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Sodium bisulfite mediated debromination of 5-bromo-2’-deoxyuridine, 1-methyl-5-bromouracil, and 5-bro-
mouracil was studied. Spectroscopic determination of the velocity at pH 7.0 and 17° showed that 5-bromo-2'-de-
oxyuridine undergoes debromination two orders of magnitude more slowly than 5-bromouracil. The debromina-
tion of 1-methyl-5-bromouracil in this system was also slow, only several times faster than that of 5-bromo-2’-
deoxyuridine. The optimum pH for the debromination of both 5-bromo-2’-deoxyuridine and 5-bromouracil was
about 7. In the debromination of 5-bromo-2’-deoxyuridine, the existence of the intermediate 5,6-dihydro-5-
bromo-2’-deoxyuridine 6-sulfonate was proved by NMR and by the reversal to 5-bromo-2’-deoxyuridine upon
dilution of the reaction mixture. The formation of the intermediate from 5-bromo-2’-deoxyuridine was a rapid
process, whereas the subsequent debromination was a slow process which was the rate-limiting step of the overall
reaction. The facile debromination of 5,6-dihydro-5-bromouracil 6-sulfonate, in contrast to its N1-substituted de-
rivatives, was explained in terms of participation of an intermediate formed by elimination of HSO3™ from the

N!-C8 linkage of this dihydro compound.

Recent research in several laboratories has shown that
sulfur nucleophiles, such as bisulfite and cysteine, bring
about dehalogenation of 5-halogenouracil derivatives under
mild conditions in aqueous solution.-* Sander and co-
workers®P reported that the bisulfite-mediated decompo-
sition of 5-bromouracil proceeds as illustrated in Scheme I,

Scheme 1
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which involves addition of bisulfite across the 5,6 double
bond of the pyrimidine ring followed by elimination of bro-
monium and sulfite ions to give uracil. The uracil in turn
produces 5,6-dihydrouracil 6-sulfonate upon reaction with
bisulfite.

The formation of the intermediate, 5,6-dihydro-5-bro-
mouracil 6-sulfonate, was assumed by the analogy to the
well-established 5,6-dihydrouracil 6-sulfonate formation
from uracil and bisulfite.>¢ This assumption was supported
by the fact that in the case of the reaction between 5-fluo-
rouracil and bisulfite, the formation of 5,6-dihydro-5-fluo-
rouracil 6-sulfonate was demonstrated both by NMR stud-
ies and by reversal to 5-fluorouracil.'#2 However, since the
bisulfite adduct of 5-bromouracil cannot be observed as a
discrete species, it was not possible to determine whether
the rate-determining step of the bisulfite-promoted de-
bromination was the addition of bisulfite to 5-bromouracil
or the subsequent dehalogenation.

Although Fourrey? reported that 5-bromouridine can
also be converted to 5,6-dihydrouridine 6-sulfonate by

‘treatment with sodium bisulfite, the study was not per-

formed under kinetically controlled conditions. When we
compared reactivities of 5-bromouracil, 1-methyl-5-bro-
mouracil, and 5-bromo-2’-deoxyuridine toward bisulfite
under defined conditions, a great difference was observed
between these substrates; the Nl-substituted substrates
react much more slowly than 5-bromouracil, and the inter-
mediate 5,6-dihydro-5-bromo-2'-deoxyuridine 6-sulfonate
can be detected as a discrete species. This papeér reports
the results of these studies, which show that in the bisul-
fite-promoted debromination of 5-bromo-2’-deoxyuridine
the rate-determining step is the debromination reaction
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Figure 1. Comparison of absorbance changes of 5-bromouracil, 1-

methyl-5-bromouracil, and 5-bromo-2’-deoxyuridine in the reac-

tion with sodium bisulfite. Concentration of the bromouracil deriv-

atives at time zero was 1.0 X 10~3 M., Incubations were at pH 7.0
and 17°. (s) represents total bisulfite buffer concentration.

but not the initial addition of bisulfite to the pyrimidine
ring.

Results

The reactions were carried out with 1.0 X 1073 M brU
(see ref 7), m!brU or brUdRib, in sodium bisulfite buffer [5
X 102 to 1.25 M (see ref 8)] at 17°, and the progress of the
reactions was followed spectrophotometrically. The change
in ultraviolet spectra of brU that occurred on treatment
with 0.10 M bisulfite at pH 7.0 was similar to that pre-
viously reported:!? a rapid decrease of the absorbance at
the 280-290-nm region and transient appearance of a 260-
nm peak, which indicated uracil formation, were observed,
followed by a final establishment of an end absorption, On
the other hand, in the reaction of brUdRib only a very slow
spectroscopic change was detected under identical condi-
tions. At higher bisulfite concentrations, spectral changes
of brUdRib were more evident, but in such conditions in-
termediate formation of 2’-deoxyuridine was difficult to
detect since any deoxyuridine formed would have been rap-
idly converted to 5,6-dihydro-2’-deoxyuridine 6-sulfonate
(see below). Thus, the spectra of a solution of brUdRib in
1.0 M sodium bisulfite, pH 7.0, did not give any detectable
260-nm peak during the course of the reaction and became
finally an end absorption. When the reaction mixture was
treated with sodium hydroxide and then analyzed by paper
chromatography (solvent, 1-butanol-acetic acid-water,
2:1:1 v/v), 2’-deoxyuridine wac recovered as a sole uv-ab-
sorbing product. The identification of 2’-deoxyuridine was
made by comparing the Ry value and the uv spectra in neu-
tral and alkaline media with those of an authentic speci-
men.

The progress of the reactions was determined by the de-
crease in absorbance of the derivatives at 290 nm where
uracil, 1-methyluracil, or 2’-deoxyuridine, if they were
formed, do not exhibit any absorbance. Typical examples
are shown in Figures 1 and 2, in which Aggo is plotted on a
semilogarithmic scale against time of reaction. Both in the
brUdRib- and the m*brU-bisulfite reactions, a rapid, ini-
tial drop and a subsequent, slow and linear decrease of the
absorbance were observed. In contrast, the brU reaction
did not show such an initial drop and instead gave a
straight line, consistent with the previous observation of
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Figure 2. Reaction of 5-bromo-2’-deoxyuridine (1.0 X 107% M)
with sodium bisulfite as functions of the bisulfite buffer concentra-
tion (s) and the pH. Reaction temperature was 17°.

other workers.!2 This linear decrease should represent the
decrease of the starting material, brU. As can be seen from
the figures, the extent of the initial drop was a function of
both the bisulfite concentration and the pH of the solution.
Thus, the drop was larger at higher bisulfite concentrations
and at more acidic conditions. The drop was obviously due
to the equilibrium between brUdRib (or m!brU) and 5,6-
dihydro-5-bromo-2’-deoxyuridine 6-sulfonate (1a) (Scheme
II). It is known that bisulfite adds reversibly to the 5,6 dou-

Scheme I
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ble bond of uracil, thymine, and cytosine forming 5,6-dihy-
dropyrimidine 6-sulfonates, and that the latter compounds
are stable in acid.>® The formation of the bisulfite adduct
la was demonstrated by the following experiments. A solu-
tion of 1.0 X 1073 M brUdRib in 1 M sodium bisulfite, pH
5.7, was allowed to stand at 17° for 10 min. The Ao value
of this solution measured in a cuvette of 1 mm light path
was approximately 30% of the value for 1.0 X 10~3 M brU-
dRib in water. When the solution was diluted 100 times
with 0.1 M sodium phosphate buffer of pM 5.8, and the
Aogo was measured in a 10-mm light-path cuvette, a grad-
ual increase of the abhsorbance was observed. On standing
for 90 min, the spectral curve of the solution became iden-
tical with that of 1.0 X 10~5 M brUdRib (both at pH 5.8
and pH 13), indicating quantitative regeneration of brU-
dRib from the adduct 1a. Furthermore, the 'H NMR spec-
trum of a 10-min incubated solution of brUdRib in 1 M so-
dium bisulfite (pD 5.7) in D20 gave two singlets at § 5.23
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Figure 3. Pseudo-first-order rate constants of the reaction be-
tween 5-bromouracil derivatives and sodium bisulfite as a function
of the bisulfite buffer concentration. In the inset, the relative rates
for the brUdRib-bisulfite reaction are shown in semilogarithmic
scale against concentration of bisulfite buffer. The curve in the
inset was drawn by the calculation described in the text and the
points represent the experimentally observed values.

and 5.35 ppm, assignable®€ to the protons at position 6 of
two epimers of the adduct 1a. When the sum of the areas of
these two singlets was compared with that of the 6-H signal
(8.23 ppm) of brUdRib in this solution, it was found that
the ratio of the former to the latter was 7:3. This value is
coincident with that (69:31) obtained by the uv measure-
ment (Figure 2).

" It can therefore be concluded that the initial rapid de-
crease of the Asgp value in the brUdRib and mlbrU reac-
tions represents the accumulation of the bisulfite adduct
(1). Subsequent slow, linear decrease must be a reflection
of further decomposition of the adduct (1) into debromi-
nated product(s). Furthermore, it is clear that this debro-
mination is the rate-determining step of the overall reac-
tion for brUdRib.

By extrapolating the linear portions to time zero, the
Aggg values at the equilibrium were determined and the
values of [la]/[brUdRib][total bisulfite] were found to be
0.51 M~! with 0.5 M bisulfite, 0.47 M~! with 0.75 M bisul-
fite, 0.44 M1 with 1.0 M bisulfite, and 0.45 M~ with 1.25
M Dhisulfite. The equilibrium constant for buUdRib + sodi-
um bisulfite = la was thus estimated at 0.47 + 0.02 M1
(pH 7.0, 17°).

In the brU-bisulfite reaction, in which no initial drop of
Aggg was noted, there are two possibilities concerning the
rate-determining step. First the addition of bisulfite to the
5,6 double bond of brU is the rate-determining step in the
overall reaction sequence, and the subsequent debromina-
tion of the adduct lc is faster than the first step. In this
case, the linear decrease in Asgo should represent the veloc-
ity of addition of bisulfite across the 5,6 double bond of
brU {assuming that the reverse reaction (elimination) is
much slower than the forward reaction]. Second, the
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amount of the intermediate lc is undetectably small and
the rate-determining step is the debromination rather than
the formation of le. These two alternatives cannot be dis-
tinguished by the present data.

Figure 3 summarizes the apparent pseudo-first-order
rate constants obtained from the linear portions of the
curves such as those in Figures 1 and 2, and shows them as
a function of the bisulfite concentration. A strikingly great
difference in the reactivity of brU and brUdRib is obvious
from this figure. At one bisulfite concentration the rates for
these three substrates were compared. Thus, the Egpsq
values in 0.20 M sodium bisulfite, pH 7.0, were 0.154,
0.0059, and 0.00072 min~! for brU, m!brU, and brUdRib. It
can therefore be estimated that the debromination of brU
is two orders of magnitude faster than that of brUdRib. It
should be noted that the rates for brU may represent mere-
ly the velocity of the adduct le¢ formation and, if so, the
rate of the subsequent debromination step must be larger
than the observed rate. m'BrU was more reactive than
brUdRib but the difference between brU and m!brU was
much larger than that between m'brU and brUdRib.

We examined the possibility that the pH profile of the
reaction might be greatly different among the substrates
and the phenomenon we were observing was an extreme
case. That this was not so was shown by the fact that both
the brUdRib- and the brU-bisulfite reactions are optimal
at pH about 7. Thus, the kopsq (min—1) values follow: with
brUdRib (in 1.0 M bisulfite), 0.0061 at pH 5.7, 0.018 at pH
6.2, 0.021 at pH 7.0, and 0.003 at pH 7.9; with brU (in 0.10
M bisulfite), 0.0077 at pH 5.7, 0.029 at pH 7.0, and 0.0088
at pH 8.0.

The results in Figure 3 also indicate that the rate for ei-
ther of the three substrates is a function of more than first
order of the total bisulfite-buffer concentration. A similar
relationship was previously observed for the brU-bisulfite
system,1b

In the reaction of brUdRib (and m'brU) with bisulfite,
the expression

kobsd = kK (s)?/[1 + K (s)] (1)

can be derived, where k represents the rate constant for the
debromination, K the equilibrium constant for brUdRib +
HSO3~ (total buffer) = 1a, and (s) total bisulfite buffer
concentration. Expression 1 indicates that the experimen-
tally determined k,psd values at various bisulfite concentra-
tions should be related by [kobsq at buffer conen (s)]/[kobsa
at buffer concn (s)] = (s)2[1 + K(s)]/(s)2[1 + K(s)].
Employing the K value 0.47 M~! experimentally deter-
mined as already described, theoretical relative rates were
plotted against (s) and compared with those observed. As
shown in the inset of Figure 3, the experimental values
were reasonably coincident with the theoretical ones. It was
therefore concluded that the reaction scheme illustrated in
Scheme II is basically correct.

By use of expression 1 and the kopsq values, the rate con-
stant k can be calculated. From the k,psq values found for
the 0.5, 0.75, 1.0, and 1.25 M bisulfite reactions, the k value
was estimated to be 0.061 % 0.008 1. mol~! min—1.

We measured velocity of bisulfite addition to 2'-deoxy-
uridine under conditions identical with those employed in
the brUdRib-bisulfite reaction and found that it is greater
than the velocity of the decomposition of the adduct 1a.
The apparent pseudo-first-order rate constants found were
0.0533 min~1/1.0 M sodium bisulfite, and 0.0147 min—1/
0.50 M sodium bisulfite at pH 7.0 and 17°, the initial de-
oxyuridine concentration being 0.010 M. This finding indi-
cates that if ever deoxyuridine is produced from the adduct
1a it will escape detection.
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Discussion

The results presented above showed that the breakdown
of the adduct le is very much faster compared with the
Nl.substituted adducts la and 1b. Although the different
reactivities of these substrates might be attributable to ste-
ric hindrance of the N! substituents, a more likely explana-
tion for the very large reactivity difference is provided by
postulating the intermediate 2 in the brU-bisulfite reaction
{Scheme III). Sulfite will reductively subtract the bromine

Scheme III
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atom!? of 2 to give uracil and 5,6-dihydrouracil 6-sulfonate.
It is known that the 5,6-dihydrouracil 6-sulfonate is pro-
duced not necessarily via uracil.# Support for the possibili-
ty of the existence of intermediate 2 is found in the recent
finding that titration of uracil with bromine results in the
formation of an uracil-bromo (1:2) adduct, whereas titra-
tion of 1-methyluracil gives a 1:1 adduct.!® In explanation,
the intermediate 2 was postulated, whose formation is the

Scheme IV
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crucial step for the generation of the 1:2 adduct (Scheme
1V). In contrast to the sulfite-mediated debromination, in
which a bromonium ion rather than a proton is subtracted
at position 5 of 2, bromine deprotonates 2 to give brU. The
workers!? postulated that this occurs via the formation of
an N-bromo derivative of 2.

In the brUdRib- and m!brU-bisulfite reactions, the for-
mation of intermediate 2 would be blocked or extremely
difficult because it requires quaternization of the nitrogen
at position 1. Direct reduction of the adduct 1 by sulfite
anion will also be a slow reaction owing to electronic repul-
sion by the sulfonate group at position 6. Therefore, the de-
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bromination of brUdRib and m!brU will proceed much
more slowly than that of brU, by taking either the direct
route or the indirect route to the final product.

Besides bisulfite, cysteine debrominates both brU and
brUdRib under mild conditions. In the case of cysteine,
however, no great difference is existent between the reac-
tivities of brUc and brUdRib.? An explanation for this is
the following. In the cysteine-mediated debromination of
brUdRib, the initial addition of the nucleophile across the
5,6 double bond of the pyrimidine was supposed to be the
rate-determining step. In this regard, the bisulfite-mediat-
ed debromination of brUdRib is different from the cysteine
reaction, because its rate-determining step is not the initial
addition of the nucleophile but the subsequent debromina-
tion.

It is interesting that the reactivity at the position 8 to
the glycosidic linkage is so much different between a nucle-
oside and the corresponding base. The present finding indi-
cates that reactions at position 5 of pyrimidine nucleosides
and bases should always be carefully compared.

Experimental Section

General. BrUdRib and brU were products of Sigma Chemical
Co. and were used without further purification. m!'BrU was pre-
pared according to the literature.!! Proton magnetic resonance
spectra (100 MHz) were measured on a Jeol NM-4H-100 spec-
trometer.

Kinetic Measurements. All reactions were performed in deion-
ized, distilled water. Sodium bisulfite buffers were always freshly
prepared before use. The pH was fixed by mixing appropriate
amounts of NaHSO3 and NasSO3;. The reactions were run under
nitrogen atmosphere at room temperature which was maintained
at 17 + 0.5°. Progress of the reaction was monitored by determin-
ing Aogo in a cuvette of 1-mm light path against a reference in
which brU derivative was omitted from the reaction mixture, using
a Beckman Acta CIII spectrophotometer. The pH of the reaction
mixture was measured both at zero time and after the incubation
was over. The value generally did not exhibit any change, except in
the case where 0.050 M bisulfite buffer was used, and the pH was
7.0 at zero time and 6.85 after 180-min incubation. The zero time
Asggo values employed were those obtained with solutions omitting
the bisulfite buffer from the reaction mixture (reference, H,O).
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