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The first chemical synthesis of F-4-GlcAb(1?3)GlcNAc-UDP is described here. This compound can serve
as a novel substrate to study the catalytic mechanism of hyaluronic acid synthases (HASs) and has poten-
tial to be donor for these enzymes that extend HA chain at the reducing end. Moreover, it may also
behave as inhibitor for the enzymes that act on non-reducing end in the assembly of HA chain.

� 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Hyaluronan (HA), a non-sulfated linear glycosaminoglycan
(GAG) polymer, composed of repeating disaccharide units of glucu-
ronic acid and N-acetylglucosamine linked together via alternating
b-1,4 and b-1,3 glycosidic bonds. It is one of the chief components
of the extracellular matrix and contributes significantly in multiple
biological and physiological functions such as wound healing,
inflammation, angiogenesis, and tumor growth.1 Hyaluronan syn-
thases (HASs) are the enzyme which catalyze the polymerization
of HA using UDP-sugar precursors. These are the first glycosyl-
transferases, unlike the majority of other known glycosyltransfer-
ases, demonstrated to be capable of transferring two distinct
sugars (GlcUA and GlcNAc) alternatively only to one end of grow-
ing HA polymer chain.1a,e,2 This unique bifunctional nature of HASs
in the assembly of HA molecule is recently reviewed by Weigel
et al.3 Added to the inimitability of these enzymes, there are two
mutually exclusive possibilities for the direction of HA biosynthe-
sis. Bacterial HASs add sugars at the non-reducing ends of the
acceptor to produce the HA polymer, whereas, vertebrate enzymes
transfer the sugars to the reducing end (Fig. 1). For the biosynthesis
at the reducing end, the UDP released during each transfer step
comes from an HA-UDP intermediate formed by addition to the
previous sugar.1e,2,3 The intermediate, (HA)-UDP, acts at the C-3
position of UDP-GlcNAc releasing the UDP of HA, and keeping the
UDP of GlcNAc intact. This divergence calls for an explanation.
ll rights reserved.
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Hitherto, no three-dimensional structure for any HASs is available,
therefore, our understanding of the detailed mechanisms whereby
hyaluronan influences cell behavior is still very incomplete.3

Interfacing chemistry between biology4 has been the real guide
and theme for our laboratories over the last three decades. A chem-
ical synthetic approach provides a series of well-defined oligosac-
charide structures that can lead to the identification of the
previously unrecognized glycosyltransferases activities and, there-
fore, to the discovery of new biosynthetic pathways in the assembly
of glycans. The modifications to the basic acceptor structures by the
introduction of O-Me or fluoro groups can result in highly specific
acceptors or inhibitors for the individual glycosyltransferases. In
this context, a series of novel acceptors have been synthesized to
study sulfotransferases, sialyltransferases, and fucosyltransferases.5

We now extend our theme of interfacing chemistry between biology
of HA to focus our attention on development of tools to understand
the metabolism of this molecule. We describe herein the first chem-
ical synthesis of F-4-GlcAb(1?3)GlcNAc-UDP (1) which may have
the potential to be a specific donor for the HASs enzyme that extend
the HA chain at the reducing end whereas this modified analog may
function as inhibitor for the enzyme that act at non-reducing end in
the assembly of HA molecule.
Bacterial enzymes Vertebrate enzymes

Figure 1. Extension of HA polymer.
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Figure 2. Retrosynthetic analysis of target compound F-4-GlcAb(1?3)GlcNAc-
UDP 1.
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2. Results and discussion

As shown in retrosynthetic analysis (Fig. 2), the key intermedi-
ate in our approach to the title compound 1 is the protected F-4-
GlcAb(1?3)GlcNAc-1-phosphate derivative (2) that could be de-
rived from monosaccharide building blocks 3 and 4. For the prep-
aration of 3 and 4, NAP as an anomeric protecting group attracts
our attention as this group, like p-methoxybenzyl, can be mildly
removed with DDQ oxidation (reported from our laboratory). It
may be added here that many starting monosaccharides having
NAP group did not require chromatography. Moreover, the com-
pounds being solid were easy to handle.6 The preference of benzoyl
group over acetyl group for protection of the 2-OH position of GlcA
in donor 3, circumvented the possible formation of side product
due to transacetylation during O-glycosylation.7
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Scheme 1. Preparation of the key building blocks 3 and 4. Reagents and conditions: (a
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Scheme 2. Preparation of disaccharide monophosphate derivative 2. Reagents and cond
86%; (c) DDQ, CH2Cl2–MeOH (4:1), rt, 12 h, 89%; (d) LHMDS, [(BnO)2P]2O, THF, �70 to 0
The synthesis of 3 commenced with compound 5, which was
treated with diethylaminosulfur trifluoride (DAST)8 followed by
deprotection of benzoyl groups to afford 6 in 85.4% yield (over over
two steps). Selective oxidation of 6-OH of 6 to a carboxylic acid by
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) and Ca(ClO)2

9 fol-
lowed by methyl esterification and benzoylation gave 7 with 82%
overall yield in three steps. Chemoselective removal of NAP with
DDQ10 and subsequent treatment with trichloroacetonitrile in the
presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) afforded
imidate 3 in 78% yield.11 Next, synthesis of monosaccharide accep-
tor 4 was initiated using already known compound 8.6 Installation
of isopropylidene group and subsequent acetylation provided 9 in
good yield. Treatment of 9 with 80% HOAc to remove the isopropyl-
idene followed by benzoylation gave 10 in high yield. Finally, selec-
tive removal of 3-OAc group of 10 with p-TsOH in CH2Cl2–MeOH
(9:1) proceeded smoothly12 to afford 4 in 89% yield (Scheme 1).

With the required building blocks in hand, the multistep syn-
thesis of the phosphate 2 was initiated. First, coupling of the F-4-
GlcA donor 3 and the suitable protected acceptor 4 was carried
out with BF3�Et2O in the presence of 4 Å molecular sieves in tolu-
ene to give the desired disaccharide 11 with complete b1?3 stere-
oselectivity in 89% yield.7a,8,13 Substitution of dichloromethane as a
solvent proved to be detrimental for above-mentioned glycosyla-
tion reaction. Also, TMSOTf was found ineffective for the same gly-
cosylation as a promoter in comparison with BF3�Et2O. Not many
expedient methods are available for the synthesis of GlcAb1?3
linkage8,13b–e and suffer from certain drawbacks. For example, a
synthesis reported by Kong and co-workers yielded both a- and
b1?3 linked products in equimolar ratio.13b Withers and co-work-
ers followed an alternative route, to obtain F-4-GlcAb1?3 linked
disaccharide. First, the synthesis of F-4-Glcb1?3 linked disaccha-
ride was carried out followed by oxidation of F-4-Glc moiety to
achieve final product. However, the overall yield of this indirect
conversion was only moderate.8 Similar roundabout synthetic
sequence was also accounted by Yeung et al.13c Fraser-Reid and
co-workers utilized GlcA imidate donor to glycosylate 3-OH of
suitably protected n-pentenyl acceptor but resulted in 3:1 mixture
of the desired b1?3 linked disaccharide and the corresponding
orthoester.13d Recently, Rele et al. reported a stereospecific
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synthesis of b1?3 linked disaccharide by the glycosylation of n-
pentenyl glycoside acceptor with GlcA donor without obtaining
the corresponding orthoester as the side product.13e In conclusion,
the efficacy of glycosylation with a donor can depend on the nature
of the sugar alcohol and the protecting groups present there in.
Thus, it is also perceptible from above discussion that the glycosyl-
ation reaction described by us is extremely efficient and superior to
most of the previously described syntheses for b1?3 linkage. Our
glycosylation reaction provides a route to obtain F-4-GlcAb1?3
linked disaccharide with complete b1?3 stereoselectivity and high
yield.

To proceed further in our synthetic sequence, NHTroc group of
11 was transformed to NHAc using Zn–Ac2O to furnish 12 in 86%
yield. Selective removal of NAP with DDQ in CH2Cl2–MeOH (4:1)
and subsequent phosphorylation with tetrabenzyl pyrophospgate14

gave the benzyl-protected anomeric phosphate 2 as the desired a
anomer in high yield. Appearance of significant signals in the 1H
NMR spectrum of 2 at d = 5.71 (dd, J1,2 = 3.4 Hz, J1,P = 6.4 Hz, 1H,
H-1of GlcNAc), and the signal in the 13P NMR of 2 at d = �1.91 (s,
1P) confirmed that the newly formed linkage between the disaccha-
ride and phosphoric acid moiety was a (Scheme 2).

Deprotection of the benzyl groups in compound 2 by hydroge-
nation over Pd–C provided 14 in very high yield. Coupling of 14
with UMP-morpholidate in the presence of 1H-tetrazole in DMF–
pyridine (3:1)14 followed by deprotection of the benzoyl groups
and the methyl ester using 3 M NaOH afforded the target com-
pound 115 in 42% yield over two steps after isolation and purifica-
tion by reverse-phase column HPLC and gel-filtration column HPLC
(Scheme 3).

3. Conclusions

In conclusion, we successfully accomplished the first chemical
synthesis of F-4-GlcAb(1?3)GlcNAc-UDP. During the course of
our synthesis, we have described a very efficient glycosylation
reaction which provides a facile access to the desired F-4-
GlcAb1?3 linked disaccharide with complete stereoselectivity
and high yield. We believe that this compound will serve as a novel
substrate to study the catalytic mechanism of HASs. The strategy as
described here could be extended to develop a novel assay for
these enzymes using synthetic acceptors/donors.
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