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SUMMARY

Hexavalent chromium compounds have been widely used
as oxidizing agents, reacting with diverse kinds of organic
substrates. The mechanism of oxidation varies with the
nature of the chromium(VI} species and the solvent used.
The development of newer chromium!(VI) reagents for the
oxidafion of organic substrates continues to be a subject
of interest. A number of novel chromium{(VI) oxidizing agents
have been introduced, especially for complex or highly
sensitive substances where great selectivity and effecti-
veness, coupled with mildness of conditions, are preredqui-

sites for success.

Some of the. chromium/VI) reagents which have been

used as efficient oxidizing agents are:

chromium trioxide; chromyl chloride; Jones reagent a
solution of Cr{vVI) oxide in concentrated sulfuric acidf{1};
Collins' reagent —— dipyridinium Cr/VI) oxide in dichloro-
methane{2); Corey's reagent —— pyridinium chlorochromate(3);
pyridine oxodiperoxy chromium(VI) reagent(4)}; pyridinium
dichromate!5}; bis tetrabutylammonium dichromate(6?;
Chaudhuri's reagent — pyridinium =~ fluorochromate(7);
4-({dimethylamino)-pyridinium chlorochromate (8} ; Cr(vI}

oxide diperoxide(9); chlorotrimethylsilane-Chromium trioxide

(10); chromium peroxide complexes{11}; imidazolium dichro-



[ 2]

mate(12); pyridinium bromochromate(13); Dbiphosphonium dich-

romate{14); and 3-egarboxy pyridinium dichromate(15).

New procedures have been emerging involving non-aque-
ous chromium/VI}) reagents with the general idea that anhy-

drous conditions are more conducive to mild oxidation.

The reagent employed in the present investigation,

quinolinium dichromate!/QDC) . (C.H N+H)2Cr 0 2—, has emerged

977 277
as a very useful and versatile oxidant(16), which is clearly

deserving of widespread application.

The oxidation of amino acids has become important,
both from a chemical point of view and in trying to explore
the wvarious transformations involved in the metabolism
of amino acids. Owing to the differing nature of the hydro-
carbon portion, aﬁino acids can undergo various kinds of
reactions depending on whether the particular amino acids
contain non-polar groups, polar substituents, acidic or

basic substituents.

In the present investigation, the kinetics of oxidation
of amino acids by guinolinium dichromate (QDC), in acid
medium, at constant ionic strength have been studied. The
amino acids which have been used for the purposes of oxida-

tion have included :
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1. Glycine, alanine, wvaline, leucine and phenylalanine:
Chapter 1.

2. Serine, threonine and tyrosine: Chapter 2.

3. Methionine and cysteine: Chapter 3.

4, Aspartic acid and glutamic acid: Chapter 4.

5. Lysine, arginine and histidine: Chapter 5.

All the oxidation reactions were performed under a
nitrogen atmosphere. The stoichiometries'of the individual
kinetic reactions were determined. For all the kinetic
runs, the progress of .the oxidation reaction was followed
by monitoring the disappearance of Crf{VI) at 440nm, spectro-
photometrically. The rates of all the reactions were found
to be dependent on the first power of the concentrations
-0of each — substrate, oxidant and acid. The first order
dependence of _thé rate on acid concentration indicated
that a protonated Cr(Vf) species was involved in the rate

determining step of the reaction.

The rate of the reaction showed an increase, with
increasing proportions of acetic acid. Plots of 1log k1
{the pseudo-first-order rate constant? against the recipro-
cal of the dielectric constant were linear, with positive
slopes, indicafing an ion-dipole type of reaction. This

was 1in consonance with the observation that the use of

more polar solvents required larger reaction times. This
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also indicated that, in the presence of an acid, the rate

determining step involved a protonated Cr(VI} species.

The effect of changes in temperature on the rates
of the reactions has been studied, and the activation para-
meters have been evaluated. The reactions were characteri-
zed by negative entropies of activation (A SF). This sugges-
ted a highly ordered transition state, relative to the
reactants. Although current views do not attach much phy-
sical significance to isockinetic temperatures, a linear
correlation between AH# and AS#.has been considered a nece-
ssary condition for the validity of 1linear free -energy
relationships. Plots of AH# vs AS# were linear, indicating
that the oxidation reactions of amino acids were controlled
by both these parameters. The isokinetic temperatures(g !
obtained were 338K4(for glycine, alanine, valine, leucine
and phenylalanine); 320K {for serine, threonine and tyro-
sine}; 438K (for lysine, arginine and histidine). Further,
the free energies of activation (AG#) were nearly constant,
indicating that the same mechanism operated for the oxida-

tion of all these amino acids.

The kinetic rates of oxidation were in accordance
with the theory of electronic substituent effects. Struc-
ture-reactivity correlations were <carried out for some
amino acids (glycine, alanine, valine, ;eucine and phenyla-

lanine). It was observed that the Taft equation, which
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could be applied to these amino acids, was of the form:
log k/kO = =-1.48 o* + 0.84 E_ (1)

The validity of this relationship indicated that both,
the polar effect ( p* = -1.48) and the steric effect
{ § = +0.84), influenced the rate of the reaction. Since
the reaction centre was near the site of substitution,
the magnitudes of the reaction constants were expected
to be fairly high. This has been observed in these oxida-

tion reactions.

The solvent isotope effects, k /x in the oxida-

!
D2O HZO

tion of all these amino acids, have been observed to be
greater than unity. This indicated that the reactions were
catalyzed by acid. This would support the protonation
of the oxidant {QDC}, as seen from the acid dependence

on the rate of the reaction.

The oxidation of the deuterated amino acids (deuterated
at the a-carbon atom! yvielded values of the kinetic isotope
effect, kH/kD, which were close to unity. The absence of
a primary kinetic isotope effect indicated that, 1in the
rate determining step of the reaction, there was no clea-
vage of the carbon-hydrogen bond. The oxidation of deutera-
ted methionine (by deuterating the methyl group of methio-
nine) did not show a primary kinetic isotope effect. This

indicated that the carbon-hydrogen bond (of the methyl
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group in methionine) was not cleaved in the rate-determining
step of the reaction. During the course of the reaction,
there was no induced polymerization of acrylonitile, no
reduction of mercuric chloride, and no ESR signals could

be detected. This showed the absence of radical species.

Variations iﬁ the ionic strength of the medium, and
the addition of salts had no effect on the rates of these
reactions. This indicated a direct reaction between the
substrate and oxidant, in acid medium, to give an inter-

mediate which on further reaction gave the product.

The dissociation of amino acids depends upon the pH
of the medium. In agqueous solution, amino acids exist as
dipolar ions (zwitterions). 1In stréngly acidic or alkaline

media, the following equilibria exist:

+ OH . OH™ _
RCH(N H.)COOH —> RCHIN H,)COO~ —— RCHINH,)COO (2)
3 7 3 <~ 2
H H
(cation) (zwitterion) {anion)

In acid solution, amino acids exist as a mixture of

the zwitterionic [RCH!(N'H.,)CO0™ 1 and cationic [RCH(N'H

3 3)COOH
forms. In the present investigation, the reactions were
carried out in acid media. The zwitterion would be conver-
ted to the cation [RCH(N+H3)COOH], which was the reactive

species, under the present experimental conditions.
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Based on the observed kinetic data, the mechanistic
pathway for the oxidation of these amino acids by guino-
linium dichromate (QDC), in acid medium, would proceed
via a direct .interaction between the cationic form of the
amino acid and the oxidant to yield an intermediate, which

would then undergo further reaction to vyield the product.

For the oxidation of the sulfur containing amino acids
(cysteine and methionine) by gquinolinium dichromate, -in
acid medium, since disulfide was the final product of oxida-
tion (from cysteine), and sulfoxide was the final product
of oxidation ({(from methionine), the sulfhydryl group (-SH)
of cysteine and the S-methyl group (S—CH3) of methionine
would provide the site of attack. Considering the mechanism
of oxidation of cysteine and methionine, the attack could
occur either at nitrogen or at sulfur. The products obtained
from the oxidation of these amino acids (the disulfide
from cysteine, and methionine sulfoxide from methionine),
would suggest that the oxidant (QDC) attacks the sulfur
group. Further, sulfur is more nucleophilic than nitrogen,
and the sulfhydryl group {-SH} could donate electrons more
readily than the amino group (—NHz). Therefore, the mecha-
nism was via an electron-pair donation by sulfur present
in methionine (and cysteine) to the Cr=0 bond of the

oxidant.



The major products obtained in these oxidation reac-

tions in good yield ( A 75-80%) were:

a)

b)

d)

the corresponding nitriles, which were characterized
by chemical and spectral methods;

trace amounts of the corresponding aldehydes, which
were characterized Dby their respective 2,4-dinitro-
phenyl-hydrazone derivatives;

methionine sulfoxide (from methionine) which was cha-
racterized as N-benzoyl methionine sulfoxide;

cystine (from cysteine), which was characterized by

chemical methods.
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INTRODUCTION

Oxidation is an essential operation in organic
syntheses and several reagents have been developed for
a wide variety of transformations(1,2). Hexavalent chromium
compounds have been widely used as oxidizing agents reacting
with diverse kinds of organic substrates. In the course.

of these reactions, the Cr(VI) compounds are reduced to

the Cr(I1I) species.

The earliest known Cr(VI) oxidants are chromium
trioxide and chromyl <chloride. -Chromium trioxide has
been wused 1in various kinds of reaction media such as
water, sulphuric acid, acetic anhydride, t-butyl alcohol
and pyridine. Chromyl chloride has been generally used

in carbon tetrachloride and carbon disulphide.

~

In the recent past, a large number of novel Cr(VI)
oxidizing agents have been introduced, mostly in response
to the needs of mildness and selectivify. The usefulness
of "Jones reagent"(3) for the oxidation of organic compounds

has been well established.

One of the earliest and most widely employed Cr(VI)

oxidants was "Collins reagent" - dipyridinium-Cr (VI)
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oxide in dichloromethane(4). The use of dichloromethane
as the reaction medium constituted a major breakthrough

in oxidation with dipyridinium-Cr(VI) oxide.

For oxidation purposes, the most widely used Cr(VI)
complex with pyridine has been pyridinium chlorochromate(PCC)
popularly known as "Corey's reagent"(5). Its principal
advantage is that this reagent is not air or moisture
sensitive, and oxidation with it does not involve handling
a large volume of solvent. Studies on the kinetics of
oxidation of.primary alcohols by PCC have provided impor-
tant information on the mechanism of the process(6).
Involvement of protonated chromium species in the rate
determining step was indicated bf the catalysis of the
reaction by acid, the acid catalysed reaction being first
order . PCC does not polymerise acrylonitrile, and a hydrogen
transfer hypothesis was thus not tenable. A substantial
kinetic isotope effect, - kH/kD=5.71, at 303K suggested
a hydride transfer in the rate determining step. The
transfer could occur directly between the alcohol and
the protonated species or intramolecularly after the
initial formation of a chromate ester. A few representative
examples of oxidation of primary and secondary alcohols

by PCC are given in Table 1.
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Table 1. Oxidation of Primary and Secondary Alcohols by PCC (ref.5).

Alcohol Product % vyield
I-Heptanol Heptanal 78
1-Decanol Decanal .92
1,6-iHexane diol Hexandial 68
Oct-~2-yn-1-ol - Oct-2-ynal 34
Citronellol Citronellal 3 82
Benzhydrol Benzophenone 100

The diffiéﬁlties in hanaling. Collins reagent and
the problem arising out of the acidic nature of Corey's
reagent were overcome by the use of pyridinium dichromate,
PyCr207(PDC), which was recognised és a mild and selective
oxidizing agent(7)- This reagent 1is soluble in a number
of solvents, though an aprotic medium is necessary for
getting satisfactory results. PDC is generally used either
in solution 1n DMF or as a suspension in dichloromethane.
Anhydrous conditions were used during. oxidation with
PDC," and when the oxidation was performed in DMF, the
carbonyl compounds were isolated by ether extraction
after pouring the reaction mixture in water. PDC shows
remarkable selectivity as an oxidizing agent . When dissolved
in DMF, it clearly oxidizes allylic alcohols to the corres-

ponding o ,B-unsaturated aldehydes in excellent vyields.
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PDC in dichloromethane oxidized primary and secondary
alcohols efficiently. The aldehydes obtained as products

from primary alcohols do not undergo further oxidation.

Cr(Vvi) oxide-3,5-dimethyl pyrazole(8) 1is a Cr(VI)
complex which has been used as an oxidant with mixed
success . The reagent is presumed to form a cyclic chromaté
ester that generates the carbonyl compound through intra-
molecular elimination. Despite the high yields of some
simple aldehydes and ketones from the corresponding alcohols
and near guantitative oxidation of geraniol, this reagent

proved to be unsatisfactory in a number of éases(9,10).

Pyridine oxodiperoxy chromium, CSHSN:CrOS, a complex
of chromium pentoiide with pyridine, has also been used

for the oxidation of primary and secondary alcohols(11).

In order to protect acid sensitive functiopal
groups during oxidation of alcohols with Cr(vI)oxide,
various' polar aprotic solvents have been used. At least
three such solvents, namely DMF(12), hexamethyl phosphoramide
or HMPT(13-15) and dimethyl sulphoxide(16), have been
used with some success. A solution of Cr(VI) oxide in

DMF containing a trace of concentrated sulfuric acid
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was able to oxidize alcohols containing acid sensitive
protecting groups. The presence of catalytic gnounts
of sulfuric acid was essential, accompanied by the presence
of an ice bath and an inert nitrogen atmosphere. Oxidation
with Cr(vI) oxide in HMPT showed excellent selectivity.
When aA solution of Cr(vI) oxide was added to an equal
volume of the substrate dissolved in HMPT, simple axial
and equatorial hydroxyl functions were oxidized, the
latter at a much faster rate(13). Under the same experi—~
mental conditionq, Cr(VI)oxide in HMPT was found to oxidize
allylic hydroxyl functions in preference to other alcoholic
groups(13). A series of primary and secondary alcohols
were oxidized in 80-90% vyields by a solution of sodium
. dichromate dihydrate in concentrated sulfuric acid in
DMSO at 70°C. DMSO acts as a solvent in these oxidations
and not as an oxidant, as shown by the negligible oxida-

fion of the substrate in the absence of dichromate.

The technique of wusing reagents intercalated 1in,
or adsorbed on, a solid support(17) has also been exploited
in oxidations with Cr(VI) oxidizing agents. The solid
supports used have included graphite, silica, alumina,

silica gel, celite and various reagents. As in the case

of other Cr(VI) reagents, attempts were made to achieve
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mild reaction conditions, better selectivity and convenient
isolation of the oxidation products. On heating with
graphite under reduced pressure, Cr(VI)joxide was claimed
to be uniformly intercalated and the resulting substance
was found to oxidize primary alcohols to aldehydes in
high vyields{18). Later work showed that the oxidizing

agent was a surface deposit of Cr(VI) oxide on graphite

(19-20) .

Chromyl cploride adsorbed on silica-alumina was
found to be an effective oxidizing agent for primary
and secondary alcohols under neutral non-aqueous conditions
(21). It has Dbeen reported thatixchromic acid adsorbed
on silica gel was able to bring about the instantaneous
oxidation of primary and secondary alcohols(22). Collins
reagent adsorbed on celite has been used to oxidize allylic
alcohols to the corresponding aldehydes(23;24). Chromic
“acid supported on an ion-exchange resin has been uged
to oxidize primary and secondary alcohols(25). This polymer
supported reagent is prepared by adding the chloride
form of the resin to an aqueous solution of Cr(vVI)oxide
under stirring. PCC, adsorbed on alumina, has been claimed
(26) to be a better oxidizing agent than in dichloromethane

suspension. Better efficiency has also been claimed(27)



[ 7]

for the oxidation of primary and secondary alcohols using
PCC supported on polymer. The reagent, poly[Vinyl(pyridi—
nium chlorochromate)]}, (PVPCC), 1s prepared by adding
Cr(VI) oxide and concentrated hydrochloric acid to poly-

vinyl pyridine suspended in water.

Several facile oxidations of secondary alcohols
with chromic acid in a two-phase system of ether and
water have been. reported (28-30). This method has proved
particularly suitable for the synthesis of ketones, which

are susceptible to epimerization under oxidizing condi-

tions(28) .

Cr(VI)oxide in a mixture of ether and dichloromethane

oxidizes several secondary alcohols in the presence of

celite(31).

There have been several reports on the oxidation
of primary and secondary alcohols by Cr(VI) oxidants

under phase transfer catalysis(32-36).

Allylic and benzylic alcohols were efficiently
oxidized to the corresponding aldehydes with bis-tetrabutyl

ammonium dichromate (TBADC) in refluxing dichloromethane(37).
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The 2,2"-bipyridine complex of chlorochromic
acid jgsauseful oxidizing agent and the use of this reagent
had resulted in simplified procedures for the purification
of the resulting carbonyl compounds(38). The 2,2'-bipyri-
dinium chloro chromate and the 2,2'-bipyridine-chromium
trioxide complex have both proved to be specially useful
in oxidations of compounds with acid-sensitive protecting
groups, due to the internal buffering of the 2,2'-bipyridyl
system. These results indicated that synthetically
useful changeé in the properties and reactivity of Cr(Vi)
reagents could be brought about by varying the amine
ligand associated with chromium trioxides. Another Cr(vI)
reagent which has proved useful as a mild selective reagent
for the oxidation of comélex allylic and benzylic alcohols
to the corresponding carbonyl compounds was 4-(dimethyl-
amino)pyridinium chlofochromate(39). Secondary alcohols
proved to be more reactive towards this reagent than
primary alcohols. The ready preparation of this oxidizing
agent, 1its selectivity, and the ease of wusing this
reagent indicated that it may prove to be a useful
alternative to other reagents in the oxidation of complex
allylic and benzylic alcohols.

Since the process of oxidation in organic chemistry

is of great value as a fundamental process in a wide
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scope of chemical conversions, there has been considerable
interest in the development of newer Cr(VI) reagents
for the oxidation reactions. Since the appearancé of
pyridinium chlorochromate(5,40), other similar oxidizing
agents have Dbeen developed varying the amine ligand asso-

ciated with the chlorochromate anion.

A Cr(vI) reagent which was found to have certa%n
advantages over similar oxidizing agents in terms of
amounts of oxidant and solvent required, short reaction
times, and high yield was pyridinium fluorochromate, PFC(41) .
In dichloromethane as solvent, PFC was found to oxidize
primary and secondary alcohols -to the corresponding
aldehydes or ketones, and was also found to oxidize benzoin
to benzil, as also anthracene and. phenanthrene to their

corresponding guinones(41).

A new class of Cr(VI) reagents derived from chromidm
trioxide and halosilanes has been developed(42). These
reagents are highly efficient for the oxidation of alcohols
to carbonyl compounds, for the oxidative coupling of
mercaptans into disulphides and for a mild cleavage of
oximes to carbonyl compounds. Chlorotrimethylsilane-chromium

trioxide has been shown to be an efficient oxidizing
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agent for the conversion of arylmethancs to benzaldehyde,

and for the oxidative cleavage of some benzyl esters(42).

The oxidation of primary and secondary alcohols
to the corresponding carbonyl compounds is most frequently
accomplished in synthetic practice by the use of Cr(VI)
reagents in amounts ranging £from stoichiomefric to large
excess over stoichiometric(43). A new and highly effective
reagent combination for the catalytic oxidation of secondary
alcohols to ketones has been used(44). The reagent consis-
ted of peroxy acetic acid as the stoichiometric _oxidant
and the Cr(VI) ester(]l) as the catalyst with carbon tetra-
chloride-methylene chloride mixture as solvent. A solution
of Cr(VI) ester(l) was prepared from 2-4 dimethylpentan-

2,4-diol and CrO. in dry CCl

3 4 -
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The efficient oxidation of alcohols to carbonyl
compounds under mild conditions has Dbeen a necessary
theme in organic syntheses. 2An improved proceduée was
described for the extremely rapid and efficient oxidation
of alcohols, by the addition of a small quantity of anhydrous
acetic acid to pyridinium dichromate(PDC) and freshly
activated molecular sieve powder 1in dichloromethane at

room temperature(45) .

Chromium peroxide complexes have been used as
general oxidants in organic syntheses. 2,2'-bipyridyl
chromium peroxide has been used to convert different
classes of alcohols to the carponyl compounds, for C-C
bond cleavages in 1,2-diols, for the quantitative decarboxy-
lation of u—hydroxj acids, for the conversion of oximes to
their carbonyl compounds, thiols to disulphides, dihydroxy
phenolic compounds to gquinones, Dbenzylamine to Dbenzal-
dehyde, aromatic amines to their azo compounds,
and for the conversion of anthracene and phenanthrene
to their quinones(46). Pyridine chromium peroxide has
been used to convert different classes of alcohols to
the carbonyl compounds, thiols to disulphides, anthracene
to anthraquinone, and for the decarboxylation of mandelic
and benzylic acids(46). Chromium peroxide etherate has

also been used as an effective reagent for the oxidation
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of different classes of alcohols to their carbonyl com-

pounds(46) .

Imidazolinium dichromate(IDC) has been shown to
be very useful and reliable for the oxidation of allylic
and benzylic alcohols to the corresponding carbonyl com-

pounds in high yields under mild conditions(47).

The phase transfer catalysed oxidation of benzylic

alcohols using benzyltriethylammonium chlorochromate

has been reported(48).

Pyridinium bromochromate has been reported as
an efficient oxidant for the oxidation of benzyl alcohols,

fluorenols and benzoin, all these reactions being performed

in chloroform(49) .

The biphosphonium dichromate reagent,
+ + 2- L ;
(C6H5)3 P CH,P (C6H5)3Cr2 2 s was a particularly mild and
selective reagent for the oxidation of primary and secondary
alcohols(50) . The oxidation of primary alcohols to aldehydes
occurs without further oxidation to acid, and without

double bond isomerisation or migration for such alcohols

as geraniol(50) .
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The oxidation kinetics of alcohols by pyridinium
fluorochromate (PFC) indicated that PFC was an efficlent
two-electron oxidant which was capable of participating

in oxygen-transfer oxidations(51) .

3-Carboxy pyridinium dichromate(NDC), readily
prepared from nicotinic acid and chromium trioxide, 1is
an efficient reagent for the oxidation of alcohols to
carbonyl compounds in the presence of pyridine(52). Thé
optimum molar Eatio of substrate:Oxidant:pyridine to
ensure complete oxidation of starting material in a short

reaction time was found to be 1:2.5 : 20 respectively.

The Cr(vVI)oxide diperoxide oxidation of oxrganic
sulphides(53) and of tertiary amines(54) have been reported.
The rate law observed suggested a mechanism involving
a preliminary coordination of the amine to the metal.
The oxidation rate of the amines and organic sulphides
indicated a mechanism having some single-electron-transfer

(SET) character.

Quinolinium dichromate(QDC) having the structure

(C9H7NH+)2Cr2072', has been wused for the oxidation of

alcohols and aldehydes(55). QDC is a stable orange solid,
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which has been prepared by dissolving CrO3 inA water,
adding quinoline and collecting the product. It has been
shown that quinolinium dichromate(QDC) works as efficiently
as Collins' reagent(4) and activated manganese dioxide(56).
The data in Table 2 shows the details of the oxidation
of some alcohols and aldehydes by QDC in dichloromethane

-

and dimethyl formamide solvents.

Table 2. Oxidation of alcohols and aldehydes by QDC (re.f.55)

Compound Product In CHzé}?d (%ir)\ DME
n-Butanol n-Butanal 69 74
Benzy!l alcohol ‘ Benzaldehyde 45 45

, Benzhydrol Benzophenone 55 48
Benzaldehyde Benzoic acid 55
Cinnamaldehyde Cinnamic acid 52
Crotonaldehyde Crotonic acid 85

Quinolinium dichromate (QDC) has emerged as a
very useful and versatile oxidant, which is clearly deser-
ving of widespread application. QDC in dimethyl formamide-water
mixtures, in the presence of acid, has been used for
the oxidation of a variety of organic substrates. Some

of the organic substrates which have been oxidized by QDC,
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in acid medium, have included benzyl alcohols(57), aryl-
alkanes(58), toluene and substituted toluenes(59,60),
fluorene(61), polynuclear aromatic hydrocarbons(59,62),

and diphenylamines(63).
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SCOPE OF THE PRESENT INVESTIGATION

The development of newer chromium(VI) reagents
for the oxidation of organic substrates continues to
be a subject of interest. There exists a need for new
met hods, especially for complex or highly sensitive sub-
stances where selectivity and effectiveness, coupled
with mildness of conditions, are prerequisites for succes‘s.
New procedures are emerging, involving non-agueous chromium(VI)
reagents, with t:he general ideé that anhydrous conditions
are more conducive to mild oxidation. The reagent employed
in this investigation, quinolinium dichromate, QDC,
(C9H7-N+H)2Cr2072_, has emerged as "a useful .and versatile

oxidant, which is-clearly deserving of widespread applica-

tion.

Amino acids play a pivotal role in fthe synthesis
of _proteins, and can undergo various kinds of reactions,
depending on the nature of their intact hydrocarbon
porfions. The oxidation of amino acids is of importance,
both from a chemical point of view and with regard to

. the mechanism of amino acid metabolism.

The present investigation 1is a detailed kinetic

probe into the oxidation of amino acids by gquinolinium
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dichromate{QDC), in acid medium, at constant ionic strength,
under a nitrogen atmosphere. The purpose of this investi-
gation has been to attempt to extend the scope of this
oxidising agent, quinolinium dichromate(QDC), in acid
medium, and to explore and establish mechanistic pat hways

of reactions involving amino acids.

The purpose of t he present study was:

(a) To study the kinetic features of the oxidation

of amino acids; and

(b) To demonstrate the ~usefulness of quinolinium
dichromate(QDC) as a reagent which could bringt

about the oxidation of amino acids.

In the present investigation, the amino acids chosen
for the purposes of oxidation by quinolinium dichromate,

in acid medium, have included:

(1) Glycine, alanine, valine, leucine and phenyl-
alanine.

(ii) Serine, t hreonine and tyrosine.

(iii) Cysteine and met hionine.

(iv) Glutamic acid and aspartic acid.

(v) Lysine, arginine and histidine.

FPor each oxidation reaction, tfhe stoichiometry

of the reaction has been determined. The concentrations
of substrate, oxidant and acid have bheen varied and ¢t he

effects of these wvariations on the reaction rates have
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been studied. The solvent composition has been varied
in order to study the effect of a change in the dielectric
constant of the medium on the rate of the reaction. Changes
in the temperature of the reaction medium have Pbeen made,
and the activation parameters have been evaluated. For
each oxidation reaction, the products have been isolated
and characterized by chemical and spectral methods. Based
on the observed experimental data, mechanistic pathways
for the oxidation of amino acids by guinolinium dichromate

(QDC), in acid medium, have been proposed.
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EXPERIMENTAL

Conductivity Water

Conductivity water was prepared_ by the following
method: tap water was distilled first with alkaline potas-
sium permanganate and then redistilled with Merck "Pro
Analysi" sulfuric acid from an all-glass vessel. This
sample of double distilled water was further distilled
from an all-quartz vessel (Sunvic, U.K.). The conductivity
water thus prepared was utilisea for the preparation of

all the solutions used in the kinetic determinaftions.

Sulfuric Acid

E. Merck sample was used.

Acetic acid

Acetic acid (ﬁ. Merck) was refluxed for 3 hours
with chromic oxide, with the addition of a quantity of
acetic anhydride corresponding to the water content of
the acetic acid. The solids that separated out were fil tered
off, and the acid was distilled from an all-glass apparatus.
Large head and tail fractions were rejected and the fraction

distilling at 116°C was collected.
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Methanol
Methanol (E. Merck) was distilled before use

(b.p. 65°C).

Sodium perchlorate

Sodium perchlorate was prepared by neutralizing
70% perchloric acid (E. Merck) wi%h sodium hydroxide (BDH
reagent grade) . The solution was concentrated, when crystals
of sodium perchlorate were obtained. The crystals were
filtered, and recrystallized from water. The recrystallized
product was dried over silica gei under vacuum. This sample
of sodium perchlorate was used for the preparation of
stock solutions which were employed for maintaining the
ionic strength of the medium. |
Quinolinium dichromate (C9H7N+H)2Cr2072f

To a stirred sonlution of CrO3 (100g) in water
(100 ml), cooled in ice, gquinoline (86 ml) was added in
small portions. The solution was diluted with acetone
(400 ml), cooled to -20°C, and the orange solid which
separated out was filftered, washed with acetone, dried
in vacuo and recrystallized from water (m.p. 160°C). The
purity of the compound was further checked by spectral
analysis. Infrared spectrum (KBr) exhibited bands at 930,

875, 765 and 730 cm_1, characteristic of the dichromate ion.
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Acrylonitrile

The monomer (BDH) was washed with 5% sodium hydroxide
olution to remove the inhibitor (hydroquinone), and then
with 3% orihophosphoric acid to remove any basic impurities.
It was then washed with water, dried over anhydrous calcium
chloride, and distilled under reduced pressure in an atmos-

phere of nitrogen. The middle fraction was collected (b.p.

77°C) and used.

Other reagents
All other reagents used were of 2AnalaR grade,
and were purified before use, and their boiling points/

mel ting points were checked, and found to agree with those

given in the literature.

Substrates

All amino acids used were the L-amino acids. L-Glycine
was obtained from ﬁoha Chemical Company. L-Cysteine and
L-histidine were E. Merck samples. L-Lysine, L—phenylalanine,
L-leucine, L-arginine, L-valine, L-serine, L-threonine
and L-tyrosine were BDH samples. L-Methionine, L-alanine,
L-glutamic acid and L-aspartic acid were obtained from
SISCO Research Laboratories. The amino acids were assayed
by the acetic acid-perchloric acid method(1) and their

agqueous solutions were ufed. The data obtained for each
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of the substrates used, have been summarized in Table 1.
Table-1
Substrate Melting Point (°C) (nm)*
1 2 5

Glycine 262 220(W)
Alanine 295 215(W)
Valine 298 210(W)
Leucine _ 293 190(W)
Phenylalanine 284 258(M)
Serine 228 25()
Threonine 251 240(m)
Tyrosine 310 5(M)
Cysteine 240 36(M)
Methionine 283 208(m)
Glutamic acid 224 206(M)
Aspartic acid 324 -
Lysine 224 200m)
Arginine 207 205(m)
Histidine 287 210(m)
*W = water; M = Methanol

All UV/visible spectra were recorded on an UV-26
(Beckman) spectrophotometer. All IR specftra were recorded
on an IR-983 (Perkin Elmer) spectrophotometer, and all
NMR spectra were recorded on an EM 390 (9goMHz, Varian) NMR

spectrometer.
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Kinetic Method

All the standard flasks and reaction vessels were
of pyrex glass with well-ground stoppers. The reaction
vessels used were stoppered conical flasks which were
painted black on the outside to prevent any photochemical
change. BAll the glass apparatus used were tested for the
loss of solvent, and the loss was found to be negligible.
The standard flasks, reaction vessels and the pipettgs
used were standardized, using conductivity water, and the

correction was found out and applied.

An electrically operated thermostatic water-bath
was used. It was provided with sufficient thermal lagging,
suitable heaters and stirrers withiproper cooling arrange-
ments for continuous work. A xylene-filled regulator,
working in conjuncéion with an electronic relay, was used
to maintain the required temperature accurately, with
fluctuations of not more than 0.1°C. The temperatures
were recorded by means of an accurate sensitive thermometer,
reading to tenths of a degree. The bath-liquid was water,
covered with a layer of liquid paraffin to minimize evapora-

tion of water and loss of heat due to radiation.

Spectrophotometers
For absorption measurements, the spectrophotometers

ugad were: (a) Digital spectrophotometer Type 106 (Systronics)
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and (b) UV 26 {Beckman) UV-visible spectrophotometer.

(a) The Type 106 Digital spectrophotometer was a single
beam spectrophotometer having a grating of 600 lines/mm
and .a wave length range from 340 nm to 960 nm. The nominal
spectral slit width was 20 nm, constant over the entire
range. The full scale deflection could be obtained over
the wavelength range of 340 nm to 600 nm. By the addition
of a red filter and interchanging of the phototube, the
range could be extended to 960 nm. In order to ensure
maximum sensitivity of the instrument, and to minimize
the errors in measuremants of optical density due to fluctua-
tions in voltage, the spectrophotometer was connected
to the mains through an external véltage stabilizer. This
was in addition to the in-built voltage stabilizer within
the instrument itself. The 1light source was a 15 watt
tungsten lamp operated by a regulated power supply. The
instrument was calibrated, as specified in the instruction
manual, over the range of concentrations of X,CrO in

2 4

KOH solutions, so as to verify Beer's law at 370 nm.

(b) The UV-26 (Beckman) - UV-visible spectrophotometer
was a single monochromator, 'having a filter grating of
1200 lines/mm, and a wavelength range from 190 nm to 900 nm.

This spectrophotometer had a ‘thermostatic control arrangement
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and the absorbance value was displayed directly on the
digital display .and on the recorder. Photometric linearity

was checked over the range of concentrations of K,CrQ,

2
"in KOH solutions, .as specified in the instruction manual,

so as to verify Beer's law at 370 nm.

Absorption cells

The absorption cells were of 'Corning' glass and
of 8 ml capacity for the spectrophotometer Type 106 |
(Systronics) . Quartz cells of 5 mi capacity were used
for spectral determinations with the UV-26 spectrophoto-
meter (Beckman). All the cells were thoroughly cleaned
by aqueous ethanol and acetone,. and dried before they
were used for the spectral measureménts. Af ter the transfer
of the solution to the cell, care was taken %o see that
no solution adhered to the outer surface of the cell.

During the measuremen ts, the cells were covered.

Rate measuremen ts

A known amount of the substrate was weighed accurately
into a 10 ml standard flask, dissolved and made up with
sul furic acid of known strength, so as to make the solu-
tions of the required molarity. Quinolinium dichromate
was .accurately weighed out into a 10 ml standard flask

and dissclved in a small volume of water. Sodium perchlorat=
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was added so as to maintain a constant .ionic strength
of the medium. Sufficient time was allowed to compensate
for .any change of heat during dilution. The oxidant solu-
tion was made up with water. The two solutions were separa-
tely thermostated at the required temperature for 1 hour
under a nitrogen atmosphere. Equal volumes of the two
solutions of oxidant and substrate were mixed. The reaction
mixture was homogeneous throughout the duration of the

reaction.

The progress of the reaction was followed by obser-

ving the disappearance of Cr(VI). Readings were taken
at regular intervals of time, by noting the decrese in

optical density at 440 nm, spectrophotometrically.

All the kinetic experiments were carried out in
duplicate or in triplicate, and the rate constants which
were determined were found to be reproducible to within

+3%. All reactions were performed under a nitrogen atmosphere.

Calculations

(a) Rate constants

For all the kinetic determinations, pseudo-first-
order reaction conditions have Dbeen used, wherein the

concentration of the substrate has bzen taken in a very

large excess over that of the concenftration of the oxidant.
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The pseudo-first-order rate coastant, k , expressed

in sec_1 , was calculated from the équation (2):

where D, was the 1initial optical density of the

reaction mixture, and Df was the optical density at time t.

The logarithmic plots of optical density against
time were linear, .and extrapolation to zero time gave

the values of D, -

The wvalues of the second order rate constant, k2,

expressed in M 15—1, were computed by dividing the.pseudo—

first-order rate constant (k], S—]) by the concentration

of the substrate (M).

All values of rate constants were the average of

two or more experiments, with agreement being within *+3%.
« s
“\s_._ ",

e
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(b) Thermodynamic activation paramcters

These parameters were determined from a study of

the effect of temperature on the rate of the reaction.

The wvarious parameters have been calculated as

follows:
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(1) Activation energy (E)

From the linear plot of log k1.against the reciprocal

of temperature(T),

_ E
Slope = " T2.303R
E = - slope x 2.303R ( ¥J mol_1)

(ii) Enthalpy of activation (zﬁH%)

AH;’é = B - RT
(%7 mol ™)
(iii) Entropy of activation ( AS#) )

kT rsT/R _ a7 /RT
1 —“——“h e - e

ar” - log KL,
g h

As# = 2.303R [log kg o+

( JK_1an])

where k is the Boltzmann constant, h is the Planck's const-

ant, and R is the gas constant.

(iv) Free energy of activation ( AG#)

AG# = AH¢ - T AS;‘é

1

( kJ mol ')
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Stoichiometry

The stoichiometric experiments were carried out
under nitrogeﬁ at the particular temperature, under the
" conditions of [QDC]O> [Substrate]o at varying acid concen-
trations . The disappearance of Cr(VI) was followed, until
the absorbance values became constant. The [QDC]_ was
estimated. The stoichiometric ratio, A[QDC)/ AlSubstratel,
was obtained for each oxidation reaction studied. The
individual stoichiometric equations have been shown along

with the reactions of each of the substrates with the woxidant.

Product analysis

(A) Products obtained from the oxidation of glycine,
alanine, valine, leucine, phenylaléﬁine,'serine, threonine,
tyrosine, glutamic acid, aspartic acid, 1lysine, arginine

and histidine.

Using the same experimental conditions that were
employed for the kinetic determinations, solutions of sub-
strate and oxidant (QDC), taken in sulfuric acid (ionic
strength adjusted by the addition of fthe reguisite amount
of NaClO4), were allowed to react at the particular tempera-

ture for 24 hours, under nitrogen.

(1) The evolution of C02 was detected by the lime water

test.
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(2) The reaction mixture was tyreated Wwith NaHCO3 to
neutralize the acid, the product formed was extracted
with ether, washed with water and dried over anhydrous

Na2804. The solvent was removed by distillation wunder

reduced pressure.

(a) The major product, obtained in each case, was the
corresponding nitrile (yields + 75-80%), which was detected

and characterized by:

(1) 1its colour reaction -with hydroxylamine and

ferric chloride (3);
(ii) IR analysis; and
(111 )NMR analysis.
(b) Trace amounts of the corresponding aldehyde were obtained
(yields ~ 5-10%), which were detected and characterized

by their 2,4-dinitrophenylhydrazone derivatives.

The characterization of the major product (the corres-

ponding nitrile) has been shown in Table 2.
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Table 2

Amino acid

Oxidation product

Characterization

1 2 3
1. Glycine Hydrogen cyanide -
2. Alanine . Acetonitrile B.P. : 81°C
IR : 2270 cm
(-C = N str.)
]
H NMR  *
s(ppm) 1.9 (singlet)
3. Phenylalanine Phenyl acetonitrile B.P. : 232°C
IR : 2254 cm~
; (-C = N str.)
H NMR *

4.Leucine

5.Valine

6. Serine

3-methyl butyronitrile

3-methyl propancnitrile

Hydroxy acetonitrile

S (ppm) 3.7(Singlet 2H)
7.3(singlet 5H)

B.P. : 130°C K
IR : 2265 cm
; (-C = N str.)
H NMR .
§ (ppm)1.1(doublet 6H)
2.0(Multiplet H)
2.3(doublet 2H)

B.P. : 103°C
IR : 2223 cm
(-C =N str.)
HinMg
§ (ppm)1.3 (doublet 6H)
2.7 (Multiplet H)

B.P. : 118°C
IR : 3452 cm
(-OH str.)

] 2220em”™ (-C=N str.

H NMR :
§ (ppm) 4.2 (singlet 2H)
4.7 (singlet H)
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7. Threonine

8. Tyrosine

9. Aspartic acid

10. Glutamic acid

11. Arginine

12. Lysine

13. Histidine

2-hydroxy propanonitrile B.P.: 180°C A
IR : 3422 e (-OH str.)

2250cm—1(-CE N str.)
H11\1MR :
S (ppm) 1.6 (doublet 3H)
4.1 (quartet H)
4.6 (singlet H)
4-hydroxy phenyl acetonitrile M.P. : 69°C
IR : 3550 cm—q(—OH str.)
2264 e (-CEN str.)
Malano mononitrile - M.P, 3 68°C 1
IR : 2265cm (-C =N str.)
1720em” (ZC=0 str.)
’
HNMR : (in DMSO-dg?
$ (ppm)3.8(singlet 2H)
11.8(singlet H)
3-cyano propanoic acid M.P. : 48°C
IR : 1710 e (2C=0 str.)
2230r3m_l| (-C =N str.)

1

N-(3-cyanopropyl) g
Guanidine IR : 2200cm (-C =N str.)

3400cm  (-N-H str.)

.y
5-Amino valeronitrile IR 2246cm  (-C =N str.)
3450cm~1(-N—H str.)

5-(cyano methyl) imidazole IR : 2220cm™ (-C =N str.)
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Table 2 contd..

1 2 3
14. Methionine Methionine sulfoxide N-benzoy!l methionine
sulfoxide
M.P. : 183°C
15. Cysteine Cystine M.P. : 260°C

(B) Product obtaihed from the oxidation of methionine

Using the same experimental conditions that were
employed for the kinetic determinations, solutions of
substrate and oxidant (QDC), taken in sulfuric acid (ionic
strength adjusted by the additioﬁ"of the requisite amount
of NaClO4), were allowed to react at 313 K for 24 hours,
under nifrogen. To thz reaction mixture was added 5 ml
of benzoyl chloride and 10 ml of NaHCO, solution (0.1N).
A precipitate of N-benzoyl méthionine sulfoxide was obthtained,
which was filtered, washed with water and recgrystallized

from ether (m.p. 183°C; yield ~ 75%).

(C) Product obtained from the oxidation of cysteine

Using the same experimental conditions that were
employed for the kinetic determinations, solutions of
substrate and oxidant (QDC), taken in sulfuric acid (ionic

strength adjusted by addition of the requisite amount
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of NaClO4), were allowed to react at 313 K for 24 hours,
under nitrogen. The reaction mixture was taken 1in ether,
washed with water, the ether evaporated, and the residue
refluxed with toluene for 1 hour. The solution was concen-
trated and allowed to cool overnight. Crystals of the
disulfide (cystine) were precipitated, which were recry-

stallized from ether (m.p. 260°C; yield~n 70-80%).

Tests for radical formation

Various tests were performed to determine whether
radical intermediates were fofmed during the course of
the oxidation reactions of amino acids by gquinolinium
dichromate (QDC) in acid medium, under nitrogen. The follow-

ing tests were carried out

(a) Reduction of mercuric chloride(4); it was observed
that there was no reduction of mercuric chloride, fhus
indicating the absence of radical intermediates during

the process of oxidation by QDC.

( b) Polymerization of an added olefinic monomer, such

as acrylonitrile(4).

1 ml" of acrylonitrile (0.02M) and 2 ml of substrate

solution (0.2M) 1in H2804 (4.0M) were taken 1in a 10 ml

conical flask. 2 ml of QDC solution (0.02M) was taken
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in .a test-tube. The two reactant solutions were placed
under nitrogen, and then mixed .and allowed %o stand at
the particular temperature for 30 minutes. There was no
formation of .a white opalescence, indicating the absence

of .any polymer formation. FEach experiment was .accompanied

by a blank control.
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KINETICS OF OXIDATION OF GLYCINE, ALANINE,
VALINE, LEUCINE AND PHENYLALANINE

Amino .acids are the building blocks in protein synthe-
sis. In metabolism, .amino acids .are subjected to many.
reactions, .and can supply precursors for various endogenous
subs tances, .as for example, hemoglobin in blood. Amino
acids wundergo various kinds of reactions, depending on
whether the particular amino acids contain non—pola?: groups,

polar substituents, acidic or basic substituents.

Various proposals for the derivation .0of alkaloid
structures from common amino .acids were considered by
Robinson(1). Biochemical experimenté confirmed the predic-
ted pathways based. on Robinson's scheme of biosynthesis.
The fundamental skeleton of .alkaloids was derived from
common amino .acids and other small biological moleculés.
Simple .amines which have keen found to occur in plants
have been shown to be derived from the decarboxyl..a‘r,ion
of amino .acids. Example are methylamine from glycine,
ethanolamine from serine, isobutylamine from wvaline,

isopentylamine from leucine, and cadavarine from 1lysine.

Many naturally occurring nitrogen compounds have
basic properties in common with the alkaloids, but their

structures .are relatively simple. Their nitrogen atoms
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are not incorporated into heterocyclic skeletons. Instead,
they seem to be derived from amino acids by simple reac-
tions. Decarboxylation o©f amino acids produces amines.
Such amines can be modified by the introduction of methyl
groups or hydroxyl groups. Some protoalkaloids are possible
precursors of typical alkaloids. Protoalkaloids related
to aromatib amino acids, such as tyrosine and dihydroxy
phenylalanine, are important precursors of alkaloids.
The wutilization of nicotine in the synthesis of amino
acids and prote;ns has been reported(2). The correlation
of alkaloid content with the concentration of free amino
acids in different kinds of lupine alkaloids have shown
the presence of arginine, threonine, glutamic acid, histi-
dine, tyrosine and lysine(3). It has been suggested that
arginine could be a normal precursor of the lupine alka-
loids(4). Tracer experiments have confirmed that the carbon
skeletons of all the major 1lupine alkaloids have been
derived from lysine(5). Threonine and isoleucine have been
reporxted tq be good precursors of the pyrrolizidine alka-
loids(6). There 1is evidence that alkaloids having the

imidazole ring are probably made from histidine(7-9).

The kinetics of oxidation of amino acids have
become important, both from a chemical point of view,
and from the point of view of its bearing on the mechanism

of amino acid metabolism.
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In general, the dissociation of amino acids depends
on the pH of the medium. In strongly acidic or alkaline
media, the following equilibria exist:

+ +
H

RCH(NH.)COO  —8 RCH(N+H3)COO_ B+~ greun'm,)coon
~—— ~———
oH OH

2 3

(s7) (s°) (su")

Anion Zwitterion Cation
Amino acids have been oxidized by a variety of
oxidizing agents such as persulfate(10), peracids(11),
peroxydisulfate{]Z), chloramine-B(13), ménganese(III) and
cerium(IV)ions(14), acidic permanganate ion(15), bromate
ion(16), peroxomonosul fate(17), N-bromoacetamide(18,19),
chloramine-T(20), N-bromosuccinimide(21), bromamine-T(22),

and by Fremy's salt(23).

Glycine plays a significant role in the pathways
of choline metabolism(24), and in the biosynthesis of
diterpenoid alkaloids(25). It is one of the major consti-
tuents of silk fibroin and <collagen. The formation of
§ ~aminolevulinic acid, from succinyl-CoA and glycine,
is the first step leading specifically to the biosynthesis
of porphyrins, ﬁhich are present in chlorophyll, hemoglobin
and cytochromes. Alanine has been found to be among the
possible pyridine ring precursors in the biosynthesis

of nicotinic acid(26). Leucine has been shown to be a
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precursor for some purine alkaloids(27). Phenylalanine
has been recognized as a precursor in the biosynthesis
of tropane alkaloids(28). Tracer feeding experiments have
shown that in the taxine group of ‘alkaloids, the phenyl-
propane molety originates from phenylalanine, with an a, B-
migration of the amino group(29). The biosynthesis of
alkaloids such as galanthamine(30), known to possess analgesic
activity comparable to morphine(31), was achieved starting
from phenylalanine. The pathway had involved a crucial
phenolic coupling step, as predicted by Barton(32). The
biosynthesis of rétenone(33), starting from phenylalanine,
illustrates the sequential formation of different types
of oxygen heterocycles. The construction of tryptophan
uses the initial conversion of glucoée to phenylalanine(34).
Indeed, the literature is replete with instances 6f‘pheny1—
alanine being effectively wused for the biosynthesis of

a wide variety of alkaloids(35-39).

Glycine, alanine, valine, leucine and phenylalanine
have been oxidized by a variety of oxidizing agents such
as ceric ions(40,41), Fenton's reagent(42), hexacyanoferrate(II

catalyzed by osmium(VIII) ions(43), manganese(II1I) sulfate(44),

Fe2+ions(45), peroxydisulfate catalyzed by Cu2+ions(46),
Co3+ ions catalyzed by Ag+ ions(47), acidic permanganate(48),
aquopentacyanoferrate(II) ion(49), periodate(50), aguo -

manganese(III) ion in acid medium{51), peroxydisullate
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catalyzed by Ag+ and Cu2+ ions(52-54), N-bromosuccinimide (55,56},
chloramine-T (57-60), 'bromamine~B(61,62), N-bromeocacetamide
(63,64), lead tetraacetate(65), peroxomonosulfate(66),
acid bromate(67), phenyl iodosoacetate(68,69), bromine
catalysed by osmium(VIII) ion(70), Ag2+ ions(71), potassium
hexacyanoferrate(III) in alkaline media(72), N-~chloro
sulphonamide(73), bromamine-T(74-76), dichloramine-T(77,78),
N-bromobenzamide(79), peroxo diphosphate catalysed by
ruthenium(III) ions(80), N—bromosulphonamide(81), chloramide~q
catalysed by ruthenium(III) ions(82), N-chlorobenzamide(83),

N-chlorosuccinimide(84) and by alkaline hexachloroiridate(IV)

(85) .

Alamine has been oxidized by N-bromosaccharin(86),
chloramine-B(87), N-chlorobenzamide(88), peracids(89),
chloramine-T(90), N-bromosuccinimide(91), Fenton's reagent(92),

cerium(IV) catalysed by Ag(I) ions(93), and by permanganate

ions(94) .

Valine  has been oxidized by chloramine-T(95),
phenyliodoso acetate(68,69)’lead tetraacetate{65), manganese(III)
sulfate(96), and by potassium hexacyanoferrate(III) 1in

alkaline media(72a).

Leucine has been oxidized by metaperiodic acid(97),
trinitrobenzene sulfonic acid(98), manganese(III) sulfate(99),
and by hexacyanoferrate(III) catalyzed by ruthenium(Vl)

ions (100) .
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Phenylalanine has been oxidized by acidic perman-
ganate(101,102,103), agqueous hydrogen peroxide(104), pota-
ssium hexacyanoferrate(III) in alkaline media(105), and

by cerium(IV) in presence of Mn(II) ions(106).
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PRESENT WORK
The present work is a detailed kinetic investigation
of the oxidation of amino acids by quinolinium dichromate(QDC),
in acid medium at constant ionic strength, under a nitrogen
atmosphere. The amino acids chosen for the purposes of

oxidation were glycine, alanine, valine, leucine and phenyl-

alanine.

Stoichiometry (vide "Experimental")
The stoichiometries of all the oxidation reactions
were determined. A stoichiometric ratio, A[QDC}/ A [Substrate]

of 1.07 was obtained (Table 1).

Table 1. Stoichiometry of the oxidation of amino acids; [substrate]=0.005M,

T=348K.
[HQSOQ](M) 1.0 3.0 4.0 5.0
102[QDCI(w) 2.50 2.60 2.70 2.80
A [QDCY/ AlGlycine] 1.06 1.01 1.05 1.08
A [QDC]/ AlAlanine] 1.08 1.05 1.02 1.10
A [QDC)/ AlLeucine] 1.15 1.03 1.07 1.12
A [QDC)/ alvaline] 1.05 1.01 1.08 1.03

A [QDCY/ AlPhenylalanine] 1.11 1.02 1.06 1.09




[ 48]

The stoichiometry conformed to the overall equation:

RCH(NH,)COOH + 2cr! —— RCN + €O, + 260" 4 aH” (1),
which envisaged a two-electron transfer, in agreement
RSl

with Brown's observations(107).

Here, R = H(glycine), - CHB(alanine),
CH3

—CHZ - CH (leucine)

CH
3
////CH3
-C (valine)

H\CH}

- CH, —C6H5 (Phenylalanine)
Effect of substrate and oxidant
The rate of the reaction was found to be dependent
on the concentrations of both, substrate and. oxidant.
The order of the reaction with respect to substrate concen-
tration was obtained by changing the substrate concentra-
tion and observing the effect on the rate, at constant [QDC]

and [H+]. The results have been recorded in Table 2.
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Table 2. Dependence of the oxidation rate on [Amino Acidl.

[Amino Acid}m) 0.01 - 0.025 ‘ 0.05 0.10 0.20
’IOL‘xkq,s_1 for:

Glycine 0.98 2.4 5.0 10.0 20.2
Alanine 0.87 2.1 4.4 : 9.0 18.0
Leucine 1.31 3.2 6.6 13.5 26.5
Valine 0.81 1.9 4.0 8.2 16.0
Phenylalanine 2.1 5.3 10.8 21.8 43.0

[(QDC] = 0.001M, [HZSOAJ = 4.0M, y = 0.5M, T = 348K.

Plots of ]{1, the pseudo first order rate constant
against a twenty-fold range of concentration of substrate
gave straight linés passing through the origin (Fig.1f,
indicating that the réte of oxidation was dependent on
the first power of the concentration of the substrate.
This was further seen by the constant values of k2, the
second order rate constant.

Under pseudo first order conditions, individual
kinetic runs were first order with respect to the oxidant,
(QDC) . Further, the pseudo first order rate constanfs (k1)
were independent of the initial concentration of the oxidant
(QDC). When a constant concentration of substrate (large
excess) was used, k1 did not show any appreciable variation

with the change in concentration of the oxidant, indicating
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a first order dependence of the reaction on the concentra-

tion of the oxidant (Table 3).

Table 3. Dependence of the oxidation rate on [QDC]

10°(@DCIM) 1.0 2.5 5.0 7.5 10.0

104xk1, s_1 for:

Glyciﬁe 0.98 0.92 0.95 0.90 0.98

Alanine 0.85 0.88 0.85 0.81 0.87

Leucine 1.30 1.18 1.24 1.20 1.31
Valine . 0.82 0.87 0.82 0.86 0.81

Phenylalanine 2.0 1.8 1.9 2.0 2.1

[Amino Acid] = 0.01M™, [HZSOa] = 4.0M, ¥ =0.5M, T = 348K.

Effect of acid

The reaction. was susceptible to changes in acid
concentration, and the rate was observed %to increase with
an increase in the concentration of the acid (Table 4).

Table #. Dependence of the oxidation rate on [Acid].

[HZSOQ](M) 1.0 2.0 3.0 4.0 5.0
10" XK 1, s™! for:

Glycine 0.24 0.50 0.72 0.98 1.25
Alanine 0.20 0.43 0.62 0.87 1.10
Leucine - : 0.33 0.65 1.02 1.31 1.70
Valine 0.18 0.39 0.55 0.81 0.93
Phenylalanine 0.56 1.10 1.67 2.10 2.85

[Amino Acid] = 0.01v, [QDC] = 0.001M, 1 = 0.5M, T = 348K.
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+ . .
Plots of 1log k,I against log [H' ] were linear with
slopes equal to wunity (Fig.2), indicating that the rate
of the reaction was dependent on the first power of the

concentration of the acid.

The linear increase 1in the oxidation rate with
acidity suggested the involvement of a protonated Cr(VI)
species in the rate determining step. There have been
earlier reports of the involvement of such Cr(VI) species
in chromic acid oxidations(108). Protonated Cr(VI) species
have been observéd in the presence of p-toluenesulphonic

acid in nitrobenzene-dichloromethane mixtures(109).

Rate Law

Under the present experimental conditions, wherein
pseudo-first-order conditions have bzen used for all th=
kinetic runs, the observed rate law can bz expressed as:

Rate = - LELLII ~ xisupstrateione) it (2),

Effect of solvent

All- the kinetic runs were performed 1in agueous
medium. However, it was thought appropriaée to study the
effect of a change in the dielectric constant of the medium.
Hence, the reactions were performed using acetic acid-water

mixtures. Reactions involving an ionic reactant tend to be
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influenced by changes in the solvent medium. It is hence
to be expected that in the present investigation, the
solvent should be playing an important part. In the case
of each of the substrates oxidized by guinolinium dichro-
mate, the rate of oxidation was fastest in those solvent
mixtures that contained the smallest proportions of water
and increasing proportions of acetic acid resulted in
an increase 1in the rate of oxidation (Table 6). The dielec-
tric constants for acetic acid-water mixtures have been
estimated from the dielectric constants of the pure

solvents(110).

Table 6. Dependence of the oxidation rate on solvent.

H,0 : HOACc(%,v/v) 100:0 95:5 90:10 85:15 80:20
Dielectric constant(D) . 78.54 74.92 71.30 67.68 64.06
1Oaxk1, s”' for:

Glycine 0.98 1.12 1.24 1.48 1.69
Alanine 0.87 0.96 1.03 1.15 1.24
Leucine 1.31 1.47 1.64 1.88 2.20
Valine 0.81 0.89 1.02 1.12 1.22

Phenylalanine 2.10 2.28 2.63 3.08 3.52

[Amino Acid] = 0.01M, [@DC] = 0.001M, [H,SO,] = 4.0M, 1= 0.05M, T = 348K,

In the present investigation, in going from 100%
water to 80% water, the polarity decreases. This decrease

in the polarity of the medium caused an increase in the rate
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of the reaction (Table 6). Plots of 1log k1 against the
reciprocal of the dielectric constant were linear (Fig.3),

with positive slopes. This suggested an interaction between

a positive ion and a dipole(111), and was in consonance

with the observation that in the presence of an acid,

the rate -determining step involved a protonated Cr(VI)

species.

On the basis of the solvating power of the solvent,
a correct prediction of a qualitative nature can be made
of the rate of thé reaction in different solvent media.
In the present investigation, the transition state 1is
less polar than the initial state (reactants) because
of the increased dispersal of charges in the transition
state. This would indicate that the extent of solvation
of the transition state was less ‘than that For the rcactants,
in agreement with the assumptions of Hughes and Ingold(112).
Therefore, the decrease in the rate of oxidation on the
addition of a more polar solvent, as in the present investi-
gation, 1is a natural result of the progressive increase
in solvation of the reactants more than that of the transi-
tion state. The effect of a change in the solvent composi:
tion on reaction rates would also depend on factors such
as solvent-solute interactions(113,114), and on solvent

structure.
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Effect of temperature
The rate of the reaction was influenced by changes

in temperature (Table 7).

Table 7. Dependence of the oxidation rate on temperature.

Temp (+0.1K) 338 303 34,8 353 358
1Oaxk1, 3_1 for:

Glycine 0.58 0.76 0.98 1.35 1.70
Alanine " 0.49 0.70 0.87 1.09 1.52
Leucine - 0.77 1.03 1.31 1.70 2.05
Valine 0.52 0.68 0.81 0.96 1.26
Phenylalanine 1.18 1.77 2.10 2.77 3.29

[Amino Acid] = 0.01, [QDC] = 0.001M, [H,SO,] = 4.0M, U = 0.5M.

Plots of log k1 against the reciprocal of temperature were
linear (Fig.4) ,suggesting the wvalidity of the Arrhenius
equation. The slopes of the plots were used to calculate
the activation energies of the reactions (vide "Experimental"
Calculations). The other activation parameters were evaluated

and have been shown in Table 8.
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Table 8. Activation Parameters

. . E AF¢ [\S’é AG#
Amino Acid 1 R 1 1 1
(kI maol ) (kdJmol ™ ) (3K mol ') (kImol )
Glycine 57 54 -168 112
Alanine : 57 ‘ 54 -168 112
Leucine 56 53 -170 112
Valine 59 56 163 113
Phenylalanine 55 52 172 112
. -1 # -1
Error limitss E+2 kdmol -, AHT + 2kJImol

bl

A5 1 33k ot 4G7 & 2 kImol ™!

The oxidations of all the substrates were characterized
by negative entropies of activation. This would suggest
an ordered transition state, relative to the reactants(115).
Differences in soivation of substrates in the ground state,
and the transition state might also contribute to some

extent to the negative entropies of activation(116).

P ]
Isokinetic Relationship
The enthalpies and entropies of activation for
a reaction are linearly related by the equation
AH?é = AHO# -t BAS7é (3),

where B is the isokinetic temperature. For these oxidation

reactions, the activation enthalpies and entropies were
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linearly related. The correlation was tested and found
to be valid by applying Exner's criterion(117). The isokine-

H# against AS#,

tic temperature, obtained from the plot of A
was 338K (Fig.5). Although current views do not attach
much physical significance to isokinetic temperature(118),

7 7

a linear correlation between AH and AS is usually a
necessary condition for the validity of linear free energy
relationships. Further, the wvalues for the free energies
of activation ( AG#) were nearly constant, indicating that

the same mechanism operated for the oxidation of all the

substrates studied.

Solvent isotope effect

All the oxidation reactions of these amino acids
by quinolinium dichromate, in acid medium, have been carried
out in aqueous medium. It was thought appropriate to study
the effect of a change in the solvent (from H,0 to D20)
in order to ascertain the extent of the -solvent isotope
effect. It was observed that the rates of oxidation of
theée aminc acids were incresed in D20 medium (Table 9),

in agreement with earlier reported observations(119]).
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Table 9. Solvent isotope effect for the oxidation of amino acids.

k -k k [k
Amino Acid HZO DzO D2O HZO

(1Daxk1, 3_1)

Glycine : (.98 1.30 1.33
Alanine 0.87 1.13 1.30
Leucine 1.31 1.84 1.40
Valine 0.81 1.10 1.36
Phenylalanine ' 2.10 2.84 1.35

[Amino Acid] = 0.01M, [QDC] = 0.001M, [H,50,] = 4.0M, n = 0.5M, T = 348K

Since D3O+ is about three times stronger tfhan H3O+

(119,120), the solvent isotope effect, k should

2.
D,0" "H,0

be dgreater than unity for acid-catalyzed reactions. If
the solvent isotope effect had been less than unity, then
this would have indicated a pre-equilibrium proton transfer,
followed by' a rate-limiting electron-transfer ©process.

Since the solvent isotope effect, was greater

k /k R
D20 H2O

than unity (Table 9), this would suggest a proton-catalyzed
reaction. This would support the protonation of the oxidant
{QDC), an observation which has been reflected in the

acid dependence on the rate of the reaction (Table 4).

Bffect of ionic strength
Variations in the ionic strength of the medium

using sodium perchlorate ( H4 = 0.01M to 0.50M), did not
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The addition of salts such as NacCl, NaNO3, KNO3,

. _4 _
Nast4 and MgSO4 (concentration range of 1 x 10 M to 5x10 3M)

Effect of added salts PRk

did not have any effect on the rates of these reactions. ;>
e e v ”

Earlier work on the oxidation of amino acids by alkaline

hexacyanoferrate(III) had shown specific cation effects,
wherein changing the cation from lithium to cesium had
resulted in greater than 100-fold increase in the rate
of the reaction(121). In the present investigation, salt
effects were not observed. It seems possible that any
effects due to the addition of salts, in the concentration
range studied, may be compensated for by the high ionic
strength of the médium and the high acid concentrations
employed in this present study, thus vitiating any observed

effect due to the addition of salts.

Kinetic isotope effect

The kinetic isotope effect caused by deuterating
the o—-carbon atom was studied, 1in order *to determine
the nature of the intermediate formed in the rate-determin-
ing step of these oxidation reactions. The results have

been shown in Table 10.
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Table 10. Kinetic isotope effect for the oxidation of amino acids.

Amino Acid RCH(NHZ)COOH RCD(NHZ)COOH kH/kD
(10" x ke, 57

Glycine 0.98 0.92 1.06

Alanine 0.87 0.83 1.05

Leucine 1.31 1.20 1.08

Valine 0.81 0.78 1.04

Phenylalanine 2.10 2.02 1.04

[Amino Acid] = 0.01™, - [QDC] = 0.001™, [HZSOQ] = 4.0M, 1 =0.5M, T =348K

The kH/kD values were close to unity (Table 10),
which indicated that, in the rate-determining step, there
was no .cleavage of the carbon-hydrogen bond. In the earlier
work on the oxidation of amino acids by alkaline hexacyano-
ferrate(III), a significant kinetic isotope effect had
been reported(122). Being a one-electron oxidant, potassium
hexacyanoferrate(III) would enable the formation of a
radical species, during the cé)urse of its reactions with
organic substrates, and a kinetic 1isotope effect at the
@ ~carbon atom would be observed(122). The absence of
a Kkinetic 1isotope effect, in the present investigation
(Table 10), indicated that there was no cleavage of the

carbon-hydrogen bond in the rate-determining step of the

reaction.
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Induced polymerization

In the present investigation, since all the reac-
tions were performed under nitrogen, the possibility of
induced polymerization was tested. It was seen that there
was no induced polymerization of acrylonitrile or the
reduction of mercuric chloride(123). Further, no ESR signals
could be detected in these oxidation reactions (E-4, Varian),
thus providing no evidence for the formation of radical
intermediates. Control —experiments were performed, in
the absence of the substrate. The concentration of the

oxidant (QDC), did not show any appreciable change.

Structure-reactivity relation
The order of reactivities among the substrates
was:

L-phenylalanine ? L-leucine > L-glycine > L-alanine » L-valine
(Table 2).

Based on the reactivities of these substrates, it was
observed that the benzyl group in phenylalanine and the
(CH3)2CH—CH25 group in leucine behave as strongly electron-
releasing groups. It has been found that the rates of
oxidation of these amino acids do not correlate satisfactorily
with the usual Taft- g* (polar substituent constants)
or E_ (steric substituent constants) of these groups(124).
Hence, the electron-releasing nature, rather than the

inductive effect of these polar groups, appears to control
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the reactivity. The electron-releasing power of a phenyl
group is twice that of a p-methyl group in aromatic substi-
tution. In the Cr(vI) oxidation of primary alcohols, 1t

was found that the maximum increment for a methylene group

was -0.1(125). Hence, the computed g* value for the
benzyl group would be -0.34+(-0.1) = -0.44. The o* value
of (CH;),CH- has been given as -0.19 (126). Hence the

computed c* wvalue for (CH3)2CH—CH2— would be -0.29.
Using the 0% value for C6H5—CH2— as -0.44, and o* value

for (CH3)2CH—CH2— as ~0.29, the modified Taft equation:

= *
log k/k_ o p* + §E (4)

has been wused for *the struchture-reactivity correlation
for these amino acigs. This was done by plotting (log k/ko— GES)
against o* (where ko represen%s the rate constant for
glycine, and k represents the rate constants for the other
a -amino acids, .at 348K, and o* and ES were the polar
and steric substituent constants respectively). Solving
the simultaneous equation with respect to leucine and
phenylalanine, the value of ¢ (the steric reaction constant)
was +0.84, and the wvalue for p* (the polar reaction con-
stant) was -1.48. The above plot was found to be linear,
which suggested that both, the steric effect and the polar
effect influenced the rate of the reaction. The negative

value of p* (~1.48) indicated that the reaction was
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fécilitated by the high electron density at the reaction
site, caused by electron-releasing groups. The positive
steric reaction constant ( 6§=0.84) indicated that thé
‘steric effect was quite pronounced in these oxidation

reactions.

Mechanism

The rate of the reaction between the substrate
(glycine, .alanine, valine, 1leucine and phenylalanine)
and oxidant (quinolinium dichromate, QDC), in acid medium,
was observed to vbe dependent on the first powers of the
concentrations of each of the reacting species -~ substrate,
oxidant .and acid (Tables 2-4). The linear dependence of
the rate of oxidation on acidity (Table 4), suggested
the involvement of a protonated Cr{(VI) species in the
slow step of the reaction. The initial reaction was between

the substrate and a protonated Cr(VI) species.

The rate constants for the oxidation of all the
amino aéids were almost of the same order of magnitude
(Table 2). This was because all these amino acids had
almost similar pK values. The ionization constants and
pH wvalues at the isoelectric points(127) of these amino
acids (glycine, alanine, leucine, valine and phenylalanine)

at 298K have been given in Table 11,
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Table 11. lonization constants (127) and pH values at the isoelectric points
of amino acids at 298K.

Amino Acid pK1 pKZ pHi
Glycine 2.34 9.60 _ 5.97
Alanine 2.34 9.69 6.01
Leucine 2.36 9.60 5.98
Valine 2.32 9.62 5.96
Phenylalanine | 1.83 9.13 5.48
For these amino acids,

PK4 Py B . , o
pHi =% where pHi Is the isoelectric point.

An amino acid is bifunctional because of the presence
of both amino and carboxyl functions. Therefore, its action
with acid involves an equilibrium process. The dissocia-
tion of amino acids depends upon the pH of the medium.
It is well known that amino acids exist as dipeolar ions
(zwitterions) 1in aqueous solution. In strongly acidic

or alkaline media, the following equilibria exist:

oH" OH"
RCH(NTH.)COOH —— RCH(N'H,)COQ™ ——— RCH(NH.)COO~ (5)
3 S—— 3 — 2
e ot
(cation) (zwitterion) (anion)

In the present investigation, it has been established
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that the rate of the reaction was dependent on the first
power of the concentration of acid (fable 4). The observed
dependence of the rate on [acid] and the experimental con-
ditions employed, in these oxidation reactions, suggested
that the amino acids existed overwhelmingly in the cationic
form. The 'conversion of the gzwitterion to the cationic

form would depend on [H+], as shown in Eg.(6).

+

+ - +
RCH(N H,)COO + H ———> RCH(N HB)COOH (6)

3)

In acid medium, the zwitterioh was converted to the cation
[RCH(N+H3)COOH], which was the reactive species, under

the present experimental conditions.

The effect of changing the solvent composition on
the rate of reaction has been discussed in detail by
Benson(128), Laidlér(129), Frost and Pearsonf{115), Amis{(111)
and Entelis and Tiger{130). For the 1imiting case ‘of zero
angle of approach Dbetween two dipoles or an ion-dipole
system, Amis(111) has shown that a plot of log k1 (the
pseudo-first-order rate constant) against 1/D (the recipro-
cal of the dielectric constant), gives a straight 1line,
with a negative slope for a reaction between a negative
ion and a dipole or between two dipoles, while a positive
slope results for a positive ion-dipole interaction. In
the present investigation, the effect of a change in solvent

composition has been rationalized by changing the dielectric
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constant of the medium, using varying proportions of acetic
acid and water. It was observed that an increase in the
proportion of acetic acid had resulted in an increase in
the fate of the reaction, for all the amino acids oxidized
by quinolinium dichromate (Table 6). Plots of log k1 {the
pseudo-first-order rate constant) against the reciprocal
of the dielectric constant were linear, with positive
slopes (Fig.3). This experimental observation was in confor-
mity with the Amis theory{111), and supported the conclu-
sion that, in thevpresent investigation, the rate-determin-

ing step involved an interaction between a positive ion

and a dipolar species.

The data for the activation 'parameters {Table 8}
indicated that the wvalues obtained for the activation ener-
gies{(E}! were quite~ similar. The constancy in the values
for the free energies of activation (13G¥} suggested a
common mechanism of oxidation for all the amino acids stu-
died. The fairly high negative wvalues for the entropies
of activation f AS#) point towards.the formation of a more
ordered transition state, resulting in a reduction in the
degrees of freedom of motion of the molecules. The fairly
high positive wvalues of the free energies of activation
{ AG$} and the enthalpies of activation (¢ AH£) indicated
that the transition state was highly solvated. The linear
trend between the entﬁalpy of activation (‘AH¢) and the

entropy of activation ¢ AS36 for all these amino acids
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studied showed that the reaction was controlled by both
F

and AS#). The isokinetic temperature (g )

#

parameters { AH
calculated from the linear plot of AI{ against AS?é was

338K.

The observed solvent isotope effects in acid media
{Table 9) would support the proposed mechanism of the reac-
tion. It is known that D30+ is about three times stronger
than H3O+ (119,120) for reactiongwhich are catalyzed by

acids. For such reactions, the isotope effect, k /k '
DZO HZO

should be greater than unity. The isotope effects observed
(Table 9) conform to the above theory, supporting the proto-
nation of the oxidant{(QDC), as evident from the acid depen-

dence on the rate of the reaction (Table 4).

The ionic strength of the medium did not affect
the rates. The addition of salts did not. reveal any
influence on the rates of the reactions. Under these condi-
tions, the direct interaction of the substrate and oxidant,
in acid medium, 1is guite likely to form a reaction inter-
mediate which in turn undergoes further reaction to give

the product.

The oxidation of the deuterated amino acids (deute-
rated at the 0-carbon atom} vyielded values of the kinetic
isotope effect, kH/kD, which were close to unity (Table 10).

This indicated the absence of a primary kinetic isotope
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effect, and confirmed that there was no cleavage of the
carbon-hydrogen bond in the rate-determining step of the

reaction.

The oxidation of all the amino acids, under nitrogen
atmosphere, failed to induce the polymerization of acrylo-
nitrile, or to bring about the reduction of mercuric chlo-
ride. No ESR signals were detected in these oxidation reac-

tions, thus providing no evidence for a radical mechanism.

In the oxidation of g~amino acids by N—bromoaceta;
mide, the neutral form of the amino acids was proposed
as the reactive species(63,64,131). Kinetic investigations
of the oxidation of a-amino acids by N-bromobenzene sul-
fonamide or bromamine;B(BAB) had indicated the reaction
of the neutral form of the amino acid with the oxidant(132}.
The mechanistic pathway for the oxidation of amino acids
by peroxomonosulfate envisaged a reaction involving the

zwitterionic form of the amino acid{(66).

The oxidation of amino acids by permanganate in
concentrated acidic media was postulated to occur wvia the
reaction between the cationic form of the amino acid and
permanganic acid(133). At high concentrations of acid,
the reaction between the cationic form of the amino acid
and the positive halogen source was postulated as the rate-
5etermining step in the oxidation of amino acids by chlora-

mine-T{134). In acid media, amino acids exist as a mixture
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of the zwitterionic [RCH(N+H3}COO-] and cationic

3)COOH] forms. In the present investigation, the

observed direct dependence on the concentration of acid

[RCH(N'H

(Table 4) would suggest that the amino acids existed over-
whelmingly in the cationic form. In acid solution, the
zwitterion would be converted to the cation [RCH(N+H3)COOH],
which - is the reactive species, under the present experimen-

tal conditions.

Structure-reactivity correlations have been used
to support the mechanism of the oxidation of amino acids.
There have been earlier reports on the use of structure-
reactivity correlations in the oxidation of g-amino acids
by alkaline hexacyano-ferratef(III) catalysed by O0O$(VIII)
ions, where values of p* = -0.64 and (5; +1.48 had been
obtained(135). It‘was suggested that these reaétions had
a pronounced steric effect, but a negligible polar effect
{135). In the oxidation of o@&-amino acids by N-bromo benza-
mide, 1in acid medium, the values obtained were p* = -0.83
and § = +0.49 (79). It was further.suggested that, since
the reaction centre was not close to the site of substitu-

tion, the magnitude of the reaction constant was low(79).

In the present investigation, the wvalues obtained
for the reaction constants were p* = -1.48 and § = +0.84.
The magnitude of the reaction constants suggested that

the oxidation of these amino acids by quinolinium dichromate
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in acid medium, would be influenced by both factors, the
polar effect and the steric effect. Since the reaction
centre was close to the site of substitution, the magnitude
of the reaction constants should be fairly high. This has
been observed ( o* = -1.48 and §= +0.84) thus supporting

the proposed reaction mechanism.

Based on the observed kinetic data, it would be
justified to postulate that, in the present .study, the
oxidation of amino acids by quinolinium dichromate(QDC},
in acid medium, would proceed via a direct interaction

—
between the cationic form of the amino acid and the oxidant

(QDC) to vyield a reaction intermediate, which would then

- AT i

undergo further reaction to give the product. The mechani-

stic pathway for the oxidation of these amino acids (glycine
alanine, valine, leucine and phenylalanine) by gquinolinium
dichromate (QDC), in acid medium, has been shown in the

Scheme.

The major products of these oxidation reactions

(vide "Experimental : Product Analysis)were:

(a) the corresponding nitriles ( v75-80%), which were

characterized by chemical and spectral methods} and

(b) trace amounts of the corresponding aldehydes (~n5-10%)
which were characterized by their respective 2,4-

dinitrophenylhydrazone derivatives.
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KINETICS OF OXIDATION OF SERINE,
THREONINE AND TYROSINE

Serine has been used in the pathway of choline meta-
bolism{1}, as also in the biosynthetic pathways for wvarious
alkaloids such asAricinine(Z} and mimosine{3}). The reaction
involving the decarboxylation of serinef4) provides the
nitrogen atom and its attached C2 unit in the biosynthesis
of atisine, a diterpenoid(5). Serine 1is present at the
active centre 1in elastase!{6). The interatomic distance
(3.0A }, measured from a model of chymotrypsin, gave clear
evidence for hydrogen bonding(7) between histidine 57 and
serine 195, indicating that histidine 57 and serine 195
were involved in the charge relay mechanism’of chymotrypsin
{8Y. The hydroxyl group of serine thus plays a direct role
in the catalytic action of chymotrypsin{9}). The enzymic
activity of trypsinogen has been attributed partly to the

presence of a serine residue at position 183(10-12).

In the pathway for vitamin B synthesis{13), the

12
conversion of cobyric acid to cobinamide involved amide
formation with T-amino-2-propanocl. It has been demonstrated
that threonine was the precursor of 1-amino-2-propanol(14).

Threonine has been observed to be present in many lupine

alkaloids(15). Threonine has also been established as a
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good precursor in the biosynthesis of seneciphyllic acid,

which is an important pyrrolizidine alkaloid(16).

Protoalkaloids related to tyrosine are important
precursors of various groups of alkaloids(17,18). Tracer
experiments with barley have demonstrated the origin of
tyramine and hordenine from tyrosine(19-21). Isoquinocline
alkaloids have been derived by the condensation of a car-
bonyl compound with a derivative of tyrosine(22-24), Tracer
feeding experiments showed that tyrosine—2—14c was a pre-
cursor of aporphine and morphinan alkaloids in poppy seeds,
with the 1label appearing at C-9 and C-16 of morphine(25-28).

Tyrosine has been shown to be a precursor of betanidin,

an alkaloid of the imidazole group{29).

The kinetics of oxidation of these amino acids
(serine, threonine and tyrosine) have Dbecome important
because of their bioclogical significance. Serine has been
oxidized by a variety of oxidizing agents such as chlora-
mine-T{30-32), N-bromosuccinimide({33,34}, peroxydisulfate(35},
Fenton's reagent{36), ceric ions(37,38), chloramine-B(39},
chromic acidf40), N—bromoacetamide{41,42), and by perio-
date in acid medium!/43). Threonine has Dbeen oxidized by
N-bromosuccinimide{33), peroxydisulfate(35), ceric ions(37},
cobalt({III) ionsf{44), acidic KMnO4 ({45), chloramine-T (46-50),

peroxomonosulfate!51), Mn(III)} sulfate(52), potassium hex-

acyanoferrate!{III! in alkaline medium{53), and by 1-chloro-
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benzotriazole{(54}. Tyrosine has been oxidized by Cu2+/

20,
(55), peroxidase(56-58), chymotrypsin(59}), and by potassium

hexacyanoferrate(III) in alkaline medium(60).
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PRESENT WORK

The present work is a kinetic investigation of the
oxidation of serine, threonine and tyrosine by duinolinium
dichromate in acid medium, at constant ionic strength, under
a nitrogen atmosphere.

Stoichiometry (vide "Experimental')

The stoichiometry of each of the reactions was deter-
mined. A stoichiometric ratio A [QDC]/ A [Substrate] of
1.08 was obtained (Table 1), corresponding to the overall

"equation:

RCH(NHZ)COOH + 2CrvI ——= RCN + C02-+ ZCIIV + 4n" 1)

Here, R = -CH,OH{serine), ~CHOHCH, (Threonine),

—CHZ—Ph—OH (Tyrosine)

Table 1. Stoichiometry of the oxidation of amino acids; [Substratel=
0.005M, T = 343K.

[H,80, 100 1.0 3.0 4.0 5.0
102{QDC}{M) 2.50 2.60 2.70 2.80
A [QDC1/ AfSerine] 1.05 1.08 110 1.12
A [QDC]/ A [Threonine] 1.08 1.05 1.11 1.06

A [QDC]/ AlTyrosinel] 1.07 1.12 1.04 1.08
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Effect of substrate and oxidant
Thé rate of the reaction was observed to be depen-
dent on the first powers of the concentrations of Dboth,

substrate and oxidant {Tables2-3).

Table 2. Rate data for the oxidation of serine and theonine.

[Substrate] fQpc] Serine Threonine
(10% (1075 (10% x Xk, 7))
1.0 1.0 1.6 0.6
2.5 1.0 .0 1.5
5.0 1.0 ‘ 8.2 3.1
10.0 1.0 16.5 6.3
20.0 1.0 33.0 12.5
1.0 0.75 1.5 0.6
1.0 0.50 1.6 0.5
1.0 0.25 1.5 0.7
1.0 0.10 1.7 0.6

[H2804] = 3.0M, W = 0.5M, T = 343K.

Table 3. Rate data for the oxidation of tyrosine

[Substrate] [QDC] Tyrosine

(10%5a0) (10°5M) (10* x ki, )

1.0 1.0 2.5

2.5 1.0 6.3

0 1.0 12.5

10.0 1.0 25.3

20.0 1.0 51.0

1.0 0.75 2.3

1.0 0.50 2.2

1.0 0.25 2.5

1.0 0.10 2.6

[H2804] =2.0M, M =0.5M, T = 313K
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Plo£s of k1, the pseudo-first-order rate constant, against
a twenty-fold range of concentration of substrate were
linear passing through the origin, indicating that ~the
rate of oxidation was dependent on the first power of the
concentration of the substrates. The values of k2 { second
order rate constant) were fairly constant, confirming the

first order dependence of the rate on the concentrations

of the substrate (Tables2-3).

When the concentration of the substrate was kepﬁ,
constant (taken in large excess), the pseudo-first-order
rate constant {k1) did not show any appreciable variation
with changing concentrations of the oxidant (Tables 2-3),
indicating that the rate of the reaction was dependent

on the first power of the concentration of the oxidant(QDC).

Effect of acid
The rate of the reaction was observed to be dependent
on the first power of the concentration of the acid {Table 4).

Table 4. Depencence of the oxidation rate on [Acid]

(8,80, 1 () 1.0 2.0 3.0 4.0 5.0

10% x K, s~ for:

Serine 0.5 1.0 1.6 2.1 2.6
Threonine 0.2 0.4 0.6 0.9 1.1
Tyrosine 1.2 2.5 3.7 5.0 6.1

[Amino Acid]=0.01M, [QDC] = 0.001M, U= 0.5M, T = 343K (for serine
and threonine} and 313K (for tyrosine).
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Plots of log k., against log [H+] were linear with unit

1
slopes, showing that the reaction was dependent on the

first power of the concentration of the acid.

Rate law

The linear increase in the oxidation rate with
acidity suggested the involvement of a protonated Cr{vVI}
species in the rate-determining step. The involvement of
such protonated species has been well‘established in chromic

acid oxidation{61).

Under the present experimental conditions, wherein
pseudo-first-order conditions have been used for all the

kinetic runs, the rate lawcan be expressed as:

\
rate = - LELLVDIL oy (gupstratellopelin®] (2)

Effect of solvent

The kinetic funs were carried out in acetic-water
mixtures, in order to study the effect of a change inlthe
dielectric constant of the medium. The dielectric constants
for acetic acid-water mixtures have Peen estimated from
the dielectric constants of the pure solvents(62). The
estimated dielectric constants of the solvent mixtures

used have been shown in Table 5.

The rate of the reaction was susceptible to changes



[ 86 1

in the polarity of the solvent medium, with varying propor-
tions of acetic acid and water. With an increase in dielec-
tric constant of the medium, there was a decrease in the
rate of the reaction (Table 5). This was in consonance
with the observation that the use of more polar solvents
required larger reaction times{63).

Table 5. Dependence of the oxidation rate on solvent.

f

HZQ:HOAC (%, v/v) 100:00 95:5 90:10 85:15 80:20
Dielectric constant(D) 78.54 74.92 71.30 67.68 6..06
104xk1, s~ for:

Serine 1.6 1.8 2.1 2.7 3.2
Threonine 0.6 0.64 0.7 0.8 0.9
Tyrosine 2.5 3.0 3.4 3.9 - 5.0

[ Amino Acid]l= 0.01M, [QDC] = 0.001M, U = 0.5M, [HZSOAJ = 3.0M (for
serine and threonine)_ and 2.0M (for tyrosine), T = 343K (for serine
and threonine) and 313K for tyrosine).

Plots of log k1 against the re;iprocal of dielectric
constants were 1linear with positive slopes (Fig.1). This
suggested an interaction between a positive ion and a dipole
(64), and confirmed that the rate-determining step, in
the presence of acid, involved a protonated Cr(VI) species.
The effect of a change in solvent composition on the reac-
tion rate would also depend on factors such as the solva-
ting power of the solvent/65), solute-solvent interactions

{66,67), and solvent structure.



1: Tyrosine
2: Serine

2.0 L 3: Threonine

1.5
5+log k1
(™1
1.0
0.5 1 ) | i
0.012 0.013 0.014 0.015 0.016
1/D

Fig.1: Plot of log k1 against the reciprocal of dielectric constant
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Effect of temperature
The rates of the reactions were observed to be sus-

ceptible to changes in temperature {(Tables 6-7}.

Table 6. Dependence of the oxidation rate on temperature.

Temp (+0.1K) - 333 338 343 348 353

104xk1, g7 for:
Serine 1.0 1.3 1.6 1.9 2.4

Threonine 0.3 0.4 0.6 0.8 1.1

[Amino Acid] = 0.01M, [QDC] = 0.001M, [H,50,] = 3.0M, W = 0.5M

Table 7. Dependence of the oxidation rate on temperature (Tyrosine)

Temp (%0.1K} 303 308 - 313 318 323

1

104 x k., s 1.5 1.9 - 2.5 3.1 4.2

[(Tyrosinel = 0.01M, [QDC] = 0.001M, [HZSOA] = 2.0¢, U =0.5M

Plots of log k1 against the reciprocal of temperature were
linear (Fig.2). The slopes of the plots were used to cal-
culate the activation energies of the reactions. The other
activation paraméters were calculated, and have been shown

in Table 8.



1.0

5+log k1
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1: Tyrosine
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0.0 ! ! { 1 j

2.8 2.9 3.0 3.1 3.2 3.3
10°/T

Fig.2: Plot of log k1 against the reciprocal of temperature
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Table 8. Activation parameters.

Amino Acid E AH# A S?é A leé
(k7 mol™ 1Y (kI mol™ 1) (3K 'mo1™"Y (kI mol”
Serine - 47 L4, -191 110
Threonine &0 57 -160 112
Tyrosine L, 41 -210 107
i ~1 # -1 # “1
Error limits: E * 2kJmol ', AH + 2kJmol , AS" % 3JK ‘mol ',

AG£ + 2 kJmol“1

Isokinetic Relationship

For these oxidation reactions, the activation enthal-
pies and entropies were linearly :elated. The correlation
was tested by applying Exner's criterion(68}, and found
to be wvalid. The .isokinetic temperature, obtained from
the plot of by F against AS#, was 320K. Without attaching
too much physical significance to isokinetic temperature,
it could be postulated that a linear correlation between
AH  and AS7é would be a necessary condition for the validi%y
of linear free energy relationships. The values obtained
for the free energies of activation (AG%) were fairly con-
stant, suggesting that the oxidation of all the substrates
studied '(serine, threonine and tyrosine) proceeded via

similar mechanistic pathways.

1y

!
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solvent isotope effect

All fhe oxidation reactions of these amino acids
by quinolinium dichromate, in acid medium, were carried
out in aqueous medium. The effect of a change in the solvent
{(from H

2

these amino acids were increased in DZO medium (Table 9).

0O to DZO) was studied. The rates of oxidation of

Table 9. Solvent isotope effect for the oxidation of amino acids.

Amino Acid 5,0 kpzo kDZO/kHZO
(104xk1, s_1)

Serine ‘ 1.6 2.2 1.38

Threonine 0.6 0.8 1.33

Tyrosine 2.5 3.4 1.36

(Amino Acid] = 0.01M, [QDC] = 0.001M, W = 0.5M, [H2804] = 3.0M (for -
serine and threonine) and 2.0M (for tyrosine), T = 343K (for serine

and threonine) and 313K (for tyrosine).

The data in Table 9 showed that the k /k values were
DZO HZO

greater than unity, which was in agreement with earlier
reported observations(69). If the solvent isotope effect,

k /k '
D,0" "H,0

indicated a pre-equilibrium proton-transfer, followed by

had been less than unity, then this would have

a rate-determining electron-transfer process. Since the

solvent isotope effect, k /k was greater than unity

14
D20 HZO

(Table 9), this would support a proton—éatalyzed reaction

of the oxidant (QDC}!, an observation which has been
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confirmed by the acid dependence on the rate of the reaction

(Table 4).

Effect of ionic strength
Variations in the ionic strength of the medium using
sodium perchlorate { u=0.01M to 0.50M}) did not influence

the rates of these reactions.

Effect of added salts

The addition of salts like NaCl, NaNO,, KNO,, Nazso;
and MgSO4 {concentration range of 1x10—4M to 5x10_3M} did
not have any influence on the rates of these reactions.
It would be appropriate to postulate that any effects due
to the addition of salts, in the concentration range stu-
diéd, could be compensated by the high ionic strength of
the medium and the high acid concentrations wused in the

present study, thus wvitiating any observed effect due to

the addition of salts.

Kinetic isotope effect
‘The kinetic isotope effect caused by deuterating

the O-carbon atom was studied (Table 10).
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Table 10. Kinetic isotope effect for the oxidation of amino acids.

Amino Acid RCH(NHZ)COOH RCD(NHz)COOH kH/kD
(104 x ko, s"1)

Serine 1.6 1.57 1.02

Threonine 0.6 0.58 1.03

Tyrosine 2.5 2.4 1.04

[Amino Acid] = 0.01M, [(QDC] = 0.001M, U = 0.5M, [HZSOAJ = 3.0M (for
serine and threonine)' and 2.0M (for tyrosine), T = 343K (for serine

and threonine) and 313K(for tyrosine).

The kH/kD values were close to unity (Table 10), which
indicated that, in the rate-determining step, there was

no cleavage of the carbon-hydrogen- bond.

Induced polymerization

In the present investigation, it was observed that
there was no induced polymerization of acrylonitrile or
the reduction of mércuric chloride(70). Further, no ESR
signals could be detected in these oxidation reactions
{E-4, Varian), indicating the absence of radical inter-
mediates. Control experiments were carried out, in .the
absence of the substrate. The concentration of the oxidant

{QDC), did not show any appreciable change.
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Mechanism

The rate of the reaction between the substrate
{serine, threonine and tyrosine) and oxidant (guinolinium
dichromate, QDC), in acid medium, was dependent on the
first powers of the concentrations of each — substrate,
oxidant and acid {Tables 2-4). The first order dependence
of the ra£e of oxidation on acidity suggested the participa-
tion of a protonated Cr{(VI) species in the rate-determining
step of the reaction. The initial reaction was that between

the substrate and a protonated Cr/VI) species.

The effect of a change in the dielectric constant
of the medium showed that the polarity of the medium played
an important part in the oxidation. of these amino acids
by quinolinium dichromate (QDC). An increase in the dielec-
tric constant of £he medium had resulted in a decrease
in the rate of the reaction (Table 5). Linearity in the
plots of 1log k1 {the pseudo-first-order rate constant)
against the inverse of the dielectric constant, gave posi-
tive slopes. This indicated an interaction between a posi-
tive ion and a dipolar species, in agreement with the Amis

theory(64).

The activation parameters obtained (Table 8) would
also support the mechanism of the reaction. The near con-

stancy of the AG7é values indicated a common mechanism for
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the oxidation of all the amino acids studied. Large negative

#

values for the entropies of activation { AS8") in the present
oxldation suggested that the transition state was more
ordered, resulting in the loss of freedom of motion. The
linearity observed between the enthalpy of activation (A H#)
and the entropy of activation AS#) showed that the oxida-
tion reactions were controlled by bothA these parameters,

AH¢ and AS#. The isokinetic temperature calculated from

the linear plot was 320K.

The solvent isotope effect, szo/kHzo'

than unity (Table 9). This observation was in conformity

was greater

with the theory that, for acid-catalyzed reactions,

k /k values should be greater than unity. The solvent
DZO HZO :

isotope effect observed {(Table 9), supported the protona-
tion of the oxidant (QDC!, as seen from the acid dependence

on the rate of the reaction [(Table 4).

Variations in the ionic strength of the medium and
the addition of salts did not exert any influence on the
rates of these reactions. This indicated a direct reaction
between the substrate and oxidant, in acid medium, to give
an intermediate which undergoes further reaction to yield

the product.

The oxidation of the Jdeuterated amino acids (deute-

rated at the a-carbon atom) gave values of kH/kD which
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were close to unity (Table 10). The absence of a primary
kinetic isotope effect was thus inferred, which confirmed
that there was no cleavage of the carbon-hydrogen bond

in the rate-determining step of the reaction.

There was no induced polymerization or the reduction
of mercuric chloride(70) in any of these oxidation reac-
tions. Further, no ESR signals were observed in the oxida-
tion of these amino acids, indicating the absence of radi-

cal intermediates.

The dissociation of amino acids depends upon the
pH of the'medium. In aqueous soluticn, amino acids exist
as dipolar ions {zwitterions). The ionization constants
and pH values at the isoelectric points(71) for these amino
acids {(serine, threonine and tyrosine) are given in Table 11,

Table 11. Ionization constants(71) and pH values at the isoelectric
points of amino acids at 298K.

Amino Acid pK1 pK2 pHi
Serine 2.21 9.15 5.68
Threonine 2.74 9.62 6.16
" Tyrosine 2.18 9.21 5.69

For these amino acids,

pK1 + pK2
pHi = , where pHi is the isoelectric point,
2
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In strongly acidic or alkaline media, the following

equilibria exist:

rea(nta ycoos 98> remintr.rcoo” @E > RreH(NH,)COOT (3)
3 — 3 a— 2
+ +
H 1
(cation} (zwitterion) {anion®

In acid solution, amino acids exist as a mixture

of the zwitterionic [RCH(NYH_Yc0o0™) and cationic

3
[RCH(N+H3)COOH] forms. In the present investigation, the
reactions were carried out in acid media. In acid media,
the zwitterion - would be converted to the cation
[RCH(N+H3)COOH], which is the reactive species, under the
present experimental conditions. Eérlier investigations
have established that, in acidic media, the reactions
between amino acids and oxidants occurred via the cationic
form of the amino acids(72,73). It has been shown that
in strongly acid media, threonine existed in the cationic

form(74).

Rased on the observed experimental observations,
it can be postulated that, in the present study, the oxida-
tion of amino acids (sexrine, threonine and tyrosine} by
quinolinium dichromate(QDC), in acid medium, occurred via
a direct interaction between the cationic form of the amino
acid and the oxidant{QDC}! to vyield an intermediate which

would then uaderngo Lucther reaction to give the product.
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The mechanistic pathway for the oxidation of these amino
acids (serine, threonine and tyrosine)! by gquinolinium dich-

romate(QDC}, in acid medium, has been shown in the Scheme.

The major products of these oxidation reactions

{(vide "Experimental": Product Analysis) were:

{a) the corresponding nitriles ( 75-80%), which were

characterized by chemical and spectral methods; and

{(b) trace amounts of the corresponding aldehydes
{nv5-10%), which were characterized by their respec-

tive 2,4-dinitrophenylhydrazone derivatives.
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KINETICS OF OXIDATION OF METHIONINE AND CYSTEINE

Pulse radiolysis studies have shown the presence
of transient species when thiols were irradiated at a PpH
where some ionization of the thiol group had occurred.
These species had an absorption band from approximately
350 to 500nm, with a maximum at 400 to 450nm and an extinc-

4l mol_wcm_1. It was

tion coefficient of the order of 10
shown that the transient species formed was R-S-5-R which
resulted from the reaction of the thiyl radical with the
thiolate ionf1). |

RS + RS ———>  RSSR
—

The rate of disappearance of the thiol was controlled

by the dimerization of free thiyl radicals,

RS + R§ ——~ RSSR,

~

as observed in the case of cysteinef/2). In the case of
cysteine, the extinction coefficient at 420nm was of the

order 9x10° 1 mol 'cm™ (3).

The radical formed by dissociative electron capture
has been detected directly for the mercapto acetate ionf(3}.

The radical, ‘SCHZC{NH

solutions of cysteine, wherein the extra stability of the

2)COO_, was detected in alkaline
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tertiary radical was attributed to the abstraction from

the p-carbon atom with respect to sulfur(4).

ESR studies on single crystals of cysteine hydrochlo-
ride monohydrate gave an isotropic doublet as the main
radical species with a high, bkut axial symmetric g factor,

attributed to the SCH.CH{COOH)N'H

- i (5)
1 3Cl radical(5).

The direct HZS—Hzo interchange enzyme, serine sulf-
hydrase, is responsible for the sulfuration or deéulfuré—
A -

tion of cysteinekG). Cysteine formation through the addi-
tion of thiosulfate to serine may be important in the sul-

fur metabolism of some organisms, with S-sulfocysteine

serving as an intermediate,

CHZOH . _ CHZ—S—SOBH THZSH
FrGmiiy v Hp®03 T mocowm, ——>  H-C-NH, + H,S0,
COOH COOH COOH
(Serine) | (S-sulfocysteine) (CysFeine)

The only thiol oxidation reaction to oxy-derivatives
of general biochemical significance is that of cysteine
to cysteine sulfinic acid{6,7). This is thought to be the
initiél reaction in the main pathway for the utilization

of cysteine sulfur for sulfate production(6,7).
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Cysteine can donate its sulfur to form homocysteine
which can be methylated to give methionine. Thiol groups
enter some biologically important thiol compounds Dby the
direct incorporation of cysteine, and most frequently this
involves peptide bond formation, as in the synthesis of

biotin by microorganisms/8).

Cysteine is the pivotal compound in thiol metabolism.
Sulfate and other oxidized forms of sulfur are reduced
to the level of sulfide which enters the organic linkage
as cysteine. All biological thiols and their derivatives
such as disulfides, thiocesters, thioethers and sulfonium
salts derive their sulfur through cysteine. This is accom-
plished either by trans-sulfuration or by incorporation

of the cysteine structure directly.

Electrochemical methods have been used for the quanti-
tative analysis of thiol and disulfide groups 1in organic
compounds as well as in proteinsf9-14). The polarography
of thiols was characterized by a well-defined anodic wave
£{15-18). 1In thelcase of cysteine, the shape of the polaro-
gram depended strongly on the pH and buffer used(19)}, the
anodic wave being due to the formation of mercurous mercap-
tidef19}). It was observed that cysteine was oxidized by
a one-electron process to cystine, which on further oxida-

tion gave cysteic acid{20-21).
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Methionine is one of the twenty amino acids utilized
for protein synthesis. N-formyl methionine is an important
chain initiator in protein synthesis(22). Methionine reacts
with adenosine triphosphate(ATP) to produce S-adenosyl
methionine, with the release of both, an orthophosphate
and a pyrophosbhate residue. S-Adenosyl methionine 1is an
"active methyl" compound, and serves as a methyl donor
for biological synthesis. It has been shown that the methyl

groups have been derived from methionine in the biosyntheses

of various alkaloids such aslcholine(23,24), gramine({25),
sedamine{ 26}, nicotine(27), isoguinoline alkaloids(28),
indole alkaloids{29), gquinoline alkaloids(30,31}), purine

alkaloids(32), and diterpenoids(33).

Thiols have been oxidized to disulfides by peroxidic
compounds(34), DMSd(BS), halogens(36), diethyl azodicarboxy-
late(37), nitro and nitroso compounds(38), iodosohenzene{39)
transition metal ions{40-45), 1lead tetracetate{46), metal
oxides(47,48), flavine derivatives(49), and by photooxida-

tion(50).

The oxidation of cysteine has been carried out by
various oxidizing agents such as DMSO(51), autooxidation
in the presence . of Cu2+ions{52,53), chromic acid(54,55),
permanganate{ 56}, radiolytic oxidation(57}), Dbromide and

iodide radical anions{58), superoxide ion(59), 12-tungsto



[ 106 ]

cobaltate(III) ions(60), potassium hexacyanoferrate(IIT)
in alkaline medium(61), vanadium(V) in acid medium(62)},
and by Fel(III) under anaerobic conditions both in acidic

and alkaline media(63).

Methionine has been oxidized by the chromate ion{(64},
3+

Au~ ion{65), halogen radical anions(66), autooxilation
in  thc presence of ascorbic acid(67}, periocdate(68),
hydrogen peroxidé(69), chloramine-B{70,71), chloramine-T(72)
bromamine-T(73),. potassium hexacyanoferrate!(III) in alkaline

medium(74), i1lodoxybenzene!(75), and by agqueous chromium({VI}

ions(76).
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PRESENT WORK

The present work reports the kinetic features of
the oxidation of sulfur containing amino acids {(methionine
and cysteine) by guinolinium dichromate(QDC), in acid medium

at constant ionic strength, under a nitrogen atmosphere.

Stoichiometry (vide "Experimental")

The stoichiometry of each of the reactions was deter-
mined. Stoichiometric ratios A[QDC]/ A [Methionine] of
0.70, and A [ODC]/ aAlCysteine] of 1.08 (Table 1) were

obtained, which conformed to the overall equations:

IMt + 2CrVI + 3H20 —> 3Mt-sulfoxide + 2CrIII + 68" (1)

(Mt : Methionine)

\Y
2RSH + Cr T ——> RSSR + CrIV + 207 (2)

{Cysteine)

Table 1. Stoichiometry of the oxidation of amino acids; [Amino Acid]
= 0.005M, T = 313K.

[HESOAJ(M) 0.10 0.20 0.25 0.50
10°[QDC] (M) 2.50 2.60 2.70 2.80
ATQDC]/ A [Methionine] 0.65 0.70 0.72 0.75

ATQpCcl/ A [Cysteine] 1.10 1.04 1.14 1.04
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Effect of substrate and oxidant

Under pseudo-first-order conditions, individual kine-
tic runs were observed to be first order in oxidant (quino-
linium dichromate, QDC). The pseudo-first-order rate con-
stants were independent of the initial concentration of

the oxidant (Table 2).

Table 2. Dependence of the oxidation rate on [QDC].

10%1QDCT (M) 0.5 1.0 2.5 5.0 7.5 iQ.o
104xk1, 571 for:
Methionine C o 2.46 2.55 2.40 2.62 2.37 2.50

Cysteine 2.52 2.73 2.68 2.55 2.64 2.60

i

[Amino Acid] = 0.01M, [H2804] 1.25M, U = 0.5M, T = 313K.

The order of the reaction with respect to substrate
was determined by changing the amino acid concentration
and observing the effect on the rate, at constant [QDC]

and [HZSO4]. The results are recorded in Table 3.

Table 3. Dependence of the oxidation rate on [Amino Acid]

10%[ Amino Acid] (M) 1.0 2.5 5.0 10.0  25.0
104xk1, s~V for:

Methionine 2.5 6.3 12.5 25.7 6.1
Cysteine 2.6 6.8 13.6 7.1 69.2

[QDC] = 0.001M, [£,80,] = 1.25M, M 0.5M, T = 313K.
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It was observed that the reactions sho@ed a first order
dependence on the concentration of the substrate. Linear
plots of k1 {the pseudo—first—order'rate constant) against
the concentration of the substrate were obtained, passing
through the origin, which indicated a first order dependence
of the reaction on the concentration of the substrate.
The second order rate constants (k2) were found to remain
constant as the concentration of the substrate was increa-
sed, confirming that the reaction was first order with

respect to the substrate concentration (Table 3).

Effect of acid
The rate of the reaction showed an increase with
increasing concentrations of acid (Table 4.

Table 4. Dependence of the oxidation rate on [Acid]

[HZSOAJ(M) 0.25 0.50 0.75 1.0 1.25 1.50
104xk1, 8_1 for:

Methionine 0.5 1.0 1.5 2.0 2.5 3.1
Cysteine 0.6 1.2 1.7 2.2 2.6 3.4

1l

[Amino Acid] = 0.01M, [QDC] = 0.001M, u = 0.5M, T = 313K.

Plots of 1log }L‘ against log[H+] were linear, with slopes
equal to unity, indicating that the reaction was dependent
on the first power of the concentration of the acid. The

linear increase in the rate of oxidation with acidity
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indicated the involvement of a protonated Cr(VI) species
in the rate determining step. The involvement of such

species is prevalent in chromic acid oxidation reactions(77},

Rate Law
Under the present experimental conditions, wherein
pseudo -first -order conditions have been used for all the

kinetic determinations, the rate law could be expressed as

Rate = - QLQEéglll - k[substrate][oDC][H'] (3)

Effect of solvent

Changes in the dielectric constant of the medium
were brought about by varying thé composition of the sol-
vent mixtures, using methanol and water. The dielectric
constants for methanol-water mixtures were estimated from
the dielectric constants of the pure solvents. Changes
"in the composition of solvent mixtures affected the rates
of these reactions. The essential features concerning:the
effect of- solvent on the rate of oxidation of cysteine

and methionine by QDC could be summarized as follows:

{a) Increasing proportions of methanol resulted in an

increase in the rate of the reaction (Table 5).



1.0 -

1: Cysteine

2: Methionine

0.5 ) . .

0.012 0.013 ’ 0.014 0.015
1/D

Fig.1: Plot of log k, against the reciprocal of dielectric constant

1
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Table 5. Dependence of the oxidation rate on solvent.

H2O : methanol(%,v/v) 100:0 95:5 .  90:10 85:15 80:20
Dielectric constant(D) 78.54 76.24 73.95 71.65 69.35
104xk1, 571 for:

Methionine 2.5 3.1 3.5 L7 5.4
Cysteine 2.6 3.3 Lo ? 5.5. 7.4

[Anino Acid] = 0.0, [@DC] = 0.001M, [H,S0,] = 1.25M, U = 0.5,
T = 313K. A

This was 1in accordance with the observation that larger
reaction times were required for more polar solvents{78).
This was brought about by a lowering of the dielectric
constant of the medium, which would result in a less polar

transition state compared to more polar reactants.

(b) Plots of log k1 against the reciprocal of dielectric
constant were linear, with positive slopes (Fig.1}), indica-
ting that the reaction _ _was of the ion-dipole type(79).

This also confirmed the participation of a protonated Cr(VvI)

species in the rate-determining step of the reaction.

(c} Solvent effects on the rates of reaction could also
be due to factors such as the solvating power of solvents

£{80;, solute-solvent interactions(&1,82), and solvent struc-

tures.

Effect of temperature

The rates of the reactions were increased with an

increase in temperature {Table 6).



1.0

- 1: Cysteine
2: Methionine
0.5 ] ! 1
3.0 3.1 3.2 3.3
1071
Fig.2: Plot of log k1 against the reciprocal of temperature
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Table 6. Dependence of the oxidation rate on temperature.

Temp (+0.1K) 303 308 313 318 323
104xk1, s~! for:

Methionine - 1.2 1.7 2.5 3.5 5.1
Cysteine 1.3 1.8 2.6 3.9 5.8

[Amino Acid] = 0.01M, [QDC] = 0.001M, [H SOA] = 1.25M, W= 0.5M.

2
Plots of log k1 against the reciprocal of température,were
linear (Fig.2), and the slopes of thesg plots were used
to calculate the activation energies. The other activation

parameters were evaluated and have been shown in Table 7.

Table 7. Activation parameters.

Amino Acid " E e N AG7
(kJ mol™ ") (kJmol™ 1Y (JK 'mol™ ") (xJ mol” 1)
Methionine 47 YA 172 98 i
Cysteine : Lh 41 -180 97
Error limits: E * 2kimol™', AH' + 2kJmol™ ',
AS™ + 47K 'mol”™V, AGT + 2kJmol”

Solvent isotope effect

The oxidation reactions were studied 1in agqueous
medium. When DZO was used, it was observed that the rates
of oxidation of the 'amino‘ acids were increased in DZO

medium (Table 8), in agreement with earlier reported obser-

vations(83).
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Table 8. Solvent isotope effects for the oxidation of amino acids.

k k : k. ~/k
Amino Acid H2O DZO DZO HZO
(104 x_k1, 3—1)
Methionine 2.5 3.7 A 1.45
Cysteine 2.6 bl 1.58
[Amino Acid] = 0.01M, {QDC] = 0.001M, [stoé] = 1.25M, u= 0.5M,
T = 313K.
If the solvent isoctope effect, k /k , had been observed
& DZO HZO -

to be less than unity, then this would have indicated a
pre-equilibrium éfoton—transfer followed by a rate;limiting‘
electron-transfer process. Since the solvent isotope effect
was greéter than unity (Table 8}, this would imply a proton-
catalyzed reaction, and would supbort the protonation of
the QDC species, an observation which has been confirmed

by the acid dependence on the rate of the reaction {Table 4},

Kinetic isotope effect
The kinetic isotope effect caused by deuterating
the methyl group of methionine by using L-methionine-methyl- -

d3 /Aldrich} was studied. The results are shown in Table 9.
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Table 9. Kinetic isotope effect for the oxidation of methionine.

Substrate 10% x L 5]
Methionine 2.5
Methionine—methyl—d3 2.6

[Substrate] = 0.01M, [QDC] = 0.001M, [H,80,] = 1.25M, u= 0.5M,
- 2774

T = 313K.

The data in Table 9 shows the absence of a primary kinetic

- isotope effect. This confirmed that the carbon-hydrogen

bond {of the methyl group in methionine) was not cleaved

in the rate-determining step of the reaction.

Effect of ionic strength
Changes in the ionic strength of the medium using
sodium perchlorate ( p= 0.01M to 0.50M) did not have any

effect on the rates of these oxidation reactions.

Induced polymerization

The possibility of induced pdlymerization was tested.
It was seen that there was no induced polymerization of
acrylonitrile or the reduction of mercuric chloride(84).
Further, no ESR signals could be detected in these oxida-
tion reactions (E-4, Varian), thus providing no evidence
for the formation of radical intermediates. Control experi-

ments were performed, in the absence of the substrate.
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The concentration of the oxidant/QDC) did not ~show any

appreciable change.

Mechanism

The rate of the reaction between the substrate
(methionine and cysteine) and oxidant {quinolinium dichro-
mate, QDC), in acid medium, was observed to be dependent
on the first power of the concentrations of each reacting
species ——— substrate, oxidént and acid (Tables 2—4.).
The linear increase in tﬁe rate of oxidation with acidity
{Table 4 indicated the involvement of a protonated Cr{VI}
species in the rate-determining step. The initial reaction
would be between the substrate and the protonated Cr(VI)

species.

The observéd. increase in the rate of the reaction
with a decrease in the polarity of the solvent medium
{Table 5), indicated that the transition state Was much
less polar than the reactants. Linear plots of log k1
against the reciprocal of the dielectric constant (Fig.1)
had yielded positive slopes. This suggested an interaction
between a positive ion and a dipole{79}), and was in conso-
nance with the observation that, in the presence of an

acid, the rate-determining step involved a protonated Cr(VI)

species.
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The oxidation reactions were characterized by nega-
tive entropies of activation (Table 7). This would suggest
a more ordered transition state as compared to the reac-
tants{85). Differences in solvation of substrates in the
ground state and transition state might also contribute
to some extent to the negative entropies of activation(86}.
The wvalues for.the free energies of activation (AG#) were
nearly constant, indicating that similar mechanisms opera-
ted for the oxidation of these substrates (methionine énd

cysteine).

The solvent isotope effect, k [k

!
DZO HZO

than unity {Table 8). This observation suggested a proton-

was greater

catalyzed reaction, thus supporting the protonation of
the oxidant (QDC), as seen from the acid dependence on

the rate of the reaction (Table 4).

The oxidation of deuterated methionine (by deutera-
ting the methyl group of methionine) did not show a primary
kinetic isotope effect (Table 9), which indicated that
the carbon-hydrogen bond f{of the methyl group in methion-

ine) was not cleaved in the rate-determining step.

The absence of the induced polymerization of acrylo-
nitrile, the absence of the reduction of mercuric chloride

(84), and the absence of any ESR signals all indicated
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that no radicals could be detected during the course of

the oxidation reactions of methionine and cysteine.

The dissociation of amino acids depends wupon the
pH of the medium. It is well known that amino acids exist
as zwitterions in aqueous solution. In strongly acidic

or alkaline media, the following equilibria exist:

N OH N _ OH _ (4)
RCH(N H,YCOOH ———— RCHI(N H,)COO ——> RCH(NH,)COO
3 ~ 3 ~ 2
+ +
- H H
(cation) {zwitterion) {anion)

In acidic solution,; the zwitterion was converted into the
cation, [RCH(N+H3)COOH], which was the reactive species,

under the present experimental conditions.

The pKa value for cysteine (-SH group! has heen
reported to be 10.28(87). It can be assumed that cysteine
existed mostly in the ionized form in aqueous medium. Since
disulfide was the final product of the oxidation reaction,

the sulfhydryl group (-SH! provides the site of attack.

The pKa value for methionine is 5.71(87). Since
sulfoxide was the final product of the oxidation reaction,

the S-methyl group (—S—CH3) provides the site of attack.

Considering the mechanism of oxidation of these
amino acids {(methionine and cysteine}! by quinolinium dichro-

mate {(QDC), in acid medium, the attack may occur either



[ f18 ]

at nitrogen or at sulfur. The products obtained from the
oxidation of these amino acids (methionine sulfoxide £from
methionine, and the disulfide from cysteine), would suggest
that the oxidant (QDC) attacks the sulfur group. Further,
sulfur 1s more nucleophilic than nitrogen, and the sulf-
hydryl group (-SH}! can donate electrons more easily than
the amino group (—NHZ). Therefore, the mechanistic pathway
is wvia an electron-pair donation by sulfur present in
methionine (and cysteine} to the Cr=0 bond of the oxidéqt,

as in the case of olefin oxidation{(88).

The reaction sequence has been shown 1in Schemes 1

and 2.
The products of these oxidation reactions (vide

"Experimental"” : Product Analysis}! were:

{a} methionine sulfoxide (from methionine) which was
characterized as N-benzoyl methionine sulfoxide
{ v75%); and

{b) cystine {(from cysteine), which was characterized

by chemical methods { Vv70-80%}.



0 OH
X -
R— S —H + /‘vr
fcysteine) 0 \\\OQH+
{QDC)
0
| _om
R — S ——Cr’// : RSH , R—~S—S—R +
l\\\OQH+ (cystine)
OH
[R = -CH

- CH(NHZ)COOH]

SCHEME 1

Cr(IVv)

+ HZO



SCHEME 2

O -OH
\
R — 8 — Me + \ Cr/
{Methionine) O//// \\\OQH+
(QnC)
Me . O Me
OH
| ]
R-—;s-—-cL’////‘ 1,0 R—S + Cr{IIT) + Hy0"

0

Methionine sulfoxide)

[R =—(CH2)2—CH(NH2)COOH, Me = CH,- ]
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KINETICS OF OXIDATION OF GLUTAMIC ACID AND
ASPARTIC ACID

Glutamic acid has been used as a precursor in the
biosynthesis of the pyrollidine and piperidine rings of
nicotine and anabasine{1-3). Glutamic acid has been found
to be a constituent of wvarious lupine alkaloids/4). The
active site in trypsin has been found to contain glutamic
acid in position 173¢5). In the enzyme carboxypeptidase B3,
the glutamic acid residue at position 72 is 1linked to a
zinc ligand, while the glutamic acid in position 270 is
present as a nucleophilef6). Glutamic acid at position 35,
and aspartic acid at position 52, have been observed to
be directly involved in the catalytic function of the

enzyme, lysozyme!(7).

;n the biosynthesis of nicotinic acid from anerobic
veast/{8), Dbacteriaf9}!, and higher plants(10}), the pyridine
ring is built from a C3 unit closely related to glycerol
and a second unit closely related to aspartic acid. It
wés suggested that in the biosynthesis of nicotinic acid,
a con@ensation of glyceraldehyde—B—phosphate with aspartic
acid was an important stép(11,12!. In chymotrypsin, the
aspartic acid at position 102 was involved in a charge

relay mechanism, while the aspartic acid residue at
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position 194 functioned as an ion pair which was involved
in the activation process’/’13,14'. The aspartic acid residue
at position 177 was responsible for the catalytic function

of the enzyme, trypsinf(15}).

Glutamic acid and aspartic acid have been oxidized

by a variety of oxidizing agents such as ceric ionsf16,17?},

Chloramine-T/{18-20}, bromamine-RB{(21}, chloramine-B(22},
peroxydisulfate catalysed by Cu2+ ionf23}, KMnO4 in acid
mediumi 24}, hexacyanoferrate!{III} catalysed by RufvVI}

ion{25), peroxydisulfate ionf(26,27}), N-bromoacetamide(28,29)
periodate( 30}, acidic permanganate ion(31), Fenton's
2+ .

reagent(32), Fe” ion(33), potassium hexacyanoferrate(III)

in alkaline medium!34) and by 1-chlorobenzotriazole(35).
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PRESENT WORK

The present work is a detailed kinetic study of
the oxidation of glutamic acid and aspartic acid by gquino-
linium dichromate{(QDC!, in acid medium, at constant ionic

strength, under a nitrogen atmosphere.

Stoichiometry (vide "Experimental')

The stoichiometry of each reaction was determined.
A stoichiometric ratio, & [QDC]/ & [Amino Acid]l, of 1.08

was obtained Table 11VY.

Table 1. Stoichiometry of the oxidation of. amino acids; [Amino Acidl=
0.005M, T=348K.

{ ) . . . .

[P2804](M, 1.0 3.0 A 4.0 5.0
TOZ[QDC](M\ 2.50 2.60 2.70 2.80
A[QDC]/ & [Glutamic Acid] 1.03 1.10 1.08 1.12
A[QDC]/ A [Aspartic Acid] 1.05 1.08 1.12 1.05

The stoichiometry conformed to the overall equation:

1

v TV +
RCH(NHZ)COOH +2Cr ~——> RCN + CO2 + 2Cr + 4H 1)

lere R = —CH2—CHQCOOH (glutamic acid},

—CHQCOOH (aspartic acid'.
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Effect of substrate and oxidant

The rate of the reaction was observed to be depen-
dent on the first powers of the concentrations of each,
substrate and oxidant!{QDC). The order o? the reaction with
respect to substrate was obtained by changing the substrate
concentration and observing the effect on the rate, at

constant [QDC] and ([Acid]. The results have been recorded

in Table 2.

Table 2. Rate data for the oxidation of amino acids.

[Substrate] [QDC] Glubtamic acid Aspartic
(10% x M) (107 x M) 4 Af%d
(10™ x k1, s
1.0 1.0 | 0.84 0.44
2.5 - 1.0 2.05 1.06
5.0 1.0 4.16 2.18
10.0 1.0 : 8.30 4.40
20.0 1.0 16.50 8.85
1.0 0.75 0.80 0.45
1.0 0.50 0.85 0.48
1.0 0.25 0.85 0.42
1.0 0.10 0.88 0.44

'[HZSOAJ = ,.0M, W = 0.5M, T = 348K.
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Plots of k1, the pseudo-first-order rate constant, against
the concentrations of the substrate were linear, passing
through the origin, indicafing that the rate of oxidation
was dependent on the first power of the concentration of
the substrate. This was further confirmed by the constant

values of k2’ the second order rate constant.

When a constant concentration of substrate (large
excess) was employed, k1 did not show any appreciable
variation with changing concentrations of oxidant, indica-

ting a first order dependence of the reaction on the con-

centration of the oxidant /Table 2}.

Effect of acid

The reaction was dependent on the concentration of
the acid, and the rate was observed to increase with an

increase in the concentration of the acid fTable 3.

Table 3. Dependence of the oxidation rate on [Acid]

[HZSOAJ(M) 1.0 2.0 . 3.0 4.0 5.0
104 X k1, for:
Glutamic acid 0.19 0.42 0.65 0.84 1.05

Aspartic acid 0.10 0.22 0.35 0.44 0.58

i

(Amino Acid] = 0.01M, [QDC] 0.001M; W= 0.5M, T = 3/8K.
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Plots of log k1 against log[H+] were linear, with unit
slopes, indicating that the rate of the reaction was first

order with respect to the concentration of the acid.

The linear increase in the rate of oxidation with
acidity suggested the involvement of a protonated Cr(Vi}
species in the rate-determining step. FEarlier reports of
the involvement of such Cr(VIi}! species in chromic acid
oxidations have been confirmed(36}). Protonated Cr(VI) spe-
cies have been observed in the presence of p-toluenesulphonic

acid in nitrobenzene-dichloromethane mixtures?(37.

Rate law
Under the present experimental conditions, wherein
pseudo-first-order conditions have been employed for all

the kinetic detefminations, the rate law can be expressed

as:

{
Rate = - SLCZIVIY] _ yisubstrate][opC]iH?] (2)

dt

Effect of solvent

Reactions involving an ionic reactant are influenced
by changes in the solvent composition of the medium. It
is therefore to be expected that the solvent assumes an

important role in such reactions. Changes in solvent
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composition were brought about by using varying proportions
of acetic acid and water. In the case of each of these
amino acids oxidizedAby'cmﬂnolinium dichromate, the rate
of oxidation was observed to be slowest in those solvent
mixtures that contained the largest proportions of water,
and increasing proportions of acetic acid resulted in an
increqse in the rate of oxidation. The dieclectric constants
for acetic acid-water mixtures were estimated from the
dielectric constants of the pure solventsi(38'. The data

have been recorded in Table 4.

Table 4. Dependence of the oxidation rate on solvent.

HZO:HOAC (Zy v/v) 100:00 ~ 95:5 90:10 85:15 80:20
Dielectric constant(D) 78.54 74,§p 71.30 67.68 64,.06
10° x L s~ for:

Glutamic acid 8.4 9.7 11.4 13.5 16.8
Aspartic acid YA 5.0 5.6 6.5 8.0

[Anino Acid] = 0.07M, [QDC] = 0.00M, [H,50,]=4.0M, W = 0.5M, T=348K.

In the present investigation, increasing proportions of
acetic acid resulted inla decrease in the polarity of the
medium. The decrease in the polarity of the medium caused
an increase in the rate of the reaction (Table 4. Plots

of log k1 against the reciprocal of the dielectric constant
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0.5 L
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Fig.1: Plot of log k1 against the reciprocal of dielectric constant
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were linear, with positive slopes (Fig.1). This indicated
an interaction between a positive ion and a dipole(39},
and was in conformity with the observation that 1in the
presence of an acid, the rate determining step involved
a protonated Cr(VI) species. The effect of changes in the
solvent composition on reaction rates, in general, would
also depend on factors such as the solvating power of the

solvent (40}, solute-solvent interactions{41,42), and solvent

structure.

Effect of temperature

The reactions were influenced by changes in tempera-
ture, and an increase 1in the temperature resulted in an

increase in the rate of the reaction fTable 51%.

Table 5. Dependence of the oxidation rate on temperature

Temp (%0.1K) 338 343 348 353 358
10° x LI s~ for:

Glutamic acid 5,1 6.7 8.4 10.3 13,7

Aspartic acid 2.7. 3.5 A 5.5 6.5

(Amino Acid] = 0.01M, [QDC] = 0.001M, [H2804] = 4.0M, u= 0.5M.

Plots of log k1 against the reciprocal of temperature were

linear (Fig.2), suggesting the wvalidity of the Arrhenius

equation. The_slopés of the plots were used to calculate
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Fig.2: Plot of log k1 against the reciprocal of temperature
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the activation energies of the reactions. The other activa-
tion parameters were calculated and have been shown in

Table 6.

Table 6. Activation parameters.

!

E pH" ps ¥ s
(kJ mol—1) (k3 mol™ " ) (JK—1mol—1) (kJ mol™ ")

’

Amino Acid

Glutamic acid 45 L2 -206 113

Aspartic acid 46 43 ~203 114

Error limits: E * 2kJmol—1, AH# + 2kJm01_1, L\S?é + AJK—1mol—1,

AG# T 4JK mol—1

Solvent isotope effect

When the oxidation reactions were carried out in

D2O medium, it was observed that k [k values were

DZO HZO

greater than unity /‘Table 7!, in agreement with observations

reported earliex(43).

Table 7. Solvent isotope effect for the oxidation of amino acids.

k k k /k
Amino Acid 1,0 D0 Dy077H,0
(105 x ko, 8—1)
Glutamic acid 8.4 1.4 1.36
Aspartic acid Lol . 6.1 1.39

[Amino Acid]=0.01M, [QDC]=0.001M, [H,SO,]=4.0M, u = 0.5M, T=348K.
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If the solvent isotope effect, szo/kHzo'

than unity, then this would have indicated a pre-equilibrium

had been less

proton transfer, followed by a rate-determining electron-
transfer process. Since the solvent isotope effect,

kD O/kH or wWas greater than unity (Table 7}, this would

2 2
suggest a proton-catalyzed reaction, an observation which
has been reflected in the acid dependence on the rate of

the reaction Table 3}.

Effect of ionic strength

S

Variations in the ionic strength of
the medium using sodium perchlorate (y = 0.01M to 0.50M},

did not affect the rates of these oxidation reactions.

Effect of added salts

The addition of salts such as NacCl, NaNO3, KNO3,
Na,50, and MgS0, "(concentration range of 1x10" %M to 5x10—3M)
did not exert any influence on the rates of these oxidation

reactions.

Kinetic isotope effect

The kinetic isotope effect caused by deuterating
the o-carbon atom was studied. The results are shown

in Table 8.
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Table 8. Kinetic isotope effect for the oxidation of amino acids.

(NH_) ( NH,YCOOH k../k

Amino Acid RCH hH2 COOH RCD Hé‘ H/ D
(10° x L 8_1)

Glutamic acid 8.4 8.2 1.02

Aspartic acid Ll 4.2 1.05

[Amino Acid]=0.01M, [QDC]=0.001M, [H2304]=4.OM, U = 0.5M, T = 348K.

The kH/kD values were close to unity (Table 8), which indi-
cated that, in the rate-determining step of the reaction,

there was no cleavage of the carbon-hydrogen bond.

Induced polymerization

The possibility of induced polymerization was tested.
It was observed that there was ﬂo induced polymerization
of acrylonitrile or the reduction of mercuric chlpride(44}.
There were no ESR signals detected in these oxidation reac-
tions (E-4, Varian), thus providing no evidence for the
formation of radical intermediates. Control experiments
were performed, in the absence of the substrate. The concen-
tration of the oxidant {ODC} did not show any appreciable

change.
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Mechanism

Based on the stoichiometry of the oxidation reac-
tions, and the observed experimental data, the mechanistic
pathway of the reaction has to be considered. Some of the
kinetic observations which must be taken into .account are

the following:

(i} The rate of the reaction was observed to be depen-
dent on the first power of the concentrations of each -

substrate, oxidant and acid (Table 2-3). The first order
dependence of the rate on the concentration of the acid
(Table 3) indicated that the rate-determining step invol-
ved a reaction Dbetween the substrate and a protonated

Cri{VI) species.

(ii?} A decrease -in the polarity of the solvent medium
{water-acetic acid, v/v) resulted in an increase in the
réte of reaction (Table 4). Linear plots of log k1 against
the reciprocal of the dielectric constant yielded positive
slopes, which indicated an ion-dipole type of interaction
f{Fig.1}. This was in agreement with the Amis theory{39}).
This also supported the involvement of a protonated Cr{vI)

species in the rate-determining step of the reaction.

{iii) These oxidation reactions were . characterized by
large negative values for the entropies of activation

{Table 6), which suggested that the transition state was
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more ordered, relative to the reactants?45). These negative
entropies of activation could also be accounted for, by
considering the differences in solvation of substrates
in -the ground state and in the transition state(46). The
near constancy of the free energies of activation {(Table 6!}
showed that the same mechanism was operative for the oxidaj

tion of these amino acids.

(iv)} The solvent isotope effect, k /k was greater
DZO HzO

than unity (Table 7), which suggested a proton-catalyzed
reaction. This would ihply the participation of a protona-
ted Cr(VI)! species in the rate-determining step, which

has been supported by the acid dependence on the rate of

the reaction (Table 3).

(v} The kinetic isotope effect for the oxidation of
these amino acids fobtained by deuterating the o-carbon
atom), had yielded kH/kD values close to unity (Table 8},
which indicated that in the rate-determining step there

was no cleavage of the carbon-hydrogen bond.

(i) The absence o0f induced polymerization of acryloni-
trile, the absence of the reduction of mercuric chloride
443 and the absence of any ESR signals all indicated that
there were no radical species formed during the course

of the reaction.
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(vii} Variations in the ionic strength of the medium,
and the addition of salts, had no influence on the rates
of these feactions. This suggested that there was a direct
reaction between the substrate and oxidant, in acid medium,
to give an intermediate which underwent further reaction

to give the product.

The dissociation of amino acids depends upon the
pH of the medium. Amino acids exist as zwitterions in aque-
ous solution. The ionization constants and the pH values

at the isoelectric points(47) for these amino acids {gluta-

mic acid and aspartic acid) are given in Table 9.

Table 9. Ionization constanfs(47) and pH values at the isoelectric
points of amino acids at 298K.

Amino Acid pK‘I pKZ pK3 pHi
Glutamic acid 2.16 L0372 9.96 3.2/
Aspartic acid 1.99 3.87 ' 10.0 2.93
For these amino acids,
. . _
pHi = pK1 pK2 , where pHi is the isocelectric point.
2

In strongly acidic or alkaline media, the following equilibria

exist: :
. OH™ . _oH
RCH(N H_)COOH -—— RCH(N H_YC0O0~ —— RCH(NH.)COO~ (3)
3 ~ 3 <—I‘“ 2
(cation) i (zwitterion) H (anion)
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In the present investigation, the reactions were
performed in acid media. In acidic solution, the zwitterion
would be converted to the cation [RCH(N+H3)COOH], which
was the reactive species, under the present experimental
conditions. Earlier workers have shown that, in acid media,
the reactions between amino acids and oxidants had occurred

via the cationic form of the amino acids(48,49).

Based on the observed kinetic data, it can be postu-
lated that the oxidation of these amino acids {glutamic
acid and aspartic acid) by gquinolinium dichromate (QDC},
in acid medium, was via a direct reaction between the ca-
tionic form of the amino acid and the oxidant (QDC}. The
intermediate formed then wunderwent further reaction to
yield the product. The mechanism'for the oxidation of these
amino acids (glutaﬁic acid and aspartic acid) by quinolinium

dichromate, in acid medium, has been shown in the Scheme.

The major products of these oxidation reactions
{vide "Experimental': Product Analysis) were:
{a) the corresponding nitriles (v 75-80%), which were

characterized by chemical and spectral methods; and

(b trace amounts of the corresponding aldehydes
{~n 5-10%), which were characterized by their respec-

tive 2,4-dinitrophenyl hydrazone derivatives.
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KINETICS OF OXIDATION OF LYSINE,
ARGININE AND HISTIDINE

The biosynthesis of stachydrine and homostachydrine
was_studied using lysine as a precursor(l1}!. The piperidine
alkaloids, such as isopelletierine and coniine, have been
synthesized starfing from 1lysine(2), The pyridone ring
of mimosine, a piperidine alkaloid, has been derived from
lysinef{3-5). Lysine has been used in the syntheses of
sedamine(6}, anabasine(7), and as a possible pyridine ring
precursor in the synthesis of nicotinic acid{8}). High lysine
contents have Dbeen found in some lupine alkaloids(9);
tracer feeding experiments have led to the overall conclu-
sion that the carbon skeletons of all the major 1lupine
alkaloids were derived from 1lysine(10-14). Alkaloids with
the guinazoline nucleus arc present in several plant fami-
lies, and the combination of-anthranilic acid with a lysine
derivative gives the mackinlaya alkaloids{15). The biosyn-
thesis of alkaloids such as lycopodine{16}) and spartine(17),
have been achieved starting from 1lysine. These pathways
stress the importance of creating highly condensed nitrogen
heterocycles from simple precursors. The first evidence
implicating lysine in the activity of the enzyme, ribonu-

clease, was obtained by Hirs and coworkers(18—20), who
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suggested that lysine at position 41 was part of an anion

binding site at or near the active site of ribonuclease.

Arginine has been used in the syntheses of some
protoalkaloidsf 21}, tropane alkaloids!{22) and lupine

alkaloids(23).

In some plant species, histidine has been converted
to urocaric acid(24,25}). High histidine contents have been
observed in different lupine alkaloids{26). Various alka-
loids having an imidazole ring are presumably made from
histidine, as fo} example pilocarpine(27). Some imidazole
alkaloids{28) seem to be derived from the N-acylation of
histamine (the decarboxylation product of histidine), where-
as some unusual sulfur containing alkaloids have been formed
by methylation, thiomethylation and ring closure of hista-
minef29). The importance of the histidine residue has been
shown 1in biological reactions. In hemoglobin fas in many
other hemoproteins), one histidine residue 1s near the
iron atom. In many enzyme proteins, histidine acts as a
proton donor or acceptor. In nature, apparently complicated
'ﬁransformations "are common, and their genesis could be
related‘ to the maximum optimization in the construction
of molecular frameworks, particularly those which play
an important role 1in life processes. This fact is best
illustrated with the "ATP-imidazole" cycle, which is rela-

ted to the biosynthesis of histidine.



[ 146 1

Lysine arginine and histidine -have been oxidized
by chloramine-T(30-35), hexacyanoferratelIII} catalysed
by -Os(VIII) ion{36,37), potassium permanganate in acid
medium(38), N-bromosuccinimide in aqueous perchloric acid
medium(39), 'photooxidation(40), aquapentacyanoferrate(II)
ion{41}), diethyl pyrocarbonate in aqueous solution{42},
N-bromoacetamide in acid medium(43) and in alkaline medium
f44), potassium hexacyanoferrate(III) in alkaline medium

(45), N-chlorobenzamide in agqueous methanol(46) and by

1-chlorobenzotriazole(47).
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PRESENT WORK

1

The present work reports the kinetic features of
the oxidation of basic amino acids {lysine, arginine, histi-
dine) by dquinolinium dichromatef{QDC) in acid medium, at

constant ionic strength, under a nitrogen atmosphere.

Stoichiometry /vide "Experimental')

The stoichiometry of each oxidation reaction was
determined. The stoichiometric ratio A [QDC]/A[Substrate] of

1.08 was obtained (Table 1).

Table 1. Stoichiometry of the oxidation of amino acids; [Amino acid]=
0.005M, T = 333K.

[H28041(M\ ‘ 0.10 0.20 0.25 0.50
10%1QDC] M) 2.50 2.60 2.70 2.80
A [QDC)/ AlLysine] 1.10 1.04 1.15 1.02
A [QDC]/ AlArginine] 1.04 1.09 1.14 1.03
A [QDC]/ AlHistidine] 1.13 1.05. 1.03 1.12

The stoichiometry conformed to the overall equation:

RCH(NH,,)COOH + 20r’T —> RCN + co,, + ocrtV + smt (1)
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= | — { i \
Here, R = (CH2)4 NH2 (lysine},
¢¢NH
-{CH,), — NH —C (arginine?,
203 ~
NB
2
N
| [ (histidine)
—CH2
NH

Effect of substrate and oxidant

Under pseudo-first-order _ conditions, individual
kinetic runs were observed to be first order with respect
to the oxidant(QDC}). The pseudo-first-order rate constants

were found to be independent of the initial concentration

of the oxidant (Table 2).

Table 2. Dependence of. the oxidation rate on [QDC]

10%1QDC] (M) 1.0 2.5 5.0 7.5 10.0

10° x L s for:

Lysine 23.0 20.0 24.0 20.0 21.0
Arginine 12.0 13.0 11.0 12.0 12.0
Histidine 2.0 2.5 2.0 2.7 2.2

[Amino Acid]=0.01M, [HZSO ]=1.5M, u = 0.5M, T=333K.

4
The order of the reaction with respect to substrate
concentration was determined by changing the amino acid

concentration, and observing the effect on the rate, at
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constant [QDC] and [H+]. The results are reported in Table 3,
The values of k1/[Amino Acid] were fairly constant, for
each substrate, which confirmed that the reaction was first

order with respect to the concentration of amino acid.

Table 3. Dependence of the oxidation rate on [Amino Acid]

[. Amino Acid] (M) 0.01 0.025 0.05 0.10 0.20

10% x k, g for:

Lysine 2.1 5.2 10.4 20.5 41.0
Arginine | 1.2 2.9 . 5.8 12.2 24.0
Histidine | 0.22  0.54 1.1 . 2.3 4.8

(QpC] =O.OO1M;-[H2804]=1.5M, u =0.5M, T=333K.

Effect of acid
The rate of the reaction was observed to be dependent

on the first power of +the concentration of the acid

{Table 4).

Table 4. Dependence of the oxidation rate on [Acid]

- 10

[H2804](M) 0.50 0.75 1.0 1.50 3.0
5 x k1(§—1\ for:

Lysine 7.0 10.0 15.0 21.0 43.0

Arginine - 4.0 6.0 9.0 12.0 26.0

Histidine 0.7 1.1 1.4 2.2 45

[Amino Acid]=0.01M, [QDC]=0.001M, p=0.5M, T=333K.
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Plots of log k, against log[H+] were linear, with slopes

1
equal to unity, showing that the reaction was dependent

on the first power of the concentration of the acid.

\ The linear increase in the rate of oxidation with
an increase in the concentration of the acid suggested
the involvement of a protonated Cr(VI) species in the rate-
determining step of the reaction. The involvement of such
protonated Cr(VI}) species has been well established 1in
chromic acid oxidation reactions(48). Protonated Cr{VI)

species have been observed in the presence of p-toluene

sulphonic acid in dichloromethane-nitrobenzene mixtures(49).

Rate law

Under the present experimental conditions, wherein
pseudo—firét—ordér conditions have been used for all the
kinetic runs, the rate law can be expressed as

(UT)
Rate = . SLEZVIN]_ yigupstratelfgpeltrt] (2)

dt

Effect of solvent

The solvent composition of the reaction medium was
changed by wusing varying proportions of acetic acid and
water. The dielectric constants for acetic acid-water
mixtures were estimated from the dielectric constants of

the pure solvents(50).
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Fig.1: Plot of log k1 against the reciprocal of dielectric constant
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The rate of the reaction was susceptible to changes
in the polarity of the solvent medium. With an increase
in the dielectric constant of the medium, there was a
decrease in the rate of the reaction. This was in consonance
with the observation that the use of more polar solvents
regquired larger reaction times{(51). The data has been

recorded in Table 5.

Table 5. Dependence of the oxidation rate on solvent.

H20:HOAC(%, v/v) 100:0 95:5 90:10 85:15 80:20
Dielectric constant(D) 78.54 74.92 71.30 67.68 6/,.06
10% x L 5™ for:

Lysine | 2.1 2.4 2.7 3.3 4.0
Arginine 1.2 1.4 .1.6 1.9 2.3
Histidine ; 0.22 0.26 0.30 0.35 0.43

[Amino Acid]=0.01M, [QDC]=0.001M,[H?SO/] =1.5M, u=0.5M, T=333K.
e £}

Plots of log k1 against the reciprocal of dielectric con-
stant were linear with positive slopes (Fig.1}). This sugges-
ted an interaction between a positive ion and a dipole{52},
and confirmed that the rate-determining step, in the pre-
sence of acid, involved a protonated Crf/VI}! species. The
effect of a change in solvent composition on reaction rates
would also depend con Ffactorz such as the solvating power

of the solvent(53), solute-solvent interactions(54,55},
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and solvent structure.
Effect of temperature

The rate of the reaction was influenced by changes

in temperature {Table 6).

Table 6. Dependence of the oxidation rate on temperature.

Temp (£0.1K) Lysine Arginine Histidine
(10° x k) s_1)

323 12.0 5.0 1.1

328 | 15.4 7.7 1.5

333 21.0 12.0 2.2

338 26.9. 18.6 3.1

343 3.7 25.7 43
348 : 46.8 35.0 5.8

Plots of 1log k1 against the reciprocal of temperature were
linear (Fig.2}. The slopes of the plots were used to cal-
culate the activation energies of the reactions. The other

activation parameters were calculated and have been shown

in Table 7.
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Table 7. Activation parameters.

Parameter Lysine Arginine Histidine
E(k;rmol’1 ) 48 54, 63

A (kImo1™ ") 45 51 60

65 (7K Tmo1™ ") 181 169 151

A G (kgmol™ ) 105 107 110

Error limits: B + 2kImol™ ! , AH#iZkJmol—j,

AL —_ —
ATt 4JK Tno1 1,Aciéiszmol”.

The oxidations of all substrates were characterised
by negative wvalues of the entropiés of activation. This
would suggest an ordered transition state, relative to
the reactants{(56). Differences in. solvation of substrates
in the ground state and in the transition state might also
contribute, to séme extent, to the negative entropies of

activation{57).

Isokinetic Relationship

For the oxidation of Dbasic amino acids (lysine,
arginine and histidine} by quinolinium dichromate, in acid
medium, it was observed' that the éctivation enthalpies
and entropies were linearly related. For such a corwv=iation,
the applicability of Exner's criterion{58) was found to
be valid. The isokinetic temperature was obtained by using
the relationship:

#

pHT = AHé + Bast : (3)
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Fig.3: Isokinetic Plot
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where B was the isokinetic temperature. From the linear
plot of AH£ against AS¥, the isokinétic temparature was
found to be 438K (Fig.3). Although there ' is not much phy-
sical significance attachzd to isokinetic temparatures/59},
a linear correlation between AHé and Asé is usually a
necessary condition for the validity of linear free energy
relationships. Further, the value for the free energy of
activation (A G#) were fairly constant, indicating that

the same mechanismn operated for the oxidation of all the

basic amino acids (lysine, arginine and histidine}.

Solvent isotope effect

The rates of oxidation of these amino acids were
increased in DZO medium {(Table 8), in agreemeni: with eariier

reported work{60}.

Table 8. Solvent isotope effect for the oxidation of amino acids.

Amino Acid k., k k. /k
hzO D2O D20 H2O
(10° x K, sh

Lysine 21.0 28.3 1.35

Arginine 12.0 15.3 1.28

Histidine 2.2 2.9 1.32

[Amino Acid]=0.01M, [QDC1=0.001M, [H2804]=1.5M, u =0.5M, T=333K.
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The solvent isotope effect, szo/kHZO’

unity (Table 8). This would imply a proton-catalyzed reac-

was greater than

tion, and would support the protonation of the oxidant
(ODC), an observation which finds support from the acid

dependence on the rate of the reaction (Table 4}.

Effect of ionic strength
Variations 1in the ionic strength of the medium
using sodium perchlorate ( w=0.01M to 0.50M) did not have

any effect on the rates of these reactions.

Effect of added salts

The addition of salts suqh as NacCl, NaNO3, KNO
3

3 ’

Na,S0, and MgSO, {concentration ranée of 1x10—4M to 1x10 "M}

did not have any influence on the rates of these oxidation

reactions.

Kinetic isotope effect
The kinetic isotope effect was studied by deutera-

ting the a-carbon atom. The kH/kD values were close to

unity {Table 9).
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Table 9. Kinetic isotope effects for the oxidation of amino acids.

Amino Acid RCH(NHZ)COOH RCD(NHZ)COOH kH/kD

(105 x K, s’T)

Lysine 21.0 20.5 1.02
Arginine 12.0 1.7 1.03
Histidine 2.2 2.1 1.05

[Amino Acid]=0.01M, [QDC]=0.001M, [H2804]=1.5M, u=0.5M, T=333K

The data in Table 9 indicated that there was no cleavage

of the carbon—hydrogen bond in the rate-determining step

of the reaction.

Induced polymerization

The possibility of induced polymerization was
checked. It was seen that there was no induced polymeriza-
tion of acrylonitrile or the reduction of mercuric chloride
{61). No ESR signals could be detected in these oxidation
reactions, thus providing no evidence for the formation
of radical intermediates. Control experiments were perfor--
med in the absence of the substrate. The concentration

of the oxidant (QDC) did not show any appreciable change.
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Mechanism

For the oxidation of the basic amino acids {lysine,
arginine and histidine) by duinolinium dichromate {QDC)
in acid medium, the observed kinetic data could be summari—

zed as follows:

(i) The rate of the reaction was dependent on the first
power of the concentrationof each — substrate, oxidant and.
acid {(Tables 2-4). The linear increase in the rate of oxida-
tion with acidity (Table 4) indicated the involvement of
a protonated Cr(VI! species in the slow step of the reac-
tion. The initial reaction would be between the substrate

and the protonated Cr(VI) species.

fii)  The observed increase in the rate of the reaction,
with a decrease. in the polarity of the solvent medium
‘water-acetic acid, v/v), as seen from the data in Table 5,
indicated that the transition state was much less polar
than the reéctants. Linear plots of log k1 against the
reciprocal of the dielectric constant vyielded positive
slépes (Fig.1}. This suggested an interaction between a
positive ion and a dipole!(52), and was in consonance with
the observation that, in the presence of acid, the rate

determining step involved a protonated Cr{(VI}) species.

(iii) Negative wvalues for the entropiés of activation

fTable 7! suggested that the +transition state was more
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ordered than the reactants(56). The values for the free
energies of activation (AG#) were nearly constant, which
indicated that ail these amino acids (lysine, arginine
and histidine) underwent oxidation by similar pathways.
Linearity in the plot between the enthalpy of activation
( AH#) and the entropy of activation ( Asf) suggested that
these oxidation reactions were controlled by both parame;

#

ters ( AH and AS#). The isokinetic temperature was 438K.

. .
(iv) The solvent isotope effect, kDZO/kHZO’

than wunity (Table 8), which implied a proton-catalysed

was greater

reaction. This would support the protonation of the oxidant
(ODC}, as seen from the acid dependence on the rate of

the reaction (Table 4).

(v} The kinetic isotope effect for the oxidation of
these amino acids (obtained by deuterating the g-carbon
atom) yielded kH/kD values close to unity (Table 9). This
would indicate the absence of a carbon-hydrogen bond clea-

vage in the rate-determining step of the reaction.

{vi} Changes in the ionic strength‘ of the medium and
the addition of salts did not exert any influence on the
rates of oxidation of these aminc acids-(lysine, arginine
and histidine}. This indicated a direct interaction between

the substrate and oxidant, in acid medidm, to give an
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intermediate which could further react to yield the product.

(vii) There was no induced polymerization of acrylonitrile
or reduction of mercuric chloridef{61), which indicated
the absence of radical species during the course of the

reaction.

The rate constants for the oxidation of all these
amino acids {lysine, arginine and histidine) were almost
of the same order of magnitude. This was because these
amino acids have almost similar pK1 values. The ionization
cénstants and pH values at the isoelectric points!(62) of
these amino acids (lysine, arginine and histidine) at 298K
have been given in Table 10.

Table 10. Ionization constants(62) and pH values at the isoelectric
points of amino aclds at 298K.

Amino Acid pK1 pK pK pH

2 3 i
Lysine 2.18 9.12 10.53 9.82
Arginine 2.17 9.04 12.48 10.76
Histidine 1.82 6.00 9.17 7.59
For these basic amino acids,
pK2 + pK3
pHi = 5 , where pHi is the isoelectric point.

The dissociation of amino acids depends upon the
pH of the medium. It is known that amino acids exist as

dipolar ions {zwitterions) in agueous solution.:- In strongly
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acidic or alkaline media, the following equilibria exist:

OH™ . oW ) (3)
YCOOH ——> RCH(N H.)CO00 —> RCH(NH.)C00 ’
<~ 3 <~ 2
H H
(cation) (zwitterion) (anion)

+
H
RCH(N 3

In the present study, the reactions were carried
out in acid media. In acidic solution, the zwitterion would

be converted to the cation [RCH(N+H YCOOH], which was the

3

reactive species, under the present experimental conditions.

It has been established that the oxidation of amino
acids by wvarious oxidants, in concentrated acidic media,
had occurred wvia the reaction between the cationic form

of the amino acid and the oxidant(63,64).

Based on the observed experimental data, the mecha-
nistic pathway for the oxidation of these basic amino acids
{lysine, arginine and histidine} by gquinolinium dichromate
{QDC), in acid medium, would proceed by means of a direct
reaction between the cationic form of the amino acid and
the oxidant{QDC}, to vyield an intermediate which would
then undergo further reactioh to give the product. The
sequence of reactions for the oxidation of these amino acids
{lysine, arginine and histidine}! by dguinolinium dichromate

{QDC), in acid medium, has been shown in the Scheme.
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The major products of these oxidation reactions

{vide "Experimental': Product Analysis) were:

fa)

(b}

the corresponding nitriles ( ~75-80%), which were
characterized by chemical and spectral methods;
and

trace amounts of the corresponding aldehydes
(v5-10%), which were characterized by their respec-

tive 2,4-dinitrophenylhydrazone derivatives.



SCHEME
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+NH
3 /
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SUMMARY

.Hexavalent chromium compounds have been widely used
as oxidizing agents, reacting with diverse kinds of organic
substrates. The mechanism of oxidation varies with the
nature of the chromium(VI) species and the solvent used.
The development of newer chromium{VI) reagents for the
oxidation of organic substrates continues to be a subjegt
of iﬁterest. A number of novel chromium(VI) oxidizing agents
have Dbeen introduced, especially for complex or highly
sensitive subétances where great selectivity and effecti-
veﬁess/ coupled with mildness of conditions, are prerequi-

sites for success.

Some of the. chromium/{VI} reagents which have been
used as efficient oxidizing agents are:

chromium trioxide; chromyl chloride; Jones reagent

a
solution of Cr(VI)»éxide in concentrated sulfuric acid(1);
Collins' reagent —— dipyridinium Cr{VI) oxide in dichlgro—
methane(2); Corey's reagent —— pyridinium chlorochromate(3);
pyridine oxodiéeroxy chromium(VI) reagentfd); pyridihium
dichromate!5); bis tetrabutylammonium dichromate(6};
Chaudhuri's reagent —_— pyridinium fluoro;hromate(7);
4-({dimethylamino)-pyridinium chlorochromate(8); Cr(VI)
oxide diperoxide(9); chlorotrimethylsilane-Chromium trioxide -

{10); chromium peroxide complexes{(11}); imidazolium dichro-
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mate(12); pyridinium bromochromate(13); biphosphonium dich-

romate(14); and 3-garboxy pyridinium dichromate(15}.

New procedures have been emerging involving non-agque-
ous chromium{VI) reagents with the general idea that anhy-

drous conditions are more conducive to mild oxidation.

The reagent employed in the present investigation,

guinolinium dichromate!QDCY . (C_.H N+H) Cx.0O 2-, has emerged

97 277277
as a very useful and versatile oxidant(16), which is clearly

desérving of widespread application.

The oxidation of amino acids has become important,
both from a chemical point of view and in trying to explore
the wvarious transformations involved in the metabolism
of amino acids. Owing to the differing nature of the hydro-
carbon portion, amino acids can undergo various kinds of
reactions depending on whether the particular amino acids
contain non-polar groups, polar substituents, acidic or

basic substituents.

In the present investigation, the kinetics of oxidation
of amino acids by quinolinium dichromate (QDC), in acid
medium, at constant ionic strength have been studied. The
amino acids which have been used for the purposes of oxida-

tion have included :
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1. Glycine, alanine, valine, leucine and phenylalanine:

Chapter 1.

2. Serine, threonine and tyrosine: Chapter 2.
3. Methionine and cyyxﬁngz Chapter 3.

4, Aspartic acid and glutamic acid: Chapter 4.
5. Lysine, arginine and histidine: Chapter 5.

All the oxidation reactions were performed under a
nitrogen atmosphere. The stoichiometries of the individual
kinetic reactions were determined. For all the kinetic
runs, the prégrgss of the oxidation reaction was followed
by monitoring the disappearance of Cr{(VI) at 440nm, spectro-
photometrically. The rates of all the reactions were found
to be dependent on the firs£ power of the concentrations
of each — substrate, oxidant and acid. The first order
dependence of tﬂe rate on acid concentration indicated
that a protonated Cr(VI) species was involved in the rate

determining step of the reaction.

The rate of the reaction showed an increase, :with
incréasing proportions of acetic acid. Plots of log k1
(the pseudo-first-order rate constant) against the recipro-
cal of the dielectric constant were linear, with positive
slopes, indicating an ion-dipole type of reaction. This

was 1in consonance wi?h' the observation that the use of

more polar solvents regquired larger reaction times. This
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also indicated that, in the presence of an acid, the rate

determining step involved a protonated Cr(VI) species.

The effect of changes 1in temperature on the rates
of the reactions has been studied, and the activation para-
meters have been evaluated. The reactions were characteri-
zed by negative entropiles of activation (A Sf). This sugges-
ted a highly ordered transition state, relative to the
reactants. Although current views do not attach much phy-
sical significance to isokinetic temperatures, a linear
correlation between AH’é and AS76 has been considered a nece-
ssary condition for the wvalidity of 1linear free enerxrgy
relationships. Plots of AH* vs AS}é were linear, indicating
that the oxidation reactions of amino acids were controlled
by both these parameters. The isokinetic temperatures{ g )}
obtained were 338K~(for glycine, alanine, wvaline, leucine
and phenylalanine); 320K (for serine, threonine and fyro—
sine}); 438K (for lysine, arginine and histidine). Furtﬁer,
the free energies of activation (AG#) were nearly constant,
indicating that the same mechanism operated for the oxida-

tion of all these amino acids.

The‘ kinetic rates of oxidation were 1in accordance
with the theory of electronic substituent effects. Struc-
ture-reactivity correlations were carried out for some
amino acids (glycine, alanine, valine, leucine and phenyla-

lanine). It was observed that the Taft eguation, which
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could be applied to these amino acids, was of the form:
log k/kO = -1.48 o* + 0.84 E_ (1)

The validity of this relationship indicated that Dboth,
the polar effect ( p* = -1.48) and the steric effect
({ § = +0.84), influenced the rate of the reaction. Since
the reaction cegtre was near the site of substitution,
the magnitudes of the reaction constants were expected
to be fairly high. This has been observed in these oxida-

tion reactions.

The solvent isotope effects, kD O/kH or in the oxida-

2 2 :
tion of all these amino acids, have been observed to b
greater than unity. This indicated that the reactions were
catalyzed by acid. This would support the protonation

of the oxidant (QDC), as seen from the acid dependence

on the rate of the reaction.

The oxidation of the deuterated amino acids (deuterated
at the o-carbon atom) yielded values of the kinetic isotope
effect, kH/kD, which wefe close to unity. The absence of
a primary kinetic isotope effect indicated that, in the
rate determ;ning step of the reaction, there was no clea-
vage of the carbon-hydrogen bond. The oxidation of deutera-
ted methionine (by deuterating the methyl group of methio-
nine) did not show a primary kinetic isotope effect. This.

indicated that the carbon-hydrogen bond (of the methyl
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group in methionine) was not cleaved in the rate-determining
step of the reaction. During the course of the reaction,
there was no induced polymerization of acrylonitile, no
reduction of mercuric chloride, and no ESR signals could

be detected. This showed the absence of radical species.

Variations in the ionic strength of the medium, and
the addition of salts had no effect on the rates of these
reactions. This indicated a direct reaction between the
substrate and oxidant, in acid medium, to give an inter-

mediate which on further reaction gave the product.

The dissociation of amino acids depends upon the pH
of the medium. In agqueous solution, amino acids exist as
dipolar ions (zwitterions). In stfbngly acidic or alkaline

media, the following equilibria exist:

OH™ OH

+ —- -
RCH(N H.)COOH — RCH(N+H )C0O0 — RCH(NH_.)CO00 (2)
3 7 3 <~ 2
+
H H
(cation) (zwitterion) (anion)

In acid solution, amino acids exist as a mixture of

the zwitterionic [RCH(N+H3)COOf] and cationic [RCH(NVH,)C0OH

3)

forms. In the present investigation, the reactions were
carried out in acid media. The zwitterion would be conver-

ted to the cation [RCH(N+H JCOOH], which was the reactive

3

species, under the present experimental conditions.
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Based on the observed kinetic data, the mechanistic
pathway for the oxidation of these amino acids by quino-
linium dichromate (QDC), in acid medium, would proceed
via a direct interaction between the cationic form of the
amino acid and the oxidant to yield an intermediate, which

would then undergo further reaction to yield the product.

For the oxidation of the sulfur containing amino acids
(cysteine and methionine) Dby gquinolinium dichromate, . in
acid medium, since disulfide was the final product of oxida-
tion {from cysteine), and sulfoxide was the final product
of oxidation {(from methionine), the sulfhydryl group (-SH)
of cysteine and the S-methyl group (S—CHB) of methionine
would provide the site of attack. Considering the mechanism
of oxidation of cysteine and methionine, the attack could
occur either at n;trogen or at sulfur. The products obtained
from the oxidation of these amino acids (the disulfide
from cysteine, and methionine sulfoxide from methionine),
would suggest that the oxidant (QDC) attacks the sulfur
group. Further, sulfur is more nucleophilic than nitrogen,
and the sulfhydryl group (-SH) could donate electrons more
readily than the amino group (—NHZ). Therefore, the mecha-
nism was via an electron-pair donation by sulfur present
in methionine (and cysteine) to the Cr=0 bond of the

oxidant.
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The major products obtained in these oxidation reac-

tions in good yield ( A 75-80%) were:

a)

c)

the corresponding nitriles, which were characterized
by chemical and spectral methods;

trace amounts of the corresponding aldehydes, which
were characterized by their respective 2,4-dinitro-
phenyl-hydrazone derivatives;

methionine sulfoxide (from methionine) which was cha-
racterized as N-benzoyl methionine sulfoxide;

cystine (from cysteine), which was characterized by

chemical methods.
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