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Atypical Regioselectivity in the Electrochemical Reduction-Nucleophilic
Substitution of 2-Nitroanisole
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The electrochemical reduction-Bamberger substitution of 2-
nitroanisole in 1 M H,SO, yields predominantly 2,5-dime-
thoxyaniline, not the expected 2,4-isomer. The selectivity
was found to be acid- and solvent-dependent, with lower
acidity and less polar solvents favoring the formation of 2,4-

dimethoxyaniline during galvanostatic electrolysis. A mech-
anistic working hypothesis involving an ortho-quinone
monoimine dication is presented to direct further synthetic
studies.

Introduction

As part of a project on the electrochemical synthesis of
natural products, we became interested in the electrochem-
ical reduction-nucleophilic substitution of substituted nitro-
benzenes.[! The reaction proceeds through the electrochem-
ical reduction of the nitro group to a hydroxylamine, fol-
lowed by a Bamberger substitution (Scheme 1).2! We were
attracted by the fact that this reaction converts a nitroben-
zene to an arylamine while simultaneously adding a nucle-
ophile to the para position of the arene ring. The electro-
chemical reduction of 2-nitroanisole in 1 M H,SO, in meth-
anol, however, leads to atypical addition of the nucleophile
to the meta position relative to the amine. The details are
reported herein.
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Scheme 1. Electrochemical reduction and nucleophilic substitution
of substituted nitrobenzenes

Results and Discussion

The electrochemical reduction of 2-nitroanisole in 1 M
H,SO, in methanol was expected to yield 2,4-dimethoxyan-
iline (2,4-DMA) as the major product in which the nucleo-
phile is para to the amino group. Addition to the ortho
position to yield 2,6-DMA was an expected side-reaction.
In the event, we were surprised to find that the reaction
produces 2,5-DMA selectively, with 2,4-DMA and anisidine
as minor products (Scheme 2). To our knowledge, no ex-
amples of such regioselectivity have been reported in the
reduction of 2-nitroanisole.l'-* The atypical regioselectivity
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raises the possibility of obtaining either 1,2,4- or 1,2,5-tri-
substituted aromatic compounds from a single, simple pre-
cursor. We therefore undertook a brief study to determine
whether the selectivity could be modified, and if so, which
factors influence the selectivity.

OMe
+4¢ MeO
@ s QL
OMe OMe OMe OMe
MeOH
NH, NH, NH,
GCyield

68% 16% 5%,
Isolated yield 58% 9% %

Scheme 2. Electrochemical reduction of 2-nitroanisole in 1 M
H,SO, in methanol

A mechanistic working hypothesis is outlined in
Scheme 3. The Bamberger substitution cannot produce the
2,5-isomer, so the reaction must proceed through an ortho-
quinone imine oxonium species such as A.[*l This interme-
diate is expected to be more electrophilic at the 4-position
than at the 5-position, and it is therefore necessary to in-
voke a dication B as an intermediate. The reaction is run
under strongly acidic conditions, the imine functionality is
quite basic, and the rearrangement is believed to occur near
the electrode surface.’™ The formation of a dication is there-
fore plausible. Alternatively, the formation of the ketal C by
1,2-addition to the oxonium could be followed by addition
to the conjugated iminium functionality. The complexity of
the reaction system makes rigorous mechanistic studies dif-
ficult,l! and these hypotheses were therefore used only to
guide experimental studies.

The mechanism via the dication B suggests that the re-
gioselectivity may be acid- and solvent-dependent, with a
weaker acid or a less polar solvent favoring the 2,4-isomer
via the monocation A. In the event, decreasing the sulfuric
acid concentration was found to reduce the selectivity, and
the use of phosphoric acid or sodium hydrogen sulfate pro-
duced 2,4-DMA as the major product (Table 1).[71 The
formation of anisidine and other side reactions become
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Scheme 3. Mechanistic rationale for the unexpected formation of 2,5-DMA in high yield.
Table 1. Effect of choice of acid on the regioselectivity (at >95% conversion)
Conditions Solvent 2,5-DMA 2,4-DMA Anisi-dine Mass recov.[
1.84 m H,SO, MeOH 4.3 1 0.17
0.92 M H,SO, MeOH 4.2 1 0.17 87%
0.46 M H,SO, MeOH 2.6 1 0.25
0.24 M H,SO, MeOH 1.4 1 0.29
0.11 M H,SO, MeOH 1.4 1 0.58 55%
sat. NaHSO,4 0.25 m LiClO, MeOH 0.43 1 1.74 44%
15% H3PO, 0.25 m LiClO, MeOH 0.25 1 0.35 37%
10% H;PO, 0.25 M LiClO, MeOH 0.06 1 0.29 23%
5% H3PO,4 0.25 M LiClO, MeOH 0.0 1 14%

a1 2 4 DMA + 2,5-DMA + anisidine.

competitive, and the yield drops sharply as the acidity is
decreased. This is also consistent with the dication mechan-
istic hypothesis, as reducing the acid strength removes the
fast pathway without accelerating the addition leading to
the 2,4-isomer. The equilibrium between the monocation A
and the ketal C is acid-independent, and this mechanism
thus does not predict a substantial effect of the acid. Elec-
trochemical parameters such as electrode material (Ni vs.
Hg) or current/potential (5 to 20 mA/cm?, —0.60 to —2.01
V) did not have a substantial influence on the selectivity.
This is consistent with the regioselectivity-determining step
being subsequent to the electrochemistry.

The experiments described above suggest an acid-de-
pendence, but changing the ionic strength and concentra-
tion and nature of the acid may also influence the reaction,
particularly in the electrochemical steps. In order to isolate
the effect of the acid strength, a series of reactions were
run in mixtures of sulfuric acid and tetrabutylammonium
hydrogen sulfate (TBAHSO,), keeping the total ion concen-
tration constant. Although the tetrabutylammonium (TBA)
ion and the proton cannot be considered rigorously equiva-
lent, this was the best practical approximation. Lithium or
sodium would have been preferable, but lack of solubility
and the Lewis acidity of Li* precluded their use in this case.
The reactions were run at 5 mA and ca. 15% conversion,
and the product distribution was determined by GC.[®! The
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result is shown in Figure 1. The selectivity changes sharply
as the acidity is decreased, in a manner consistent with an
acid-dependent mechanism. The acidity near the electrode
surface is difficult to determine accurately, and the effect of
adsorbed water produced in the course of the reaction on
the acidity further compounds the problem.! Therefore,
the calculated aqueous pH was used as an arbitrary acidity
scale.l'! An estimate of the acidity of the bulk solution us-
ing Malachite Green as an indicator gives an effectivel!!]
pH of 1.3 (half-protonation of the indicator) for 0.1 m
H,S0,4/0.2 M TBAHSO, in anhydrous methanol (0.91 calcu-
lated pH). The corresponding experiments under constant
potential rather than constant current gave more scattered
results, presumably as a result of variations in the pH gradi-
ent at the electrode with changes in the current. In addition,
the yield of DMAs drops to zero shortly above the pH at
which the selectivity changes, suggesting either that the de-
hydration of the hydroxylamine becomes slow, or that side-
reactions become overwhelming.

A large solvent effect was observed on the selectivity. The
selectivity in 0.95 M H,SO, decreased in going from meth-
anol to 1:1 THF-methanol or 1:1 CH3;CN-methanol
(Table 2). The effect was more pronounced in 0.1 M H,SO,4/
0.2 m TBAHSO,, as the selectivity changed from 2.9:1 in
favor of 2,5-DMA to 1:20 in favor of 2,4-DMA in 1:1 THF-
methanol at 15% conversion. Water had a strong effect on
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Figure 1. Regioselectivity vs. acidity (arbitrary scale) at 15% conversion and experimental conditions.

Table 2. Effect of solvent on regioselectivity (at 15% conversion)

Conditions Solvent 2,5-DMA 24-DMA
0.95 m H,SO, MeOH 4.8 1

0.95 M H,SO, I:1 MeOH-CH;CN 3.5 1

0.95 m H,SO, 1:1 MeOH-THF 3.5 1

0.1 m H,SO,4 + MeOH 2.9 1

0.2 M TBAHSO,

0.1 M H,SO, +  1:1 MeOH-THF 1 20

0.2 M TBAHSO,

0.1 m H,SO,4 + 0.02% H,0 in 1 1

0.2 M TBAHSO, 1:1 MeOH-THF

the selectivity, as addition of 5 pL of water to 36 mL of
methanol: THF (ca. 8 mm) was found to degrade the select-
ivity from 1:20 2,5-DMA: 2,4-DMA to a 1:1 mixture. This
effect can be attributed to the unusual ability of water to
stabilize polar intermediates relative to methanol: THF (Y-
value H,O: 3.493),[1?l and possibly to adsorption of the
water on the electrode surface. These results are consistent
with the classical prediction that a polar solvent will have a
stronger stabilizing effect on a dicationic transition state via
B than on a monocationic transition state via A.
Preparative experiments were performed to confirm the
GC results. In the strong acid case, the isolated yields are
comparable to the GC yields, considering that the products
are air-sensitive and somewhat volatile (Scheme 2). In the
2,4-DMA-selective mild acid case, the mass recoveries and
yields are low (maximum yield of 2,4-DMA: 22%). This is
not surprising in view of the narrow window of acidity
which produces the desired selectivity, the competition from
side-reactions, and the effect of the water produced during
the reaction in degrading the selectivity. Diluting the reac-
tion was found to improve the yield of 2,4-DMA substan-
tially, suggesting that the major side reactions involve
dimerization and/or polymerization. The yield of the anisid-
ine by-product fluctuates widely. Addition of a radical scav-
enger (2,6-di-tert-butyl-4-methylphenol) had no significant
effect. Although some effort was made to optimize the con-
ditions, the rates of the side reactions depend on the struc-
ture of the specific product. Insofar as dimethoxyaniline is
not our synthetic target, and is unusually electron-rich and
hence prone to oxidation and polymerization, we feel that
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detailed optimization is best done on a more synthetically
relevant system.

Conclusions

The electrochemical reduction-nucleophilic substitution
of 2-nitroanisole in 1 M H,SO, in methanol gives primarily
2,5-DMA, not the expected 2,4- or 2,6-isomers. The select-
ivity can be altered by the choice of conditions, although
the synthesis of the 2,4-isomer is not synthetically useful.
The selectivity is controlled by the strength of the acid and
the choice of solvent. Water produced during the reaction
can have an effect on the selectivity. The dication working
hypothesis will be used to direct synthetic studies. The
scope of this reaction, including the addition of other nucle-
ophiles and applications to natural product synthesis are
being investigated.

Experimental Section

General: 2-Nitroanisole, sulfuric acid, 2,4-DMA, 2,5-DMA, and
TBAHSO, were purchased from commercial sources and used as
received. Methanol was dried by distillation from Mg(OMe),, ace-
tonitrile from CaH,, and THF from benzophenone sodium ketyl.
NMR spectra were obtained on a GE-omega 400 MHz or a QE-
300 MHz NMR. GC’s were measured on a Varian 3300 equipped
with a DB-5 30m X 0.32 mm ID column using a 50:1 split ratio.
Dodecane was used as an internal standard, and calibration curves
were generated for 2-nitroanisole, 2,4-DMA, 2,5-DMA, and anisid-
ine. Electrochemical experiments were performed using an EGG
Princeton Applied Research Model 273A Potentiostat/ Galvanostat
in either constant current or constant potential mode. Pt wire and
Nickel wire gauze (40 mesh woven 0.13 mm Ni wire, STK# 39703)
were purchased from Alfa-Aesar Scientific.

Electrolysis of 2-Nitroanisole. — Strong Acid Conditions: A solution
of H,SO, in methanol (0.92 m, 10 mL) was placed in the cathodic
compartment of an electrolysis cell consisting of a 3-necked, 25 mL
flask equipped with a working Hg pool electrode (surface area 1.8
cm?), an Ag/AgCl reference electrode and an anodic compartment
divided by a scintered glass disk, filled with the same solution and
equipped with a Pt coil electrode. The solution was sparged with
Argon for 10 min. 2-Nitroanisole (40 pL, 0.327 mmol) was added
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and cathodic electrolysis was carried out under constant current
(10 mA/cm?) to 171 C (1.36 times theoretical). The reaction mix-
ture was transferred to a round-bottom flask, neutralized with 2.5
M KOH, and concentrated in vacuo to remove methanol. The re-
sulting mixture was extracted with ethyl acetate and the organic
layer was washed with distilled water (2 X 20 mL) and dried over
sodium sulfate. The organic layer was filtered, diluted to 50.00 mL
and analyzed by GC using 2,4-DMA and anisidine as external
standards. The mixture was concentrated in vacuo and the purple
residue was separated by silica gel chromatography in 4:1
CHCI;:CH;CN to yield 2,5-DMA (28.0 mg, 0.183 mmol, 58%
yield), 2,4-DMA (4.5 mg, 0.029 mmol, 9% yield), and anisidine
(3 mg, 0.024 mmol, 7% yield). The identity of the products was
established by comparison of the GC, TLC, and 'H NMR in
CDCl; to those of the authentic compounds.

Mild Acid Conditions: A solution of 2-nitroanisole (40 pL,
0.327 mmol), TBAHSO, (3.4 g, 0.28 M) and LiClO, (1.4 g, 0.37
M) in anhydrous methanol (36 mL) was electrolyzed according to
procedure above, to yield 2,4-DMA (10.8 mg, 0.0704 mmol, 22%),
2,5-DMA (6.4 mg, 0.0417 mmol, 13%), anisidine (1.2 mg,
0.01 mmol, 3%), and an unidentified by-product (8 mg).

Nickel Electrode: Electrolysis was performed under the conditions
above using a 2.75 cm? area Nickel flag-type electrode made from
40 mesh woven Nickel wire gauze. In all cases, results obtained
with a Nickel electrode were comparable to those obtained with a
mercury electrode.

Other Acids: A solution of the indicated acid (H,SO,, H;PO,, or
NaHSO,) and LiClOy (if applicable, 106 mg, 1.0 mmol) in anhyd-
rous methanol (10 mL solution) was electrolyzed according to pro-
cedure above. Under preparative constant current conditions, the
electrolysis was continued to 1.3-1.5 times theoretical charge. Un-
der constant potential conditions, a cyclic voltammetry scan was
performed and the potential was selected accordingly (typically in
the middle of the rise for reproducibility; no effect of the potential
(-0.6 V to -0.85 V) was observed on the product distribution in
parallel experiments).

Effect of Acid Strength: A solution of Buy/NHSO, and sulfuric acid
in the indicated ratio (0.3 M combined) in dry methanol (36 mL) in
the apparatus described above was sparged with argon presaturated
with methanol for 10-15 min. 2-Nitroanisole (15 pL, 0.12 mmol)
was added and the mixture was electrolyzed at constant current
(5mA) to 7.5 C (15% of theoretical). The reaction was worked up
as above, and analyzed by GC using a dodecane internal standard.
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