
Electrochemistry Communications 6 (2004) 627–631

www.elsevier.com/locate/elecom
Electrocatalytic synthesis of 6-aminonicotinic acid
at silver cathodes under mild conditions

Armando Gennaro a,*, Carlos M. S�anchez-S�anchez b, Abdirisak Ahmed Isse a,
Vicente Montiel b

a Dipartimento di Scienze Chimiche, Universit�a di Padova, via Marzolo 1, 35131 Padova, Italy
b Departamento de Qu�ımica F�ısica, Instituto de Electroqu�ımica, Universidad de Alicante, Ap. 99, 03080 Alicante, Spain

Received 29 March 2004; received in revised form 26 April 2004; accepted 26 April 2004

Available online 14 May 2004
Abstract

The feasibility of electrosynthesis of 6-aminonicotinic acid by electrochemical reduction of 2-amino-5-bromo and 2-amino-5-

chloropyridine in the presence of CO2 has been investigated in DMF and CH3CN at glassy carbon (GC), Hg, Pt and Ag electrodes.

Reduction of both halides at GC, Hg and Pt electrodes occurs at potentials only slightly more positive than Ep of CO2. These

electrodes are not appropriate for a simple and clean electrocarboxylation of the halides to 6-aminonicotinic acid. The silver

electrode shows a remarkable electrocatalytic effect for the reduction of only the bromo derivative. Reduction of 2-amino-5-

bromopyridine at such an electrode occurs at potentials 0.5–0.8 V more positive than at the other electrodes. The electrosynthesis

process was investigated at Ag using only the bromo derivative as the starting substrate. The process was investigated both in a

divided and an undivided cell with Al sacrificial anode under constant potential or current density. In all cases fairly good yields of

6-aminonicotinic acid (48–82%) with moderate quantities of 2-aminopyridine were obtained in DMF. Instead, the principal re-

duction product in CH3CN is 2-aminopyridine with yields >80% while only very small quantities of the acid are formed.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The syntheses of 6-aminonicotinic acid (6-ANA) and

its amide derivative are of interest due to their biochem-
ical properties as protein synthesis inhibitor, vitamin B3

antagonist and modulating agent in chemotherapy

treatment for some types of cancer. These compounds are

the analogues of nicotinic acid (vitamin B3) and nicotin-

amide (Niacin), respectively, and were originally syn-

thesised as antagonists of Niacin [1], which is used by the

body to form the coenzymes nicotinamide adenine dinu-

cleotide (NAD) and nicotinamide adenine dinucleotide
phosphate (NADP). The 6-aminonicotinamide antago-

nist inhibits NADP production because it is a specific

pentose pathway inhibitor [2]. 6-Aminonicotinamide is
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also a potential agent for modulating the cytotoxicity of

antineoplastic drugs. In particular, it has been found that

this pyridine nucleotide enhances the accumulation of

cisplatin (cis-diamine-dichloroplatinum) in a variety of
tumour cell lines [3,4]. Recent results have indicated that

6-aminonicotinamide sensitises a number of human tu-

mour cell lines to the cisplatin in vitro [3]. Another

pharmaceutically interesting derivative of 6-ANA is its

ethyl ester, which is a nontoxic compound used for the

treatment of psoriasis [5].

The conventional synthesis of 6-ANA, based on hy-

drolysis of the corresponding nitrile, suffers from several
drawbacks such as the use of hazardous chemicals, the

high temperatures required for the reactions and the low

yields in acid [6–8]. It is well known, on the other hand,

that the electrocarboxylation of organic halides is a

powerful pathway for the production of carboxylic acids

[9–13]. This methodology has been extensively used for
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obtaining alternative synthetic routes to the manufac-
ture of pharmaceutical industrial products [14,15].

The electrochemical reduction of halobenzenes and

halopyridines goes through a two-electron irreversible

bond cleavage in organic solvents [16,17]. More than ten

years ago, Zylber et al. [18] studied the electrochemical

carboxylation of several halogenated N-heteroaromatic

compounds. They tested as possible substrates for car-

boxylation also 2-amino-5-chloropyridine (2-ACP) and
2-amino-5-bromopyridine (2-ABP). The reactions were

carried out at stainless steel cathode in an undivided cell

at constant current density until 2.1 e�/molecule of ha-

lide were passed, but the expected 6-ANA was not found

in the reaction mixture. Recently, Raju et al. [19] have

reported a new method for the synthesis of 6-ANA,

which involves the electrochemical hydrogenation of 5-

chloro-2-nitropyridine followed by electrocarboxylation
of the formed 2-ACP. Their carboxylations were con-

ducted in an undivided cell at constant current density,

until 100 e�/molecule of halide were passed. Despite the

excessive charge consumption, good yields of acid were

obtained.

These different results are probably attributable to

the highly negative reduction potential of the pyridine

halides and the pre-eminent reduction of CO2. In this
study, we explore a new approach for the synthesis of 6-

ANA, based on the electrocatalytic reduction of 2-ABP

at silver cathodes in CO2-saturated nonaqueous sol-

vents. Owing to its remarkable electrocatalytic activity

towards the reduction of organic halides [20–23], use of

a Ag cathode will make possible the selective reduction

of the halide, thus avoiding the concomitant reduction

of CO2, which takes place during the electrochemical
carboxylation at the most commonly used cathodes. In

fact, at Ag cathodes we found that the process requires

only the stoichiometric charge (2 e�/molecule of sub-

strate) and gives good yields of 6-ANA.
2. Experimental

2.1. Chemicals

N,N-Dimethylformamide (DMF) (Janssen, 99%) was

kept over anhydrous Na2CO3 for several days and

stirred from time to time. It was then fractionally dis-

tilled twice under reduced pressure under N2 and stored

in a dark bottle under N2. Acetonitrile (BDH, 99.9%)

was distilled over CaH2 and stored under argon atmo-
sphere. Tetra-n-butylammonium perchlorate (Fluka

98%) was recrystallized twice from a 2:1 water–ethanol

mixture and dried at 60 �C under vacuum. The 2-amino-

5-halopyridines and all other compounds used for

the identification and quantification of the reduction

products were commercially available and were used as

received.
2.2. Instrumentation

Electrochemical measurements were carried out by

using an EG&G Princeton Applied Research potentio-

stat/coulometer Model 173/179 equipped with an

EG&G universal programmer Model 175 and a LeCroy

LT322 oscilloscope. Cyclic voltammetry measurements

were made at glassy carbon (GC), Pt, Ag and Hg elec-

trodes. The counter-electrode and the reference elec-
trode were a Pt wire and AgjAgIj 0.1 M n-Bu4NI in

DMF, respectively. The latter was calibrated after each

experiment against the ferricenium/ferrocene couple. All

potentials are reported versus the KCl saturated calomel

electrode (SCE), using Eo
Fcþ=Fc ¼ 0:391 V vs. SCE in

CH3CN+0.1 M TBAP and 0.475 V vs. SCE in

DMF+0.1 M TBAP. Controlled-potential electrolyses

were carried out at a silver foil of area 8 cm2, using two
different cells: a two-compartment cell with a Pt anode

separated from the cathode compartment by glass frits

and Tylose-TBAP-saturated bridge or an undivided cell

with a sacrificial Al anode. The silver electrode was pre-

treated by immersion in HNO3 65% for 2 min. The Al

anode was activated by immersion in a HCl 35%+H2O

(1/1, v/v) solution for 2 min. All experiments were per-

formed at 25 �C. Before starting an electrolysis, a solu-
tion of the substrate was saturated with CO2 by

bubbling the gas through the electrolyte for ca. 30 min,

after which the gas stream through the cell was closed

and a constant potential or current density applied. In

each case, the electrolysis was interrupted after the

passage of 2 e�/molecule of substrate.

The electrolysis products were analysed by using an

HPLC JASCO 2075 liquid chromatograph, equipped
with a UV detector and a 25 cm� 4.6 mm RP-Amide

C16 Supelco column. The eluent was a mixture (20/80, v/

v) of CH3CN and a KH2PO4/K2HPO4 buffer at pH 6.4.

The eluent flow was 1 ml min�1 and the detection

wavelength was 255 nm. At the end of the electrolysis a

sample of solution was withdrawn from the electro-

chemical cell and analysed by HPLC after appropriate

dilution.
3. Results and discussion

The electrochemical reduction of 2-ACP and 2-ABP

was investigated by cyclic voltammetry at four elec-

trodes, namely GC, Hg, Pt and Ag, and in two solvents

containing tetra-n-butylammonium perchlorate (TBAP)
as supporting electrolyte. Under all experimental con-

ditions, both halides give an irreversible reduction peak

at quite negative potentials. Fig. 1 shows examples of

the voltammetric response of 2-ABP at two different

electrodes in DMF. The peak potentials (Ep) measured

for the reduction of the two compounds at all electrodes

are collected in Table 1. The reduction potentials of
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Fig. 1. Cyclic voltammetry of 2-amino-5-bromopyridine 2.85 mM

in DMF+0.1 M TBAP at a GC (–––) or Ag (- - -) electrode at t ¼ 0:2

V/s.

Table 1

Reduction potentials of 2-amino-5-halopyridines at different cathodesa

Solvent Electrode 2-ACP Ep

vs. SCE

2-ABP Ep

vs. SCE

CO2 Ep vs.

SCE

DMF GC )2.54 )2.48 <)3
Hg )2.53 )2.48 )2.58
Pt )2.55 )2.38 )2.9b

Ag )2.52 )1.92 )2.63

CH3CN GC )2.62 )2.58 )2.88
Hg )2.67 )2.68 )2.63
Ag )2.64 )1.81 )2.64

aOther conditions: 0.1 M TBAP supporting electrolyte; t ¼ 0:2 V

s�1; T ¼ 25 �C.
bTaken from [25].
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these compounds in CH3CN could not be reliably

measured at Pt because their voltammetric peaks

merged with the cathodic limiting discharge. With the

exception of Ag, the cathode material does not affect

strongly the Ep values of the two compounds whereas a

slight positive shift is observed in DMF with respect to

CH3CN. At GC, Hg and Pt there is a very small dif-

ference between the Ep values obtained for the two
compounds, the reduction potentials of 2-ABP being

slightly more positive. The negligible effects of the na-

ture of the cathode material and halogen atom on Ep

suggest that reduction of the halides at such electrodes

proceeds without appreciable interaction between the

electrode and the substrate and/or its reduction products

and intermediates.

The mechanism of the electrochemical reduction of
halopyridines has been previously studied at GC and Hg

electrodes [16,17]. The overall process involves a 2e�

reductive cleavage of the carbon–halogen bond and is

kinetically controlled by the first electron transfer to

RX. According to the well-established reaction mecha-

nism for the dissociative electron transfer to aromatic
and heteroaromatic halides [24], reduction of amino-

halopyridines at inert electrodes can be described by the

reaction sequence shown in Scheme 1, where HA stands

for any proton donor present in the reaction medium.
The formed product 2-aminopyridine shows no reduc-

tion peaks up to the cathodic limiting discharge, so only

the irreversible reduction peak of the starting halide

could be observed in cyclic voltammetry.

Reduction of 2-ACP at silver occurs at potentials

similar to those required for its reduction at the other

cathodes (Table 1). Instead, the reduction potentials

measured for the 2-ABP at Ag are considerably more
positive than theEp values obtained at the other cathodes.

Compared to GC, for example, positive shifts of 0.77 and

0.56 V were observed at Ag in CH3CN and DMF, re-

spectively. The electrocatalytic activity of Ag towards the

reduction of organic halides is well documented in the

literature and it is assumed to be related to the affinity of

Ag for the halide ions [20–23]. Indeed, such an effect de-

creases in the order I>Br>Cl, which is the same order of
the interaction between the halide ions and the metal.

There are no literature data for the catalytic reduction of

heteroaromatic halides at silver cathodes. The results re-

ported in Table 1 indicate that there is a remarkable

electrocatalytic effect only in the case of 2-ABP.

According to the reactionmechanism shown inScheme

1, reduction of 2-amino-5-halopyridines leads to a carb-

anion that readily reacts with any electrophile or proton
donor present in solution. Thus, 6-aminonicotinate is

expected to be formed in the presence of CO2 (Eq. (5)). It

+ CO2 N

CO2
−

H2NNH2N

ð5Þ
should be stressed, however, that a crucial requirement
for a successful electrocarboxylation is that the halo-

pyridine derivative should be more easily reducible than

CO2. The reduction potentials of CO2 measured under

the same experimental conditions used for the 2-amino-

5-halopyridines are included in Table 1 for comparison.



Table 2

Electrocarboxylation of 2-amino-5-bromopyridine at a silver cathode

Type of cell Solventa c2�ABP (mM) Eapp (V vs. SCE) Conversionb (%) RCOOHc (%) RHc (%)

Undivided DMF 51.5 )2.0 85 74 22

Undividedd DMF 49.1 57 82 14

Divided DMF 51.6 )2.0 74 48 26

Undivided CH3CN 51.7 )1.9 80 2 95

Undividedd CH3CN 52.1 36 16 83

Divided CH3CN 51.6 )1.9 98 2 82

a In the presence of 0.1 M TBAP and CO2 under 1 atm pressure.
b Conversion is defined as the fraction of reactant consumed during the electrolysis.
c Yield is calculated with respect to 2-ABP consumed.
dConstant current electrolysis (j ¼ 8 mA/cm2).
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When comparing the peak potentials, we should keep in

mind that the electrosynthesis experiments are carried

out in CO2-saturated solvents where the concentration

of the gas reaches 0.2 M in DMF and 0.28 M in CH3CN
at 25 �C [25]. Under such conditions, reduction of CO2

starts at potentials much more positive than its peak

potential. Comparison of the Ep values reported for the

2-amino-5-halopyridines and CO2 reveals that electro-

carboxylation of 2-ABP may be easily performed at

silver cathodes in both solvents. Also GC and Pt may be

used for the electrocarboxylation of this compound but

only in DMF. In the case of 2-ACP, we see that its re-
duction potentials are quite similar with those of CO2.

Actually, in most cases, the Ep values of CO2 are more

negative than those of 2-ACP but the difference is so

small that concomitant reduction of the two reagents

takes place under the electrosynthesis conditions.

The foregoing considerations point out electrocar-

boxylation of 2-ABP at silver cathodes as the best

conditions for electrosynthesis of 6-ANA. We therefore
examined this electrocarboxylation process under dif-

ferent experimental conditions. The results of the elec-

trolyses are collected in Table 2. First of all, it should be

pointed out that under the investigated experimental

conditions the synthesis of 6-ANA does not require

excessive charge consumption as has been recently re-

ported using 2-ACP at Pt cathode in DMF [19]. The

controlled-potential electrolyses, which were performed
at a potential just beyond Ep of the halide, require ca. 2

e�/molecule of 2-ABP whereas a somewhat higher

charge consumption is observed when a constant current

density is imposed. The excess charge consumed in the

latter case is probably due to the concomitant reduction

of CO2, which becomes particularly important during

the last stage of the electrolysis when the concentration

of 2-ABP decreases drastically. As shown in Table 2, the
principal reduction products of 2-ABP were always 6-

ANA and 2-aminopyridine. These products are formed

according to the two competitive reactions of the ami-

nopyridyl carbanion. In DMF the process leads mainly

to the acid, with fairly good chemical and faradaic

yields, whereas the yields of 2-aminopyridine are always
low. In this solvent, the electrophilic attack of CO2

predominates in the carbanion reactions. Instead, in

CH3CN the inverse situation prevails; the carbanion is

now almost exclusively protonated and the process gives
2-aminopyridine with yields as high as 95% together

with very small amounts of 6-ANA. The aminopyridyl

carbanion will be protonated by any proton donor

present in the reaction medium, presumably the residual

water. The observed change of selectivity in favour of

the protonation reaction on passage from DMF to

CH3CN may be explained by the fact that water is a

better proton donor in CH3CN than in DMF [26,27]. It
is also possible that CH3CN itself acts as a proton donor

since its pKa is practically the same as that of H2O in

DMSO [28] and presumably this is also the case in

CH3CN. Several electrochemical processes in which,

besides being the solvent, it plays also the role of proton

source have been reported [13,29,30].
4. Conclusions

The electrochemical reduction of 2-amino-5-halo-

pyridines in the presence of CO2 is an interesting method

for the synthesis of 6-aminonicotinic acid. We have

shown that in CH3CN andDMF reduction of the halides

at the commonly used electrodes such as GC, Hg and Pt

requires very negative potentials (<)2.4 V vs. SCE),
which are only slightly more positive than that of CO2.

The unavoidable concomitant reduction of CO2 under

the electrosynthesis conditions makes the process at these

electrodes less attractive. We found that silver has a re-

markable electrocatalytic effect on the reduction of 2-

ABP. The Ep of 2-ABP at Ag is 0.71–0.83 Vmore positive

than that of CO2 at the same electrode, which makes

possible the selective reduction and, hence, carboxylation
of the compound in CO2-saturated solvents. The process

in both solvents consumes ca. 2 e�/molecule of 2-ABPand

gives 6-ANA and 2-aminopyridine as principal reduction

products. However, good results in terms of acid yield are

obtained only in DMF (48–82%); the process in CH3CN

leads mainly to 2-aminopyridine, protonation of the
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intermediate carbanion, probably by the residual water or
the solvent itself, outrunning the carboxylation reaction.
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