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Kinetics and mechanism of Ru (I11) catalysed and uncatalysed oxidation of DL-
alanine by N-bromosuccinimide
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The kinetics of Ru(lll) catalysed and uncatalysed oxidation of DL-alanine by N-bromosuccinimide (NBS) was
studied in aqueous acetic acid and in the presence of perchloric acid and Hg (II). In both Ru(lll) catalysed and
uncatalysed oxidations, the kinetic orders were: first order in NBS, fractional order in substrate. The rate of the reaction
decreased with the increase in perchloric acid concentration and addition of halide ions. The reactions were of fractional
order with respect to Ru (111). Addition of Os(V1I1) had no effect on the rate of oxidation of DL-alanine by NBS. The
presence of catalysis with Ru (111) and the absence of catalysis with Os(VI1II) in NBS oxidations was traced to different
factors. A factor other than complexation could be a more powerful oxidant species like Ru (V) which accelerates the
NBS oxidations. The effect of temperature was also investigated. By varying the solvent composition it was found that
the reaction rate decreased with the decrease in dielectric constant of the solvent. All kinetic features were explained by

postulating suitable mechanisms and rate laws.
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INTRODUCTION

Amino acids can undergo many types of
reactions depending on whether a particular amino
acid contains non-polar groups or polar
substituents. The oxidation of amino acids is of
interest as the oxidation products differ for different
oxidants. These oxidation reactions display diverse
reaction mechanisms, oxidative deamination and
decarboxylation [1]. Thus, the study of amino acids
becomes important because of their biological
significance and selectivity towards the oxidant.
Oxidation of alanine has received much attention
because it is a degraded product of nucleic acids
and is involved in biological processes such as
stability of glucose in the system and is associated
with chronic fatigue as well as Epstein—Barr virus,
when alanine level becomes excessive [2].
Ruthenium complexes are mutagenic, capable of
binding to nitrogen sites on DNA bases (as
octahedral Ru (IIl) complexes are inert, they are
activated in vivo by reduction to active Ru (Il)
complexes), suppress the immune response by
inhibiting the proliferation of T cells by short-
circuiting electron transfer pathways and serve as
prodrugs by coordinating with biomolecules (for
example as potential anticancer pharmaceuticals).
As ruthenium mimics iron in binding to plasma
proteins, transportation and sequestration of
ruthenium into tumour cells may be mediated via
protein transport and receptor mediated uptake [3].
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Attention has been paid to N-halo oxidants due to
their wide range of properties [4]. Oxidation of
alanine was carried out by different hypohalous agents
like N-bromophthalimide in presence of sodium
dodecyl sulfate [5], NBS in alkaline medium [6],
chloramine-T in absence of catalyst, in presence of
catalyst and in presence of micellar aggregates [7].
Silver (I) catalysed oxidation of alanine by cerium
(IV) in perchloric acid medium [8] and sulfuric acid
medium [9] was well studied. The oxidation of DL-
alanine by permanganate ions has been studied by
Verma et al. [10] in concentrated acid solutions and
Refat et al. [11] in dilute acid solutions. Oxidation of
L-alanine by permanganate in acidic solvent was
studied by Maria et al. [12] and Andres et al. [13]. In
alkaline medium, the oxidation of alanine was studied
using different oxidants like Os(VIII) [14], Ag(lll)
complex [15], hexacyanoferrate(lll) [16] and
diperiodatoargentate(l11) [17].

The above literature survey shows that various
oxidizing agents have been studied for the oxidation
of amino acids, but catalyzed oxidations using
transition metals as catalysts have not been studied in
detail by using co-oxidants like N-halo compounds.
The present investigation was undertaken using N-
bromosuccinimide (NBS) as an oxidant to clarify
whether oxidations of DL-alanine are catalyzed by
transition metal catalysts like Ru (111) and Os (VIII) or
whether the catalysis is selective to transition metal
catalysts like Ru (Ill). Hence, a systematic
investigation was done in acetic acid — perchloric acid
mixtures to throw light on the nature of reaction
orders and mechanistic sequences.
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EXPERIMENTAL
Materials

The reagents employed were DL-alanine (Loba
Chemie), N-bromosuccinimide (G.R., Merck),
ruthenium  (I1l) chloride (Johnson Matthey,
London), osmium tetroxide (Johnson Matthey),
mercuric acetate (G.R., Merck), other reagents used
were of analytical grade. All solutions were
prepared with doubly distilled water. Stock
solutions of N-bromosuccinimide were prepared in
pure acetic acid and standardized iodometrically.

Kinetic measurements

Kinetic studies were carried out in perchloric
acid medium at a temperature of 313K under
pseudo first order conditions with a large excess of
DL-alanine over NBS. The progress of the reaction

was followed by determining N-bromosuccinimide
concentrations iodometrically in aliquots withdrawn
after suitable time intervals [18].

From the titer values, plots of log [NBS] vs. time
were drawn and from their slopes the pseudo first
order rate constants ki(min) were obtained. To
evaluate ki, generally 8-10 values at least up to 80%
completion of the reaction were used. Average values
of at least two independent determinations of k; were
taken for analysis. All first order plots were linear,
with a correlation coefficient of 0.995-0.998. The
obtained rate constants were reproducible within the
experimental error of +4%.

The kinetics of both uncatalysed and Ru(lll)
catalysed oxidation of DL-alanine by N-
bromosuccinimide (NBS) were studied in acetic acid-
perchloric acid medium. The kinetic rate data are
given in Tables 1 and 2.

Table 1. Kinetic data for the uncatalysed oxidation of DL-alanine by NBS

[NBS] = 0.001 M [DL-Alanine] = 0.01 M
ACOH — H,0 = 20% - 80 %( v/v) [Hg (OAC),]=0.02M

[HCIO4] =0.25 M
Temp =40°C

Concentration of Variant

Variant ki x 10* min*
0.5 x 10°M 128.1
NBS 1.0 x10°M 129.3
2.0 x10°M 124.7
1.25 x10*M 41.3
2.50 x10*M 56.3
DL -alanine 5.00 x10°M 97.5
10.00 x10*M 125.3
20.00 x103M 174.7
40.00 x10°M 305.0
0.10 319.6
0.25 125.3
H* 0.50 67.4
1.00 34.6
2.00 14.8
5:95 224.3
10:90 199.9
Acetic Acid 20:80 125.3
40 : 60 69.1
60 : 40 25.3
30°C 46.0
Temperature 40°C 125.3
50°C 426.9
0.0 67.4
6.40 x10°°M 83.4
Os (VIIl) 12.80 x10-°M 73.4
at [HCIO4]=0.5M 19.20 x10°M 66.4
25.60 x10°M 55.2
No salt 67.4
Addition of salt 0.02 M KF 79.1
at [HCIO4]=0.5M 0.02 M KCI 30.7
0.02M KBr No Reaction
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Table 2. Arrhenius parameters for the uncatalysed reaction at 313°K

AE” AHT

~ AS™

AG*
KJmol KJmol IK “mol KJmol
92.544 89.942 11.764 28.415 98.835

Factors influencing the rate of oxidation of DL-
alanine by NBS, such as effects of (i) [NBS], (ii)
[DL-alanine], (iii) [H+], (iv) ionic strength, (v)
dielectric constant, and (vi) temperature, both in
absence and presence of Ru (Ill) catalyst were
studied. Rate and activation parameters were
evaluated.

RESULTS AND DISCUSSION
Uncatalysed reactions
Effect of [NBS]

The kinetics of oxidation of DL-alanine was
investigated under pseudo first order conditions,
keeping the concentrations of DL-alanine in a large
excess (nearly tenfold) over that of [NBS]. When
log [NBS] was plotted against ‘time’, very good
straight line plots were obtained indicating that the
reaction was of first order with respect to [NBS]
(Table 1). Effect of varying [NBS] on the rate of
oxidation was studied at constant [DL-alanine],
[H*], %AcOH, [mercuric acetate] and temperature.
The pseudo first order rate constants k; were found
to be independent of [NBS], confirming the first
order dependence of rate on [NBS].

Effect of [DL-alanine]

At constant [NBS], [H*], [AcOH], [mercuric
acetate] and temperature the kinetic runs were
carried out with various initial concentrations of
DL-alanine, which yielded rate constants whose
values depended on [DL-alanine]. The pseudo first
order rate constants ki (min?) thus obtained were
found to increase with [DL-alanine] (Table 1) over
the range of [DL-alanine] used. The plot of log ki
versus log [alanine] was a straight line with
fractional slope showing that the reaction obeys a
fractional order with respect to [DL-alanine]. The
formation of the complex was kinetically proven by
Michaelis — Menten plot, that is, a non-zero

F=kThﬂ=—ﬁ{

D-1
r}|2D+1
Introducing a non-electrostatic term, this becomes

D-1
FZkTm/}:_$%[2D+1}+¢

intercept of the plot of 1/rate vs. 1/ [S]. The complex
formation between oxidant and substrate was also
reported in the literature [19].

Effect of acid

A change in the kinetic rate of the reaction with the
change in the concentration of perchloric acid was
observed in the present investigation. The first order
rate constants decreased with the increase in
perchloric acid concentration. The plot of log ki
versus log [H*] is linear and yields a fractional slope.

Effect of solvent

In order to determine the effect of dielectric
constant (polarity) of the medium on the rate, the
oxidation of DL-alanine by NBS was studied in
aqueous acetic acid mixtures of various compositions
(Table 1). The rate of the reaction decreased with
increase in the percentage of acetic acid in the
mixture. In other words, decrease in the dielectric
constant of the medium lowers the rate of reaction.
This indicates that there is a charge development in
the transition state involving a more polar activated
complex than the reactants [20]. Amis showed that in
a straight line plot of logarithm kess versus 1/D, a
positive slope indicates a positive ion—dipole reaction,
while a negative slope indicates the involvement of
two dipoles or a negative ion—dipole reaction [21]. In
this investigation a plot of logarithm kops versus 1/D
gives straight lines with negative slopes; these results
clearly support the involvement of two dipoles in the
rate determining step.

For the dipole-dipole type of reaction, Laidler and
Eyring treatment can be applied [22]. Laidler and
Eyring derived an expression for the free energy
transfer of a polar molecule with a dipole moment

H from vacuum to a medium of dielectric constant D.
This equation is in the following form for a molecule
of radius ‘r’ which has symmetrical charge

distribution.

For the reaction under consideration, the equation for the specific velocity constant k will be

15



R.Venkata Nadh and M.Sireesha: Kinetics and mechanism of Ru (I11) catalysed and uncatalysed oxidation of DL-alanine..

2 2 2
Inkzln[xK—TkO}— L [ D_lﬂﬂﬂ—gﬂm

h KT 2D+1]| ri 1q
b-1

A plot of log k versus 2D+1 will be linear if
non-electrostatic terms are negligibly small. In the
present investigation the plots of log ki versus
D-1
2D+1 are linear confirming the dipole - dipole
nature of the reaction. The two neutral molecules

participating in the reaction are NBS and amine.
Test for free radicals

To test for free radicals, the reaction mixture
containing stabilizer-free acrylonitrile was kept for
24 hours in an inert atmosphere [23]. On diluting
the reaction mixture with methanol no precipitate
was observed. This indicates that no free radicals
intervene in the reaction.

Rate and activation parameters

The effect of temperature on the rate of the
reaction was studied in the range (303 — 323 K) and
the results are shown in Table 2. From the
Arrhenius plot, the value of energy of activation

+
(AE™), enthalpy (AH”), entropy (—AS” ) and
free energy (AG¢) were computed. A large

negative value of entropy (—AS?&) was obtained,
which can be attributed to the severe restriction of
solvent molecules (electrostriction) around the
transition state [24]. It also indicates that the
complex is more ordered than the reactants [25].
The modest activation energy and sizeable entropy
of activation supports a complex transition state in
the reaction.

Effect of added salt

Different potassium halides were added to the
reaction mixture and the reaction rates were
determined. Addition of potassium bromide (Table
1) did not increase the kinetic rate as expected but
rather stopped the reaction. This finding seems to
be at variance to earlier published work [26, 27],
where molecular bromine formed on addition of
bromide to the system was considered to be more
reactive than N-halo compounds and hence
acceleration was expected. The present result of
stopping the reaction may be due to the following
reasons:

There is no doubt that molecular bromine is
formed on addition of higher concentrations of Br-
ions.

The question to be decided is whether bromine
in molecular form is always a powerful oxidant
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whatever may be the substrate. The observed
differential rate points to the fact that molecular
bromine is probably not a powerful oxidant in the
present reaction compared to N-halo compounds, Br
or HOBI, the likely species in this reaction.

This seems to be quite in order, as seen from the
work of de la Mare and our earlier work where it has
been observed that NBS or HOBr or H,OBr or Br are
more reactive than molecular bromine in partially
aqueous systems with aromatic substrates [28, 29].
Hence, in the present investigation extending the
argument to aliphatic amino acids, the formed
molecular bromine is not effective compared to the
other reactive species. So, it is not surprising that the
addition of Br- did not result in an increase in the rate.

It was observed that the change in the
concentration of added mercuric acetate had
negligible effect on the rate. The function of the added
mercuric acetate is therefore only to fix up Br- formed

2—
in the course of the reaction as HgBr; or HgBr, :

Product Analysis

The product analysis was carried out under kinetic
conditions. In a typical experiment, DL-alanine
(0.05M) and NBS (0.01M) were made up to 100 ml in
1:1 (V/V) acetic acid-water mixture and the reaction
mixture was allowed to stay in the dark for about one
day to ensure completion of the reaction. The main
reaction products were succinimide, acetaldehyde,
ammonia, and CO,. Liberated ammonia was identified
by Nessler’s reagent where a brownish color was
observed indicating a deamination reaction [30].
Carbon dioxide was identified by freshly prepared
lime water; and the solution turned milky, indicating a
decarboxylation reaction [31].

The solution was then treated with an excess (200
ml) of a saturated solution of 2,4-DNP in 2M HCI and
kept overnight in a refrigerator. The precipitated 2,4-
DNP was filtered off, dried, weighed, recrystallized
from ethanol, and weighed again. The yields of DNP
before and after crystallization were 94% and 89%,
respectively. The DNP was found to have identical
melting point and spectral data as the DNP of
acetaldehyde. Further, the aldehyde group was
confirmed with a qualitative test such as Tollen’s
reagent [32] and spot tests [33]. Similarly, Verma et
al. [10] and Rao et al. [34] indicated that ammonia
and acetaldehyde are two of the reaction products
from the oxidation of DL-alanine by MnQOy ions.
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Mechanism DL-alanine by NBS is inhibited by the addition of H*

It is reported that the oxidation of amino acids Ieorl]JSi.Iib-rriEE Tla—%l)betoext?elam?(ejsegg :EZUTLZ% mz
involves the cleavage of N-H and C-H bonds in the ucr]1 rotonated s ;cies (1) is the Fr)eactive one
rate determining step [35]. The rate of oxidation of P P '

Hz—CO\ THZ_CO\

N-Br, . — _NH'Br

CH,—CcO~ CH,-CO
' I

THZ — CO\ NEBr + H,N-CH-COOH
/ >

CH>-CO CHs

H3C \

C=NH , )0 — % HiC-CHO +NH3+CO; o I
HOOC/ 2 3 3 2 > (1)

Hz— CO Hz—-CO
HBr + ? NBr /NH .............. > (III)

- —_—

CH,-CO CH;-CO

However in presence of mercuric acetate the reaction (Eq. I11) does not take place.
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Rate law
s [
— NBSH "]
NBS+H" «_—_ NBSH" K=-‘'"—""—"%L
[NBS][H]"
K1

S + NBS > Complex C

«—

Where S = alanine = CH; CH (NH;) COOH

Complex C » CH3C(COOH)=

H.O

=NH + Br ~+ Succinimide

CH3CHO + NH3 + CO»

Rate = k [Complex]
= k K![S][NBS] —— (1)
[NBS]r= [NBS] + [Complex] +[NBSH +] =

= [NBS] {1+K! [S]} + K[H'] — (2)

from (1) and (2)
rate = kKl [NBS], [S] > (3)
1+ K [S]+K[H"]

The above rate law explains the first order in
oxidant, the fractional order in substrate and the
inverse first order in acid.

Ru (I11) Catalysed reactions

Ruthenium  (I1I) chloride accelerates the
oxidation of DL-alanine by NBS in acetic acid —
perchloric acid medium (Table 3), whereas osmium
(VHI) does not catalyze the oxidation of DL-
alanine (Table 1). N-bromosuccinimide oxidation
of DL-alanine catalyzed by Ru (111) was carried out
in aqueous acetic acid - perchloric acid mixtures.

Effect of variation of concentration of NBS

The reaction is of first order in NBS as
evidenced by the linear plots of
log (a-x) versus time. Increase of concentration of
NBS vyields constant first order rate constants

18

[NBS] + K [NBS] [S]+ K [NBS] [H*]

confirming the first order dependence on NBS
(Table 3).

Effect of increase of concentration of substrate:

An increase in the concentration of DL-alanine
increased the Kinetic rate
(Table 3). A plot of log ki versus log [S] is linear
with a slope of nearly 0.5 indicating a fractional
order dependence on DL-alanine.

Effect of increase in concentration of Ru (I11)

The oxidation of DL-alanine by NBS is of
fractional order with respect to Ru(lll). The first
order rate constants at different concentrations of
Ru (I11) are presented in Table 3. The plot of log ki
versus log [Ru (11D] is linear and has a slope of
0.63 indicating that the reactions are of fractional
order with respect to Ru (111).
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Table 3. Kinetic data for the Ru(l1) catalysed oxidation of DL-alanine by NBS

[NBS] =0.001M [DL-alanine] =0.01M Temp =40°C
[HCIOs ] =1.0M [Hg(OACc) 2] =0.02M [Ru (111)]=0.95%105M.
AcOH — H;O = 20% - 80% (v/v)
Variant Concentration of Variant ki x 10* min™?
NBS 1.0 x 10°M 98.6
at [HCIO4] = 0.5 M 2.0 x103M 99.6
4.0x10°M 100.3
0.625 x10°M 41.4
1.25 x10°M 49.8
DL-alanine gg Xigizm Sgé
— -5 U x10” .
at [Ru (111)]=3.8x10>M 10.0 x10-°M 1458
20.0 x10°M 192.3
40.0 x10°M 272.6
0.0 34.6
0.95 x10°M 66.9
Ru(l11) 1.90 x105M 111.9
3.80 x10°M 145.8
7.60 x10°M 243.1
15.20 x10°M 271.0
0.25 239.9
o 0.5 98.6
1.0 66.9
2.0 27.9
4.0 No Reaction
5:95 197.2
Acetic Acid : Water 10:90 164.2
at [Ru(l11)] =3.8x10° M 20:80 145.8
40:60 111.6
60 : 40 36.00
0
Temperature 300C 28.7
at Ru(111)] = 3.8x10°5 M 40 C 1458
50°C 387.6
60°C 1545.2

Effect of variation of [H*]

The effect of acid concentration on the reaction
Kinetics was studied and the first order rate
constants are presented in Table 3. The rate
constants decrease with the increase in the
concentration of perchloric acid. A linear plot with
a slope of -1.045 indicates an inverse unit
dependence on [H*]. As the reaction rate decreased

Effect of variation of temperature

Nature of Ru (I11) species

The reactions were carried out at four different
temperatures: 30°C, 40°C, 50°C and 60°C and reaction
rate constants are recorded. Plot of log ki versus 1/T is
linear. Arrhenius parameters are calculated (Table 4).

with the increase in H*, free alanine molecules are
probably the predominant species.

Effect of variation of solvent composition

The reactions were carried out at various solvent
compositions to find the effect of change in
dielectric constant and the rate constants are listed
in Table 3. The reaction rate decreases with the
decrease in dielectric constant as required for
dipole-dipole reactions, as the major reaction is
between free alanine and free NBS molecules.

The electronic spectrum of ruthenium (I11) chloride
shows that it probably exists as [Ru(H20)e]*" under
acid conditions [36, 26] while species like
[RUC's.HzO]Z', [RUC'(H20)5]2+ [RUC|4(H20)2]',
[RUC|3(H20)3], [RUC|2(H20)4]+, [RUC'(H20)5]2+ and
[Ru(H20)e]®* are present in aqueous solutions. The
most active species is [Ru(H20)e]** in acid medium
which is formed due to the following equilibrium:

[Ru (H0)sOH* + H* " [Ru(H:0)s]*

19
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Table 4. Arrhenius parameters for the catalysed reaction at 313°K

AE™ AH* AS™ AG*
KJmol KJmol IK “mol KJmol
102.117 99.515 14.4 3.431 98.441

Mechanism and rate law for Ru (111) catalyzed oxidation of DL-alanine by NBS

S+H" 20 SH*

NBS + Ru(lll) L El Ru (V)+Succinimide

K
Ru(V)+S ZZCOmplex C

Complex C L products
Slow

St= S+ S H"+ Complex = S+K [S] [H*] + KiK2 [S] [NBS] [Ru (I11)]
= [S] {1+ KH" + K:K> [NBS] [Ru (11D]}

[S] S

Rate kiC

" 1+ K[H ]+ KK, [NBS][Ru(1ID]

k, K, K, [NBS][Ru(ll)] S,

ki K2 [Ru(V)][S] = kiKiK2 [NBS] [Ru(lID)][S]

1+ K[H ]+ K,K,[NBS][Ru(lIl)]

The above rate law explains the apparent first
order in N-bromosuccinimide, the fractional order in
Ru (II), the fractional order in alanine and the
inverse unit order in [H+].

CONCLUSIONS

In summary, the following points can be
delineated in the oxidation of DL-alanine by NBS in
acid medium.

a) Alanine can be classified as a substrate which
is not catalysed by Os (VIII). The reason may be the
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KMHETUKA 1 MEXAHU3BM HA OKUCJIIEHUETO HA DL-AJIAHMH C N-
BPOMOCYKIMHUMUN C U BE3 PYTEHUEB Ru (111)-KATAJIM3ATOP

P. Benkara Hagx *, M. Cupeenia

Yuusepcumem Buenan, Baoramyou, Anopa Ilpadew, Unous

[Tonyuena na 15 aBrycr 2013 r.; peBu3upana Ha 11 mait, 2014 r.

(Pesrome)

HW3cnenBana e kKuHeTHKaTa Ha okucienneto Ha DL-amannu ¢ N-6pomocykimaumug (NBS) ¢ u 6e3  pyrennes Ru (l11)-
KaTajM3aTop BbB BOJIHA CPeJa U B IPUCHCTBHE Ha nepxsopHa kuceiauna u Hg (11).11 B aBara ciryyast (¢ u 6€3 Karaiau3aTop)
peaxkmuuTe ca ¢ KNHETHKa OT ITbPBH MOPAAbK 1o oTHomeHne Ha NBSu ot apoGen mopsapk mo oTHOIIEHNE Ha cyOcTparta.
CkopocTTa Ha peaknusTa ce IMOHWXKaBa C HapacTBaHE Ha KOHIEHTpAIMATa Ha MEpXJOpHAaTa KHCEJINHA U J00aBsSHETO Ha
xajoreHuieH HoH. Peakiusra e ot japoben nopsask mo orHoirenue Ha Ru(lll). [oGassiero nita OS(VIII) msima edexr
BBpPXY CKOpOCTTa Ha okuciieHue. Hamnuuero na xaranusa npu Ru(lll) u orceereuero mpu Os(VIII) moxe na ce Topecu B
apyru dakropu. OcBeH KOMIIIEKCOOOpa3yBaHETO YCKOpsiBaHETO Ha okucieHneto Ha NBS moxe 1a ThpcH B MO-MOLIHH
okucnurend, karo Ru (V). UscnenBan e u edexra Ha Temreparypara. YCTAaHOBEHO €, Ye MPOMEHUTE B ChCTaBa Ha
pa3TBOpUTEIIS IPOMSIHATA HA CKOPOCTTA Ha PEakIMsATa Ce CBbp3Ba C MIPOMsHA B JIMEICKTPUYHATA KOHCTAHTA Ha cpejara.

Benukn kuHeTHYHN e(DeKTH ca 00SICHEHH C MPUETH TOAXOSII MEXaHU3MH U KUHETUYHHU 3aKOHH.
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