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Reactions of some 6-substituted 9-(B-p-ribofuranosyl)purines with aqueous so-
dium hydroxide have been studied by liquid chromatography. The main reaction
pathway for the decomposition of 6-chloro, 6-methyl and 6-methylthio derivatives
has been shown to consist of three consecutive reactions: an attack of hydroxide
ion on the C8 atom with rapid subsequent opening of the imidazole ring and ano-
merization of the glycone moiety, deformylation of the resulting 5-formamido-4-
ribosylaminopyrimidines, and cleavage of the N-glycosidic bond. With the
6-chloro derivative, the first step is irreversible, while with the 6-methyl and
6-methylthio derivatives, recyclization to purine ribosides competes with the de-
formylation of 5-formamido-4-ribosylaminopyrimidines. ~ 6-Chloro- and
6-methylthio-9-(B-p-ribofuranosyl)purines also yield some inosine, but this re-
action 1s of minor importance. In contrast, 6-methoxy-9-(p-p-ribofuranosyl)pu-
rine is converted quantitatively to inosine. The rate constants for the different
partial reactions have been determined at several concentrations of hydroxide
ion. The kinetic data, and those reported earlier for adenosine and 9-(B-p-ribo-
furanosyl)purine, have been used to evaluate the susceptibility of the consecutive

steps to the polar nature of the 6-substituent.

The alkaline hydrolysis of unsubstituted 9-(f-p-
ribofuranosyl)purine has been shown'? to involve
three Kinetically distinguishable steps. Firstly, a
nucleophilic attack of hydroxide ion on the C8
atom of the purine moiety leads to opening of the
imidazole ring and anomerization of the ribosyl
group. Secondly, the resulting anomeric mixture
of 5-formamido-4-ribosylaminopyrimidines is de-
formylated to a mixture of 5-amino-4-ribosylami-
nopyrimidines, and finally the N-glycosidic bond
is cleaved. The alkaline cleavage of adenosine is
also initiated by an attack of hydroxide ion on the
C8 atom.® However, intramolecular cyclizations
to anomeric adenine nucleosides and N°-ribosyla-
denines compete efficiently with the deformyla-
tion of the S5-formamidopyrimidine intermedi-
ate.” N°-Ribosyladenines are finally hydrolyzed
to D-ribose and adenine. Adenosine is also partly
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deaminated to inosine,> but this reaction con-
tributes only a few percent to the total disappear-
ance of adenosine. The initial attack of hydroxide
ion on the C8 site of the adenine ring takes place
less readily than all the subsequent reactions. For
this reason the mole fractions of all the interme-
diates remain less than 0.05 during a kinetic run.
The consecutive steps are thus kinetically less
clearly distinguishable than with unsubstituted
purine riboside. Comparative kinetic studies with
2'-deoxy-, 2',3'-O-isopropylidene- and 5'-O-
methyladenosine, and 9-(B-p-arabinofurano-
syl)adenine have indicated that the glycone
moiety hydroxyl groups do not play any import-
ant role in the alkaline cleavage of adenine nu-
cleosides.*

The present study was aimed at elucidating the
influences that polar groups on the C6 atom of
the purine ring have on the mechanism of the al-
kaline cleavage of purine ribosides and on the
rates of the parallel and consecutive steps in-
volved. For this purpose, the reactions of




6-chloro-, 6-methyl-, 6-methylthio- and 6-meth-
0xy-9-(B-p-ribofuranosyl)purines with aqueous
sodium hydroxide were studied by liquid chro-
matography. The Kkinetic results obtained are
compared to those reported previously®* for ade-
nine nucleosides and unsubstituted 9-(p-p-ribo-
furanosyl)purine. The susceptibilities of different
partial reactions to the polar nature of the 6-sub-
stituent are discussed.

Results and discussion

Reaction pathways. LC analyses of aliquots with-
drawn at different intervals from alkaline solu-
tions of 6-methyl-9-(B-p-ribofuranosyl)purine
strongly suggest that the mechanism described?
for the alkaline cleavage of unsubstituted 9-(f-p-
ribofuranosyl)purine may also apply to the hy-
drolysis of its 6-methyl derivative. As seen from
Fig. 1, the starting material (/a) is converted
quantitatively to 4,5-diamino-6-methylpyrimi-
dine (4a) via consecutive accumulation of two in-
termediates, both of which are equilibrium mix-
tures of two major and two minor components.
The first intermediate was observed to be spec-
troscopically identical (UV) with 4-amino-5-for-
mamido-6-methylpyrimidine,’ and most probably
consists of four isomeric 5-formamido-4-methyl-
6-ribosylaminopyrimidines (2aap, 2afp, 2aaf and
2aff). When the isomeric mixture, 2a, was separ-
ated preparatively by LC and treated with aque-
ous alkali, it was converted to a mixture of four
isomeric compounds (3a) that spectroscopically
(UV) closely resembles 4a.® Besides 3a, a com-
pound (5a) that was spectroscopically identical
(UV) with Ia, but exhibited a shorter retention
time on an RP column, was obtained. The same
compound also appeared during the alkaline
cleavage of Ia. When separated by LC and
treated with aqueous alkali, it gave quantitatively
4a via intermediary formations of 24 and 3a.
These findings, and the fact that adenosine is
partly isomerized to 9-(B-p-ribopyranosyl)ade-
nine concurrent with its cleavage in alkali,’ sug-
gest that 5a is 6-methyl-9-(B-p-ribopyranosyl)pu-
rine. The alkaline hydrolysis of 3a, separated by
LC, yielded only 4a. Accordingly, the reactions
of la with aqueous sodium hydroxide can be
summarized by Scheme 1.

The reasoning presented above for 6-methyl-9-
(B-p-ribofuranosyl)purine may also be applied to
the corresponding 6-methylthio derivative (1b).
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However, 1b was additionally converted to inos-
ine (6), although this reaction is not quantita-
tively important. Fig. 2 shows the time-depend-
ence of the mole fractions of the intermediates
and products detected.

LC analyses also indicated that 6-chloro-9-
(B-p-ribofuranosyl)purine (Ic) is partly con-
verted to 6 and partly to 4c via 2¢ and 3c. How-
ever, with this compound, no anomerization of
the starting material was observed during the hy-
drolytic decomposition. The situation is thus
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Fig. 1. Time-dependent product distribution for the
reaction of 6-methyl-9-(-p-ribofuranosyl)purine with
aqueous sodium hydroxide (0.20 mol dm™3, ionic
strength 0.50 mol dm™2 with NaCl) at 363.2 K. The
enumeration refers to Scheme 1.
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analogous to the hydrolysis of unsubstituted
9-(B-p-ribofuranosyl)purine.” These findings are
consistent with the results’ according to which
4-amino-5-formamidopyrimidine and its 6-chloro
derivative are cyclized to purines less efficiently
than 6-methyl- and 6-amino-substituted com-
pounds. The time-dependent product distribu-
tion for the hydrolysis of Ic is presented in Fig. 3.
It should be noted that the data refer to low sub-
strate concentrations (<10 mol dm™). At
higher concentrations, Ic polymerizes to insol-
uble products.” The suggested reaction pathway
receives further support from the studies of
Montgomery and Thomas.” When treated with a
mixture of dioxane and aqueous sodium hydrox-
ide (50 % v/v), the 2',3’-O-isopropylidene deriva-
tive of Ic gave a 47 % yield of 4-chloro-5-for-
mamido-6-[(2',3'-O-p-isopropylidene-f-ribofu-
ranosyl)amino]pyrimidine and a 7.6 % yield of
2',3'-O-isopropylideneinosine.

6-Methoxy-9-(B-p-ribofuranosyl)purine ~ was
observed to be converted quantitatively to inos-
ine.

Table 1. Pseudo first-order rate constants for the partial reactions involved in the alkaline cleavage of some

6-substituted 9-(f-o-ribofuranosyl)purines.?

Substituent T/K [OHVmoldm= k,/1073s™' k,/107%s™' k,/107%s™' k/107%s™" k_,/107%s™" k,/1073s™"
at Cé
CH,(1a) 3632 0.50 421(8)  4.0(3) 3.6(1) 6.6(3) 2.0(1) -
0.40 359(6) 2.8(2) 3.0(1) 5.6(3) 2.0(1) -
0.30 2.89(6) 2.1(2) 2.4(1) 4.4(2) 2.0(1) -
0.20 2.43(4)  1.6(1) 1.6(1) 3.8(2) 2.0(1) -
0.10 1.31(4)  0.81(9) 1.0(1) 2.5(1) 1.9(1) -
SCH, (1b) 363.2 0.50 6.72(6)  5.2(3) 7.3(3) 7.9(2) 2.0(1) 0.14(2)
0.40 541(7)  4.2(2) 6.2(3) 6.9(2) 2.0(1) 0.13(2)
0.30 428(4)  3.3(2) 5.2(2) 5.6(2) 2.0(1) 0.10(1)
0.20 3.43(3)  2.2(1) 4.0(2) 3.9(2) 2.0(1) 0.08(1)
0.10 1.95(3)  1.5(1) 2.3(1) 2.9(2) 2.0(1) 0.05(1)
Ci (10) 3232 0.50 5.88(8)  0.52 0.091 - - 1.21(2)
0.40 5.14(5)  0.49 0.078 - - 0.98(1)
0.30 4.07(6) 0.45 0.065 - - 0.72(1)
0.20 2.85(4)  0.48 0.043 - - 0.50(1)
0.10 1.80(3) 0.48 0.023 - - 0.27(1)
H? 3232 0.20 0.397(17) 0.384 0.0571 - - -
363.2 0.20 11.0(2) 4.60 1.14 - - -
NH,* 363.2 0.20 0.049(1) 0.24 - 0.060 0.26 0.002

“The rate constants indicated in Scheme 1. The ionic strength was adjusted to 0.50 mol dm~2 with NaCl.

*From Ref. 2. °From Ref. 3.
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Kinetics of the partial reactions. Table 1 lists the
pseudo first-order rate constants for the partial
reactions involved in the alkaline cleavage of
compounds Ia—Ic. With all these compounds,
the rate constant, k,, for the attack of hydroxide
ion on the C8 atom depends curvilinearly on
[OH"]. At low concentrations of hydroxide ion
the plots of k, vs. [OH™] are convex; at high alka-
linities they become linear. This kind of behavior
has been explained as resulting from the ion-
ization of the 2’-hydroxyl group.?* Hydroxide ion
may be expected to attack more readily the neu-
tral substrate than its 2'-oxyanion. Accordingly,
the plot of k, vs. [OH"] exhibits a downward cur-
vature in the alkalinity region where the 2'-hy-
droxyl group becomes ionized (Fig. 4). With pu-
rine nucleosides, this happens between pH 12
and 13.® Under more basic conditions, the sub-
strate is present entirely as 2'-oxyanion, and &, is
hence linearly related to [OH"}.

The data in Table 1 indicate that k, increases
markedly with increasing electronegativity of the

x(i)

Fig. 2. Time-dependent product distribution for the
reaction of 6-methylithio-9-(B-o-ribofuranosyl)purine
with aqueous sodium hydroxide (0.20 mol dm=3, ionic
strength 0.50 mol dm~* with NaCl) at 363.2 K. The
enumeration refers to Scheme 1.
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Fig. 3. Time-dependent product distribution for the
reaction of 6-chloro-9-(B-p-ribofuranosyl)purine with
aqueous sodium hydroxide (0.20 mol dm™3, ionic
strength 0.50 mol dm~2 with NaCl) at 323.2 K. The
enumeration refers to Scheme 1.

6-substituent. This is expected, since electron-
withdrawing groups, for example, diminish the
electron density at the reaction center and thus
facilitate the attack of hydroxide ion. As seen
from Fig. 5, an approximatively linear correla-
tion exists between the logarithmic rate constants
and the pK, values for the corresponding free pu-
rines, used as a measure of the electron density at
C8. However, the unsubstituted purine riboside
is exceptionally susceptible to attack by hydrox-
ide ion. The correlation between the reactivity
and the base moiety structure is thus very similar
to that reported for the corresponding reaction of
6-substituted 9-(1-ethoxyethyl)purines, 9-(f3-D-ri-
bofuranosyl)purines reacting uniformly from 2 to
4 times more rapidly than their 1-ethoxyethyl
counterparts.® Clearly, the glycone moiety does
not play any decisive role in the reaction. The
somewhat higher reactivities of purine nucleo-
sides may well be accounted for by the stronger
electron-withdrawing ability of the ribofuranosyl
group. For comparison, a similar reactivity differ-
ence exists between the 1-(2-chloroethoxy)ethyl
and 1-ethoxyethyl derivatives of purine." 9-(8-p-
Ribopyranosyl)purines are cleaved slightly more
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Fig. 4. Pseudo first-order rate constants for the attack
of hydroxide ion on the C8 atom of 6-methyl- (O,
363.2 K), 6-methyithio- (@, 363.2 K) and 6-chloro-9-
(B-o-ribofuranosyl)purine (OJ, 323.2 K). The ionic
strength was adjusted to 0.50 mol dm~3 with sodium
chloride.

rapidly than the furanoid nucleosides, which
partly explains why ribopyranosyl derivatives do
not efficiently accumulate during the decomposi-
tion of ribofuranosylpurines.

As mentioned above, displacement of the
6-substituent by hydroxide ion competes with the
opening of the imidazole ring. The proportion of
this side reaction is about 3 % for /b and 15 % for
Ic. Accordingly, it is considerably less important
than with the correspondingly substituted 9-(1
-ethoxyethyl)purines. Evidently, the ribosyl
group at N9 reduces the electron density at the
adjacent C8 atom, while the inductive influence
on the C6 site is negligible. The 6-methoxy deriv-
ative (Id) reacts solely by displacement of the
methoxy group, the second-order rate constant
being 6.2X107* dm® mol™" s™! at 363.2 K.

The rate of deformylation of 5-formamido in-
termediates, 2a—2c, responds in two different
manners to changes in the concentration of hy-
droxide ion. The rate constants, k,, obtained for
2a and 2b are proportional to [OH"], whereas
those obtained for 2c are completely independent
of [OH]. A similar difference has been observed
in the behavior of 6-substituted 4-amino-5-for-
mamidopyrimidines, and it has been accounted
for by a change of the rate-limiting step.’ In fact,
introduction of a ribosyl group at the N* atom re-
tards the deformylation by less than 20 %. The
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glycone moiety most probably does not partici-
pate in the deformylation, and the mechanisms
suggested’ for 4-amino-5-formamidopyrimidines
can also be applied to the deformylation of
2a—2c. Accordingly, hydroxide ion performs a
rapid initial attack on the carbonyl carbon of the
formamido group, and the tetrahedral intermedi-
ate formed undergoes base-catalyzed decomposi-
tion.’ The reaction in alkaline solution is approxi-
mately first-order with respect to hydroxide ion,
since the prevailing ionic form of the substrate is
an unreactive N°-monoanion. The strongly elec-
tronegative chlorine atom makes the tetrahedral
intermediate so acidic that its decomposition
does not require base catalysis. The initial attack
of hydroxide ion thus becomes rate-limiting, and,
at the same time, the reaction order with respect
to hydroxide ion changes from one to zero’.

As seen from Table 1, the susceptibility to the
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Fig. 5. The influence of the 6-substituent on the
reaction of 9-(8-p-ribofuranosyl)purines with aqueous
sodium hydroxide. The logarithms of the relative rate
constants plotted against the pK, values of the
correspondingly substituted purines.® The rate
constant, k,, is defined in Scheme 1.



polar nature of the 6-substituent is lower in the
deformylation reaction than in the initial attack
of hydroxide ion on the C8 atom. Although elec-
tron withdrawal by a polar group may be ex-
pected to facilitate the attack of hydroxide ion on
the carbonyl carbon of the formamido group as
efficiently as the attack on the C8 atom of the pu-
rine ring, part of this rate enhancement is
cancelled out by the concomitant increase in the
concentration of the unreactive N°-monoanion.
The rate constants, k;, for the final step of the al-
kaline cleavage of purine nucleosides are rather
insensitive to the 6-substituent. This partial re-
action may be assumed to involve rate-limiting
attack of hydroxide ion on the anomeric carbon
of the acyclic Schiff base intermediate and rapid
subsequent breakdown of the carbinolamine
formed.” The reaction thus proceeds via a species
the proportion of which is extremely small in the
equilibrium mixture of 5-amino-4-ribosylamino-
pyrimidines. Since the dependence of the equilib-
rium composition on the nature of the 6-sub-
stituent is unknown, the effect of the 6-substi-
tuent on the rate of decomposition is difficult to
rationalize.

In summary, the multistage pathway pre-
sented'? for the alkaline cleavage of unsubsti-
tuted 9-(p-p-ribofuranosyl)purine is generally
followed in the decomposition of its 6-substituted
derivatives, although the 6-substituent may also
be displaced by hydroxide ion. The consecutive
partial reactions are kinetically fairly well separ-
ated when the 6-substituent is strongly electrone-
gative, but overlap severely when this group be-
comes electropositive.

Experimental

Materials. 6-Methyl-9-(8-p-ribofuranosyl)purine
(la) was prepared from commercial 6-methylpu-
rine and 1-O-acetyl-2,3,5-tri-O-benzoyl-B-p-rib-
ofuranose (Sigma) by the method of Vorbrug-
gen," using the trimethylsilyl ester of trifluoro-
methanesulfonic acid as catalyst. The product
crystallized from methanol was homogeneous on
a reversed-phase column and exhibited *C NMR
signals (D,0O; DSS as internal standard) at 21.0
(C6—CH,), 64.1 (C5"), 73.1 (C2'), 76.5 (C3'),
88.3 (C4'), 91.1 (C1"), 135.2 (C5), 147.0 (C8),
152.0 (C4), 154.1 (C2) and 162.3 (C6) ppm.
6-Methylthio- (1b), 6-chloro- (Ic) and 6-meth-
oxy-9-(B-p-ribofuranosyl)purine (I/d) and inosine
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(6) were commercial products (Sigma) that were
employed as received after checking their purity
on a reversed-phase column. The preparation of
the 6-substituted 4,5-diamino- and 4-amino-5-for-
mamidopyrimidines used as reference materials
has been described previously.’

Preparative separations. The compounds (2a, 2b,
3a, 3b, 5a and 5b) accumulated during the alka-
line cleavage of la and 1b were separated prepar-
atively on a Spherisorb RP-18 column (250x8
mm, 5 um) using aqueous acetonitrile as eluant.
The fractions obtained were evaporated to dry-
ness under reduced pressure.

Kinetic measurements. The LC method described
previously’ was used to follow the reactions of
la—1d, 2a, 2b, 3a, 3b, 5a and 5b with aqueous so-
dium hydroxide. The separations were carried
out on a LiChrosorb RP-18 column (250x4 mm,
10 um) using mixtures of acetonitrile and acetic
acid buffer (pH 4.3) as eluant. The acetonitrile
content was 4, 11, 4 and 10 % (v/v) for la, 1b, Ic
and 1d, respectively. However, when the forma-
tion of 4,5-diaminopyrimidines (4a—4c) was fol
lowed, the proportion of acetonitrile ranged from
20 to 30 %. The peak heights were transformed
to concentrations with the aid of calibration solu-
tions of known concentration.

Calculation of the rate constants. The rate con-
stants, k,(I), for the disappearance of la—Id
were calculated from the integrated first-order
rate law. These were transformed to the rate con-
stants for the parallel partial reactions giving 6
and 2a—2c¢ with the aid of eqns. (1) and (2),
where x(6) stands for the mole fraction of 6 in the

ke = x(6)ky(I) (1
k, = k1) — ks )

final product mixture. The rate constants, k,, for
the disappearance of 5a and 5b, separated pre-
paratively, were also calculated from the first-
order rate law, but the reaction was followed
only from 0 to 30 % to minimize overlap with the
recyclization reaction. The rate constants, k,(2),
for the disappearance of 2a and 2b, separated
preparatively, were obtained in a similar manner,
and were further transformed to the rate con-
stants for the parallel cyclization and deformyla-
tion reactions by eqns. (3) and (4). Here, x(5) de-
notes the mole fraction of 5a or 5b in the
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k_, = x(5)k2) 3)
ky = k(2) — k4 )

product mixture during the early stages of the
disappearance of 2a or 2b. The rate constants, k;,
for the disappearance of 3a and 3b, separated
preparatively, were determined by following
their decomposition from 0 to 80 % and applying
the first-order rate law.

Intermediates 2¢ and 3c were not separated
preparatively, but the rate constants k, and k,
were determined by applying the kinetics of con-
secutive first-order reactions. Accordingly, k,
was obtained by least-squares fitting from eqn.
(5) and k, from eqn. (6). In these eqns., [2¢], and
[4c], are the concentrations of 2¢ and 4c at time ¢,
[2¢]; is the maximum concentration of 2c reached
at time ¢t = T, and [Ic], is the initial concentration
of Ic. The derivation of eqns. (5) and (6) is pre-
sented in Ref. 12.

[ZC]‘ 3 e kan — gkt
[2¢], = e 0T — gkt )
[4¢], k,
el ~ kD)
klk2k3 ey
" kD, = k(D1 1ks — k()] ©
klk:’ —kot
- (k1) = k)] [k; = k] e
klkz ~kst
T kD) - Kk — K & (6)

Acknowledgements. Financial aid from the Aca-
demy of Finland, Council for the Natural Sci-
ences, is gratefully acknowledged.

References

1. Gordon, M. P., Weliky, V. S. and Brown, G. B. J.
Am. Chem. Soc. 79 (1957) 3245.

2. Lonnberg, H. and Lehikoinen, P. J. Org. Chem. 49
(1984) 4964.

3. Lehikoinen, P., Mattinen, J. and Lonnberg, H. J.
Org. Chem. 51 (1986). In press.

4. Jones, A. S., Mian, A. M. and Walker, R. T. J.
Chem. Soc. C (1966) 692.

5. Lehikoinen, P. and Lonnberg, H. Chem. Scr. 26
(1986) 103.

6. Lonnberg, H., Lehikoinen, P. and Neuvonen, K.
Acta Chem. Scand., Ser. B 36 (1982) 707.

7. Montgomery, J. A. and Thomas, H. J. J. Org.
Chem. 36 (1971) 1962.

8. Izatt, R. M., Christensen, J. J. and Rytting, J. H.
Chem. Rev. 71 (1971) 439.

9. Albert, A. and Brown, D. J. J. Chem. Soc. (1954)
2060.

10. Lonnberg, H., Lukkari, J. and Lehikoinen, P. Acta
Chem. Scand., Ser. B 38 (1984) 573.

11. Vorbruggen, H., Krolikiewicz, K. and Bennua, B.
Chem. Ber. 114 (1981) 1234.

12. Rodiguin, N. M. and Rodiguina, E. N. Consecutive
Chemical Reactions, Van Nostrand, New York
1964, Chap. 5.

Received August 22, 1986.



