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Simple Method for Fast Deprotection of Nucleosides by Triethylamine-Catalyzed
Methanolysis of Acetates in Aqueous Medium
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Este trabalho apresenta um método simples, rdpido e eficiente para a desacetilagdo de
ribonucleosideos acetilados, a partir de metanoélise catalisada por trietilamina em meio aquoso.
As transformacgdes assistidas por micro-ondas favoreceram sensivelmente a velocidade de reacio
e forneceram os nucleosideos desprotegidos em altos rendimentos e sob condigdes brandas. Além
de tolerar a presenca de diversos grupos funcionais e de fornecer produtos com alto grau de pureza,
esta nova metodologia utiliza reagentes de baixo custo e toxicidade.

A straightforward methodology for deacetylation of protected ribonucleosides was developed
based on triethylamine-catalyzed solvolysis in aqueous methanol. Reactions are completed in
a few minutes under microwave irradiation and the free nucleosides are obtained in high yield
after simple evaporation of volatiles. Other important features include the involvement of readily
available reagents and the compatibility with diverse functional groups, which make this process
very attractive for broad application.
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Introduction

Nucleosides and their analogues have been extensively
investigated due to their potential activity as antibiotics,
enzyme inhibitors, anticancer and antiviral agents.!**
Consequently, improved and abbreviated synthesis of
modified nucleosides from readily available precursors
is of considerable interest.”® However, nucleosides
are challenging synthetic substrates as they contain
several functionalized groups that must be chemically
differentiated for successful transformations. Therefore,
multi-step synthesis frequently requires the introduction of
protective groups and their subsequent removal.!%!3

Typical methods for removing the acetate groups
in acetylated nucleosides rely on the use of methanolic
ammonia,'*'® metal alkoxides,'®'® and hydrolytic enzymes,"
often in good yields. Although all of the above procedures
offer certain benefits, they also suffer from drawbacks such as
long reaction times, high costs, the use of unstable or noxious
reagents, harmful conditions, and the need for special safety
precautions, which represent major disadvantages due to
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environmental concerns. Also, the generation of non-volatile
by-products such as acetamide or alkaline salts from the
corresponding ammonolysis or alcoholysis of acetates
requires additional separation steps for complete product
purification. Therefore, the development of a simple catalytic
process for the fast and efficient cleavage of acetate groups
in acetylated nucleosides, including facilitated workup and
purification steps, is highly desirable.

Recently, we reported a general and environmentally
benign approach to the acetylation of ribonucleosides
using molecular sieves as the catalyst.”*?! We now present
a straightforward methodology for removal of O-acetyl
protective groups under a triethylamine-catalyzed
transesterification in aqueous methanol, which was
successfully applied to a diverse set of nucleosides. Some
mechanistic insights supported by NMR studies and control
reactions are also presented in order to rationalize the
observed results.

Results and Discussion

The development of a suitable method for the cleavage
of acetate groups in acetylated nucleosides should make
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use of reagents and catalysts that are not only inexpensive,
easily accessible and environmentally benign, but also
compatible with the restricted solubility of ribonucleosides
in common solvents, besides rendering simple workup
and purification steps. We envisaged that the combination
of triethylamine, methanol and water, which has been
employed in carbohydrate synthesis as a mild medium
for basic solvolysis of acetates,?>?* could be appropriately
adapted to fulfill the above requirements.

Therefore, 2°,3”,5’-tri-O-acetylinosine (1) was chosen
as the model substrate for the initial evaluation of several
reaction parameters (Scheme 1 and Table 1). Although the
solvolysis performed at room temperature was relatively
slow (entry 1), a complete conversion to the expected
inosine (1a) was achieved. Thus, 1a was isolated after an
operationally simple workup, consisting of evaporating
the solvents and by-products off followed by triturating
the residue with MeOH. On the other hand, raising the
temperature to 71 °C caused a dramatic diminution in
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Scheme 1. Solvolysis of 2°,3°,5’-tri-O-acetylinosine (1).

Table 1. Solvolysis of 2°,3”,5’-tri-O-acetylinosine (1)*
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time and 1a was obtained in near quantitative yield after
30 min (entry 2). Remarkably, when the solvolysis was
conducted under microwave irradiation® in a monomode
reactor, complete conversion to 1a was observed after a
very short time (compare entries 3 and 4). Therefore, we
decided to explore the microwave-assisted cleavage of
acetate groups in greater depth. Reduced amounts of base
and solvents (entry 5) also enabled the formation of product
1a, although in lower yield due to incomplete conversion.
In fact, analysis of the crude reaction mixture by '"H NMR,
as well as data from the literature,” supported the formation
of 5’-0O-acetylinosine (1b) in small amounts (5-10%) due
to partial deprotection (vide infra). The reluctance of the
acetate group in the primary 5’-position to participate in
the base-promoted solvolysis of acetylated ribonucleosides
may be related to the weaker acidity of the corresponding
5’-hydroxy group compared with secondary alcohols in
the 2’- and 3’-positions,'® and also to any possible sterical
hindrance caused by the purine moiety.
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Entry Et,N/equiv. H,0/mL MeOH / mL T/ (°C) time / min Yield 1a/ (%)°
1 7 2 2 25 360 97

2 7 2 2 71¢ 30 96

3 7 2 2 71¢ 8 98

4 7 2 2 71¢ 8 59¢

5 35 1 1 71¢ 8 87¢

6 0 2 2 714 8 <5¢

7 7 0 2 71¢ 8 <10¢

8 7 2 0 71¢ 8 92

9 2 2 0 714 8 <30¢

1 mmol of nucleoside 1 was employed as the substrate in each case. "Isolated yields after trituration with MeOH. “Conventional oil bath was used as the
heat source. ‘Maximum temperature displayed on the microwave reactor; total reaction time after pulsed irradiations of 2-3 min (does not include the ramp
period of 1 min). “Incomplete conversion to the product 1a, determined by '"H NMR integration (400 MHz, DMSO-d, ).
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The influence of Et,N in the reaction outcome is evident
in entry 6, wherein the absence of the catalyst precluded
solvolysis almost completely. While the presence of water
was also crucial to achieving satisfactory results (entry 7),
the absence of methanol did not affect the rate significantly
(entry 8). However, the use of water as the sole solvent
caused the unavoidable generation of acetic acid and
triethylammonium acetate as non-volatile by-products,
which required additional steps to afford purification of
the nucleoside 1a. Furthermore, when a limited amount
of Et,N was employed in conjunction with water (in the
absence of methanol, entry 9), a very slow conversion to
1a was observed due to partial catalyst inactivation by the
acetic acid that was formed from the hydrolytic cleavage
of the acetate groups.

On the other hand, the judicious inclusion of MeOH
in the reaction medium led to a great simplification in
the workup due to generation of methyl acetate as the by-
product, which can be easily separated out (together with
excess reactants and solvents) by simple distillation using
a rotary evaporator. The presence of methyl acetate was
confirmed after analysis of the crude distillate by '"H NMR,
wherein the two characteristic methyl singlets were found
at 2.00 and 3.57 ppm, along with the expected signals for
Et,N [0 0.93 (t,J 7.2 Hz, 9H), 2.43 (q, J 7.2 Hz, 6H)] and
MeOH [0 3.17 (s, 3H), 4.11 (brs, 1H)].*"*

A more complete depiction of the reaction profile was
achieved by running the solvolysis of 1 directly in the
NMR tube at room temperature. The substrate conversion
to intermediates and product was periodically monitored
by analysis of '"H NMR integration (Figure 1). Besides the
anticipated intermediacy of 5’-O-acetylinosine (1b), the
NMR experiment revealed the competitive formation of
transient 2°,3’-di-O-acetylinosine (1¢)® in the early stages
(Scheme 1). Further cleavage of the remaining acetate
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Figure 1. Reaction profile for Et,N-catalyzed solvolysis of 1 in 1:1
CD,0OD/D,0 (determined by 'H NMR integration, 400 MHz).
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groups in both 1b and 1c resulted in the formation of the
final deprotected product 1a in quantitative yield.

The extension to which solvolysis of acetate groups
occurred through attack of methanol-d, to give methyl-d,
acetate (AcOCD,) was evaluated by monitoring the intensity
of its acetyl singlet at 2.04 ppm. The experimental results
showed an expressive presence of AcOCD, throughout
the course of the reaction, in 88-97% of the theoretical
yield expected if all three acetate groups in 1 were solely
cleaved by methanol. A small amount of acetic acid-d,
(AcOD) was also slowly accumulated as a by-product,
reaching ca. 7% at the end of reaction. This is probably due
to a partial hydrolysis of AcOCD, in the reaction medium
rather than a competitive solvolysis of substrate 1 by water,
as evidenced in the relative diminution of the AcOCD,
signal at 2.04 ppm compared with the singlet at 1.89 ppm
related to AcOD. Therefore, it can be concluded that the
cleavage of acetate groups in 1 occurs mainly through a
process whereby either methanol or methoxide, generated
from in situ deprotonation, is the active nucleophile that
attacks the ester carbonyl group to form intermediates
that ultimately collapse to release methyl acetate and the
deprotected nucleoside 1a. While the contribution of water
in a competitive hydrolytic pathway seems improbable due
to the negligible formation of AcOH, the participation of
H,0O in the catalytic process is likely to be decisive because
the solvolysis did not attain satisfactory conversions in the
sole presence of Et,N in methanol (Table 1, entry 7).

In spite of the many intricate features involved in ester
solvolysis, we tentatively propose a plausible mechanism
that is consistent with the observed results (Scheme 2).
The formation of a tetrahedral intermediate A would be
achieved via a nucleophilic attack on the carbonyl carbon
by a methanol molecule, with assistance by water, which
in turn is simultaneously deprotonated by triethylamine.
Also, stabilization of the tetrahedral intermediate A by
protonated Et.N and the subsequent release of AcOCH, and
free nucleoside (R-OH) could be mediated by the catalyst.
Although the detailed outcome of the above reaction
remains to be fully clarified, the involvement of these types
of bridging protons is related to the mechanism proposed by
Marlier for the alkaline hydrolysis of carboxylic esters.**
It is also worth noting that this transformation is highly
dependent on the alcohol chosen as the solvolytic agent. By
replacing MeOH with EtOH, a very slow conversion (< 50%)
was observed under similar conditions, which might be
associated with the lower acidity of ethanol compared to
methanol disrupting the proposed molecular organization.

In order to extend this simple method of deprotection
to other acetylated ribonucleosides, a diverse set of
purinic and pyrimidinic analogs was submitted to mild
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Scheme 2. Proposed mechanism for the cleavage of acetate groups.

methanolysis under microwave irradiation (Table 2).
For an approximate experimental comparison,*® parallel
reactions were performed under conventional heating
(oil bath). Variations in the amount of Et,N (Condition
A: 7 equiv.; Condition B: 3.5 equiv.) were also evaluated
due to distinctive substrate reactivity (vide infra). Both
conditions proved to be effective for the cleavage of the
acetate groups, but Condition A typically led to faster
conversions and higher yields. The overall results also
confirmed that microwave-assisted solvolysis was more
efficient than the corresponding transformations using an
oil bath. In all cases, deprotected products were obtained in
pure form and in good to excellent yields after very short
time periods (4-18 min) at 71 °C (50 W).

The presence of reactive functional groups is well
tolerated, demonstrating that the transesterification occurs

under mild conditions. Nevertheless, the reaction profile
is substrate-dependent. Besides the lower rate observed
for 8-bromo derivative 3 (Table 2, entry 3), the most
significant negative effect was the relative resistance to
solvolysis shown by 5’-O-acetylnucleosides bearing the
2’,3’-0O-isopropylidene group (entries 8-10). In the case
of 5’-0-acetyl-2’°,3’-O-isopropylideneadenosine (entry
11), the presence of the 2°,3’-O-protecting group does
not seem to severely restrict ester cleavage, which can be
accomplished after 6 min in excellent yield (Scheme 3).
However, even faster rates were observed for the solvolysis
of 5’-0-acetyladenosine®* (12) bearing free hydroxyl
groups at the 2’- and 3’-positions (entry 12). In this case,
conversions higher than 95% were observed after 4 min,
although some difficulties in product purification resulted
in reduced experimental yields.
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Scheme 3. Influence of 2’,3’-O-isopropylidene group in the solvolysis of acetylated derivatives of adenosine.
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Table 2. Methanolysis of acetylated nucleosides promoted by Et,N in aqueous methanol: microwave versus conventional heating

. L Oil Bath® Microwave®
Entry Protected Nucleoside Product Condition® - - - - - -
time / min Yield / (%)* time / min Yield / (%)*
N9
#
4 la A 30 96 8 98
AcO o N ~ NH
! N v Inosine B 30 95 8 81
AcO  OAc
4 2a A 80 80 8 89
o o_N NH
2 e /\g N:<NH Guanosine
A0 OAc 2
Br_N o}
\(,
o N—/ 3a A - - 16 90
3 ACO/\g N#NH 8-Bromoguanosine
AcO  OAc 2
/N 0
2 4a A - - 8 85
ACO o N NH
4 Oy WX, Xanthosine B 45 60 10 86
A0  OAc
_N SH
a Sa A - - 10 95
AcO o N N
5 NN 6-Thioinosine B - - 10 90
A0 OAc
NHAC
(/—\<
6 o N «N 6a A 45 92 4 85
20N Cytidine B - - 4 83
AcO  OAc
o}
[ v 7a A 40 91 8 93
N
7 ACO/\G’ «o Uridine
A0 ©OAc
o]
/&NH 8 A 60 90 16 92
Ao\ O N a
8 i /\Q/ 0 Isopropylideneuridine
o_0
A
_N_ 0O
=
o N~ W
9 ACO/\Q/ - 9a 4 o A 60 90 16 88
i » Isopropylideneinosine B - - 18 85
X
/N 0
o N~ \H
10 AcO/\g N=( 10a ‘ ‘ A - - 14 86
i 5 NHAC Isopropylideneguanosine B - - 16 80
A
_N NH,
A0\ © n-d 11a A - - 6 95
11 Y v . .
i o Isopropylideneadenosine B - - 8 80
A
_N NHz
/N 12a A - - 4 75
Ao\ O N N
12 © /\Q, N= Adenosine B - - 4 60

HO  OH

“Conventional oil bath was used as the heat source (maximum temperature of the oil bath: 71 °C). *Total reaction time after pulsed irradiations of 2-3 min
(does not include the ramp period of 1 min). Maximum power programmed in the microwave reactor: 50 W. Maximum temperature displayed on the
microwave reactor: 71 °C. <1 mmol of nucleoside 1-12 was employed as the substrate in each case. Condition A: Et,N (7.0 mmol), MeOH (2.0 mL), H,0
(2.0 mL), 71 °C; Condition B: EtN (3.5 mmol), MeOH (1.0 mL), H20 (1.0 mL), 71 °C. “Isolated yields.
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Particularly interesting results were found by exploring
the microwave-assisted solvolysis of tetraacetylcytidine 6
with variable amounts of Et,N at 70 °C (Table 3, entries
1-5). As expected, conversion to fully deprotected cytidine
(6a) was dependent on the concentration of the catalyst
being used. Conversions of 96% and above were achieved
with 2-7 equiv. of Et,N in only 4 min, although limited
quantities of the catalyst are also effective for as long as
the reaction time is prolonged (entry 6). Most importantly,
these results reinforce the catalytic nature of Et,N in this
process.

Table 3. Solvolysis of 4-N-acetyl-2°,3’,5’-tri-O-acetylcytidine (6) at 71 °C*

Entry Et,N/ equiv. time / min® Conversion
to 6a /(%)°

1 7 4 >99

2 35 4 98

3 2.0 4 96

4 1.0 4 85

5 0.5 4 37

6 0.5 124 88

‘Nucleoside 6 (1.0 mmol), MeOH (1.0 mL) and H,O (1.0 mL) were
employed in each case. "Total reaction time after single-pulsed irradiation
of 4 min (does not include the ramp period of 1 min). ‘Determined by
'H NMR integration (400 MHz, DMSO-d,). 9Total reaction time after
pulsed irradiations of 2-3 min (does not include the ramp period of 1 min).

To further demonstrate the synthetic applicability of
this simple and fast method for deprotection of nucleosides,
we developed an efficient route to convert inosine (la)
into 6-mercapto-9-f-D-ribofuranosylpurine (6-thioinosine,
Sa), a key precursor for sulfur-containing nucleosides of

HO OH b5a

J. Braz. Chem. Soc.

biological relevance®*¢ (Scheme 4). Initial protection
of 1a was accomplished in high yield by peracetylation
with Ac,O under heterogeneous catalysis as previously
reported.? Triacetylinosine 1 was then chlorinated®” with
the Vilsmeier reagent (SOCL/DMF) in CHCI, and the
resulting 6-chlorinated adduct was directed treated with
thiourea in ethanol to give 2°,3”,5’-tri-O-acetylthioinosine
(5) in 81% yield for the two steps. Finally, the microwave-
assisted solvolysis of 5 using Et,N in aqueous methanol
(Table 2, entry 5) furnished thioinosine in high yield (70%
overall yield from 1a). When this transformation was
carried out at room temperature, the reaction outcome was
the same and the expected product Sa was also obtained
in excellent yield (96%), although a prolonged time of 6 h
was required. It is important to compare the above results
with a previously reported solvolysis of 5 in methanolic
ammonia, which gave 5a in a modest 30% yield after
24 h at room temperature.'* Therefore, the Et,N-catalyzed
process presented herein is much more reliable for general
application involving cleavage of acetate groups.

Conclusions

In conclusion, we present herein a simple and efficient
microwave-assisted methanolysis of acetate groups in
protected nucleosides under catalysis of Et,N. Besides
the low cost, excellent yields, fast reactions and high
compatibility with a wide range of sensitive substrates,
other important features of this transesterification include
the involvement of readily available reagents and simple
operations that make this methodology very attractive for
broad application in nucleoside chemistry.

a: Ac,O, molecular sieves (91%, ref 20); b: i) SOCl,, DMF, CHCI3, A, 3 h;
ii) (NH2)oC=S, EtOH, A, 1 h (81%, 2 steps); c: Table 2, entry 5 (95%).

Scheme 4. Synthesis of 6-thioinosine (5a) from inosine (1a).
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Experimental

General procedure for the solvolysis of acetylated
nucleosides

Microwave reactions were performed in 10 mL sealed
tubes in a commercially available monomode reactor
(CEM Discover) with IR temperature monitoring and a
non-invasive pressure transducer. In a typical procedure
(Condition A), acetylated nucleosides 1-12 (1.0 mmol),
MeOH (2.0 mL), water (2.0 mL) and Et,N (7.0 mmol)
were placed in a 10 mL glass tube. The vessel was then
sealed with a septum, placed into the microwave cavity and
irradiated with a maximum power of 50 W under stirring.
Substrate consumption was monitored by TLC (AcOEt/
MeOH 4:1) Total reaction times presented in Tables 1-3
refer to pulsed irradiations of 2-3 min with pre-set ramp
periods of 1 min. After allowing the mixture to cool to rt,
the vessel was opened and the contents were concentrated
under reduced pressure. The resulting residue was triturated
with MeOH and filtered to give a white solid in high purity.
All nucleoside derivatives were characterized by matching
their spectral data with those in the literature.

Preparation of 6-thioinosine (5a)

White solid; mp 202-203 °C (lit.: 208-210 °C;"
209-211°C¥); IR (KBr) v, /cm™: 3370 (OH), 2654 (SH),
1601 (C=N), 1062 (C-0); 'H NMR (400 MHz, DMSO-d,):
0 3.51-3.67 (m, 2H, H-5"), 3.93 (m, 1H, H-4"), 4.12 (ddd,
J4.4,4.6,48 Hz, 1H, H-3"), 4.44 (ddd, J 4.6,5.2, 5.6 Hz,
1H, H-2"), 5.05 (brs, 1H, OH), 5.20 (brs, 1H, OH), 5.50
(brs, 1H, OH), 5.88 (d, J 5.6 Hz, 1H, H-1"), 8.20 (s, 1H,
H-8), 8.52 (s, 1H, H-2); Anal. Calc. for C,;H ,N,O,S (%):

C,42.25;H,4.25; N, 19.71; S, 11.28. Found: C, 42.52; H,
4.44; N, 19.50; S, 10.87.

Preparation of 5’-O-acetyladenosine (12)

5’-0-Acetyl-2’,3’-O-isopropylideneadenosine (11;
1 mmol) was added to a 10% (v/v) aqueous solution of HOAc
(20 mL) and the reaction was stirred at 90 °C for 4 h. The final
mixture was cooled to rt, concentrated under vacuum and
co-evaporated with EtOH twice. The solid residue obtained
was purified by recrystallization with CH,Cl, to give 12 in
78% yield; mp 135-137 °C (lit.: 132-133°C;* 131-132°C*).
Spectral data for 12 are in accordance with its expected
structure and by comparison with literature.?3*
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