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bstract

The oxidation of a neuroleptic drug gabapentin (GP) by a new oxidant diperiodatocuprate(III) (DPC) has been studied in an aqueous alkaline
edium. A minute amount (10−7 mol dm−3) of ruthenium(III) is sufficient to catalyse the reaction. The reaction is first order in [DPC] in the
resence of ruthenium(III). The order in [GP] is less than unity, whereas that in [Ru(III)] is unity. Increase in [OH−] accelerates the reaction
ate. A plausible mechanism involving the active species of oxidant and catalyst is proposed. The reaction constants in the mechanism have been
valuated.

2006 Elsevier B.V. All rights reserved.

inetic

o
o

e
T
t
a
y
5
c
o
p
o
s

2

eywords: Gabapentin; Diperiodatocuprate(III); Ruthenium(III); Oxidation; K

. Introduction

The periodate and tellurate complexes of copper in its triva-
ent state have been extensively used in the analysis of several
rganic compounds. Diperiodatocuprate(III) (DPC) is a versa-
ile one electron oxidant for various organic compounds in the
lkaline media and it is used in the estimation of amino acids
1]. Movius reported [2] the reactivity of some alcohols with
iperiodatocuprate(III). It is shown that copper(III) is an inter-
ediate in the copper(II) catalysed oxidation of amino acids by

eroxydisulphate [3]. Use of diperiodatocuprate(III) as an oxi-
ant in an alkaline medium is new and restricted to a few cases
ue to its limited solubility and stability in aqueous medium [4].
oreover, when copper(III) periodate complex is an oxidant, it

eeds to be made clear which of the species is the active oxidant;
ultiple equilibria between the different copper(III) species are

nvolved.

Gabapentin (GP) is prescribed in combination with other

edicines for the prevention of seizure in people suffering from
eizure disorders. It is sometimes prescribed for the management

∗ Corresponding author. Tel.: +91 836 2215286; fax: +91 836 2747884.
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f neuralgia [5] (nerve pain). Its anticonvulsant mechanism of
xidation is not known.

Ruthenium(III) is known to be an efficient catalyst in sev-
ral redox reactions particularly in the alkaline medium [6].
he mechanism of catalysis can be quite complicated due to

he formation of different intermediate complexes, free radicals
nd different oxidation states of ruthenium. The rate of uncatal-
sed reaction under the identical conditions was found to be
.44 × 10−4 s−1. A minute amount of the ruthenium(III) is suffi-
ient to catalyse the reaction in the alkaline medium and a variety
f mechanisms are possible. In view of the various mechanistic
ossibilities and in order to identify the active species of diperi-
datocuprate(III) and ruthenium(III), the title reaction has been
tudied.

. Experimental

.1. Materials

Reagent grade chemicals and double distilled water were

sed throughout. The diperiodatocuprate(III) was prepared by
he known method [7]. The diperiodatocuprate(III) complex was
haracterised by a UV–vis spectrum, which showed a broad
bsorption band at 415 nm. The aqueous solution of diperioda-
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ocuprate(III) was standardised by the known method [7]. The
tock solution of gabapentin was prepared by dissolving the
ppropriate amount of gabapentin in water. The ruthenium(III)
olution was made by dissolving the ruthenium chloride (S.d.-
ne chemicals) in 0.20 mol dm−3 hydrochloric acid and its con-
entration was ascertained by EDTA titration [8]. The copper(II)
olution was made by dissolving the copper sulphate (BDH)
n water. Periodate solution was prepared by weighing out the
equired amount of potassium periodate in hot water and kept
or 24 h. Its concentration was determined iodometrically [9] at
he neutral pH. Since the periodate is present in excess in diperi-
datocuprate(III), the possibility of oxidation of gabapentin by
eriodate in the alkaline medium was checked. It was found that
o significant reaction was observed under the experimental con-
itions. Sodium hydroxide and sodium perchlorate were used to
aintain alkalinity and ionic strength, respectively, in reaction

olutions. Fresh solutions were used for each kinetic run.

.2. Kinetics

The oxidation of gabapentin by diperiodatocuprate(III)
as followed under pseudo-first order conditions, where

he gabapentin concentration was excess over diperioda-
ocuprate(III) concentration at 25 ± 0.1 ◦C unless otherwise
tated. The reaction was initiated by mixing the required quan-
ities of previously thermostatted solutions of gabapentin and
iperiodatocuprate(III), which also contained definite quanti-
ies of sodium hydroxide and sodium perchlorate to maintain
he required alkalinity and ionic strength. The total alkalin-
ty was calculated by considering the sodium hydroxide in
iperiodatocuprate(III) as well as sodium hydroxide added.
imilarly, the total periodate concentration was calculated by
onsidering the periodate present in diperiodatocuprate(III)
olution as well as periodate added. The progress of the
eaction was followed by measuring the absorbance of unre-
cted diperiodatocuprate(III) in the mixture at 415 nm in

1 cm cell placed in the thermostatted compartment of a
arian Cary-50 Bio UV–vis spectrophotometer. Beer’s law
as verified between 1.0 × 10−5 and 1.6 × 10−4 mol dm−3

f diperiodatocuprate(III) at 415 nm under the reaction con-
itions (ε = 6213 ± 250 dm3 mol−1 cm−1). The rate constants,
obs, were calculated from the plots of log(absorbance) versus
ime. The plots were linear over 75% completion of the reaction
nd the rate constants were reproducible within ±5%.

In view of the modest concentration of alkali used, attention
as paid on the effect of the reaction vessel on the kinetics. Use
f polythene/acryclic equipment and quartz or polyacrylate cells

ave the same results, indicating that the surface did not play any
ignificant role in the kinetic studies.

The effect of dissolved oxygen on the reaction mixture was
tudied by preparing the reaction mixture and following the reac-
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ion in an atmosphere of nitrogen. No significant differences
etween the results were observed. In view of ubiquitous con-
amination of carbonate in basic solutions, the effect of carbonate
n the reaction was studied. Added carbonate showed no effect
n the reaction rate. However, fresh solutions were always used
hile the experiment was performed.

. Results and discussion

.1. Stoichiometry and product analysis

The reaction mixtures containing an excess diperioda-
ocuprate(III) concentration over gabapentin at constant
lkalinity, ruthenium(III) concentration and ionic strength
ere kept for 3 h in an inert atmosphere at 25 ◦C and then

nalysed. The remaining diperiodatocuprate(III) was assayed
pectrophotometrically. The results indicate that 2 mol of diperi-
datocuprate(III) consumed by 1 mol of gabapentin.

(1)

The products were eluted with solvent ether and the organic
roduct was submitted to spot tests. The main reaction prod-
ct was identified as the 1-(hydroxymethyl)cyclohexane acetic
cid by spot test [10] for free carboxyl and –OH groups.
he product was also confirmed by IR and 1H NMR spec-

ra [11]. The IR spectra of gabapentin shows that it exists
s zwitter ion indicating the absence of –NH2 and –COOH
roups; there is no absorption in the usual –NH stretching,
.e., 3500–3300 cm−1 but instead the bands are observed in
he region of 2800–3100 cm−1, the band due to NH3

+ stretch-
ng and also there is one characteristic band at 1541 cm−1 as
ssignable to NH3

+ deformation vibration. In addition to this
here is one more band at 1607 cm−1 which is assignable to ionic
arboxyl absorption. At 1485 cm−1 a band appeared which is
ssignable to NH3

+ deformation vibration (second band). In the
roduct, 1-(hydroxymethyl)cyclohexane acetic acid, the pres-
nce of absorption band at 1681 cm−1 indicates the free –COO−
roup which was absent in gabapentin (due to zwitter ion) and
here is a broad valley in the region 3098–3500 cm−1 indicating
he presence of –OH group as well as carboxylic –OH group.
here is C–O stretching frequency of alcoholic –OH group

hydroxy methyl group) at 1066 cm−1 indicating the forma-
ion of –CH2–OH group, which was absent in gabapentin, and
OH deformation bands occur at 1329–1320 cm−1. The prod-
ct was also confirmed by 1H NMR spectra. From the spectra of
abapentin, it is observed that the two –CH2 peaks appeared
t 2.244 and 2.819 δ ppm, respectively. The cyclohexyl pro-
on appeared in the region of 1.185–1.310 δ ppm and as earlier
uggested –NH2 and –COOH peaks are not observed because
f the zwitter ion form. In 1-(hydroxymethyl)cyclohexane
cetic acid, the cyclohexyl protons appeared in the region

f 1.27–1.65 δ ppm, and two –CH2 bands appeared at down
eld to cyclohexyl protons, i.e., 2.19–3.16 δ ppm, respectively.
nother peak appeared at 4.6 δ ppm due to the hydroxymethyl
roup. The product copper(II) was characterized by the UV–vis
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Table 1
Effect of variation of diperiodatocuprate(III), gabapentin, ruthenium(III) and alkali concentrations on the ruthenium(III) catalysed oxidation of gabapentin by
diperiodatocuprate(III) in an aqueous alkaline medium at I = 0.50 mol dm−3 and at 25 ◦C

[DPC] × 104

(mol dm−3)
[GP] × 103

(mol dm−3)
[Ru(III)] × 107

(mol dm−3)
[OH−] × 102

(mol dm−3)
[IO4

−] × 105

(mol dm−3)
kobs × 103 s−1

Expt. Calc.

0.1 1.0 2.0 5.0 1.0 2.81 2.80
0.3 1.0 2.0 5.0 1.0 2.79 2.80
0.5 1.0 2.0 5.0 1.0 2.87 2.80
0.7 1.0 2.0 5.0 1.0 2.92 2.80
1.0 1.0 2.0 5.0 1.0 2.84 2.80
1.0 0.5 2.0 5.0 1.0 1.51 1.45
1.0 1.0 2.0 5.0 1.0 2.84 2.80
1.0 2.0 2.0 5.0 1.0 5.32 5.28
1.0 3.0 2.0 5.0 1.0 7.36 7.47
1.0 5.0 2.0 5.0 1.0 11.4 11.2
1.0 1.0 0.5 5.0 1.0 0.70 0.70
1.0 1.0 1.0 5.0 1.0 1.42 1.40
1.0 1.0 2.0 5.0 1.0 2.84 2.80
1.0 1.0 3.0 5.0 1.0 4.35 4.21
1.0 1.0 5.0 5.0 1.0 7.30 7.01
1.0 1.0 2.0 1.0 1.0 0.73 6.70
1.0 1.0 2.0 2.0 1.0 1.35 1.29
1.0 1.0 2.0 5.0 1.0 2.84 2.80
1.0 1.0 2.0 8.0 1.0 3.85 3.99
1.0 1.0 2.0 10.0 1.0 4.50 4.66
1.0 1.0 2.0 5.0 0.5 2.91 2.80
1.0 1.0 2.0 5.0 1.0 2.84 2.80
1 5.0
1 5.0
1 5.0
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.0 1.0 2.0

pectra [12] and hydroxylamine was identified by the spot
est [10]. It was observed that the hydroxylamine and 1-
hydroxymethyl)cyclohexane acetic acid did not undergo further
xidation under the present kinetic conditions.

.2. Reaction order

The reaction orders with respect to gabapentin, ruthe-
ium(III), alkali and periodate were determined from the slopes
f log kobs versus log(concn.) plots by varying the concentra-
ions of reductant, alkali and periodate, in turn while the others
ere kept constant.
The diperiodatocuprate(III) concentrations were varied from

.0 × 10−5 to 1.0 × 10−4 mol dm−3 at constant concentrations
f gabapentin, ruthenium(III), alkali, periodate and at constant
onic strength of 0.50 mol dm−3. The parallel and linearity of the
lots of log[DPC] versus time indicates first order in diperioda-
ocuprate(III) concentration. This was also confirmed by varying
he concentration of diperiodatocuprate(III), which did not show
ny change in the pseudo-first order rate constants, kobs (Table 1).

The substrate gabapentin concentration was varied in the
ange 5.0 × 10−4 to 5.0 × 10−3 mol dm−3 with all other reactant
oncentrations and conditions kept constant The reaction order
as determined from the slopes of log kobs versus log(concn.)
lot. The order with respect to gabapentin concentration was

ound to be less than unity, ca. 0.78 (Table 1).

At constant oxidant, reductant and alkali concentrations
f 1.0 × 10−4, 1.0 × 10−3 and 0.05 mol dm−3, respectively,
nd at constant ionic strength of 0.50 mol dm−3, the ruthe-

t
c
c

2.0 2.89 2.80
3.0 2.80 2.80
5.0 2.79 2.80

ium(III) concentration was varied between 5.0 × 10−8 and
.0 × 10−7 mol dm−3. The order in the ruthenium(III) concen-
ration was found to be unity (Table 1).

The effect of alkali on the reaction was studied in the
ange of 0.01–0.1 mol dm−3, at constant diperiodatocuprate(III),
abapentin and ruthenium(III) concentrations and at a constant
onic strength of 0.50 mol dm−3 at 25 ◦C. The rate constants
rogressively increased with increase in the concentrations of
lkali. The order with respect to alkali concentration was found
o be less than unity, ca. 0.71 (Table 1).

The concentration of periodate was varied in the range of
.0 × 10−6 to 5.0 × 10−5 mol dm−3 with all other reactant con-
entration and conditions kept constant. It was found that the
dded periodate did not show any significant effect on the rate
f the reaction.

.3. Effect of added products

The externally added products such as 1-(hydroxymethyl)
yclohexane acetic acid, hydroxylamine and copper(II) sulphate
id not show any significant effect on the rate of the reaction.

.4. Effect of dielectric constant and ionic strength
The relative permittivity (D) effect was studied by varying
he t-butanol–water content in the reaction mixture with all other
onditions being maintained constant. With increase in the per-
entage of t-butanol, the rate of reaction also increased. There
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ig. 1. Effect of variation of dielectric constant (D) on the ruthenium(III)
atalysed oxidation of the gabapentin by diperiodatocuprate(III) in an aqueous
lkaline medium.

as no reaction of the solvent with the oxidant under the exper-
mental conditions used. The plot of log kobs versus 1/D was
inear with a positive slope (Fig. 1). The addition of NaClO4
o increase the ionic strength of the reaction, increased the rate
f reaction and the plot of log kobs versus I1/2 was linear with a
ositive slope (Fig. 2).

.5. Test for free radicals

To test for free radical, the reaction mixture containing

crylonitrile scavenger was kept in an inert atmosphere for
4 h. When the reaction mixture was diluted with methanol,
white precipitate was formed, indicating the intervention of

ree radicals in the reaction. The blank experiments of either

i
o
1
w

Scheme 1
ig. 2. Effect of variation of ionic strength (I) on the ruthenium(III) catalysed
xidation of the gabapentin by diperiodatocuprate(III) in an aqueous alkaline
edium.

iperiodatocuprate(III) or gabapentin alone with acrylonitrile
id not induce any polymerisation under similar reaction con-
itions. The decrease in the rate of reaction with addition of
crylonitrile also indicates free radical intervention.

.6. Effect of temperature

The rate of the reaction was measured at four different tem-
eratures with varying gabapentin concentrations with other
onditions kept constant. The rate was found to increase with

ncrease in temperature. The rate constants k of the slow step
f Scheme 1 were obtained from the intercepts of the plots of
/kobs versus 1/[GP] at four different temperatures. The data
ere subjected to least square analysis. The energy of activation

.
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Table 2a
Effect of variation of temperature with respect to slow step of Scheme 1 on the
ruthenium(III) catalysed oxidation of gabapentin by diperiodatocuprate(III) in
an aqueous alkaline medium

Temperature (K) 1/T × 103 (K−1) k × 10−5 (dm3 mol−1 s−1)

298 3.3560 2.2
303 3.3000 2.4
308 3.2470 2.6
313 3.1950 2.9
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DPC] = 1.0 × 10−4; [GP] = 1.0 × 10−3; [Ru(III)] = 2.0 × 10−7; [OH−] = 0.05;
IO4

−] = 1.0 × 10−5; I = 0.50 mol dm−3.

as evaluated from the plot of log k versus 1/T and other activa-
ion parameters of the reaction were calculated and are given in
ables 2a and 2b.

The water soluble Cu(III) periodate complex is reported [13]
o be [Cu(HIO6)2(OH)2]3−. However, in an aqueous alkaline

edium and at a high pH range as employed in the study, peri-
date is unlikely to exist as HIO6

4− (as present in the complex)
s is evident from its involvement in the following multiple
quilibria [14] (2)–(4) depending on the pH of the solution.

5IO6 � H4IO6
− + H+ K1 = 5.1 × 10−4 (2)

4IO6
− � H3IO6

2− + H+ K2 = 4.9 × 10−9 (3)

3IO6
2− � H2IO6

3− + H+ K3 = 2.5 × 10−12 (4)

Periodic acid exists as H5IO6 in an acid medium and as
4IO6

− at pH 7. Thus, under alkaline conditions, the main
pecies are expected to be H3IO6

2−and H2IO6
3−. At higher

oncentrations, periodate also tends to dimerise. Hence, at pH
mployed in this study, the soluble copper(III) periodate com-
lex exists as diperiodatocuprate(III), [Cu(OH)2(H3IO6)2]3− in
he aqueous alkaline medium, a conclusion also supported by
he literature [4].

It is known that gabapentin exists in the form of zwitter
on [12] in aqueous media. In the acidic medium, it exists in
he protonated form, whereas in basic media, it is fully in the
eprotonated form according to the following equilibria.
In alkaline media, ruthenium(III) is known to exist as hydrox-
lated species [15] ([Ru(OH)x(H2O)6−x](3−x) where x < 6). The
alue of ‘x’ would always be less than six because there are no

able 2b
ctivation parameters with respect to the slow step of Scheme 1

arameters Values

a (kJ mol−1) 13 ± 1
H (kJ mol−1) 11 ± 1
S (J K−1 mol−1) −258 ± 15
G# (kJ mol−1) 90 ± 6
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efinite reports of any hexahydroxy species of ruthenium. Under
resent experimental conditions [Ru(H2O)5OH]2+ is considered
s the probable active species of ruthenium(III).

The reaction between the gabapentin and diperioda-
ocuprate(III) complex in alkaline media has the stoichiometry
f 1:2 with first order dependence on the diperiodatocuprate(III)
nd ruthenium(III) concentrations and apparently less than first
rder dependence on the gabapentin and alkali concentrations.
n most of the reports [4] on diperiodatocuprate(III) oxida-
ion, periodate had retarding effect and order in the [OH−] was
ound to be less than unity and monoperiodatocuprate(III) is
onsidered to be the active species. However, in the present
inetic study, different observations have been obtained; i.e.,
eriodate has totally no effect on the rate of reaction. Accord-
ngly, the diperiodatocuprate(III) is considered to be the active
pecies. The observed less than unity order with respect to
ydroxyl ion concentration suggests that gabapentin reacts with
ydroxyl ion to liberate the deprotonated form of gabapentin,
hich in tern reacts with hydroxylated ruthenium(III) species

o form a complex (C). This complex (C) further reacts with
mol of diperiodatocuprate(III) species in a slow step to give
free radical of gabapentin, NH2

+, Cu(OH)2 with regenera-
ion of catalyst. Further this free radical reacts with another

ole of diperiodatocuprate(III) species in a fast step to give
he products, copper(II) ion in the form of Cu(OH)2, 1-
hydroxymethyl)cyclohexane acetic acid and periodate. In a
urther fast step, NH2

+ reacts with hydroxyl ion to give hydrox-
lamine. All these experimental results can be accommodated
n Scheme 1.

The probable structure of the complex (C) is

Spectral evidence for such a catalyst–substrate complex was
btained from the UV–vis spectra of both ruthenium(III) and
uthenium(III)–gabapentin mixtures, in which a bathochromic
hift of ruthenium(III) from 219 to 225 nm and hyperchromicity
as obtained at 225 nm. This is also evident from the plot of
/kobs versus 1/[GP], which shows straight line with non-zero
ntercept. Such type of catalyst–substrate complex formation
as also observed in other studies [16].
The rate constant, k of the slow step of Scheme 1 was obtained

y plotting [Ru(III)]/kobs versus 1/[GP] at 25, 30, 35 and 40 ◦C.
he observed modest enthalpy of activation, relatively low value
f the entropy of activation and higher rate constant for the slow
tep of the mechanism, indicate that the oxidation presumably
ccurs by an inner-sphere mechanism. This conclusion is sup-

orted by earlier work [17]. Since Scheme 1 is in accordance
ith generally well accepted principle of non-complementary
xidations taking place in a sequence of one electron steps, the
eaction between the substrate and oxidant would afford a radi-
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Fig. 3. Verification of rate law (5) in the form of (6).

al intermediate. A free radical scavenging experiment revealed
uch possibility as given in Experimental section. This type of
adical intermediate has been observed in amino acids [18].
rom Scheme 1, including the observed orders in gabapentin,
iperiodatocuprate(III), ruthenium(III), alkali and periodate the
ollowing rate law (5) can be obtained.

ate = −d[DPC]

dt
= kK4K5[DPC][GP][Ru(III)][OH−]

1 + K4[OH−] + K4K5[GP][OH−]
or

Rate

[DPC]
= kobs = kK4K5[GP][Ru(III)][OH−]

1 + K4[OH−] + K4K5[GP][OH−]
(5)

The rate law (5) may be rearranged to Eq. (6) which is suitable
or verification.

[Ru(III)]

kobs
= 1

kK4K5[GP][OH−]
+ 1

kK5[GP]
+ 1

k
(6)

According to Eq. (6), the plots of [Ru(III)]/kobs versus 1/[GP]
nd [Ru(III)]/kobs versus 1/[OH−] should be linear with non-zero
ntercept, which is found to be so (Fig. 3). The slopes and inter-
epts of such plots lead to the values of k, K4 and K5 at 25 ◦C
re (2.2 ± 0.2) × 105 dm3 mol−1 s−1, 3.5 ± 0.1 dm3 mol−1 and
4.50 ± 0.06) × 102 dm3 mol−1, respectively. Using these val-
es, rates under different experimental conditions were
alculated by Eq. (5) and found to agree well with experimen-
al values. The value of K4 is in good agreement with literature
alue [19]. The effect of ionic strength and dielectric constant
n the rate of reaction supports the proposed mechanism. The
ighly negative value of �S# indicates the intermediate complex
s more ordered than the reactants (Scheme 1).

.7. Catalytic activity and catalytic coefficient

It has been pointed out by Moelwyn-Hughes [20] that in

resence of the catalyst, the uncatalysed and catalysed reactions
roceeds simultaneously, so that

1 = k0 + KC[catalyst]x
[

atalysis A: Chemical 267 (2007) 65–71

ere k1 is the observed pesudo-first order rate constant in the
resence of Ru(III) catalyst, k0 the pseudo-first order rate con-
tant for the uncatalyzed reaction, KC the catalytic constant and
the order of the reaction with respect to [Ru(III)]. In the present

nvestigation, x value for the standard run was found to be unity.
he value of KC is calculated by using the equation

C = k1 − k0

[Ru(III)]x

The value of KC was evaluated as 1.15 × 104. The high value
f KC as compared with earlier work [21] shows the greater
fficiency of the catalyst in the present study.

The difference in the activation parameters for the catal-
sed and uncatalysed reactions explains the catalytic effect
n the reaction. The catalyst ruthenium(III) forms a complex
ith gabapentin, which shows more reducing property than
abapentin itself and hence the catalyst, Ru(III), lowers the
nergy of activation.

. Conclusion

The oxidation of gabapentin (GP) by diperiodatocuprate(III)
DPC) has been studied in an aqueous alkaline medium. A
inute amount (10−7 mol dm−3) of ruthenium(III) is suf-
cient to catalyse the reaction. Among the various species
f Cu(III) in the alkaline medium, diperiodatocuprate(III),
Cu(OH)2(H3IO6)(H2IO6)]4−, is considered to the active
pecies for the title reaction. Active species of Ru(III) is found
o be [Ru(H2O)5OH]2+. Activation parameters were evaluated
or both catalysed and uncatalysed reactions. The overall
equence is consistent with the product, and mechanistic and
inetic studies.
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