- 

sation of formaldehyde with substrate 11 . 

The optimum electrolyte-to-substrate molar ratio was found to be 

1.50 (1.5:l.O). Methyl beneoate (2a) was produced in considerable 

yields (64 and 42%) at lower electrolyte proportions (0.35 and 0.201, 

whereas at the 0.10 ratio it drops to 15% (Table 1, entries 4-6). 

The process is to small extent sensitive to the material of electrodes, 

methyl beneoate @a) was formed in considerable yield with Pt or C as 

an anode and Ni or C as a cathode. 

The results obtained as well as the direct observation of the for- 

mation of bromine at anode allow tosuggest the following reaction 

mechanism: 

anode: 6 Br- -6e + 3 Br2 (1) 

cathode: 6 MeOH +6e Y 6 MeO- + 3 H2 (2) 

in solution' R-C-Me + 3 Br2 --+ R-fl-CBr3 

bl 

+ 3 H+ + 3 Br- (3) 

0 

la_R 

R- 

1 
I 
-CBr3 + MeO---+ R-fi-OMe + CBrj (4) 

0 

2a-8; 

The formation of bromoform was established at the end of the reac- 

tions (Table 1, entries l-4), its content decreased from 0.2 to 0.065 

molar equivalents as the content of NaBr diminished from 3 to 0.35 mo- 

lar equivalents. It then follows that the amount of NaBr to be used 

under conditions specified should not be less that 0.2 equivalent with 

respect to substrate. This is in good accord with the experimental 

data (Table 1, entries 5,6). 

Acoumulation of bromoform in the reaction mixture can result in 

its cathode reduction or its reaction with methoxide-ions, both proces- 

ses ensuring regeneration of Br- -ions. In a special experiment it was 
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established that interaction of CHBr3 (20 mmol) with NaOMe (3 equiv.) in 

MeOH (20 ml) at 30° for 4 hr (usual electrolysis time) results in forma- 

tion of methyl orthoformate in a yield of 1Om for bromoform converted, 

the conversion being 80%. Electrolysis of CHRr3 (20 mmol) in the presence 

of HaBr (1.5 equiv.) at 30" for 4 hr (conditions of entry 2, Table 1) 
resulted in 45%conversion of CRBr3, the yield of methyl orthoformate 

being 15%. Taking into account these data as well as the fact that methyl 

orthoformate is formed in 65% yield in entry 2 (Table l), one may con- 

clude that the principal pathway of regeneration of Br--ions is the in- 

teraction of bromoform with methoxide-ions: 

CBrS + MeOH + 2 MeO- ---t HC(OMeI3 + 3 Br- (5) 

Summing up the above equations (I) - (5) we have a general equation 

of the process: 
electrolysis 

R-fi-Me + 4 MeoH NaBr_MeOH ' b 
R-(j-Oble + HC(OMej3 + 3 H2 

0 

la-g 2a_R 

The electrocatalytic process found by us is applicable to oxidation 

of both aromatic and aliphatic methyl ketones. Oxidation of a-octanone 

(2) afforda, alongside with 28, 29% of 2,2-dimethoxy-3-octanol <A,. 

The presence of d-ramification in an aliphatic ketone, as in the case of 

isopropyl methyl ketone (If) favours selectivity of the main process. 

This is in good agreement with the data12 on d-bromination of uneymmet- 

rical ketones with bromine in methanol, which is directed preferentially 

at the less substituted C-atom. Thus, d-bromination of the methyl group 

in 2-butanone amounts to 70% versus 3CY$ bromination of the methylene 

group, whereas for isopropyl methyl ketone it is as high as 95% under 

the same conditions'2. 

The elaborated electrooxidation was successfully applied to unsatu- 

rated ketone, benzylideneacetone (&) (entry 12, Table 1). With mesityl 

oxide as the starting ketone no product of the eleotrooatalytic haloform 

reaction, viz. methyl u!_,d-dimethylacrylate, could be isolated as it un- 

dergoes cathode reductive coupling under reaction conditions to produce 

a mixture of three possible dimers. 

Thus, we have developed an electrocatalytic variant of haloform 

reaction, the simplest procedure to prepare carboxylic acids or esters 

from methyl ketones'3-15. The much higher ease of introduction of an ace- 

tyl group into an aromatic ring compared to carboxyl group determines 

especial value of this method for synthesis of aromatic acids and deriva- 

tives thereof. 
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Electrochemically induced Favorakii rearrangement 

Electrolysis of beneyl ketones under conditions, which cause elec- 

trocatalgtic haloform reaction of methyl ketones , reeults in their trans- 

formation into methyl 3-phenylalkanoates. This process involvee Favorakii 

rearrangement (Table 2): 

-e 
PhCHR'CCH2R2 - PhCHR'CHR2COh4e 

a NaBr, MeOH bl 

4a-c 5a_c 

a R’=R~=H; b R’=H, R2&le; c R'=Me, R2=H 

Table 2. Electrooxidation of beneyl ketones 4a_c in methanol in 

the presence of sodium halides a) 

Substrate Electrolyte 
Producte, yield % 

b) on the starting 4 

4% NaBr 1.50 

& NaBr 0.75 

&i NaBr 0.35 

& NaI 1.50 

& NaBr 1.50 

& NaBr 1.50 

2, 52; PhCHC(OMej2Me, 

d H 

45 

(6, 

2, 33; 6, 57 

2, 32; 6, 54 

'ja:' 56; 6:' 25 

2, 54; Ph$C(OMej2Et, 22 

OH (1) 

jc, 60; PhCHMeGOMe, 37 

(8) 0 

a> 20 mmol of 4 in 20 ml of methanol, Pt-anode, Cu-Zn (40:60) cathode, 

current density 220 mA/cm2, amount of electricity passed 7.5 F/mol, 

300 c. 
b) 

c) 
Determined by GLC, conversion of 4 100%. 

Conversion aI%, yield baaed on & converted. 

Upon electrolysis of a are formed eaters 5a.b and d-hydroxyketale 

6 and 2. As to &. under conditions specified it gives rise to 2 and 

to the product of electrochemical haloform reaction, methyl 2-phenyl- 

propanoate (8). 
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Decrease in amount of NaBr results in decrease in the yield of & 

and somewhat large production of 5. The use of NaI as the electrolyte 

allows to obtain z in a considerable yield, whereas upon replacement of 

NaBr for NaCl the major direction of a reaction, like for methyl ketones, 

is the condensation of &. 

Bromination of * with elemental bromine in methanol is known to 

affect both &.-C-atoms at about the same proportion 12. Treatment of 

1-chloro-3-phenyl-2-propanone with NaOMe gives 2, while l-chloro-l-phe- 

nyl-2-propanone gives,r;it;r these conditions a mixture of 6 and 2 in 

yields of 81 and 13% ' . 

On the basis of the experimental results and literature data the 

following mechanism for the electrochemical transformation of benzyl 

ketones is suggested: 

in solution: 

anode: 2 Br- - 2e 4 Br2 

cathode: 2 MeOH + 2e + 2 MeO- + H2 

PhCHR'CCH R2 
II 2 
0 

4a-c 

Br2 I -HBr 

1”” R'de, R2=H 
PhCHgCBr3 * 

0 Br2, MeOH 

-1 

(3) 
MeO- 

ap, 
PhCH OMe 

IF 
0 

,fi 8 1 
PhCHR CyHR2 + PhFR'CCH2R2 

9a_c Br Br lOa-c 

MeO- 1 -HBr (I) 

0 

MeO- MeOH 

PhCHR'CHR2COMe 

8 

MeO- 
<' ,P 

(2) 
PhFR yCH2R2 

Br OMe 

OMe 

6 R1=R2=H 

1 i'=H, R2=Me 

Scheme 
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The role of the main precursors of 5a_c is played byd-bromoketals 

ga'c, the mobility of the benzylic proton in which enables facile elimi- 

nation of HBr under the action of methoxide-ion (Scheme, path 1). d-Brc- 

moketones 10a.b are converted principally into ket;l;$,l (Scheme, path 2) 

according to a mechanism similar to that suggested ' 

for the ateric reasons 12 
. In the case of &, 

, it is 2 that is preferentially formed at the 

first stage. Sterically hindered cyclization of 2 allows a competitive 

process to take place,viz., exhaustive bromination of the terminal methyl 

group of & to give finally 8c, the product of haloform reaction (Scheme, 

path 3). 

Electrochemical oxidation of alkyl aryl ketones and cyclohexanone 

Provided the ketone, which can be d-brominated, does not contain 

either d-methyl or benzyl group it is electrooxidized in methanol in 

the presence of NaBr to give selectively t$.-hydroxyketals (Table 3). 

Table 3. Electrochemical oxidation of ketones into C(-hydroxyketals 

in methanol in the presence of NaBr a) 

Ketone Amount Of elec- Conversion tricity passed Product and yield (%) ba- 

F/mol W sed on ketone converted 

PhCCH2R 

8 

PhC(OMej2pR 

OH 

J& R=Me 7.5 100 12a R=Me, 78 

a R=Pr 7.5 100 12b R=Pr, 74 

Ilc R=i-Pr 10.0 85 & R=i-Pr, 73 

3.5 100 

a> 20 mm01 of ketone, 30 mm01 of NaBr in 20 ml of methanol, Pt-anode, 
Cu-Zn (60:40) cathode, current density 220 mA/cm2, 300 c. 

Bromination of ketones lla-c affects selectively d-methylene 

group, two d-C-atoms being equivalent in the symmetrical cyclohexanone 

s. Therefore transformation along the path 1 (Scheme) become impossible 
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for the ketones lla-c. It is not realised for IJ, possibly, due to insuf- 

ficient mobility of the proton in &methylene groups of lJ compared to 

that of the benzylic proton in benzyl ketones 4a_c. Thus upon electroly- 

sis of lla-c and 'lJ under conditions specified in Table 3 a process is 

realised selectively which is Close to that given in the Scheme (path 2) 

and, for instance, for propiophenone (lJ& can be rewritten 8s follows: 

Br2 
F;B' 

MeO- p MeO- 
PhCCH(Br)Me- Ph 

$lMe 

PhiCH2We -Ph CHYe _ 

0 MeOH 0 bMe -Br- Me0 

T PhyCH(OH)Me 
e MeOH OMe 

J.Z 

Formation of the oxirane 16 took place when u was treated with dry 

NaOMe in ether18, interaction of the isolated J& with NaOMe in methanol 

afforded 128 18 . 

d-Hzoxyketala of aryl ethyl ketones are convenient starting com- 

pounds in the synthesis of pharmacologically active 2-arylpropionic 

acids'g-21. 

Thus, electrolysis of ketones in methanol in the presence of NaBr 

can produce under identical conditions, depending on the structure of 

ketone, the products of haloform reaction or electrochemically induced 

Favorskii rearrangement,or d-hydroxyketals. In the course of each of 

the processes of electrooxid8tive transformation of ketones presented 

here the bromide ions are regenerated thereby functioning as mediators. 

EXPERIMENTAL 

G.1.c. analyees were carried out on Chrom-5 chromatograph fitted 

with a flame-ioniz8tion detector. Glass Columr~ used were3000x3ztn with 376 

XE-60 on Inerton Super (0,13-0,16 mm), with 5% SE-Superphase on Inerton 

Super (0,16-0,20 mm), and with 5% OV-220 on Chromaton N-Super CO,13 - 

0,16 mm). 'H-NMB and I3 C-NMH spectra were run for solutions in CDC13 and 

recorded with a"Bruker AM-3001' (300 MHz) spectrometer. Chemical shifts 

are presented in sscale with tetramethylsilane (TMS) used as internal 

atandard. 

NaBr and NaI were reagent grade samples used after addition81 drying 

in vacua. 

Initial ketones were reagent eamples purified by distillation before 

utilisation. 
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Electrolysis of ketones in methanol in the oresence of sodium bromide. 

General procedure. A solution of ketone (20 mmol) and NaBr (2-60 mmol) 

in methanol (20 ml) was electrolysed under magnetic stirring in an un- 

divided cell with external cooling , equipped with Pt-anode (4.5 cm2) 
and Cu-Zn (60:40) cathode (4.5 cm2) at 30°C under constant current den- 

sity 220 mA/cm2 until the quantity of electricity indicated in Tables 

l-3 was passed. After completion of the reaction and removal of methanol 

the mixture was extracted with ether (3~90 ml). The combined extracts 

were washed with water (2830 ml), dried with Na2S04, evaporated and 

residue was distilled. 

Methyl benzoate 2a, methyl 4-methylbenzoate z, methyl $-methoxybenzo- 

ate 2c, methyl heptanoate 2e, methyl iso-butanoate 2f, and methyl cin- 

namate 2~ were identified by comparison with standard samples. 

Methyl 1-nauhthalenecarboxylate 2d. Yield 88%; b.p. 93-94'=C/O.l torr; I- 
'H-NMR: 4.01 (8, 3H, 0CH3), 7.5-8.3 (m, 7H, aryl-H). 

On completion of electrolysis of & bromoform was detected in reaction 

mixtures by g.1.c. analysis in quantities: 4 mm01 (Table 1, entry I), 

2.9 mm01 (Table I, entry 2), 1.8 mm01 (Table 1, entry 31, 1.3 mm01 
(Table 1, entry 4). Methyl orthoformate was also identified (13 mmol, 

yield 65%, Table I, entry 2). 

Interaction of bromoform with sodim methoxide in methanol. Bromoform 

(IO nunol) was added to a solution of Na (30 mmol) in 20 ml of methanol. 

The reaction mixture was stirred for 4 hr at 30°, then analysed by 

g.1.c. Conversion of bromoform 80%, yield of methyl orthoformate 8 mm01 

(100% based on converted CHBr3). 

Electrolysis of bromoform in methanol in the Dresence of NaBr. 

A solution of CHBr3 (20 mmol) and NaBr (30 mmol) in 20 ml of methanol 

was electrolysed according to general procedure. After 7.5 F/mol of elec- 

tricity was passed the reaction mixture was analysed by g.1.c. Conver- 

sion of bromoform 45%, yield of methyl orthoformate 3 mm01 (15%). 

2,2-Dimethoxy-3-octanol 2. Yield 29%; b.p. 108-110*/12 torr; 'H-NME: 

0.83 (t, 3H, CH3), 1.17 (a, 3H, CH3), 1.20-1.65 (m, 8H, CH2), 2.18 (a, 

IH, OH), 3.17 (a, 3H, 0CH3), 3.19 (a, 3H, 0CH3), 3.69 (m, IH, CH); 

13C-NME: 13.88 (q), 16.02 (q), 22.31 , 23.09 , 29.24 and 31.44 (t), 

47.95 (q), 48.32 (q), 72.28 cd), 102.62 (8). 

Methyl 3-uhenylurooanoate z. Yield 52%; b.p. 122-124O/14 torr; 'H-NME: 

2.67 (t, 2~, CH2), 2.99 (t, 2H, CH,), 3.70 (s* 3H, CCH3)' 7.28 (m, 5H, 

C6H5). 
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Methyl 2-methyl-3-vhenylvrovanoate 2. Yield 54%; b.p. 59-60°/0.07 torr; 

'H-NMR: 1 .I1 (d, 3H, CH3), 2.67 (d, 2H, CH2), 2.99 (m,lH, CH), 3.60 (8, 

3H, 0(X3), 7.32 (m, 5H, C6H5). 

Methyl 3-vhenylbutanoate 2. Yield 60%; b.p. 130-132O/45 torr; 'H-NMR: 

1.32 (d, 3H, CH3), 2.62 (m, 2H, CH2), 3.31 (m, IH, CH), 3.64 (8, 3H, 

OCH3), 7.28 (m, 5H, C6H5>. 

2,2-Dimethoxy-1-vhenyl-1-vrovanol 5. Yield 45%; m.p. 57-59O; 'H-NMR: 

1.04 (8, 3H, CH3), 2.71 (8, III, OH), 3.24 (9, 3H, 0CH3L 3.33 (9, 3H, 

0CH3), 4.80 (s, lH, CH), 7.12-7.58 (m, 5H, C6H5); 13C-NMR: 16.28 (91, 

48.01 (q), 48.57 (q), 73.16 cd>, 102.70 (a>, 126.95 (d), 127.05 cd), 

127.31 (d), and 139.58 (8). 

2,2-Dimethoxy-I-vhenyl-1-butanol 1. Yield 22%; b.p. 75-77O/O.O8 torr; 

'H-NMR: 0.98 (t, 3H, CH3>, 2.01 (q, 2H, CH,), 2.90 (8, IH, OH), 3.27 (8, 

3H, 0CH3), 3.32 (8, 3H, OCH3), 4.89 (a, IH, CH), 7.10-7.55 (m, 5H, CkH5). 

Methyl 2-vhenylvrovanoate 4. Yield 37%; b.p. 122-124O/45 torr; 'H-NW 

1.53 (d, 3H, CH3L 3.68 (8, 3H, 0CH3), 3.77 (q, lH, CH), 7.28 (m, 5H, 

C6H5L 

l,l-Dimethoxy-1-vhenyl-2-vrovanol 12a. Yield 78%; b.p. 69-70°/0.05 torr; 

'H-NMR: 0.93 (d, 3H, CH3), 2.68 (s,H, OH), 3.18 (8, 3H, Oa3), 3.33 

(s, 3H, 0CH3), 4.09 (q, lH, CH), 7.15-7.56 (m, 5H, C6H5); '3C-NMR: 16.41 

(q), 49.18 (q), 49.80 (q), 70.51 (d), 103.50 (81, 126.63 cd), 127.5'6 (d), 

128.11 (d), and 137.27 (8). 

l,l-Dimethoxy-I-vhenyl-2-ventanol E. Yield 74%; b.p. 80-82O/O.O5 torr; 

'H-NMR: 0.83 (t, 3H, CH3), 1.19-1.57 (m, 4H, CH2), 2.58 (8, IH, OH), 

3.22 (a, 3H, 0CH3), 3.33 (s, 3H, 0CH3), 3.93 (m, lH,, CH), 7.16-7.58 (m, 

5H, C6H5L 13C-NMR: 13.97 (q), 19.44 (t>, 32.88 (t>, 49.18 (q), 49.83 

(q), 74.12 (d), 103.43 (81, 127.66 (d), 127.77 (d), 127.92 (d), and 

137.62 (8). 

l.l-Dimethoxy-3-methyl-1-vhenyl-2-butanol a. Yield 62%; b.p. 98-100°/ 

/0.3 torr; 'H-NMR: 0.69 (d, 3H, CH3), 0.88 (d, 3H, CH3), 1.45 (m, IH, 

C@Ie,), 2.67 (s, IH, OH), 3.23 (8, 3H, 0(X3), 3.28 (8, 3H, 0a3), 3.73 

(m, IH, CgOH), 7.16-7.60 (m, 5H, C6H5); 13C-NMR: 17.59 (91, 21.08 (q), 

28.65 (d), 49.88 (q), 50.37 (q), 78.59 (d), 103.40 (81, 127.21 (d), 

127.76 (a>, 127.96 (d), and 138.18 (8). 

2,2-Dimethoxycyclohexanol u. Yield 79%; b.p. 38-39O/O.O8 torr; 'H-NMR: 

1.20-1.75 (m, 8H, CH2), 2.23 (s, IH, OH), 3.14 (8, 3H, OCH3), 3.16 (a, 

3H, 0CH3), 3.75 (m, IH, CH); 13C-NMR: lg.57 (t), 22.04 (t), 27.77 (t), 

29.07 (t>, 47.31 (q>, 47.95 (q), 68.04 (a>, 100.55 (s). 
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