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Access to pyrrolidine imino sugars via tin(ir)-mediated aldol reactions of
bislactim ethers: synthesis of 2,5-dideoxy-2,5-imino-D-glucitol}
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2,5-Dideoxy-2,5-imino-D-glucitol (DGDP) has been synthesized via the tin(i1)-mediated anti-selective
aldol reaction of bislactim ether 5 and a 3-O-silylated 2,4-ethylidene-D-erythrose derivative 6. In
accordance with density functional theory calculations (at the B3LYP/cc-pVDZ-PP level), pericyclic
transition structures with a boat-like conformation and a stabilizing hydrogen bond can account for the

unexpected stereoselectivity.

Introduction

Given the potent and specific inhibitory activity toward carbo-
hydrate processing enzymes, polyhydroxylated piperidines and
pyrrolidines have emerged in recent years as highly promising
candidates for the development of new drugs against diabetes,
cancer metastasis and viral infections.! In particular, pyrrolidine
imino sugar 2,5-dideoxy-2,5-iminogalactitol (DGADP) and its
C-4 epimer, 2,5-dideoxy-2,5-imino-D-glucitol (DGDP), recently
isolated from Thai medicinal plants, are potent inhibitors of sev-
eral galactosidases and glucosidases.? In addition, N-adamantanyl
alkyl amide derivatives of DGDP have been found to act as
pharmacological chaperones for Gaucher disease,* while N-acetyl
analogues of DGDP 1 are hexosaminidase inhibitors, which may
offer new therapeutic options in the treatment of osteoarthritis.?
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Consequently with the huge pharmacological potential of poly-
hydroxylated pyrrolidines,* significant efforts have been devoted
to their synthesis. To date, DGDP has mostly been synthesized
through stereoselective transformations of readily available carbo-
hydrate precursors.® Alternative approaches have relied on annula-
tion of a-amino acid derivatives,* chemoenzymatic processes,**
or asymmetric aminohydroxylations.® We have recently described
a general strategy for the synthesis of piperidine imino sugars, by
using an aldol reaction between metalated bislactim ethers and
threose or erythrose acetonides in the key-step.” In this paper,
we introduce an extension of this methodology to the synthesis
of pyrrolidine imino sugars. In adapting the synthetic plan we
recognized that amino esters 2 might be valuable intermediates
since the target pyrrolidines would originate by cyclization via
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nucleophilic substitution of an activated hydroxyl group, followed
by reduction of the carboxylic acid group (see Scheme 1).
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We envisaged preparing key intermediates 2 by stereocontrolled
aldol additions between four-carbon building blocks and a chiral
glycine equivalent. Alkylidene-tetroses like 4 were sought as appro-
priate precursors, delivering various configurations and being suit-
ably functionalized at positions 2 and 4. Although commonly used
in stereoselective synthesis,® to the best of our knowledgement,
2,4-alkylidene-threoses or erythroses had not been previously
employed as aldol acceptors.” In addition, aldol reactions of
metalated bislactim ethers 3 with matched a-alkoxyaldehydes have
been reported to proceed with high levels of syn,anti-selectivity,
which has been rationalized by invoking chair-like pericyclic
transition structures with a Felkin-Anh or a Cornforth-like'
conformation for the aldehyde moiety.”"! Thus, double asymmetric
induction of the 3,1-syn-1’,2"-anti configuration was expected
in the reaction of D-valine and D-erythrose derivatives 5 and 6
(see Scheme 2), which could enable selective access to a convenient
precursor of pyrrolidine imino sugar DGADP.

Results and discussion

To this end, n-BuLi was added to a solution of bislactim ether 5
in THF at —78 °C, and the corresponding lithium azaenolate was
allowed to react with CL,Sn for 1 h to produce the transmetalated
azaenolate SnCI*5". Upon addition of freshly distilled aldehyde
6,'? reaction took place within 4 h at —78 °C and, after quenching
and aqueous workup, a crude mixture containing adducts 7a : 8 in
a 12: 1 ratio™ was isolated in 80% combined yield. The separation
of the components of this mixture could be achieved by flash
chromatography to provide 7a with high purity (d.e. higher than
98%) and 74% yield. Surprisingly, the configuration of the major
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adduct 7a was determined as 3,1%-anti-1’,2’-syn instead of the
expected 3,1’-syn-1",2"-anti one. Evidence supporting the relative
configurations of the addition products was obtained from NMR
analysis™ and chemical correlation with DGDP (see Scheme 3).
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Scheme 3  Reagents and conditions. i. NaH, BnBr, Bu,NI, THF (70%). ii.
0.25 M HCI : MeOH 1 : 3 (82%). iii. LiEt;BH, THF, 0 °C (90%). iv. (a)
0.25 M HCIl: THF 1: 1, H,, Pd/C; (b) 1 M HCI, A (96%).

To gain more insight into the origins of the unexpected anti,syn-
selectivity in the reaction between SnCl*5™ and 6, we have com-
puted the competing diastereomeric transition structures (TSs) for
the aldol process. Geometry optimizations were performed using
the B3LYP procedure with the cc-pVDZ basis set and a small-
core relativistic pseudopotential (PP) for Sn. Single-point energy
calculations were performed at the B3LYP/cc-pVTZ-PP level in
THEF solution using the PCM method (see ESIf for full details).'
In agreement with the experimental outcome, the most favorable
TS was located in the trans,anti,syn-diastereomeric pathway. This
TS, designated as tas-BN in Fig. 1, was characterized by a
boat-like conformation for the pericyclic ring and a non-Anh
conformation' for the erythrose moiety. In the trans,syn,anti-
diastereomeric pathway, the most stable TS was tsa-CM, which
showed chair-like and Cornforth-like conformations for the per-
icyclic ring and the erythrose moieties and was calculated to be
1.2 kcal mol™ higher in energy than tas-BN. Other competitive TSs
in the cis-pathways were also calculated to be higher in energy. It
should be noted that in zas-BN the distance between the oxygen
atom at the o-position of the erythrose moiety and one of the
methoxy hydrogens of the bislactim ether was reduced to 2.22 A,
which indicated a hydrogen bond interaction (represented as a

dotted line in Fig. 1). This interaction was not present in the
competing TSs and therefore could contribute to the unexpected
kinetic preference for the trans,anti,syn-pathway."’

tas-BN
(0.0)
FAVORED
Fig.1 Chem3D representations of the most favored TSs located in the gas
phase (at the B3LYP/cc-pVDZ-PP level) for the reaction between SnCI*5-
and 6. Relative energies in THF (at the B3SLYP(SCRF)/cc-pVTZ-PP level
using the PCM method) are shown in parenthesis in kcal mol™. Distances

are in angstroms. The hydrogen atoms are omitted for clarity except at
chiral and reaction centers.

The conversion of adduct 7a to the targeted imino sugar was
straightforward. After deprotection of the silyl ether, mesylation
of diol 7b (by treatment with MsCl, Et;N and a catalytic amount
of dimethylaminopyridine in CH,Cl, at 0 °C) was completely
regioselective for the equatorial hydroxyl group (see Scheme 2).'8
Protection of mesylate 7¢ was found necessary to achieve ac-
ceptable yields in the hydrolysis of the pyrazino moiety, as was
previously reported for other bislactim ethers with free hydroxyl
groups.” After benzylation, the selective cleavage of the bislactim
ether in the presence of the ethylidene acetal took place with
concomitant cyclization (see Scheme 3). In this manner, hydrolysis
of 9 in acidic media gave rise to glucuronate 10 in 82% yield
after removing the auxiliary D-valine by flash chromatography.
Reduction of the ester group of 10 with LiBEt;H proceeded
cleanly, as previously described for other pyrrolidine derivatives.*
Final deprotection of pyrrolidine 11, by catalytic hydrogenation
and hydrolysis of the acetal in hot HCI, followed by purification
of the crude mixture by ion-exchange chromatography (Dowex,
H* form) and reversed-phase chromatography, led to DGDP in
excellent yield.”

Conclusions

In summary, with the efficient preparation of DGDP we have
outlined the utility of tin(ir)-mediated aldol reactions between
bislactim ethers and 2,4-ethylidene-tetroses for the synthesis of
pyrrolidine imino sugars. Additional studies to extend this aldol-
based strategy to the synthesis of other biologically active 2,5-
iminohexitols are currently under progress and will be reported in
due course.

Acknowledgements

We gratefully acknowledge Ministerio de Ciencia y Tecnologia
(BQU2003-00692) and Xunta de Galicia (PGIDIT05BTF-
10301PR) for financial support. The authors are indebted to

3968 | Org. Biomol. Chem., 2008, 6, 3967-3969

This journal is © The Royal Society of Chemistry 2008



Centro de Supercomputacion de Galicia for providing computer
facilities. O. B. thanks Xunta de Galicia for an “Isidro Parga
Pondal” position at Universidade da Coruiia.

References and notes

1 Iminosugars. From synthesis to therapeutic applications, ed. P. Compain
and O. R. Martin, Wiley & Sons, Chichester, 2007.

2 (a) K. K. C. Liu, T. Kajimoto, L. Chen, Z. Zhong, Y. Ichikawa and C.-H.
Wong, J. Org. Chem., 1991, 56, 6280-6289; (b) Y. F. Wang, Y. Takaoka
and C.-H. Wong, Angew. Chem., Int. Ed. Engl., 1994, 33, 1242-1244;
(¢) More recent evaluations of the biological activity of DGDP are not
consistent with previously reported data, see: N. Asano, T. Yamauchi,
K. Kagamifuchi, N. Shimizu, S. Takahashi, H. Takatsuka, K. Ikeda,
H. Kizu, W. Chuakul, A. Kettawan and T. Okamoto, J. Nat. Prod.,
2005, 68, 1238-1242.

3 (a) Z. Yu, A. R. Sawkar, L. J. Whalen, C.-H. Wong and J. W. Kelly,
J. Med. Chem., 2007, 50, 94-100; () J. Liu, M. M. D. Numa, H. Liu,
S.-J. Huang, P. Sears, A. R. Shikhman and C.-H. Wong, J. Org. Chem.,
2004, 69, 6273-6283.

4 (a) For recent patents, see: M. D. M. Crispin, C. Scanlan, F. M.
Platt and H. J. Willison, PCT Int. Appl. WO 2008012 555, 2008;
(b) J. M. McPherson, T. Edmunds and Q. Zhou, PCT Int. Appl. WO
2007048 122, 2007.

5 For selected examples, see: (¢) B. M. Malle, I. Lundt and T. M.
Wrodnigg, Org. Biomol. Chem., 2008, 6, 1779-1786; (b) 1. Izquierdo,
M. T. Plaza and V. Yaiez, Tetrahedron, 2007, 63, 1440-1447; (c¢) M.
I. Garcia-Moreno, M. Aguilar, C. Ortiz Mellet and J. M. Garcia
Fernandez, Org. Lett., 2006, 8, 297-299; (d) A. Dondoni, P. P.
Giovannini and D. Perrone, J. Org. Chem., 2002, 67, 7203-7214; (¢) D.
D. Long, S. M. Frederiksen, D. G. Marquess, A. L. Lane, D. J. Watkin,
D. A. Winkler and G. W. I. Fleet, Tetrahedron Lett., 1998, 39, 6091—
6094; (/) K. H. Park, Heterocycles, 1995,41,1715-1719; () E. W. Baxter
and A. B. Reitz, J. Org. Chem., 1994, 59, 3175-3185.

6 (a) P. Restorp, A. Fischer and P. Somfai, J. Am. Chem. Soc., 2006, 128,
12646-12647; (b) G. Legler, A. Korth, A. Berger, C. Ekhart, G. Gradnig
and A. E. Stiitz, Carbohydr. Res., 1993, 250, 67-77; (¢) S. Singh and H.
Han, Tetrahedron Lett., 2004, 45, 6349-6352.

7 M. Ruiz, T. M. Ruanova, O. Blanco, F. Nufiez, C. Pato and V. Ojea, J.
Org. Chem., 2008, 73, 2240-2255.

8 M. Fengler-Veith, O. Schwardt, U. Kautz, B. Kramer and V. Jager, Org.
Synth., 2004, 10, 405-409, and references cited therein.

9 For conceptually related approaches to piperidine imino sugars using
1,3-dioxane-4-carboxaldehydes, see: (a¢) M. S. Pino-Gonzalez and

N. Onda, Tetrahedron: Asymmetry, 2008, 19, 721-729; (b) E. G.
Doyagiiez, F. Calderon, F. Sanchez and A. Fernandez-Mayoralas, J.
Org. Chem., 2007, 72, 9353-9356.

10 D. A. Evans, V. J. Cee and S. J. Siska, J Am. Chem. Soc., 2006, 128,
9433-9441, and references cited therein.

11 (a) M. Ruiz, V. Ojea and J. M. Quintela, Tetrahedron: Asymmetry, 2002,
13, 1535-1549; (b) S. Kobayashi, T. Furuta, T. Hayashi, M. Nishijima
and K. Hanada, J. Am. Chem. Soc., 1998, 120, 908-919; (¢) M. Grauert
and U. Schollkopf, Liebigs Ann. Chem., 1985, 1817-1824.

12 Aldehyde 6 was easily prepared from D-glucose. See: D. Crich, M. A.
de la Mora and R. Cruz, Tetrahedron, 2002, 58, 35-44, and reference 8.

13 The ratio between diastereoisomers was determined by integration of
the baseline resolved doublets corresponding to the methyl groups
of the dioxane moiety in the 'H NMR spectrum of the crude
mixture.

14 For bislactim 7a the 6-H resonance appears at 3.86 ppm, as a triplet
with *J(3-H,6-H) close to 3.4 Hz, which is general of the 3,6-trans
configuration. Conversely, for 8 the absorption corresponding to 6-H
appears at 3.95 ppm, as a doublet of doublets with a *J(3-H,6-H) of
5.0 Hz, which is typical of a 3,6-cis relationship at the bislactim ether
ring. Thus, the configuration of 8 must be cis,syn,syn or cis,anti,anti.

15 This computational methodology has performed well in providing
predictions of diastereoselectivity in line with the experimental values
reported for tin(11)-mediated aldol additions of Schollkopf’s bislactim
ethers and tetrose acetonides (see reference 7).

16 The term “non-Anh” was coined by Heathcock to designate reactive
conformations having one of the ligands on a stereogenic c-carbon with
higher o* orbital energy anti to the incoming nucleophile. See: E. P.
Lodge and C. H. Heathcock, J. Am. Chem. Soc., 1987, 109, 3353-3361.

17 Boat-shaped transition structures with a stabilizing hydrogen bond also
account for the anti-selectivity of boron-mediated aldol reactions of B-
alkoxy methyl ketones, see: R. S. Paton and J. M. Goodman, J. Org.
Chem., 2008, 73, 1253-1263.

18 Regioselective mesylations of axial hydroxyl groups in diols derived
from 2,4-O-benzylidene-D-threose have been previously described, see:
(a) T. Toba, K. Murata, K. Nakanishi, B. Takahashi, N. Takemoto,
M. Akabane, T. Nakatsuka, S. Imajo, T. Yamamura, S. Mikaye and
H. Annoura, Bioorg. Med. Chem. Lett., 2007, 17, 2781-2784; (b) R. R.
Schmidt and T. Maier, Carbohydr. Res., 1988, 174, 169-179.

19 D. Diez, P. Garcia, 1. S. Marcos, N. M. Garrido, P. Basabe, H. B.
Broughton and J. G. Urones, Tetrahedron, 2005, 61, 699-707.

20 Optical rotation for 2,5-dideoxy-2,5-imino-D-glucitol: [o]Z + 24.2 (c
0.7 in H,0), (lit.,* [o]? + 25.1 (¢ 1.5 in H,0)). Spectral data obtained
for this material were also consistent with the literature values® (see
ESIY).

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 3967-3969 | 3969



