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Reactions of nitrate radical with amino acids in acidic aqueous medium:
a flash photolysis investigation
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Abstract

The reactions of nitrate radical (photochemically gencrated by the flash photolysis of a mixture of ceric ammenium nitrate and nitric acid)
with amino acids are reported. An electron transfer reaction pathway is proposed for phenylalanine and histidine, whereas a hydrogen
abstraction pathway is invoked for the other amino acids, based on the magnitudes of the second- order rate constants and the observation of
cation radicals. The reactivity of the nitrate radical is compared with that of other oxidizing radicals, such as Cl;’", CO;'~ and SO4"~. The
nitrate radical is expected to show a higher reactivity than SO,*~ based on their redox couples, but an inverse reactivity relationship is observed
and is suggested to be due to the difference in solvation in the transition state.
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1. Introduction

Considerable attention has been paid to the investigation
of the reactions of nitrate radical with organic substrates ‘n
solution [ 1-5] and in the gas phase [ 6-9]. The rate constants
of reaction of nitrate radical with a variety of molecules in
acetonitrile [4,10-12] and in neutral and acidic aqueous
media [12,13] have also been reported. In the gas phase,
nitrate radical is generated by the reaction of atomic fluorine
with nitric acid [ 14]. In solution, nitrate radical is generated
by the following routes: (1) pulse radiolysis [15-17] of
aqueous solutions of nitric acid or nitrate ion; (2) photolysis
of acidic solutions of ceric ammonium nitrate (CAN) [1,18]
or acetonitrile solutions of CAN [ 19]; (3) reaction of pho-
togenerated sulphate radical with nitrate ions [20]. In addi-
tion, we have recently shown [21] that nitrate radical can be
generated by the dircct photolysis of nitrate ions in acetoni-
trile medium. In this study, we concentrate on the rcactions
of nitrate radical with amino acids in aqueous medium.

2. Experimental details

CAN was of AR grade from Merck, India. A mixture of
5% 10~* M CAN and 6 M nitric acid (AR grade) was used
in the flash photolysis studies. The amino acids valine, -
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phenylalanine, leucine and proline were purchascd from
Fluka, arginine monochloride, hydroxyproline and histidine
from BDH, UK and threonine, 2-aminobutyric acid, glutamic
acid and serine from SD’s, India. Water was triply chstilled
over alkaline permanganate.

The flash photolysis experiments were petiormed using an
Applied Photophysics KN-020 flash photolysis spectrometer.
The system comprises a 100 W tungsten iodine lamp as mon-
itoring source, a pair of LR-16 xenon flash lamps as excitation
source, a Datalab DL-401 transient recorder as storage device
and a Scopex oscilloscope as display device. An acetone filter
was used to filter excitation light below 300 nm. All of the
flash photolysis studies were carried out at 25+ 1 °C. The
rate constants reported are the average of three experiments
with fresh solutions for every flash.

3. Results and discussion

3.1. Flash photolysis of CAN

CAN in 6 M HNO; shows a strong, broad charge transfer
absorption with a maximum at 340 nm, Nitrate radical was
generated by the flash photolysis of a mixture of 5X 10~ ‘M
CAN and 6 M HNO, according to the reaction

Ce(IV)~—-NO, — Ce(I1l) +NO;'
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Fig. 1. Transient absorption spectrum of nitrate radical recorded immediately
afier flash,

Flash photolysis of the above mixture at the charge transfer
absorption band results in the formation of transients in the
wavelength range 350-750 nm. The transient absorption
spectrum recorded immediately after the fiush shows three
absorption maxima at 600, 640 and 680 nm, as reported in
the literature, characteristic of nitrate radical. The strongest
absorption is at 640 nm (Fig. 1) and this wavelength has
been used to study the dynamics of the reactions of amino
acids with nitrate radical,

3.2. Kinetics of the reaction with amino acids

Nitrate radical has a lifetime of 2 ms in the absence of
amino acids. A decrease in the lifetime of nitrate radical is
observed with increasing concentrations of amino acids. The
decay of nitrate radical has been observed at different con-
centrations of amino acids, and all these plots obey first-order
kinetics (Figs. 2 and 3). Oxygen present in the medium does
not perturb the dynamics of the decay. The second-order rate
constants were obtained from plots of &, vs. [amino acid]
(Fig. 4) and the data for selected amino acids are given in
Table 1. It is obvious from Table 1 that phenylalanine is the
most reactive of the amino acids investigated. The formation
of a new transient is observed for phenylalanine at higher
concentrations, but no transient is observed for the other
amino acids. Other amino acids, e.g. cysteine, methionine,
glutathione, tryptophan and tyrosine, were considered for the
investigation, but could not be explored due to their thermal
reaction with Ce(IV).
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Fig. 2. First-order plot of the reaction botween nitrate radical and valine at
different concentrations of valine: V, absence of valine; 4, 3.5x 10" M;
O,75%X10° " M; X, L2SX10°*M; @, 225X 1073 M.
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Fig. 3. First-order plot of the reaction between nitrate radical and phenylal-
anine at different concentrations of phenylalanine: @, absence of phenylal-
anine; O, 5.56x10°° M; O, LIIXI0"% M; A, 1.67%107°% M; X,
280x10°*M.

3.3. Hydrogen abstraction vs. electron transfer

The rate of decay of nitrate radical increases with increas-
ing concentration of amino acids. For phenylalanine at higher
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Fig. 4. Plot of kyy, vs. [valine] (O) and [phenylalanine] (@).

concentrations, the growth of a new transient is observed in
a few milliscconds which decays in a few hundreds of milli-
seconds (Fig. §). Both the transient growth and decay obey
first-order kinetics with rate constants of (2.47 +0.03) X 10?
s~! and 1.824+0.02 s~ respectively. The dynamics and
intensity of absorption are not perturbed by the oxygen dis-
solved in the medium. The transient absorption spectrum

recorded immediately after the flash has a maximum at 556 -

nm (Fig. 6) and a weak absorption at 350 nm.

Nitrate radical is a powerful oxidizing agent with a redox
potential [22] of 2.5 V for the couple NO,"/NO; . In addi-
tion, nitrate radical undergoes hydrogen abstractionreactions.
For phenylalanine and histidine, the rate constants are higher
than those reported in Ref. [ 12] for hydrogen abstraction by
nitrate radical from other substrates. Based on the magnitudes
of the rate constants for phenylalanine and histidine, electron
transfer from these substrates to the nitrate radical is pro-
posed. The observation of a new transient absorption for
phenylalanine is attributed to the formation of the phenylal-
anine cation radical (the transient absorption spectium
recorded is very similar to those reported for amaino acid
cation radicals in Ref. [23]). The observation of the phen-
ylalanine cation radical suggests that the mechanism of reac-
tion is electron transfer from phenylalanine o the nitrate
radical. The histidine cation radical absorbs around 400 nm,
where CAN exhibits a strong charge transfer at.sorption; this
could be the reason why we do not observe the absorption
due to the histidine cation radical.

The growth and decay of the transient formed at 550 nm
are independent of the concentration of phenylalanine. This
reveals that the formation of the phenylalanine cation radical
does not occur directly from the reaction between nitrate
radical and phenylalanine, but through an intermediate. In
order to explain the concentration-independent nature of the
transient, the formation of a 77-complex intermediate between
the nitrate radical and phenylalanine is invoked. The forma-
tion of a -complex between electron deficient CI' and aro-

Table |
Rate constants for the reaction of amino acids with nitrate radical

Amino acid Second-order rate constant
(M~ 's™h
B-Phenylalanine (3.1£0.1) X 10
Histidine (1.5£0.2) x 107
Arginine (65+0.3)x10°
Glutamine (221+0.1)x10°
Leucine (2.14£04)x10°
Proline (1.6+£0.2) x 10*
Threonine (1.1£0.1)x10°
Serine (58+0.3)x10*
Valine (5.240.5)x10*
Hydroxyproline (5.11£04)x10*
Aspartic acid (3.540.2) x 10°
2-Aminobutyric acid (34103 x10°
Alanine (1L.710.1)x10*
Glycine (1.5402)x 10

matic donors is known [24,25]. Morcover, these types of
complexes have been proposed [5] in the one-electron oxi-
dation of alkyl benzenes. Since the plot of 1/k,,, vs. 1/[PhA]
is not lincar, the presence of an equilibrium between the
reactants (nitrate radical and phenylalanine (PhA)) and the
a-complex can be ruled out. It is reported in Ref. [26] that
amino acid cation radicals arec more stable in acidic condi-
tions, and we have observed a long-lived phenylalanine cat-
ion radical in acidic medium. The decay of the cation radical
may be due to the loss of CO,, leading to the formation of
radical species, and the radicals thus formed may also be
oxidized in the presence of excess nitric acid in the medium,
The above discussion is depicted in the following scheme.

NO;’+PhA — (NOy'- ~ -PhA) — PhA'* +NO, "~

fast

PhA'* e R’
-~ Cy

Rt 2, product(s)

From these observations and the magnitudes of ‘he rate
constants, it is suggested that all the amino acids studied,
except phenylalanine and histidine, should undergo hydrogen
abstraction

NO;' +AH— HN03 +A’

Nitrate radicals also undergo nitration reactions. The rate
constant of the addition reaction of benzene with nitrate
radical is 1 X 10 M~ ' s~! [27]. This rate constant is 1/30th
of the observed rate constant for phenylalanine and hence
nitrate radical addition to the phenyl ring is unimportant.

3.4. Comparison of nitrate radical with other oxidizing
radicals

From the redox couple data [22], it is obvious that the
NO; radical is a stronger oxidizing agent than SO,"~, COy™~
and Cl,"~ radicals. The redox couples [ 23] and rate constants
[13] are given in Table 2. Based on the redox couple data,
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Fig. 5. (a) Transient absorption growth of phenylalanine cation radical at 550 nm; [PhA] =2.0X 10~ Y M. (b) Transient absorption decay of phenylalanine

cation radical at 550 nm; [PhA]=20%10"*M.
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Fig. 6. Transient absorption spectrum of phenylalanine cation radical
recorded 18 ms after the flash,

the order of reactivity of the radicals can be arranged as
NOy >SS0, ~ >Cly ™ >C0Oy ", The reactions of amino
acids with these radicals reveal that the order of reactivity
is SO, >NOy>Cly " >COy . The opposite trends of
reactivity of the nitrate and sulphate radicals may arise from
differences in solvation in the transition state. Solvation may
yield an additional driving force in the case of SO," ™. The
difference in driving force may arise from the different hydro-
gen bonding interaction in the transition state. Due to the
charged, unsymmetrical nature of the 50," ~ radical, it should
be more polar than NO,’, which should influence the hydro-
gen bonding interaction. It should also be noted that this type
of opposite trend has been observed for alcohols [2}. For
amino acids, the rate constants available from the literature
are for either neutral or weakly acidic conditions, but not for
the strongly acidic conditions used in our experiments.

The order of reactivity {23] of the amino acids with
the Cly’" radical is tyrosine> tryptophan > histidine >
phenylalanine. It is reported in the literature [23] that the
amino acids glycine, alanine, valine, leucine, isoleucine, pro-
line, serine, threonine, arginine, asparginine, cysteine, aspar-
tic acid and lysine are unreactive with Cl,’~, but this is not
the case for the nitrate radical. The nitrate radical reacts with
phenylalaninc at a higher rate than histidine, and this addi-

Table 2

Comparison of radical reactions with amino acids

Amino acid Lo ¢ N - SO NOy
(Ey™e=15) (B =2.09) (Ey 2 =2.43) (E\ " =2.5)

Histidine ‘ 8x 10 1.4%10° 25%10° 1.5 107

al{henywmme $x10* 6.0%10° 3.1%x107

Serine 1.2x10° 2.3x107 58%10%
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tional driving force for the reaction may be due to the for-
mation of a 7-type complex with the aromatic moiety in the
case of phenylalanine.

4. Conclusions

Of the three major reactions of nitrate radical, (1) electron
transfer, (2) hydrogen abstraction and (3) nitration, two are
observed with amino acids depending on their nature. The
clectron transfer reaction between phenylalanine and nitrate
radical takes place through an intermediate m-complex. A
lower reactivity of nitrate radicals compared with sulphate
radicals is suggested to be duc to the additional driving force
for reaction with sulphate radicals as a result of solvation.
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