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Solvent-free reactions at work towards densely
functionalized targets: synthesis of 3-amino
(azido)-3-deoxy-p-galactose, a key structural motif
of galectin ligands
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A straightforward approach is reported for the synthesis of 3-deoxy-3-amino(azido)-p-galactose, a key
intermediate for the synthesis of high-affinity therapeutic inhibitors of galectins. The synthetic route high-
lights the viable applicability of experimentally simple solvent-free reactions in nearly half of the steps in
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the sequence, including a procedure specifically developed for a key epoxidation step. Unlike other
known synthetic approaches, the current strategy stands out for the fast and efficient Sy2 steps necessary
for setting the nitrogen at C-3 with the correct configuration, achieved by taking advantage of intra-
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Introduction

3-Amino-3-deoxy-galactose and its 3-azido analogue became
very important targets in organic synthesis since the discovery
that symmetrical sulfide or thioglycoside derivatives thereof
can be excellent ligands of galectins,® which are important
B-galactoside receptors playing a pivotal role in numerous bio-
logical processes with therapeutic implications.” A remarkable
effort is being currently devoted to searching for inhibitors of
galectin, as exemplified by derivatives falling into this class
that are advancing in clinical trial stages (Fig. 1).?

In addition, this saccharide residue was also unveiled as a
component of a high-affinity inhibitor of glycosyl transferase.”

Synthesis of 3-amino-3-deoxy-galactose is not trivial and all
the described routes entail difficult Sy2 reactions at secondary
sites of the saccharide precursors. In fact, p-glucose and
p-galactose derivatives have been reported as precursors of this
target, and each of the known synthetic schemes requires at
least two steps involving inverting the configuration.

Scheme 1 shows a summary of the most significant inter-
mediates of three representative approaches to 3-deoxy-3-
azido-p-galactose described so far.>”” The first route® is based
on the attachment of the nitrogenated functionality at the C-3
position of a galacto-precursor, with an overall retention of
configuration at this position implying a sequence of two Sy2
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processes. The viability of this route is critically dependent on
the efficient regioselective installation of a suitable leaving
group at C-3 prior to each substitution process, and relies on a
favourable outcome of the Sy2 steps. In pursuing this general
strategy, Nilsson and co-workers initially attached a 3,5-(tri-
fluoromethyl)benzensulfonyl group onto the O-3 position of a
4,6-O-benzylidene-protected thiogalactoside, in order to
perform with cesium acetate the first substitution process
leading to galacto-to-gulo epimerization;> subsequently, a sufo-
nylimidazolide was adopted as the leaving group precursor for
the subsequent azidation step, restoring the galacto-configur-
ation while introducing a nitrogen at C-3.

In the second approach,® the inexpensive 1,6-anhydro-p-o-
glucose (levoglucosan) was selected in place of a galacto-pre-
cursor. Here, access to 3-azido galactose was achieved with an
initial 4-O-tosylation, followed by a Payne rearrangement invol-
ving initial generation of a 3,4-epoxide then becoming a 2,3-
epoxide; diaxial opening of the latter epoxide with nucleophilic
azide, ultimately led to azidation at C-3 of 1,6-anhydro-p-o-

galactose.
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Fig. 1 Galectin inhibitors established as therapeutics.
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Scheme 1 Analysis of known retrosynthetic routes to 3-deoxy-3-azido-p-galactose.

In the third approach,” a protected glucofuranose precursor
was employed, and five steps were needed to carry out the
inversion of configuration at both C-3 and C-4 (via an unsatu-
rated intermediate submitted to a syn-hydrogenation), and azi-
dation at C-3 was conducted in the final steps through the
expensive triflate activation.” These synthetic approaches are
plagued by several drawbacks such as the need for especially
extended reaction times for both the regioselective sulfonyla-
tion steps and the substitution steps. In addition, use of
highly expensive and/or sensitive reagents—such as the aryl-
sulfonating agent adopted in the first synthesis for the first
Sn2 step (about 1000 times as expensive as the corresponding
tosylating reagent), and such as cesium acetate, tetramethyl-
piperidide, and triflic anhydride—has a profound impact on
their scalability.

Also, an interesting strategy was recently reported for the
synthesis of 3-nitrogenated galacto-building-blocks starting
from 1,2-galactal. The strategy takes advantage of a sequence
of reactions, namely a Ferrier rearrangement and an intra-
molecular aza-Wacker step, with the latter being, however, a
rather time-consuming step (48-72 hours).® In addition, adap-
tation of this strategy towards the synthesis of galectin ligands
would require additional steps (not optimized to date) for the
removal of the N-tosyl-carbamate functionality and the intro-
duction of a suitable anomeric leaving group.

Results and discussion

In order to implement a more practical synthesis requiring
less experimental effort, an alternative strategy herein
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described was devised, starting from the general idea that
intramolecular processes might be fruitfully exploited for all
the requisite Sy2 steps, with an expected beneficial effect on
both the reaction rates and the corresponding yields. As
shown in the retrosynthesis in Scheme 2, some inspiration was
drawn from a synthetic strategy described some years ago to
access useful building blocks of 3-deoxy-3-fucosamine;’ one of
the key steps in that route was an intramolecular attack of a tri-
chloroacetimidate nitrogen (axially placed at C-4) against a
suitably oriented 2,3-epoxide of a gulo-configured sugar (con-
version of 5 to 4 in Scheme 2). In order to avoid the demand-
ing triflate activation exploited in that scheme,’ a critical goal
of the initial steps here was the regioselective installation of a
practically more convenient leaving group at C-3 to carry out
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Scheme 2 Proposed retrosynthetic strategy.
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the subsequent generation of the 2,3-epoxide functionality. For
this purpose, we relied on a recently reported approach allow-
ing a fast 3-O-tosylation of galactosides under tin-catalyzed
solvent-free reaction conditions,'® and also demonstrated in
the current work that solvent-free conditions can be further
usefully exploited in a new application, namely in the sub-
sequent 2,3-epoxidation step, as well as in other key steps of
the scheme. In fact, the overall scheme demonstrated that
combining established solvent-free approaches'' with newly-
developed ones can provide a powerful strategy to conveniently
access high-added-value targets featuring a dense array of
functional groups and stereocentres.

The synthetic sequence (Scheme 3) started from aryl glyco-
side 8, which is commercially available or easily obtained from
commercial peracetylated galactose under solvent-free con-
ditions." In order to prevent undesired side reactions, the
reactive primary 6-OH was preliminarily protected with the
bulky and acid-labile trityl group. Following a recently reported
protocol based on the exclusive use of a slight excess of pyri-
dine and trityl chloride (2.5 and 1.1 equiv., respectively) at
100 °C," only a partial conversion of 8 to 9 (ca. 50%) was
observed after 45 minutes, with no evidence of significant
further evolution upon increasing the reaction time. This
peculiar behaviour of galacto-precursors was already noticed
when the procedure was developed,”® in sharp contrast to

HO OH 1) TrCl (1.1 equiv),
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gluco- and manno-precursors, which were 6-O-tritylated in
much higher yields under similar conditions. A substantial
improvement in the yield of 9 (up to 74%) was achieved upon
further addition, at 20 minutes after the start, of DIPEA (2
equiv.) and another aliquot of trityl chloride (1.1 equiv.)
(Scheme 3); the reaction was much less efficient when the
entire amounts of all employed reagents were added at the
start of the reaction. After being chromatographically isolated,
compound 9 was submitted to regioselective tosylation at O-3
by taking advantage of a recent solvent-free approach based on
the catalytic generation of a 3,4-O-stannylene acetal intermedi-
ate from the cis-diol motif present in the galactoside sub-
strate.™® Very interestingly, adding a small amount of dichloro-
methane to the initial reaction mixture had a beneficial
impact, with desired product 10 obtained in 85% isolated yield
after only 45 minutes at 75 °C, whereas about a 70% yield was
recorded in its absence. This result can be accounted for by
the ability of dichloromethane to create a homogenous reac-
tion medium prior to its distillation under the thermal con-
ditions required by the reaction. Note that regioselective
attachment of alternative sulfonyl moieties derived from
agents more reactive than tosyl chloride (triflic anhydride or
mesyl chloride) did not prove viable in our hands. Likewise,
applicability of halide leaving groups is here affected by the
practical need for extended reaction times and harsh con-
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Scheme 3 Synthesis of the key precursor of galectin ligands 18.
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ditions for the halogenation of secondary alcohols as well as
the difficult stereocontrol requested.*

Achieving the following epoxidation step of the synthesis
(Scheme 3) was not trivial. Initial attempts were made under
described basic conditions such as NaH in DMF,® sodium
methoxide in a dichloromethane/methanol mixture,® or DBU
in dichloromethane." The latter condition resulted in a very
sluggish reaction, whereas the yield under the other conditions
was strongly affected by the rate of generation of the undesired
3,4-epoxide 12 (arising from the Payne rearrangement of
desired epoxide 11) and the recovery of the starting tosylated
compound 10 (Scheme 4).

According to NMR analysis of the respective crude mixtures,
use of NaH in DMF led to a complete consumption of 10 and
the generation of an almost equimolar mixture of epoxides 11
and 12, whereas use of sodium methoxide in a dichloro-
methane/methanol mixture provided a more favourable 11/12
ratio (ca. 3:1), but a substantial recovery of starting compound
10 (ca. 40%). In an attempt to achieve synthetically satisfying
results with a minimally demanding procedure, some exper-
imentation was conducted, specifically testing solvent-free con-
ditions for this step; compound 10 was thus treated with a
large set of bases in the absence of solvent and at different
temperatures. DBU proved to be the only tested base that
afforded an appreciable extent of epoxidation (Scheme 3), the
most satisfying results being recorded at 80 °C. Interestingly,
when 1 equiv. of DBU was adopted at this temperature, an
approximate 50% consumption of 10 was observed with preva-
lent conversion to 11. Upon doubling the amount of base, an
appreciable prevalence of desired epoxide 11 was observed
after 2 hours in an NMR analysis of the crude product. Silica
gel purification afforded epoxide 11 in 48% isolated yield,
together with a ca. 20% recovery of 10, and a ca. 15% recovery
of epoxide 12, corresponding to a conversion higher than 50%
(Scheme 3). Structural identification of the obtained epoxides
11 and 12 was based on the observation of the typical high-
field '"H and C NMR shifts for the protons (5 lower than
3.5 ppm) and carbons (§ at 50-55 ppm) of the epoxide moiety.

Interestingly, this new solvent-free DBU-based epoxidation
procedure was discovered after a screening of alternative bases,
but it could have in hindsight been inferred more directly by
the reagent requested in the above-mentioned known pro-
cedure in solution (DBU in dichloromethane),'> which proved
to be much less efficient in this synthetic project. That the
best result was, remarkably, recorded with the solvent-free
version of the epoxidation step suggests a generalizable optim-
ization strategy for whatever organic transformation planned
in a synthetic project, by attempting the adaptation of known

HO _oOTr HO _OTr TrO
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Scheme 4 Epoxidation via cyclization of 10.
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procedures in solution to a solvent-less version, even when
those in solution are not effective for the specific application
under scrutiny. The potential of this methodological option is
indeed also supported by some previous examples of selective
manipulation of carbohydrates in which the solvent-free con-
ditions permitted the occurrence of reactions otherwise
ineffective in solution."®

As to the synthetic scope, the epoxidation procedure herein
reported represents a new example, in addition to the recently
described carbodiimide-based esterification and amidation,'”
of a solvent-free reaction unveiled on saccharide substrates
which appears of general applicability in organic synthesis.

After being chromatographically purified, epoxide 11 was
submitted to a sequence of short steps performed without
intermediate purifications, aimed at introducing the nitrogen
at C-3 with the correct configuration. This sequence began
with the attachment of the requested trichloroacetimidate
functionality to O-4 (to yield intermediate 13), achieved by
exposing 11 to trichloroacetonitrile and a sub-stoichiometric
amount of DBU for 45 min at rt (Scheme 3). Direct addition of
silica gel to the mixture and then heating the resulting mixture
at 50 °C under vacuum for 30 minutes led to a crude product
mixture mostly containing imidate 14 (NMR spectra of crude
13 and 14 are shown in the SI).° Treatment of 14 with a 1 M aq
HCIl in THF smoothly promoted simultaneous hydrolysis of
the cyclic imidate and 6-O-detritylation, yielding 3-amino-3-
deoxy-galactose hydrochloride 15 in 1 h (Scheme 3). As
expected, the "H NMR spectrum of this product exhibited the
typical profile of coupling constants related to p-galactosides,
providing evidence for an overall retention of configuration at
C-3. In addition, the presence of the nitrogen attached at C-3
was confirmed by the relatively shielded signal for H-3 at ca.
3.40 ppm, and the appearance of a shielded '*C signal at ca.
55 ppm.

Product 15 can be usefully exploited for the synthesis of
potential galectin ligands bearing a N-acylated derivatization
at C-3. On the other hand, well-established galectin ligands
(such as those in Fig. 1) feature a triazole moiety resulting
from a Huisgen cyclo-addition occurring on a 3-azido-galacto-
side, so the amino-to-azide conversion at C-3 of 15 was per-
formed with the diazotransfer agent 16.'® The resulting
mixture was then exposed to pyridine and acetic anhydride in
order to achieve the peracetylation of free saccharide alcohols.
Compound 17 was isolated in 79% yield from epoxide 11
(yield over 5 steps). In order to make the anomeric position
activatable for further useful elaborations towards galectin
ligands (such as the synthesis of symmetrical sulfides), the
anomeric para-methoxy-phenyl group was acetolyzed with a
mixture of acetic anhydride, acetic acid and sulfuric acid,'® to
yield 1-O-acetylated 18 as an anomeric mixture in a bit less
than six hours (this reaction took the longest of all the reac-
tions of our overall synthesis, though still much less time than
did several steps found in the routes summarized in
Scheme 1). This compound represents the key intermediate
that can be converted with already described procedures'?#°
into a variety of high-affinity galectin ligands, through its con-

This journal is © The Royal Society of Chemistry 2025
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version into the corresponding glycosyl bromide. The pro-
cedure herein reported therefore represents a straightforward
formal synthesis of therapeutically valuable inhibitors of
galectin.

Conclusions

In conclusion, here we have reported a straightforward syn-
thetic route to 3-amino-3-deoxy-galactose and the corres-
ponding azido analogue with a suitable functionalization per-
mitting their conversion into therapeutically useful galectin
ligands. The strategy was designed in such a way to avoid kine-
tically disfavoured intermolecular reactions in the two Sy2
steps employed to set the nitrogenated functionality with the
correct stereochemistry. The nine-step synthetic pathway pro-
vides the key intermediate 18 in almost 20% overall yield, and
features numerous distinctive advantages such as application
of short and efficient reactions, use of inexpensive reagents,
experimental simplicity, and the need for fewer chromato-
graphic purifications. Quite remarkably, nearly half of the
steps (four out of the nine steps) were conducted with
especially simple solvent-free procedures, including an original
epoxidation procedure that was specifically developed for one
of the critical steps of the sequence.

Apart from the unprecedented extended application of
solvent-free reactions towards a target with such a dense array
of functional groups and stereocentres, another significant
conceptual contribution of this paper lies in the viability of a
generalizable optimization strategy for whatever organic trans-
formation, starting from the adaptation of known procedures
in solution to a solvent-less version, even when those in solu-
tion are not very effective for the specific step under optimiz-
ation. Overall, the synthetic scheme highlights the powerful
innovative potential of solvent-less reactions in synthetic
carbohydrate chemistry and, more generally, in the synthesis
of highly functionalized targets.'>**
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