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ABSTRACT

The pKa’s of the 6-CH groups of N-methyl-2-pyridone and N-methyl-4-pyridone in aqueous solution were determined. No correlation between
the stability of the carbanions and the rate of decarboxylation of the corresponding carboxylic acids was found.

The decarboxylation of 1,3-dimethylorotic acid (1) and its
analogues has been proven to be a useful model for the
enzymatic decarboxylation catalyzed by orotidine-5′-mono-
phosphate decarboxylase (ODCase).1-12 Most of the studies
involve the investigation of the nature and stability of the
intermediate. As shown in Scheme 1, acid1 decarboxylates
at elevated temperatures to give 1,3-dimethyluracil (2) as
the sole product.

The decarboxylation of acids1, 4, and5 to uracil 2 and
pyridones6 and7 (Figure 1), respectively, provides a unique
opportunity to systematically investigate the mechanism of
the reactions due to the large difference in their reaction rates
despite their structural similarity.1,6,7 Acids 1 and4 decar-
boxylate at the same rate, whereas acid5 decarboxylates
almost 3000 times faster.1,7 Studies on the gas-phase stability
of the corresponding carbanions3, 8, and9 have established
a lack of correlation between the rate of decarboxylation and
the gas-phase stability of resultant carbanions.7 It was found
that carbanion3 is much more stable, whereas carbanions8
and 9 share the same stability.6,7 As a result, a two-step
mechanism has been proposed to account for the large
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Scheme 1. Decarboxylation of 1,3-Dimethylorotic Acid
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difference in rate constants measured for acids1, 4, and5
(Scheme 2).1,7 In this mechanism, the large differences in

the equilibrium constants explain the differences in rate
constants.

The pKa of uracil 2 in water has been determined to be
34 ( 2, which is suggested to be the evidence for the high
reaction barrier for catalysis by ODCase.8 However, our gas-
phase study has demonstrated that the stability of the
carbanionic intermediates does not correlate with the rate of
decarboxylation.7 One concern about gas-phase studies is that
the results may not represent those in the condensed phase.
In the condensed phase, solvation plays a major role in the
relative stability of species, especially ions. In this report,
we have extended the study on the stability of carbanions3,
8, and9 to the aqueous solution.

Richard and co-workers have determined the pKa of weak
carbon acids in aqueous solution by measuring the rate of
proton-deuterium exchange on interested carbons using
NMR spectroscopy.13,14 This method was employed by
Sievers and Wolfenden in determining the pKa of 6-CH of
uracil 2.8 However, when pyridones6 and7 were heated in
acetate buffer in D2O as reported for2, no proton- deuterium

exchange was observed after 5 h. This observation indicates
that pyridones6 and7 are less acidic than uracil2 at carbon-
6, and a much stronger base is required. Proton-deuterium
exchange on carbon-6 of pyridones6 and7 has been reported
in NaOD/D2O or NaOCH3/CH3OD solutions.15,16 We have
therefore carried out the kinetic experiments in NaOD/D2O
solution. It has been reported that the rate of proton-
deuterium exchange on carbon-6 of pyridones6 and 7
follows first-order kinetics on the concentration of the
substrate as well as NaOD.15,16 The specific rate constant at
1 N NaOD/D2O, kOD, was determined by following the
disappearance of H-6 by NMR, as illustrated by representa-
tive runs at 100°C shown in Figure 2.17 Excellent first-order

kinetics was observed in our experiments as shown in Figure
3.

The rate of proton-deuterium exchange was determined
over the temperatures of 80-110 °C and was extrapolated
to 25 °C by an Arrenhius plot as shown in Figure 4. Using
the secondary solvent deuterium isotope effect ofkDO/kHO

) 1.46 as suggested by Richard and co-workers,13 we found
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constant obtained for 4-pyridone7 was halved to give the value forkOD.

Figure 1. Substrates, products, and carbanion intermediates in the
decarboxylation reactions.

Scheme 2. Proposed Mechanism of Decarboxylation

Figure 2. NMR monitoring of the disappearance of H-6 in
pyridones6 (A) and 7 (B) at 100°C.
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that the rate constants for the hydroxide-catalyzed deproto-
nation,kOH, for pyridones6 and7 are 3.3× 10-8 M-1 s-1

and 8.3× 10-8 M-1 s-1, respectively. A rate constant of
∼1011 s-1 was employed for the reaction between the
carbanion and water,kHOH, as in the case of uracil2.8 The
pKa values of the 6-CH groups of both pyridones6 and7
are thus estimated to be 32( 2, using eq 1.

The pKa value for uracil2 should be even lower because
our experiment has indicated that uracil2 is more acidic than
either pyridone6 or 7 (vide infra). Unfortunately, we were
unable to carry out the same experiment with uracil2 due
to its rapid decomposition in alkaline solutions.18 However,
it should be pointed out again that the same trend on
carbanion stability was observed in the gas phase, as
discussed above.6,7

A difference of two or three pKa units between the 6-CH
groups of uracil2 and pyridones (6 and7) is reasonable in

light of our failure to observe any H-D exchange on6 and
7 under the same reaction conditions reported for2. This
estimate will put the pKa of uracil 2 at around 30, which is
lower than the reported value of 34.8 The same methods were
employed in the two studies. The rate constants in our study
are extrapolated from a lower-temperature range (80-110
°C as compared to 175-217°C) and thus affected by
uncertainties in measurement to a much lesser degree.
Furthermore, no correction over temperature of the ionization
constants of the buffers is required, eliminating another
source of possible uncertainty. Several studies have suggested
a quite stable carbanion3. In a carbanion-carbon acid
exchange experiment, it was found that carbanion3 was less
basic than the carbanion derived from triphenylmethane,
placing the pKa of uracil2 at less than 30.19 In another study,
the pKa of the 6-CH group of pyrimidine nucleotide bases
has been estimated to be about 30.20 It has also been
suggested that the N-CdO group stabilizes adjacent car-
banions, in general, and the 6-carbanion of uridine, in
particular.14

The rate of H-D exchange in uracil2 can also be
estimated from the decomposition of2 in alkaline solution.
The rates of the disappearance of H-6 and N-CH3 are
different, and the difference (approximately 2.5% of the rate
of decomposition) is consistent through different runs.
Presumably, the rate of disappearance of H-6 is greater
because it is the combination of the rates of decomposition
and exchange. If we use this difference in rates as an estimate
for the rate of exchange, the rate constant,kOH, for uracil 2
can be estimated to be approximately 3× 10-6 M-1 s-1.
Therefore, the pKa of uracil2 is estimated to be 30, consistent
with the numbers reported as discussed above.

On the mechanistic front, acid5 decarboxylates at a rate
approximately 3000 times faster than acid4, yet the stability
of the 6-carbanions in aqueous solution is almost identical.
The trend for the stability of the carbanions is the same as
that found in the gas phase.6,7 This result has further
illustrated the lack of correlation between the rate of
decarboxylation and the stability of the resulting carbanions.
On the other hand, the two-step mechanism shown in Scheme
2 was able to account for the large difference in the reaction
rates.1,7 We are currently investigating each individual step
in the proposed mechanism.

The mechanism of ODCase remains unsolved despite the
solution of its structures. The current study calls into question
how stabilization of the carbanion intermediate catalyzes the
reaction. The formation of a zwitterionic intermediate through
the direct protonation of one of the carbonyl groups on the
pyrimidine ring is unlikely due to the lack of any basic
residues adjacent to these groups. However, the enzyme
might manipulate the environment of the active site to
provide a preorganized polar environment that is more
conducive to the binding of the substrate in a reactive state
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Figure 3. Rate plot for the disappearance of H-6 in pyridones6
and7 at 100°C.

pKa ) pKw + log(kHOH/kHO) (1)

Figure 4. Arrhenius plot for the rates of deuterium exchange in
pyridones6 and7.

Org. Lett., Vol. 8, No. 26, 2006 6021



that shares some structural features with the zwitterionic
intermediate.
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