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Abstract: The kinetics of oxidation of atropine drug (ATR) by cerium(IV) in aqueous perchlorate solutions in the presence
of silver(I) catalyst has been studied spectrophotometrically at a constant ionic strength and temperature. The reaction showed
first order dependence with respect to each [Ce(IV)] and [Ag(I)], and less than unit order kinetics with respect to [ATR]. The
reaction exhibited negative fractional-first order kinetics with respect to [H']. Increasing ionic strength and dielectric constant
of the medium increased the reaction rate. In the present work, the kinetically active species of cerium(IV) was found to be
Ce(OH)*. Addition of Ce(III) product had no significant effect on the oxidation rate. The oxidation products of atropine were
identified by spectral and chemical analyses as tropine, benzaldehyde, methanol and carbon dioxide. A plausible mechanistic
scheme for the catalyzed oxidation was proposed. The activation parameters of the second order rate constant were calculated

and the rate law associated with the reaction mechanism was derived.
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1. Introduction

Atropine (ATR) or tropine alkaloid, is an anticholinergic
drug which contains two cyclic structures (alicyclic nitrogen-
containing alcohol tropine and aromatic tropic acid) joined
by an ester linkage [1]. It occurs naturally in plants in the
nightshade family including deadly nightshade, Jimson weed
and mandrake [2]. It is a secondary metabolite of such plants
and serves as a drug with a wide variety of effects. Atropine
is considered as a core medicine in the World Health
Organization (WHO), which is a list of minimum medical
needs for a main health care system. It is a competitive
antagonist for the muscarinic acetylcholine receptor.
Furthermore, it is a specific antidote for the treatment of
poisoning with various agents. Its degradation by
microorganisms has been reported by several groups [3] and
in the initial stage, the hydrolysis of the ester linkage to give

two separate cyclic components takes place.

Cerium(IV) is a significant single electron oxidant in acid
media [4-17]. The oxidizing potentialities of cerium(IV) in
sulfuric acid medium were conclusively established [10, 11].
In perchloric acid medium, the oxidant has rarely been
employed [15, 16], probably due to presence of dimers and
polymers of cerium(IV) in such medium [16]. However, the
oxidation by cerium(IV) in perchloric acid solutions proceed
much faster than those in sulfuric acid ones. Oxidations of
various substrates by Ce (IV) are found to follow different
mechanisms, depending on the acid medium used.

Transition metal ions have been widely used as
homogeneous catalysts for oxidation of organic and inorganic
substrates  [18-20].  Kinetic  investigations on the
homogeneous catalyzed oxidation of organic compounds are
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considered to be a significant field of chemistry because of
the role played by metals in biological systems.

Although some work on the oxidation of atropine by
various oxidants has been performed [21-25], there is a lack
of literature on the kinetics of oxidation of this drug by
cerium(IV) in the absence or presence of a catalyst. This
observation prompted us to investigate the title reaction. The
objectives of the present study are to check the reactivity of
atropine drug towards cerium(IV) in perchlorate medium, to
understand the active species of the reactants in such
medium, to check the catalytic activity of Ag(I) and finally to
propose a plausible oxidation mechanism of such drug.

2. Experimental
2.1. Materials

All chemicals used in this work were of reagent grade and
their solutions were prepared by dissolving the required
amounts of the samples in doubly distilled water. The stock
solution of atropine was prepared by dissolving the sample,
atropine sulfate monohydrate (C;;H,3NOs), H,SO4. H,0O
(Aldrich), in doubly distilled water. A fresh solution of
cerium(IV) was prepared by dissolving ceric ammonium
sulfate (Sigma) in sulfuric acid, diluted with double distilled
water and kept for overnight. The solution of cerium(I'V) was
stored in a dark glass bottle and was used after 24 h [26].
Cerium(III) solution was prepared by dissolving cerium(III)
acetate (Sigma) in double distilled water.

2.2. Kinetic Measurements

All kinetic measurements were followed under pseudo-
first order conditions in an excess of atropine over
cerium(IV). The course of the reaction was monitored by
following the decrease in absorbance of cerium(IV) as a
function of time at A = 315 nm, its absorption maximum,
whereas the other constituents of the reaction mixtures had
no significant absorption at this wavelength as shown in
figure 1. The absorbance measurements were made in a
thermostatted Shimadzu UV-VIS-NIR-3600 double-beam
spectrophotometer.

It was observed that the oxidation reaction did not proceed
in the absence of silver(I) catalyst. The pseudo-first order rate
constant values (kc) were calculated using non-linear least-
squares fitting to the first order dependence of the absorbance
versus time plots. The rate constants were the mean values of
at least three kinetic measurements. The rate constants were
reproducible to 3-4%.

The spectral changes for the oxidation of atropine by
cerium(I'V) in perchlorate solution are shown in figure 1. The
scanned spectra indicate gradual decay of Ce(IV) band at its
absorption maximum with time as a result of its reduction to
Ce(IID).
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Figure 1. Spectral changes during the silver(l)-catalyzed oxidation of
atropine by Ce(IV) in perchlorate solutions. [ATR] = 5.0 x 107, [Ce(IV)] =
2.0x 107, [H+] =0.5, 1= 1.0 mol dm” at 25°C. Scan time intervals = 3 min.

3. Results and Discussion
3.1. Stoichiometry and Product Characterization

Reaction mixtures containing various amounts of Ce(IV)
and atropine at constant [H'], ionic strength, [Ag(I)] and
temperature were allowed to react for 24 h in closed vessels
for completion of the oxidation reaction. The unconsumed
[Ce(IV)] was determined spectrophotometrically at 315 nm.
The results indicated that two moles of Ce(IV) are consumed
by one mole of atropine to yield the oxidation products as
shown in the following equation,
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The above stoichiometric equation is consistent with the
results of product identification. Tropine and benzaldehyde
as the reaction products were identified by spectral analysis
as described elsewhere [27-29]. Tropine was also identified
by its hydrazone derivative [27]. Methyl alcohol was
confirmed by sodium test [27] and carbon dioxide was
detected by lime water.

3.2. Reaction Orders with Respect to the Reactants

The reaction orders with respect to the reactants were
determined from the slopes of log k¢ versus
log(concentration) plots by varying the concentrations of
atropine substrate, perchloric acid and silver(I) catalyst, in
turn, while keeping other conditions constant.

The oxidant Ce(IV) was varied in the range of 0.5 x10™ to
5.0 x 10" mol dm™ keeping other variables constant. It has
been observed that the increase in the oxidant concentration
does not change the oxidation rate of atropine (table 1). This
indicated that the oxidation rate is independent of oxidant
concentration and the order of reaction with respect to the
oxidant is confirmed to be one.
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The observed rate constant was determined at different
initial concentrations of the reductant atropine while other
variables were kept constant. It was found that increasing
atropine concentration increases the oxidation rate as listed in
table 1. A plot of log k¢ versus log[ATR] at constant pH was
found to be linear with an intercept of 0.84 (figure 2)
confirming the less than unit order dependence on [ATR].

The effect of hydrogen ion concentration on the oxidation
rate was studied by varying the perchloric acid concentration
in the range of (0.1 — 1.0) mol dm” and keeping the
concentrations of all other reactants constant. It was observed
that the oxidation rate decreases with increasing [H'] (table
1). A plot of log kus versus log[H'] was linear with a
negative slope of -0.48 as shown in figure 3 confirming the
negative fractional-first order dependence in [H'].

The reaction rate was measured with various [Ag(I)], (2.0
— 12.0) x 10° mol dm™ at constant other variables. The
reaction rate increased directly with increase in [Ag(I)] (table
1). The order with respect to [Ag(I)] was found to be unity, as

found from the plot of log k¢ versus log[ Ag(D)] (figure 4).
3.3. Effect of lonic Strength and Dielectric Constant

The effect of ionic strength on the oxidation rate was
studied by varying the ionic strength in the range 1.0 — 3.0
mol dm” using sodium perchlorate as an inert electrolyte
keeping the concentrations of all other reactants constant.
The results indicated that increasing ionic strength increases
the reaction rate as listed in table 1, and the Debye-Huckel
plot was found to be linear with a positive intercept as shown
in figure 5.

The effect diclectric constant (D) was also studied by
varying the acetic acid - water content in the reaction mixture
with all other conditions being kept constant. The data clearly
revealed that the rate constant k- decreases with the decrease
in dielectric constant of the solvent mixture; i.e. increase in
acetic acid content. The plot of log k¢ versus 1/D was linear
with a negative slope as shown in figure 6.

Table 1. Effect of variation of [Ce(IV)], [ATR], [H'], [Ag(I)] and ionic strength (1) on the pseudo-first order rate constant values, k¢, in the silver(I)-catalyzed

oxidation of atropine by Ce(IV) in perchlorate solutions at 25°C.

10* [Ce(IV)] 10° [ATR] [HY] [AgD)] 1 10% k¢
(mol dm™) (mol dm™) (mol dm™) (mol dm™) (mol dm™) s
0.5 5.0 0.5 6.0 1.0 17.9
1.0 5.0 0.5 6.0 1.0 17.4
2.0 5.0 0.5 6.0 1.0 18.2
3.0 5.0 0.5 6.0 1.0 19.1
4.0 5.0 0.5 6.0 1.0 18.7
5.0 5.0 0.5 6.0 1.0 17.9
2.0 1.0 0.5 6.0 1.0 5.1
2.0 3.0 0.5 6.0 1.0 12.3
2.0 5.0 0.5 6.0 1.0 18.2
2.0 7.0 0.5 6.0 1.0 24.1
2.0 9.0 0.5 6.0 1.0 31.4
2.0 11.0 0.5 6.0 1.0 37.7
2.0 5.0 0.1 6.0 1.0 313
2.0 5.0 0.3 6.0 1.0 23.4
2.0 5.0 0.5 6.0 1.0 18.2
2.0 5.0 0.7 6.0 1.0 15.0
2.0 5.0 0.9 6.0 1.0 13.1
2.0 5.0 1.0 6.0 1.0 11.9
2.0 5.0 0.5 2.0 1.0 5.8
2.0 5.0 0.5 4.0 1.0 11.7
2.0 5.0 0.5 6.0 1.0 18.2
2.0 5.0 0.5 8.0 1.0 23.8
2.0 5.0 0.5 10.0 1.0 30.3
2.0 5.0 0.5 12.0 1.0 35.9
2.0 5.0 0.5 6.0 1.0 18.2
2.0 5.0 0.5 6.0 1.4 21.0
2.0 5.0 0.5 6.0 1.8 23.7
2.0 5.0 0.5 6.0 22 27.9
2.0 5.0 0.5 6.0 2.6 31.1
2.0 5.0 0.5 6.0 3.0 33.8

Experimental error £ 3%.
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Figure 2. A plot of log kc versus log [ATR] in the silver(l)-catalyzed
oxidation of atropine by Ce(IV) in perchlorate solutions. [Ce(IV)] = 2.0 x
107, [H'] = 0.5, [Ag(D)] = 6.0 x 10” and I = 1.0 mol dm™ at 25°C.
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Figure 3. A plot of log kc versus log [H'] in the silver(l)-catalyzed oxidation
of atropine by Ce(IV) in perchlorate solutions. [ATR] = 5.0 x 107, [Ce(IV)]
=2.0x 107, [Ag(D] = 6.0 x 107 and I = 1.0 mol dm™ at 25°C.
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Figure 4. A plot of log kc versus log [Ag(l)] in the silver(l)-catalyzed
oxidation of atropine by Ce(IV) in perchlorate solutions. [ATR] = 5.0 x 107,
[Ce(IV)] =2.0x 107 [H'] = 0.5 and I = 1.0 mol dm™ at 25°C.
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Figure 5. Deby-Huckel plot in the silver(l)-catalyzed oxidation of atropine
by Ce(IV) in perchlorate solutions. [ATR] = 5.0 x 107, [Ce(IV)] = 2.0 x 107,
[H'] = 0.5 and [Ag(D)] = 6.0 x 10° mol dm™ at 25°C.
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Figure 6. A plot of log kc versus 1/D in the silver(l)-catalyzed oxidation of
atropine by Ce(IV) in perchlorate solutions. [ATR] = 5.0 x 10°, [Ce(IV)] =
2.0x 10 [H] = 0.5 and I = 1.0 mol dm™ at 25°C.

3.4. Effect of Initially Added Product

The effect of added cerium(III) product was studied in the
concentration range 0.5 x 10™ to 6.0 x 10 mol dm™ at fixed
concentrations of the oxidant, reductant and acid. It was
found that Ce(Ill) has no significant effect on the oxidation
rate of atropine.

3.5. Effect of Temperature

The oxidation rate was performed at five different
temperatures in the range of 288 - 308 K, at constant
concentrations of the reactants and other conditions being
constant. The activation parameters of the second order rate
constant (k) are calculated using Arrhenius and Eyring
plots and are listed in table 2.
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Table 2. Activation parameters of the second order rate constants k; in the
silver(l)-catalyzed oxidation of atropine by Ce(IV) in perchlorate solutions.
JATR] = 5.0x 107, [Ce(IV)] = 2.0x 107, [H'] = 0.5 and I = 1.0 mol dm™.

AS? AH? DG4 ES
J mol’K! kJ mol™ kJ mol™ kJ mol!
-114.51 41.88 76.00 43.15

3.6. Test for Free Radical Intermediates

The involvement of free radicals in the reaction was
examined by polymerization test. The reaction mixture to
which a known quantity of acrylonitrile scavenger has been
added initially was kept in inert atmosphere for 6 h. Upon
diluting the reaction mixture with methanol, white precipitate
has been formed, suggesting generation of free radical in the
reaction. When the experiment was repeated in the absence
of atropine under similar conditions, the test was negative.
This indicates that the reaction was routed through free
radical path.

3.7. Reaction Mechanism

It has been reported [30-32] that active species of
cerium(IV) in perchloriate solutions were found to be either
free monomeric species Ce'', its hydrolyzed forms,
Ce(OH)**, Ce(OH),”" or partially dimeric species (Ce—O—
Ce)™" and (HOCe—O-CeOH)*". However, spectrophotometric
studies showed [33] that the hydrated form, Ce', is the
predominant species at [H] > 1.0 mol dm” up to the
concentration of 1.5 x 10~ mol dm of cerium(IV), whereas
the hydrolyzed forms and dimers are the more predominant
at [H'] < 0.8 mol dm>. Therefore, under our experimental
conditions of low [H'] and deceasing reaction rate with
increasing [H'], Ce(OH)*" may be regarded as the kinetically

KSH
Ce¥* + H,O Ce(OH)** + H”
\
N OH
% K'.
o] St Ag(l) ———
o =

Atropine

OH
o}

\
“E;:%
(o

%
N; OH N~ OH
Ce(OH)* —— g
o S Rt ) e OH * ~
= I =

active form of cerium(IV) according to Eq. (1) in scheme 1.

The reaction between atropine and Ce(IV) in perchlorate
solutions have a stoichiometry of 1:2, ATR: Ce(IV). The
reaction exhibited first order dependence with respect to
[Ce(IV)] and [Ag(D)], less than unit order with respect to
[ATR] and negative fractional order in [H']. The rate is not
considerably affected by Ce(Ill) suggesting that the rate-
determining step should be irreversible as is generally the
case for one electron oxidants [34] and the oxidation takes
place throughout generation of free radicals as obtained
experimentally. Also, increasing ionic strength and dielectric
constant of the reaction medium increased the oxidation rate
suggesting that the reaction occurs between two similarly
charged ions [35, 36].

Owing to the experimental results, a plausible reaction
mechanism has been proposed for which all the observed
orders in each constituent may be well accommodated. The
less than unit order with respect to atropine concentration
suggests formation of an intermediate complex (C,) between
atropine and silver(I) catalyst prior to reaction with the
oxidant. Complex formation was also proved kinetically by
the non-zero intercept of the plot of [Ag()]/kc versus
1/[ATR] (figure 7a) in favor of possible formation of an
intermediate complex between the oxidant and substrate [37].
Such complex reacts in a slow step with the active species of
the oxidant, Ce(OH)*", resulting in the formation of a free
radical intermediate and one of the final product tropine
derived from atropine sulfate, byproduct CO, and Ce(III) ion
with regeneration of the catalyst. The free radical species
further reacts with another mole of the oxidant in a fast step
to form the final oxidation products, benzaldehyde and
methyl alcohol as illustrated in mechanistic scheme 1.

(1)

|/0H
W = )

Ag()
()

3)

+ CO, + Ce™ + Ag(l)

S H S i 4
| + Ce(OH )™ L 5 | + CH,OH + Ce™ )
= =

Scheme 1. Mechanism of oxidation of atropine by Ce(IV) in perchlorate solution.
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An alternative oxidation mechanism for metal ion-
catalyzed oxidation was proposed earlier [11, 16, 17]. It
involves formation of an intermediate complex (C;) between
the metal ion catalyst, Ag(I), and the substrate, ATR, that on
further interaction with the oxidant, Ce(IV), in the rate-
determining step yields another complex (C,) with higher

A

NBﬁ OH
2 =
o

+ Agll)

Afropine

\
N OH
a + Ce{OH)* —X1s
2 = slow
b L

Ad(l)
()

\ R

-_—

valence metal ion, Ag(Il), and Ce(Ill) ion. Such complex
rapidly decomposes to an intermediate radical with
regeneration of the catalyst Ag(I), followed by subsequent
fast steps to yield the final oxidation products as illustrated in
scheme 2.

- _
:-J%_/\/\‘ OH
9 | N (5)
8]
Vi e
L Ag(l) .
(€)
= .
l'l% OH
0 (6)
T
=
L Ag’(IH) -
(C,)  + Ce(OH)y*

Y S
fast +
|/

Ag[ll)

OH

0
= f H =
+ Ce(OH)* a—a. J\Q + CH,OH + Ce* (8)
= =

Note: Ce(OH)*" + H" = Ce*™ + H,0

Scheme 2. An alternative oxidation mechanism of atropine by Ce(IV) in perchlorate solution.

The suggested mechanistic Schemes lead to the following
rate law expression (see Appendix),
kKoK [Ce(IV)ITATR][Ag(D)] )
[H'](1+ K, [ATR] + Koy + Koy K [ATR]

Rate =

The rate law (9) is consistent with all the observed orders
with respect to different species. Under pseudo-first order
condition, the rate-law can be expressed by Eq. (10),

Rate =

= kc[Ce(IV)]

dt

Comparing Egs. (9) and (10), the following relationship is
obtained,
kKo K [ATR][Ag(D]
[H](1+ K [ATR) + K, + K K [ATR]

kC: (11)

Rearrangement of the previous equation leads to the

following equation,

[Ag(l) ( IR [ 1+ K [ATR] J[H“ -
ke \ kK, )[ATR] k| kK, K[ATR]

Eq. (12) requires that the plots of [Ag()]/kc versus
1/[ATR] at constant [H'], and [Ag(I)]/kc versus [H'] at
constant [ATR] to be linear with positive intercepts and are
found to be so as shown in figure 7 (a) and (b), respectively.

Activation parameters listed in table 2 may be discussed as
follows. The observed large negative values of entropy of
activation, AS”, suggests that the reactants form an
intermediate complex which are more ordered than the
reactants, due to loss of degrees of freedom [38]. Also, the
obtained values of AS" are within the range of radical
reactions. On the other hand, the positive values of both AH”
and AG” indicate the endothermic formation of the
intermediate complex and its non-spontaneity, respectively.
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Figure 7. Verification of equation (12) in the silver(l)-catalyzed oxidation of
atropine by Ce(IV) in perchlorate solutions. [Ce(IV)] = 2.0 x 107 and I =
1.0 mol dm at 25°C.

4. Conclusions

The oxidation of atropine by cerium(IV) in perchlorate
solutions did not take place without addition of silver(I)
catalyst. The kinetically active species of cerium(IV) was
found to be Ce(OH)*". The oxidation products of atropine
were identified as tropine, benzaldehyde, methanol and
carbon dioxide. The mechanistic scheme for the catalyzed
oxidation has been proposed. The activation parameters of
the second order rate constant were calculated and the rate-
law expression associated with the reaction mechanism was
derived.

Appendix: Derivation of Rate-Law
Expression

According to the suggested mechanistic Schemes 1 and 2,

Rate = @ — Ju[Ce(OH)™[Cy] (13)
t
Kon = [CCOM " TH] 1ce(0m) ] = KoulCe™] (14
[Ce™] [H']
ki=__I81 __ [c]=K[ATR][Ag)]  (15)
[ATR][AgD)]

Substituting Egs. (14) and (15) into Eq. (13) yields,

Rate = k Koy K, [Ce ]+[ATR][Ag(1)] (16)
[H']
The total concentration of atropine is given by,

[ATR]r = [ATR]¢ + [Cy] (17)

where [ATR]r and [ATR]r stand for total and free
concentrations of atropine, respectively.
Therefore,

[ATR]y = [ATR] + Ki[ATR][Ag(D] = [ATR]x(1 + Ki[Ag(D)]) (18)

__[ATR},
WATRIE =1 K ag] ()
Similarly,
[AgD]r = [AgD)]r +[C1] (20)
Ag(d
[AgD]e =% 1)
and

[Ce(IV)]r = [Ce* g + [Ce(OH)™] = [Ce* Ty (1+

KOH 22
@
[Ce(V),
KOH
H']

[Ce4+ k=

i (23)

Substituting Egs. (19), (21) and (23) into Eq. (16) (and
omitting ‘T’ and ‘F’ subscripts) gives,
kK oy K [Ce(IV)][ATR][Ag(D)]
([H"]+ Koy )1+ K [AgDN(1 + K [ATR])

Rate = (24)

kKo K [Ce(IV)I[ATR][Ag(D] 25
([H' 1+ K )(1+ K [ATR]+ K, [Ag(D] + K, "[ATR][Ag(D)]) (@3)

Rate =

In view of the low concentration of [Ag(I)] used, the terms
Ki[Ag(D)] and K,°’[ATR][Ag(I)] in the denominator of Eq.
(25) can be neglected. Therefore, Eq. (25) becomes,

kK o K [Ce(IV)][ATR][Ag(D)]
[H*](1+ K [ATR]) + K, + K, K [ATR]

Rate = (26)

Under pseudo-first order condition, the rate-law can be
expressed by Eq. (A15),
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Rate = @ = ke[Ce(IV)] 7)
t
Comparing Egs. (26) and (27),
ko= kKoK [ATR][Ag(D] 28)

[H"](1+ K [ATR]) + Koy + Koy K [ATR]

and with rearrangement, the following equations are

obtained,
ke kK, )[ATR] k| kK. K [ATR]
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