J. Chem. i, Vol. 116, No. 2, March 2004, pp. 101-106. © Indian Academy of Sciences.

Kinetics and mechanism of the oxidation of some neutral and acidic
a-amino acids by tetrabutylammonium tribromide
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Abstract. The oxidation of deven amino acids by tetrabutylammonium tribromide (TBATB) in ague-
ous acetic acid results in the formation of the corresponding carbonyl compounds and ammonia The re-
action is first order with respect to TBATB. Michadis-Menten type kinetics is observed with some of the
amino acids while others exhibit sscond-order dependence. It failed to induce polymerization of acryloni-
trile. The effect of solvent compostion indicate that the rate of reaction increases with incresse in the po-
larity of the medium. Addition of tetrabutylammonium chloride has no effect on the rae of oxidaion.
Addition of bromide ion causes decrease in the oxidation rate but only to a limiting vaue. The reaction
is susceptible to both polar and deric effects of the subgtituents. A suitable mechanism has been propo-

sed.
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1. Introduction

Tetraalkylammonium polyhalides are widely used as
haogenating reagents in synthetic organic chemis-
try.' Tetrabutylammonium tribromide (TBATB)
has been used for the bromination of some selected
organic substrates.* There are, however, only a few
reports regarding their use as oxidizing and bromi-
nating agents in synthetic chemistry.>” These com-
pounds are more suitable than molecular halogens
because of their solid nature, ease of handling, sta-
bility, sdectivity and excelent product yidds. We
have been interested in the kinetic and mechanistic
studies of the reactions of polyhaides and many re-
ports including those on TBATB have dready ema-
nated from our laboratory.®™° There seems to be no
report on the oxidation of a-amino acids by TBATB.
A study of the kinetics of the oxidation of amino ac-
ids is important both from a mechanigtic point of
view and its bearing on the mechanisn of amino
acid metabolism. Therefore, we have studied the
oxidation of several neutral and acidic a-amino ac-
ids by TBATB in agueous acetic acid solution, and
the mechanistic aspects are discussed in this paper.

*For correspondence

2. Experimental
2.1 Materials

All the amino acids were commercia products of
highest degree of purity and were used as supplied.
Perdeuterioglycine (ND,CD,COOD) was obtained
from Sigma Chemicas (USA). TBATB was pre-
pared by the reported method" and its purity was
checked by an iodometric method. Acetic acid was
refluxed with chromic oxide and acetic anhydride
for 3h and then fractiondly digtilling it All other
reagents were commercial products and were purified
by the usual methods."™*

2.2 Product analysis

The main products of the amino acids were the cor-
responding carbonyl compounds and ammonia. The
presence of ammonia in the reaction mixture was
detected by the test with p-nitrobenzenediazonium
chloride

In atypica experiment, a-aanine (4x5 g, 05 mol)
and TBATB (4459, 0%1 mol) were made up to
100 ml in 1:1 (v/v) acetic acid—water. The mixture
was alowed to stand for » 15 h in the dark to ensure
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completion of the reaction. It was then treated with
an excess (250 ml) of a saturated solution of 2,4-
dinitrophenylhydrazine in 2mol dm® HCl and kept
in a refrigerator for » 10h. The precipitated 2,4-
dinitrophenylhydrazone (DNP) was filtered off,
dried, weighed, recryddlized from ethanol and
weighed again. The yields of DNP before and after
recrystalization were 224g (95%) and 1979
(83%) respectively, based on the consumption of
TBATB. The DNP was found to be identical (m.pt.
and mixed m.pt.) with the DNP of acetadehyde. In
smilar experiments, with other amino acids, the
yields of the DNP were in the range of 80-89% after
recrystallization.

Stoichiometry, with an excess of amino acid could
not be studied because of the difficulty in determin-
ing the concentration of amino acids. Stoichiometric
determination with an excess of TBATB showed
that two moles of TBATB were consumed per mole
of the amino acid. This is because adehydes, the
initial products of the oxidation, were further oxidi-
zed to carboxylic acids.

2.3 Kinetic measurements

The reactions were studied under pseudo-first-order
conditions by keeping an excess (" 15 or greater) of
the substrate over TBATB. The solvent was 1:1
(v/v) acetic acid—water, unless mentioned otherwise.
Tribromide ion is known to dissociate to a large ex-
tent to bromine and bromide ion. The vaue™ of the
dissociation congtant in 1:1 (v/v) acetic acicd—water
is » 002 mol dm™>. To suppress the dissociation, all
kinetic runs were carried out in the presence of an
excess (08 mol dm®) of potassum bromide. The
reactions were studied at constant temperature
(x 04 K) and were followed by monitoring the de-
crease in the concentration of TBATB at 394 nm for
up to 80% reaction. Pseudo-first-order rate constants,
Kops, Were evauated from linear plots (r > 0%995) of
log[TBATB] against time. Duplicate kinetic runs
showed that the rate constants are reproducible to
within £ 3%. Simple and multivariate regression
analyses were carried out by the least-squares method.

3. Results

Preliminary experiments showed that the reactions
are not sendtive to changes in the ionic strength.
Hence no attempt was made to keep the ionic
strength constant.

The rate laws and other experimental data for all
the leven amino acids studied. Since the results are
similar, only the representative data are reproduced
here.

3.1 Soichiometry

The overal reaction may be represented as under.

RCH(NH,)COOH + Br; + H,0 ® RCHO
+NH; +CO, +3Br +H". (1)

3.2 Ratelaws

The reaction is first order with respect to TBATB.
The individud kinetic runs obeyed first-order kine-
tics. Further, the values of Kk.ps are independent of
the initial concentration of TBATB. The order is
more that one but less than two in respect of glycine
(Gly), a-danine (Ala), 2-aminobutanoic acid (ABA),
norlucine (NLE), norvaline (NVA) and phenyla-
lanine (Phe) whereas the order with respect to valine
(vd), leucine (Leu), isoleucine (lle), aspartic acid
(Asp) and glutamic acid (Glu) is two. The rate con-
stants with respect of Ala and Leu are recorded in
table 1. Plots of 1/k.s againgt L[amino acid]® for
Gly, Ala, ABA, NLE, NVA and Phe are linear (r* >
0%95) with an intercept on the rate ordinate. Thus
Michadlis-Menten type kinetics are observed with
respect to these amino acids. This leads to the postu-
lation of the following overall mechanism and rate
law.

Table 1. Rate congants for the oxidation of a-danine
and leucineby TBATB at 308 K.

10°[TBATB] [Ald] [Leu] 10% Kops (574)
mol dm™ mol dm™ mol dm™ Ala Leu
10 0x10 0x10 187 185
10 020 020 60 761
10 040 080 190 166
10 075 040 336 304
10 100 060 380 46%
10 160 05 438 107
10 200 100 468 190
20 040 040 18 30%6
40 040 040 1941 296
60 040 040 194 30,8
80 040 040 19%2 300
10 020 020 6X7/5* 761*

*Contained 0005 mol dm > acrylonitrile
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K

2 Amino acid + TBATB S [intermediate], 2

k.
[intermediate] 3/42® products, (3)

rate = K k, [amino acid]® [TBATB]/
(1 + K [amino acid]?). (4)

It is proposed that the oxidation of Va, Leu, lle,
Asp and Glu aso follow smilar mechanism but in
their case, the equilibrium constants have very smal
vaues. Thus in these cases, K [amino acid]® < 1 and
no Michaglis-Menten type kinetics is observed but a
second-order dependence is obtained. The reason for
this must be steric. The amino acids exhibiting sec-
ond-order dependence have bulkier substituents as
compared to the ones showing Michaglis-Menten
kinetics. The variation in amino acid concentration
was studied at different temperatures and the values
of K and k, evauated from the double reciprocal
plots. The thermodynamic and activation parameters

for the formation and disproportionation of the in-
termediate were calculated from the values of K and
k, respectively, at different temperatures (tables 2
and 3). The reaction (2) is likely to take place in two
steps. Therefore, the equilibrium constant, K, might
be a composite quantity.

The dependence of reaction on hydrogen-ion con-
centration could not be determined by an addition of
a minera acid like perchloric acid as TBATB de-
composed rapidly in the presence of a minera acid.
Therefore, effect of sodium acetate on the reaction
rate was studied. Results showed that addition of
sodium acetate has no effect on the rate of the oxi-
dation (table 4).

3.3 Induced polymerization of acrylonitrile

The oxidation of amino acids, in an amosphere of
nitrogen, failed to induce the polymerization of
acrylonitrile.  Further, the addition of acrylonitrile
had no effect on the rate of oxidation (table 1).

Table2. Formation congtants of the TBATB-amino acid complexes and the thermody namic parameters.

K (dm® mol™) at DH DS DG

Substrate 298K 308K 318K 328 K kJ mol ™ Jmolt K1 kJmol™

H 320 272 2901 175 -189 + 08 45+ 3 54+ 06
Me 4585 403 307 265 -198 + 058 -45+ 2 -66+ 06
PhCH, 397 384 272 246 =190 + 0% -84+ 2 -60+06
ABA 582 4x2 335 260 - 216 + 0% -51+1 - 66+ 04
NLE 603 505 4410 306 -192 + 057 -41+ 2 -70+ 0%
NVA 4413 370 385 291 -12:8+ 0% -20+ 2 -60+ 0%

Table3. Rateof the decomposition of the intermediate complexes and the activation parameters.

10*k, (s at DH* DS DG*

Substrate 298 K 308K 318K 328 K kJ mol ™ Jmolt K kJmol™?
Gly 293 4H81 106 218 589 + 005 —99 + 2 882 + 0
Ala 278 483 864 148 434 + 04 ~130+1 820+ 08
ABA 368 639 110 185 418 + 06 135+ 2 812+ 06
NVA 5531 924 151 256 389+ 09 139+ 3 802 + 06
NLE 599 976 164 271 388 + 06 139+ 2 804 + 0
Phe 875 140 215 347 345 + 07 150 + 2 794 + 0%
10* k, (dn® mol 2 s7h)

va 717 115 195 308 378+ 06 142 + 2 796+ 06
Leu 121 187 300 472 3456 + 0% 148 + 2 788+ 06
lle 180 285 440 671 334 + 06 -149+ 2 778+ 06
Asp 683 1653 334 704 56 + 10 97 +4 858+ 19
Glu 22 387 759 134 4657 + 14 121+ 4 8256 + 09
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Table4. Effect of sodium acetate on therate of oxidetion of leucine by TBATB.
[TBATB] = 0001 mol dn3; [Leu] = 0540 mol dmi3; Temp. = 308 K.

[NaOAc] (mol dm3) 000 04.0 020 080 040 050
10*Kops (57) 30%L 298 307 293 315 304
Table5. Effect of tetrabutylammonium chloride on the oxidation of leucine by TBATB.
[TBATB] = 0001 mol dm>; [Lew] = 0540 mol dm™>; Temp. = 308 K.
10°[TBACI] (mol dm™) 000 0% 10 20 30 4%
10*Kops (574 304 308 295 299 306 300
Table6. Dependence of rate of oxidation of leucine on the concentration of bromideions.
[TBATB] = 0001 mol dm>; [Lew] = 0540 mol dm™>; Temp. = 308 K.
[Br] (mol dm®) 00 004 008  0x12 046 020 024 O0R0
10* kops (™) 30%L 260 226 198 160 158 15 158

Table 7. Dependence of the rate of oxidation of leucine by TBATB on sol-

vents compositions.

[TBATB] = 0001 mol dni3; [Lew] = 040 mol dmi3; Temp. = 308 K.

% ACOH (VN) 25 40
383

10* Kops (S7) 538

50 60 70
304 264 225

3.4 Effect of tetrabutylammonium ions

The rates of oxidation were not affected by the addi-
tion of tetrabutylammonium chloride (TBACI) (ta-
ble 5).

3.5 Effect of bromideions

The rate of oxidation decreases with an increase in
the concentration of potassum bromide but reaches
alimiting value at [KBr] » 046 mol dm™ (table 6).

3.6 Effect of solvent composition

The rate of oxidation was determined in solvents
containing different amounts of acetic acid and wa-
ter. It was observed that the rate increased with an
increase in the amount of water in the solvent mix-
ture (table 7).

4. Discussion

An isokinetic plot between activation enthalpies and
entropies of oxidation of the eleven amino acids is

reasonably good (r* = 00887, sd. = 097). The value
of isokinetic temperature is 460+ 16 K. The iso-
kinetic relationship was verified and found genuine
by applying Exner's™ criterion. The Exner plot bet-
ween logk, a 298 K and logk, a 328 K is linear
(r*=09969, sd.=0%2; dope= 09571+ 09140).
The isokinetic temperature is 496 + 14 K, which is
in very good agreement with the value obtained
from the activation parameter data. The linear iso-
kinetic corrdlation implies that al the amino acids
are oxidized by the same mechanism and the changes
in the rate are governed by the changes in both the
enthalpy and entropy of the activation.

4.1 Reactive oxidizing species

We have earlier® carried out some conductivity
measurements to determine the nature of TBATB in
aqueous acetic acid solution. It was observed that
acetic acid has very low conductivity. Addition of
BATB increases the conductivity of the solution.
We measured the conductivity of TBATB in solvents
containing different proportions of acetic acid (100-
30%) and water. We found that the conductivity in-
creases sharply as the water content is increased and
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reaches a limiting vaue in about 60% acetic acid—
water mixture. TBATB can be considered an ionic
compound, which exists under our reaction condi-
tions as tetrabutylammonium and tribromide ions as
shown in (5). No effect of added tetrabutylammo-
nium ion aso indicates that the equilibrium (5) lies
far towards the right. Similar results were obtained
in the oxidation of diphatic adehydes by TBATB.?
Thus in the present reaction aso the reactive oxidiz-
ing speciesis the tribromide ion,

(C4Ho)aNBr3 5 (CsHs)N™ + Brs. 5)

Tribromide ion is known to dissociate to bromine
and bromide ion and the vaue of the dissociation
constant has been reported.”® The effect of addition
of bromide ion (cf. table 6) indicated that as the
[Br'] increases, the concentration of bromine and its
contribution to the oxidation decrease and become
dmost negligible a [KBr] » 046 mol dm™®. As a
large excess (08 mal dm™) of bromide ion has been
added in present reaction, the oxidation due to bro-
mine will be suppressed. Thus in the present reaction
the reactive oxidizing species is the tribromide ion.

Br; S Br, + Br. (6)
4.2 Mechanism

In aqueous solutions, amino acids are known to exist
in the zwitterionic form.

RCH(NH,)COOH S RCH(NH)COO'™ ©)

The formation of zwitterions is facilitated by the in-
creased polarity of the solvent due to better solva-
tion of the ionic species. Therefore, the fact that the
rate increases with an increase in polarity of the sol-
vent suggests that the zwitterionic form is the reac-
tive reducing species.

From the rate-law, it is apparent that a 1:2 inter-
mediate complex of the amino acid and tribromide
is formed in a rapid pre-equilibrium. However, with
the present data, it is not possible to state definitely
about the nature of the complex. An intermediate
complex may be formed by the interaction between
the non-bonded pairs of eectrons of the carboxylic-
oxygen and tribromide ion. The formation of a smi-
lar complex has been postulated in the oxidation of
dcohols”® by pyridinium hydrobromide perbromide

(PHPB) dso. The formation of moderately stable
complexes is supported by the values of thermody-
namic parameters also. The complex formation is
favoured by the enthapy term but there is a loss of
entropy indicating the formation of a rigid structure.
The following mechanism (scheme 1) accounts for
al the observed data.

Alternatively an intermediate complex C, may be
formed between the tribromide ion and a molecule
of amino acid, followed by the interaction of C; and
a molecule to yidd the complex C,, which breaks
down to the products in the rate-determining step.

The observed negative entropy of activation also
supports a polar transition state. As the charge sepa-
ration takes place, the charged ends become highly
solvated. This results in an immobilization of a large
number of solvent molecules, reflected in the loss of
entropy.

4.3 Correlation of structure and reactivity

The formation constant, K, of the TBATB-amino
acid intermediate complex does not vary much with
the nature of the substituents. Similar observation
has been recorded in the oxidation of acohols by
PHPB." However, the rate of disproportionation of
the intermediate or the rate constant, as the case
may be, showed wide variation. These values were
therefore used for correlation anaysis.

+
2 RCH(NH,)COO~+ Br,’

If

r ~—

C
/7
O/ \O '_C/C\O

“Br Br
“Br

L €

Ik
+ +
RCH =NH, + CO, + 3Br + H*+ RCH(NH,;)COO

+ fast
RCH=NH, + H,O —* RCHO + NH,"

Scheme 1.
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Table8. Temperature dependence of the reaction constants.

Temp.(K) r* d R s.d. y

298 -OX7£001  -0%68+ 001 00997 001 002
308 -064£002 -065+001 (00988 002 0297
318 -0%67+£001 -0%61x001 090994 001 003
328 062+ 002 -047+£0.01 09998 001 002

The rate constants of the diphatic amino acids
failed to give any sgnificant correlation with Taft's
polar and steric effects separately. The rates were
therefore analysed in terms of Pavelich-Taft’s' dud
substituent parameter (10).

logk, =- 142 + 0.29 s* - 2183, 8)

r* = 0%6518; s.d. = 086, y = 062
n=10; T=298 K.

log k, = - 07 + 046 E, - 20, (9)

r® = 0%439; s.d. = 081; y = 0%3;
n=10;, T=298 K.

logk, =s*r* + d Es + log ko. (20)
Here n is the number of data pointsand y is Exner’s
statistical parameter.™’

The correlations in terms of (9) are excellent (ta-
ble 8). The reaction constants have negative values.
The analysis showed that the reaction is susceptible
to both the polar and steric effects of the substitu-
ents. The values of the reaction constants support
the proposed mechanism. The negative polar reac-
tion constant is in accordance with the net flow of
electrons towards the oxidant. An increase in the
electron density at the reaction centre facilitates
the flow of the electrons from substrate towards the
oxidant. The negative deric reaction constant indi-
cates a steric acceleration. This may well be due to
high ground state energy of the more substituted
amino acids. The steric crowding is relieved in the
product (RCH=NH,)" and as well as in the transition
leading to it. This coupled with the fact that there is
not much difference in the trangtion state energy of
the crowded and uncrowded molecules explain the
steric acceleration.
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