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GRAPHICAL ABSTRACT

Abstract A facile, simple, and high-yielding protocol for synthesis of novel glycosyl

azetidines was developed from glycosyl b-amino alcohols via intramolecular cyclization

under Mitsunobu reaction conditions.

Keywords DIAD=PPh3; glycosyl amino alcohol; glycosyl amino ester; glycosyl

azetidines; Mitsunobu reaction

INTRODUCTION

Azetidines, the saturated four-membered monocyclic aza-heterocycles, have a
special place in organic chemistry because of their occurrence in numerous biologi-
cally active natural products.[1] Apart from 2-azetidinone (b-lactams), they form a
core skeleton to carbapenem antibiotics, mugineic acid, penaresidin=penazetidine,
peptidyl polyoxins, and sphingosine classes of compounds obtained from numerous
marine organisms.[2] These four-membered monocyclic aza-heterocycles have found
diffuse applications in medicinal chemistry as pharmacological tools, in peptidomi-
metics as unnatural amino acids, and also in numerous natural products. The ability
of azetidines to undergo various transformations such as cycloaddition,[3,4] ring
expansion,[5] and ring opening[6] makes them highly valuable in organic synthesis.
In comparison to the chemistry of b-lactams, the chemistry of azetidines has not
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been much investigated and many of the efforts involving the azetidine nucleus have
been directed toward its synthesis only.[7,8]

The most important and easy synthetic protocol to obtain azetidines involves
the ring closure of amino alcohols (obtained by asymmetric reduction of b-amino
ketones or b-amino acids) induced by transformation of the hydroxyl moiety into
a good leaving group. Other important methods employed include the base-induced
intramolecular cyclization of N-alkylamino oxiranes,[9] stereospecific ring opening of
aziridines and subsequent ring closure with dimethyl sulfoxide,[10] metal-catalyzed
intramolecular NH-insertion of diazo compounds,[11] electroreductive intramole-
cular cross coupling of imines with alkoxycarbonyl compounds, Pd-catalyzed
coupling–cyclizations of allenes with phenyliodonium salts[12] or organic halides,[13]

cycloaddition reactions of imines and alkenes,[14] rearrangement of four-membered
or larger rings,[15] and reduction of azetidin-2-ones.[16a,b] However, these methods
have not been well investigated in the area of carbohydrate chemistry.

The reports on carbohydrate derivatives with azetidine rings are scarce.[16c] In
continuation of our efforts on development of carbohydrate-based potential che-
motherapeutic agents,[17–19] the present communication introduces azetidines in the
area of carbohydrate research and discloses a facile, simple, and high-yielding
protocol for the synthesis of some novel glycosyl azetidines starting from glycosyl
b-amino alcohols via intramolecular cyclization underMitsunobu reaction conditions.

RESULTS AND DISCUSSION

The synthetic strategy starts from cheap and readily availableD-glucose, which after
processing through a number of high-yielding steps such as isopropylidene protection, 3-
O-benzyl protection, selective 5,6-isopropylidene deprotection, NaIO4 oxidation, and
finally the Horner–Wadsworth–Emmons modification affords the glycosyl olefinic ester
(1R,2R,3S,4R)-ethyl (3-O-benzyl-1,2-O-isopropylidene-1,4-pentofuranose-4-yl)-hept-5-
enoate (1).[17a] The 1,4-conjugate addition of cyclopropyl amine to olefinic ester (1)
afforded (1R,2R,3S,4R)-ethyl [3-O-benzyl-5-cyclopropyl-amino-5,6-dideoxy-1,2-O-
isopropylidene]-a-D-gluco- and b-L-ido-hepto-furanuronate (2a and 2b) as a diastereo-
meric mixture (73:27) in good yield (Scheme 1).[17a–c] The diastereoselectivity was deter-
mined by comparing the signals in 1H NMR spectrum of crude product 2 obtained
after conjugate addition reaction. In the majority of the cases the major isomer of glycosyl
amino esters (2a–7a) were separated in pure form using column chromatography (SiO2),
whereas the minor isomer was contaminated with the major isomer. We tried with some
known suitable catalyst to achieve the better diastereoselectivity, where unfortunately the
InCl3 or amidine bases such as 1,8-diazabicyclo [5.4.0]undec-7-ene (DBU) or 1,4-diazabi-
cyclo[2.2.2]octane (DABCO) could not result in better selectivity. The InCl3-catalyzed

Scheme 1. Synthesis of glycosylated amino ester (2–7).
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conjugate addition of cyclopropyl amine to olefinic ester 1 afforded compound 2a with
almost similar selectivity; however, yield was improved and reaction timewas also reduced
to 16h (Table 1).

Thus, the predominant diastereoselectivity is only because of the presence of
the alkene–arene p stacking effect as described earlier on the basis of Felkin–
Anh-like transition-state model.[17a,b] Similarly, 1,4-conjugate addition of compound
1 with other aliphatic amines (viz, hexadecyl, n-octyl, n-butyl, cyclohexyl, and phe-
nylethyl amine) led to the formation of corresponding glycosyl b-amino esters (3–7)
in excellent yield.

Although the configuration at the newly formed stereogenic center at C-5 in
compounds 2–7was difficult to assign at this stage because in the majority of the cases
the -OCH2 (q) peak was merged withH-4 (dd) signal and complicated to determine the
J4,5 value. However, the configuration at C-5 was determined successfully after lithium
aluminum hydride (LAH) reduction of specific major or minor isomers to the corre-
sponding glycosyl amino alcohol (9–13), where J¼ 9.6Hz was calculated for amino
alcohol reduced from the major isomer while J¼ 5.7Hz for the minor isomer and thus
relative configuration was assigned as S and R for major (threo-) and minor (erythro-)
isomers, respectively. As the C-5 stereocenter is not involved in the reduction process,
the stereochemistry at this center would be the same as in the glycosyl amino esters
already established. The LAH reduction of glycosyl b-amino ester 2a affords the
corresponding glycosyl b-amino alcohol (1R,2R,3S,4R,5S)-[3-O-benzyl-5-cyclopro-
pylamino-5,6-dideoxy-1,2-O-isopropylidene-1,4-pentofuranos-4-yl]-b-L-ido-heptanol
(8) in 90% yield. 1HNMR spectrum of compound 8 exhibited signals corresponding to
15 proton resonances. An aromatic multiplet integrated to five protons appeared at d
7.33 was identified for the phenyl group whereas a doublet observed at d 5.95 (1H,
J¼ 3.9Hz) was evidenced for H-1. The two doublets of one proton each were
observed at d 4.72 (J¼ 11.8Hz) and 4.41 (J¼ 11.8Hz) were assigned for benzylic pro-
tons -OCHAPh and -OCHBPh, respectively. A doublet appearing at d 4.65 (1H,
J¼ 3.9Hz) was identified for H-2 while a double doublet integrated to one proton
observed at d 4.17 (J¼ 9.6, 3.3Hz) was evidenced for H-4. A doublet appearing at
d 3.82 (1H, J¼ 3.3Hz) was assigned forH-3 whereas a two-proton multiplet observed
at d 3.73 was identified for hydroxyl methylene protons (H-7). Similarly, multiplets of
one proton each observed at d 3.31 and d 2.43 were evidenced for H-5 and -NCH,
respectively. A multiplet integrated to eight protons appearing at d 1.43–1.33 was
assigned for corresponding two methyl resonances of isopropylidene unit and
methylene protons H-6 whereas four methylene protons of the cyclopropyl ring

Table 1. Conjugate addition of cyclopropyl amine to glycosyl olefinic ester 1

Glycosyl b-amino ester Catalyst Yield (%) Time (h)

Diastereo selectivity

(major=minor isomer)

— 80 40 73:27

InCl3 (5mm %) 90 16 75:25

InCl3 (10mm %) 90 16 75:25

DBU 92 30 71:29

DABCO 88 32 77:23

3600 A. SINGH ET AL.
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Table 2. Glycosyl azetidines (14–19) synthesized from b-amino alcohols (8–13) via Scheme 2

Entry

Glycosyl amino

alcohol (8–13)a Reaction conditions

Glycosyl

azetidines (14–19)

Yields

(%)b

1 PPh3=DEAD (1.2 eq) 45c

2 8 PPh3=DEAD (1.5 eq) 14 48

3 8 PPh3=DIAD (1.2 eq) 14 58

4 8 PPh3=DIAD (1.5 eq) 14 63

5 PPh3=DIAD (1.5 eq) 65

6 PPh3=DIAD (1.5 eq) 62

7 PPh3=DIAD (1.5 eq) 60

8 PPh3=DIAD (1.5 eq) 60

9 PPh3=DIAD (1.5 eq) 64

aDiastereoselectivity of conjugate additions was determined by comparative signal in 1H NMR spec-

trum of crude glycosyl b-amino ester (2–7), where InCl3 or DBU=DABCO could not result in better sel-

ectivity and the configuration was determined by J4,5 in
1H NMR spectrum of corresponding alcohols.

bYield refers the isolated product. All intramolecular cyclization reactions were carried out in anhydrous

THF for 12 h.
cIntermolecular cyclization of compound 8 using PPh3=DEAD results in comparatively poor yield of

compound 14.
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resonated as a multiplet at d 0.46–0.39. Compound 8 exhibited a broad absorption
band at 3730 cm�1 corresponding to OH group, and 20 carbon resonances appearing
in 13C NMR in addition to the molecular ion peak (MþH)þ observed at m=z 364 in
the mass spectrum finally confirmed the structure. Similar LAH reduction of glycosyl
b-amino esters (3a–7a) results in the formation of corresponding glycosyl b-amino
alcohols (9–13) in excellent yield.

The esters and related compounds can be easily prepared by reaction of alcohol
and carboxylic acids under Mitsunobu reaction condition using azodicarboxylate
(DEAD) and triphenylphosphine (PPh3). To achieve the practical and easy synthesis
of novel glycosyl azetidines, we turned our attention to a related chemistry. The intra-
molecular cyclization of 8 with PPh3 in the presence of DEAD in anhydrous
tetrahydrofuran(THF) afforded 2-(3-O-benzyl-5,6-dideoxy-6-hydroxymethyl-1,2-O-
isopropylidene-b-L-ido-furanose)-1-cyclopropyl azetidine (14) in poor yield (Table 2).

However, intramolecular cyclization of glycosyl b-amino alcohols (8–13) using
DIAD not just increases the product yield significantly but also avoids various hazards
associated with the use of DEAD (e.g., toxic, shock sensitive, thermally unstable, etc).
Because the involved alcohols are of primary nature, inversion of configuration under
Mitsunobu reaction condition is not a problem. Based on the same methodology, vari-
ous glycosyl b-amino alcohols (8–13) were prepared from glycosyl amino esters (2–7)
having S stereochemistry at C-5 (major compound) and were cyclized intramolecularly
to afford corresponding glycosyl azetidines (14–19) in good yield under Mitsunobu
reaction condition using PPh3 and DIAD (Scheme 2). In 1H NMR spectrum, proton
resonances of glycosyl azetidines (14–19) resembled closely those observed in glycosyl
b-amino alcohols (8–13) with no significant difference except the multiplets corre-
sponding to hydroxyl methylene protons were now shifted upfield while the signal cor-
responding to –NCH disappeared. In addition to all the sugar carbon signals, the
peaks appeared at d 64.42 (C-10), 54.59 (C-30), and 37.69 (C-20) in 13C NMR of
compound 14 corresponding to azetidine ring and the mass spectra(MS) at m=z 346
(MþH) with supported elemental analysis finally confirms the structure of synthe-
sized glycosyl azetidine (14). All the synthesized glycosyl amino esters (2–7), glycosyl
b-amino alcohols (8–13), and glycosyl azetidines (14–19) were purified by column
chromatography using silica gel and characterized through spectroscopic techniques
including IR, 1H NMR, 13C NMR, MS, and elemental analysis.

CONCLUSION

In conclusion, the novel glycosyl azetidines with different substitution patterns
on N-atoms have been synthesized through a simple, facile, and high-yielding proto-
col via intramolecular cyclization of glycosyl b-amino alcohols under Mitsunobu

Scheme 2. Synthesis of N-substituted glycosyl azetidines (14–19).
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reaction condition. The azetidine ring formation under the Mitsunobu reaction
offers several advantages including (a) the mild reaction conditions, (b) simple
workup procedure, and (c) good yields of the desired products. To the best of our
knowledge all the synthesized glycosyl azetidiens (14–19) are novel. Moreover, the
use of DIAD has also been disclosed for the first time in the construction of an
azetidine ring. The developed glycosyl azetidine may be useful in the development
of well-defined natural and synthetic imino sugar, where the work on this direction
is in progress in our laboratory.

EXPERIMENTAL

Glassware was dried over an open flame before use in connection with an inert
atmosphere (N2), and solvents were evaporated under reduced pressure at <55 �C.
Unless otherwise stated, all materials were obtained from commercial suppliers
(Sigma Aldrich Company, SRL, and Spectrochem Pvt. Ltd.) and were used without
further purification. Silica gel (230–400 mesh) from commercial supplier Spectro-
chem Pvt. Ltd. was used for column chromatography. The thin-layer chromatogra-
phic(TLC) spots were visualized by spraying Liebermann–Burchard reagent and
iodine (I2) developer wherever applicable. IR spectra were recorded as KBr pellets
on a Perkin-Elemer RX-1 spectrometer. Elemental analyses were performed on a
Perkin-Elmer 2400 C, H, N analyzer, and results were found to be within �0.4%
of the calculated values. NMR spectra for the compounds were obtained on a Jeol
AL300 FT-NMR spectrometer (300MHz for 1H, 75MHz for 13C NMR) in CDCl3.
Chemical shifts are given in parts per million(ppm) downfield from internal tetra-
methylsilane(TMS); J values are given in hertz(Hz). The mass spectra were recorded
on a Jeol JMS D 300 spectrometer with accelerating potential of 3 kV and an ioniza-
tion potential of 30 eV or on a Jeol SX-102(EI=CI=FAB) mass spectrometer.

Syntheses of Glycosyl b-Amino Esters (2–7)

(1R,2R,3S,4R)-Ethyl [3-O-benzyl-5-cyclopropyl-amino-5,6-dideoxy-1,2-
O-isopropylidene]-a-D-gluco and b-L-ido-heptofuranuronate (2). A solution
of glycosyl olefinic ester 1 (3.48 g, 10.0mmol) dissolved in EtOH (15mL) was stirred
with cyclopropylamine (1.16mL, 10.8mmol) at room temperature (25 �C). On com-
pletion of the reaction (monitored through TLC), the solvent was evaporated under
reduced pressure and the syrup thus obtained was dissolved in ethyl acetate (100mL)
and washed with H2O (2� 25mL). The organic layer was dried over Na2SO4 and
concentrated under reduced pressure to obtain a crude product, which on silica-gel
column chromatography using n-hexane–EtOAc (80:20) as eluant afforded com-
pound 2 as a colorless solid in diastereomeric ratio 73:27 (yield: 80%); [a]D¼
�60.0 (c, 0.30, CHCl3); IR (KBr): nmax cm�1 3350 (NH), 2956 and 2918 (CH3 and
CH2 stretching), 1730 (>C=O); MS (FAB): 406 (MþH)þ; 1H NMR (300MHz,
CDCl3): d¼ 7.33 (m, 5H, Ar-H), 5.94 (d, J¼ 3.7Hz, 1 H, H-1), 4.72 (d, J¼ 12Hz,
1 H, -OCHAPh), 4.64 (d, J¼ 3.7Hz, 1 H, H-2), 4.46 (d, J¼ 12Hz, 1 H, -OCHBPh),
4.22–4.07 (m, 3 H, H-4 and -OCH2), 3.91 (d, J¼ 2.7Hz, 1 H, H-3), 3.58 (m, 1 H,
H-5), 3.36–2.16 (m, 3 H, -NCH and H-6), 1.63 (bs, 1 H, NH), 1.48 and 1.32 [each
s, each 3 H, 2�>C(CH3)2], 1.24 (t, J¼ 7.1Hz, 3 H, -OCH2CH3), 0.39–0.35 (m, 4
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H, CH2’s) ppm; 13C NMR (75MHz, CDCl3): d¼ 171.79 (>C=O), 136.99, 128.47,
128.09, 127.99 (Ar-C), 111.57 [2�>C(CH3)2], 104.78 (C-1), 81.82 (C-2), 81.74
(C-4), 81.49 (C-3), 71.49 (OCH2Ph), 60.28 (OCH2), 54.24 (C-5), 36.26 (C-6), 28.06
(NCH), 26.72 and 26.28 [2�>C(CH3)2], 14.20 (OCH2CH3), 7.31 and 5.68 (2�
CH2’s) ppm. Similar conjugate addition of cyclopropyl amine to olefinic acid 1 in
presence of catalytic amount of InCl3 results in the glycosyl amino ester 2 in the same
selectivity; however, the reaction time was reduced to 16 h.

(1R,2R,3S,4R)-Ethyl [3-O-benzyl-5,6-dideoxy-5-(hexadec-1-yl-amino)-
1,2-O-isopropylidene]-a-D-gluco and b-L-ido-heptofuranuronate (3). Reac-
tion of olefinic ester 1 with hexadecylamine and workup as described previously gave
compound 3 as a colorless solid in diastereomeric ratio 65:35 (yield: 92%); [a]D¼
�32.0 (c, 0.15, CHCl3); IR (KBr): nmax cm�1 3332 (NH), 2921 and 2852 (CH3 and
CH2 stretching), 1730 (>C=O); MS (FAB): 591 [Mþ 2]þ; 1H NMR (300MHz,
CDCl3): d¼ 7.32 (m, 5 H, Ar-H), 5.91 (d, J¼ 3.7Hz, 1 H, H-1), 4.67 (d, J¼ 11.8Hz,
Hz, 1 H, -OCHAPh), 4.64 (d, J¼ 3.7Hz, 1 H, H-2), 4.47 (d, J¼ 11.8Hz, 1 H,
OCHBPh), 4.09–4.11 (m, 3 H, H-4 and OCH2), 3.92 (d, J¼ 2.7Hz, 1 H, H-3),
3.44 (m, 1 H, H-5), 2.50 and 2.36 (m, 4 H, H-6 and NHCH2), 1.58 (bs, 1 H, NH),
1.47 and 1.31 [each s, each 3 H, 2�>C(CH3)2], 1.24 (m, 31 H, CH2’s and
-OCH2CH3), 0.87 (t, J¼ 6.6Hz, 3 H, CH2CH3) ppm; 13C NMR (75MHz, CDCl3):
d¼ 171.83 (>C=O), 137.09, 128.47, 128.03 and 127.86 (Ar-C), 111.59 [>C(CH3)2],
104.80 (C-1), 82.11 (C-2), 81.82 (C-4), 81.72 (C-3), 71.47 (-OCH2Ph), 60.32
(OCH2CH3), 54.05 (C-5), 47.36 (NHCH2), 36.35 (C-6), 32.32, 30.83, 30.09, 27.75
and 23.08 (CH2’s), 26.74 and 26.31 [2�>C(CH3)2], 14.18 and 14.10 (OCH2CH3

and CH2CH3) ppm.

(1R,2R,3S,4R)-Ethyl [3-O-benzyl-5-octylamino-5,6-dideoxy-1,2-O-
isopropylidene]-a-D-gluco- and b-L-ido-heptofuranuronate (4). The reaction
of olefinic ester 1 with octylamine and workup as described previously gave a diaster-
eomeric mixture of compound 4 as a colorless oil (yield: 94%); [a]D¼�24.2 (c, 0.28,
CHCl3); IR: nmax cm

�1 3350 (NH), 3040, 2990, 2880 (CH3 and CH2 stretching), 1730
(>C=O); MS (FAB): 478 (MþH)þ; 1H NMR (300MHz, CDCl3): d 7.33 (m, 5 H,
Ar-H), 5.89 (d, J¼ 3.7Hz, 1 H, H-1), 4.71 (d, J¼ 12.0Hz, 1 H, -OCHAPh), 4.64
(d, J¼ 3.7Hz, 1 H, H-2, major isomer), 4.51 (d, J¼ 12.0Hz, 1 H, -OCHBPh),
4.25–4.08 (m, 3 H, H-4 and -OCH2CH3), 3.97 (d, J¼ 3.1Hz, 1 H, H-3), 3.39 (m, 1
H, H-5), 2.75–2.30 (m, 4 H, -NHCH2, H-6A and H-6B), 1.54 [bs, 1 H,
-NH(CH2)7CH3], 1.49–1.27 [m, 18 H, 2�>C(CH3)2 and CH2

0s], 1.25 (t, J¼ 7.1Hz,
Hz, 3 H, -OCH2CH3), 0.87 [t, J¼ 6.9Hz, 3 H, -NH(CH2)7CH3] ppm; 13C NMR
(75MHz, CDCl3): d¼ 172.54 (>C=O), 137.59, 128.49, 128.45 and 127.84 (Ar-C),
111.90 [>C(CH3)2], 105.00 (C-1), 82.80 (C-2), 82.20 (C-4), 81.63 (C-3), 72.22 (-O-
CH2Ph), 60.41 (-OCH2CH3), 52.66 (C-5), 47.00 (-NHCH2), 35.81 (C-6), 31.83,
30.69, 29.52, 26.80, 26.19, 22.65 (CH2

0s), 27.33 and 26.35 [2�>C(CH3)2], 14.24
(-OCH2CH3), 14.10 [-NH(CH2)7CH3] ppm. Anal. calcd. for C27H43NO6: C, 67.88;
H, 9.08; N, 2.93. Found: C, 67.96; H, 9.13; N, 2.88.

(1R,2R,3S,4R)-Ethyl [3-O-benzyl-5-butylamino-5,6-dideoxy-1,2-O-
isopropylidene]-a-D-gluco- and b-L-ido-heptofuranuronate (5). Reaction of
olefinic ester 1 with n-butyl amine and workup as described previously gave a
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diastereomeric mixture of compound 5 as a colorless oil; 90%); [a]D¼�42.3 (c, 0.18,
CHCl3); IR: nmax cm�1 3350 (NH), 3040, 2990, 2880 (CH3 and CH2 stretching),
1730 (>C=O); MS (FAB): 422 (MþH)þ; 1H NMR (300MHz, CDCl3): d 7.32
(m, 5 H, Ar-H), 6.10 (d, J¼ 3.7Hz, 1 H, H-1, major isomer), 4.84 (d, J¼ 12Hz,
1 H, -OCHAPh), 4.69 (d, J¼ 3.7Hz, 1 H, H-2, major isomer), 4.58 (d, J¼ 12Hz,
1 H, -OCHBPh), 4.17–4.10 (m, 3 H, H-4 and -OCH2CH3), 3.22–3.20 (m, 2 H, H-5
and H-3), 2.65 (m, 2 H, -NHCH2), 2.38 and 2.32 (dd, J¼ 15.6Hz and 4.7Hz, 1 H,
H-6A), 2.25 and 2.19 (dd, J¼ 15.6Hz and 6.6Hz, 1 H, H-6B), 1.59 [bs, 1 H,
-NH(CH2)3CH3], 1.40–1.27 [m, 11 H, 2�>C(CH3)2, NHCH2CH2CH2 and
OCH2CH3], 0.88 [t, J¼ 7.2Hz, 3 H, -NH(CH2)3CH3] ppm; 13C NMR (75MHz,
CDCl3): d¼ 172.20 (>C=O), 137.51, 129.10, 128.42 and 128.14 (each Ar-C),
111.90 [>C(CH3)2], 105.21 (C-1), 82.63 (C-2), 82.26 (C-4), 82.12 (C-3), 71.88 (-O-
CH2Ph), 60.68 (OCH2CH3), 54.44 (C-5), 47.34 (NHCH2), 36.74 (C-6), 32.90
(NHCH2CH2), 27.14 and 26.73 [2�>C(CH3)2], 20.81 [NH(CH2)2CH2CH3], 14.57
(OCH2CH3), 14.36 [NH(CH2)3CH3] ppm.

(1R,2R,3S,4R)-Ethyl [3-O-benzyl-5-cyclohexylamino-5,6-dideoxy-1,2-O-
isopropylidene]-a-D-gluco- and b-L-ido-heptofuranuronate (6). Reaction of
olefinic ester 1 with cyclohexylamine and workup as described previously gave a dia-
stereomeric mixture of compound 6 as colorless oil; [a]D¼�22.6 (c, 0.18, CHCl3);
IR: nmax cm�1 3350 (NH), 3040, 2990, 2880 (CH3 and CH2 stretching), 1730
(>C=O); MS (FAB): 448 (MþH)þ; 1H NMR (300MHz, CDCl3): d 7.33 (m, 5 H,
Ar-H), 5.93 (d, J¼ 3.7Hz, 1 H, H-1, major isomer), 4.70 (d, J¼ 12Hz, 1 H,
-OCHAPh), 4.64 (d, J¼ 3.7Hz, 1 H, H-2, major isomer), 4.45 (d, J¼ 12Hz, 1 H,
-OCHBPh), 4.12–4.07 (m, 3 H, H-4 and OCH2CH3), 3.93 (d, J¼ 3.1Hz, 1 H,
H-3), 3.40 (m, 1 H, H-5), 2.65 (m, 1 H, -NHCH), 2.38 and 2.32 (dd, J¼ 15.6Hz
and 4.7Hz, 1 H, H-6A), 2.65 and 2.49 (dd, J¼ 15.6Hz and 6.6Hz, 1 H, H-6B),
2.35 (m, 1 H, NHCH), 2.12–2.09 (m, 2H, 2�CH2), 1.70 (bs, 1 H, -NH),
1.48–1.23 [s, 12 H, 2�CH3 and cyclohexyl ring] ppm; 13C NMR (75MHz, CDCl3):
d¼ 172.20 (>C=O), 137.51, 129.10, 128.42 and 128.14 (Ar-C), 111.90 [>C(CH3)2],
105.21 (C-1), 82.63 (C-2), 82.26 (C-4), 82.12 (C-3), 71.88 (-OCH2Ph), 60.68 (-O-
CH2CH3), 54.44 (C-5), 47.34 (-NHCH), 36.74, 33.4, 29.9, 25.6, and 25.5 (CH2’s),
27.14 and 26.73 [2�>C(CH3)2], 14.57 (-OCH2CH3) ppm. Anal. calcd. for
C25H37NO6: C, 67.07; H, 8.34; N, 3.13. Found: C, 67.12; H, 8.41; N, 3.16.

(1R,2R,3S,4R)-Ethyl [3-O-benzyl-5-phenylethylamino-5,6-dideoxy-1,2-
O-isopropyl-idene]-a-D-gluco- and b-L-ido-heptofuranuronate (7). Conjugate
addition of phenylethylamine to olefinic ester 1 and workup as described previously
gave a diastereomeric mixture of compound 7 as a colorless oil; [a]D¼�18.0 (c, 0.11,
CHCl3); IR: nmax cm�1 3350 (-NH), 3020, 2980, 2920 (CH3 and CH2 stretching),
1710, (>C=O); MS (FAB): 470 (MþH)þ; 1H NMR (300MHz, CDCl3): d¼ 7.30
(m, 10 H, Ar-H), 5.93 (d, J¼ 3.9Hz, 1 H, H-1), 4.68 (d, J¼ 12Hz, 1 H, -OCHAPh),
4.62 (d, J¼ 3.9Hz, 1 H, H-2), 4.43 (d, J¼ 12Hz, 1 H, -OCHBPh), 4.19 and 4.16 (dd,
J¼ 9.0Hz and 3.3Hz, 1 H, H-4), 4.10 (q, J¼ 7.14Hz, 2 H, -OCH2CH3), 3.90 (d,
J¼ 3.19Hz, 1 H, H-3), 3.48 (m, 1 H, H-5), 2.92 (t, 2 H, -NHCH2CH2Ph), 2.76 (t,
2 H, -NHCH2CH2Ph), 2.41 and 2.36 (dd, J¼ 15.6Hz and 4.8Hz, 1 H, H-6A), 2.29
and 2.25 (dd, J¼ 15.6Hz and 6.6Hz, 1 H, H-6B), 1.70 (bs, 1 H, -NH), 1.47 and,
1.31 [each s, each 3 H, 2�>C(CH3)2], 1.20 (t, J¼ 7.14Hz, 3 H, -OCH2CH3)
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ppm; 13C NMR (75MHz, CDCl3): d¼ 172.80 (>C=O), 141.07, 137.97, 128.86,
128.69, 128.42, 128.26, 128.12 and 127.27 (Ar-C), 111.98 [>C(CH3)2], 105.20
(C-1), 82.60 (C-2), 82.40 (C-4), 82.22 (C-3), 71.37 (-OCH2Ph), 60.26 (-OCH2CH3),
53.79 (C-5), 48.63 (CH2), 36.73 (C-6), 36.25 (NCH2), 26.68 and 26.24
[2�>C(CH3)2], 14.10 (-OCH2CH3) ppm. Anal. calcd. for C27H35NO6: C, 69.05;
H, 7.52; N, 2.98. Found: C, 68.95; H, 7.57; N, 2.94.

Syntheses of Glycosyl b-Amino Alcohols (8–13)

(1R,2R,3S,4R,5S)-[3-O-Benzyl-5-cyclopropyl amino-5,6-dideoxy-1,2-O-
isopropylidene-1,4-pento-furanos-4-yl]-b-L-ido-heptanol (8). A solution of
major glycosyl amino ester 2a (0.5 g, 1.52mmol) in anhydrous THF (5.0ml) was
added drop-wise to the stirring slurry of LiAlH4 (0.058 g, 1.52mmol) in anhydrous
THF (5.0ml) at 0 �C under a nitrogen atmosphere. The reaction mixture was stirred
for 30min at 0 �C followed by stirring for further 3 h at ambient temperature. On
completion of reaction, excess reducing agent was quenched by adding saturated
aqueous Na2SO4 solution and the reaction mixture was filtered. The solid cake
was washed with THF, and the filtrate was concentrated under reduced pressure fol-
lowed by extraction with chloroform (2� 25ml) and water (12ml). The organic layer
was dried over anhydrous Na2SO4 and concentrated under reduced pressure to give
a crude mass, which on silica-gel column chromatography using chloroform–
methanol (98:2) as eluent afforded glycosyl b-amino alcohol 8 as a colorless oil
(yield: 90%); [a]D¼�88.6 (c, 0.43, CHCl3); IR: nmax cm�1 3730 (OH), 3350 (NH),
2970 and 2910 (CH2 and CH3 stretching); MS (FAB): 364 (MþH)þ; 1H NMR
(300MHz, CDCl3): d¼ 7.33 (m, 5 H, Ar-H), 5.95 (d, J¼ 3.9Hz, 1 H, H-1), 4.72
(d, J¼ 11.8Hz, 1 H, -OCHAPh), 4.65 (d, J¼ 3.9Hz, 1 H, H-2), 4.41 (d, J¼ 11.8Hz,
Hz, 1 H, -OCHBPh), 4.17 (dd, J¼ 9.6 and 3.3Hz, 1 H, H-4), 3.82 (d, J¼ 3.3Hz, 1 H,
H-3), 3.73 (m, 2 H, H-7), 3.31 (m, 1 H, H-5), 2.43 (m, 1 H, NCH), 1.43–1.33 [m, 8 H,
>C(CH3)2 and H-6], 0.46–0.39 (m, 4 H, cyclopropyl ring CH2’s) ppm; 13C NMR
(75MHz, CDCl3): d¼ 136.80, 128.52, 128.26 and 128.15 (Ar-C), 111.54 [>C(CH3)2],
], 104.70 (C-1), 82.74 (C-2), 81.68 (C-4), 81.26 (C-3), 71.65 (OCH2Ph), 62.69 (C-7),
57.82 (C-5), 30.2 (C-6), 28.51 (CH), 26.65 and 26.14 [2�>C(CH3)2], 6.44 and
6.42 (2�CH2) ppm.

(1R,2R,3S,4R,5S)-[3-O-Benzyl-5,6-dideoxy-5-hexadecylamino-1,2-O-iso-
propylidene-1,4-pentofu-ranos-4-yl]-b-L-ido-heptanol (9). Reduction of glyco-
syl b-amino ester 3a (major isomer) with LiAlH4 and workup as described
previously gave corresponding glycosyl b-amino alcohol 9 as a colorless oil
(yield 90%), [a]D¼�27.0 (c, 0.50, CHCl3); IR: nmax cm�1 3740 (OH), 3346 (NH),
2927 and 2856 (CH3 and CH2 stretching); MS (FAB): 548 (MþH)þ; 1H NMR
(300MHz, CDCl3): d¼ 7.29 (m, 5 H, Ar-H), 5.93 (d, J¼ 3.7Hz, 1 H, H-1), 4.71
(d, J¼ 11.6Hz, 1 H, -OCHAPh), 4.65 (d, J¼ 3.7Hz, 1 H, H-2), 4.41 (d, J¼ 11.6Hz,
Hz, 1 H, –OCHBPh), 4.21 (dd, J¼ 9.4 and 3.0Hz, 1 H, H-4), 3.83 (d, J¼ 3.0Hz, 1 H,
H-3), 3.76 (m, 2 H, H-7), 3.26 (m, 1H, H-5), 2.70 (m, 2 H, NCH2), 1.53–1.25 (m, 36
H, 2�>C(CH3)2, H-6, 14�CH2’s), 0.87 (t, J¼ 6.6Hz, 3 H, -CH2CH3) ppm; 13C
NMR (75MHz, CDCl3): d¼ 136.5, 128.55, 128.33 and 128.04 (Ar-C), 111.64
[>C(CH3)2], 104.64 (C-1), 81.81 (C-2), 81.22 (C-4), 81.09 (C-3), 71.70 (–OCH2Ph),
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62.31 (C-7), 57.12 (C-5), 46.11 (NCH2), 32.2, 30.0, 29.9, 29.8, 29.7, 29.4, 27.44 and
26.71 (CH2’s), 27.20 and 26.19 [2�>C(CH3)2], 14.11 (CH2CH3) ppm.

(1R,2R,3S,4R,5S)-[3-O-Benzyl-5,6-dideoxy-5-octylamino-1,2-O-isopropyl-
idene-1,4-pentofuranos-4-yl]-b-L-ido-heptanol-(10). Reduction of glycosyl b-
amino ester 4a (major isomer) with LiAlH4 and workup as described previously gave
corresponding glycosyl b-amino alcohol 10 as colorless oil (yield 92%); [a]D¼�18.2
(c, 0.2, CHCl3); IR: nmax cm

�1 3330 (NH), 2929 and 2857 (CH3 and CH2 stretching);
MS (FAB): 436 (MþH)þ; 1H NMR (300MHz, CDCl3): d¼ 7.33 (m, 5 H, Ar-H),
5.93 (d, J¼ 3.8Hz, 1 H, H-1), 4.70 (d, J¼ 11.7Hz, 1 H, -OCHAPh), 4.65 (d,
J¼ 3.8Hz, 1 H, H-2), 4.41 (d, J¼ 11.7Hz, 1 H, -OCHBPh), 4.21 (dd, J¼ 9.6 and
3.0Hz, 1 H, H-4), 3.82 (d, J¼ 3.0Hz, 1 H, H-3), 3.24 (m, 3 H, H-5 and NCH2),
1.50 (bs, 1 H, -NH), 3.69 (m, 2 H, H-7), 1.41–1.25 [m, 20 H, >C(CH3)2, H-6 and
6�CH2’s] and 0.87 (t, J¼ 6.9Hz, 3 H, CH2CH3) ppm; 13C NMR (75MHz, CDCl3):
d¼ 136.85, 128.51, 128.18 and 128.00 (Ar-C), 111.59 [>C(CH3)2], 104.63 (C-1), 81.84
(C-2), 81.22 (C-4), 81.18 (C-3), 71.68 (OCH2Ar), 62.39 (C-7), 57.10 (C-5), 46.09
(NCH2), 31.78, 30.38, 29.19, 28.76, 27.19, 22.61 (CH2’s), 26.69 and 26.18
[>C(CH3)2], 14.05 (CH2CH3) ppm. Anal. calcd. for C25H41NO5: C, 68.93; H,
9.49; N, 3.22. Found: C, 68.97; H, 9.46; N, 3.25.

(1R,2R,3S,4R,5S)-[3-O-Benzyl-5,6-dideoxy-5-butylamino-1,2-O-isopro-
pylidene-1,4-pentofuranos-4-yl]-b-L-ido-heptanol (11). Reduction of glycosyl
b-amino ester 5a (major isomer) with LiAlH4 and workup as described previously
gave corresponding glycosyl b-amino alcohol 11 as a colorless oil (yield 90%);
[a]D¼�43.3 (c, 0.15, CHCl3); IR: nmax cm�1 3346, 2927 and 2856 (CH3 and CH2

stretching); MS (FAB): 380 (MþH)þ; 1H NMR (300MHz, CDCl3): d¼ 7.32 (m,
5 H, Ar-H), 5.94 (d, J¼ 3.6Hz, 1 H, H-1), 4.69 (d, J¼ 11.6Hz, 1 H, -OCHAPh),
4.64 (d, J¼ 3.7Hz, 1 H, H-2), 4.40 (d, J¼ 11.6Hz, 1 H, -OCHBPh), 4.20 (dd,
J¼ 9.4 and 3.0Hz, 1 H, H-4), 3.83 (d, J¼ 3.0Hz, 1 H, H-3), 3.72 (m, 2 H, H-7),
3.24 (m, 1 H, H-5), 2.75 (m, 2 H, NCH2), 1.53–1.25 (m, 12 H, >C(CH3)2, H-6
and 2�CH2’s), 0.87 (t, J¼ 6.9Hz, 3 H, -CH2CH3) ppm; 13C NMR (75MHz,
CDCl3): d¼ 136.5, 129.1, 128.9 and 128.78 (Ar-C), 113.0 [>C(CH3)2], 105.4 (C-1),
82.2 (C-2), 81.4 (C-4), 79.72 (C-3), 72.3 (-OCH2Ph), 59.9 (C-7), 58.4 (C-5), 47.3
(NCH2), 32.2, 30.0, 29.9, 29.4, and 27.2 (CH2’s), 27.44 and 27.0 [2�>C(CH3)2],
14.4 (CH2CH3) ppm.

(1R,2R,3S,4R,5S)-[3-O-Benzyl-5,6-dideoxy-5-cyclohexylamino-1,2-O-iso-
propylidene-1,4-pento-furanos-4-yl]-b-L-ido-heptanol (12). Reduction of gly-
cosyl b-amino ester 6a (major isomer) with LiAlH4 and workup as described
previously gave the corresponding glycosyl b-amino alcohol 12 as a colorless oil
(yield 90%); [a]D¼�14.9 (c, 0.23, CHCl3); IR: nmax cm�1 3350 (NH), 2970 and
2910 (CH3 and CH2 stretching); MS (FAB): 406 (MþH)þ; 1H NMR (300MHz,
CDCl3): d¼ 7.34 (m, 5 H, Ar-H), 5.92 (d, J¼ 3.9Hz, 1 H, H-1), 4.69 (d, J¼ 11.8Hz,
Hz, 1 H, -OCHAPh), 4.62 (d, J¼ 3.9Hz, 1 H, H-2), 4.53 (d, J¼ 11.8Hz, 1 H,
-OCHBPh), 4.10 (dd, J¼ 9.6 and 3.0Hz, 1 H, H-4), 3.84 (m, 1 H, H-3), 3.40 (m, 1
H, H-7 and 1 H, H-5), 2.72 (m, 1 H, NCH), 1.64 (bs, 1 H, NH), 1.49–1.33 [m, 7
H, >C(CH3)2 and H-6], 1.25–1.05 (m, 6 H, cyclohexyl ring protons) ppm; 13C
NMR (75MHz, CDCl3): d¼ 136.66, 128.31, 127.86 and 127.61 (Ar-C), 111.31
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[>C(CH3)2], 104.27 (C-1), 82.30 (C-2), 81.34 (C-4), 81.16 (C-3), 71.47 (OCH2Ph),
62.25 (C-7), 54.35 (C-5), 33.70 (NCH), 32.22, 25.67, 24.83 and 24.47 (CH2’s),
26.47 and 25.67 [>C(CH3)2] ppm. Anal. calcd. for C23H35NO5: C, 68.12; H, 8.70;
N, 3.45; Found: C, 68.09; H, 8.73; N, 3.41.

(1R,2R,3S,4R,5S)-[3-O-Benzyl-5,6-dideoxy-5-phenylethylamino-1,2-O-
isopropylidene-1,4-pento-uranos-4-yl]-b-L-ido-heptanol (13). Reduction of
glycosyl b-amino ester 7a (major isomer) with LiAlH4 and workup as described pre-
viously gave corresponding glycosyl b-amino alcohol 13 as colourless oil (yield 92%);
[a]D¼�27.0 (c, 0.16, CHCl3); IR: nmax cm�1 3330 (NH), 2929 and 2857 (CH3 and
CH2 stretching); MS (FAB): 428 (MþH)þ; 1H NMR (300MHz, CDCl3):
d¼ 7.29–7.15 (m, 10 H, Ar-H), 5.91 (d, J¼ 3.8Hz, 1 H, H-1), 4.47 (d, J¼ 11.7Hz,
1H, -OCHAPh), 4.24 (d, J¼ 3.9Hz, 1 H, H-2), 4.14 (d, J¼ 11.7Hz, 1 H, -OCHBPh),
3.67 (m, 2 H, H-4 and H-3), 3.26 (m, 2 H, H-7 and H-5), 2.83–2.70 (m, 4 H, NCH2

and PhCH2), 1.50–1.25 [m, 8H, >C(CH3)2 and H-6] ppm; 13C NMR (75MHz,
CDCl3): d¼ 137.3, 128.9, 128.5 and 128.4 (Ar-C), 111.70 [>C(CH3)2], 104.89
(C-1), 82.3 (C-2), 81.7 (C-4), 81.6 (C-3), 72.1 (OCH2Ar), 58.58 (C-7), 54.81 (PhCH2),
47.38 (C-5), 36.55 (NCH2), 26.90 and 26.20 [>C(CH3)2] ppm. Anal. calcd. for
C25H33NO5: C, 70.23; H, 7.78; N, 3.28; Found: C, 70.20; H, 7.74; N, 3.24.

Synthesis of Glycosyl Azetidines (14–19)

3-O-Benzyl-4-N-cyclopropyl azetidine-1,2-O-isopropylidene-b-L-ido-fur-
anose (14). A solution of (1R,2R,3S,4R,5S)-[3-O-benzyl-5-cyclopropylamino-
5,6-dideoxy-1,2-O-isopropylidene-1,4-pentofuranos-4-yl]-b-L-ido-heptanol (8, 0.5 g,
1.38mmol) and DIAD (0.42 g, 2.07mmol, 1.5 eq) in dry THF was stirred for
20min at 0 �C under anhydrous condition followed by dropwise addition of a freshly
prepared solution of PPh3 (0.54 g, 2.07mmol) in dry THF. After complete addition
of PPh3, the reaction mixture was further stirred for 8–10 h at room temperature.
The reaction was monitored on TLC, which after completion was concentrated
under reduced pressure followed by extraction with chloroform (2� 25ml) and
water (12.5ml). The organic layer was dried over anhydrous Na2SO4 and concen-
trated under reduced pressure to afford a crude mass, which on silica-gel column
chromatography and elution with chloroform–methanol (98:2) afforded glycosyl
azetidine 14 as a colorless oil (yield 63%); [a]D¼�28.6 (c, 0.13, CHCl3); MS
(FAB): 346 (MþH)þ, 1H NMR (300MHz, CDCl3): d¼ 7.34 (m, 5 H, Ar-H), 5.92
(d, J¼ 3.9Hz, 1 H, H-1), 4.66 (d, J¼ 11.8Hz, 1 H, -OCHAPh), 4.64 (d, J¼ 3.9Hz,
Hz, 1 H, H-2), 4.48 (d, J¼ 11.8Hz, 1 H, -OCHBPh), 4.20 (dd, J¼ 9.6 and 3.1Hz, 1
H, H-4), 3.88 (d, J¼ 3.1Hz, 1 H, H-3), 3.57 (m, 1 H, H-10), 3.11 (m, 1 H, NCH), 1.80
(m, 2 H, H-30), 1.48–1.22 [m, 8 H, >C(CH3)2 and H-20], 0.42 (m, 4 H, cyclopropyl
ring CH2’s) ppm; 13C NMR (75MHz, CDCl3): d¼ 137.20, 128.48, 128.32 and
127.85 (Ar-C), 111.21 [>C(CH3)2], 105.43 (C-1), 82.04 (C-2), 81.76 (C-4), 81.44
(C-3), 71.67 (OCH2Ph), 64.42 (C-10), 54.59 (C-30), 47.50 (NCH), 37.69 (C-20),
26.57 and 26.15 [>C(CH3)2], 6.95 and 6.89 (cyclopropyl ring CH2) ppm. Anal. calcd.
for C20H27NO4: C, 69.54; H, 7.88; N, 4.05; Found: C, 69.86; H, 8.01; N, 3.98.

3-O-Benzyl-4-N-hexadecyl azetidine-1,2-O-isopropylidene-b-L-ido-fura-
nose (15). Intramolecular cyclization of glycosyl b-amino alcohol 9 using PPh3=
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DIAD and workup as described previously gave the corresponding glycosyl azeti-
dene 15 as a colorless oil (yield 65%); [a]D¼�19.3 (c, 0.17, CHCl3); MS (FAB):
530 (MþH)þ; 1H NMR (300MHz, CDCl3): d¼ 7.34 (m, 5 H, Ar-H), 5.95 (d,
J¼ 3.7Hz, 1 H, H-1), 4.65 (d, J¼ 11.6Hz, 1 H, -OCHAPh), 4.56 (d, J¼ 3.7Hz, 1
H, H-2), 4.41 (d, J¼ 11.6Hz, 1 H, -OCHBPh), 4.21 (dd, J¼ 9.4 and 2.9Hz, 1 H,
H-4), 3.86 (d, J¼ 2.9Hz, 1 H, H-3), 3.40 (m, 1 H, H-10), 2.76 (m, 2 H, NCH),
1.86 (m, 2 H, H-30), 1.53–1.25 [m, 34 H, >C(CH3)2, H-20, 14�CH2’s], 0.87 (t,
J¼ 6.7Hz, 3 H, CH2CH3) ppm; 13C NMR (75MHz, CDCl3): d¼ 136.2, 128.12,
128.03 and 127.64 (Ar-C), 111.60 [>C(CH3)2], 104.14 (C-1), 81.81 (C-2), 81.22
(C-4), 81.09 (C-3), 71.70 (-OCH2Ph), 56.12 (C-10), 50.6 (C-30), 46.11 (NCH2),
31.30, 30.00, 29.91, 29.8, 29.7, 29.4, 27.44 and 27.2 (CH2’S), 26.71 and 26.19
[2�>C(CH3)2], 14.11 (CH2CH3) ppm. Anal. calcd. for C33H55NO4: C, 74.80; H,
10.47; N, 2.65. Found: C, 74.58; H, 9.98; N, 2.71.

3-O-Benzyl-4-N-octyl azetidine-1,2-O-isopropylidene-b-L-ido-furanose
(16). Intramolecular cyclization of glycosyl b-amino alcohol 10 using PPh3=DIAD
and workup as described previously gave the corresponding glycosyl azetidene 16

as colorless oil (yield 62%); [a]D¼�21.6 (c, 0.14, CHCl3); MS (FAB): 418 (MþH)þ;
1H NMR (300MHz, CDCl3): d¼ 7.33 (m, 5 H, Ar-H), 5.95 (d, J¼ 3.8Hz, 1 H, H-1),
4.65 (d, J¼ 11.7Hz, 1 H, -OCHAPh), 4.60 (d, J¼ 3.8Hz, 1 H, H-2), 4.41 (d,
J¼ 11.7Hz, 1 H, -OCHBPh), 4.20 (dd, J¼ 9.6 and 3.0Hz, 1 H, H-4), 3.82 (d,
J¼ 3.0Hz, 1 H, H-3), 3.24 (m, 2 H, H-30), 3.69 (m, 1 H, H-10 and 2 H, NCH2),
1.41–1.25 [m, 20 H, >C(CH3)2, H-20 and 6�CH2’s], 0.87 (t, J¼ 6.9Hz, 3 H,
CH2CH3) ppm; 13C NMR (75MHz, CDCl3): d¼ 137.27, 128.42, 128.17 and
127.81 (Ar-C), 111.64 [>C(CH3)2], 105.47 (C-1), 84.92 (C-2), 81.85 (C-4), 81.50
(C-3), 71.75 (OCH2Ph), 65.03 (C-10), 59.42 (C-30), 51.89 (NCH2), 31.79, 30.34,
29.52, 29.24, 27.37 and 22.67 (CH2’s), 27.44 and 26.28 [>C(CH3)2], 14.06 (CH2CH3)
ppm. Anal. calcd. for C25H39NO4: C, 71.91; H, 9.41; N, 3.35. Found: C, 71.67; H,
9.40; N, 3.63.

3-O-Benzyl-4-N-butyl azetidine-1,2-O-isopropylidene-b-L-ido-furanose
(17). Intramolecular cyclization of glycosyl b-amino alcohol 11 using PPh3=DIAD
and workup as described previously gave corresponding glycosyl azetidene 17 as a
colorless oil (yield 60%); [a]D¼�20.1 (c, 0.21, CHCl3); MS (FAB): 362 (MþH)þ;
1H NMR (300MHz, CDCl3): d¼ 7.33 (m, 5 H, Ar-H), 5.88 (d, J¼ 3.6Hz, 1 H,
H-1), 4.67 (d, J¼ 11.6Hz, 1 H, -OCHAPh), 4.62 (d, J¼ 3.6Hz, 1 H, H-2), 4.42 (d,
J¼ 11.6Hz, 1 H, -OCHBPh), 4.11 (dd, J¼ 9.4 and 3.0Hz, 1 H, H-4), 3.87 (d,
J¼ 3.0Hz, 1 H, H-3), 3.23 (m, 2 H, H-30), 3.14 (m, 1 H, H-10), 2.75 (m, 2 H,
NCH2), 1.53–1.25 [m, 12 H, >C(CH3)2, H-20, 2�CH2’s], 0.87 (t, J¼ 6.7Hz, 3 H,
-CH2CH3) ppm; 13C NMR (75MHz, CDCl3): d¼ 136.5, 129.1, 128.9 and 128.78
(Ar-C), 113.0 [>C(CH3)2], 105.4 (C-1), 82.2 (C-2), 81.4 (C-4), 79.72 (C-3), 72.3
(–OCH2Ph), 60.09 (C-10), 58.44 (C-30), 49.30 (NCH2), 32.14, 30.10, 29.22, 29.13,
and 27.12 (CH2’s), 27.44 and 27.03 [2�>C(CH3)2], 14.02(CH2CH3) ppm. Anal.
calcd. for C21H31NO4: C, 69.78; H, 8.64; N, 3.87. Found: C, 69.42; H, 9.07; N, 3.65.

3-O-Benzyl-4-N-cyclohexyl azetidine-1,2-O-isopropylidene-b-L-ido-
furanose (18). Intramolecular cyclization of glycosyl b-amino alcohol 12 using
PPh3=DIAD and workup as described previously gave the corresponding glycosyl
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azetidene 18 as a colorless oil (yield 60%); [a]D¼�17.0 (c, 0.15, CHCl3); MS
(FAB): 388 (MþH)þ; 1H NMR (300MHz, CDCl3): d¼ 7.33 (m, 5 H, Ar-H),
5.92 (d, J¼ 3.9Hz, 1 H, H-1), 4.68 (d, J¼ 11.8Hz, 1 H, -OCHAPh), 4.64 (d,
J¼ 3.9Hz, 1 H, H-2), 4.48 (d, J¼ 11.8Hz, 1 H, -OCHBPh), 4.22 (dd, J¼ 9.6 and
3.1Hz, 1 H, H-4), 3.86 (m, 1 H, H-3), 3.56 (m, 1 H, H-10), 3.15 (m, 1 H, NCH),
2.25 (m, 2 H, H-30), 1.45–1.24 [m, 8 H, >C(CH3)2 and H-20], 1.22–1.05 (m, 6 H,
cyclohexyl ring protons) ppm; 13C NMR (75MHz, CDCl3): d¼ 136.66, 128.31,
127.86 and 127.61 (Ar-C), 111.58 [>C(CH3)2], 105.07 (C-1), 82.03 (C-2), 81.43
(C-4), 81.06 (C-3), 72.24 (OCH2Ph), 64.25 (C-10), 53.35 (C-30), 33.70 (NCH),
32.11, 25.56, 24.33 and 24.02 (CH2’s), 26.47 and 26.06 (>C(CH3)2) ppm. Anal.
calcd. for C23H33NO4: C, 71.29; H, 8.58; N, 3.61. Found: C, 71.08; H, 9.12; N,
3.39.

3-O-Benzyl-4-N-phenylethyl azetidine-1,2-O-isopropylidene-b-L-ido-
furanose (19). Intramolecular cyclization of glycosyl b-amino alcohol 13 using
PPh3=DIAD and workup as described previously gave the corresponding glycosyl
azetidene 19 as a colorless oil (yield 64%); [a]D¼�19.6 (c, 0.23, CHCl3); MS
(FAB): 410 (MþH)þ; 1H NMR (300MHz, CDCl3): d¼ 7.31–7.12 (m, 10 H,
Ar-H), 5.91 (d, J¼ 3.9Hz, 1 H, H-1), 4.64 (d, J¼ 11.7Hz, 1 H, -OCHAPh), 4.51
(d, J¼ 3.9Hz, 1 H, H-2), 4.39 (d, J¼ 11.7Hz, 1 H, -OCHBPh), 4.20 (m, 1 H,
H-4), 3.89 (m, 1 H, H-3), 3.48 (m, 1 H, H-10), 3.03–2.62 (m, 4 H, NCH2 and PhCH2),
1.60 (m, 2 H, H-30), 1.50–1.25 [m, 8 H, >C(CH3)2 and H-20]; 13C NMR (75MHz,
CDCl3): d¼ 137.3, 128.9, 128.5 and 128.4 (Ar-C), 111.58 [>C(CH3)2], 104.84
(C-1), 82.03 (C-2), 81.74 (C-4), 81.45 (C-3), 71.65 (OCH2Ar), 63.33 (C-10), 52.39
(PhCH2), 36.78 (NCH2), 33.98 (C-30), 26.80 and 26.16 [>C(CH3)2] ppm. Anal. calcd.
for C25H31NO4: C, 73.32; H, 7.63; N, 3.42. Found: C, 73.95; H, 7.52; N, 3.49.

ACKNOWLEDGMENTS

We thank CISC, BHU, and CDRI, Lucknow, for spectroscopic data of synthe-
sized molecules and Virendra Prasad for his scientific discussion. The Council of
Scientific and Industrial Research, New Delhi, is gratefully acknowledged for
financial support.

REFERENCES

1. Dwivedi, S. K.; Gandhi, S.; Rastogi, N.; Singh, V. K. Lewis acid–catalyzed regioselective
ring opening of azetidines with alcohols and thiols. Tetrahedron Lett. 2007, 48, 5375–5377.

2. (a) Brandi, A.; Cicchi, S.; Cordero, F. M. Novel syntheses of azetidines and azetidinones.
Chem. Rev. 2008, 108, 3988–4035; (b) Yoda, H.; Uemura, T.; Takabe, K. Novel and prac-
tical asymmetric synthesis of an azetidine alkaloid, penaresidin B. Tetrahedron Lett. 2003,
44, 977–979; (c) Cheng, Q.; Kiyota, H.; Yamaguchi, M.; Horiguchi, T.; Oritani, T. Bioorg.
Med. Chem. Lett. 2003, 13, 1075–1077.

3. Ungureanu, I.; Koltz, P.; Schoenfelder, A.; Mann, A. The reactivity of N-tosylphenylazir-
idine versus N-tosylphenylazetidine in heterocyclization reactions. Tetrahedron Lett. 2001,
42, 6087–6091.

4. Prasad, B. A. B.; Bisai, A.; Singh, V. K. 2-Aryl-N-tosylazetidines as formal 1,4-dipoles for
[4þ 2]-cycloaddition reactions with nitriles: An easy access to the tetrahydropyrimidine
derivatives. Org. Lett. 2004, 6, 4829–4831.

3610 A. SINGH ET AL.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
M

in
ne

so
ta

 L
ib

ra
ri

es
, T

w
in

 C
iti

es
] 

at
 1

3:
10

 0
7 

A
ug

us
t 2

01
3 



5. (a) Brabandt, W. V.; Landeghem, R. V.; Kimpe, N. D. Ring transformation of
2-(haloalkyl)azetidines into 3,4-disubstituted pyrrolidines and piperidines. Org. Lett.
2006, 8, 1105–1108; (b) Couty, F.; Durrat, F.; Evano, G.; Marrot, J. Ring expansions
of 2-alkenylazetidinium salts—A new route to pyrrolidines and azepanes. Eur. J. Org.
Chem. 2006, 4214–4223.

6. (a) Ma, S.; Yoon, D. H.; Ha, H.-J.; Lee, W. K. Preparation of enantiopure 2-acylazeti-
dines and their reactions with chloroformates. Tetrahedron Lett. 2007, 48, 269–271; (b)
Vargas-Sanchez, M.; Lakhdar, S.; Couty, F.; Evano, G. Reaction of azetidines with chlor-

oformiates. Org. Lett. 2006, 8, 5501–5504; (c) Almena, J.; Foubelo, F.; Yus, M. 4,40-Di-
tert-butylbiphenyl-catalysed reductive opening of azetidines with lithium: A direct
preparation of 3, N-dilithioalkylamines. Tetrahedron 1994, 50, 5775–5782.

7. Cromwell, N. H.; Philips, B. The azetidines: Recent synthetic developments. Chem. Rev.
1979, 79, 331–358.

8. (a) Kobayashi, J.; Ishibashi, M. Sphingosine-related marine alkaloids: Cyclic amino alco-
hols. Heterocycles 1996, 42, 943–970; (b) Shuman, R. T.; Rothenberger, R. B.; Campbell,

C. S.; Smith, G. F.; Gifford-Moore, D. S.; Paschal, J. W.; Gesellchen, P. D. Structure–
activity study of tripeptide thrombin inhibitors using a-alkyl amino acids and other con-
formationally constrained amino acid substitutions. J. Med. Chem. 1995, 38, 4446–4453;
(c) Frigola, J.; Antoni, T.; Castrillo, J. A.; Mas, J.; Vano, D.; Berrocal, J. M.; Calvet, C.;
Salgado, L.; Redondo, J. 7-Azetidinylquinolones as antibacterial agents, 2: Synthesis and
biological activity of 7-(2,3-disubstituted-1-azetidinyl)-4-oxoquinoline- and -1,8-

naphthyridine-3-carboxylic acids: Properties and structure–activity relationships of quino-
lones with an azetidine moiety. J. Med. Chem. 1994, 37, 4195–4210; (d) Dureault, A.;
Portal, M.; Carreaux, F.; Depezay, J. C. Synthesis of highly functionalized homochiral
azetidines and azetidine-2-carboxylic esters. Tetrahedron 1993, 49, 4201–4210; (e) Ghorai,

M. K.; Das, K.; Kumar, A. A convenient synthetic route to enantiopure N-tosylazetidines
from a-amino acids. Tetrahedron Lett. 2007, 48, 2471–2475; (f) Ghorai, M. K.; Kumar,
A.; Halder, S. Regioselective addition of 1,3-dicarbonyl dianion to N-sulfonyl aldimines:

An expedient route to N-sulfonyl piperidines and N-sulfonyl azetidines. Tetrahedron 2007,
63, 4779–4787.

9. (a) Ngoc-Tam, N. T.; Magueur, G.; Ourevitch, M.; Crousse, B.; Begue, J.-P.; Bonnet-
Delpon, D. Analogues of key precursors of aspartyl protease inhibitors: Synthesis of
trifluoromethyl amino epoxides. J. Org. Chem. 2005, 70, 699–702; (b) Oh, C. H.; Rhim,
C. Y.; You, C. H.; Cho, J. R. Facile syntheses of azetidin-3-ols by rearrangement of

2,3-epoxypropylamines. Synth. Commun. 2003, 33, 4297–4302; (c) Morimoto, H.;
Wiedemann, S. H.; Yamaguchi, A.; Harada, S.; Chen, Z.; Matsunaga, S.; Shibasaki, M.
Trichloromethyl ketones as synthetically versatile donors: Application in direct catalytic
Mannich-type reactions and stereoselective synthesis of azetidines. Angew. Chem. Int.
Ed. 2006, 45, 3146–3150; (d) Vuilhorgne, M.; Commercon, A.; Mignani, S. A
convenient method for the preparation of 3-azetidinylidene acetic acid. Chem. Lett.
1999, 28, 605–606.

10. Malik, S.; Nadir, U. K. A facile synthesis of 1-arenesulfonylazetidines through reaction of
1-arenesulfonylaziridines with dimethylsulfoxonium methylide generated under micro-
wave irradiation. Synlett 2008, 108–110.

11. Ye, T.; McKervey, A. Organic synthesis with a-diazo carbonyl compounds. Chem. Rev.
1994, 94, 1091–1160.

12. Kang, S.-K.; Baik, T.-G.; Kulak, A. N. Palladium(0)-catalyzed coupling cyclization of
functionalized allenes with hypervalent iodonium salts. Synlett 1999, 324–326.

13. (a) Ma, S.; Yu, F.; Li, J.; Gao, W. Selective synthesis of 2,3-dihydropyrroles, 1,2,3,6-tetra-
hydropyrridines, and azetidines. Chem. Eur. J. 2007, 13, 247–254; (b) Ma, S.; Gao, W.

NOVEL GLYCOSYL AZETIDINES 3611

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
M

in
ne

so
ta

 L
ib

ra
ri

es
, T

w
in

 C
iti

es
] 

at
 1

3:
10

 0
7 

A
ug

us
t 2

01
3 



Tuning the reaction paths in palladium(0)-catalyzed coupling–cyclization reaction of
b-amino allenes with organic halides: A substituent switch. Org. Lett. 2002, 4, 2989–2992.

14. (a) Fischer, G.; Fritz, H.; Rihs, G.; Hunkler, D.; Exner, K.; Knothe, L.; Prinzbach, H.
Proximate, syn-periplanar, rigid imine (nitrone)/ene-, and diazene(diazeneoxy)/ene
systems: Syntheses, homoconjugate reactivity and photochemistry. Eur. J. Org. Chem.
2000, 743; (b) Nakamura, I.; Nemoto, T.; Yamamoto, Y.; de Meijere, A. Thermally
induced and silver salt–catalyzed [2þ 2] cycloadditions of imines to (alkoxy-
methylene)cyclopropanes. Angew. Chem., Int. Ed. 2006, 45, 5176–5179.

15. (a) Kanoh, S.; Naka, M.; Nishimura, T.; Motoi, M. Isomerization of cyclic ethers having
a carbonyl functional group: New entries into different heterocyclic compounds.
Tetrahedron 2002, 58, 7049–7064; (b) Kanoh, S.; Nishimura, T.; Kita, Y.; Ogawa, H.;

Motoi, M.; Takani, M.; Tanaka, T. Double isomerization of oxetane amides to azetidine
esters with ring expansion. J. Org. Chem. 2000, 65, 2253–2256; (c) Varlamov, A. V.;
Sidorenko, N. V.; Zubkov, F. I.; Chernyshev, A. I.; Turchin, K. F. Substituted and
spiro-annelated perhydro-1,2,3-oxathiazine 2,2-dioxides and 1-benzyl-4-methylazetidines.

Chem. Heterocycl. Compd. 2004, 40, 1097; (d) Lee, S. I.; Seung, S. U.; Choi, M. R.;
Chung, Y. K.; Lee, S.-G. Co=C-catalyzed tandem carbocyclization reaction of 1,6-diynes.
Tetrahedron Lett. 2003, 44, 4705–4709.

16. (a) VanDriessche, B.; Van Brabandt, W.; D’hooghe,M.; Dejaegher, Y.; De Kimpe, N. Syn-
thesis and reactivity of trans-2-aryl-3-chloroazetidines. Tetrahedron 2006, 62, 6882–6892;
(b) Van Brabandt, W.; Van Landeghem, R.; De Kimpe, N. Ring transformation of

2-(haloalkyl)azetidines into 3,4-disubstituted pyrrolidines and piperidines. Org. Lett.
2006, 8, 1105–1108; (c) Sayago, F. J.; Pradera, M. A.; Gasch, C.; Fuentes, J. Expeditious
synthesis of sulfoazetidine spiro-C-glycosides from ketose acetals. Tetrahedron 2006, 62,
915–921.

17. (a) Tripathi, R. P.; Tripathi, R.; Tiwari, V. K.; Bala, L.; Sinha, S.; Srivastava, A.;
Srivastava, R.; Srivastava, B. S. Synthesis of glycosylated b-amino acids as new class of
antitubercular agents. Eur. J. Med. Chem. 2002, 37, 773–781; (b) Khan, A. R.; Tripathi,

R. P.; Tiwari, V. K.; Mishra, R. C.; Reddy, V. J. M.; Saxena, J. K. Conjugate addition of
amines to sugar-derived olefinic ester: Synthesis of glycosylated b-amino esters as DNA
topoisomerase-II inhibitors. J. Carbohydr. Chem. 2002, 21, 587–600; (c) Katiyar, D.;

Tiwari, V. K.; Tiwari, N.; Verma, S. S.; Sinha, S.; Giakwad, A.; Srivastava, A.;
Chaturvedi, V.; Srivastava, R.; Srivastava, B. S.; Tripathi, R. P. Synthesis and antimyco-
bacterial activity of glycosylated b-amino alcohols and amines. Eur. J. Med. Chem. 2005,
40, 351–360.

18. (a) Tewari, N.; Tiwari, V. K.; Mishra, R. C.; Tripathi, R. P.; Srivastava, A. K.; Ahmad,
R.; Srivastava, R.; Srivastava, B. S. Synthesis and bioevaluation of glycosyl ureas as
a-glucosidase inhibitors and their effect on mycobacterium. Bio. Med. Chem. 2003, 11,
2911–2922; (b) Pandey, J, Tiwari, V. K.; Verma, S. S.; Chaturvedi, V.; Bhatnagar, S.;
Sinha, S.; Gaikwad, A. N.; Tripathi, R. P. Synthesis and antitubercular screening of
imidazole-based molecules. Eur J. Med Chem. 2009, 44, 3350–3355; (c) Tripathi, R. P.;

Tiwari, V. K.; Tewari, N.; Katiyar, D.; Saxena, N.; Sinha, S.; Gaikwad, A.; Srivastava,
A.; Chaturvedi, V.; Manju, Y. K.; Srivastava, R.; Srivastava, R.; Srivastava, B. S.
Synthesis of N1, Nn-diglycosylated b-diamino alcohols as new class of antitubercular

agents. Bio. Med. Chem. 2005, 13, 5668–5679; (d) Tewari, N.; Tiwari, V. K.; Tripathi,
R. P.; Gaikwad, A.; Sinha, S.; Chaturvedi, A. K.; Shukla, P. K.; Srivastava, R.;
Srivastava, B. S. Synthesis of galactopyranosyl amino alcohols as a new class of antituber-
cular and antifungal agents. Bio. Med. Chem. Lett. 2004, 14, 329–332.

19. (a) Tiwari, V. K.; Singh, A.; Hussain, H. A.; Mishra, B. B.; Tripathi, V. One-pot con-
venient and high-yielding synthesis of dithiocarbamates. Monatsh. Chem. 2007, 138,

3612 A. SINGH ET AL.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
M

in
ne

so
ta

 L
ib

ra
ri

es
, T

w
in

 C
iti

es
] 

at
 1

3:
10

 0
7 

A
ug

us
t 2

01
3 



653–658; (b) Tiwari, V. K.; Tewari, N.; Katiyar, D.; Tripathi, R. P. One-pot amberlite
IR-120-catalyzed synthesis of glycosyl dihydropyridinone. Monatsh. Chem. 2007, 138,
1297–1302; (c) Singh, A.; Kale, R. R.; Tiwari, V. K. Benzotriazole-mediated one-pot facile
synthesis of N=S=N,S-glycosyl dithiocarbamates. Trends Carbohydrate Res. 2009, 1,
80–85; (d) Kale, R. R.; Prasad, V.; Mohapatra, P. P.; Tiwari, V. K. Recent developments

in benzotriazole methodology for construction of pharmacologically important hetero-
cyclic skeletons. Monatsh. Chem. 2010, 141, 1159–1182; (e) Kale, R. R.; Prasad, V.;
Hussain, H. A.; Tiwari, V. K. Facile route for N1-aryl benzotriazoles from diazoamino

arynes via CuI-mediated intramolecular N-arylation. Tetrahedron Lett. 2010, 51,
5740–5743; (f) Prasad, V.; Kale, R. R.; Kumar, V.; Tiwari, V. K. Carbohydrate chemistry
and room temperature ionic liquids: Recent developments, opportunity, and challenges.

Curr. Org. Synth. 2010, 7, 506–531; (g) Pandey, J.; Sharma, A.; Tiwari, V. K.; Dube,
D.; Ramachandran, R.; Chaturvedi, V.; Sinha, S. K.; Mishra, N. N.; Shukla, P. K.;
Tripathi, R. P. Synthesis, molecular modeling, and antitubercular activities of glycopep-
tide analogs with both furanose and pyranose ring structures. J. Comb. Chem. 2009, 11,
422–427; (h) Yu, H.; Cheng, J.; Ding, L.; Khedri, Z.; Chen, Y.; Chin, S.; Lau, K.; Tiwari,
V. K.; Chen, X. Chemoenzymatic synthesis of GD3 oligosaccharides and other disialyl
glycans containing natural and non-natural sialic acids. J. Am. Chem. Soc. 2009, 131,
18467–18477; (i) Kale, R. R.; Prasad, V.; Tiwari, V. K. Facile synthesis of novel carbox-
amide both with furanose and pyranose sugar. Lett. Org. Chem. 2010, 7, 136–143.

NOVEL GLYCOSYL AZETIDINES 3613

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
M

in
ne

so
ta

 L
ib

ra
ri

es
, T

w
in

 C
iti

es
] 

at
 1

3:
10

 0
7 

A
ug

us
t 2

01
3 


