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Abstract

The kinetics of the ruthenium(lll) chloride (Ru(lll))-catalysed oxidation of fNdaeterocycles (S) viz. imidazole (I1zIH), benzimidazole
(BzIH), 2-hydroxybenzimidazole (2-HyBzIH), 2-aminobenzimidazole (2-AmBzIH) and 2-phenylbenzimidazole (2-PhBzIH) by $6¢dium-
chlorop-toluenesulfonamide (chloramine-T; CAT) in the presence of HCI has been studied at 313 K. The oxidation reaction follows the
identical kinetics for all the fivé&\-heterocycles and obeys the rate law, rat¢GAT], [S]; [H*]Y [Ru(ll)] %, wherex, y andzare less than unity.
Addition of p-toluenesulfonamide (PTS) retards the reaction rate. Variation of ionic strength of the medium and the addition of halide ions show
negligible effect on the rate of the reaction. The rate was found to increas®imi2dium and showed positive dielectric effect. The reaction
products are identified. The rates are measured at different temperatures for all substrates and the composite activation parameters have bee
computed from the Arrhenius plots. From enthalpy—entropy relationships and Exner correlations, the calculated isokinetic tergpefature (
392 K is much higher than the experimental temperature (313 K), indicating that, the rate has been under enthalpy control. Relative reactivity
of these substrates are in the order: 2-HyBzIH > 2-AmBzIH > BzIH > I1zIH > 2-PhBzIH. This trend may be attributed to resonance and inductive
effects. Further, the kinetics of Ru(lll)-catalysed oxidation of thdd®eterocycles have been compared with uncatalysed reactions (in the
absence of Ru(lll) catalyst) and found that the catalysed reactions are 16—20 times faster. The catalytic Kghstasta|so calculated for
each substrate at different temperatures. From the plots #fdagrsus 1T, values of activation parameters with respect to the catalyst have
been evaluated. #0*Cl has been postulated as the reactive oxidizing species. The reaction mechanism and the derived rate law are consistent
with the observed experimental results.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ological functiong2,3]. A large number of benzimidazoles
are known to possess trypanosomicidal and spirocheticidal
TheN-heterocycles are of considerable importance as theyaction and are effective against diseases caused by protozoa
are present in several living systems. Imidazole is an azopy-[4]. A number of benzimidazoles have been reported to be
rrole and its nucleus is found in a number of naturally oc- used as local anaesthetigy and are also used in textile
curring compounds such as histidine, histamine, pilocarpine, industries/4]. Benzimidazole and its derivatives form a va-
allantoin, etc[1]. Benzimidazole occurs in VitaminiB as riety of metal complexe§b,6] and also they serve as good
its 5,6-dimethyl derivative. Benzimidazole and its derivatives inhibitors for the corrosion of large number of metals in dif-
have been extensively studied in various fields. Benzimida- ferent medid7,8].

zole and a number of its derivatives perform a variety of bi-  Oxidation of benzimidazoles to imidazole carboxylic
acids brought about by various oxidizing agents under dif-
* Corresponding author. Tel.: +91 80 22245566x533: ferent sets of conditions, have been reported in the literature
fax: +91 80 22245566x528. [9]. But there seems to be no report on the oxidation ki-
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netics of benzimidazoles using any oxidant. Aromatic 2.1. Effect of varying reactant concentrations on the rate

halosulfonamides are mild oxidants containing a strongly

polarizedN-halogen, with +1 oxidation state. They behave The reaction carried out in the presence of Ru(lll)

both as electrophiles and nucleophiles depending on the recatalyst and HCI, under pseudo first-order conditions of

action conditions. Chloramine-T (CAT) is prominent chlo- [substrate] > [CAT]o gave linear plots of log[CAT] versus

rine derivative of this class of organic haloamines and is well time (r =0.9960). The linearity of these plots, together with

known as an analytical reagent. Mechanistic aspects of manythe constancy of the slopes obtained at various [GARHi-

of its reactions have been repor{d®,11] cate a first-order dependence of the reaction rate on [ECAT]
In view of varied nature oN-halomines and extensive The pseudo first-order rate constark$ ¢btained are listed

biological and industrial importance of benzimidazoles, it in Table 1 Under the similar experimental conditions, an

was felt important and interesting to investigate the oxidative increase in [substratg]increased th&' values Table J.

behaviour of CAT towards imidazole and benzimidazoles. Plots of logk’ versus log[substratgjvere linear { >0.9970)

The reactions of imidazole and benzimidazoles with CAT in with fractional slopes (0.35-0.59), showing a fractional-order

the presence of HCI medium without a catalyst were found dependence of rate on [substratefurther, plots ok’ ver-

to be sluggish, but the reactions were found to be facile in sus [substratgjwere linear{ > 0.9902) having &-intercept,

the presence of Ru(lll) chloride catalyst. Therefore, in the confirming the fractional-order dependence on [subsyate]

present communication, we report the results of the inves-

tigation on the mechanistic and kinetic aspects of oxida- 2 2 Effect of varying HCI and Ru(lll) concentrations on

tion of imidazole, benzimidazole, 2-hydroxybenzimidazole, ine rate

2-aminobenzimidazole and 2-phenylbenzimidazole by CAT

in the presence of HCl and Ru(lll) catalyst at 313K. The  The rate increased with increase in [HCTgple 3 and

objectives of the present investigation are to: (i) elucidate piots of logk’ versus log[HCI] were linear & 0.9956) with

a suitable mechanism, (ii) put forward an appropriate rate fractional slopes (0.26-0.73), showing a fractional-order

law, (iii) ascertain the reactive species, (iv) assess the relativegependence of the rate on [HCI]. The reaction rate in-

reactivities of the substrates, (v) establish the isokinetic re- creased with increase in [Ru(ll)fable 3. Plots of logk’

lationships using thermodynamic parameters evaluated, (Vi)yersus log[Ru(lll)] were linearr0.9972) with fractional

find the catalytic efficiency and (vii) compare the reactivity gjopes (0.67-0.72), confirming fractional-order dependence
with uncatalysed oxidation. on [Ru(lIN].

2.3. Effect of varying H and halide ion concentrations
on the rate
2. Results and discussion
At constant [H]=0.01 mol dnt3 maintained with HCI,
The kinetics of oxidation of imidazole (IzIH), benzi- the addition of NaCl (2.& 102 to 8.0x 10~2mol dm3)
midazole (BzlH), 2-hydroxybenzimidazole (2-HyBzIH), did not affect the rate of the reaction. Hence the depen-
2-aminobenzimidazole (2-AmBzIH) and 2-phenylbenzi- dence of rate on [HCI] confirms the effect of THonly.
midazole (2-PhBzIH) by CAT have been investigated at sev- Similarly, addition of Br ions as of NaBr (1.& 1073 to
eral initial concentrations of the reactants in the presence of5.0x 10~3mol dm3) had no effect on the rate. These re-

HCI and Ru(lll) chloride catalyst at 313 K. sults indicate that the halide ions play no role in the reaction.
Table 1
Effect of varying reactant concentrations on the reaction rate at 313K
10*[CAT]o (mol dm3) 10%[S]p (mol dmi3) 10% (571
1zIH BzIH 2-HyBzIH 2-AmBzIH 2-PhBzIH
1.0 2.0 5.14 6.04 15 8.62 4.79
2.0 2.0 5.04 6.14 19 8.60 4.82
4.0 2.0 5.16 6.10 19 8.61 4.83
5.0 2.0 5.20 6.06 15 8.63 4.80
6.0 2.0 5.15 6.11 19 8.62 4.84
2.0 1.0 4.02 4.27 33 688 3.60
2.0 15 4.60 5.20 16 7.60 4.30
2.0 2.0 5.04 6.14 19 8.60 4.82
2.0 3.0 5.90 7.88 13 102 5.95
2.0 4.0 6.60 9.32 18 110 7.06

[HCI=1.0 x 10~2 mol dm3; [RuCls] = 1.0 x 10~4 mol dmi3.
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Table 2
Effect of varying HCI and Ru(lll) concentrations on the reaction rate at 313 K
10A[HCI] (mol dm~3) 10*[RuCls] (mol dm~3) 10% (s7h)

IzIH BzIH 2-HyBzIH 2-AmBzIH 2-PhBzIH

0.5 1.0 3.57 B7 806 640 3.70
1.0 1.0 5.04 64 119 8.60 4.82
2.0 1.0 6.88 815 180 123 6.90
3.0 1.0 7.45 1a 210 148 8.00
4.0 1.0 9.40 16 243 174 9.10
1.0 0.5 3.25 B85 758 565 291
1.0 0.8 4.50 50 102 7.60 4.00
1.0 1.0 5.04 64 119 8.60 4.82
1.0 15 7.10 nP5 158 115 6.35
1.0 2.0 8.75 1M 191 144 8.05

[CAT]0=2.0x 10~* mol dm3; [S]p=2.0x 10~3 mol dm 3.
2.4. Effect of varying concentration of
p-toluenesulfonamide (PTS) on the rate

Addition of PTS to the reaction mixture retards the
rate. Plots of lod( versus log[PTS] were linear  0.9898)

with negative fractional slopes (0.28-0.40; values are not

reported), indicating the involvement of PTS in a pre-
equilibrium step prior to the rate determining step (r.d.s.).

2.5. Effect of varying ionic strength of the medium on
the rate

The effect of ionic strength of the medium on the rate
was carried from 0.1 to 0.5 mol dm using NaClQ solu-
tion with other constant experimental conditions. The ionic

strength showed negligible effect on the reaction rate indicat-

ing involvement of a non-ionic species in the rate determining

gible oxidation under the experimental conditions employed.
Values of dielectric constant of methanol-water mixture re-
ported in the literaturgl2] were employed.

2.7. Effect of varying temperature on the rate

The reaction was studied at different temperatures
(303—-323K), keeping other experimental conditions con-
stant. From the linear Arrhenius plots of Ikgversus 1T
(r>0.9965), values of activation parameteig, (AH7, AS*
and AG¥) for the composite reaction were evaluated. These
data are given ifable 4

2.8. Effect of solvent isotope on the rate

Studies of the reaction rate inoD medium for im-
idazole, benzimidazole and 2-hydroxybenzimidazole re-

step. Subsequently the ionic strength of the reaction mixture vealed that whilek'(H20) =5.04x 104, 6.14x 10~4, and

was not fixed.

2.6. Effect of varying dielectric constant of the medium
on the rate

The dielectric constanf)) of the medium was varied us-
ing methanol (0—30%, v/v) in the reaction mixture. The rate
increases with increase in methanol contéiat{e 3. Plots
of logk’ versus 1D were linear (>0.9976) with positive
slopes. Blank experiments run with methanol indicated negli-

Table 3
Effect of varying dielectric constant of the medium on the reaction rate at
313K

MeOH (%, viv) 18K (s71)
1zIH BzIH 2-HyBzIH 2-AmBzIH 2-PhBzIH
0 504 614 119 860 482
5 119 141 153 155 104
10 159 175 204 202 142
30 281 326 36.2 333 266

[CAT]p=2.0x 10~* mol dmi3; [Slo=2.0x 103 moldn3;
[HCI=1.0 x 10~2 mol dmi~3; [RuCls] = 1.0 x 10~* mol dmi3.

11.9x 1074s1 and K(D20)=5.90x 104, 7.75x 1074,
and 14.6x 10~4s~1, respectively. The solvent isotope ef-
fect K'(H2,0)/K (D,0)=0.85, 0.79 and 0.82 for these three
substrates.

2.9. Test for free radicals

The addition of the reaction mixture to an aqueous acry-
lamide monomer solution did not initiate polymerization in-
dicating the absence of formation of free radical species in
situ in the reaction sequence. The controlled experiments
were also performed under the same reaction conditions but
without CAT.

Chloramine-T acts as a mild oxidant in both acidic and
alkaline media. In general, CAT undergoes a two-electron
change in its reactions forming the reduction products, PTS
(p-CH3CgH4SO:NH>) and sodium chloride. The oxidation
potential of CAT-PTS redox couple varigk3] with pH of
the medium (1.139V at pH 0.65, 0.778V at pH 7.0 and
0.614V at pH 9.7). Aqueous solution of CAT behaves as
a strong electrolyte and depending on the pH, CAT furnishes
different types of reactive specifs3—15] The possible ox-
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Table 4
Temperature dependence and values of composite activation parameters for the oxidedhenesbcycles by CAT in presence and absence of Ru(lll) catalyst
Temperature (K) 1K (s

1zIH BzIH 2-HyBzIH 2-AmBzIH 2-PhBzIH
303 253 (0.109 3.45(0.13) 635 (0.23) 500 (0.17) 2.50 (0.07)
308 398 (0.18) 473 (0.21) 912 (0.45) 675 (0.32) 3.45(0.13)
313 504 (0.28) 614 (0.37) 119 (0.68) 860 (0.49) 4.82(0.24)
318 758 (0.57) 891 (0.64) 162 (1.13) 116 (0.81) 6.92 (0.41)
323 101 (0.84) 120 (1.00) 221 (1.46) 154 (1.21) 9.50 (0.75)
Ea (kJmot1) 54.4 (100) 53.6 (95.8) 45.2 (77.2) 48.3(88.3) 58.7 (105)

AH# (Jmoll)  51.8+0.2(97.9+0.1) 50.9t 0.1(93.2+0.2) 42.6: 0.2 (74.5+0.1) 45.7 0.1(85.7+0.3)  56.1 0.2 (102+0.2)
AG* (kJmoll) 965+ 0.4 (104+0.6) 959t 0.7 (103+0.4) 943t 0.5(102+0.5)  95.1 0.9 (103+0.5)  96.20.8 (105+0.5)
AS* (JK-TmolY) —142+ 0.2 (-19.6+0.5)—144 £ 0.4 (—-32.7+0.6) —165+ 0.8 (~87.2+0.9) —158 & 0.9 (~54.2+0.6) —130+0.4 (—8.36+0.9)

Values in parentheses refer to the reaction in absence of Ru(lll) catalyst.
a [CAT]o=2.0x 10~* mol dn3; [S]o = 2.0x 10~3 mol dm3; [HCI] = 1.0 x 10~2 mol dnm3; [RuCls] = 1.0 x 10~* mol dn3.
b Experimental condition is same as above without Ru(lll) catalyst.

idizing species in acidified CAT solutions are dichloramine- K . N
T (TsNCh), the conjugate free acid (TSNHCI), HOCl and ~ TsNH¢ + 0 Tl = R et
H,O*Cl. If TsNCI, were to be the reactive species, then the ) i Ky

+ n H.0'C] - X (iii) fast

rate law predicts the second-order dependence on [§AT]

which is not in agreement with experimental observations, Ks

since a first-order with respect to [CAWvas noted. If HOCI X i"m” - e

act as a reactive oxidant species, a first-order retardation of x ——= Products (iv) slow and r.d.s
rate on added PTS (TsNHwas expected. However, there

was no such effect is seen, since a negative fractional order Scheme 1.

with respect to PTS was observed. The rate increased with ] )

increase in [H] but gets retarded by the added PTS. tures are shown ischemes 2-4where a detailed mech-

Although Cady and Connick.6], and Connick and Fine anistic interpretation of the Ru(lll) catalysed selectéd
[17] have shown from absorption spectral studies in aqueousheterocycles—CAT reaction in acid medium is illustrated.
media that octahedral complexes such as [Blﬂﬂle)]Z_, Assuming a total effective concentration of CAT,
[RUCI4-(H20)2]~, [RuCl-(H20)3], [RUCly-(H20)4]* and [CAT]¢=[TSNHCI]+ [HO*CI]+[X]+[X '], the following
[RUCI-(H,0)s]2* do not exist for RuG, other§18—20]have  rate law can be derived:

shown thatin acid solutions the following equilibria exists for d[CAT]

Ru(lll): rate=——4

RUCk-xH20 + 3HCI — [RuClg]®~ +xH20 + 3HT, _ K1K2K3kq[CAT],[S][H3O J[Ru(lll)] @
[RUCIg]®~ + H20 = [RuCls-(H20)]%~ + CI~ 1) [TSNH;] + K1[H30™] + K1K5[S][H30"]

Singh et al.[21,22] used the above equilibrium in the (1+ Ks[Ru(lll])
Ru(lll) chloride catalysed oxidation of primary alcohols by = Since rate % [CAT]:, Eq. (2) can be transformed into Egs.
chloramine-T and of glycols biN-bromoacetamide in acid  (3)—(5)

medium. In the present study, however, the absence of the ef-

fect of chloride ion on the rate indicates that equilibrium (1) ., _ K1K2K3kq[H3OT[Ru(llN)]

has no role in the reaction, hence, [Re@H,0)]>~ complex ~ [TsNHy] + K1[H30"] + K1K5[S][H30"] ®)
ion, has been assumed to be the reactive catalysing species. {1+ K3[Ru(llN]}
Similar results were observed in Ru(lll)-catalysed oxidation
of chloroacetic acidg3], ethanol$24] and aliphatic primary
amineg[25] by bromamine-T. 1_ [TsNH;] I 1
Based on the preceding discussion, a detailed mechanistick’  K1K2K3ka[H3OV][Ru(lll)] ~ K2K3ka[S][Ru(lll)]
interpretation $cheme Xfor the Ru(lll) catalysed imidazole 1 1
and benzimidazoles - CAT reaction in acid medium has been + KadalRU(IN + = (4)
. o 3ka[RU(ID] kg4
proposed to substantiate the observed kinetics:
Here n=3 for imidazole, 2 for benzimidazole and 1
for 2-hydroxybenzimidazole, 2-aminobenzimidazole and 2- 1 1 [TsNH;] 1 1 1
phenylbenzimidazole. IScheme 1S, X and X represents k' Kazka[Ru(lll)] {Kle[s][H3o+] K>[S] + }+ ka

the substrate and complex intermediate species whose struc- (5)
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i N oo N«
—H,0
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Scheme 2. Oxidation of imidazole.

Based on Eq.(5), plots of 1K versus 1/[Ru(lll)] at 2.10. Effect of solvent isotope

constant [S], [H] and temperature, were found to

be linear ¢>0.9916) for each substrate. Decomposi- The solvent isotope effect observed corroborates the pro-

tion constant K;) was calculated for each substrate posed mechanism and the derived rate expression. For a re-

from the intercepts of the above plots for the standard action involving a fast equilibrium Hor OH™ ion trans-

run with [CAT]o=2.0x 10~4moldm3; [S]p=2.0x 103 fer, the rate increases inoD since BO* and OD™ which

mol dm~3; [HCI] = 1.0 x 102 mol dnr3at313K. Valuesof  are stronger acid and stronger bas@£3 times greater), re-

ks found were 18ks s~1: 2.00 (IzIH), 2.50 (BzIH), 4.00 (2-  spectively, than HO* and OH" ions[26,27] The increase

HyBzIH), 3.33 (2-AmBzIH) and 1.25 (2-PhBzIH). of reaction rate with PO observed in the present studies and
Rate law (2) is in agreement with the observed kinetic the solvent isotope effect which k§{H20)/k'(D20) <1 con-

data. The proposed scheme and the derived rate law are alsform to the above theory. The small magnitude of the effect

supported by the experimental observations discussed belowcan be attributed to the fractional order dependence &h [H
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Scheme 3. Oxidation of benzimidazole.

2.11. Effect of solvent composition

The effect of solvent on the reaction kinetics has been
described in detail by Laidler and Eyring®8] and Emis
[29]. For limiting case of zero angle of approach between
two dipoles or an ion-dipole system, Enj29] has shown
that a plot of logk’ versus 1D gives a straight line, with

2.12. Activation parameters in presence of Ru(lll)

It is seen from theTable 4 that the rate of oxida-
tion of N-heterocycles by CAT in presence of HCl and
Ru(lll) catalyst increased in the order: 2-HyBzlH>2-
AmBzIH >BzIH > IzIH > 2-PhBzIH. The reactivity of benz-
imidazole is faster compared to imidazole mainly because of

a positive slope for a reaction involving a positive ion and resonance structure. In benzimidazole, more number of res-
a dipole and a negative slope for a negative ion—dipole or onance structures are possible due to phenyl ring, whereas
dipole—dipole interactions. In the present investigations, a in case of imidazole possible number of resonance structures
plot of logk’ versus 1D was linear with a positive slope. are less due to the absence of the phenyl ring. Further, 2-
This observation indicates the ion-dipole nature of the rate- hydroxybenzimidazole is found to react fast in the present
determining step in the reaction sequence and also points testudy because of the presence of electron donatidg
extending of charge in the transition state. group. The higher reactivity of 2-hydroxybenzimidazole in
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®
TsNH, + H0Cl

®
0] TsNHCI + H0

N 0 )

. ® = Cl

(ii) @@Cl_OHz ©;®><b/—> ©i/@\>YR
N N R \N oY
& ! | OH,

—H,0 —cr
H

\
x M
N R —H,0
ves -~ 2 N R
(iii) \@>< + [RuCl(H,0)] 2 [ = O RuCL ] -2
N OH =9 | ’
| +H,0 N g
b - I
) .
(x"
. _N_ R ) Hydrolysis NH,
(lV) [ \®>L(Ij ..... RUC15 ] —_— B
_ -2
E H [RuCl4(H,0)] NH,

Here R =OH for 2-HyBzIH, NH, for 2-AmBzIH and Ph for 2-PhBzIH.The other oxidation products are:
CO, in case of 2-HyBzIH, CO, and NHj in case of 2-AmBzIH and PhCOOH in case of 2-PhBzIH.

Scheme 4. Oxidation of 2-hydroxybenzimidazole, 2-aminobenzimidazole and 2-phenylbenzimdiazole.

comparison with 2-aminobenzimidazole can be attributed 2.13. Activation parameters in absence of Ru(lll)

due to the differences in the electron donating effect©@f

and—NH; groups. Furthermore, 2-phenylbenzimidazole is It was thought necessary to compare the reactivity of five

least reactive in the present series because electron densitiN-heterocycles by oxidizing them with CAT in the absence of

on nitrogen decreases due to the negative inductive effect ofRu(lll) catalyst under identical experimental conditions. The

the phenyl group present in position 2. reactions were studied at different temperatures (303—-323 K)
The activation energy value is highest for the slowest reac-

tionand vice versa as expectdable § indicating thatthere-  Table5

action is enthalpy controlled. The isokinetic temperature was Values of catalytic conste_mK(:) at different temperatures and activation

calculated by plotting\H# versusAS# (r =0.9995) and also ~ Parameters calculated usiig values

through the Exner criteriof80] by plotting log k{3, 5 versus ~ Temperature (K) - 1&c

log kE303 K) (r =0.9919) and were found to be 392 K. The cal- IzZH BzIH 2-HyBzlH 2-AmBzlH 2-PhBzIH
culateds value from both the plots are much higher than the 303 1.84 210 40 231 1.15
temperature range (303—323 K) studied in the present work308 250 286 48 3.05 1.60
shows that the reaction is enthalpy controlled. In the litera- 313 3.57 365 @5 3.90 2.20
e . ; . 318 500 530 %6 5.76 3.11

ture it is substantiated that for a large number of reactions in

) T . 323 675 7.00 1B 7.20 4.20
which gis higher than the experimental tempera{@e-33]
the reactions are enthalpy-controlled. The proposed mecha<, (kymor?) 47.2 427 343 398 504
nism is also supported by the moderate values of energy of ;= (kmol-1) 451 201 317 352 278
activation and other activation parameters. The high positive AG# (kJmol?) 79.6 795 783 793 799
values ofAG* and AH7 indicate that the transition state is AS* JK-1mol"l) —110 -126 -148 —135 —103
highly solvated. The large negative values/® reflect a [CAT]o=2.0x 10~4 mol dm3; [Slo=2.0x 10~3 mol dm3;

more ordered, rigid transition state for each substrate. [HCI]=1.0 x 102 mol dm 3.
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and from the plot of lod versus 1T (r>0.9920), activa-  of oxidation of N-heterocycles was found to be in the or-
tion parameters for the uncatalysed reactions were calculatedder: 2-HyBzIH > 2-AmBzIH > BzIH > IzIH > 2-PhBzIH. The
The rate of oxidation oN-heterocycles in the absence of order has been explained on the basis of resonance and in-
Ru(lll) catalyst was found to be in the order: 2-HyBzIH >2- ductive effects. Kinetic behaviour of all the substrates is
AmBzIH>BzIH > IzIH > 2-PhBzIH. A similar trend results  similar. Oxidation products were identified. Activation pa-
in the presence of Ru(lll) catalyst also. However, the Ru(lll) rameters were evaluated for both catalysed and uncatal-
catalysed reactions were found to be 16-20 times faster tharysed reactions. Catalytic constants and the activation pa-
the uncatalysed reactions. This was also confirmed by the cal-ameters with reference to catalyst were also computed.
culated activation parameterEaple 4. Thus, the observed  Ru(lll)-catalysed reactions were found to proceed 16-20
rates of oxidation obtained in the presence of Ru(lll) jus- times faster than the uncatalysed reactions. In conclusion,
tify the use of a catalyst for a facile oxidation of the cho- it can be said that Ru(lll) is an efficient catalyst in the
sen substrates by CAT. Further the results also suggest thaoxidation of the selectedN-heterocycles by CAT in acid
Ru(lll) is an efficient catalyst in effecting the oxidation of medium.
N-heterocycles by CAT in acid medium.

The activation parameters evaluated for the catalysed and
uncatalysed reactions explains the catalytic effect on the re-4. Experimental
action. The catalyst Ru(lll) forms the complex’[Xwvith
substrate—oxidant complex (X), which enhances the reducing4.1. Materials
property of the substrate than that without Ru(lll). Further,
the catalyst Ru(lll) modifies the reaction path by lowering Chloramine-T (Merck) was purified by the method of

the energy of activation. Morris et al.[35]. An agueous solution of CAT was pre-
pared, standardized iodometrically and stored in amber-
2.14. Catalytic activity colored, stoppered bottles until further use. The concentra-

tion of stock solutions was periodically determined. Imida-

It has been pointed out by Moelwyn-Hughgg] that in zole and benzimidazoles (SD Fine Chem. Ltd., India), 2-
presence of the catalyst, the uncatalysed and catalysed reac@minobenzimidazole and 2-phenylbenzimidazole (Lancaster,

tions proceed simultaneously, so that UK) 2-hydroxybenzimidazole (Fluka, Switzerland) were of
acceptable grades of purity and were used as received. Aque-
k1 = ko + Kc[catalyst} (6) ous solutions of the compounds are employed. A solution of

) ] ) RuCk (Merck) in 0.5 mol dnt3 HCI was used as the cata-
Herek; is the observed pseudo first-order rate constant in thelyst. Allowance was made for the amount of HCI present in

presence of Ru(lll) catalysig the pseudo first-orderrate con- - c41a1yst solution, while preparing solution for kinetic runs.
stant for the uncatalysed reactidf the catalytic constant  ggjyent isotope studies were made iR (99.4%) sup-

andx the order of the reaction with respect to [Ru(lIl)]. In plied by Bhabha Atomic Research Center, Mumbai, India.

the present investigationsyalues for the standard run were Reagent grade chemicals and doubly distilled water were
found to be: 0.72 (IzIH), 0.70 (BzlH), 0.69 (2-HyBzIH), 0.67 | 5eq throughout.

(2-AmBzIH) and 0.67 (2-PhBzIH). Then the value k¢ is

calculated using the equation 4.2. Kinetic measurements
k1 —ko _ ) ]
c= W (7) The reactions were carried out under pseudo first-order

conditions by taking a known excess of [substrateyer
The values ofkKc were evaluated for each substrate at [oxidantl, at 313K. The reaction was carried out in stop-
different temperatures and found to vary at different tem- pered Pyrex boiling tubes whose outer surfaces were coated
peratures. Further, plots of l&G versus 1T were linear black to eliminate photochemical effects. For each run, requi-
(r>0.9922) and the values of energy of activation and other site amounts of solutions of substrate, HCI, Ru&hd water
activation parameters with reference to catalyst were com- (to keep the total volume constant for all runs) were taken in
puted. These results are summarizedable 5 the tube and thermostated at 313 K until thermal equilibrium
was attained. A measured amount of CAT solution, which
was also thermostated at the same temperature, was rapidly
3. Conclusion added with stirring to the mixture in the tube. The course of
the reaction was monitored by the iodometric determination
Oxidation of imidazole (I1zIH), benzimidazole (BzIH), 2- of unreacted CAT in 5 ml of aliquots of the reaction mixture
hydroxybenzimidazole (2-HyBzIH), 2-aminobenzimidazole withdrawn at different intervals of time. The course of the
(2-AmBzIH) and 2-phenylbenzimidazole (PhBzIH) by reaction was studied for at least two half-lives. The pseudo
chloramine-T in HCI medium is very sluggish but the re- first-order rate constantk’] calculated from the linear plots
actions are facile in the presence of Ru(lll) catalyst. The rate of log[CAT] versus time were reproducible withins%. Re-
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gression analysis of experimental data to obtain regression _ 30
coefficient,r, was performed using a fx-100W scientific cal-
culator.

4.3. Stoichiometry

Reaction mixtures containing varying ratios of CAT to
N-heterocycles in the presence of HCl and Ryu@lere
equilibrated at 313K for 48 h. Estimation of the unreacted
CAT showed that one mole of the substrate utilized three
moles of the oxidant in the case of imidazole, two moles
in the case of benzimidazole and one mole in the case

Relative intensity
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of 2-hydroxybenzimidazole, 2-aminobenzimidazole and

o 0 75 100 125 150
2-phenylbenzimidazole. The observed stoichiometry can be m/z
represented by Eqé3)—(12)
Fig. 3. GC-MS of glycine.
-\
®
g ) + 3TsNCINa + 4H,0 + 2H ——» NH,CH,COOH+ 3TsNH,+ NH,+ CO, + NaCl
|
H (8)
N NHz
A\ ®
>+ 2TsNCINa + 2H,0 + 2H —> ~+2TsNH,+ CO, + NaCl
N ) )
| NH,
H 9)
N o NH,
C[ \>—0H + TsNCINa + H,0+ 2H — @[ +TsNH, + €O, t NaCl
h NH,
H (10)
N NH,
N\ ®
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N NH,
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N NH,
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I NH,
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Fig. 1. GC-MS ofo-phenylenediamine.
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Fig. 2. GC-MS of benzoic acid.
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4.4. Product analysis

The reaction products were neutralized with NaOH and

extracted with ether. The organic products were subjected
to spot tests and chromatographic analysis (TLC technique),

which revealed that the formation of oxidation product was
o-phenylenediaming36] in the case of benzimidazole, 2-

hydroxybenzimidazole and 2-aminobenzimidazole, whereas
in the case of 2-phenylbenzimidazole the oxidation products

Puttaswamy et al. / Journal of Molecular Catalysis A: Chemical 229 (2005) 211-220

[10] M.M. Campbell, G. Johnson, Chem. Rev. 78 (1978) 65;
D.H. Bremner, Synth. Reag. 6 (1984) 9;
K.K. Banerji, B. Jayaram, D.S. Mahadevappa, J. Sci. Ind. Res. 46
(1987) 65.

[11] K.S. Rangappa, M.P. Raghavendra, D.S. Mahadevappa, J. Carbohydr.
Chem. 26 (3) (1997) 359;
Puttaswamy, T.M. Anuradha, R. Ramachandrappa, N.M.M. Gowda,
Int. J. Chem. Kinet. 32 (4) (2000) 221;
R.J.D. Saldanha, S. Ananda, B.M. Venkatesha, N.M.M. Gowda, J.
Mol. Structr. 606 (2002) 147.

[12] G. Akerloff, J. Am. Chem. Soc. 54 (1932) 4125.

were o-phenylenediamine and benzoic acid. Further, all thesg13] FF. Hardy, J.P. Johnson, J. Chem. Soc. Perkin Trans. 2 (1973)

oxidation products were confirmed by their melting points;
o-phenylenediamine 10Z (Lit m.p. 103-104C) and ben-
zoic acid 124C (Lit m.p. 122.4#C) and comparing them
with the authentic samples by TLC analysis. Glycine was
the oxidation product in the case of imidazole, which was
detected by spot tesf37]. Further, all these main oxidation
products were confirmed by GC-MBi¢s. 1-3. The reduc-
tion product of CAT, TsNH, was identified24] by TLC.

It was further confirmed by its melting point of 138 (Lit
m.p. 137-140C). The liberated C@and NH; were iden-

tified by the conventional limewater and Nessler's reagent

tests, respectively.
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