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Kinetics and Mechanism of the Oxidation of Histidine by
Dodecatungstocobaltate(mn) and trans-Cyclohexane-1,2-diamine-N,N,N',N'-
tetraacetatomanganate(i) in Aqueous Medium

Sumana Gangopadhyay, Mahammad Alit and Pradyot Banerjee*
Department of Inorganic Chemistry, Indian Association for the Cultivation of Science, Calcutta 700 032, India

The oxidation of histidine with dodecatungstocobaitate(in), CoW,,0,,°" and trans-cyclohexane-1,2-
diamine-N,N,N',N’-tetraacetatomanganate(m), [Mn"(cdta)]~ have been investigated in the range
pH 3.0-9.5 at variable reductant concentrations, at a constant ionic strength and temperature. Both
reactions are found to be dependent on the first powers of the concentration of the substrate and
oxidants and follow the general rate law, —d[Ox]/dt = 2k[Ox][Hist], where 2 is the stoichiometric
factor. In the reduction of [Mn"(cdta)]~, a bell-shaped curve is obtained for the variation of
second-order rate constant (k) as a function of pH, and this has been explained by considering the
hydroxo form of the complex as being unreactive towards the reductant. An attempt has been made
to verify the effect of alkali cation catalysis on the reaction rate. The observed alkali cation catalysis
for the reduction of CoW,,0,°" is consistent with a rate law, k = k, + k. [M*] where k, and k_ are
the rate constants for the spontaneous and catalysed paths respectively. For the reduction of
[Mn"(cdta)]~, a negligible dependence of rate on [M*] was noted. All the observations are
successfully explained by considering outer-sphere mechanistic pathways for both reactions.

The oxidation of histidine is of great interest and importance,
both from a chemical point of view, and because of its
relevance in biological metabalic processes. It forms strong
chelates with divalent and trivalent metal ions.! The presence
of an z-amino group in the side chain and a pyridine-type
nitrogen in the imidazole ring of the histidine molecule, each
with a centre of high electron density, provides one of the
primary means by which metal ions may be bound to pro-
teins.? These combined observations prompted us to study the
kinetics of the oxidation of histidine with two metal com-
plexes ie., dodecatungstocobaltate(ir) and trans-cyclohexane-
1,2-diamine-N,N,N’,N’-tetraacetatomanganate(iil), in aqueous
media. The results presented herein provide the pathways for
the oxidation of histidine and also allow the direct comparison
of the reactivity of different histidine species under varying pH
during the electron transfer process. The literature lacks any
projected study in this regard.

Experimental

Materials and Reagents—The preparation and standard-
isation of the potassium salts of the complexes dodecatungsto-
cobaltate(), K;CoW,,0,, and dodecatungstocobaltate(ir),
KcCoW,,C,, and trans-cyclohexane-1,2-diamine-N,N,N’,N’-
tetraacetatomanganate(tr), K[Mn'"'(cdta)]-2.5 H,O (hereafter
designated as Co™W, Co"W and [Mn"(cdta)] ™ respectively)
are the same as reported in the literature.3~> The reagent grade
histidine (BDH AnalaR) was recrystallised before use. Reagent
grade HOAc, NaOAc, NaBO,, NaOH, HCIO, and NaClO,
were used to adjust the acidity and ionic strength of the
solutions as required. Distilled water, freshly redistilled, was
used to prepare the solutions.

Kinetic Studies—A Philips Analytical SP8-150 UV-VIS
spectrophotometer, equipped with thermostatted cell compart-
ments was used to monitor the decrease in absorbance at 388
nm for Co'™W, at 510 nm for aqua species [Mn"(cdta)(H,0)] "~
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and at 448 nm for hydroxo species [Mn"(cdta)(OH)]?~ of the
manganese(i1) complex. The desired temperature (+0.10 °C)
inside the cell compartments was maintained by circulating
water from a Haake F3 thermostatic bath. The pH measure-
ments were carried out on a Systronics digital pH meter (model
335, India). All manipulations for the solution preparation and
kinetic runs were made under deaerated conditions by purging
with dinitrogen.

Stoichiometry and Reaction Products—To determine the
stoichiometries of the reactions, histidine and Co™W/[Mn"-
(cdta)] "1 were mixed in various ratios over a range of
concentrations at pH 5.50, under a nitrogen atmosphere. With
excess of oxidants, the stoichiometries were determined spectro-
photometrically as 2:1 with respect to oxidant for both the
reactions. To analyse the products of the reactions, a large
excess of oxidants (0.06 mol dm=2) were reacted with histidine
(0.03 mol dm™3) at pH 5.50. After the completion of the reactions
the metal ions were separated by means of an ion-exchange
method. A portion of the eluent was then treated with an acidic
solution of hydrogen sulfite, and cooled in ice. A saturated
solution of 2,4-dinitrophenylhydrazine was then added to it and
the mixture was allowed to stand overnight at 0 °C. The solid
compound formed was filtered, washed, dried and then re-
crystallised from a mixture of ethyl acetate and light petroleum.
The melting point of the solid dry mass (190 + 0.30 °C) was
characteristic of the 2,4-dinitrophenylhydrazine derivative of 8-
imidazolyl pyruvic acid. Another portion of the eluent when
tested for NH,* ion with Nessler’s reagent gave a positive
result. Thus in both the cases the stoichiometric equations can
be given as eqns. (1) and (2) where R- is as represented below.

H(.;} == C'—CHZ—
HN\C”N:

H

1 For the [Mn'(cdta)] ~ reaction, respective blank solutions were also
prepared under the same conditions to measure the amount of the
complex undergoing auto-decomposition. The net oxidant reacted was
then calculated by considering the amount undergoing self decomposi-
tion.
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Table 1 Kinetic data for the reduction of Co™W by histidine with
[Co"™W] = 2.0 x 10*mol dm™3, = 1.0 mol dm™2 (NaClO,) at 60 °C

Kype/1073 571
[Hist]/10' moldm™ pH =30 pH = 40
0.08 0.08 0.40
0.10 0.11 0.56
0.30 031 1.60
0.50 0.52 297
0.80 0.84 5.10

Table 2 Kinetic data for the reduction of [Mn"(cdta)]™ by histidine
with [Mn"(cdta)™] = 1.0 x 107*> mol dm™3, /= 0.50 mol dm
(NaClO,) at 40 °C*

kgs/ 1074 57

[Hist]/

moldm=>  pH = 5.20 pH = 8.04
0.03 0.77 9.80

0.05 1.14 14.89

0.07 1.55 19.35

0.10 2.11 27.85

0.15 3.07 41.20

“ky = (193 £ 0.10) x 105! at pH 5.20and (1.61 + 0.40) x 105
at pH 8.04.
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Fig.1 A plotofk,, vs. pH for the oxidation of histidine by Co™W with
[Co™W] = 2.0 x 10* mol dm™3, I = 1.0 mol dm™3 (NaClO,) and at
60 °C

2 Co™W + Histidine —

o

Il
2 Co'W + R-C-COO~ + NH,* (1)

2 [Mn"™(cdta)]~ + Histidine —
O

2 [Mn'(cdta)]?~ + R-C-COO~ + NH,* (2)

Test for Free Radicals—Both the reactions were tested for
the generation of free radicals in the reaction mixture by the
method reported earlier.® The precipitation of a white polymer
of acrylonitrile indicates that both the reactions proceed
through the generation of free radicals. No polymerisation was
encountered when the complexes and reagent were tested
separately with acrylonitrile.
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EPR Measurements—Under the reaction conditions, the
radicals were generated in a flow system, by mixing the com-
plexes and reductant by volume in an EPR sample tube (flat
cell) just outside the cavity of the spectrophotometer (E-4,
Varian). The dissolved oxygen was then expelled by means of
high vacuum pump, and the EPR tube was then placed in a
Dewar. Conditions used were: temperature, 298 K; scan range,
8000 G; field set, 3000 G; modulation amplitude, 12.5 G;
microwave frequency, 9.29 GHz; time constant, 0.3 s; scan time,
4 min. The radical generated in each oxidation of histidine by
Co™W and [Mn"'(cdta)] ™ gives a singlet with g, = 2.07 and
gun = 2.064. The EPR measurements were also carried out at
77 K under the same conditions but in a mixture of methanol
and DMSO. Here also a singlet at the same position as in
aqueous solution was noted. The radical thus generated may be
either RC(NHZ)COO' or RCH(NH,)COO", but the product
analysis definitely suggests the formation of radical RC(NH,)-
COO ™ rather than RCH(NH,)COO" in both reactions.

Results and Discussion

The redox reactions of histidine with Co™W and [Mn"(cdta)]~
were investigated in the range pH 3.0-9.50 with variable
concentrations of histidine and alkali cations at constant ionic
strength and temperature. All the kinetic studies were carried
out under pseudo-first-order conditions with excess of reagent
(> 10 fold) over the oxidants. Typical spectral scannings at pH
4.0 for both the reactions gave no indication of inner-sphere
complex formation between the reductant and oxidants. Plots
of —log(4, — A,) vs. ¢ (all the symbols have their usual
significance) are all linear up to 90% of the total reaction
indicating a first-order dependence of rate on both the oxidants.
To get the dependence of rate on reductant, [Hist] was varied at
different pH for the two oxidants (Tables 1 and 2). A plot of &,
vs. [Hist] is a straight line passing through the origin for the
reduction of Co™W. But for the reduction of [Mn™(cdta)] ", it
gives a positive intercept on the rate axis. This indicates a first-
order dependence of rate on reductant for both the reactions,
and for the [Mn"!(cdta)] ™ reaction the intercept manifests the
occurrence of auto-decomposition of the complex. So the
general rate expression for the oxidation of histidine with
Co™W and [Mn'(cdta)]~ can be given as eqn. (3) where k is

—d[Ox]/d¢ = 2k[Ox][Hist] 3)

the electron transfer rate constant and 2 represents the
stoichiometric factor.

The effect of acidity on the reduction of Co™W with histidine
was investigated in the range pH 3.0-5.50 with [Hist] = 0.03
mol dm™3, [Co™W] = 2.0 x 10* mol dm™3, 7 = 1.0 mol dm™3
(NaClO,) and temperature 60 °C. The reaction rate increases
with pH (Fig. 1) indicating the existence of protic equilibria of
histidine. There are pK,,, pK,, and pK,; for the stepwise
removal of protons from the histidine dication (H;L?*") as
shown below.

HC=—= C—~CH—CH—COOH Ky HC'2= (;J—CH—CH—COO‘

A
HZ‘N\C,/N: NH;3 HZ*N\C,/N: NlJ-rla + H*
H H
Hql 2 HoL*, Zwitterion
Kaz

HC= C')——CH—CH—COO‘Kas HC'3= CI‘.——-CH—CH—COO'

: —— . +
H* + H——N\C,/N. NH, — H—N\C”N' NH; + H*
H H
L HL, Zwitterion
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Fig. 2 A plot of &, vs. pH for the oxidation of histidine by
[Mn"(cdta)]~ with [Mn™(cdta)™] = 1.0 x 10" mol dm™3, I = 0.50
(NaClO,) mol dm™ and at 40°C. Solid line passes through the
calculated values and the experimental values are shown by the points.

The carboxylic group has K,, = 1.70 x 10~ mol dm3, the
imidazole nitrogen K,, = 8.32 x 10-7 mol dm™3 and the amino
nitrogen K,; = 7.58 x 10~'° mol dm™.7 Preliminary studies
show that at high acidity (pH < 1) there is virtually no reaction
and it may be concluded that HyL2* does not participate in the
electron transfer process with Co™W. This could also be true for
the [Mn"(cdta)]~ reduction with histidine, though the latter is
unstable below pH 2.0. For Co™W reduction, the predominant
species in the experimental pH range are H,L* and HL which
are in equilibrium as shown in eqn. (4).

H,L* =2 H* + HL @

A plot of k., (=k.us/2[Hist]) vs. [H*T! is a straight line
with a positive intercept on the rate axis and this conforms to
the rate equation (5). Considering the above observations and

kox = a + b[H*T! &)

taking the stoichiometry as 2 the outer-sphere reaction scheme
at constant [Na*] can be given as eqns. (6)—(8).

Co™W + H,L* %5 Co"™W + H,L** + H*  (6)
Co"W + HL —2, Co"W + HL" + H* )

Co™W + free radical == Co"W + products  (8)

The theoretical rate expression corresponding to the above
reaction scheme is given by eqns. (9) and (10). In the experi-

’ k([H'] + k3K,

.
Ko+ oo ®

obs —

783
_ k[H'] + k,K,,

10
K., + [H'] (0

ox

mental pH region K,, < [H*] and eqn. (10) thus reduces to
eqn. (11). Eqns. (5) and (11) are identical with g = k; and b =

kox = ki + Kook [H' T (1

K,,k,. Experimental data have been fitted to eqn. (11) by
means of a least-squares computer-fit program and the values
of k; and K,,k, are obtained from the intercept and slope
respectively. Taking K,, = 8.32 x 1077 mol dm™3, the values of
rate parameters are calculated to be k; = (8.36 + 2.28) x 1073
dm® mol! s! and k, = (1.45 + 0.02) dm® mol-' s~".

The dependence of rate on [H*] for the reduction of
[Mn"!(cdta)] ~ with histidine was investigated in the range pH
3.80-9.50 with [Hist] = 0.10 mol dm™3, [Mn!!(cdta)™] =
1.0 x 10~* mol dm™3, 7 = 0.50 mol dm™ (NaClO,) and tem-
perature, 40 °C and this seems to be quite interesting. A plot of
kox {=(kops — kq)/2[Hist], where k, is the auto-decomposition
rate of the complex (Table 2)} vs. pH showed that the rate
increases initially with pH, reaches a maximum around pH 7.5
and then decreases yielding a bell-shaped curve (Fig. 2).

The drop in rate with pH is associated with the deprotonation
of the coordinated water molecule of [Mn"(cdta)(H,0)]~
leaving [Mn"!(cdta)(OH)]?~, which is unreactive towards the
electron transfer process, and this can be explained by con-
sidering the fact that deprotonation of the oxidant results in a
decrease in reduction potential.® This observation has earlier
been encountered in only a few reactions of [Mn'¥(cdta)] ~.%~!'!

The ionisation of [Mn"(cdta)(H,0)] ™ occurs as in eqn. (12).

[Mn"(cdta)(H,0)]~ —==
[Mn™(cdta)(OH)]>~ + H* (12)

The reported value of K., is 7.76 x 10~® mol dm=3.% In the
range pH 3.8-9.5 the existing reacting species of histidine are
H,L", HL and L~ which are in equilibrium, as shown in eqns.
(13) and (14). Taking [Mn"!(cdta)(OH)]*~ as unreactive, the

H,L* =2 HL + H* (13)
HL—=2-L- 4+ H* (14)

outer-sphere reaction scheme for the oxidation of histidine with
[Mn"(cdta)(H,0)]~ can be depicted by eqns. (15)~(17). The
resulting free-radicals react in a fast step to reduce another
[Mn'(cdta)(H,0)] " ion to give the products, as in eqn. (18).

[Mn!"(cdta)(H,0)]~ + H,L* %,
[Mn"cdta)(H,0)]*~ + H,L'* + H* (15)

[Mn"(cdta)(H,0)]~ + HL %2
[Mn'(cdta)(H,0)]*~ + HL* + H* (16)

[Mn"(cdta)(H,0)]~ + L~ —%,
[Mn'(cdta)(H,0)]~ + L~ + H* (17)

[Mn™(cdta)(H,0)]~ + L'~ =%,
[Mn(cdta)(H,0)]?>~ + products (18)
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Table 3 Kinetic data for the variation of alkali-cation concentrations
for the oxidation of histidine with Co™W and [Mn"(cdta)] "~

kops/1073 571

[M*]/mol dm3 Na* K*

Oxidant

Co''"w 0.10 1.17 1.20
0.30 1.25 1.44
0.50 1.44 1.50
0.70 1.52 1.69
1.00 1.60 1.79

[Mn"(cdta)] ™ 0.10 0.97 0.98
0.50 0.97 0.99
0.80 0.98 0.99
1.00 0.98 0.99

2 [Co™W] = 2.0 x 10* mol dm3, [Hist] = 0.03 mol dm3, pH = 4.0
and at 60°C. k, = (3.77 + 0.02) x 102 dm® mol™* s and k, =
(1.68 + 0.02) x 102 dm® mol? s for [Na*] variation and k, =
(397 + 002) x 10 dm® mol™ s, k, = (2.14 + 0.03) x 10 dm®
mol-2 s for [K*] variation [using eqn. (20)]. ® [Mn'(cdta)™] =
1.0 x 1073 mol dm™3, [Hist] = 0.03 mol dm=3, pH = 8.04 and at 40 °C.

Considering the protic equilibria for both the complex and
reductant, and taking the stoichiometry as 2, the general rate
expression corresponding to the above scheme is as in eqn. (19).

_ K [HYD? + kK o[H'] + k3K 0K, »
[H*]? + K,,[H™] + K,;K,3
{(H*J(K. + [H*]} (19)

ox

Eqn. (19) is solved by fitting the experimental data to it by
means of a Simplex-optimisation programme and the best fit of
data was obtained by allowing the values of K, K3 and K, to
be varied. The corresponding parameters evaluated are: k|, =
(1.0 + 0.03) x 10* dm?® mol™! s7%, k, = (1.79 + 0.05) x 1072
dm?® mol! 5!, k3 = (6.65 + 0.20) x 10~2 dm> mol! s~! and
K,; = (323 + 0.10) x 1077 mol dm™3, K3 = (1.17 &+ 0.03) x
10~° mol dm™3 and K, = (7.95 + 0.30) x 10~° mol dm™3. The
experimental and calculated k,, values at different pH are in
good agreement as shown in Fig. 2. The close agreement
between the reported and kinetically determined values of
proton equilibrium constants of histidine and [Mn"(cdta)]~
strongly supports the proposed mechanism.

Effect of Alkali Metal Ions on the Reaction Rates—An
attempt was made to verify the effect of alkali-cation con-
centration, [M*] (M = Na, K) on the reaction rate for both
reactions. For this purpose, keeping other conditions (pH,
[Hist] and temperature) constant, the concentration of alkali-
cation added as supporting electrolyte was varied individually
for both the reactions. For Co™W reduction, the rate increases
with [M *] (Table 3) and a plot of k,, vs. [M* ] is a straight line
with a common positive intercept on the axis for both cations.
The rate equation, therefore, may be written as eqn. (20) where

kox = ko + k[M™] (20)

ko and k. are the rate constants for the spontaneous and
catalysed paths respectively (Table 3). To confirm whether this
rate enhancement is due to specific cation catalysis or an ionic
strength effect, experiments were carried out at constant [M™*]
but varying ionic strength, taking a mixture of salts like M,SO,
and MNO,. The results of this study once again demonstrate
the importance of specific cation catalysis rather than the ionic
strength effect.®"12-!13 The cation catalytic order is K+ > Na*
and the difference is pronounced at relatively high pH. For
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[Mn"(cdta)]~ reduction, the rate enhancement with added M *
is almost negligible (Table 3). This accounts for the smaller
charge on the manganese(ill) complex than the cobalt(m)
species. The above order of alkali metal ion catalysis can be
explained by considering the size of the hydrated cations which
isin the order Na* > K*. Thus K* would be more effective in
outer sphere bridging between CoO,W,,03,°~ and the re-
active site on the histidine molecule via an ion-induced-dipole-
type interaction.

It has been found that metal ions play a significant role in
the enzymatic'* and non-enzymatic'>~'® decarboxylation of
histidine. Most of the enzymatic reactions have been duplicated
by non-enzymatic model reactions in which pyridoxal or other
appropriate aldehydes and suitable metals serve as catalysts.'®
Only few recent reports have concerned the redox behaviour of
histidine but there is a definite variation in the reactive site of the
substrate, leading to different reaction products. In its oxidation
by alkaline hexacyanoferrate(in),'® the reaction is believed to
proceed through C-H bond fission on the «-carbon atom to give
a keto-acid, B-imidazolyl pyruvic acid, as one of the reaction
products. Similar studies on the redox interactions of histidine
with electronically generated manganese(tir) 2° and chloramine-
T2! give aldehyde (RCHO) along with ammonia and carbon
dioxide, instead of keto-acid, as the reaction products. In these
reactions the carboxylate group of histidine was assumed to
participate in the reaction. In our investigation, the oxidation
products of histidine (f-imidazolyl pyruvic acid, NH3;) are the
same as was noted in its oxidation by alkaline hexacyano-
ferrate(t).

Previous studies were confined to either highly acidic or
alkaline conditions thereby evaluating the reactivity of only one
reacting species of histidine. The present investigation, covering
a wide range of pH, reflects the reactivity of the different reacting
species of histidine available in the experimental pH region. A
comparison of their reactivity showed that HL reacts 173 times
faster than H,L* for the oxidation of histidine by Co'""W. In the
case of [Mn"(cdta)] ™ reduction, L™ reacts 3.7 times faster than
HL which again reacts 179 times faster than H,L*. Thus the
general reactivity order is, H,L* < HL < L~. The large
difference in reactivity between H,L* and HL compared to that
between HL and L™ can be explained by considering the
following arguments: in H,L*, both the protonated imidazole
ring and —-NH, group each exert a — I effect and the availability
of electron from the C—H bond is less. In HL, the deprotonated
imidazole ring causes a +1 effect along with the —I effect of the
-NH,;* group. This combined effect probably causes greater
availability of the electron leading to higher reactivity of HL.
The +1 effect of the imidazole ring is operative both in HL and
L7, and the only difference is the absence of the —I effect of
NH,* in L™, which may be the cause of the small difference in
reactivity between HL and L. The reactivity of a particular
reacting species of histidine towards Co"W (E° = 1.0 V)22
and [Mn"!(cdta)]~ (E° = 0.81 V) ¥ is in accordance with their
reduction potential values.

The lack of any spectral or kinetic evidence in favour of
inner-sphere pathways leads us to propose an outer-sphere
mechanism for the oxidation of histidine by both Co™W and
[Mn(cdta)] . The evidence of an outer-sphere mechanism for
these oxidations of histidine by relating the difference in rate
constants to the difference in reduction potential values of
Co™W and [Mn(cdta)] ™ requires that CoW,,0,,° /5 ~,* and
[Mn(cdta)]®>~/~ couples should have similar self-exchange
rate constants and this is actually the case.

The evidence in favour of keto-acid product formation in the
present oxidations of histidine leads us to conclude that C—-H
bond fission on the «-carbon atom is the most preferable path-
way and the corresponding reactions are shown schematically
below.
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(e} (o}
Ho=c~"~cH" o ow HC=C"~¢" o~
[ [ 1 S+ MUL_SOW_ [ | T MY H
HN‘C/’N: :NH, HN\C”N: NH,
H H
histidine(L™) tast Lt
(o]
W 0 He
HC— C/C\C/C\OH . NH3 Hy0" H(i';= ?/ \ﬁ/ ~OH
[ ] n -—
HN\C,/N: (o] Hydrolysis HN\C”N: NH
H H
B-imidazoly! pyruvic acid
(M™ denotes Co™W or [Mn"{cdta)]")
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