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The mechanism of oxidative decarboxylation of 2-hydroxy-2-phenylethanoic acid
(mandelic acid) by aqueous alkaline sodium hypochlorite (commercial bleach) has
been studied. Kinetic studies for a series of 4-substituted mandelic acids (CH;O, CH,,
H, F, Cl, CF;, NO, substituents) gave a Hammett g value of —0.23. When deuterium
was substituted for hydrogen on the a-carbon atom of mandelic acid, a secondary
kinetic isotope effect, (ky/kp), of 1.07 was obtained. On the basis of these results a

model for the transition state is proposed.

The oxidative decarboxylation of 2-hydroxycarboxylic
acids by acidic or basic aqueous solutions of hypohalite ion
has been used synthetically to produce aldehydes or ke-
tones.'? Pink and Stewart’ studied the mechanism of this
reaction using alkaline bromine water. They proposed a
mechanism in which the carboxylate anion attacked either
Br, or HOBTr to form the R,C(OH)COOBTr intermediate in
a pre-equilibrium step. The products were then produced
from rate-determining abstraction of the hydroxy hydrogen
by a base (OH ™, Br~ or H,0). They also concluded that Br,
was a much more effective oxidizing agent than HOBr and
that OBr~ was virtually inert. The same reaction has been
studied by Gupta and Grover* using aqueous chlorine. The
effect of pH on the reaction was examined, and it was
found that the reaction had a maximum rate at a pH of 4.4
and at a pH of 8.3. They proposed a mechanism in which
the carboxylate ion was attacked by either hypochlorous
acid or molecular chlorine in a rate-determining step to
produce the products. They obtained a value of 28 J mol ™!
K~! for the entropy of activation which they interpreted as
indicating that the reaction occurred between oppositely
charged ions. A mechanism involving free radicals was
ruled out. We undertook a study of the oxidative decarbox-
ylation of 2-hydroxy-2-phenylethanoic acid (hereafter re-
ferred to as mandelic acid) with alkaline aqueous sodium
hypochlorite in order better to describe the nature of the
rate determining step of the reaction.

Results and discussion

Assuming that the mechanism suggested by Pink and Stew-
art® is applicable to oxidative decarboxylation by alkaline
sodium hypochlorite, the stepwise mechanism for mandelic
acid would be given by eqns. (1)-(5) where S represents the
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S~ + HOCl == SCl + OH" (1)
-1
k,
S™+ Cl,=SCl + CI 2)
-2
ks o
SCl + H,O —> S~ + HOCI + H* 3)
_ kK
SCl + OH™ —= Products 4)
_ ks
SCl + OCI- — Products 5)

mandelate group. Since the previous investigators®* deter-
mined that the kinetics of the oxidation reaction was first
order in mandelic acid and first order in oxidant, we de-
cided to simplify the kinetic experiments by running the
reactions under pseudo-first-order conditions® by keeping
the hypochlorite concentration at least 50 times greater
than the mandelate concentration. In this case the rate law
would be given by k. [mandelate]. In order to verify the
order with respect to mandelate ion, kinetic experiments
were run in triplicate at mandelate concentrations of
7.54x107* and 3.77x107* M. The k,,, values of 4.7(4)
x107° and 5.6(1)x107° s™!, respectively, were obtained.
The reactions were followed for at least four half-lives, and
the subsequent plots of In [mandelate] vs. time were linear
over this period. While the agreement of the rate constants
is slightly outside the experimental error, it was assumed
that the reaction was first order in mandelic acid.
Oxidative decarboxylation by chlorine or bromine water
has been shown to be very sensitive to pH.>* Consequently,
all kinetic measurements were made at the same pH. The
commercial bleach that was used as the source of sodium
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hypochlorite had a pH of 12.44. A stock solution for each
of the substituted mandelic acids was prepared using stan-
dardized aqueous sodium hydroxide as the solvent. The pH
for these solutions was adjusted to 12.4(1). The pH of three
typical kinetic reactions were monitored, and it was ob-
served that under these conditions the pH of the reaction
mixture remained constant throughout the reaction.

In the Pink and Stewart mechanism® the rate-determin-
ing step involves attack by either hydroxide or hypochlorite
ion on SCI, eqns. (4) and (5). However, at the pH of the
experiments the concentration of both chlorine and hypo-
chlorous acid would be expected to be very low. It could,
thus, be argued that the formation of SCI from the reaction
of chlorine and hypochlorous acid with mandelate ion,
eqns. (1) and (2), might be rate determining. The concen-
trations of these species estimated from the hydrolysis con-
stant® (3.94x10™* M?) for chlorine and the dissociation
constant’ (2.95x107% M) for hypochlorous acid were calcu-
lated to be about 3.5x10° M for [Cl,] and about
6.9x107* M for [HCIO]. The extremely small chlorine con-
centration would seem to preclude any significant reaction
via that route. If the reaction given in eqn. (1) is rate
determining, then the rate = k,[mandelate][HCIO], and &,
= k. /JJHCIO] where k., is the observed pseudo-first-order
rate constant. The calculated second-order rate constant
(k) in this case would be about 8.5 M~ s~ This value is of
the same magnitude of that determined (k, = 5.5 M~!s™")
by Gupta and Grover* under conditions using an excess of
mandelate ion.

A Hammett plot of k|, /k,, vs. o, where k/, is the
pseudo-first-order rate constant for the substituted com-
pound and kj is the analogous constant for the non-sub-
stituted compound, gave a least-squares slope, @, of
—0.23(4), Fig. 1. The small g value indicates that a change
in substituent has little effect on the reaction rate. Any of
the possibilities for the rate-determining step are supported
by this observation. If eqn. (1) or (2) represented the

rate-determining step, it would be expected that o would be
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Fig. 1. A Hammett plot for the reaction of p-substituted mandelic
acids with alkaline sodium hypochlorite. The rate constants k’
and k° represent the substituted and hydrogen-substituted
mandelic acids, respectively.
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Fig. 2. Model of transition state of the reaction of mandelic acid
with alkaline sodium hypochlorite.

about the same magnitude as the o value for ionization of
mandelic acid but opposite in sign. Electron-withdrawing
substituents would stabilize the mandelate anion while
electron donation would destabilize it. Relative to each
other the more stable compound would react more slowly
than the less stable compound. The @ value for mandelic
acid ionization is not known, but the value for phenylacetic
acids is 0.5.* Thus, it would be predicted that the sub-
stituent effect would give a small negative o value. If eqns.
(4) and (5) were rate determining as proposed by Pink and
Stewart,* a possible model for the transition state would be
bond reorganization to produce an aldehyde carbonyl. If
the transition state lay toward the product side, then this
partially formed carbonyl carbon would contain a partially
positive charge due to bond polarization by the oxygen
atom. Electron-donating substitutents would stabilize this
forming carbonyl which would result in a lower activation
energy and an increase in rate. An electron-withdrawing
substituent would have the opposite effect. The expected o
value would be negative and small in magnitude.

A kinetic isotope effect was used further to serve as a
probe of the transition state. If either eqns. (1) or (2)
represented the rate-determining step of this reaction, sub-
stitution of a deuterium atom for hydrogen at the a-carbon
atom in mandelic acid would yield no kinetic isotope effect.
However, if eqns. (4) or (5) are rate determining, then
a-deuterium isotope effect would be predicted. The a-
carbon atom undergoes a change in hybridization from sp?
to sp? during the course of the reaction. The isotope effect
for going from an sp* hybridized carbon to an sp? hybrid-
ized carbon has been calculated theoretically to be about
1.4 at room temperature.® In practice, experimental values
this large are usually not found for this type of isotope
effect. When the hydrogen is attached to a secondary car-
bon, experimental values for a-deuterium isotope effects,
(ky/kp)ops, Tange from 1.09 to 1.2.% In the present case the
experimental isotope effect, (k,/kp)ops, Was determined to
be 1.075(72) uncorrected for the amount of residual hydro-
gen in the deuteriated mandelic acid. Correction for the
8% H in the [*H]mandelic acid gives an isotope effect of
1.083. While this isotope effect is slightly smaller than
might be expected, it still supports the conclusion that the
transition state must involve substantial carbonyl character
(sp? hybridization) at the a-carbon atom.



Taking the value for ¢ and the isotope effect together
suggests that eqns. (4) and (5) represent the rate-determin-
ing steps. A model for the transition state of these rate-
determining steps is shown in Fig. 2. Simultaneous with
proton abstraction of the hydroxy hydrogen by a base
(OH™ or CIO™ in this case) there is substantial bond reor-
ganization in which a carbon—carbon bond and oxygen—
chlorine bond are broken and in which two carbon—-oxygen
double bonds are formed.

Experimental

General. 'H NMR spectra were recorded on a JEOL
FX-100 NMR spectrometer. IR spectra were obtained from
a Perkin-Elmer 257 grating spectrometer or a Nicolet
SXC-20 FTIR spectrometer. Mass spectra were recorded
on an AEI MS-902 spectrometer at 70 eV. GLC analyses
were performed on a Varian 3700 gas chromatograph
equipped with a BP-1 capillary column (length, 25 m) or on
a packed 5% OV-17 column (length, 1.6 m).

4-Substituted mandelic acids were prepared by hydrolysis of
the corresponding mandelonitriles obtained from the ap-
propriate p-substituted benzaldehydes according to the
procedure described by Carrara, et al.'

[a-’H]Mandelic acid. A mixture containing 3.04 g of man-
delic acid and 3.20 g of dry barium oxide in 20 ml of D,O
(99.8 % D) was refluxed for 3 h. The reaction mixture was
then cooled to room temperature, added to S0 ml of diethyl
ether and with stirring acidified with conc. hydrochloric
acid. The ether layer was then separated and the aqueous
phase extracted three times with 20 ml portions of ether.
The combined ether layers were washed three times with 5
ml portions of water and then dried over anhydrous magne-
sium sulfate. The solution was filtered, and the solvent was
evaporated under reduced pressure. The residue was re-
crystallized from toluene to yield 2.4 g (71 %) of the pure
product, m.p. 121-122°C. The isotopic content was deter-
mined by mass spectrometry to be 92 % D.

'H NMR (100 MHz, CDCl,): & 7.5-7.3 (arom. mul-
tiplet). MS [IP 70 eV (m/z, % rel. int.)]: 154 (1.7), 153
(19), 152 (1.5), 108 (100), 107 (7). IR (KBr): 3399, 2938,
2679, 1711, 1333, 1279, 1217, 1093, 954, 896, 869, 730, 697,
602, 528 cm™".

Oxidation of [a-*H]mandelic acid with sodium hypochlorite.
This reaction was performed under conditions similar to
those used in the kinetics experiments. From 154 g of
[a-?H]mandelic acid and after work-up including molecular
distillation were obtained 55 mg of a-deuteriobenzalde-
hyde with a D-content of 93 %. MS [IP 70 eV (m/z, % rel.
int.)]: 108 (10.2), 107 (100), 106 (16), 105 (98). IR (neat):
3084, 3062, 3030, 2106, 2068, 2051, 1687, 1587, 1583, 1351,
1312, 1231, 1214, 1166, 1072, 1021, 999, 939, 828, 791, 733,
688, 641 cm™'.

DECARBOXYLATION OF MANDELIC ACID

Kinetic procedures. Commercial bleach (unstabilized) was
purchased and standardized. The pH of the bleach was
determined to be 12.4. The amount of hypochlorite present
was determined by titration with standardized sodium thio-
sulfate'' to be 0.558 M. Stock solutions of the mandelic
acids were prepared by weighing out the appropriate
amount of the acid to give a 0.144 M solution. Standardized
sodium hydroxide was added to the acid and the mixture
diluted with water to produce the appropriate concentra-
tion. This resulted in a stock solution of the substituted
mandelate with a pH of 12.4.

Kinetic solutions were prepared by mixing 5 ml bleach
and 75 ml diethyl ether. The reactions were initiated by the
addition of 2 ml mandelate stock solution. The reaction was
followed by removing an aliquot of ether periodically and
measuring the production of aldehyde. The amount of al-
dehyde present in the ether was determined by measuring
the absorption in the UV region at the appropriate wave-
length of the aldehyde. The ether aliquot was returned to
the reaction mixture after each measurement. All kinetic
reactions were conducted in a constant temperature bath at
25.0(1)°C.

The isotope experiments were carried out in pairs using
the protium compound in one reaction and the deuterium
analog in the other. The concentration of the mandelate
substrates for both isomers was identical.

Benzaldehyde was identified as the sole reaction product
when mandelic acid was oxidized on a preparative scale
with sodium hypochlorite under the conditions used in the
kinetic experiments.
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