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This communication describes a general synthetic route to
bicyclic amino acid-carbohydrate-conjugates, which would
be useful as conformationally restricted hydroxyethylamine
(HEA) transition-state isosteres. The synthesis was achieved
in 12 steps starting from D-glucose. The striking features of
this system are the bicyclic rigid core displaying an a-amino
acid side chain and hydroxyethylamine moiety – both of which
would be potentially important for receptor interactions,
leading to various biomedical responses, as described in the
literature. Crystal structure investigation suggested extensive
intermolecular hydrogen-bonding interactions in this system,
involving the backbone amide and hydroxyl groups.

Proteases, a class of peptide-bond-cleaving enzymes that control
protein synthesis and function, offer a highly promising target for
therapeutic intervention, in several severe pathological conditions
such as AIDS, cancer, Alzheimer’s disease, malaria etc.1–3 Reac-
tions mediated by proteases proceed via a tetrahedral transition-
state,4 which results from nucleophilic attack by a water molecule
on the scissile peptide bond carbonyl group. Among the transition-
state isosteres that have been successfully used in the design of
protease inhibitors, hydroxy-based isosteres, in particular HEA
isosteres,5 assumes special importance (Fig. 1). A transition-
state isostere is defined as a functional group that can mimic
the tetrahedral transition-state of amide bond hydrolysis, but
is stable and non hydrolyzable. Phosphinates,6 hydroxyethylcar-
bonyls (statins),7 hydroxyethylamines,5 hydroxymethylcarbonyls
(norstatins),8 hydroxyethylenes,9 and dihydroxyethylenes10 have
proven to be potent inhibitors of various proteases.

A strategy that has proved very successful for the design of
efficient protease inhibitors is based on the incorporation of a
transition-state analog into a peptide/peptidomimetic structure,
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Fig. 1 Transition-state mimics of scissile peptide bond.

carrying an amino acid side chain as evident from a myriad of
examples reported in the recent literature.11

The peptide backbone that carries amino acid side chains
or their surrogates facilitates receptor recognition, leading to
efficient reversible binding of the ligand with the receptor (Fig.
2).12 However, one issue that still remains to be addressed is
the conformational flexibility of the ligand that may adversely
affects receptor selectivity. In order to address this intriguing
problem, conformationally constrained peptide/mimetics carry-
ing transition-state isosteres have been designed, with varying
success.13 It is noteworthy that conformational restriction has
been proven to be an effective and simple tool to improve the

Fig. 2 Proposed conformationally constrained carbohydrate-derived
bicyclic HEA isosteres featuring amino acid side chain.
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druggability, particularly the receptor selectivity, of acyclic/
flexible counterparts.13e Restricting conformational freedom of
flexible molecules can lead to substantial changes in assay
performance, as was demonstrated in a recent study using multi-
dimensional screening.13e

It is noteworthy that several bioactive natural products and
their synthetic analogs feature the bicyclic core of varying sizes,
although without amino acid side chains, as in the present case.
Some of the prominent examples would be castanospermine,
swainsonine, their ring expanded derivatives14 and a glycine-
tethered deoxynojirimycin analogue.15 Intriguingly, many of these
natural products and their synthetic analogues mentioned above
share a common bioactivity profile as glycosidase inhibitors.

The synthetic methodology disclosed herein is a short and
straightforward one starting from the readily available glucose as
the starting material. The synthetic route (Scheme 1) was initially
planned such that the amino acid-furanose-conjugated interme-
diate 4 could be subjected to a two-step acetonide deprotection-
cum-reductive amination protocol to straight away furnish the
required target bicyclic system 7. However, this strategy did not
yield a tangible result, despite best efforts. Therefore, we opted
to isolate the partially reduced advanced intermediate 6, followed
by successive acetonide deprotection and reductive amination to
yield 7. To begin with the synthesis, we started from D-glucose
and converted it to the acetonide protected azide derivative 2, in
five steps, following literature protocols.16 The known furanoside
derivative 2 was subjected to selective azide reduction followed by
coupling with N-terminal protected (as benzyloxy carbonyl, Cbz)
L-alanine to yield 3. The secondary alcohol in 3 could be efficiently
oxidized to the ketone 4 using PCC in DCM, which was ready for
the first reductive amination sequence aided by Pd(OH)2/H2 to
yield 5. It is noteworthy that this reductive amination proved
to be troublesome when Pd/C/H2, a standard condition, was
attempted. The free amine 5 was isolated and characterized as its
Cbz protected derivative 6. Next, 6 was subjected to acetonide
deprotection followed by reductive amination to successfully
furnish 7.

Scheme 1 Regent and conditions: (i) a. TPP, THF-H2O, rt, 3 h; b.
Z–Ala–OH, EDC.HCl, CH3CN, rt, 12 h, 73%; (ii) PCC, NaOAc, MS,
DCM, rt, 5 h, 72%; (iii) Pd(OH)2/H2, MeOH, 120 psi, 24 h; (iv)
Cbz–Cl, NaHCO3, MeOH–H2O, rt, 4 h, 60%; (v) a. TFA–H2O (3 : 1);
b. Pd(OH)2/H2, MeOH, 120 psi, 24 h, 79%.

The relative stereochemistry in 7 could be unambiguously
assigned from its crystal structure (Fig. 3). Single crystals of

Fig. 3 Different views of the crystal structure of 7, clearly revealing
the relative stereochemistry. Stick PyMOL rendering (left) and ball and
stick (right). H-atoms have been deleted for clarity in the ball and stick
representation.

good quality could be obtained by slow evaporation of an aq.
methanolic solution of 7. Analysis of the crystal structure of 7
clearly reveals the relative stereochemistry of the backbone at
C4, C7, C8, and C9, as S, S, R, and R, respectively, and the
newly formed stereo junction at C9A as S. The amide group is
locked in cis-conformation, as found in the biologically important
diketopiperazines.17

It is noteworthy that 7 has been found to undergo extensive H-
bond-mediated self-assembly, as evident from its crystal structure
(Fig. 4). Three molecules of 7 self-assemble using a collection
of hydrogen bonding interactions primarily using the cis-amide
group of one molecule, and hydroxyl groups of two other molecules
forming a 14-membered H-bonded network. Intriguingly, two
hydroxyl groups of one molecule in the H-bonded network act
as hydrogen bonding donors, and two hydroxyl groups (OH) of
another molecule act as hydrogen bonding acceptors.18

Fig. 4 Self-assembled H-bonded network involving three molecules of 7,
as revealed from its crystal structure.

A preliminary investigation of the biological activity of the
constrained bicyclic amino acid-carbohydrate-conjugated HEA
isostere 7 showed 15% trypsin inhibitory activity, while no
inhibition was observed against chymotrypsin. Intriguingly, the
compound 7 did not show any inhibitory activity against any of the
glycosidases tested, under the assay conditions (ESI, S15–S16‡).

In conclusion, the present work details an efficient protocol
for the synthesis of bicyclic amino acid-carbohydrate-conjugates,
which would be of use as conformationally restricted hydroxyethy-
lamine (HEA) transition-state isosteres. The synthetic methodol-
ogy disclosed herein is noteworthy since it is a straightforward one
utilizing the readily available glucose as the starting material and
delivering the target conformationally constrained bicyclic HEA
isostere in high yielding synthetic sequences. The salient features
of this reported system are the bicyclic rigid core displaying an
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a-amino acid side chain and hydroxyethylamine moiety – both of
which would be potentially important for receptor interactions,
leading to various biomedical responses, as described in the
literature.5,11

Experimental section

Single crystal X-ray crystallographic studies of 7

Colorless crystals of approximately 0.43 ¥ 0.09 ¥ 0.02 mm dimen-
sions, were used for data collection. Crystal to detector distance
6.05 cm, 512 ¥ 512 pixels/frame, quadrant data acquisition. Total
frames = 2424, Oscillation/frame -0.3◦, exposure/frame = 5.0
s/frame, maximum detector swing angle = -30.0◦, beam center =
(260.2, 252.5), in plane spot width = 1.24, SAINT integration,
q range = 2.66 to 25.00◦, completeness to q of 25.0◦ is 99.8%.
SADABS correction applied C9H16N2O4, M = 216.24. Crystals
belong to monoclinic, space group P21, a = 7.8831(7), b = 8.2422(7),
c = 7.9473(7) Å, b = 105.506(1)◦, V = 497.57(8) Å3, Z = 2, Dc =
1.443 g/cc, m(Mo-Ka) = 0.114 mm-1, T = 296(2)K, 4835 reflections
measured, 1742 unique [I > 2s(I)], R value 0.0302, wR2 = 0.0673.

(4S,7S,8R,9R,9aS)-7,8,9-Trihydroxy-4-methylhexahydro-1H-
pyrido[1,2-a]pyrazin-3(2H)-one 7. A solution of 6 (0.19 g, 0.47
mmol) in TFA–H2O (6 mL, 3 : 1) was stirred at r.t for 4 h.
The reaction mixture was stripped of TFA completely by co-
evaporation with toluene to furnish a thick liquid, which was taken
up in methanol (20 mL) and hydrogenated with 20% Pd(OH)2

(0.07 g) at 120 psi for 24 h. The catalyst was filtered through celite,
washed with methanol, and the filtrate was concentrated to furnish
thick liquid which was purified by column chromatography to
afford 7 (0.10 g, 79%); Rf 0.35 (MeOH/CHCl3: 30/70); mp: 233.2–
235.8 ◦C; [a]22

D -12.0 (c 0.5, CHCl3); IR (n) CHCl3, (cm-1) 3385,
3275, 1659, 1460; 1H NMR (400 MHz, DMSO-d6) d : 7.58 (s, 1H),
4.99–4.95 (m, 2H), 4.76–4.74 (d, J = 6.0 Hz, 1H), 3.47–3.44 (m,
4H), 3.01–2.93 (m, 3H), 2.60–2.55 (m, 2H), 1.20–1.18 (d, J = 6.8
Hz, 3H); 13C NMR (50 MHz, DMSO-d6) d : 171.5, 71.3, 71.0, 70.2,
59.6, 56.1, 49.6, 39.9; HRMS calcd. for C9H16N2O4Na, 239.1008;
Found, 239.1008. Elemental analysis calcd. for C9H16N2O4: Anal.
C, 49.99; H, 7.46; N, 12.96; Found: C, 49.57, H, 7.69, N, 13.21.
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