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Abstract— H—D exchange of 1-methyl4-pyrimidone (3) to give 1-methyl-4-pyrimidone-2d (4) is shown, by
rate comparisons with model compounds, to involve initial deuteration at N-3 and subsequent deprotona-
tion to give a ylide which yields 4. The change in mechanism for C-2 H—D exchange from direct proton
removal for 1-methyl4-pyridone (1) to addition-elimination for 3 is intelligible in terms of the relative
kinetic acidities of the frec base and the corresponding ‘onium salt for each case. A suggestion is made that
anionic or ylide intermediates similar to those involved in these exchanges are involved in the biosynthesis
of uridylic acid.

FoLLOWING the initial observations of base-promoted H—D exchange of carbon
bound hydrogen in heteroaromatic rings and proposals of ylide or anion inter-
mediates,'* 2 attention has focused on understanding the influence of the position and
type of heteroatom on the rates of exchange.>* In the course of this work distinction
between base-dependent and base-independent processes of exchange has been made.’
A casein point is the contrast between the H—D exchange of 1-methyl-4-pyridone (1)
at C-2,6, which is first-order in base, '* and the exchange of 1-methyl-4-pyrimidone
(3) at C-2, which is independent of base>® In this report, a decision between two
mechanisms previously advanced for the exchange of 3 is made in favor of an
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addition-elimination process. Kinetic analysis reveals that the difference in the
mechanisms for exchange of 1 and 3 originates in the difference in the relative rates of
exchange of the free base and the corresponding 'onium compounds of each set.

RESULTS AND DISCUSSION
Two mechanisms have been suggested to explain the base-independence of the
H—D exchange of 3at C-2.3* In the process outlined in Scheme I, it is presumed that 3
is deuterated to give pyrimidonium ion § prior to removal of the C-2 proton from 5§
to yield 6 which subsequently gives 4. The rate of this process, when a steady state
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concentration of § is assumed, is independent of base. In the alternative mechanism
shown in Scheme 11 the donation of a deuterium ion to N-3 of 3 is considered concerted
with the removal of the C-2 hydrogen.
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The mechanism outlined in Scheme I can be evaluated for the case in which proton
removal from C-2 of § to give 6 is much slower than reversion of S§t03,i.e., k_, » k,.
In this case, the equilibrium established in the first step is measured by the acidity
constant K,. The observed overall first-order rate constant for the exchange of 3 at
C-2, kups, is equal to Kp,ok,/K,; each of the constants can be determined either
directly or by the use of model compounds and the proposed mechanism can be judged
by comparison of the observed and calculated rate constants. By measuring each
constant in deuterium oxide at 70° buffered at pD 3-8-4-6, we avoid the comparison of
values obtained at different temperatures and in different solutions which led to an
inconclusive evaluation of this mechanism.?® Use of a common medium should also
minimize ionic strength effects and eliminate differences in solvent-base composition
which could invalidate the comparison of the calculated and observed rate con-
stants,*< &

The pK, for |-methyl-4-pyrimidone in deuterium oxide at 70° was determined by
titration with deuterium chloride to be 2-28 +0-03 by the method of Albert and
Serjeant,” and the ion product for deuterium oxide at 70°, pKp,0, is 13-60.8

Evaluation of k, was achieved by use of 1,3-dimethyl-4-pyrimidonium fluoroborate
(7)** and 4-methoxy-1-methylpyrimidinium iodide (8) as model compounds for 5. The
pyrimidonium salt 7 is obtained by methylation of 1-methyl-4-pyrimidone and
3-methyl-4-pyrimidone and identified by virtue of its formation as the common
product from these precursors. The identity of 8 follows from its preparation by
methylation of 4-methoxypyrimidone and its hydrolysis to 1-methyl-4-pyrimidone.
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The H—D exchange of 7 at C-2 is first-order in base** with a second-order rate
constant (k,,,/[OD ")) of 9 +4 x 10°1./mole-sec at 70°.* The error is due to the fact
that the pD values of the solutions vary from 4-28 to 3-88 over the time of a kinetic run.
However, good first-order kinetics are obtained for any single run. The pyrimidinium
salt 8 does not undergo exchange in deuterium oxide at 70°. Instead, hydrolysis
appears to occur by a reaction which is first-order in base, with a rate constant about
102 less than the rate of exchange of 7. Accordingly, the rate of exchange of 8 at C-2
is at least two orders of magnitude less than that of 7.

Using the rate of exchange of 7 as an appropriate value for k, in Scheme I and the
above values of Kj,o and K,, we obtain a calculated first-order rate constant,
Kp,ok2/K,,0f 46 £2 x 107 % sec™ ' at 70° in buffered deuterium oxide. This value
compares well with the observed first-order rate constant of 90 +0-5 x 107 % sec™!
for the exchange of 3 under these conditions and supports the mechanism depicted
in Scheme I for the exchange of 3. The suitability of the rate of exchange of 7 as a
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model for §, as well as the lack of suitability of 8 as a model, provide support for the
protonation of 3 on nitrogen rather than on oxygen, an assignment which was made
in 1955 on the basis of UV spectroscopy® and has recently been supported by IR'°
and NMR'! studies.

The alternative mechanism, shown in Scheme II, could be supported by the
observation of a rate acceleration in the presence of prospective tautomeric catalysts.' 2
In fact, the rate of reaction of 0-1 M 3 at 100° in deuterium oxide is slightly retarded by
the presence of 0-1 M 2-pyridone as well as by 0-2 and 10 M pyrazole in a potassium
deuterium phosphate-sodium deuteroxide buffer or by 1-0 M potassium deuterium
phosphate. However, this result is not unequivocal, since the efficiency of the potential
bifunctional catalyst would have to be considerably greater than that of the bi-
functional solvent, deuterium oxide, for its effect on the rate to be observable. None-
theless, in view of the above favorable evaluation of Scheme I, the process of ylide
formation suggested in Scheme II appears to be unnecessary.

H—D exchange by processes involving initial formation of an 'onium species has
been reported for a number of heteroaromatics,'* * and it appears to be a general, but
sometimes unrecognized, reaction. The difference in mechanisms of C-2 exchange for
I-methyl-4-pyrimidone (3) and 1-methyl-4-pyridone (1) shows that neither formal
structural similarity nor relative basicityt can be used to predict mechanism.

Analysis of the mechanisms of exchange of 1 and 3 reveals that the divergence is

* Deuteroxide is the active base for proton removal since the rate is unaffected by changing buffer
concentration at constant pD.
t 1is 10* 3 more basic than 3.13



956 P. BEak and R. N. WaTsON

due to the differences in the relative kinetic acidities of the "onium species and the free
bases at C-2. If it is assumed that the kinetic acidity of 1-methyl-4-pyrimidone (3) for
removal of the C-2 proton by direct reaction with base is modeled by the kinetic
acidity of 1-methyl-4-pyridone* (1) and that the kinetic acidity of the 1-methyl-4-
pyrimidonium ion (5) is modeled by that of 1,3-dimethylpyrimidonium fluoroborate
(7), the ratio of kinetic acidities of § and 3 at C-2 is ca 10'2.3* + This difference is used
in Scheme 111 to estimate the relative rate ratio for exchange by addition-elimination
(path a) and direct proton removal (path b) as k,/k, = 5/[OD ~]. Although this result
is only a semi-quantitative indication of the real situation, it establishes that the
concentration of deuteroxide is too low for exchange by path b to be observed under
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the conditions investigated and quantitatively illustrates the dependence of the path-
way for exchange on the relative acidities of the free base and the ‘onium salt.

The relative kinetic acidities of 1-methyl-4-pyridone (1) and its corresponding
pyridinium salt 10 at C-2 is estimated as 5 x 103, with 9 being used as a model. Sub-
stituting the known acidity constant of 1 for K3 and using 5 x 103 for k}/k;, we
obtain (Scheme 1V) a ratio of first-order rate constants for exchange by addition-
elimination (path c) and direct proton removal (path d) of 2 x 10~ 7/[OD~]. Accord-
ingly, exchange of 1 at C-2 by addition-elimination is too slow to compete with
direct exchange under the conditions investigated.'?

Comparison of the mechanistically determining factor in the exchanges of 1 and 3
suggests that the difference may be attributed to the high C-2-hydrogen kinetic
acidity of § relative to that of 3 or 10. The inductive effect of a positive nitro-
gen!c e foh 20.d.5h i expected to have a large effect on the acidity of an adjacent
C—H. Moreover, the difference in exchange rates of 7 and 8 is consistent with the
retardation of exchange at positions adjacent to an atom bearing an sp? electron pair

* The kinetic acidity of 3 at C-2 is probably greater than that of 1. Zoltewicz, er al. have shown that
pyrimidine is ca 102 more acidic than pyridine at C-2.> On the other hand, the estimate of the relative
kinetic acidities of § and 3 is probably ca a factor of 10 low because the exchange of 7 is measured at 70°
and that of 1 at 100°. In order for the subsequent analysis (Scheme 111) to be affected, the estimated relative
kinetic acidities of 3 and § would have to be in error by at least a factor of 10°.

t An attempt was made to evaluate the exchange of 1-methyl-4-pyrimidone by direct proton removal by
heating 3 in a deuterium oxide solution buffered at pD 11-8. Under these conditions exchange at C-6 as
well as C-2 was observed. Considerable decomposition® and a change in the pD to 7-5 precluded deter-
mination of the order in base. A pseudo first-order rate constant for the exchange of 3 at C-6, with the
initial base concentration being used, was foundtobe 1.7 +0-2 x 10~ ®sec™ !, in remarkable agreement with
the value of 3-1 +-3 x 10~ ¢ sec™ ! found for the exchange of 1 at C-2 under the same conditions.



The mechanism of Hydrogen-Deuterium exchange 957
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previously reported,* % /: ' and is attributable to electron pair repulsions, but the
operation of other effects cannot be ruled out.

The anionic or ylide intermediates postulated in the hydrogen-deuterium exchange
of 1 and 3 may provide an appropriate model for an intermediate in the biosynthesis
of the pyrimidine nucleotides. The conversion of orotidine-5'-phosphate to uridylic
acid by orotidylic decarboxylase'> could be represented by the conversion of 11 to
carbon dioxide and an anion 12a or a ylide 12b intermediate. Analogy for this specula-
tion is found in the decarboxylations of a3 number of heteroaromatic *onium salts.'®
It is interesting that 6-azauracil (13), which structurally resembles the suggested
intermediate, is an effective inhibitor of biosynthetic conversion or orotic acid to the
pyrimidines.!”

Q O
N | H N)‘] N | NN
+
O)\T CO,H o)\r? / HOJ\\T / oél\rsl]
R R R R
n 122 12b 13

EXPERIMENTAL®*

4-Methoxy-1-methylpyrimidinium iodide (8). Methylation of 4-methoxypyridinium'® (0965 g:8-76 x 103
mol) with equimolar amounts of Mel in ethylene chloride for 2 days at 0° gave yellow crystals (145 g;
66 °,). Recrystallization from acetone gave 8 as white crystals, m.p. 102-104° (dec); NMR (D,0 vs DSS)
64.20(s,3,CH,),4-24(s,3,CH;), 743 (d, 1,J = 7.5 Hz, H-5),8-72(d-q, 1,J = 7-5,2 Hz, H-6),and 9-18 ppm
(s—d. 1. H-2). (Found: C, 28:48; H. 3-66; N, 10-96. Calcd. for C,HgIN,0O: C, 28:57; H, 3-57; N, 11-11%,).

The structure of 8 was established by its hydrolysis in D,0O to a product which has NMR signals super-
imposable on those of added 3. The signals observed are not identical to those of added 3-methyl-4-
pyrimidone. Attempts to prepare the fluoroborate salt of this pyrimidinium iodide were unsuccessful.

Methanol-O-d was prepared by the method of Pasto and Meyer'® from 37-8 g; 248 x 10! mol(K and K
Laboratories) S{OMe), ; and D, 0 (10 g; 0-50 mol). The wet MeOD (~ 100%,) was dried with magnesium
methoxide and distilled before use. No OH absorption was seen in the NMR spectrum of the MeOD.

* M.ps were determined in open capillaries in a Thomas-Hoover m.p. apparatus and are corrected. All
NMR were determined on Varian Associates Model A-60, A-60A, A-56/60, or HA/100 spectrometers. IR
and UV spectra were determined on a Perkin-Elmer Infracord Model 137 or 521 and Carey Model 14
spectrophotometers, respectively; solvents are noted. Microanalyses were carried out by Mr. J. Nemeth
and associates. All pH and pD measurements were made on a Corning Model 12 pH meter with a Sargent
30070-10 miniature combination electrode. Reagents obtained commercially were not purified unless
specific drying or purification procedures are noted.
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Kinetic experiments. In a typical kinetic run, an NMR tube containing the appropriate weight of sub-
strate, buffer, or base, and solvent was heated in an insulated bath for an appropriate length of time. The
samples were quenched in ice water or Dry Ice and kept at 0° or lower until NMR integrations could be
made. All proton exchanges were monitored by NMR spectroscopy; three to 5 integrations were done for
cach point and the average of these was used to compute rates. Integrations were made relative to a non-
exchanging proton absorption in the same substrate or to an internal standard. In exchanges not run at
NMR probe temps (41-42°), negligible exchange occurred during the time of the integral determinations.
The rate constants were calculated either by a least squares program or by the graphical method, with
first-order kinetics being assumed in each case. Specific rate constants were calculated by division of the

Exchange of 1-methyl-4-pyrimidone (3). All pyrimidone exchanges were carried out in D,O with pyrimi-
done concentrations of 1-0 M at 70 or 100°, with phosphate or acetate buffers being used. Unless otherwise
specified, exchange was observed only at H-2.

Exchanges of 1,3-dimethyl-4-pyrimidonium fluoroborate (1), 1-methyl-4-pyridone (1), and 4-methoxy-1-
methylpyridinium fluoroborate (9). In these exchanges the disappearance or appearance of the low field
absorbance was observed (H-2 or H-2,6). Table 1 gives the conditions used.

TABLE |. EXCHANGES OF 1,3-DIMETHYL-4-PYRIMIDONIUM FLUOROBORATE (7), 1-METHYL-4-PYRIDONE (1),
AND 4-METHOXY- | -METHYLPYRIDINIUM FLUOROBORATE (9) IN D,0

Half-lives Temperature
Components Molarity followed cO) pD Kope (s6C7 ')
7 09 4 70 4.28-3-88 (70°) 261 £0-19 x 1073
NaOAc 01
HOAc 11
1 1-55 5 100 11-7-11-6 25°) 39 x 107
KH,PO, 017
K,PO, 037
9 1-0 1 100 7.3-68 (25°) 53 x 1077
H;BO, 013
KH,PO, 1-3
K,PO, 043

¢ Hydrolysis occurred to the extent of about 50 % during the runs. Linear plots of log H2,6/H3,5 vs time
were obtained.

Attempted exchange of 4-methoxy-1-methylpyridinium iodide. Solns composed of 1.0 M 8 and borate
buffer (pD 3.9-2.7) in D,0 or 0-89 M 8 in McOD with added NaOMe at 70, 100, and 42°, respectively,
showed only hydrolysis, and no exchange at H-2 was detected in the time that more than 95 % of the salt
hydrolyzed.

pD measurements. The assembly was calibrated prior to each determination with a buffer in H,O. Buffer
standards with a pH of 4-00, 7-00, or 9-00 were used for calibration, the one closest to the pD being deter-
mined being chosen. The correction from pH (measured) to pD was made according to the equation
pD = pH (measured) + 0-34. This correction factor was determined at 70° by comparing the pH (measured)
on a Corning Model 12 with a Sargent combination electrode with the reported pD of a soln of 005 M
HOAc and 005 M NaOAc in D,0.2° A two-point straight line plot was made between the 0-34 correction
factor at 70° and the 040 correction factor reported for 25°. Correction factors used at other temps were
taken from this plot.

Measurements of pD were made directly on the NMR samples ( ~0-5 ml) before and after a run. All pD
measurements except those on the 70° kinetic run of 1-methyl-4-pyrimidone and 1,3-dimethyl-4-pyrimi-
donium fluoroborate were determined at room temp. When pD was used to determine D ,0 concentrations
for specific rate constants, calculations were not corrected for temp. Temp corrections were made for
pKy,0and pKp 0.
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The solns containing fluoroborate salts gave unstable pD measurements which fluctuated by a maximum
of 005-0-01 pD units. In these cases, an average value in the range of the fluctuations was chosen as the pD.

For the exchange of 1-methyl-4-pyrimidone at high pD, the pD values before and after a kinetic run show
a large vanation, 11-84-7-55. In this case, the initial value was used in the calculations. Repeat runs gave
the same results, and the pseudo first-order plots are reasonably straight lines.

pD measurements at 70°. The pD of solns of 1,3-dimethyl-4-pyrimidonium salt and 1-methyl-4-pyrimidone
used for kinetic runs was determined at 70° by immersing the sample cup in an insulated, heated bath. The
electrode was equilibrated for 10-20 min at 70°. Potassium acid tartrate (saturated at 25°) and potassium
acid phthalate (0-05 M at 25°), which have pH values of 3-58 and 4-13, respectively, at 70°, were used as
calibration standards.?!

Samples of 1,3-dimethyl-4-pyrimidonium salt and buffer were made with the same molar concentra-
tions in D,0 at 70° as the kinetic samples, and the pD was taken immediately. The pD was observed during
the course of the exchange and was found to decrease from 3-8 to 3-5 over a 20-min period.

Determination of the pKa of 1- ethyl-4-pyrimidone at 70° in D,0 was accomplished by titration in D,0
of a pyrimidone-D,O solution with DCl in the insulated bath.” Potassium acid phthalate and potassium
tartrate were used as calibration standards for the pH electrodes. The pK, was determined from the Eq (1),
where (f;}") is calculated from —log (f}*') = 0-505 /1/1:0 + 16 /I, with | = [BH"),,,, — {D"}. The
quantity {D*} is obtained from the measured pD.’

[BH ’]:loi ;:l) - {D‘ }
PRe= PO+ o8| = g, 3 D7) W
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