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L-ldo cyanohydrin 3 was prepared from diacetone-p-glucose in four steps and 76% overall yield and 90% de via cyanohydrin reaction of
aldehyde 2. This process can be scaled to provide >1 mol of pure L-ido cyanohydrin 3. Cyanohydrin 3 was elaborated to 1,2-isopropylidine-
protected L-ido nitrile (8), iduronic amide 9, and known carboxy ester 10. Coupling of 8 and 9 with glucosamine donors leads to new types

(6-cyano and 6-carboxamide) of heparin-related disaccharides.

Heparin/heparan sulfates (HS) are linear glycosaminogly-
can (GAG) polysaccharides, consisting of alternating
N-glucosamino and hexuronic acid residues. They play
critical roles through binding to a wide range of enzymes,
growth factors, and other proteins regulating diverse
biological effects, with sulfation at several possible sites
being central to biological recognition and effect.' These
include fibroblast growth factors (FGFs). The complex

heterogeneity of natural HS oligosaccharide sources means
that defining details of the roles and effects of specific
HS sequences in relation to specific FGFs? (of which more
than 20 are known) needs to be addressed by specific
synthesis of a diversity of structurally defined HS se-
quences. Access to pure natural sequences and mimetics
also offers prospects for providing designed sequences for
specific therapeutic applications.? In natural HS sequences,
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the uronic acid component is either D-glucuronic or
L-iduronic acid, which differ only in their C5-configura-
tion. Various biological studies indicate that sequences
containing domains of L-iduronic components modulate
effects on a number of FGFs. Synthetic access to disac-
charide components of such oligosaccharides is thus of
considerable interest, as they are key precursors to the
synthesis of longer H/HS-like sequences.

Of the uronic acid components, L-iduronic acid provides
a key challenge to effective synthesis, as this sugar is not
readily available. Thus, efficient synthesis of L-iduronic acid
derivatives is critical to provision of structurally defined
saccharides for evaluation, and scalability is important for
any future therapeutic potential.

A number of previous syntheses of L-iduronic acid and
derivatives have been described,* involving obtention of the
C5 L-configuration by diastereomer separation**~ or inver-
sion of the C5 stereochemistry of D-sugar precursors,*® " in
some cases with subsequent oxidation of intermediate L-idose
derivatives. ! Low temperature addition of tris(phenylthi-
o)methyllithium (a carboxylate surrogate)’ to 2 has also
provided stereoselective introduction of the C5 stereocenter.®
Oxidation of L-iditose components in oligosaccharides has
also been employed.’

We report here our approach to stereocontrolled introduc-
tion of the key C5 L-ido strereochemistry, through reaction
at ambient temperature, under air and without the need for
anhydrous conditions, using inexpensive reagents. The key
stereochemical step involves purification by crystallization
and is thus designed to enable large-scale synthesis, facilitat-
ing access to larger amounts of various L-iduronate targets.
Scalability underpins the potential for viable development
of L-ido-containing heparan-related saccharides for clinical
evaluations.

The cyanohydrin reaction has been used in carbohydrate
homologation chemistry® (originally reported by Kiliani®?)
and, while high yielding, proceeds with low diastereoselec-
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tivity in most cases, though its utility has been applied to
synthesis of isotopically labeled sugars.®®

The diastereoselectivity of the cyanohydrin reaction of 2
has previously been reported to be poor (typically a 1:1
mixture).” While addition of appropriate dialkylhydrazone
reagents has provided a stereoselective entry to the D-gluco
cyanohydrin (4), in two steps from 2,'° there is no prior
stereoselective access to 3. We thus undertook an reinves-
tigation of the conditions for this cyanohydrin reaction of
aldehyde 2, with a view to developing a more diastereose-
lective and scalable process.

Scheme 1. Stereocontrolled Cyanohydrin Synthesis
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We found the cyanohydrin reaction to be fast (complete
in <30 min) with or without additives, but that diastereo-
control, as previously reported,” is very low at short reaction
times. However, following the reaction over longer periods
showed that, in reactions with added magnesium chloride,
the de increases'' and after 5 days affords 90% de in favor
of the L-ido configuration (Scheme 1 and Table 1a). During
this reaction increasing precipitation was observed. This
outcome is rationalized as a combination of cyanohydrin
epimer equilibration (slightly basic reaction conditions) and
the preferential crystallization of the L-ido configuration
diastereomer 3 from the reaction solution,'? driving equi-
librium toward the L-ido product. Pure 3 is then isolated in
high yields after recrystallization.

Analysis of the effect of substrate concentration on the
diastereoselectivity (using 1.1 equiv of MgCl, and KCN, 16 h
time point, where optimum de = 82%), illustrates that the
de is also related to a critical concentration limit, below
which the de drops markedly (Table 1b).
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Table 1. Effects of (a) Reaction Time and (b) Substrate
Concentration on Diastereoselectivity of Cyanohydrin Reaction
of 2¢

(a) reaction time® (b) substrate concentration®®

entry time/h yield/% de C/M of 2 yield/% de
1 0.3 97 9 0.5 93 83
2 1 94 28 0.27 94 82
3 2 94 69 0.17 91 75
4 4 96 74 0.06 96 36
5 16 94 82
6 48 94 87
7 120 93 90

“ All reactions using 1.1 equiv of KCN and MgCl,. * 0.27 M of 2. © Time
=16 h.

To determine the scope of additives in synthesis of 3,
evaluation of other metal salts and alternative magnesium
salts (MgSO, and MgBr,) was undertaken (Table 2). Several
magnesium salts gave high diastereoselectivity, but magne-
sium chloride had the advantage of a superior overall yield,
with the optimum combination of isolated yield and de
obtained using 1.1 equiv of MgCl,.

Table 2. Effects of Metal Salt on Diastereoselectivity of
Cyanohydrin Reaction of 2¢

metal salt equiv yield (%) de
none n/a 64 33
MgCl, 0.55 80 82
MgCl, 1.1 94 87
MgBr, 1.1 77 82
MgSO, 1.1 76 83

“ Reaction time = 48 h.

The L-ido configuration of 3 was unambiguously estab-
lished by an X-ray structure determination (Figure 1).

The overall yield from diacetone-D-glucose (1a) to pure
L-ido cyanohydrin 3 was 76% (four steps). Moreover, the
residue in solution after recrystallization (a mixture of
L-ido and D-gluco cyanohydrins (3 and 4)) could be re-
equilibrated by stirring in 1:1 methanol—water with 0.1
equiv of potassium cyanide and magnesium chloride for
5 days, re-establishing 90% de of L-ido over D-gluco. The
mild conditions allied with purification of 3 by crystal-
lization enabled scale up to >1 mol scale. This offers
significant process cost advantages over prior homologa-
tions of 2.

L-Ido cyanohydrin 3 was elaborated to several different
L-iduronic acid derivatives, as acceptors for glycosidic
couplings. The 5-membered ring cyanohydrin 3 was first

Figure 1. X-ray structure of L-ido configuration cyanohy-
drin 3.3

converted into the 1,2-isopropylidine-protected pyranose 8
using a modified version of methodology for the analogous
carboxy ester system.®® Thus, removal of the isopropylidene
from 3 by treatment with aqueous TFA afforded deprotected
crystalline cyano sugar 5 in 84% yield (Scheme 2). The 1,2-
isopropylidene was then reformed using excess 2-methox-
ypropene and CSA, conditions leading preferentially to the
1,2-isoproylidine-protected pyranoside ring system. The
primary product was in fact 7, which contains an open acetal
attached to the 4-position. Product 7 was isolated in 62%
yield, along with 18% of the desired O-4-deprotected
pyranoside 8. This reaction proceeds via tris-acetal-protected
intermediate 6,'* which could be isolated when the reaction
was run for 2 h at 0 °C.

Scheme 2. Conversion of L-Ido Cyanohydrin 3 into L-Ido
Cyanopyranoside 8“
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“ Note: O-4 deprotection of 7 also leads to 12% of starting furanoside

3.

The O-4 acetal was selectively removed to convert 7 into
8, using 0.1 equiv of p-TSA as under these conditions 8 is

(13) Data deposited with the Cambridge Crystallographic Database and
allocated the deposition no. CCDC 736690.
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(14) NMR data indicate 6 is 4C;: Jip—n3 = 9.8 Hz for 6, while H-4 in
7, for example, shows only J < 5 Hz.
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only slowly converted back to the furanose 3, maximizing
overall conversion of 5 to 8."°

The nitrile 8 was converted into the (crystalline) L-ido
amide 9 in excellent yield using hydrogen peroxide and
potassium carbonate (Scheme 3). This primary amide was
treated with dimethylformamide dimethyl acetal in dry
methanol'® to facilitate the direct conversion to the known
methyl ester 10 in 81% yield (with concomitant formation
of 9% of the furanoside 11, separable from 10.)

Scheme 3. Conversion of Idonitrile 8 to Iduronamide and
Iduronic Ester Derivatives
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The ester 10 is known to be an excellent acceptor for
the synthesis of heparin-like disaccharides.*®*!” In our
hands, acceptor 10 was thus employed for synthesis of
heparin-related disaccharide units 13—16, providing good
yields and selectivities against variations in nature of the O-4
and O-6 protecting groups of donor 12,**'® thereby affording
useful intermediates with different alternatives to diverge to
disaccharides for further homologation (Scheme 4).

The utility of 6-cyano- or 6-carboxamide-bearing ac-
ceptors (in general) is essentially unexplored in oligosac-
charide synthesis. (Both cyano and amido L-ido interme-
diates 8 and 9 are novel.) We thus decided to evaluate
coupling of these acceptors with the 2-azido gluco
thioglycoside donors 12, which had, as anticipated,
performed well with the 6-carbomethoxy ido acceptor 10.
Thioglycoside donors 12 coupled with nitrile 8 to provide
a high yield of the a-linked disaccharides 17 and 18. The
amide 9 proved to be a poorer acceptor, affording amide-
containing a-linked disaccharides 19 and 20 but isolated
in lower yields.'® Notwithstanding lower yields using
amide 9, this establishes a route to novel 6-modified
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removal of the O-4 acetal of 7) was ineffective.
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Lomas, M.; Flores-Mosquera, M.; Chiara, J. Eur. J. Org. Chem. 2000, 154,
7-1562. Codee, J. D. C.; Litjens, R.; den Heeten, R.; Overkleeft, H.; van
Boom, J. H.; van der Marel, G. A Orglett 2003, 1519-1522 12 (R = PMB,
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(19) The same reactivity trends were evident using corresponding
trichloroacetimidate 2-azido gluco donors.
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heparin disaccharides 13 and 15—20. Yields for glyco-
sylations of 8 —10 using 4,6-O-benzylidine protected donor
12 [R = R! = CHPh] were very similar to those for donors
having preinstalled differentiations of 0-4/0-6. However,
anomeric selectivities proved lower, with anomeric ratios
(a/p) for 16 (7:2), 18 (3:2), and 20 (5:1).

Scheme 4. L-Ido Disaccharide Syntheses

OR'
OR!
RO O
. o MeO,C 8n NIS, CH,Cl, BnO y
BnO SPh o — T o
N3 OH O
12 10 Meozcbf&/o
OBn
. 13 R=PMB, R'=Bn, 75-80%
OR 14 R=Lev, R'=Bn, 65-70%

OBn
NC (O)y/Ae)

?\7\ BrO
8 OH O Ny
N o o\\\
_| 1 o,
NG b/&o 17 R=PMB, R'=OAc, 74%

] 18 R, R'=CH-Ph, 89%

15 R=PMB, R'=Ac, 83%
16 R, R'=CH-Ph, 88%

NIS, CH,Cl,

OBn
H,NOC-7J:0
9 O RO 0

OH O Bno%
o O
NIS, CH,Cl, b/&/ 19 R=PMB, R'=OAc, 22%
H,NOCAZO

O  20R, R'=CH-Ph, 29%

In conclusion, a new scalable approach to the estab-
lished valuable L-iduronic acid building block (10) for
heparan sulfate syntheses has been developed. The route
to the key precursor L-ido cyanohydrin 3 is highly
stereoselective and efficient and offers significant advan-
tages on a larger scale as it involves no column chroma-
tography, proceeds at ambient temperature, has no re-
quirement for anhydrous conditions, and utilizes very
inexpensive reagents affording a highly crystalline product
in a single step. In addition to conversion of cyanohydrin
3 to a known L-iduronic ester acceptor derivative 10, novel
nitrile and primary amide L-iduronic intermediates 8 and
9 were also prepared and evaluated as acceptors in
glycoside couplings, yielding novel 6-cyano and 6-car-
boxamide L-ido disaccharide analogues. Further elabora-
tions of 3 into various heparan-sulfate related oligosac-
charides, and the uses of novel disaccharides, will be
reported elsewhere.
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