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Readily available proline derivatives can be transformed in
one step into β-iodinated iminosugar-based nucleosides, un-
der very mild conditions. The method couples a tandem radi-
cal decarboxylation–oxidation–β-iodination to the addition of

Introduction

The structural modification of nucleosides and nucleo-
tides has allowed the discovery of new antiviral, antibiotic,
antitumoral, and antifungal agents.[1] In the iminosugar-
based nucleosides, the furanose ring is replaced by nitrogen
heterocycles; some examples are N-acetylazathymidine
(1),[2] which was incorporated to oligonucleotides to reduce
their degradation by 3�-exonucleases, and immucilin-H
(2),[3] which prevents the uncontrolled proliferation of T-
cells. Furthermore, some alkaloids resemble iminosugar-
based C-nucleosides, such as codonopsin (3),[4] isolated
from roots of Codonopsis sp, which has hypotensive activity
without any effect on the central nervous system (Figure 1).

Figure 1. Bioactive iminosugar-based nucleosides.
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nitrogen bases. The iodo group is introduced into the pre-
viously unfunctionalized 3-position. The resultant β-iodo de-
rivatives are useful precursors of highly functionalized
nucleoside analogues.

Due to their interesting biological properties, the synthe-
sis of these nucleoside analogues and related alkaloids has
received the attention of many research groups.[5] We rea-
soned that in order to prepare a diversity of highly func-
tionalized derivatives, the β-iodo compounds 4 could be
used as precursors, because the iodo group can be elimin-
ated or replaced by many other functional groups.

In a previous work, we reported the tandem radical de-
carboxylation–oxidation of proline derivatives 5a and 5b
(Scheme 1) to give the acyliminium ion 6, which was

Scheme 1. One-pot conversion of proline derivatives into imino-
sugar-based nucleosides.
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trapped by nitrogen bases to afford the nucleoside ana-
logues 7.[6] The one-pot process took place in high yields
under very mild conditions.

In this article, we report a variation of the process that
allows iodination of the previously unfunctionalized 3-posi-
tion,[7] giving the acyliminium intermediate 8,[8,9] which re-
acts with nitrogen bases to give the iodinated iminosugar-
based nucleosides 9. We also report the conversion of these
products into other 2,3,4-substituted nucleoside derivatives
and into tricyclic systems.

Results and Discussion

Development of the Radical Scission–Oxidation–
β-Iodination–Addition of Nitrogen Base Process

The process was initially studied with proline methyl
carbamate 10[10] (Scheme 2), which was treated with (di-
acetoxyiodo)benzene (DIB, also called BAIB) and iodine
under irradiation with visible light.[11] A radical decarboxyl-
ation ensued, generating a 2-pyrrolidinyl radical, which was
readily oxidized to the iminium ion 11.[8] This intermediate
isomerized to the encarbamate 12,[7] which, in the presence
of excess iodine, was halogenated to generate a second acyl-
iminium ion 13.[12] This ion was trapped by the nucleophile
bis(trimethylsilyl)fluorouracil,[13] yielding the iodinated 2,3-
trans-nucleoside analogue 14; the 2,3-cis-isomer was not de-
tected. Product 14 was isolated in 50% yield and, therefore,
each of the steps involved in the sequence took place in
excellent yield.

Scheme 2. One-pot conversion of proline derivative 10 into the
iodinated iminosugar-based nucleoside 14.

The process was also studied with trimethylsilyl-benzotri-
azole, because several triazolyl nucleosides are potent cyto-
toxic, antiviral, and fungicide agents.[14] Several reaction
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conditions were assessed, and the best results were obtained
with dichloromethane as solvent, and 1 equiv. of iodine (ex-
cess halogen gave complex product mixtures). Thus, the
one-pot process afforded three isomeric nucleoside ana-
logues 15–17 (Scheme 3) in good global yield (66 %). The
major product was the 2,3-trans-diastereoisomer (�)-15
(48%), which was obtained along with the 2-benzotriazole
isomer (�)-16 (7%). In this reaction, the 2,3-cis product
(�)-17 (11 %) was also isolated.

Scheme 3. One-pot conversion of proline derivative 10 into the
iodinated nucleoside analogues 15–17.

The process also worked with the purine bases trimethyl-
silyl-chloropurine and trimethylsilyl-benzyloxypurine
(Scheme 4). In these cases, the best results were obtained
when the intermediate acyliminium ion was trapped with
methanol to give (�)-18,[7b] followed by solvent removal
and replacement with acetonitrile. After addition of the si-
lylated base and the Lewis acid at 0 °C, separable mixtures
of non-halogenated and iodinated products were obtained.

In the case of the chloropurine derivatives, the non-halo-
genated product (�)-19 (11%)[6] and the desired 2,3-trans-
3-iodo-nucleoside analogue (�)-20 (47%) were readily sepa-
rated. The chloro group in 6-chloropurine can be replaced
by other groups (amino, aryl, or alkyl, etc) using spn–spn

couplings, radical reactions, etc.,[15] which allows the forma-
tion of libraries of nucleoside derivatives. Moreover, the in-
troduction of a halogen often results in interesting bio-
logical activities.[1g]

In a similar manner, the reaction with trimethylsilyl-
benzyloxypurine gave the non-iodinated derivative (�)-21
(10 %)[6] and the desired β-iodo-nucleoside analogue (�)-22
(40%).

The manipulation of the iodo group introduced on C-3
is particularly interesting because it allows the preparation
of a range of nucleoside derivatives. Thus, dehalogenation
could afford analogues of unsaturated antiviral drugs such
as abacavir or stavudine.[1,16] These unsaturated analogues
could be further functionalized by dihydroxylation, amino-
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Scheme 4. One-pot conversion of proline derivative 10 into the imino-
sugar-based nucleosides 19–22.

hydroxylation, or epoxidation followed by addition of nu-
cleophiles, etc.[17]

The iodo group can also be replaced by other functions,
as shown in Scheme 5 (conversions 14, 23–25 � 26–29).
Thus, by treatment of pure β-iodo derivative 14 with meth-
anolic KOH, an intramolecular SN2 reaction took place,
yielding the tricyclic compound 26[18] in 73% yield (37%
from proline substrate 10).

Scheme 5. One-pot conversion of proline derivative 10 into tricyclic
compounds. a Intermediates 14, 23–25 were not isolated, but trans-
formed directly into products 26–29, respectively.

A simplified scission–β-iodination–base addition–cycli-
zation process was then developed in which the β-iodo-nu-
cleoside analogue 14 was not purified. Thus, the proline
derivative 10 underwent the usual scission and addition of
the nitrogen base, followed by aqueous work-up and solvent
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evaporation, yielding a residue, which was treated with
methanolic KOH, affording product 26. The yield obtained
in the simplified process (55 %) was superior to the global
yield of the two-step method (37%).

The simplified methodology also allowed preparation of
the crude β-iodo-iminosugar-based nucleosides 23–25, de-
rived from iodouracil, thymine, and uracil, respectively.
These crude products were cyclized to give compounds 27
(50%), 28 (54 %), and 29 (57%), respectively. To the best
of our knowledge, only one example of a related tricyclic
azacompound has been reported.[18a] In this manner, a sim-
ple amino acid derivative (substrate 10) was readily con-
verted into complex tricyclic systems in good global yields,
in a short period of time, while avoiding the purification of
reaction intermediates.

When the 4R-acetoxy proline derivative 30 (Scheme 6)
was used as the substrate, and bis(trimethylsilyl)fluorouracil
as the base, the reaction afforded the all-trans compound
33 as the major product (51 %). Interestingly, the all-cis
product 34 was obtained as the minor product (15%),[19] a
result which can be explained by using Woerpel’s model for
the addition of nucleophiles to cyclic iminium (or oxycarb-
enium) ions.[20]

Scheme 6. One-pot conversion of hydroxyproline derivative 30 into
β-iodo-nucleoside analogues 33 and 34, and an explanation of the
stereoselectivity of the process.

Thus, the possible acyliminium intermediates 31 or 32
adopt envelope conformations in which the benzyloxy
group is in a pseudoaxial position, allowing stabilizing elec-
trostatic interactions between the oxygen lone electron pairs
and the iminium ion.
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The silylated base adds preferentially from the inner face

because, in the resultant staggered structure, the substitu-
ents at C-2 and C-3 are not eclipsed. Moreover, in the case
of intermediate 31, addition from the inner face also avoids
repulsive interactions with the iodo group. In the case of
intermediate 32, the halogen is in a pseudoequatorial posi-
tion, and the interactions with the entering base are small.

In contrast, addition of the nucleophile from the outer
face of intermediates 31 and 32 is disfavored: in this case
the initially-formed trans product presents strong eclipsing
interactions between the substituents at C-2 and C-3.[6,20]

Due to this effect, the all-cis pyrrolidine 34 is formed in
spite of the steric hindrance posed by the iodo group once
the initially-formed trans product equilibrates to its other
conformations.

When the pure 4-acetoxy derivative 33 was treated under
basic conditions (methanolic KOH) the acetate was hy-
drolyzed (Scheme 7), and then an intramolecular SN2 took
place to give the epoxide 38 in 75% yield (38% from proline
substrate 30). When the simplified decarboxylation–base
addition–cyclization process was applied to the proline de-
rivative 30, the yield of epoxide 38 was notably increased
(50 %). In a similar manner, proline 30 was transformed
into the epoxides 39 (53%), 40 (53%), and 41 (51 %). In
preliminary screenings, the epoxy derivatives 38–40 dis-
played promising antifungal activity, which is currently un-
der study.

Scheme 7. One-pot conversion of hydroxyproline derivative 30 into
tricyclic iminosugar-based nucleosides 38–41. [a] Intermediates 35–
37 were not isolated, but transformed directly into products 39–41,
respectively.

The epoxides can be valuable precursors of a variety of
nucleoside analogues (Scheme 8).[21] For instance, by cleav-
age of epoxide 38 with sodium azide, the regioisomers 42
and 43 were isolated in good yield (75 %), albeit as an in-
separable mixture (42/43, 4:1). When thiophenol was used
as the nucleophile, epoxide 38 underwent ring opening to
give the nucleoside analogues 44 (37%) and 45 (13%).
Therefore, from readily available amino acids, a library of
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highly functionalized iminosugar-based nucleosides can be
prepared in a few steps, which can enable structure–bio-
logical activity relationships to be studied.[22]

Scheme 8. Transformation of epoxy derivative 38 into a range of
2,3,4-substituted nucleoside analogues 42–45.

Conclusions

Readily available proline derivatives can be directly trans-
formed into β-iodinated iminosugar-based nucleosides by
using a radical scission–oxidation–β-iodination–addition of
nitrogen base process. The introduction of an iodo group
in a previously unfunctionalized position is remarkable, and
allows further derivatization of the products. Thus, by using
an intramolecular SN2 reaction, epoxy and other tricyclic
nucleoside analogues were obtained in good global yields.
The epoxy derivatives, which display interesting antifungal
activities, were useful precursors of highly functionalized
compounds bearing oxygen, nitrogen, and sulfur function-
alities. In this manner, by using simple proline precursors,
a library of nucleoside analogues can be prepared efficiently
in very few steps.

Experimental Section
Preparation of Trimethylsilyl Derivatives of the Nitrogen Bases:
Some trimethylsilyl derivatives from the nitrogen bases are com-
mercially available, but use of these products gave variable yields.
However, the reagents can be readily prepared by treatment of the
bases (0.4 mmol) with N,O-bis(trimethylsilyl)acetamide (297 μL,
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244 mg, 1.2 mmol) under nitrogen. The mixture was heated to
130 °C and stirred for 1 h, then was cooled to 26 °C and anhydrous
toluene (1 mL) was added. The volatiles were removed under vac-
uum, and the operation was repeated twice. The silylated bases
were used in the next step without further purification.

General Procedures for the One-Pot β-Scission–β-Iodination–Base
Addition Process

Method A (for Pyrimidine Bases): To a solution of l-proline methyl
carbamate 10 (35 mg, 0.2 mmol) or 4-acetoxyproline methyl carb-
amate 30 (46 mg, 0.2 mmol) in anhydrous CH3CN, were added
DIB (129 mg, 0.4 mmol) and iodine (102 mg, 0.4 mmol). The mix-
ture was stirred at 26 °C under irradiation with visible light (80-W
tungsten-filament lamp) for 3 h, then cooled to 0 °C and the freshly
prepared silylated base (0.4 mmol) was added dropwise, followed
by BF3·OEt2 (57 mg, 50 μL, 0.4 mmol). The mixture was allowed
to reach room temp. and stirring was continued for 1 h. The solu-
tion was poured into into 10% aqueous sodium thiosulfate and
saturated aqueous NaHCO3 (1:1) and extracted with dichlorometh-
ane. The organic layer was dried (Na2SO4), filtered and the solvents
evaporated under vacuum. The residue was purified by chromatog-
raphy on silica gel (hexanes/EtOAc), affording the β-iodo-nucleo-
side analogues.

Method B (for Benzotriazole): Similar to Method A, but using an-
hydrous CH2Cl2 (4 mL) as solvent and only 1 equiv. of iodine
(51 mg, 0.2 mmol).

Method C (for Purine Bases): Similar to Method A, but the scission
was carried out in anhydrous CH2Cl2 heated to reflux. After 2 h,
the reaction mixture was cooled to r.t. (25 °C) and anhydrous meth-
anol was added (0.25 mL). Stirring was continued for 0.5 h and
then the solvent was removed under vacuum and the residue was
redissolved in anhydrous CH3CN, cooled to 0 °C, and treated with
the silylated base (0.4 mmol) and BF3·OEt2 (0.4 mmol) as described
in Method A. Usual work-up and purification by chromatography
on silica gel (hexanes/EtOAc), afforded the β-iodo-nucleoside ana-
logues.

5-Fluoro-1-[(2R*,3S*)-3-iodo-N-(methoxycarbonyl)-2-pyrrolidinyl]-
uracil (14): Obtained from proline methyl carbamate 10 and bis(tri-
methylsilyl)-5-fluorouracil according to Method A (38.5 mg, 50%).
Two rotamers at 26 °C (2:1), one rotamer at 70 °C; crystalline solid;
m.p. 246–249 °C (from MeOH, decomposition). IR (film): ν̃ =
3547, 3378, 1713, 1664, 1259, 1177 cm–1. 1H NMR (500 MHz,
CD3OD, 70 °C): δ = 2.22 (m, 1 H), 2.27 (m, 1 H), 3.72–3.87 (m, 5
H), 4.55 (br. band; d, J = 4.5 Hz at 26 °C, 1 H), 6.09 (br. s, 1 H),
7.71 (d, JF,H = 6.4 Hz, 1 H) ppm. 13C NMR (125.7 MHz, CD3OD,
26 °C): major rotamer δ = 24.5 (CH), 34.9 (CH2), 47.5 (CH2), 54.1
(CH3), 81.7 (CH), 125.5 (CH, d, JC,F = 34.7 Hz), 141.4 (C, d, JC,F

= 234.3 Hz), 150.7 (C), 156.8 (C), 159.4 (C, d, JC,F = 26.0 Hz);
minor rotamer δ = 25.1 (CH), 33.1 (CH2), 47.6 (CH2), 54.1 (CH3),
81.0 (CH), 125.5 (CH, d, JC,F = 34.7 Hz), 141.4 (C, d, JC,F =
234.3 Hz), 150.7 (C), 156.8 (C), 159.4 (C, d, JC,F = 26.0 Hz) ppm.
MS (EI): m/z (%) = 352 (1) [M+ – OMe], 254 (89) [M+ + H – 5-
fluorouracil], 127 (100) [M+ + H – (5-fluorouracil + I)]. HRMS:
calcd. for C9H8FIN3O3 351.9594; found 351.9581; calcd. for
C6H9NO2 127.0633; found 127.0629. C10H11FIN3O4 (383.12):
calcd. C 31.35, H 2.89, N 10.97; found C 31.54, H 2.96, N 10.77.

1-[(2R*,3S*)-3-Iodo-N-(methoxycarbonyl)-2-pyrrolidinyl]benzotri-
azole (15), 2-[(2R*,3S*)-3-Iodo-N-(methoxycarbonyl)-2-pyrrolidinyl-
]benzotriazole (16), and 1-[(2R*,3R*)-3-Iodo-N-(methoxycarbonyl)-
2-pyrrolidinyl]benzotriazole (17): Obtained from proline methyl
carbamate 10 and (trimethylsilyl)benzotriazole according to
Method B. The reaction mixture was purified by chromatography
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(hexanes/EtOAc, 8:2 then 6:4), yielding the 2,3-trans product (�)-
15 (36 mg, 48%), its regioisomer (�)-16 (5 mg, 7 %), and the 2,3-
cis product (�)-17 (8.3 mg, 11%).

Compound (�)-15: Colorless oil; two rotamers at 26 °C (5:2), one
rotamer at 70 °C. IR (CDCl3): ν̃ = 3095, 1707, 1614, 1591, 1132,
1075 cm–1. 1H NMR (C6D6, 500 MHz): major rotamer δ = 1.71
(dd, J = 6.7, 14.8 Hz, 1 H), 2.81 (m, 1 H), 3.19 (s, 3 H), 3.37 (dd,
J = 9.0, 9.6 Hz, 1 H), 3.58 (m, 1 H), 4.02 (d, J = 5.2 Hz, 1 H), 6.73
(s, 1 H), 6.92 (dd, J = 7.6, 7.7 Hz, 1 H), 7.05 (dd, J = 7.6, 7.6 Hz,
1 H), 7.59 (d, J = 8.1 Hz, 1 H), 7.89 (d, J = 8.6 Hz, 1 H); minor
rotamer δ = 1.54 (dd, J = 6.2, 14.3 Hz, 1 H), 2.30 (m, 1 H), 3.01
(s, 3 H), 3.64 (m, 1 H), 3.75–3.82 (m, 2 H), 6.54 (s, 1 H), 6.92 (dd,
J = 7.6, 7.7 Hz, 1 H), 6.97 (d, J = 8.6 Hz, 1 H), 7.01 (dd, J = 6.7,
7.7 Hz, 1 H), 7.91 (d, J = 8.3 Hz, 1 H) ppm. 13C NMR (C6D6,
125.7 MHz): major rotamer δ = 24.5 (CH), 36.4 (CH2), 45.7 (CH2),
52.6 (CH3), 79.6 (CH), 110.9 (CH), 119.9 (CH), 124.1 (CH), 127.7
(CH), 133.3 (C), 146.1 (C), 155.4 (C); minor rotamer δ = 25.5 (CH),
34.8 (CH2), 46.5 (CH2), 52.6 (CH3), 79.6 (CH), 109.7 (CH), 120.8
(CH), 124.1 (CH), 127.7 (CH), 136.3 (C), 146.3 (C), 155.4 (C) ppm.
MS: m/z (%) = 372 (7) [M+], 254 (84) [M+ + H – benzotriazole],
253 (24) [M+ – benzotriazole], 127 (100) [M+ + H – (benzotriazole
+ I)]. HRMS: calcd. for C12H13IN4O2 372.0083; found 372.0118;
calcd. for C6H9NO2 127.0633; found 127.0599. C12H13IN4O2

(372.17): calcd. C 38.73, H 3.52, N 15.05; found C 38.53, H 3.26,
N 14.78.

Compound (�)-16: Syrup, two rotamers at 26 °C (6:5), one rotamer
at 70 °C. IR (CHCl3): ν̃ = 3096, 3074, 3062, 1716, 1564, 1243,
843 cm–1. 1H NMR (C6D6, 500 MHz): major rotamer δ = 1.48 (dd,
J = 5.9, 14.6 Hz, 1 H), 2.24 (m, 1 H), 3.10 (s, 3 H), 3.71 (m, 1 H),
3.81–3.91 (m, 2 H), 6.96–6.99 (m, 3 H), 7.69–7.73 (m, 2 H); minor
rotamer δ = 1.55 (dd, J = 6.3, 14.6 Hz, 1 H), 2.34 (m, 1 H), 3.26
(s, 3 H), 3.65 (m, 1 H), 3.81–3.91 (m, 2 H), 6.93–6.99 (m, 2 H),
7.30 (s, 1 H), 7.68–7.74 (m, 2 H) ppm. 1 3C NMR (C6D 6,
125.7 MHz): major rotamer δ = 24.9 (CH), 33.9 (CH2), 46.6 (CH2),
52.8 (CH3), 86.1 (CH), 118.8 (2 � CH), 127.0 (2 � CH), 144.9
(2�C), 155.4 (C); minor rotamer δ = 23.8 (CH), 34.9 (CH2), 46.0
(CH2), 52.8 (CH3), 86.7 (CH), 118.8 (2 � CH), 126.8 (2 � CH),
145.0 (2� C), 154.4 (C) ppm. MS: m/z (%) = 372 (7) [M+], 254
(100) [M+ + H – benzotriazole], 127 (68) [M+ + H – (benzotriazole
+ I)]. HRMS: calcd. for C12H13IN4O2 372.0083; found 372.0083;
calcd. for C6H9INO2 253.9678; found 253.9745. C12H13IN4O2

(372.17): calcd. C 38.73, H 3.52, N 15.05; found C 38.84, H 3.26,
N 14.76.

Compound (�)-17: Colorless oil, two rotamers at 26 °C (3:2), one
rotamer at 70 °C. IR (CDCl3): ν̃ = 3071, 1706, 1614, 1592, 1216,
1081, 972 cm–1. 1H NMR (C6D6, 500 MHz): major rotamer δ =
1.82 (m, 1 H), 2.92 (m, 1 H), 3.06 (m, 1 H), 3.18 (s, 3 H), 3.42 (dd,
J = 9.4, 9.5 Hz, 1 H), 3.57 (m, 1 H), 6.17 (d, J = 6.0 Hz, 1 H), 6.93
(dd, J = 7.5, 7.7 Hz, 1 H), 7.13 (dd, J = 8.0, 8.0 Hz, 1 H), 7.48 (d,
J = 8.3 Hz, 1 H), 7.93 (d, J = 8.4 Hz, 1 H); minor rotamer δ = 1.76
(m, 1 H), 2.83 (m, 1 H), 3.00 (s, 3 H), 3.14 (m, 1 H), 3.59 (m, 1
H), 3.63 (m, 1 H), 5.82 (d, J = 5.9 Hz, 1 H), 6.93 (m, 1 H), 7.10–
7.20 (m, 2 H), 7.96 (d, J = 8.4 Hz, 1 H) ppm. 13C NMR (C6D6,
100.6 MHz): major rotamer δ = 19.2 (CH), 34.9 (CH2), 46.6 (CH2),
52.6 (CH3), 72.7 (CH), 110.1 (CH), 120.4 (CH), 124.2 (CH), 127.6
(CH), 134.6 (C); minor rotamer δ = 20.3 (CH), 33.9 (CH2), 47.1
(CH2), 56.3 (CH3), 72.0 (CH), 109.4 (CH), 120.8 (CH), 124.2 (CH),
127.6 (CH), 134.6 (C) ppm; two (C) signals corresponding to an
aromatic carbon and the carbamate CO group were not clearly
observed. MS: m/z (%) = 372 (11) [M+], 254 (100) [M+ + H –
benzotriazole], 127 (79) [M+ + H – (benzotriazole + I)]. HRMS:
calcd. for C12H13IN4O2 372.0083; found 372.0077; calcd. for
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C6H9INO2 253.9678; found 253.9659. C12H13IN4O2 (372.17):
calcd. C 38.73, H 3.52, N 15.05; found C 39.01, H 3.28, N 14.96.

6-Chloro-9-[N-(methoxycarbonyl)-2-pyrrolidinyl]purine (�-19) and
6-Chloro-9-[(2R*,3S*)-3-iodo-N-(methoxycarbonyl)-2-pyrrolidinyl]-
purine (�)-20: Obtained from proline methyl carbamate 10 and (tri-
methylsilyl)chloropurine according to Method C. The reaction mix-
ture was purified by chromatography (hexanes/EtOAc, 7:3), yield-
ing the non-halogenated product (�)-19 (6 mg, 11%)[6] and the
iodinated compound (�)-20 (38 mg, 47%).

Compound (�)-20: Syrup. IR (CHCl3): ν̃ = 1693, 1592, 1561, 1454,
1207, 1127, 985 cm–1. 1NMR (500 MHz, CD3OD, 70 °C): δ = 2.36
(dddd, J = 3.6, 3.6, 6.8, 14.2 Hz, 1 H), 2.71 (dddd, J = 5.8, 5.8,
8.2, 14.3 Hz, 1 H), 3.66 (br. s, 3 H), 3.87–3.97 (m, 2 H), 4.85 (ddd,
J = 2.3, 3.4, 5.7 Hz, 1 H), 6.57 (d, J = 2.2 Hz, 1 H), 8.50 (s, 1 H),
8.71 (s, 1 H) ppm. 13C NMR (CD3OD, 70 °C, 125.7 MHz): δ =
23.1 (CH), 36.2 (CH2), 48.5 (CH2), 53.8 (CH3), 80.5 (CH), 133.1
(C), 146.5 (CH), 152.3 (C), 153.1 (CH), 156.0 (C), 156.8 (C) ppm.
MS (EI): m/z (%) = 378/376 (0.58/1.52) [M+ – OMe], 254 (100)
[iodo-N-methylcarbamate-pyrrolidine – H]+, 127 (85) [2,3-dehy-
dropyrrolidine-N-methylcarbamate]+. HRMS: calcd. for
C10H8

37ClIN5O 377.9433/C10H8
35ClIN5O 375.9671; found

377.9439/375.9450; calcd. for C6H9INO2 253.9678; found 253.9671.
C11H11ClIN5O2 (407.60): calcd. C 32.41, H 2.72, N 17.18; found C
32.40, H 2.85, N 17.30.

6-(Benzyloxy)-9-[N-(methoxycarbonyl)-2-pyrrolidinyl]purine (�)-21
and 6-(Benzyloxy)-9-[(2R*,3S*)-3-iodo-N-(methoxycarbonyl)-2-pyr-
rolidinyl]purine (�)-22: Obtained from proline methyl carbamate
(10) and (trimethylsilyl)(benzyloxy)purine according to Method C.
The reaction mixture was purified by chromatography (hexanes/
EtOAc, 7:3 then 1:1), giving the non-halogenated product (�)-21
(7 mg, 10%)[6] and the iodinated compound (�)-22 (38 mg, 40%).

Compound (�)-22: Syrup. IR (CHCl3): ν̃ = 3089, 3066, 1705, 1601,
1575, 1452, 1120, 1046 cm–1. 1NMR (500 MHz, CD3OD, 70 °C): δ
= 2.32 (dddd, J = 3.1, 3.2, 6.6, 13.9 Hz, 1 H), 2.66 (dddd, J = 8.0,
8.1, 8.2, 13.9 Hz, 1 H), 3.67 (s, 3 H), 3.87–3.97 (m, 2 H), 4.87 (m,
1 H), 5.68 (s, 2 H), 6.54 (d, J = 2.1 Hz, 1 H), 7.29 (dd, J = 7.3,
7.4 Hz, 1 H), 7.34 (J = 7.1, 7.7.2 Hz, 2 H), 7.50 (d, J = 7.2 Hz, 2
H), 8.22 (s, 1 H), 8.51 (s, 1 H) ppm. 13C NMR (CD3OD, 70 °C,
125.7 MHz): δ = 23.7 (CH), 36.1 (CH), 47.6 (CH2), 53.8 (CH3),
69.9 (CH2-Ph), 80.1 (CH), 122.8 (C), 129.2 (2� CH), 129.3 (CH),
129.5 (2� CH), 137.7 (C), 143.0 (CH), 152.8 (C), 153.4 (CH), 156.9
(C), 161.9 (C) ppm. MS (EI): m/z (%) = 479 (�1) [M+], 226 (17)
[benzyloxypurine]+, 128 (100) [2,3-dehydropyrrolidine methylcarb-
amate + H]+, 91 (45) [C7H7]+. HRMS: calcd. for C18H18IN5O3

479.0454; found 479.0470; calcd. for C6H10NO2 128.0712; found
128.0709. C18H18IN5O3 (479.28): calcd. C 45.11, H 3.79, N 14.61;
found C 45.30, H 3.99, N 14.68.

Conversion of β-Iodo-Nucleoside Analogues 14 or 33 into Polycyclic
Products 26 or 38: To a 5% methanolic solution of KOH (2 mL)
was added β-iodo-nucleoside analogue 14 (77 mg, 0.2 mmol) or 33
(88 mg, 0.2 mmol). The resulting suspension was stirred at 26 °C
for 2 h, then the solvent was partially removed under vacuum and
the mixture was poured into water and extracted with CH2Cl2. The
organic layer was dried, filtered and concentrated as usual, and
the residue was purified by chromatography on silica gel (CH2Cl2/
MeOH), affording the fused tricyclic compound 26 (37 mg, 73%
from substrate 14) or the epoxy derivative 38 (41 mg, 75% from
33).

Simplified Procedure for the Synthesis of Fused Tricyclic Compounds
26–29 and Epoxy Compounds 38–41: A solution of proline methyl
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carbamate 10 (35 mg, 0.2 mmol) or 4-acetoxyproline methyl carb-
amate 30 (46 mg, 0.2 mmol) in anhydrous MeCN underwent the
tandem fragmentation–β-iodination–base addition process, as re-
ported for compounds 14 and 33. After usual work-up and solvent
evaporation, the residue was treated with 5% methanolic KOH
(2 mL) and the mixture was stirred at 26 °C for 2 h. The solvent
was partially removed under vacuum, followed by work-up and
purification as described in the previous procedure.

(3aR*,9aS*)-7-Fluoro-N-(methoxycarbonyl)-6-oxo-2,3,3a,9a-tetra-
hydropyrrolo[2�,3�:4,5][1,3]oxazolo[3,2-a]pyrimidine (26): Obtained
from substrate 10 and bis(trimethylsilyl)-5-fluorouracil, following
the simplified procedure for the synthesis of fused tricyclic com-
pounds (28 mg, 55%). Two rotamers at 26 °C (2:1), one rotamer at
70 °C; crystalline solid; m.p. 175–177 °C (from MeOH). IR
(CDCl3): ν̃ = 1703, 1660, 1573, 1247, 1116 cm–1. 1H NMR
(500 MHz, CDCl3, 70 °C): δ = 2.30 (m, 1 H), 2.46 (dd, J = 6.1,
14.7 Hz, 1 H), 3.46 (ddd, J = 6.3, 11.1, 11.1 Hz, 1 H), 3.82 (s, 3
H), 3.93 (m, 1 H), 5.57 (dd, J = 5.9, 6.0 Hz, 1 H), 6.28 (d, J =
6.2 Hz, 1 H), 7.71 (br. band, 1 H) ppm. 13C NMR (125.7 MHz,
CDCl3, 70 °C): δ = 30.8 (CH2), 44.0 (CH2), 53.4 (CH3), 75.0 (CH),
83.8 (CH), 120.6 (CH, JC,F = 32 Hz), 146.2 (C, JC,F = 256 Hz),
152.8 (C), 157.9 (C), 163.9 (C, JC,F = 25.1 Hz) ppm. MS (EI): m/z
(%) = 255 (100) [M]+, 240 (5) [M+ – Me], 224 (6) [M+ – MeO], 125
(24) [methyl 1H-pyrrole-1-carboxylate]+. HRMS: calcd. for
C10H10FN3O4 255.0655; found 255.0651. C10H10FN3O4 (255.21):
calcd. C 47.06, H 3.95, N 16.47; found C 46.79, H 4.36, N 16.21.

(3aR*,9aS*)-7-Iodo-N-(methoxycarbonyl)-6-oxo-2,3,3a,9a-tetrahydro-
pyrrolo[2�,3�:4,5][1,3]oxazolo[3,2-a]pyrimidine (27): Obtained from
substrate 10 and bis(trimethylsilyl)-5-iodouracil, following the sim-
plified procedure for the synthesis of fused tricyclic compounds
(36 mg, 50 %).

Compound 27: Crystalline solid; m.p. 168–170 °C (from MeOH);
two rotamers at 26 °C (2:1), one rotamer at 70 °C. IR (film): ν̃ =
1702, 1690, 1264 cm–1. 1H NMR (CD3OD, 500 MHz, 70 °C): δ =
1.94 (m, 1 H), 2.19 (m, 1 H), 3.63 (ddd, J = 5.8, 7.9, 10.7 Hz, 1
H), 3.71 (s, 3 H), 3.72 (m, 1 H), 4.48 (dd, J = 5.7, 5.7, 5.7 Hz, 1
H), 6.09 (d, J = 5.5 Hz, 1 H), 7.67 (br. s, 1 H) ppm. 13C NMR
(CD3OD, 125.7 MHz, 70 °C): δ = 32.3 (CH2), 45.8 (CH2), 53.7
(CH3), 67.0 (C), 71.7 (CH), 73.3 (CH), 147.9 (CH), 152.5 (C), 157.2
(C), 162.7 (C) ppm. MS: m/z (%) = 363 (6) [M]+, 238 (36) [5-iodo-
uracil]+, 144 (100) [3-hydroxy-1-(methoxycarbonyl)pyrrolidine –
H]+. HRMS: calcd. for C10H10IN3O4 362.9716; found 362.9701;
calcd. for C6H10NO3 144.0661; found 144.0662. C10H10IN3O4

(363.11): calcd. C 33.08, H 2.78, N 11.57; found C 32.80, H 2.43,
N 11.30.

(3aR*,9aS*)-N-(Methoxycarbonyl)-7-methyl-6-oxo-2,3,3a,9a-tetra-
hydropyrrolo[2�,3�:4,5][1,3]oxazolo[3,2-a]pyrimidine (28): Obtained
from substrate 10 and bis(trimethylsilyl)thymine, following the sim-
plified procedure for the synthesis of fused tricyclic compounds
(27 mg, 54%). Two rotamers at 26 °C (2:1), one rotamer at 70 °C;
crystalline solid; m.p. 175–177 °C (MeOH). IR (CHCl3): ν̃ = 1693,
1378, 1214, 1124 cm–1. 1H NMR (500 MHz, CD3OD, 70 °C): δ =
1.87 (s, 3 H), 1.93 (m, 1 H), 2.18 (m, 1 H), 3.59 (ddd, J = 6.7, 7.6,
10.6 Hz, 1 H), 3.69 (s, 3 H), 3.72 (ddd, J = 6.5, 7.4, 10.7 Hz, 1 H),
4.49 (ddd, J = 5.7, 6.0, 6.5 Hz, 1 H), 6.11 (d, J = 5.3 Hz, 1 H), 7.18
(s, 1 H) ppm. 13C NMR (125.7 MHz, CD3OD, 70 °C): δ = 12.2
(CH3), 32.2 (CH2), 45.6 (CH2), 53.5 (CH3), 71.8 (CH), 72.4 (CH),
110.6 (C), 139.1 (CH), 152.9 (C), 157.2 (C), 166.5 (C) ppm. MS
(EI): m/z (%) = 251 (24) [M]+, 144 (100) [3-hydroxy-1-(methoxycar-
bonyl)pyrrolidine – H]+, 126 (21) [thymine]+. HRMS: calcd. for
C11H13N3O4 251.0906; found 251.0916; calcd. for C6H10NO3
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144.0661; found 144.0656. C11H13N3O4 (251.24): calcd. C 52.59, H
5.22, N 16.72; found C 52.21, H 5.53, N 16.40.

(3aR*,9aS*)-N-(Methoxycarbonyl)-6-oxo-2,3,3a,9a-tetrahydropyr-
rolo[2�,3�:4,5][1,3]oxazolo[3,2-a]pyrimidine (29): Obtained from sub-
strate 10 and bis(trimethylsilyl)uracil, following the simplified pro-
cedure for the synthesis of fused tricyclic compounds (27 mg, 57%).
Two rotamers at 26 °C (8:1); one rotamer at 70 °C; crystalline solid;
m.p. 155–157 °C (MeOH). IR (CDCl3): ν̃ = 1702, 1648, 1385, 1214,
1186, 1037 cm–1. 1H NMR (CDCl3, 400 MHz): δ = 2.28 (m, 1 H),
2.49 (dd, J = 6.1, 14.8 Hz, 1 H), 3.46 (ddd, J = 6.1, 11.4, 11.4 Hz,
1 H), 3.78 (s, 3 H), 3.88 (m, 1 H), 5.49 (dd, J = 5.7, 5.8 Hz, 1 H),
5.99 (d, J = 7.5 Hz, 1 H), 6.26 (d, J = 6.2 Hz, 1 H), 7.74 (d, J =
7.6 Hz, 1 H) ppm. 13C NMR (CDCl3, 100.6 MHz, 70 °C): δ = 30.6
(CH2), 43.8 (CH2), 53.3 (CH3), 74.1 (CH), 82.7 (CH), 109.9 (CH),
136.3 (CH), 160.2 (C), 171.8 (C) ppm; the (C) signal corresponding
to the carbamate is missing. MS (EI): m/z (%) = 237 (100)
[M]+, 125 (37) [methyl 1H-pyrrole-1-carboxylate]+. HRMS: calcd.
for C10H11N3O4 237.0750; found 237.0754. C10H11N3O4 (237.22):
calcd. C 50.63, H 4.67, N 17.71; found C 51.03, H 4.53, N 17.40.

1-[(2S,3R,4S)-4-Acetoxy-3-iodo-N-(methoxycarbonyl)-2-pyrrolidin-
yl]-5-fluorouracil (33) and 1-[(2R,3S,4S)-4-Acetoxy-3-iodo-N-(meth-
oxycarbonyl)-2-pyrrolidinyl]-5-fluorouracil (34): Obtained from 4-
acetoxyproline 30 and bis(trimethylsilyl)-5-fluorouracil as a separa-
ble diastereomer mixture (chromatography on silica gel; hexanes/
EtOAc, 7:3).

Compound 33: Yield 45 mg (51%); two rotamers at 26 °C (1:1), one
rotamer at 70 °C; colorless oil. [α]D = –20 (c = 0.25, CH3OH). IR
(film): ν̃ = 3375, 1721, 1751, 1723, 1666, 1376, 1262, 1228,
1198 cm–1. 1H NMR (500 MHz, CD3OD, 70 °C): δ = 1.99 (s, 3 H),
3.79 (s, 3 H), 3.91 (br. d, J = 12.5 Hz, 1 H), 4.26 (dd, J = 4.9,
12.5 Hz, 1 H), 4.48 (br. s, 1 H), 5.39 (br. d, J = 4.9 Hz, 1 H), 6.20
(s, 1 H), 7.74 (d, JF,H = 6.7 Hz, 1 H) ppm. 13C NMR (125.7 MHz,
CD3OD, 70 °C): δ = 20.5 (CH3), 23.8 (CH), 52.6 (CH2), 54.3
(CH3), 79.7 (CH), 81.3 (CH), 126.0 (CH, d, JC,F = 35.2 Hz), 142.0
(C, d, JC,F = 233 Hz), 150.9 (C), 152.7 (C), 170.7 (C) ppm. The
(C) signal corresponding to the uracil amide (C-4�) was not clearly
observed. MS (EI): m/z (%) = 410 (1) [M+ – MeO], 312 (29) [M+

+ H – fluorouracil], 252 (74) [M+ – (5-fluorouracil + MeCO2)],
125 (100) [M+ – (5-fluorouracil + MeCO2 + I)]. HRMS: calcd.
for C11H10FIN3O5 409.9649; found 409.9643; calcd. for C6H7NO2

125.0477; found 125.0475. C12H13FIN3O6 (441.15): calcd. C 32.67,
H 2.97, N 9.53; found C 33.06, H 3.18, N 9.26.

Compound 34: Yield 13.5 mg (15%); colorless oil; two rotamers at
26 °C (1:1), one rotamer at 70 °C. [α]D = +25 (c = 0.10, MeOH).
IR (CHCl3): ν̃ = 3377, 3192, 1747, 1725, 1673, 1266, 1237 cm–1. 1H
NMR (CD3OD, 500 MHz, 70 °C): δ = 2.11 (s, 3 H), 3.72 (s, 3 H),
3.75 (dd, J = 3.5, 11.9 Hz, 1 H), 4.00 (dd, J = 4.7, 11.7 Hz, 1 H),
4.92 (dd, J = 4.7, 5.9 Hz, 1 H), 5.10 (ddd, J = 3.6, 4.6, 4.7 Hz, 1
H), 6.05 (d, J = 6.1 Hz, 1 H), 7.73 (d, JF,H = 6.3 Hz, 1 H) ppm.
13C NMR (CD3OD, 125.7 MHz, 70 °C): δ = 20.8 (CH3), 24.4 (CH),
51.8 (CH2), 54.2 (CH3), 73.1 (CH), 81.1 (CH), 126.1 (CH, br. d,
JC,F = 35.0 Hz), 141.8 (C, d, JC,F = 235 Hz), 150.7 (C), 159.2 (C,
d, JC,F = 25.0 Hz), 171.2 (C) ppm. The (C) signal corresponding to
the methyl carbamate was not clearly observed. MS: m/z (%) = 410
(1) [M+ – OMe], 312 (100) [M+ + H – 5-fluorouracil], 126 (84) [M+

+ H – (5-f luorouraci l + MeCO2 + I)]. HRMS: calcd. for
C11H10FIN3O5 409.9649; found 409.9650; calcd. for C8H11INO4

311.9733; found 311.9735. C12H13FIN3O6 (441.15): calcd. C 32.67,
H 2.97, N 9.53; found C 32.97, H 3.19, N 9.33.

1-[(2R,3S,4R)-3,4-Epoxy-N-(methoxycarbonyl)-2-pyrrolidinyl]-5-
fluorouracil (38): Obtained from substrate 30 and bis(trimethyl-
silyl)-5-fluorouracil, following the simplified procedure for the syn-
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thesis of epoxy compounds (27 mg, 50%). Two rotamers at 26 °C
(2:1), one rotamer at 70 °C; syrup. [α]D = +10 (c = 0.41, CH3OH).
IR (CHCl3): ν̃ = 3383, 1705, 1669, 1383, 1130, 1077 cm–1. 1H NMR
(500 MHz, DMSO, 70 °C): δ = 3.57 (dd, J = 2.0, 12.3 Hz, 1 H),
3.58 (s, 3 H), 3.85 (d, J = 12.3 Hz, 1 H), 3.96 (dd, J = 2.3, 2.8 Hz,
1 H), 4.04 (dd, J = 2.4, 2.7 Hz, 1 H), 6.19 (dd, J = 1.7, 1.7 Hz, 1
H), 7.63 (d, J = 7.0 Hz, 1 H), 11.63 (br. band, 1 H) ppm. 13C NMR
(125.7 MHz, DMSO, 26 °C): major rotamer δ = 48.0 (CH2), 52.6
(CH3), 54.9 (CH), 57.2 (CH), 67.9 (CH), 126.1 (CH, d, JC,F =
34.1 Hz), 140.0 (C, d, JC,F = 229.6 Hz), 149.0 (C), 155.0 (C), 156.8
(C, d, JC,F = 26.0 Hz); minor rotamer δ = 48.6 (CH2), 52.7 (CH3),
54.9 (CH), 57.8 (CH), 67.6 (CH), 126.0 (CH, d, JC,F = 34.1 Hz),
140.0 (C, d, JC,F = 229.6 Hz), 149.0 (C), 155.0 (C), 157.0 (C, d,
JC,F = 26.0 Hz) ppm. MS (EI): m/z (%) = 271 (98) [M]+, 141 (100)
[M+ – 5-fluorouracil], 59 (85) [MeOCO]. HRMS: calcd. for
C10H10FN3O5 271.0604; found 271.0602; calcd. for C6H7NO3

141.0426; found 141.0424. C10H10FN3O5 (271.20): calcd. C 44.29,
H 3.72, N 15.49; found C 44.59, H 3.45, N 15.21.

1-[(2R,3S,4R)-3,4-Epoxy-N-(methoxycarbonyl)-2-pyrrolidinyl]-5-
iodouracil (39): Obtained from substrate 30 and bis(trimethylsilyl)-
5-iodouracil, following the simplified procedure for the synthesis
of epoxy compounds (40 mg, 53%). Crystalline solid, m.p. 118–
120 °C (MeOH); colorless crystals; two rotamers at 26 °C (3:1), one
rotamer at 70 °C. [α]D = +77 (c = 0.41, MeOH). IR (CHCl3): ν̃ =
3379, 1716, 1690, 1255, 1129, 1052 cm–1. 1H NMR (CD3OD,
500 MHz, 70 °C): δ = 3.47 (dd, J = 2.0, 12.6 Hz, 1 H), 3.57 (s, 3
H), 3.71 (dd, J = 2.1, 3.1 Hz, 1 H), 3.76 (d, J = 12.6 Hz, 1 H), 3.85
(dd, J = 2.1, 3.0 Hz, 1 H), 6.19 (d, J = 2.0 Hz, 1 H), 7.28 (s, 1 H),
7.79 (s, 1 H) ppm. 13C NMR (CD3OD, 125.7 MHz, 26 °C): major
rotamer δ = 49.2 (CH2), 53.6 (CH3), 55.8 (CH), 58.2 (CH), 68.3
(C), 69.5 (CH), 147.0 (CH), 152.0 (C), 156.9 (C), 162.3 (C); minor
rotamer δ = 49.5 (CH2), 54.1 (CH3), 55.7 (CH), 58.8 (CH), 68.3
(C), 71.0 (CH), 147.0 (CH), 152.0 (C), 156.9 (C), 162.3 (C) ppm.
MS: m/z (%) = 379 (14) [M]+, 142 (100) [M+ + H – 5-iodouracil].
HRMS: calcd. for C10H10IN3O5 378.9665; found 378.9671; calcd.
for C6H8NO3 142.0504; found 142.0502. C10H10IN3O5 (379.11):
calcd. C 31.68, H 2.66, N 11.08; found C 31.48, H 2.63, N 10.68.

1-[(2R,3S,4R)-3,4-Epoxy-N-(methoxycarbonyl)-2-pyrrolidinyl]thym-
ine (40): Obtained from substrate 30 and bis(trimethylsilyl)thymine,
following the simplified procedure for the synthesis of epoxy com-
pounds (28 mg, 53%). Two rotamers at 26 °C (4:1); one rotamer at
70 °C; syrup. [α]D = +44 (c = 0.24, MeOH). IR (CHCl3): ν̃ = 3395,
1703, 1689, 1376, 1257, 1132 cm–1. 1H NMR (CD3OD, 500 MHz,
70 °C): δ = 1.84 (s, 3 H), 3.64 (dd, J = 2.1, 12.6 Hz, 1 H), 3.65 (s,
3 H), 3.88 (dd, J = 2.1, 2.5 Hz, 1 H), 3.90 (d, J = 12.5 Hz, 1 H),
3.99 (dd, J = 2.6, 2.6 Hz, 1 H), 6.26 (d, J = 2.0 Hz, 1 H), 7.29 (s,
1 H) ppm. 13C NMR (CD3OD, 125.7 MHz, 70 °C): δ = 12.3 (CH3),
49.9 (CH2), 53.7 (CH3), 55.8 (CH), 58.9 (CH), 69.1 (CH), 111.2
(C), 138.6 (CH), 166.1 (C) ppm. Two (C) signals corresponding to
the carbamate and the urea were not clearly observed at 70 °C; at
26 °C they appeared at δ = 152.6 and 157.2 ppm. MS (EI): m/z (%)
= 267 (63) [M]+, 142 (100) [M+ + H – thymine], 126 (78) [thymine].
HRMS: calcd. for C11H13N3O5 267.0855; found 267.0845; calcd.
for C6H8NO3 142.0504; found 142.0506. C11H13N3O5 (267.24):
calcd. C 49.44, H 4.90, N 15.72; found C 49.70, H 5.23, N 15.40.

1-[(2R,3S,4R)-3,4-Epoxy-N-(methoxycarbonyl)-2-pyrrolidinyl]uracil
(41): Obtained from substrate 30 and bis(trimethylsilyl)uracil, fol-
lowing the simplified procedure for the synthesis of epoxy nucleo-
side analogues (26 mg, 51%). Two rotamers at 26 °C (1:1); one rot-
amer at 70 °C; syrup. [α]D = +40 (c = 0.11, MeOH). IR (CHCl3):
ν̃ = 3389, 1715, 1693, 1374, 1258, 1131, 1093 cm–1. 1H NMR
(CDCl3, 500 MHz, 70 °C): δ = 3.66 (dd, J = 2.1, 12.9 Hz, 1 H),
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3.70 (s, 3 H), 3.83 (dd, J = 2.5, 2.5 Hz, 1 H), 3.94 (d, J = 12.8 Hz,
1 H), 3.99 (dd, J = 2.2, 2.5 Hz, 1 H), 5.66 (d, J = 8.2 Hz, 1 H),
6.34 (d, J = 1.9 Hz, 1 H), 7.31 (d, J = 8.2 Hz, 1 H), 8.07 (br. s, 1
H) ppm. 13C NMR (CDCl3, 125.7 MHz, 26 °C): δ = 48.8/48.9
(CH2), 53.3/53.5 (CH3), 54.5 (CH), 58.1/58.2 (CH), 67.2/67.3 (CH),
102.3/102.3 (CH), 140.8/140.8 (CH), 150.5/150.5 (C), 155.2/155.2
(C), 162.7/126.7 (C) ppm. MS (EI): m/z (%) = 253 (41) [M]+, 142
(100) [M+ + H – uracil]. HRMS: calcd. for C10H11N3O5 253.0699;
found 253.0698; calcd. for C6H8NO3 142.0504; found 142.0503.
C10H11N3O5 (253.21): calcd. C 47.43, H 4.38, N 16.59; found C
47.10, H 4.50, N 16.22.

Preparation of 1-[(2R,3S,4R)-4-Azido-3-hydroxy-N-(methoxycarb-
onyl)-2-pyrrolidinyl]-5-fluorouracil (42) and 1-[(2R,3S,4S)-3-Azido-
4-hydroxy-N-(methoxycarbonyl)-2-pyrrolidinyl]-5-fluorouracil (43):
To a solution of epoxide 38 (35 mg, 0.13 mmol) in acetone/water
(4 mL, 8:1) were added NH4Cl (16.0 mg, 0.3 mmol) and NaN3

(42.0 mg, 0.65 mmol). The mixture was stirred at 60 °C for 14 h,
then poured into water and extracted with EtOAc. The organic
layers were dried and evaporated, and the residue was purified by
chromatography (hexanes/EtOAc, 3:7), yielding hydroxy azides 42
and 43 as an inseparable mixture of regioisomers (30 mg, 75%; 42/
43, 4:1). Colorless oil. IR (CHCl3): ν̃ = 3383, 2114, 1706, 1257,
1130, 1088 cm–1. 1H NMR (CD3OD, 500 MHz, 70 °C): two rota-
mers/regioisomers at 26 °C (1:1), one rotamer/regioisomer at 70 °C;
major regioisomer δ = 3.50 (dd, J = 4.7, 11.4 Hz, 1 H), 3.71 (s, 3
H), 3.93 (dd, J = 5.7, 11.4 Hz, 1 H), 4.13 (ddd, J = 4.7, 5.1, 5.7 Hz,
1 H), 4.34 (dd, J = 5.4, 5.4 Hz, 1 H), 6.05 (d, J = 5.6 Hz, 1 H),
7.54 (d, JF,H = 6.6 Hz, 1 H); minor regioisomer δ = 3.65 (dd, J =
2.5, 11.4 Hz, 1 H), 3.74 (s, 3 H), 3.76 (dd, J = 4.7, 11.4 Hz, 1 H),
4.20–4.30 (m, 2 H), 5.81 (br. s, 1 H), 7.70 (d, JF,H = 7.0 Hz, 1
H) ppm. 13C NMR (CD3OD, 125.7 MHz, 70 °C): major re-
gioisomer δ = 50.0 (CH2), 53.9 (CH3), 65.6 (CH), 72.7 (CH), 75.4
(CH), 127.8 (CH, d, JC,F = 35.4 Hz), 141.5 (C, d, JC,F = 233.3 Hz),
151.2 (C), 157.0 (C), 159.3 (C, d, JC,F = 25.4 Hz); minor re-
gioisomer δ = 55.1 (CH3), 71.7 (CH), 73.3 (CH), 76.2 (CH), 126.8
(CH, d, JC,F = 33.6 Hz), 141.5 (C, d, JC,F = 233.3 Hz), 151.0 (C),
157.0 (C), 159.3 (C, d, JC,F = 25.4 Hz). One (CH2) signal is over-
lapped by the solvent signal. MS: m/z (%) = 314 (3) [M]+, 254 (12)
[M+ – (N3 + H2O)], 185 (100) [M+ + H – 5-fluorouracil], 130 (46)
[5-f luorouraci l+] , 59 (91) [MeOCO+]. HRMS: calcd. for
C10H11FN6O5 314.0775; found 314.0770; calcd. for C6H9N4O3

185.0675; found 185.0666. C10H11FN6O5 (314.23): calcd. C 38.22,
H 3.53, N 26.74; found C 38.42, H 3.23, N 26.84.

Preparation of 5-Fluoro-1-[(2R,3R,4R)-3-hydroxy-N-(methoxycarb-
onyl)-4-phenylthio-2-pyrrolidinyl]uracil (44) and 5-Fluoro-1-
[(2R,3S,4S)-4-hydroxy-N-(methoxycarbonyl)-3-phenylthio-2-pyrrol-
idinyl]uracil (45): To a solution of epoxide 38 (27.1 mg, 0.1 mmol)
in anhydrous acetone (4 mL) were added Et3N (41 μL, 0.3 mmol)
and PhSH (30 μL, 0.3 mmol). The mixture was stirred under nitro-
gen at 50 °C for 14 h, then poured into water and extracted with
EtOAc. The organic layers were dried, concentrated under vacuum
and the residue was purified by chromatography (CH2Cl2/MeOH,
9.8:0.2), giving compounds 44 (14 mg, 37%) and 45 (4.9 mg, 13%).

Compound 44: Colorless oil, two rotamers at 26 °C (1:1), one rot-
amer at 70 °C. [α]D = +35 (c = 0.26, CHCl3). IR (CHCl3): ν̃ =
3384, 1705, 1550, 1203, 1126 cm–1. 1H NMR (CD3OD, 500 MHz,
70 °C): δ = 3.61 (dd, J = 4.4, 11.7 Hz, 1 H), 3.69 (s, 3 H), 3.70 (m,
1 H), 4.05 (dd, J = 6.0, 11.4 Hz, 1 H), 4.31 (dd, J = 4.7, 5.4 Hz, 1
H), 6.19 (d, J = 5.7 Hz, 1 H), 7.27–7.35 (m, 3 H), 7.47–7.50 (m, 2
H), 7.52 (d, JF,H = 6.6 Hz, 1 H) ppm. 13C NMR (CD3OD,
125.7 MHz, 70 °C): δ = 51.5 (CH2), 51.8 (CH3), 53.8 (CH), 73.0
(CH), 75.6 (CH2), 127.6 (CH, d, JC,F = 31.8 Hz), 129.0 (CH), 130.3
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(2� CH), 133.7 (2�CH), 134.2 (C), 143.5 (C, d, JC,F = 237.0 Hz),
152.0 (C), 157.2 (C), 160.3 (C, d, JC,F = 29.0 Hz) ppm. MS: m/z
(%) = 381 (25) [M]+, 252 (87) [M+ + H – 5-fluorouracil], 234 (78)
[M+ + H – (5-fluorouracil + H2O)], 142 (100) [M+ + H – (5-fluoro-
uracil + PhSH)]. HRMS: calcd. for C16H16FN3O5S 381.0795;
found 381.0789; calcd. for C6H8NO3 142.0504; found 142.0501.
C16H16FN3O5S (381.38): calcd. C 50.39, H 4.23, N 11.02; found C
50.34, H 4.57, N 11.40.

Compound 45: Isolated as a mixture with the major regioisomer
(44/45, 2:1). Two rotamers at 26 °C (1:1), one rotamer at 70 °C. 1H
NMR (CD3OD, 500 MHz, 70 °C): δ = 3.60 (m, 1 H), 3.70 (s, 3 H),
3.77 (br. s, 1 H), 3.83 (dd, J = 5.1, 11.4 Hz, 1 H), 4.23 (m, 1 H),
5.95 (d, J = 1.6 Hz, 1 H), 7.27–7.36 (m, 3 H), 7.51–7.54 (m, 2 H),
7.72 (d, JF,H = 6.6 Hz, 1 H) ppm. 13C NMR (CD3OD, 125.7 MHz,
70 °C): δ = 51.8 (CH3), 55.3 (CH2), 59.0 (CH), 73.9 (CH), 77.6
(CH), 127.2 (CH, d, JC,F = 36.3 Hz), 129.4 (CH), 130.3 (2�CH),
133.7 (2�CH), 134.1 (C), 160.2 (C). Several signals of product 45
were not clearly observed, even with the aid of 2D-NMR experi-
ments, and are not described.

Supporting Information (see also the footnote on the first page of
this article): 1H and 13C NMR spectra of the the new compounds
14–17, 20, 22, 26–29, 33, 34, and 38–45.
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