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Electrochemical oxidation of catechol and some 3-substituted catechols (1a—c) has been studied in the pres-
ence of 2-chloro-5,5-dimethyl-1,3-cyclohexanedione (3) in aqueous solution using cyclic voltammetry and con-
trolled-potential coulometry. The results indicate that the quinones derived from catechols (1a—c) participate in
a Michael addition reaction with 2-chloro-5,5-dimethyl-1,3-cyclohexanedione (3) with consumption of only two
electrons per molecule of (1a—c) to from the corresponding benzoforans (10a—c). The electrochemical synthesis
of benzofurans has been successfully performed at a carbon rod electrode and in an undivided cell with high

yields and purity.
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Because of the broad pharmaceutical applications of ben-
zofurans, the syntheses and pharmacological properties of
benzofuran derivatives have been extensively investigat-
ed."® In this direction, it has been clearly shown that the
synthesis of a wide variety of pharmaceutically important
molecules derived from different catechol derivatives can be
easily achieved at high purity and excellent yields by the
electrochemical oxidation of catechols in the presence of the
corresponding nucleophiles, e.g., barbituric acid, acetylace-
tone, 5,5-dimethyl-1,3-cyclohexanedione (dimedone) and 2-
mercaptopyridine.”'” The results indicated the formation of
corresponding benzofuran derivatives via inter- and intramol-
ecular Michael addition reactions, with consumption of four
electrons per molecule of catechols.

In order to synthesize some novel benzofuran derivatives
using a new method, we have investigated the electrochemi-
cal oxidation of catechols (la—c) in the presence of 2-
chloro-5,5-dimethyl-1,3-cyclohexanedione (3) as a nucle-
ophile. Because this nucleophile (3) is a stronger CH-acid
than dimedone (d)” and contains a Cl atom as a leaving
group, the present work has led to the development of an en-
vironmentally friendly reagent-less electrochemical method
for the facile one-pot synthesis of benzofuran derivatives
(10a—-c). This is done under ambient conditions in an undi-
vided cell using carbon rod electrodes and with higher purity
and better atomic economy when dimedone (d) is used as a
nucleophile (Chart 1)” and via an EC mechanism with only
about 2F charge consumption per each mol of 1a—c.

Experimental
Apparatus and Reagents Cyclic voltammetry was performed using a
computerized Metrohm voltametric analyzer model 747-VA. The controlled-
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potential coulometry and bulk electrolysis were performed using an Autolab
model PGSTAT 20 potentiostal/galvanostat. The working electrode used in
voltammetry experiments was a glassy carbon disc (1.8-mm diameter) and a
platinum wire was used as the counter electrode. The working electrode
used in controlled-potential coulometry and bulk electrolysis was an assem-
bly of four carbon rods (38 cm?) and a large piece of platinum gauze consti-
tuted the counter electrode. The working electrode potentials were measured
versus a 3M Ag/AgCl reference electrode (carbon rods from Azar Electrode,
Tabriz, Iran and all other electrodes from Metrohm).

An IFS 66 Bruker FT-IR spectrometer, a QP-1100 EX Shimadzu mass
spectrometer and a AQS-300MHz-Avance Bruker NMR spectrometer were
used for recording different spectra.

Reagent grade 3-methylcatechol (Aldrich) and 2-chloro-5,5-dimethyl-1,3-
cyclohexanedione (Fluka) and all other chemicals such as catechol, 3-
metoxycatechol, sodium acetate, acetonitrile, efc. (reagent and pro-analysis
grades from Merck) were used as received.

Electro-organic Synthesis of (10a—c) In a typical procedure, 100 ml
of 0.2M sodium acetate solution was pre-electrolyzed at a chosen potential
(see Table 1) in an undivided cell. Then, 1 mmol of catechol (la) and
I mmol of 2-chloro-5,5-dimethyl-1,3-cyclohexanedione (3) were added to
the cell. The electrolysis was terminated when the decay of the current ex-
ceeded 95%. The process was interrupted during the electrolysis (due to the
formation of a thin film of product at the surface of the electrode) and the
glassy carbon anode was washed in acetone and reactivated by dissolving
the precipitated product at the electrode surface. Despite the fact that almost
all products were precipitated out during the electrolysis, at the end of that
process a few drops of acetic acid were added to the solution and the cell
was placed in a refrigerator overnight. The resulting precipitated solids were
collected by filtration and recrystallized from a mixture of acetonitrile—eth-
ylacetate; after recrystallization, the products were characterized by IR, 'H-,
3C-NMR and MS methods.

Characterization of 7,8-Dihydroxy-3,3-dimethyl-3,4-dihydro-2H-
dibezofuran-1-one (10a, C,,H;;0,) mp 289—291°C. IRypy Vi
(em™1)=3483, 3152, 3040, 2920, 1634, 1585, 1519, 1463, 1336, 1399,
1252, 1248, 1190, 1126, 1107, 1048, 873, 820, 654, 619. 'H-NMR
(300 MHz, DMSO-d;) 6 (ppm)=1.05 (s, 6H), 2.32 (s, 2H), 2.80 (s, 2H),
6.96 (s, 1H), 7.19 (s, 1H), 9.16 (broad, 2H). *C-NMR (300 MHz, DMSO-
dy) & (ppm)=27.9, 34.6, 36.6, 51.8, 112.4, 113.4, 114.6, 115.3, 1204,
147.9, 151.2, 167.8, 191.2. MS: m/e (relative intensity) 246 (100), 190 (70),
162 (75), 134 (10.2), 92 (12), 69 (20), 39 (10).

Characterization of 7,8-Dihydroxy-3,3,6-trimethyl-3,4-dihydro-2H-
dibenzofuran-1-one (10b, C;;H;s0,) mp 260—262°C. IRypy' Vinu
(em™1=3501, 3187, 2925, 1648, 1585, 1526, 1460, 1301, 1229, 1160,
1109, 1077, 1048, 1011, 895, 862, 819, 631. 'H-NMR (300 MHz, DMSO-
dg): 6 (ppm)=1.07 (s, 6H), 2.241 (s, 3H), 2.35 (s, 2H), 2.87 (s, 2H), 7.08 (s,
1H), 8.46 (s, 1H), 9.38 (s, 1H). C-NMR (300 MHz, DMSO-d,): &
(ppm)=38.92, 27.98, 34.91, 36.74, 51.45, 102.21, 107.86, 113.23, 114.58,
141.96, 143.24, 147.89, 168.44, 193.80. MS: m/e (relative intensity) 260
(100), 243 (60), 204 (75), 176 (84), 147 (25), 91 (19), 83 (25), 39 (35).
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Characterization of 7,8-Dihydroxy-6-methoxy-3,3-dimethyl-3,4-dihy-
dro-2H-dibenzofuran-1-one (10c¢, C;sH;s05) mp 289—291°C. IR s,
Voo (€m™1)=3453, 3120, 2956, 1645, 1528, 1450, 1328, 1261, 1224, 1159,
1087, 1043, 1002, 917, 854, 831, 791, 729, 634, 558. 'H-NMR (300 MHz,
DMSO0-dy): 6 (ppm)=1.10 (s, 6H), 2.38 (s, 2H), 2.89 (s, 2H), 3.96 (s, 3H),
6.99 (s, 1H), 8.69 (s, 1H), 9.26 (s, 1H). *C-NMR (300 MHz, DMSO-d,): §
(ppm)=28.0, 34.8, 36.6, 51.5, 60.4, 99.9, 114.4, 114.8, 133.4, 136.1, 140.8,
145.0, 168.8, 193.8. MS: m/e (relative intensity)=276 (100), 220 (50), 205
(10), 192 (15), 146 (20), 92 (10), 78(20), 63 (30).

Results and Discussion

Cyclic voltammetry of a 2 mm solution of catechol (1a) in
0.2 M sodium acetate solution as supporting electrolyte shows
one anodic (A,) and a corresponding cathodic peak (C,),
which correspond to the transformation of (1a) to an o-
quinone (2a) and vice versa through a quasi-reversible two-
electron process (Fig. 1, curve a). A peak current ratio
(I$/15Y) of nearly unity, particularly during the repetitive re-
cycling of potential, can be considered as a criterion for the
stability of o-quinones produced at the surface of the elec-
trode under the experimental conditions. In other words any
hydroxylation®!®~1¥ or dimerization'*!> reaction is too slow
to be observed on the time scale of cyclic voltammetry.

The oxidation of catechol (1a) in the presence of 2-chloro-
5,5-dimethyl-1,3-cyclohexanedione (3) as a nucleophile was
studied in detail, and the resulting cyclic voltammogram is
shown in Fig. 1 curve b. As is obvious, in addition to A,, the
cyclic voltammogram exhibits a new anodic peak A, as well
as a strong decrease in the cathodic peak C,. It is interesting
to note that, in the repeated cycling of the voltammogram
(shown in Fig. 2), the second anodic peak A, disappeared
while the peak A, shifted to more positive potentials. The ob-
served changes in the cyclic voltammogram of catechol 1a in
the presence of 2-chloro-5,5-dimethyl-1,3-cyclohexanedione
is probably due to the formation of a thin film of product at
the surface of the electrode, inhibiting the electrode perform-
ance, the extent of which increased during the repetitive cy-
cling of the potential (Fig. 2)"'*'¥ In Fig. 1, curve c is the
voltammogram of 2-chloro-5,5-dimethyl-1,3-cyclohexane-
dione (3) alone.
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Furthermore, it was observed that proportional to augmen-
tation of the potential scan rate, the C, peak current would be
increased (Fig. 3). In fact, the increased peak current ratio
(I5/I51) with scan rate for a mixture of catechol (1a) and
2-chloro-5,5-dimethyl-1,3-cyclohexanedione (3) in 0.2m
sodium acetate solution (Fig. 3, curve g) confirms the reac-
tivity of (la) toward (3), appearing as an increase in the
height of cathodic peak C, at higher scan rates. A similar sit-
uation is observed as the (3) to (1a) concentration ratio is de-
creased. Meanwhile, the peak current function for A, peak
(I21/v'"?) decreases with increasing scan rate (Fig. 3 curve h),
which is adapted as indication of an EC mechanism.'® In this
figure, the anodic peak A, could be related to the irreversible
electro-oxidation of 2-chloro-5,5-dimethyl-1,3-cyclohexane-
dione (3).

Controlled-potential coulometry was performed in 0.2 m of
sodium acetate solution containing 0.5 mmol of each cate-
chol (1a—c¢) and 0.5mmol of 2-chloro-5,5-dimethyl-1,3-
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Fig. 2. Cyclic Voltammogram of 2 mm Catechol at Glassy Carbon Elec-
trode in 0.2M Sodium Acetate Solution: (a) in the Presence of 2mwm 2-
Chloro-5,5-dimethyl-1,3-cyclohexanedione (First Cycle), (b) in the Presence
of 2.0 mm 2-Chloro-5,5-dimethyl-1,3-cyclohexanedione (Second Cycle)

Scan rate=100mV s~ !, T=ambient temperature.

120

A2

10

1,5

E(V)

Fig. 1. Cyclic Voltammogram of 2.0 mm Catechol at Glassy Carbon Elec-
trode in 0.2 M Sodium Acetate Solution: (a) in the Absence of 2-Chloro-5,5-
dimethyl-1,3-cyclohexanedione, (b) in the Presence of 2mwm 2-Chloro-5,5-
dimethyl-1,3-cyclohexanedione and (c) Cyclic Voltammogram of 2mm 2-
Chloro-5,5-dimethyl-1,3-cyclohexanedione in the Absence of Catechol

Scan rate=100mV s~ !, T=ambient temperature.
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Fig. 3. Typical Cyclic Voltammograms of 2 mm Catechol (1a) in the Pres-

ence of 2mm 2-Chloro-5,5-dimethyl-1,3-cyclohexanedione (3), in 0.2Mm
Sodium Acetate Solution at a Glassy Carbon Electrode (1.8 mm Diameter)
at Various Scan Rates

Scan rates from (a) to () are 50, 100, 200, 400, 800 and 1600 mV s ™!, respectively.

(g) Variation of peak current ratio (I;"/I5") versus scan rate. (h) Variation of peak cur-
rent function for A, peak (I;/v""?) versus scan rates. T=ambient temperature.
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cyclohexanedione (3) at specified potentials versus 3w
Ag/AgCl (Table 1). The electrolysis progress was monitored
by cyclic voltammetry and the results are summarized in
Table 1. It was found that, proportional to the advancement
of coulometry, the anodic peak decreases and disappears
when the charge consumption becomes about 2e~ per mole-
cule of (1a—c). In order to clearly demonstrate that the use
of compound 3 instead of dimedone (d)” is the key success
of the present effective transformation, the electrolyses of
la—c and dimedone were also carried out under the same
experimental conditions, and the results are also included in
Table 1. A comparison between the results given in Table 1
clearly indicates the improved yield and better atomic econ-
omy in the case of 2-chloro-5,5-dimethyl-1,3-cyclohexane-
dione (3) over that of dimedone (d).

Table 1. The Conditions and Results of Controlled Potential Electrolysis
C . Applied potential Product yield Consumed electricity
ONVEISION (v ys. 3 M Ag/AgCl) (%) (F/mol)
la+3b—10a 0.40 66 223
1b+3b—10b 0.35 81 2.10
1c+3b—10c 0.35 80 2.15
la+d—10a 0.40 58 435
1b+d—10b 0.35 70 423
le+d—10c 0.35 67 4.25
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The above mentioned coulometry and voltammetry results
allow us to propose the pathways shown in Chart 2 for the
electro-oxidation of catechol (1a) in the presence of 2-
choloro-5,5-dimethyl-1,3-cyclohexanedione (3). According
to our results, it seems that the 1,4-Michael addition reaction
of 2-chloro-5,5-dimethyl-1,3-cyclohexanedione (3) to o-ben-
zoquinones (2a—c) via Eq. 3 is faster than other side reac-
tions, leading to the formation of 4a—¢, which are then con-
verted to Sa—¢, during an elimination reaction and via re-
moval of hydrogen chloride. Compounds Sa—¢, present in
quinone methide form, are in equilibrium with their quinine
(6a—c),'”™® enol (7a—c) and enolate (8a—c) forms. Fi-
nally, the intramolecular Michael addition reaction of eno-
lates (8a—c) will result in the formation of the final product
(10a—c). Despite the fact that the anodic oxidation of 10a—
¢ was found to be more feasible than 1a—c (see Fig. 4), the
overoxidation of 10a—c was circumvented during the
preparative reaction because of the insolubility of the prod-
ucts in water/sodium acetate solution medium.

The existence of a methyl or methoxy group at the C-3 po-
sition of or 3-methylcatechol (1b) or 3-methoxycatechol (1¢)
would probably cause the Michael acceptors (2¢) and (2b) to
be attacked by the anion enolate of 2-chloro-5,5-dimethyl-1,3
cyclo hexanedione (3) at the C-4 or C-5 position to yield two
other types of products (Chart 3).

The calculated' and experimental '*C-NMR results of the
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Fig. 4. Cyclic Voltammograms of (a) 2mwm Catechol (1a) and (b) 2mm
10a, at a Glassy Carbon Electrode in 0.2 M Sodium Acetate Solution Con-
taining 45% by Acetonitrile Volume

Scan rate=100mV s~!, T=ambient temperature.
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Table 2. Experimental and Calculated *C-NMR Data for Methyl Carbon
in Catechol Ring
Type BC-NMR data
Experimental 8.9
Calculated for (10b) 8.6
Calculated for (11b) 12.9

methyl carbon in the catechol ring for the suggested possible
structures are shown in Table 2. According to the *C-NMR
results and "H-NMR results,”*” we suggest that o-benzo-
quinones 2b and 2c¢ are selectively attacked from C-5 posi-
tion by the anion enolate 3b leading to the formation of prod-
ucts 10b and 10c, respectively.

Vol. 54, No. 7

Conclusion

The results of this work show that catechols are oxidized
in solution to their respective o-quinones. The quinones are
then attacked by the anion of 2-chloro-5,5-dimethyl-1,3-cy-
clohexanedione (3) to form benzofuran derivatives. The over-
all reaction mechanism for anodic oxidation of catechol in
the presence of 2-chloro-5,5-dimethyl-1,3-cyclohexanedione
(3) as a nucleophile is presented in Chart 1. The great advan-
tage of the present work is development of a one-pot green
electrolytic method for the synthesis of benzofuran deriva-
tives (10a—c) as final products in good yield and purity, with
only 2F charge consumption per each mol of catechols.
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