with stirring, under nitrogen at 5 °C, 0.25 ml of methyl fluorosulfonate
(3.1 mmol) over a period of 15 min. The oily precipitate was stirred
at 4 °C overnight to give a white solid, which was washed repeatedly
with dry ether and dried under vacuum over P,Os. The slightly hy-
droscopic material decomposed in the range 60-80 °C. The NMR
spectrum in CD3;CN gave the following peaks relative to Me4Si: 6 9.1
(1 H,s),7.9-7.5(7 H, m), and 4.0 (3 H, s). This material was used
in the kinetic studies without further purification.

Kinetic Measurements, Pseudo-first-order rate constants were de-
termined either spectrophotometrically at 260 nm using a Cary 14
spectrophotometer or by a pH stat method using a Radiometer ap-
paratus which included a TTT60 titrator, PHM62 pH meter,
ABU 2T buret, and a REC61 servograph. Stock solutions of 3 were
prepared in acetonitrile and were stable for weeks when stored at —15
°C. Stock solutions of 4 were prepared in acetonitrile and used the
same day. Stock solutions of 2 were prepared in Me;SO and were used
within 2 h. Nosolvent was found for 2 which afforded solutions stable
for more than 2 h. Typically, 10-50 ul of stock solution was used to
initiate the reaction. In many pH-stat runs, 2 was added as a solid
directly to the reaction vessel. Results using this technique compared
well with results using fresh stock MesSO solutions. The concentration
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of substrates was approximately 3 X 1072 M for the pH-stat runs and
about 2.5 X 10~* M for the spectrophotometric runs. The pseudo-
first-order rate constants were fit to the appropriate rate expression
using a nonlinear least-squares computer program.
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Mechanism of Decarboxylation of 1,3-Dimethylorotic
Acid. A Model for Orotidine 5’-Phosphate Decarboxylase

Peter Beak* and Brock Siegel
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Abstract: The decarboxylation of 1,3-dimethylorotic acid (1) is shown to proceed by separate pH-determined pathways in sul-
folane at 180-220 °C. Although a process involving ionization of 1 is the major pathway in the presence of excess base, decar-
boxylation is initiated by zwitterion formation in the neutral solvent. Measurements of the rate of loss of carbon dioxide from
6-carboxy-2,4-dimethoxypyrimidine (5) and l-methyl-2,4-dimethoxypyrimidinium-6-carboxylate betaine (7) are used to esti-
mate the equilibrium and rate constants for the zwitterionic pathway. Comparison of the rate constant for decarboxylation of
7 with k,, for orotidine 5’-phosphate decarboxylase shows that the biological catalysis can be satisfactorily accounted for if
the enzyme provides a site which displaces the equilibrium in favor of the zwitterionic form of orotidylic acid. It is also noted
that the inhibitor 6-azauridine monophosphate, which has a greater affinity for the enzyme than does the substrate, provides
a partial model for the intermediate formed on loss of carbon dioxide from the zwitterion.

The temperatures in excess of 180° which are required
to promote decarboxylation of 1,3-dimethylorotic acid (1) to
1,3-dimethyluracil (2) are in sharp contrast to the ambient
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temperatures at which orotidine 5’-phosphate decarboxylase
catalyzes the conversion of orotidylic acid (3) to uridylic acid
(4). The enzymatic conversion of 3 to 4 is an essential step in
nucleic acid biosynthesis and also appears to be biomechan-
istically novel. In virtually all known biochemical decarbox-
ylations an intermediate is involved in which the electron pair
remaining after breakage of the carbon-carbon bond can be
stabilized by delocalization into a 7 orbital.! For decarboxyl-
ation of 3, however, no such stabilization is apparent, and
mechanisms involving intermediates with electron pairsin an
sp? orbital orthogonal to the = system have been suggested.>

This report details our determination of the pathways of
decarboxylation of 1.> The understanding gained of that pro-
cess provides a mechanism which can account for the catalytic
action of the enzyme in the conversion of 3 to 4.

Results

At 206° in sulfolane, 1,3-dimethylorotic acid (1) evolves
carbon dioxide quantitatively in 3 h, and 1,3-dimethyluracil
(2), the only product observable by NMR, can be isolated in
79% yield. The rate of the reaction can be followed by obser-
vation of the C-6 proton by NMR, by titration of the residual
acid, or by continuous monitoring of the carbon dioxide
evolved. A rate constant of 7.6 (£0.2) X 10~*s~!is obtained
by the three methods and the reaction is first order to more
than 90% completion. In the presence of N, N-diethylaniline,
the observed first-order rate constant rises to a plateau of 3.1
X 10~3s~! as the concentration of base increases, as shown in
Figure la.* If the latter value is taken as the limiting rate for
decarboxylation of the carboxylate anion of 1, reaction in the
absence of added base via the same intermediate would require
that 1 be ca. 25% ionized in neat sulfolane. However, con-
ductivity studies set an upper limit of 3% on the degree of
lonization of 1 in sulfolane at 206°.° Figure 1b shows that a
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Figure 1, (a) First-order rate constant for the conversion of 0.03 M 1 to
2. (b) Relative conductance of 0.05 M 1, (c) The degree of ionization «
as determined by conductance (®) and kinetic (W) data. All graphs are
for N,N-diethylaniline [B] in sulfolane at 206°.

plot of the relative conductance vs. base concentration rises
from essentially zero to a plateau. The conclusion which follows
from these observations is that two mechanisms are operative
for the decarboxylation of 1. In the presence of base, reaction
occurs via the carboxylate anion, but in neat sulfolane decar-
boxylation occurs through a neutral species stoichiometrically
equivalent to 1,

Both pathways provide the same net substitution. When
carboxydeuterio-1,3-dimethylorotic acid is heated in sulfolane,
or when the potassium salt of 1 is heated in sulfolane-
2.2,5,5-d4, 1,3-dimethyluracil-6-d is produced.” However, in
the former case, an isotope effect is not observed: the ratio of
rate constants for the decarboxylation of 1 and carboxydeu-
terio-1,3-dimethylorotic acid in neat sulfolane at 206° is 1,0
%+ 0.1. Apparently symmetrical breakage of the oxygen-hy-
drogen bond is not imgortant in the loss of carbon dioxide from
the neutral species.®

In order to clarify the mechanisms of, and the structural
requirements for, the conversion of 1 to 2, decarboxylations
of the model compounds §, 7, 8, 9, and 10 were investigated
under the conditions specified, with the results shown in Table
I, The first-order rate constants are grouped according to
whether reaction of a formally neutral species (k) or an anion
(%) is involved. The betaine 7 is a rather unstable material
obtained in a 7:1 mixture with a neutral ester. It has been
characterized by NMR and its structure is established by its
synthesis (Experimental Section). The significance of each case
is considered in the following section.

Discussion

The two mechanisms which we consider to be established
by the above results as operative in the conversion of 1to 2 are
presented in Scheme 1. The most straightforward process is the
base-catalyzed formation of the carboxylate anion 13 which
can undergo decarboxylation to 12, which, in turn, accepts a
proton to give 2, In the presence of sufficient base to cause

Tablel, First-Order Rate Constants for Decarboxylation in
Sulfolane at 206°

Rate constant, s~!

Substrate Neutral (k,) Tonized (k;)
1 7.6 X 1074 3.1 X 1073e
1.4 X% 10°3#
5 1.3 X 1072 N.R.c
7 4.3 X 104 (54.3°)
6.0 X 1073 (69.8°)
50X 1044
8 1.2x 10738
9 N.R.c
10 1.7 X 1073 (110.0°)
1.4 X 1072 (138.5°)
3.24

2 The base is N,N-diethylaniline. ¢ The solvent is isoquinoline.
¢ The compound does not lose carbon dioxide even on heating to
300° in isoquinoline. ¢ Extrapolated from the measured values by
means of the Arrhenius equation.
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essentially complete ionization of 1, the reaction proceeds by
the base-catalyzed process only. The intermediate produced
on loss of carbon dioxide is 12, a dipole stabilized carbanion
which finds analogy in the intermediates postulated in base-
catalyzed hydrogen-deuterium exchanges of the pyridones and
pyrimidones.'®!! The importance of dipole stabilization in the
transition state for decarboxylation is illustrated by the fact
that the carboxylate anions of 1, 8, and 10, which can form
dipole-stabilized carbanions by loss of carbon dioxide, react
readily in isoquinoline at 206°. On the other hand, the car-
boxylate anions of § and 9, which cannot form such species,
do not decarboxylate under the same conditions (Table 1).
The observed first-order rate constant for the decarboxyl-
ation of 1 by the base-catalyzed process (kobsd) is equal to aky,
where kg is the rate constant for loss of carbon dioxide from
the carboxylate anion and « is the fraction of ionization of 1,512
The shape of the curve in Figure la is consistent with an in-
crease in « to essentially unity as the concentration of base
increases. The value of a as a function of base concentration
can be calculated from kobsd, kg, and kq’, where k¢’ is the ob-
served first-order rate constant for reaction of the neutral
species. The expression is a = (kobsa — k0')/(ko — ko’), where
kois 3.1 X 10=3s~land ko'is 7.6 X 10~*s~!. An independent
value of « as a function of base concentration can be obtained
from the conductance data if the limiting conductance at high
base concentration is assumed to represent complete ioniza-
tion.!3 The close correspondence of the base-dependent degree
of ionization as measured in these two different ways is shown
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in Figure lc and provides further support for the ionization
mechanism in Scheme .14

The mechanism shown in Scheme I for the decarboxylation
of formally neutral 1 involves initial formation of the zwitterion
11, which rapidly loses carbon dioxide to give 14, which leads
to 2 by proton transfers. The intermediacy of the zwitterion
is consistent with the lack of a deuterium kinetic isotope effect
on the reaction and is supported by the following analysis of
the mechanism of decarboxylation of 8.

Since the carboxylate anion of § does not lose carbon diox-
ide, its decarboxylation is postulated to occur via the zwitterion
6, as shown in Scheme II, in analogy to the mechanism of de-
carboxylation of the 2-picolinic acid.!S Kinetic analysis for this
sequence, which appears after the scheme, shows that the ob-
served first-order rate constant ks’ is composed of two terms:
K. the equilibrium constant for zwitterion formation, and k,,
the rate constant for loss of carbon dioxide from 6.3:16 The ratio
of the observed first-order rate constants for the decarboxyl-
ation of 1 and 5§ is equal to Kk:K,k, from Schemes I and II,
respectively. If it is assumed that k:k, will have a ratio of ca.
one, and if the ratio K:K, is estimated as 103 from the ratio
of basicities of |-methyl-2-pyridone and 2-methoxypyridine,'’
an estimated first-order rate constant of 1.3 X 10=3 s~ is ob-
tained for the reaction of 1 by the zwitterionic mechanism.
Although this estimated rate constant is clearly an approxi-
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mation,!8 it is sufficiently close to the observed first-order rate
constant for the decarboxylation of 1 of 7.6 X 10~%s™! to
support the proposed mechanism.

An implicit assumption in this analysis is that the proton
positions are as indicated for 6 and 11, Uracil and its N-
methylated derivatives are reported to be mostly monoproto-
nated on the C-4 oxygen,'82.19 although ca. 3% protonation
occurs at the C-2 oxygen of uracil.'9® The carboxylate at C-6
could reasonably promote protonation as shown for 11, but we
do not have evidence on that point. Even if protonation of 1
occurred at the C-4 oxygen, a positive charge would be induced
at N-1 and decarboxylation would still be promoted, although
the quantitative comparison with § would then be more prob-
lematical.

The relative values of the observed first-order rate constants
for decarboxylation of 1 at 206° in sulfolane, tetraglyme, and
1 M sulfuric acid are 1.0:1.3:0.36.2 Since the observed rate
constant for the reaction is equal to the product of an equilib-
rium constant and a rate constant, and since both the equilib-
rium constant for formation'%2! of 11 and the rate constant
for decarboxylation!922 of 11 might be expected to vary by
orders of magnitude with these solvent changes, the lack of a
significant solvent effect is considered to reflect compensatory
changes. Apparently, as solvent polarity increases, the equi-
librium constant for zwitterion formation increases, but the
rate constant for decarboxylation of the zwitterion decreases
correspondingly. On the other hand, S-haloorotic acids undergo
decarboxylation at lower temperatures than the V-methyl or
unsubstituted acids.?? In those cases, the overall rate is ap-
parently influenced by inductive stabilization of negative
charge either in the carboxylate, in the zwitterion, or in the
transition state for loss of carbon dioxide.

An important question is whether the processes outlined in
Scheme I can provide understanding of the action of orotidine
5’-phosphate decarboxylase (EC 4.1.1.23).2% The conversion
of 3 to 4 catalyzed by this enzyme appears to follow the clas-
sical enzyme-substrate mechanism, although there is evidence
for bimodal behavior at low substrate concentrations.?%® The
active site of orotidine 5’-phosphate decarboxylase remains
undefined, although no cofactors or metal ions seem required
for activity.2%25 The fact that thiamine is not a cofactor is
significant, since a process of nucleophilic addition to C-6262
followed by a decarboxylation analogous to that of the «-keto
oxidases?® can readily be envisioned. On the other hand, ad-
dition of a thiol function which could also provide stabilization
for a subsequent decarboxylation cannot be ruled out, although
the addition of lauryl mercaptan did not produce any rate en-
hancement for the decarboxylation of 1, The possibility of trace
metal ion catalysis is also difficult to preclude for the enzymatic
reaction. In the nonenzymatic reaction, it was found that Cu2*,
Zn?*, Co?*, Fe2*, Cr3*, and Hg?* either had no effect or in-
duced a slight retardation on the decarboxylation of 1.

If it is assumed that the enzyme has a molecular weight of
51 0002* and one active site, the published values of ¥iax can
be used to calculate kg, the first-order rate constant for the
conversion of the enzyme-substrate complex to products. That
value, which is obviously provisional, is the first entry in Table
11. Comparison of k¢, with the extrapolated rate constant for
decarboxylation of 1 at 37°, which is the third entry in Table
11, shows a rate enhancement for the enzyme-catalyzed reac-
tion of more than 10!2, While that comparison is for different
substrates and could be in error by as much as a few orders of
magnitude, the difference in rates between the catalyzed and
uncatalyzed reaction is clearly enormous. The second entry in
Table II is the extrapolated first-order rate constant for de-
carboxylation of the betaine 7 at 37°. The fact that this rate
constant can account for 10 of the 12 powers of 10 difference
between the nonenzymatic reaction of 1 and the enzymatic
reaction of 3 strongly suggests that the primary function of the
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Table I, First-Order Rate Constants for the Decarboxylation of
Orotic Acid Derivatives at 37°

Substrate Rate constant, s~! Relative rate
3 2% 1073 4 x 102
7 2X 10758 4 x 100
1 55X 10-14¢ 1

2 From values of 2.5 X 1073 and 1.7 X 1073 s~! for water solu-
tion with orotidine 5’-phosphate decarboxylase from two different
sources, ref 25. ¢ Extrapolated from measurements in sulfolane at
54 and 70 °C. ¢ Extrapolated from measurements in sulfolane at
206 and 226 °C.

enzyme could be to increase the concentration of the zwitterion
of 3.27 Specifically, we propose that the enzyme functions by
providing a binding site which greatly displaces the equilibrium
between the uncharged and zwitterionic form of orotidylic acid
in favor of the zwitterion (15). The transition state for the
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subsequent decarboxylation would then resemble the inter-
mediate 14 in Scheme 1. In fact, 6-azauridine monophosphate
(16), which resembles 14 in possessing a pair of electrons in
a formally sp? orbital at C-6, is bound by orotidine 5’-phos-
phate decarboxylase approximately 10 times more strongly
than is the substrate orotidine monophosphate, in accord with
the tenets of “transition state analogue” binding.252.28.29 Ip
view of the current interest in compounds which inhibit oro-
tidine 5’-phosphate decarboxylase, 2522930 it appears that the
proposed mechanism of enzyme action should be useful as a
rational basis for further investigation of both the enzyme and
its inhibitors.

Experimental Section®!

Solvents, V,N-Diethylaniline and isoquinoline were purified by
vacuum distillation from calcium hydride. Sulfolane3? and tetra-
glyme33 were purified by previously reported procedures. Sulfolane-d4
with 84% deuterium incorporation at the o hydrogens (NMR) was
prepared by exchange with deuterium oxide catalyzed by potassium
hydroxide.

1,3-Dimethylorotic acid (1) was prepared by a two-step procedure.
Methyl orotate2%2 was allowed to react with methyl iodide in dimethyl
sulfoxide containing carbonate to give 53% methyl 1,3-dimethyloro-
tale: mp 77-78 °C; NMR (MesSO0-dg) 6 6.2 (s, 1, Hs), 3.9 (s, 3,
CH30), 3.4 (s, 3, CH3N), 3.2 (s, 3, CH3N). Hydrolysis of this ester
with equimolar potassium hydroxide in water at room temperature
gave 65% 1: mp 153-154 °C, mmp 151-153 °C (1it.20234 [48-15]
°C); NMR (D;0) 6.0 (s, 1, Hs), (s, 3, CH3N), 3.2 (s, 3, CHsN);
NMR (sulfolane) § 10.2 (s, |, acid); 6.2 (s, 1, Hs); the region above
6 4 was obscured by the solvent; ir (KBr) 3200-2000, 1726, 1697, 1654
cm™~!; mass spectrum (70 eV) m/e (rel intensity) 184 (50), 155 (5),
154 (3), 140 (2), 139 (2), 127 (5), 109 (3). 99 (3). 83 (10), 82 (100),
81 (6).

Anal. Caled for C;HgNOy4: C, 45.65; H, 4.38; N, 15.21. Found:
C,45.46; H, 4.26; N, 15.45.

1,3-Dimethylorotic acid-d was prepared by repetitive exchange with
deuterium oxide, mp 152-154 °C, NMR (sulfolane) 6.2 (s, |, Hs);
no absorption due to the carboxylic acid hydrogen could be observed,
and the region above & 4 is obscured by the solvent,

Anal. Caled for C;H7DNO4: C, 45.41; H(D), 4.89; N, 15.13; D,
12.5 atom %. Found: C, 45.68; H(D), 4.66. N, 15.00; D, 12.15 atom
%.

2,4-Dimethoxypyrimidine-6-carboxylic acid (5) was prepared in

65% yield by allowing 2,4-dichloro-6-carbomethoxypyrimidine and
sodium methoxide to react in hot methanol. Purification by subli-
mation gave 8: mp 164-166 °C (lit.3* 165 °C); NMR (Me3SO-dg)
6 9.7 (brs, 1, acid), 7.0 (s, 1, Hs), 3.9 (s, 6, 2 OCH3); ir (KBr)
3100-2800, 1713 cm~!; mass spectrum (70 eV) m/e (rel intensity)
184 (100), 183 (64), 169 (5), 165 (8), 155 (24), 154 (128), 151 (5),
140 (48), 139 (40), 138 (30), 137 (8), 136 (48), 126 (5), 125 (32), 124
(12), 121 (12), 111 (5), 110 (12), 109 (24), 108 (40), 96 (8),95 (16),
93 (32),82(52),81 (12).

Anal. Caled for CsHgN>Oy4: C, 45.65; H, 4.38; N, 15.21. Found:
C,45.88: H,4.47; N, 15.38.

1-Methyl-2,4-dimethoxy-6-carbomethoxypyrimidinium Fluoro-
sulfonate, To a stirred solution of 2.60 g (13.1 mmol) of 2,4-dime-
thoxy-6-carbomethoxypyrimidine3® in 10 ml of ethylene dichloride
under a nitrogen atmosphere was added 1.20 ml (14.8 mmol) of
methyl fluorosulfonate. The reaction was heated at reflux (100°) for
2 h, then cooled to —20° to promote crystallization of the product.
Vacuum filtration and air drying in a nitrogen atmosphere yielded
2.3 g (56%) of a white salt, l-methyl-2,4-dimethoxy-6-carbo-
methoxypyrimidinium fluorosulfonate: NMR (CD3;CN) 8 7.1 (s, 1,
Hs), 4.4 (s, 3, CH3), 4.3 (s, 3, CH3), 4.0 (s, 3, CH3), 3.9 (s, 3,
CH3).

A structure proof, which establishes the location of the N-methyl,
is based on its chemical degradation to I-methyluracil. An aqueous
solution of 0.9 M (4.5 mmol) of the salt at room temperature was al-
lowed to stand for 4 days at pH 2. Filtration gave 0.70 g (3.9 mmol,
87%) of methyl 1-methylorotate: NMR (Me;SO-d) 6 6.0 (s, 1, Hs),
3.8 (s, 3, CH30), 3.2 (s, 3, CH;3N). A solution of 0.45 g (2.5 mmol)
of this ester was heated at reflux in 10% hydrochloric acid for 90 min.
Upon cooling, 0.37 g (2.2 mmol, 88%) of |-methylorotic acid was
collected: mp 256-257 °C (lit.37 257 °C): NMR (Me;SO-dg) 8 5.9
(s. 1, Hs), 3.3 (s, 3, C H3N) {lit.37 (Me2SO-dg) 6 5.96 (s, |, Hs), 3.32
(s, 3, CH;3N)J. In an argon atmosphere, 200 mg (1.2 mmol) of 1-
methylorotic acid was heated to 280° for about 20 min until gas ev-
olution ceased and 100 mg (67%) of a white solid had sublimed onto
the walls of the test tube. The solid was collected and shown to be |-
methyluracil: mp 231-232 °C (1it.38 232 °C); NMR (Me;SO-ds) &
7.6 (d, J = 8 Hz, |, Hg), 5.5 (d, 1, Hs), 3.2 (s, 3, CH3N). [-Meth-
yluracil has also been identified by x-ray crystallography,3® and 3-
methyluracil has a reported mp of 174-176 °C.202.38

1-Methyl-2,4-dimethoxypyrimidinium-6-carboxylate Betaine (7)
in a 7:1 Mixture with a Neutral Ester, To a solution of 312 mg (1.00
mmol) of I-methyl-2,4-dimethoxy-6-carbomethoxypyrimidinium
fluorosulfonate in 5 ml of deionized water was added 138 mg (1.00
mmol) of solid potassium carbonate in three portions. The reaction
mixture was stirred for 5 min at room temperature, then passed
through a 3 X 40 cm column of Amberlite MB-3 deionizing resin and
collected in a single 100-ml aqueous fraction. The solution was ly-
ophilized to a powder, which was then dissolved in methylene chloride
and evaporated to dryness at 15-20 °C to yield a white, solid mixture
of 1-methyl-2,4-dimethoxypyrimidinium-6-carboxylate betaine and
an ester, either 1-methyl-4-methoxy-6-carbomethoxy-2-pyrimidone
or l-methyl-2-methoxy-6-carbomethoxy-4-pyrimidone. The betaine
resulted from hydrolysis of the carbomethoxy group, whereas the ester
is the product of hydrolysis of one of the ring methoxy groups: NMR
(CD3CN) 6 6.7 (s, betaine Hs), 6.3 (s, ester Hs), 4.4 to 3.4 (six over-
lapping methyl singlets). The correspondence between each compound
and its respective NMR absorptions for Hs was determined by heating
the solution in the NMR tube for 10 min at 110°, then comparing the
NMR spectra. The decarboxylation product of the betaine was
identified by the Hg and Hs doublets at 6 7.7 and 5.9, respectively, with
Js¢ = 7 Hz. The signal of the ester was unaltered. If the betaine is
prepared in this manner, the composition of the product mixture varies
from 1:1 to 7:1, betaine to ester. If the volume of the solution that is
lyophilized is less than 70 ml, only the ester can be isolated. Upon
standing in a dry nitrogen atmosphere at room temperature, the solid
product isomerizes completely to the ester with a half-life of about
2 weeks. All kinetic experiments were carried out on a freshly prepared
sample containing 7:1 betaine to ester, as determined by NMR.

N-Methyl-2-pyridone-6-carboxylic acid (8) was prepared in 69%
yield from methylammonium acetate and 2-pyrone-6-carboxylic
acid:*® mp 256-258 °C [lit.*! (methanol) 247-248 °C]; NMR
(MesSO-de) 6 8.1 (dd, 1, J34 = 7 Hz, Jas = 9 Hz, Hs),7.5(dd, 1, /35
= | Hz, H3), 6.7 (dd, |, Hs), 3.6 (s, 3, CH3N); ir (KBr) 3100-1800,
1703, 1624 cm™'; mass spectrum (70 eV), m/e (rel intensity) 153
(100), 125 (12), 124 (12), 109 (28), 108 (74), 107 (7), 106 (13), 95
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Table III, Relative Conductance of 0.03 M 1,3-Dimethylorotic
Acid in Sulfolane as a Function of V,N-Diethylaniline
Concentration
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Table IV, First-Order Rate Analysis of a Typical Set of
Decarboxylation Data for 1,3-Dimethylorotic Acid in Sulfolane at
206°

Relative conductance

N,N-Diethylani-
line, M 50° 100° 150° 206°¢
0.00 0.01 0.03 0.01 0.01
0.02 1.62 0.71 0.43 0.06
0.09 181 1.07 0.72 0.28
0.15 1.63 1.13 0.82 0.44
0.40 1.39 1.16 1.01 0.72
1.00 1.00 1.00 1.00 1.00
2.00 0.69 0.75 0.79 0.85

@ Extrapolated values with estimated error of £0.1.

(11),81(10),80(18),79(9), 78 (6).

Anal. Caled for C;H7NO3: C, 54.90; H, 4.61; N, 9.15. Found: C,
54.81; H, 4.63: N, 9.22,

N-Methyl-2-pyridone-4-carboxylic acid (9) was prepared in 40%
yield by basic ferricyanide oxidation of N-methyl-4-carbomethoxy-
pyridinium iodide:*2 mp 260-263 °C {lit.#?2 (methanol) 254 °C};
NMR (Me,SO-d¢) 6 13.3 (brs, I, RCO:H), 7.8 (d, I, Js¢ = 7 Hz,
He¢). 6.8 (d, 1, J3s = 2 Hz, H3), 6.5 (dd, 1, Hs), 3.4 (s, 3, CH;3N): ir
(KBr) 2700-1900, 1708, 1647 cm~"; mass spectrum (70 eV) my/e (rel
intensity) 153 (100), 125 (20), 108 (47), 81 (5), 80 (9).

Anal. Caled for C;H7NO3: C, 54.90; H, 4.61; N, 9.15. Found: C,
55.19; H, 4.56; N, 9.36.

N-Methyl-4-pyridone-2-carboxylic acid (10) was prepared in 34%
yield from 4-pyrone-2-carboxylic acid*? and 40% aqueous methyl-
amine by a procedure similar to that used for 1,3,5-trimethyl-4-pyr-
idone.!™» The product was precipitated by concentration of the
aqueous reaction solution and purified by treatment with Darco and
recrystallization from water: mp 192-193 °C dec; NMR (D;0) 6 8.2
(d.1,Js6e=7Hz,Hg¢),7.2(d, 1,J35s =2Hz, Hj;),7.0 (dd, I, Hs); 4.1
(s. 3. CH3N); ir (KBr) 2600-2200, 1690, 1630 cm™~!; mass spectrum
(70 €V) m/e (rel intensity) 153 (50), 125 (5), 110 (5), 109 (100), 108
(23), 82 (7), 81 (19), 80 (15).

Anal. Caled for C;H7NO;: C, 54.90: H, 4.61; N, 9.15. Found: C,
54.83,H,4.57, N, 9.07.

Quantitative Decarboxylation Reactions, Precisely 1.00 mmol of
carboxylic acid was added to 3 ml of solvent over which a stream of
nitrogen was passed. The nitrogen was bubbled through two saturated
barium hydroxide solutions in series. The reaction mixture was heated
at 206° for 3 h with a continuous nitrogen purge. The barium car-
bonate precipitate was collected by filtration, washed with deionized
water, acetone, and chloroform. The filtrate was dried at 105°,
weighed, washed with 10% hydrochloric acid, oven dried, and re-
weighed. Results were consistently accurate to within £29%. Carbon
dioxide yields are 99.5% (1), 99.4% (5). 98.6% (8), 0.4% (9), and
100.5% (10), in sulfolane. No detectable carbon dioxide evolution is
observed when 5 is heated in isoquinoline.

Decarboxylation in Sulfolane-d,. A suspension of 22 mg (0.1 mmol)
of potassium ,3-dimethylorotate in 0.6 ml of sulfolane-d4 (84% iso-
topically pure) in a sealed NMR tube was heated at 220° for 30 min:
NMR 67.3(d,0.17,Js¢ = 8 Hz, Hg), 5.6 (large singlet superimposed
on a small doublet, 1.0, Hs). The calculated deuterium incorporation
at C-6 is 83%.

Conductivity Measurements, All conductance experiments were
carried out under a nitrogen atmosphere in a cell constructed of Pyrex
glass and unplatinized platinum electrodes. All leads in contact with
the solution in the cell were platinum. The inverse resistivity of each
solution was recorded directly from a Radiometer conductivity meter,
CDM2C. Readings were shown to be precise within 5% by reported
measurement. The cell temperature was maintained to £1° in the
range of 50-150 °C. Relative conductances are presented in Table
111,

Kinetic Measurements, The rate of evolution of carbon dioxide was
followed manometrically with apparatus analogous to that of Martin
and Timberlake 3 The constant-temperature bath was held to within
+1° in the range of 230°. Each reaction was followed through ap-
proximately 8 half-lives to obtain the infinity pressure reading. Data

Reading, P Time, min Log (P = P,), first-order
2.0 0.0 1.857
7.3 1.4 1.824

13.4 3.6 1.783
19.9 6.0 1.733
25.4 8.4 1.686
30.6 11.0 1.638
35.7 13.8 1.583
39.5 16.6 1.538
45.5 20.2 1.455
51.3 25.8 1.356
54.8 30.0 1.284
60.3 37.6 1.137
64.5 45.6 0.978
74.0 ®

were collected over the first 3 half-lives, The first order rate constants
were calculated from a least-squares analysis of the slope of a graph
of In (P = P,) vs. time.** The correlation coefficient for each kinetic
plot was 0.999 or greater.45 All data analysis was carried out with a
Digital Corp. PDP-8E computer and typical data are supplied in Table
IV. In an individual run the observed first-order rate constants typi-
cally have a standard deviation of approximately 5%.
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Abstract: Oxidation of cyclohexanone by a number of substituted 1,10-phenanthroline and 2,2"-bipyridyl complexes of Fe(111)
and Ru(111) were found to be first order in cyclohexanone and first order in the metal complex in | M H3SO,. A linear correla-
tion between the logarithms of the second-order rate constants and standard reduction potentials of the metal complexes were
found. The slope of the linear free energy plot was that predicted by Marcus for outer-sphere electron transfer between a simi-
lar series of reactions. At low acidity and high [Fe(III)], a rate which was first order in [H*], first order in [cyclohexanone],
and zero order in {Fe(111)] was found and the rate constant closely resembled the acid-catalyzed enolization rate constant for
cyclohexanone. These kinetics are consistent only with electron transfer from the enol rather than the ketone form of cyclo-
hexanone. The data for the Ru(111) complexes fell on the same linear free-energy plot as the Fe(111) complexes, indicating the
size of the d orbitals of the metal oxidant is not an important factor in determining the rate of oxidation. We interpret this re-
sult in terms of electron transfer via the periphery of the polypyridyl ring.

Mechanisms of oxidation of ketones by metal ions and
complexes are divided into two classes, depending on whether
the keto or the enol is oxidized in the rate-determining step.
Oxidation of cyclohexanone by one-equivalent oxidants such
as Co(IIl), Ce(1V), V(V), and Mn(I1I) were postulated to
occur via the keto tautomer while two-equivalent oxidants,
such as Hg(I1), TI(II1), and Mn(VII), apparently oxidize the
enol tautomer.? Relative rates of enolization and oxidation,
isotope effects, and kinetic orders were used to differentiate
between oxidation of the keto or the enol tautomer. More re-
cently Mn(I1I) was postulated to attack the enol form of ke-
tones in acetic acid medium.?

Littler reported that the oxidation of cyclohexanone by
tris(1,10-phenanthroline)iron(I111) (ferriin), occurred via an

outer-sphere electron transfer from the ketone to the Fe(III).
Stoichiometry of the oxidation in the absence of air is given by
eq 1.% The rate-determining step of the reaction was postulated

2Fe™(phen); + C>=O —> 2Fe"(phen),

OH
+ + 2H* (1
0

to involve an outer-sphere electron transfer from cyclohexa-
none to the Fe(II1) complex to generate a 2-oxocyclohexyl
radical, R-. (eq 2), or a hydrogen atom abstraction followed
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