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Stereoisomers of 1,2,3-triazole-functionalized, conformationally restricted b- or g-amino esters with
a cyclopentane skeleton were efficiently synthetized from the bicyclic b-lactam 6-azabicyclo[3.2.0]hept-3-
en-7-one (1) and Vince g-lactam (15) in five or six steps involving the azide–alkyne 1,3-dipolar cycload-
dition of azido-substituted amino ester stereoisomers with nonsymmetric acetylenes. The azide–alkyne
click reactions were investigated under thermal and Cu(I)-catalyzed conditions. Surprisingly, the thermally
induced cycloaddition furnished the corresponding 1,4-triazoles regioselectively, which also took place
selectively in response to Cu(I) catalysis.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Alicyclic b-amino acids have received significant interest in recent
years by virtue of their pharmacological potential.1 The naturally
occurring b-amino acid cispentacin (1R,2S)-2-aminocyclopentane-
carboxylic acid, an antifungal antibiotic, is a member of this highly
important class of compounds. (1R,2S)-2-Amino-4-methylenecy-
clopentanecarboxylic acid (Icofungipen) is a strong antifungal
agent.1e The conformationally restricted b-amino acids have been
used as building blocks for the synthesis of new peptides.2

Among the large family of g-amino acids, 4-aminocyclopent-2-
enecarboxylic acid and its derivatives, conformationally constrained,
potentially valuable scaffolds for pharmaceutical assays, are known
as anticancer and antiviral agents and as important building blocks in
the synthesis of peptides.3 They may also be regarded as conforma-
tionally restricted GABA mimetics.4 Several mono- and dihydroxy-
lated g-aminocyclopentanecarboxylic acid diastereomers have been
incorporated into peptide sequences.5

1,2,3-Triazoles possess important antiviral, antibacterial or
antiallergic activities.6 Triazole-modified analogues of several bio-
active compounds, e.g., those of zanamivir,7 modified nucleosides
or carbanucleosides with antiviral, anti-HIV or cytostatic
rm.u-szeged.hu.
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activities8–10 have been described. The 1,2,4-triazole ring is the key
element of the antiviral agent ribavirin and its carbocyclic equiva-
lent.11 In recent years, many carbocyclic 1,2,3-triazole-modified
carbanucleoside analogues have been described as bioactive
derivatives.8d,12
2. Results and discussion

Azide–alkyne cycloaddition is a useful and convenient method
for the preparation of 1,2,3-triazoles.13 The aim of this work was the
synthesis of multifunctionalized, 1,2,3-triazole-substituted amino-
cyclopentanecarboxylate stereoisomers, starting from the bicyclic
b- or g-lactams (1 and 15), via stereoselective epoxidation, regio-
selective oxirane opening and a click chemistry strategy involving
1,3-dipolar cycloaddition of the corresponding azido-substituted
aminocyclopentanecarboxylate intermediates15,17 with an acetyle-
nic compound.

The approach for the synthesis of 1,2,3-triazole-substituted
b-amino esters with a cyclopentane framework consisted in trans-
formation of the g-azido-b-amino ester diastereoisomers 2, 3, 8 and
9 through their azide function in 1,3-dipolar cycloadditions with
acetylenes. The above azido esters (2, 3, 8 and 9) have been prepared
starting from the bicyclic b-lactam 1, via diastereoselective epoxi-
dation of the olefinic bond with opposite selectivities, followed by
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regioselective oxirane opening with NaN3.15 These azido esters were
recently reported to undergo facile 1,3-dipolar cycloaddition with
symmetrical diethyl acetylenedicarboxylate to yield the corre-
sponding 1,2,3-triazole-substituted cyclopentanes.16

When submitted to Huisgen 1,3-dipolar cycloaddition with dif-
ferent nonsymmetric dipolarophiles (acetylenes), forming triazoles
or triazolines, organic azides afford two possible regioisomers: the
anti (1,4-disubstituted 1,2,3-triazoles) and syn (1,5-disubstituted
1,2,3-triazoles) regioisomers.13 The thermally induced 1,3-dipolar
azide–alkyne cycloaddition in general results in an approximately
1:1 mixture of 1,4- and 1,5-triazole isomers (Scheme 1). In contrast,
the Cu(I)-catalyzed click reaction has been reported to give exclu-
sively the 1,4-triazole derivative.8a,13a–d Selective 1,5-triazole-
forming 1,3-azide–alkyne dipolar cycloadditions under ruthenium
catalysis conditions have been reported (Scheme 1).12b,14
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Scheme 1. 1,3-Dipolar azide–akyne cycloadditions.13a–d,14
Azido b-amino esters 2, 3, 8 and 9 were first reacted with the
nonsymmetric acetylene ethyl propiolate (with an electron-
withdrawing function attached to a triple bond carbon) in an
azide–alkyne dipolar cycloaddition. The transformations could be
performed without a Cu(I) catalyst, in EtOH at 70 �C for 6 h.

Surprisingly, under these thermal conditions, azido ester 2 se-
lectively only the anti (1,4-triazole) regioisomer 4, in 71% yield
(Scheme 2, Fig. 1) gave. No traces of the syn regioisomer (5) were
observed in this reaction. However, when subjected to the azide–
alkyne cycloaddition under similar conditions, azido ester 3, in
which the ester and the Boc-protected amino functions are in
a trans steric arrangement, furnished both anti (6, Scheme 2, Fig. 2)
and syn (7) regioisomers, in a ratio of 4:1 (Scheme 2). Both of the
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Scheme 2. Synthesis of 1,2,3-triaz
above transformations were also performed in the presence of CuI,
which had no significant effect on either the yield or the ratio of the
products (6/7¼3:1, in comparison with 4:1 without CuI). In the
presence of Cu/CuSO4 or CuSO4/ascorbate, the above reaction
resulted in the formation of triazole derivatives in an approxi-
mately similar ratio, but with a lower conversion.

Azido b-amino ester diastereoisomers 8 and 9 reacted regiose-
lectively with ethyl propiolate in EtOH at 70 �C for 6 h to give
exclusively the corresponding anti triazole-functionalized b-ami-
nocyclopentanecarboxylate diastereomers 10 and 11, in yields of
63% and 59% (after crystallization), respectively (Scheme 3).

Our efforts to prepare various triazole-functionalized de-
rivatives by performing azide–alkyne cycloadditions with different
electron-rich alkynes under the above thermal conditions (without
a Cu catalyst) failed. An electron-withdrawing group (e.g., –COOEt)
on the acetylenic moiety proved essential for rapid and efficient
triazole formation under thermal conditions in reactions with
azides. Despite the difference in reactivity of the acetylenes,
electron-rich derivatives such as 1-pentyne or phenylacetylene
were successfully transformed by changing the reaction conditions.
When reacted with phenylacetylene or 1-pentyne in the presence
of CuI in MeCN at 70 �C, azido ester 2 regioselectively furnished the
corresponding anti triazole-substituted amino ester derivatives 12
and 13 in moderate yields (69% and 39%, Scheme 4).

Interestingly, while both the thermally and Cu(I)-catalyzed re-
actions of trans amino ester 3 with ethyl propiolate gave two
triazole-substituted products (6 and 7, Scheme 2), the reaction with
phenylacetylene in the presence of Cu(I) resulted in only one 1,2,3-
triazole-substituted derivative 14 (Scheme 4). The selectivity is
probably due to higher reactivity of ethyl propiolate than that of
phenylacetylene.

The commercially available Vince lactam (15) as starting mate-
rial offered a possibility for the synthesis of other new 1,2,3-tri-
azole-substituted cyclopentanecarboxylate stereoisomers. Lactam
15 was earlier transformed selectively to two azido-substituted
g-amino esters, 16 and 17.17

To obtain the 1,2,3-triazole ring, both azido esters (16 and 17)
were first reacted with ethyl propiolate without a Cu(I) catalyst
(Scheme 5). The thermally induced reaction again resulted in 100%
regioselectively: only the corresponding 1,4-triazole (anti) de-
rivatives 18 (Fig. 3) and 19 were formed in good yields (80 and 71%);
no traces of the 1,5-isomers were detected in the reaction mixture.
The reactions in the presence of CuI selectively gave the corre-
sponding 1,2,3-triazole derivatives, with slightly higher yields (83%
and 78%).
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Figure 1. ORTEP diagram of compound 4.

Figure 2. ORTEP diagram of compound 6.
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For these g-amino azido esters (16 and 17), preparation of the
1,2,3-triazole skeleton was again attempted with other substituted
acetylenes. The thermal reactions with phenylacetylene or 1-pen-
tyne under environmentally friendly conditions without a Cu(I)
catalyst failed. In the presence of CuI in refluxing CH3CN, the desired
1,2,3-triazole-functionalized cyclopentanecarboxylates (20–23)
were formed in good yields (67–74%, Scheme 6).
The method for the synthesis of 1,2,3-triazole-functionalized
g-amino ester derivatives was extended to the enantiomeric sub-
stances, as shown in Scheme 7. The target compounds, the enan-
tiomerically pure triazolo amino esters 18 and 19, were prepared
from the enantiopure lactam (þ)-15 (ee >99%), synthetized
according to a slightly modified literature procedure.18 The enan-
tioselective (E >200) ring cleavage of commercially available
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2-azabicyclo[2.2.1]hept-5-en-3-one (Vince lactam, 15) in the pres-
ence of CAL-B (lipase B from Candida antarctica, produced by the
submerged fermentation of a genetically modified Aspergillus ory-
zae microorganism and adsorbed on a macroporous resin) was
performed with H2O in t-BuOMe.

g-Lactam (þ)-15 was transformed to Boc-protected amino ester
(þ)-25 through amino ester hydrochloride (þ)-24. On treatment
with m-CPBA in CH2Cl2 at 0 �C, the g-amino ester (þ)-25 then
diastereoselectively furnished epoxide (þ)-26. The oxirane ring
opening of (þ)-26 with NaN3 in EtOH/H2O as solvent in the pres-
ence of a catalytic amount of NH4Cl afforded two regioisomers,
(�)-16 and (�)-17, in a ratio of 1:2, which could be separated in
good yields by crystallization from a mixture of n-hexane/EtOAc
(Scheme 7). On treatment with ethyl propiolate in EtOH under
thermal conditions, both azido amino esters (�)-16 and (�)-17 gave
the corresponding enantiomerically pure 1,2,3-triazolo-g-amino-
cyclopentane carboxylates (�)-18 and (�)-19 (Scheme 7).

3. Conclusions

Several 1,2,3-triazole-substituted conformationally rigid amino
ester stereoisomers with a cyclopentane skeleton were prepared
selectively via 1,3-alkyne–azide cycloaddition of azido-
functionalized amino esters with different terminal acetylenes



Figure 3. ORTEP diagram of compound 18.
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with or without a Cu(I) catalyst. The reactions were performed for
the enantiomeric substances involving enzymatic resolution of the
racemic Vince lactam.
4. Experimental

4.1. General

Chemicals were purchased from Aldrich or Fluka. Melting points
were determined with a Kofler apparatus. NMR spectra were recor-
ded on a Bruker DRX 400 spectrometer. Chemical shifts are given in
parts per million relative to TMS as internal standard, with CDCl3 or
DMSO as solvent. The solvents were used as received from the sup-
plier. Optical rotations were measured with a Perkin–Elmer 341 po-
larimeter. The IR spectra were recorded on a Perkin–Elmer Spektrum
100 FT-IR spectrometer. The mass spectra were recorded on
a Finnigan MAT 95S spectrometer. Elemental analyses were per-
formed with a Perkin–Elmer CHNS-2400 Ser II Elemental Analyzer.

The ee for (�)-18 was determined by HPLC on a Chiralcel OD-RH
column [eluent TEAA buffer (pH 4.1)/MeCN 80/20, flow rate:
0.4 mL min�1, room temperature, detection at 210 nm, retention
times (min): 64.5 (antipode: 87.5)], while the ee for (þ)-19 was
determined by GC on a Chromopack Chiralsil-Dex CB column
(25 m) [120 �C for 10 min/190 �C (temperature rise 10 �C min�1;
140 kPa); retention times (min): 27.73 (antipode: 27.50)]

4.2. General procedure for the cycloaddition of azido
aminocyclopentanecarboxylates with acetylenes

Method A. To a solution of azido b-amino ester 2, 3, 8 or 9 or
azido g-amino ester 16 or 17 (1 g, 3.2 mmol) in EtOH (15 mL), ethyl
propiolate (340 mg, 3.5 mmol, 1.1 equiv) was added and the solu-
tion was stirred at 70 �C for 6 h. The mixture was then concentrated
under reduced pressure and crystallized from a mixture of n-hex-
ane/EtOAc or purified by column chromatography on silica gel
(eluent: n-hexane/EtOAc) to give the triazolo amino esters.

Method B. To a solution of azido b-amino ester 2 (500 mg,
1.6 mmol) in MeCN (15 mL), phenylacetylene or 1-pentyne
(1.76 mmol, 1.1 equiv) and CuI (336 mg, 1.76 mmol, 1.1 equiv) were
added and the solution was stirred at 70 �C for 12 h. The solid was
then filtered off, the filtrate was concentrated under reduced pres-
sure and the residue was purified by column chromatography on
silica gel (eluent: n-hexane/EtOAc) to give the triazolo amino esters.

4.3. General procedure for the epimerization reaction

A solution of triazolo-aminocarboxylate 4 or 12 (2.4 mmol) and
NaOEt (165 mg, 1 equiv) in EtOH (20 mL) was stirred at 20 �C for
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14 h. The mixture was then concentrated to one-third of its volume
and taken up in EtOAc (70 mL). The organic layer was washed with
H2O (3�20 mL), dried (Na2SO4) and concentrated. The crude
product was crystallized from a mixture of n-hexane/EtOAc.

4.3.1. Ethyl 1-[(1R*,2R*,3R*,4R*)-3-(tert-butoxycarbonylamino)-4-
(ethoxycarbonyl)-2-hydroxycyclopentyl]-1H-1,2,3-triazole-4-carb-
oxylate (4). A white solid; yield: 936 mg, 71%; mp 142–144 �C.
Rf¼0.55 (n-hexane/EtOAc 2:1); 1H NMR (DMSO, 400 MHz): d¼1.15
(t, 3H, CH3, J¼7.1 Hz), 1.23 (t, 3H, CH3, J¼7.2 Hz), 1.36 (9H, t-Bu),
1.90–1.98 (m, 1H, CH2), 2.67–2.76 (m, 1H, CH2), 3.39–3.46 (m, 1H, H-
4), 3.95–4.09 (m, 2H, OCH2), 4.24–4.33 (4H, OCH2, H-2 and H-3),
5.05–5.11 (m, 1H, H-1), 5.46 (br s, 1H, O–H), 6.69 (br s, 1H, N–H),
8.72 (s, 1H, Ar–H). 13C NMR (DMSO, 400 MHz): d¼14.9, 15.1, 29.2,
29.8, 44.1, 56.1, 60.9, 61.3, 65.3, 77.7, 78.6, 128.4, 140.0, 156.3, 161.2,
172.1. IR (KBr): nmax 3369, 2982, 1719, 1696, 1543, 1368, 1207. MS:
(ES, pos) m/z¼413 (Mþ1). Anal. Calcd for C18H28N4O7: C, 52.42; H,
6.84; N, 13.58. Found: C, 52.08; H, 6.50; N, 13.20.

4.3.2. Ethyl 1-[(1R*,2R*,3R*,4S*)-3-(tert-butoxycarbonylamino)-4-(eth-
oxycarbonyl)-2-hydroxycyclopentyl]-1H-1,2,3-triazole-4-carboxylate
(6). A white solid; yield: 738 mg, 56% (255 mg, 62% from the epi-
merization reaction); mp 158–161 �C. Rf¼0.50 (n-hexane/EtOAc
2:1); 1H NMR (DMSO, 400 MHz): d¼1.17 (t, 3H, CH3, J¼7.1 Hz), 1.28
(t, 3H, CH3, J¼7.2 Hz), 1.39 (s, 9H, t-Bu), 2.10–2.19 (m, 1H, CH2), 2.50–
2.54 (m, 1H, CH2), 2.84–2.90 (m, 1H, H-4), 4.03–4.08 (m, 2H, OCH2),
4.11–4.18 (m, 2H, H-2 and H-3), 4.25–4.20 (m, 2H, OCH2), 4.81–4.86
(m, 1H, H-1), 5.57 (br s, 1H, O–H), 6.62 (br s, 1H, N–H), 8.81 (s, 1H,
Ar–H). 13C NMR (DMSO, 400 MHz): d¼14.9, 15.0, 29.0 31.5, 46.7,
55.4, 61.3, 61.4, 66.3, 75.8, 79.6, 129.0, 140.1, 152.8, 160.3, 173.9. IR
(KBr): nmax 3345, 2984, 1710, 1680, 1546, 1369, 1232. MS: (ES, pos)
m/z¼413 (Mþ1). Anal. Calcd for C18H28N4O7: C, 52.42; H, 6.84; N,
13.58. Found: C, 51.92; H, 6.43; N, 13.13.

4.3.3. Ethyl 1-[(1R*,2R*,3R*,4S*)-3-(tert-butoxycarbonylamino)-4-(eth-
oxycarbonyl)-2-hydroxycyclopentyl]-1H-1,2,3-triazole-5-carboxylate
(7). A white solid, yield: 186 mg, 14%; mp 153–156 �C. Rf¼0.50
(n-hexane/EtOAc 2:1); 1H NMR (CDCl3, 400 MHz): d¼1.29 (t, 3H,
CH3, J¼7.1 Hz), 1.40 (t, 3H, CH3, J¼7.2 Hz), 1.45 (s, 9H, t-Bu), 2.70–
2.82 (m, 2H, CH2), 3.05–3.17 (m, 1H, H-4), 3.89–3.95 (m, 1H, H-3),
4.18–4.23 (m, 2H, OCH2), 4.39–4.45 (m, 3H, OCH2 and H-2), 4.72–
4.80 (m, 1H, H-1), 5.12 (br s, 1H, O–H), 5.25 (br s, 1H, N–H), 8.22
(s, 1H, Ar–H). 13C NMR (DMSO, 400 MHz): d¼14.8, 15.0, 29.0, 29.8,
44.9, 59.9, 61.2, 61.4, 64.6, 78.8, 79.4, 127.2, 129.7, 153.6, 161.1, 174.3.
IR (KBr): nmax 3398, 2981, 1728, 1688, 1524, 1373, 1233. MS: (ES, pos)
m/z¼413 (Mþ1). Anal. Calcd for C18H28N4O7: C, 52.42; H, 6.84; N,
13.58. Found: C, 52.01; H, 6.40; N, 13.21.

4.3.4. Ethyl 1-[(1S*,2S*,3R*,4R*)-3-(tert-butoxycarbonylamino)-4-
(ethoxycarbonyl)-2-hydroxycyclopentyl]-1H-1,2,3-triazole-4-car-
boxylate (10). A white solid, mp 150–152 �C; yield: 831 mg, 63%.
Rf¼0.45 (n-hexane/EtOAc 2:1); 1H NMR (DMSO, 400 MHz): d¼1.17
(t, 3H, CH3, J¼7.1 Hz), 1.28 (t, 3H, CH3, J¼7.2 Hz), 1.42 (s, 9H, t-Bu),
2.39–2.46 (m, 2H, CH2), 3.23–3.31 (m, 1H, H-4), 3.98–4.10 (m, 3H,
OCH2 and H-3), 4.17–4.21 (m, 1H, H-2), 4.26–4.31 (m, 2H, OCH2),
4.70–4.75 (m, 1H, H-1), 5.58 (br s, 1H, O–H), 7.02 (br s, 1H, N–H),
8.72 (s, 1H, Ar–H). 13C NMR (DMSO, 400 MHz): d¼14.9, 15.0, 29.3,
31.0, 43.9, 57.7, 61.1, 61.4, 65.6, 78.8, 79.8, 128.6, 140.6, 155.9, 161.1,
172.8. IR (KBr): nmax 3365, 2977, 1743, 1698, 1541, 1380, 1207. MS:
(ES, pos) m/z¼413 (Mþ1). Anal. Calcd for C18H28N4O7: C, 52.42; H,
6.84; N, 13.58. Found: C, 52.16; H, 6.60; N, 13.12.

4.3.5. Ethyl 1-[(1S*,2S*,3R*,4S*)-3-(tert-butoxycarbonylamino)-4-(eth-
oxycarbonyl)-2-hydroxycyclopentyl]-1H-1,2,3-triazole-4-carboxylate
(11). A white solid, mp 185–187 �C, yield: 778 mg, 59%. Rf¼0.45 (n-
hexane/EtOAc 2:1); 1H NMR (DMSO, 400 MHz): d¼1.18 (t, 3H, CH3,
J¼7.1 Hz), 1.28 (t, 3H, CH3, J¼7.2 Hz), 1.40 (s, 9H, t-Bu), 2.26–2.30 (m,
1H, CH2), 2.39–2.48 (m, 1H, CH2), 2.84–2.90 (m, 1H, H-40), 3.77–3.83
(m, 1H, H-30), 3.98–4.12 (m, 2H, OCH2), 4.18–4.23 (m, 1H, H-20),
4.26–4.30 (m, 2H, OCH2), 4.71–4.78 (m, 1H, H-10), 5.59 (br s, 1H, O–
H), 6.74 (br s, 1H, N–H), 8.74 (s, 1H, Ar–H). 13C NMR (DMSO,
400 MHz): d¼14.8, 15.0, 29.1, 29.8, 44.9, 59.9, 61.2, 61.4, 64.6, 78.8,
79.4, 129.7, 139.6, 156.1, 161.1, 174.3. IR (KBr): nmax 3396, 2980, 1727,
1687, 1524, 1373, 1220. MS: (ES, pos) m/z¼413 (Mþ1). Anal. Calcd
for C18H28N4O7: C, 52.42; H, 6.84; N, 13.58. Found: C, 52.09; H, 6.99;
N, 13.23.

4.3.6. Ethyl (1R*,2R*,3R*,4R*)-2-(tert-butoxycarbonylamino)-3-hy-
droxy-4-(4-phenyl-1H-1,2,3-triazol-1-yl)cyclopentanecarboxylate
(12). A white solid, mp 154–156 �C, yield: 459 mg, 69%. Rf¼0.60 (n-
hexane/EtOAc 2:1); 1H NMR (DMSO, 400 MHz): d¼1.17 (t, 3H, CH3,
J¼7.10 Hz), 1.40 (s, 9H, t-Bu), 1.97–2.08 (m, 1H, CH2), 2.75–2.87 (m,
1H, CH2), 3.43–3.51 (m, 1H, H-1), 3.99–4.12 (m, 2H, OCH2), 4.39–
4.46 (m, 2H, H-2 and O–H), 5.05–5.10 (m, 1H, H-3), 5.49–5.56 (m,
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1H, H-4), 6.72 (br s, 1H, N–H), 7.35–7.40 (m, 1H, Ar–H), 7.46–7.63
(m, 2H, Ar–H), 7.83–7.88 (m, 2H, Ar–H), 8.64 (s, 1H, Ar–H). 13C NMR
(DMSO, 400 MHz): d¼14.9, 29.1, 30.0, 44.3, 56.2, 60.9, 65.1, 77.8,
78.6, 121.1, 126.0, 128.7, 129.7, 131.7, 147.4, 156.3, 172.2. MS: (ES, pos)
m/z¼417 (Mþ1). Anal. Calcd for C21H28N4O5: C, 60.56; H, 6.78; N,
13.45. Found: C, 60.21; H, 6.42; N, 13.21.

4.3.7. Ethyl (1R*,2R*,3R*,4R*)-2-(tert-butoxycarbonylamino)-3-hydro-
xy-4-(4-propyl-1H-1,2,3-triazol-1-yl)cyclopentanecarboxylate (13). A
white solid, mp 89–91 �C, yield: 238 mg, 39%. Rf¼0.55 (n-hexane/
EtOAc 2:1); 1H NMR (CDCl3, 400 MHz): d¼0.99 (t, 3H, CH3,
J¼7.10 Hz), 1.32 (t, 3H, CH3, J¼7.15 Hz), 1.47 (s, 9H, t-Bu), 1.66–1.74
(m, 2H, CH2), 2.56–2.77 (m, 4H, CH2), 3.56–3.63 (m, 1H, H-1), 4.06
(br s, 1H, O–H), 4.17–4.22 (m, 2H, OCH2), 4.23–4.29 (m, 1H, H-2),
4.46–4.53 (m, 1H, H-3), 4.88–4.94 (m, 1H, H-4), 5.30 (br s, 1H, N–H),
7.36 (s, 1H, Ar–H). 13C NMR (CDCl3, 400 MHz): d¼14.2, 14.5, 23.0,
28.0, 28.8, 32.1, 45.6, 54.9, 62.1, 66.6, 78.5, 80.5, 121.0, 148.8, 150.2,
152.0. MS: (ES, pos) m/z¼383 (Mþ1). Anal. Calcd for C18H30N4O5: C,
56.53; H, 7.91; N, 14.65. Found: C, 56.15; H, 7.62; N, 14.36.

4.3.8. Ethyl (1S*,2R*,3R*,4R*)-2-(tert-butoxycarbonylamino)-3-hy-
droxy-4-(4-phenyl-1H-1,2,3-triazol-1-yl)cyclopentanecarboxylate
(14). A white solid, mp 120–122 �C, yield: 446 mg, 67%. Rf¼0.55 (n-
hexane/EtOAc 2:1); 1H NMR (CDCl3, 400 MHz): d¼1.31 (t, 3H, CH3,
J¼7.15 Hz), 1.47 (s, 9H, t-Bu), 2.48–2.54 (m, 1H, CH2), 2.79–2.88 (m,
1H, CH2), 3.14–3.20 (m, 1H, H-1), 4.18–4.25 (m, 2H, OCH2), 4.30–
4.43 (m, 1H, H-2), 4.51–4.55 (m, 1H, H-3), 5.00–5.06 (m, 1H, H-4),
5.40 (br s, 1H, N–H), 7.46–7.51 (m, 3H, Ar–H), 7.81–7.88 (m, 2H, Ar–
H), 8.13 (s, 1H, Ar–H). 13C NMR (CDCl3, 400 MHz): d¼14.6, 28.7, 31.5,
47.2, 56.8, 61.8, 66.4, 77.6, 78.8, 119.4, 126.2, 128.7, 129.3, 130.6,
136.4, 156.2, 172.0. Anal. Calcd for C21H28N4O5: C, 60.56; H, 6.78; N,
13.45. Found: C, 60.16; H, 6.39; N, 13.13.

4.3.9. Ethyl 1-[(1R*,2R*,3R*,5S*)-5-(tert-butoxycarbonylamino)-3-
(ethoxycarbonyl)-2-hydroxycyclopentyl]-1H-1,2,3-triazole-4-carb-
oxylate (18). A white solid, mp 159–162 �C, yield: 1054 mg, 80%.
Rf¼0.50 (n-hexane/EtOAc 2:1); 1H NMR (CDCl3, 400 MHz): d¼1.28
(t, 3H, CH3, J¼7.1 Hz), 1.38 (t, 3H, CH3, J¼7.2 Hz), 1.40 (s, 9H, t-Bu),
2.12–2.20 (m, 1H, CH2), 2.59–2.68 (m, 1H, CH2), 3.38–3.44 (m, 1H, H-
3), 4.20–4.26 (m, 2H, OCH2), 4.39–4.45 (m, 3H, OCH2 and H-5),
4.73–4.77 (m, 2H, H-1 and H-2), 5.13 (br s, 1H, N–H), 8.28 (s, 1H, Ar–
H). 13C NMR (CDCl3, 400 MHz): d¼14.6, 14.7, 28.6, 32.5, 46.4, 55.1,
61.7, 61.8, 73.0, 76.4, 80.1, 125.6, 130.0, 150.2, 160.6, 175.0. MS: (ES,
pos) m/z¼847.5 (2 MþNa). Anal. Calcd for C18H28N4O7: C, 52.42; H,
6.84; N, 13.58. Found: C, 52.02; H, 6.49; N, 13.84.

4.3.10. Ethyl 1-[(1S*,2S*,3S*,5R*)-3-(tert-butoxycarbonylamino)-5-
(ethoxycarbonyl)-2-hydroxycyclopentyl]-1H-1,2,3-triazole-4-carb-
oxylate (19). A white solid, mp 123–125 �C, yield: 936 mg, 71%.
Rf¼0.45 (n-hexane/EtOAc 2:1); 1H NMR (DMSO, 400 MHz): d¼1.28
(t, 3H, CH3, J¼7.20 Hz), 1.46 (t, 3H, CH3, J¼7.20), 1.53 (s, 9H, t-Bu),
2.12–2.18 (m, 1H, CH2), 2.55–2.61 (m, 1H, CH2), 3.31–3.36 (m, 1H, H-
5), 4.14–4.20 (m, 3H, H-3 and OCH2), 4.43 (m, 1H, H-2), 4.48–4.57
(m, 2H, OCH2), 5.21–5.28 (m, 1H, H-1), 5.75–5.78 (br s, 1H, O–H),
6.78 (br s, 1H, N–H), 9.09 (s, 1H, Ar–H). 13C NMR (DMSO, 400 MHz):
d¼14.7, 15.0, 29.2, 32.3, 40.8, 51.4, 60.8, 61.4, 69.0, 75.9, 78.7, 129.2,
139.8, 156.0, 161.1, 172.3. MS: (ES, pos) m/z¼847.5 (2 MþNa). Anal.
Calcd for C18H28N4O7: C, 52.42; H, 6.84; N, 13.58. Found: C, 52.08; H,
6.50; N, 13.22.

4.3.11. Ethyl (1R*,2R*,3R*,4S*)-4-(tert-butoxycarbonylamino)-2-hy-
droxy-3-(4-phenyl-1H-1,2,3-triazol-1-yl)cyclopentanecarboxylate
(20). A white solid, mp 180–182 �C, yield: 486 mg, 73%. Rf¼0.55 (n-
hexane/EtOAc 2:1); 1H NMR (DMSO, 400 MHz): d¼1.22 (t, 3H, CH3,
J¼7.15 Hz), 1.28 (s, 9H, t-Bu), 2.10–2.21 (m, 2H, CH2), 3.23–3.30 (m,
1H, H-1), 4.06–3.14 (m, 2H, OCH2), 4.20–4.24 (m, 1H, H-4), 4.56–
4.62 (m, 1H, H-2), 4.66–4.71 (m, 1H, H-3), 5.81 (br s, 1H, O–H), 7.24
(br s, 1H, N–H), 7.30–7.36 (m, 2H, Ar–H), 7.43–7.49 (m, 2H, Ar–H),
7.82–7.89 (m, 1H, Ar–H), 8.61 (s, 1H, Ar–H). 13C NMR (DMSO,
400 MHz): d¼15.0, 28.9, 31.69, 45.9, 54.0, 60.8, 72.3, 74.9, 78.9,
121.7, 125.9, 128.6, 129.8, 131.8, 147.0, 155.9, 172.5. Anal. Calcd for
C21H28N4O5: C, 60.56; H, 6.78; N, 13.45. Found: C, 60.25; H, 6.40; N,
13.20.

4.3.12. Ethyl (1R*,2S*,3S*,4S*)-4-(tert-butoxycarbonylamino)-3-hy-
droxy-2-(4-phenyl-1H-1,2,3-triazol-1-yl)cyclopentanecarboxylate
(22). A white solid, mp 198–200 �C, yield: 466 mg, 70%. Rf¼0.55 (n-
hexane/EtOAc 2:1); 1H NMR (DMSO, 400 MHz): d¼1.11 (t, 3H, CH3,
J¼7.10 Hz), 1.40 (s, 9H, t-Bu), 1.93–2.04 (m, 1H, CH2), 2.40–2.53 (m,
1H, CH2), 3.38–3.43 (m, 1H, H-1), 4.02–4.12 (m, 3H, H-4 and OCH2),
4.28–4.33 (m, 1H, H-3), 4.98–5.05 (m, 1H, H-2), 5.55–5.60 (br s, 1H,
O–H), 6.58 (br s, 1H, N–H), 7.30–7.50 (m, 3H, Ar–H), 7.84–7.89 (m,
2H, Ar–H), 8.68 (s, 1H, Ar–H). 13C NMR (DMSO, 400 MHz): d¼14.8,
29.1, 32.5, 45.5, 51.8, 61.4, 69.0, 76.0, 78.8, 121.9, 126.0, 128.7, 129.8,
131.6, 147.2, 156.0, 172.9. Anal. Calcd for C21H28N4O5: C, 60.56; H,
6.78; N, 13.45. Found: C, 60.17; H, 6.39; N, 13.14.

4.3.13. Ethyl (1R*,2R*,3R*,4S*)-4-(tert-butoxycarbonylamino)-2-hy-
droxy-3-(4-propyl-1H-1,2,3-triazol-1-yl)cyclopentanecarboxylate
(21). A white solid, mp 223–226 �C, yield: 452 mg, 74%. Rf¼0.45 (n-
hexane/EtOAc 2:1); 1H NMR (DMSO, 400 MHz): d¼0.91 (t, 3H, CH3,
J¼7.15 Hz), 1.20 (t, 3H, CH3, J¼7.10 Hz), 1.29 (s, 9H, CH3), 1.56–1.64
(m, 2H, CH2), 2.07–2.15 (m, 2H, CH2), 2.55–2.64 (m, 2H, CH2), 3.17–
3.23 (m, 1H, H-1), 4.04–4.13 (m, 3H, OCH2 and H-4), 4.48–4.52 (m,
1H, H-2), 4.53–4.59 (m, 1H, H-3), 5.71 (br s, 1H, O–H), 7.15 (br s, 1H,
N–H), 7.85 (s, 1H, Ar–H). 13C NMR (DMSO, 400 MHz): d¼14.4, 15.0,
23.1, 27.9, 28.9, 31.7, 45.9, 53.9, 60.8, 71.9, 74.7, 78.8, 122.1, 147.3,
155.8, 172.5. Anal. Calcd for C18H30N4O5: C, 56.53; H, 7.91; N, 14.65.
Found: C, 56.18; H, 7.60; N, 14.38.

4.3.14. Ethyl (1R*,2S*,3S*,4S*)-4-(tert-butoxycarbonylamino)-3-hy-
droxy-2-(4-propyl-1H-1,2,3-triazol-1-yl)cyclopentanecarboxylate
(23). A white solid, mp 104–105 �C, yield: 410 mg, 67%. Rf¼0.40 (n-
hexane/EtOAc 2:1); 1H NMR (DMSO, 400 MHz): d¼0.92 (t, 3H, CH3,
J¼7.15 Hz), 1.10 (t, 3H, CH3, J¼7.15 Hz), 1.39 (s, 9H, CH3), 1.57–1.66
(m, 2H, CH2), 1.90–1.97 (m, 1H, CH2), 2.32–2.53 (m, 1H, CH2), 2.56–
2.63 (m, 2H, CH2), 3.25–3.32 (m, 1H, H-1), 3.99–4.07 (m, 3H, OCH2

and H-4), 4.11–4.18 (m, 1H, H-3), 4.87–4.94 (m, 1H, H-2), 5.49 (br s,
1H, O–H), 6.51 (br s, 1H, N–H), 7.92 (s, 1H, Ar–H). 13C NMR (DMSO,
400 MHz): d¼14.5, 14.8, 23.1, 27.9, 29.1, 32.5, 45.6, 51.9, 61.3, 68.8,
75.9, 78.7, 122.4, 147.6, 156.0, 173.1. Anal. Calcd for C18H30N4O5: C,
56.53; H, 7.91; N, 14.65. Found: C, 56.19; H, 7.66; N, 14.33.

4.4. Preparation of (1S,4R)-2-azabicyclo[2.2.1]hept-5-en-3-
one [(D)-15]

Racemic 15 (6.00 g, 54.96 mmol) was dissolved in t-BuOMe
(90 mL). Lipolase (3 g, 30 mg mL�1) and H2O (492 mL, 27 mmol)
were added and the mixture was shaken in an incubator shaker at
60 �C for 102 h. The reaction was stopped by filtering off the en-
zyme at 50% conversion. The reaction was monitored by means of
GC.18 The solvent was evaporated off and the residue, (1S,4R)-15,
crystallized out [2.91 g, 48%; recrystallized from t-BuOMe {[a]D

25

þ541 (c 0.29, CHCl3),18 [a]D
25 þ549 (c 0.26, CHCl3); mp 87–89 �C; ee

>99% [GC on a Chromopack Chiralsil-Dex CB column (25 m) 120 �C
for 25 min/160 �C (temperature rise 10 �C min�1; 140 kPa); re-
tention times (min), (1S,4R)-15: 26.66 (antipode: 26.05)]}.

4.5. Characterization of the enantiomeric substances

The 1H NMR spectra of the enantiomeric substances were the
same as for the racemic compounds.
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4.5.1. Ethyl (1R,4S)-4-aminocyclopent-2-enecarboxylate hydrochlo-
ride [(þ)-24]. A white solid; yield: 89%; mp 124–125 �C; [a]D

20 þ85
(c 0.25, EtOH).

4.5.2. Ethyl (1R,4S)-4-(tert-butoxycarbonylamino)cyclopent-2-ene-
carboxylate [(þ)-25]. A colourless oil; yield: 88%; [a]D

20 þ51 (c 0.17,
EtOH).

4.5.3. Ethyl (1R,2R,4S,5S)-4-(tert-butoxycarbonylamino)-6-oxa-bicy-
clo[3.1.0]hexane-2-carboxylate [(þ)-26]. A white solid; yield: 76%;
mp 83–86 �C; [a]D

20 þ6.8 (c 0.6, EtOH).

4.5.4. Ethyl (1R,2R,3R,4S)-3-azido-4-(tert-butoxycarbonylamino)-2-
hydroxycyclopentanecarboxylate [(�)-16]. White crystals; yield:
26%; mp 113–115 �C; [a]D

20 �43.5 (c 1, EtOH).

4.5.5. Ethyl (1R,2S,3S,4S)-2-azido-4-(tert-butoxycarbonylamino)-3-
hydroxycyclopentanecarboxylate [(�)-17]. A colourless oil; yield:
52%; [a]D

20 �18 (c 0.55, EtOH).

4.5.6. Ethyl 1-((1R,2R,3R,5S)-5-(tert-butoxycarbonylamino)-3-(ethoxy-
carbonyl)-2-hydroxycyclopentyl)-1H-1,2,3-triazole-4-carboxylate
[(�)-18]. A white solid; yield: 77%; mp 183–184 �C; ee >98%; [a]D

20

�32.7 (c 0.65, EtOH).

4.5.7. Ethyl 1-((1S,2S,3S,5R)-3-(tert-butoxycarbonylamino)-5-(ethoxy-
carbonyl)-2-hydroxycyclopentyl)-1H-1,2,3-triazole-4-carboxylate
[(�)-19]. A white solid; yield: 70%; mp 138–140 �C; ee >98%; [a]D

20

þ5.6 (c 0.7, EtOH).

4.6. X-ray crystallographic study of 4, 6 and 18

Crystallographic data were collected at 173 K for 4 and 18 and at
293 K for 6 with a Nonius-Kappa CCD area detector diffractometer,
using graphite-monochromatized Mo Ka radiation (l¼0.71073 Å)
as reported earlier.19 Crystal data for 4: C18H28N4O7, Mr¼412.44,
monoclinic, space group P21/a (no. 14), a¼10.6273(4),
b¼19.3231(7), c¼32.2755(11) Å, b¼94.344(1), V¼6608.8(4) Å3,
T¼173 K, Z¼12, m(Mo Ka)¼0.097 mm�1, 10,757 unique reflections
(Rint¼0.043), which were used in calculations. The final R1 and
wR2(F2) were 0.106 (for the data with F2>2d(F2)) and 0.251 (all
data), respectively.

Crystal data for 6: C18H28N4O7, Mr¼412.44, monoclinic, space
group P21/a (no. 14), a¼13.2552(4), b¼12.5687(6), c¼13.5144(5) Å,
b¼104.279(2), V¼2181.95(15) Å3, T¼293 K, Z¼4, m(Mo
Ka)¼0.096 mm�1, 4752 unique reflections (Rint¼0.045), which
were used in calculations. The final R1 and wR2(F2) were 0.066 (for
the data with F2>2d(F2)) and 0.164 (all data), respectively.

Crystal data for 18: C18H28N4O7, Mr¼412.44, tetragonal, space
group I41/a (no. 88), a¼28.5929(6), b 28.5929(6), c¼10.8552(2) Å,
b¼90, V¼8874.7(3) Å3, T¼173 K, Z¼4, m(Mo Ka)¼0.096 mm�1, 4305
unique reflections (Rint¼0.055), which were used in calculations.
The final R1 and wR2(F2) were 0.058 (for the data with F2>2d(F2))
and 0.141 (all data), respectively.

The structures were solved by direct methods by use of the
SHELXS-97 program,20 and full-matrix, least-squares refinements
on F2 were performed by use of the SHELXL-97 program20 The CH
hydrogen atoms were included at fixed distances from their host
atoms with the fixed displacement parameters. The NH hydrogen
atoms were refined isotropically with the fixed displacement pa-
rameters. The OH hydrogen atoms were refined isotropically with
the fixed displacement parameters or were modelled with the fixed
positions and displacement parameters. The deposition numbers
CCDC 766325–766327 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html [or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: þ44 1223 336-033; e-mail: deposit@ccdc.cam.ac.uk].
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2005, 127, 547; (l) Martinek, T. A.; Fülöp, F. Eur. J. Biochem. 2003, 270, 3657; (m)
Torres, E.; Acosta-Silva, C.; Rua, F.; Alvarez-Larena, A.; Parella, T.; Branchadell, V.;
Ortuno, R. M. Tetrahedron 2009, 65, 5669; (n) Fernandez, D.; Torres, E.; Aviles, F.
X.; Ortuno, R. M.; Vendrell, J. Bioorg. Med. Chem. 2009, 17, 3824; (o) Fernandes, C.;
Pereira, E.; Faure, S.; Aitken, D. J. J. Org. Chem. 2009, 74, 3217.

3. (a) Ordonez, M.; Cativiela, C. Tetrahedron: Asymmetry 2007, 18, 3 and references
cited therein; (b) Rassu, G.; Auzzas, L.; Pinna, L.; Zambrano, V.; Zanardi, F.; Bat-
tistini, L.; Marzocchi, L.; Acquotti, D.; Casiraghi, G. J. Org. Chem. 2002, 67, 5338; (c)
Amorin, M.; Brea, R. J.; Castedo, L.; Granja, J. R. Org. Lett. 2005, 7, 4681; (d) Brea, R.
J.; Amorin, M.; Castedo, L.; Granja, J. R. Angew. Chem., Int. Ed. 2005, 44, 5710; (e)
Chand, P.; Babu, Y. S.; Bantia, S.; Rowland, S.; Deghani, A.; Kotian, P. L.; Hutchison,
T. L.; Ali, S.; Brouilette, W.; El-Kattan, Y.; Lin, T.-H. J. Med. Chem. 2004, 47, 1919; (f)
Chand, P.; Bantia, S.; Kotian, P. L.; El-Kattan, Y.; Lin, T.-H.; Babu, Y. S. Bioorg. Med.
Chem. 2005, 4071; (g) Daluge, S. M.; Martin, M. T.; Sickles, B. R.; Livingston, D. A.
Nucleosides Nucleotides Nucleic Acids 2000, 19, 297; (h) Seebach, D.; Hook, D. F.;
Glattli, A. Biopolymers 2006, 84, 23; (i) Hanrahan, J. R.; Johnston, G. A. R. Synthesis
of g-aminobutyric acid analogs. In Amino Acids, Peptides and Proteins in Organic
Chemistry; Hughes, A. B., Ed.; Wiley: Weinheim, 2009; Vol. 1, p 367.

4. (a) Pan, Y.; Calvert, K.; Silverman, R. B. Bioorg. Med. Chem. 2004, 12, 5719; (b)
Chebib, M.; Duke, R. K.; Allan, R. D.; Johnston, G. A. R. Eur. J. Pharmacol. 2001,
430, 185; (c) Choi, S.; Storici, P.; Schirmer, T.; Silverman, R. B. J. Am. Chem. Soc.
2002, 124, 1620; (d) Pan, Y.; Qiu, J.; Silverman, R. B. J. Med. Chem. 2003, 46, 5292;
(e) Lu, H.; Silverman, R. B. J. Med. Chem. 2006, 49, 7404.

5. (a) Casiraghi, G.; Rassu, G.; Auzzas, L.; Burreddu, P.; Gaetani, E.; Battistini, L.;
Zanardi, F.; Curti, C.; Nicastro, G.; Belvisi, L.; Motto, I.; Castorina, M.; Giannini,
G.; Pisano, C. J. Med. Chem. 2005, 48, 7675 and references cited herein; (b)
Smith, M. E. B.; Lloyd, M. C.; Derrien, N.; Lloyd, R. C.; Taylor, S. J. C.; Chaplin, D.
A.; Casy, G.; McCague, R. Tetrahedron: Asymmetry 2001, 12, 703; (c) Lloyd, R. C.;
Lloyd, M. C.; Smith, M. E. B.; Holt, K. E.; Swift, J. P.; Keene, P. A.; Taylor, S. J. C.;
McCague, R. Tetrahedron 2004, 60, 717.

6. (a) Im, C.; Maiti, S. N.; Micetich, R. G.; Daneshtalab, M.; Atchison, K.; Philips, O.
A. J. Antibiot. 1994, 47, 1030; (b) Velazquez, S.; Alvarez, R.; Perez, C.; Gago, F.; De,
C.; Balzarini, J.; Camaraza, M. J. Antiviral Chem. Chemother. 1998, 9, 481; (c)
Genin, M. J.; Allwine, D. A.; Anderson, D. J.; Barbachyn, M. R.; Emmert, D. E.;
Garmon, S. A.; Graber, D. R.; Grega, K. C.; Hester, J. B.; Hutchinson, D. K.; Morris,
J.; Reischer, R. J.; Ford, C. W.; Zurenko, G. E.; Hamel, J. C.; Schaadt, R. D.; Stapert,
D.; Yagi, B. H. J. Med. Chem. 2000, 43, 953; (d) Naud, J.; Lemke, C.; Goudreau, N.;
Beaulieu, E.; White, P. D.; Brunet, M. L.; Forgione, P. Bioorg. Med. Chem. Lett.
2008, 18, 3400; (e) Whiting, M.; Mudoon, J.; Lin, Y. C.; Silverman, S. M.; Lind-
strom, W.; Olson, A. J.; Kolb, H. C.; Finn, M. G.; Sharpless, K. B.; Elder, J. H.; Fokin,
V. V. Angew. Chem., Int. Ed. 2006, 45, 1435; (f) Lewis, W. G.; Green, L. G.;
Grynszpan, F.; Radic, Z.; Carlier, P. R.; Taylor, P.; Finn, M. G.; Sharpless, K. B.
Angew. Chem., Int. Ed. 2002, 41, 1053.

7. Li, J.; Zheng, M.; Tang, W.; He, P. L.; Zhu, W.; Li, T.; Zuo, J. P.; Liu, H.; Jiang, H.
Bioorg. Med. Chem. Lett. 2006, 16, 5009.

8. (a) Broggi, J.; Diez-Gonzalez, S.; Petersen, J. L.; Berteina-Raboin, S.; Nolan, S. P.;
Agrofoglio, L. A. Synthesis 2008, 141; (b) Broggi, J.; Joubert, N.; Aucagne, V.;
Berteina-Raboin, S.; Diez-Gonzalez, S.; Nolan, S.; Topalis, D.; Deville-Bonne, D.;
Balzarini, J.; Neyts, J.; Andrei, G.; Snoeck, R.; Agrofoglio, L. A. Nucleosides
Nucleotides Nucleic Acids 2007, 26, 1391; (c) Broggi, J.; Joubert, N.; Aucagne, V.;



L. Kiss et al. / Tetrahedron 66 (2010) 3599–3607 3607
Zevaco, T.; Berteina-Raboin, S.; Nolan, S. P.; Agrofoglio, L. A. Nucleosides Nucleo-
tides Nucleic Acids 2007, 26, 779; (d) Perez-Castro, I.; Caamano, O.; Fernandez, F.;
Garcia, M. D.; Lopez, C.; De Clercq, E. Org. Biomol. Chem. 2007, 5, 3805; (e) Broggi,
J.; Kumamoto, H.; Berteina-Raboin, S.; Nolan, S. P.; Agrofoglio, L. A. Eur. J. Org.
Chem. 2009, 1880; (f) Broggi, J.; Joubert, N.; Diez-Gonzalez, S.; Berteina-Raboin,
S.; Zevaco, T.; Nolan, S. P.; Agrofoglio, L. A. Tetrahedron 2009, 65, 1162.

9. (a) Li, W.; Xia, Y.; Fan, Z.; Qu, F.; Wu, Q.; Peng, L. Tetrahedron Lett. 2008, 49,
2804; (b) Zhu, R.; Wang, M.; Xia, Y.; Qu, F.; Neyts, J.; Peng, L. Bioorg. Med. Chem.
Lett. 2008, 18, 3321; (c) Lazrek, H. B.; Taourite, M.; Oulih, T.; Barascut, J. L.;
Imbach, J. L.; Pannecouque, C.; Witrouw, M.; De Clercq, E. Nucleosides Nucleo-
tides Nucleic Acids 2001, 20, 1949; (d) Amblard, F.; Cho, J. H.; Schinazi, R. F. Chem.
Rev. 2009, 109, 4207.

10. Cho, J. H.; Bernard, D. L.; Sidwell, R. W.; Kern, E. R.; Chu, C. K. J. Med. Chem. 2006, 49,
1140.

11. Kuang, R.; Ganguly, A. K.; Chan, T. M.; Pramanik, B. N.; Blythin, D. J.; McPhail, A.
T.; Saksena, A. K. Tetrahedron Lett. 2000, 41, 9575.

12. (a) Saito, Y.; Escuret, V.; Durantel, D.; Zoulim, F.; Schinazi, R. F.; Agrofoglio, L. A.
Bioorg. Med. Chem. 2003, 11, 3633; (b) Pradere, U.; Roy, V.; McBrayer, T. R.;
Schinazi, R. F.; Agrofoglio, L. A. Tetrahedron 2008, 64, 9044.
13. (a) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. Angew. Chem., Int.
Ed. 2002, 41, 2596; (b) Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem., Int.
Ed. 2001, 40, 2004; (c) Lutz, J. F. Angew. Chem., Int. Ed. 2008, 47, 2; (d) Moses, J.
E.; Moorhouse, A. D. Chem. Soc. Rev. 2007, 36, 1249; (e) Meldal, M.; Tornoe, C. W.
Chem. Rev. 2008, 108, 2952; (f) Li, L.; Zhang, G.; Zhu, A.; Zhang, L. J. Org. Chem.
2008, 73, 3630; (g) Kalisiak, J.; Sharpless, K. B.; Fokin, V. V. Org. Lett. 2008, 10,
3171; (h) Chan, T. R.; Hilgraf, R.; Sharpless, K. B.; Fokin, V. V. Org. Lett. 2004, 6,
2853; (i) Ackermann, L.; Potukuchi, H. K.; Landsberg, D.; Vicente, R. Org. Lett.
2008, 10, 3081; (j) Oliva, A. I.; Christmann, U.; Font, D.; Cuevas, F.; Ballester, P.;
Buschmann, H.; Torrens, A.; Yenes, S.; Pericas, M. A. Org. Lett. 2008, 10, 1617.

14. Zhang, L.; Chen, X.; Xue, P.; Sun, H. H. Y.; Williams, I. D.; Sharpless, K. B.; Fokin,
V. V.; Jia, G. J. Am. Chem. Soc. 2005, 127, 15998.
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