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Abstract: The rate constants for the hydrolysis of several 6-
substituted 9-(2-deoxy-RB-Q-erythro-pentofuranosyl)purines and
9-(1-alkoxyethyl)purines have been measured at different con-
centrations of oxonium fon. The effects that varying the polar
nature of the alkoxy group exerts on the hydrolysis of unsub-
stituted 9-(1-slkoxyethyl)purines are interpreted to indicate
that the reaction proceeds by a rate-limiting departure of the
protonated base moiety with a concomitant formation of an alk-
oxyethyl oxocarbenium fon. The same mechanism is applied to the
hydrolysis of 9-(2-deoxy-B-D-erythro-pentofuranosyl)purines by
comparing the influences that 8-substituents have on the reac-
tivity of these compounds and their 9-(1-alkoxyethyl) counter-
parts. No sign of anomerization was detect'd. when the hydrol-
ysis of 2°-deoxyadenosine was followed by 'H NMR spectroscopy.

INTRODUCTION

The acidic hydrolysis of purine ribonucleosides has been repeatedly suggested
to proceed by a rate-limiting heterolysis of the N-protonated substrate to a ribo-
furanosyl oxocarbenium ion and free purine base. The experimental evidence presented
to support this mechanism includes linear pH-rate profiles.2-7 lack of anomerization,
8 secondary deuterium isotope effects (1°-d) ranging from 1.18 to 1.23.6 entropies

of activation near zero or nositive."5'9

pH-independent hydrolysis of 1,7-dimethyl-
guanosine.2 insensitivity of the hydrolysis rate to the polar nature of 6-substitu-
ents.7 rate-acceleration by bulky 8-substituents.8 and enhanced reactivity of cis-
1‘.2‘-nucloosides.1° The hydrolysis of purine 2°-deoxyribonucleosides has been Lless
extensively studied. The experimental data are limited to positive entropies of ac-
20,5 and the fact that 8-bromo sub-

stituent is with 2°-deoxyadenosine only slightly less rate-accelerating than with

tivation, 405

almost linear pH-rate profiles.z'
adenosine.5 The markedly higher reactivity of 2°-deoxyribonucleosides compared to
ribonucleosides has been accounted for by stabilization of the oxocarbenium fon in-
termediate due to the removal of the electronegative 2 -hydroxy!l group.2'5'10 How-
ever, the generality of the mechanism established for the hydrolysis of purine ribo-
nucleosides still needs verification., since the 2”°-deoxyriboside of 7-delzaadcnine.11
2‘-deoxyuridine12 and thymidine12

current with their hydrolyses.

have been shown to anomerize in aqueous acid con-

The aim of the present paper is to give additional evidence for the rate-limit-
ing oxocarbenium ion formation in the hydrolysis of purine 2°-deoxyribonucleosides.
This reaction is of considerable importance, because it is one of the major side re-
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actions encountered in the chemical synthesis of oligodeoxyribonucleotides. A
knowledge of the reaction mechanism and the structure-reactivity correlations
would help to understand the influences of various protecting groups on the sta-
bility of the N-glycosidic bond. The problem was approached by comparing the
structural effects in the hydrolyses of 6-substituted 9-(2-deoxy-8-D-erythro-
pentofuranosyl)purines and their acyclic counterparts to those oburved13 with
acyclic acetals, known to be hydrolyzed via oxocarbenium fons 14

RESULTS AND DISCUSSION

Fig. 1 shows the first-order rate constants, k(obs.). for the hydrolysis of some
9-(1-alkoxyethyl)purines (la-1d) at different concentrations of oxonium ion. The

N N 1_a:R=EH(CH3)2
K | N> 1b: R= CHyCH3
N RoH Lo R= Cfl3
; : R= CHyCH, (L
CH 1¢: R= CH CH3

rate of hydrolysis is markedly reduced as the oxygen bonded alkyl group. R, becomes
more electronegative, the dependence of k(obs.) on [n* being linear with all the
compounds studied. These observations are consistent with a mechanism involving s
rapid initisl protonation of the purine ring and a subsequent rate-limiting form-
atfon of an alkoxyethyl oxocarbenium ion (Route A in Scheme 1). The increasing
electronegativity of group R only slightly retards the pre-equilibrium protonation.
as seen from Table 1, but the developing oxocarbenium jon may be expected to under-
go a considerable destabilization, and hence the reaction is retarded. For compar-
ison, the acid-catalyzed hydrolysis of acyclic acetals is rather susceptible to the
polar nature of the alkyl group. R1. which remains bonded to the oxocarbenium ion
intermediate (Route C in Scheme 2). The relative rate constants of this partial re-
action have been reported to be 22.1, 4.48, 1 and 0.048., when R1 is isopropyl, eth-
yl, methyl and 2-chloroethyl, respectively.13 As seen from Fig. 2, the influence of
group R on the decomposition of compounds 1g-1d is nearly the same., which strongly

'
~N

Fig.1: First-order rate constants, k(obs.).,
for the hydrolysis of 9-(1-alkoxyethyl)-
purines (1a-1d) in aqueous acid and buffer
solutions at 313.2 K. The jonfc strength
vas adjusted to 0.20 mol dm~3 with sodium
chloride. The data referring to lh were -3
taken from Ref. 16.
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suggests that both reactions procesd via very similar oxocarbenium ions, Yhe slightly
lower susceptibility in the hydrolysis of 9-(1-alkoxyethyl)purines may result from
the fact that the distance betwaen the oxygen bonded alkyl group and the site of pro-

Fig.2: Comparison of structural effects
in tﬁo ascidic hydrolysis of 9-(1-alkoxy-
ethyl)p*gines and reaction C of acyclic
acetals (see Scheme 2), Jhe rsla;i
ratg constants refer to [H } mol

Notation: (1) isopropyl. (if) eth-
yl. (iii) methyl and (iv) 2-chloroethyl
derivatives.
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Table 1:
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Rate and equilibrium constants for the partial reactions involved
Tn the acidic hydrolysis of é-substituted 9-(2-deoxy-B-D-er thro-penso-

furanosyl)purines (3a-3d) and their acyclic analogues (1!- d.ca-gg’ .-
Compd T/K -lg(51/nol dl—s _;1/dn3 /d 3 lol.1 8-1
1a 313.2 2.19 2.6 2.0

ik 313.2 2.12 0.72 0.78

1 313.2 2.06 0.21 0.25

1d 313.2 2.09 0.016 0.020

r{ 313.2 3.84 0.10 0.14

r{'] 313.2 3.7 0.20 0.19

2¢ 313.2 2.80 0.43 0.34

ed 313.2 1.21 0.33 0.35

23 323.2 3.50 0.017 0.026

2b 323.2 3.678 0.027 0.025

3¢ 323.2 1.94 0.16 0.13

34 323.2 1.30 0.067 0.063

2 k /K and k defined in Schese 1. For the experimental conditions see
tho logends o; gg 1, 3 and 4. - Dctorninod spectrophotometrically at
293.2 K and extrapolated to the temperatures indicated by sssuming that

the dependence of K, on T is similar to that_observed with 1?. For the
latter compound the values of -lg(K,/mol dm-3) were 2.1 S5, 2.13 and
2.09 at 283.2, 293.2. 303.2 and 313.2 K, respectively. = Taken from Ref. 2.

tonation is with ll'lﬂ larger than with acetals. As shown previously., the most basic
nitrogen atom in 9-substituted purines is !1.15

I1f the alkoxy group, OR, would depart in the rate-limiting stage., as depicted by
Route B in Scheme 1, k(obs.) could be expected to be relatively insensitive to the
polar nature of R, Electron-withdrawal by R, for example. would retard the pre-equi-
Librium protonation, but simultaneously the rupture of the €0 bond would be facili-
tated. In acetal hydrolysis these two influences almost cancel each other, the rel-
ative rate constants of resction D (Scheme 2) being 2.27, 1.21, 1 and 1.96, when R1
is isopropyl. ethyl. methyl and 2-chloroethyl, rospectivoly.13 The decomposition of
the cationic Schiff base cannot constitute the rate-limiting step for the disappssr-
ance of the starting materfal., because the departure of the alkoxy group, OR, must
be virtually irreversible in a dilute aqueous solution.

We have shown previously7 that k(obs.) for reaction A may be expressed by ean.
(1), where 51 and 52 are the rate constants for the unimolecular heterolyses of the
mono~- and di-protonated substrate, and 51 and 52 are the acidity constants of the

kKo [H'] ¢ k,[H*12
kCobs.) = < e 1)
KiK, ¢ [H ](5z + W'D

same species. When (h*) < 2051. [H*] is negligible compared to K5+ and eqn. 1)
can be replaced by eqn. (2). Substitution of the spectrophotometrically measured

+ -2
k [H*] + 2(w*)?
ktobs.) ¥ 2 2 2
Ky + [H']

values of 51 (Table 1) into the lLatter equation enables the determination of 51/51
and 52152 by the method of least-squares. The results obtained are Listed in Table
1. With each compound (1a-1g? studied the values of these quantities are of the
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same order of magnitude. In fact, this is equivalent to the observed linearity of
the pH-rate profiles. Since the consecutive acidity constants of protonated purines
are known to differ by a fector of 10".18 this means that the diprotonated sub-
strate is heterolyzed 10‘ times more readily than the monoprotonated one.

The rate constants., k(obs.), for the hydrolyses of 6-substituted 9-(1-alkoxy-
sthyl)purines (gg-¢g) and 9-(2-deoxy-B-p-erythro-pentofuranosyl)purines (3a-3g)
are also linearly related to the concentration of oxonium ion over the whole acid-
ity range studied (Fig. 3 and &4). With both series of compounds the influence of

X 2__a:X=N([H3)2 X \ 33_?)::((=::-'CH3)2
N N 2b: X= NH3 N/I > = )(:H 2
Q 2c: X= CH3 N 3¢ X=
N~ 2d: X= 3d: X= OCH3
' 2d: X= 0CHj3 HOR0 34
CH3CHO-CH oo 3o x- Ol
CH3 =" OH
< ¢
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Fig.3: First-order rate constants, k(obs.), Fig.4: First-order rate constants.

or the hydrolysis of 6-substituted 9-(1- k(obs.). for the hydrolysis of 6-
ethoxyethyl)purines (g!-i!) in aqueous acid substituted 9-~(2-deoxy-B-D-erythro-
and buffer solutions at 3.2 K. The jonic pentofuranosyl)purines (Jg-34 n
strength was adjusted to 0.20 mol dm~> with aqueous acid and buffer solutions at
sodfum chloride. The data referring to gb 323.2 K. The ionic strgngth was ad-
were taken from Ref. 17. Justed to 0.10 mol dm™° with sodium

chloride.

the 6-substituent on k(obs.) is only a moderate one. the electropositive and elec-
tronegstive groups being both rate-retarding. This is consistent with mechanism A.
Increasing electronegativity, for example, markedly retards the pre-equilibrium
protonation, as can be seen from the values of 51 given in Table 1. Simultaneously
the purine moiety, however, becomes a better leaving group. In other words, the
influences on the inftial protonation and rate-limiting heterolysis are opposite.
and may largely cancel each other. For compsrison, the hydrolysis rate of aryl
aldofuranosides, reacting via glycofuranosyl oxocarbenium fons., is virtually in-
dependent of the nature of polar substituents in the aglycon uoiety.19 Since dif-
ferent substituents at €6 exert almost identical effects on the reactivities of
9-(2-deoxy-B-DR-erythro-pentofuranosyl)purines and their acyclic counterparts (fig.
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Sy, ft appears reasonable to assume that the mechanism suggested for 9-(1-slkoxy-
ethyl)purines (1g-1d) may also be applied to the hydrolysis of 2°-deoxyribonuc-
leosides. It should also be noted that very similar structural effects have ear-
lier been observed in the acidic hydrolysis of 6~substituted purine ribonucleo-
sidos.7 The partial rate constants obtained by eqn. (2) for the decomposition

Fig.5: Comparison of structural effects
Th the acidic hydrolyses of 6-substituted
9-(2-deoxy-B-D-erythro~-pentofuranosyl)-
purines and 9-(T-ethoxyethyl)purines. .
The relative rate constants refer to [H ]
= 10-3 mol dm=3. Notation: (i) unsubsti-
tuted, (i{) 6-methoxy, (iii) 6-chloro,
(iv) 6-amino and (v) 6-dimethylamino -02+
derivatives. ’

ig k(rel., 3)

_0_1'._

l | 1
-04 -0.2 0
lg k(rel,2)

of compounds 2 and 3 are collected in Table 1. As with compounds ], the values of
51/51 and 52/52 are of the same order of magnitude., indicating that the influences
of the 6-substftuents on the reactions proceeding via mono- and di-cations are
similar. In consistence with mechanism A, no sign of anomerization was observed.
when the hydrolysis of 27-deoxyadenosine (3b) was followed by 1" NMR spectroscopy
(DZO' [D’] = 0,02 mot dn-s). The only signal detected in the snomeric proton re-
gion (6.0-7.5 ppm from 0SS) during the whole kinetic run was the anomeric proton
triplet of the starting material at 6.69.

The previous finding.zo according to which !6-bonzoyl-2’-deoxyadenosine is
hydrolyzed in a mixture of dioxan and aqueous hydrogen chloride (1:1 v/v, [H‘] =
0.2 mol du-s. T = 293 K) about B times more rapidly than 3b., is difficult to ex-
plain on the bases of the preceding discussion. Our preliminary kinetic measure-
ments confirm that !6-benzoylation of 3b really increases the rate of hydrolysis
by one order of magnitude at [H'] < 0.01 mol dn™>. However., at [H'] > 0.2 mol dm™>
the hydrolysis is accelerated by only a factor of 2, In other words., the exception-
ally large acceleration is observed under conditions where the reaction via the
monocation prevails. One might tentatively assume that the predominant monocation
of §6~benzoyl-2‘-deoxyadonosine is N7 protonated. and not N1 protonated as with 3b.
It should be noted that at present this explanation is only a hypothetical one.

EXPERIMENTAL

Materials. The preparation of 9-(1-alkoxyethyl)purinos16'21 (13-1d> and 6-sub-

stituted 9-(1-othoxyethyl)purines17'22'23 (ga-¢gg) has been described earlier.

2”-Deoxyadenosine (3h) and its !6-benzoyl derivative were commercial products

of Sigma Chemical Company. and they were employed as received. The other 9-(2-

deoxy-B-Q-erythro-pentofuranosyl)purines (3g.3g~-3g) used in kinetic measurements

were synthesized as follows.
6-Chloro-9-(2-deoxy-8-D-erythro-pentofuranosyl)purine (3g). 6-Chloro-9-(2-
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“deoxy-3.5—di-g-g-toluoyl-B-Q-crzthro-pontofuranoayl)purine (4, 0.2 9, 0.04 mmol),
prepared from 2-deoxy-3,5-di-0-toluoyl-D-er thro-pentofurlnosylchloridQZA and 6-
chloropurine according to Kazimierczuk et :i.. was hydrolyzed for 70 min at room
temperature in aqueous sodium hydroxide (200 c-s. 0.01 mol d.-S) containing 30 %
(v/v) methanol. The solution was neutralized with acetic acid and evaporated to
dryness under reduced pressure. The deprotected product was isolated by HPLC on a
Spherisorb RP-18 column (8x250 mm, 5 um) using a mixture of water and acetonitrile
(9476, v/v) as eluant., The compound obtained was chromatographically homogenous
(Lichrosorb RP-18, 10 um) and exhibited 1" NMR chemical shifts and UV absorption
maxima identical with those reported.26
!6.!6-Dinethyl-2‘-deoxyadenosine (3p). To a solution of 4 (1.52 g, 3 mmol) in
dioxan (5 cn3) 50 CI3 of aqueous dimethylamine (40 %) was added and the mixture was
stirred overnight. The solvent was removed under reduced pressure and the product
isolated by column chromatography on silica gel (Kieselgel G, Merck). 3a obtained
(81 8) exhibited 1n NMR chemical shifts and UV absorption maxima identical with
those reported.27

9-(2-Deoxy-B-D-erythro-pentofuranosyl)-6-methoxypurine (3gd). To a solution of
4 (1.01 g, 2 mmol) in dry methanol (20 ca>) 20 mmol (1.08 g) of sodium methoxide
was added. After 24 h at room temperature the solution was neutralized with concen-
trated aqueous hydrogen chloride at - S %. s cn3
vent was removed under reduced pressure. 3d isolated by column chromatography on
silica gel exhibited 1H NMR signals (DHSO-gé) at & 8.79 (s, 1H. HB), 8.54 (s, 14,
R2), 6.44 (£, J = 7.1 Hz, TH, H17), 4,45 (m, 1H, H37), 4,10 (3. 3H, Oc"3)' 3.89 (m,
TH, H&7), 3.56 (m, 2H, H57), 2.83 - 2.22 (m, 2H, H27). The UV absorption maxima in
methanol were 250 nm (pH 2), 248 nm (pH 7) and 248 nm (pH 13). The yield was 72 §&.

9-(2-Deoxy-B-D~erythro-pentofuranosyl)purine (3g). 3g was prepared from 2°-
deoxyadenosine via successive acetylation, reductive deamination and deacetylation.

as described by Nair and chanberlein.28 The product obtained (49 %) exhibited 1H
28

of pyridine was added and the sol-

NMR chemical shifts and UV absorption maxima identical with those reported.
Kinetic measurements. The hydrolyses were carried out in stoppered bottles immersed
in a water~bath, the temperature of which was kept constant within 0.1 K. The ali-

quots (0.5 c-3) withdrawn at suitable intervals were neutralized immediately with
aqueous sodium hydroxide. and their compositions were determined by HPLC (varian
5000 equipped with a UV-100 detector) on a reversed phase column (LiChrosorb RP-18,
4%x250 mm, 10 um), A mixture of acetonitrile and acetic acid buffer (0.025 mol d--B'
pH 4.3) was employed as an eluant. The initial substrate concentration was of the
order of 10—3 3

were used as reaction solutions. The ionic strength was adjusted with sodium chlo-

mol dm °, Aqueous hydrogen chloride and acetic and formic acid buffers

ride. The oxonium ion concentrations of the buffers were calculated on the bases of

29-31 The first-order rate constants were calculsted

the data reported in literature.
from the peak heights of the starting materials via the integrated first-order rate-~
law,

Acidity constants. The acidity constants for the monocations of the compounds in-

vestigated were obtained spectrophotometrically (Unicam 1700 spectrometer) as
16

described earlier.
T nmr measurements. The progress of the hydrolysis of Jh was followed in acidic 050

at 323 K by recording the spectrum of the reaction solution at suitable intervals on
a Jeol GX-400 spectrometer. The initial substrate concentration was about 0.05 mol

dn™> and the equilibrium concentration of oxonium ion about 0.02 mol dm >
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