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ABSTRACT

The Ugi reaction has been used to prepare divalent galactose derivatives. NMR analysis shows that a divalent neoglycoconjugate, where the
glycopeptides are bridged by a terephthaloyl group, is an 83:17 mixture of two conformers; the amide groups of the major isomer have E-anti
conformations. The spatial relationship and the relative orientation of the sugars are restricted, which may have consequences for the recognition
of this and related structures in biological systems.

Oligosaccharides and proteins, heterogeneously coated on
cell surfaces, provide a complex environment where a variety
of functions take place. These include cell-cell interactions
involved in the immune response, inflammation, cell signal-
ing and infection by pathogens. The design, synthesis, and
development of carbohydrate- and glycoconjugate-based drug
molecules that interfere with the binding events at cell
surfaces is an emerging therapeutic area.1 Much recent work,
for example, has focused on development of novel inhibitors
of carbohydrate-selectin recognition.2 Other areas of interest
include the development of cancer vaccines,3 influenza

inhibitors,4 and xenotransplantation.5 Strategies that have
been adopted for the purpose of discovery of therapeutics
from carbohydrates include combinatorial synthesis,6 the
synthesis of carbohydrate mimetics7 and of carbohydrates
modified with hydrophobic groups that increase affinity for
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the receptor by subsite-assisted binding.8 These approaches
have met with some success, yet there is still considerable
difficulty in discovery of high affinity ligands for carbohy-
drate receptors, as the monovalent epitopes tend to bind their
receptors weakly (millimolar range). Carbohydrates on cell
surfaces are displayed in clusters (or multivalent arrays), and
it is most likely that cooperative effects are responsible for
increasing the strength of binding of these ligands to their
receptors and the resulting potency of these compounds.9

Multivalent carbohydrates can also affect the nature of the
biological response that results.10 The development of
strategies for synthesis of multivalent (di-, tri- and higher
order) carbohydrate displays is required for the development
of therapeutics from carbohydrates and for providing com-
pounds, which are structurally well defined, for studies of
the mechanisms of action of these ligands.

Multicomponent reactions such as the Ugi reaction (Scheme
1) have generated much interest because of their synthetic

potential, their utility in combinatorial chemistry, and for
the generation of molecular diversity.11 The potential of the
reaction in carbohydrate chemistry and biology has been
recognized by other researchers.12

We have decided to investigate synthetic routes to divalent
and higher order multivalent carbohydrates that will also
facilitate introduction of diversity. Divalent carbohydrates
can show improved biological activity,13 and therefore we
have initially investigated the suitability of the Ugi reaction
for convergent one-pot synthesis of dimeric carbohydrates.

Thus galactose amine1 can be used to prepare conjugate
2 by condensation with succinic anhydride in the presence
of diisopropylethylamine in dichloromethane (56%, Scheme
2). The Ugi reaction of1, 2, formaldehyde, and methyl

isocyanoacetate gave the simple divalent galactose dimer3.
The acetate groups can be removed using NaOMe/MeOH
without degradation of the product to give the homodimeric
glycoconjugate4.

The Ugi reaction of1, formaldehyde, methyl isocyano-
acetate (2.0 equiv of each reagent), and terephthalic acid (1.0
equiv) gave the dimeric carbohydrate5 (Scheme 3). The
acetates can again be removed to give6.

Having prepared4 and6, we wanted to establish whether
there are any preferred solution structures because of the
potential relevance of conformation to the recognition of
divalent and multivalent ligands in biological systems.14 A
number of carbohydrate derivatives7-9 related to those
found in the divalent compounds were also prepared (Scheme
4) to aid the structural studies.15

NMR analyses ofâ-glycosyl amido derivatives have been
reported previously.16,17 However, the conformation and
configuration of the unprotected carbohydrates in D2O has
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not been studied. The1H and13C NMR spectra for most of
the known derivatives show two signal sets, and this has
been attributed to observation of theZ- andE-isomers of
theâ-D-glycosylamide. Babiano and co-workers and others
have found that an antiperiplanar (anti) rather than syn-
periplanar (syn) conformation is generally preferred (see
Figure 1). They have established a set of rules based on

chemical shifts in1H and 13C spectra that can be used to
assign theZ or E configuration; these have proven very useful
herein.16 Thus, for the glycosylamides, the chemical shift of
the anomeric proton of theZ-isomer will be greater than that
of the E-isomer as a result of deshielding caused by the
carbonyl group; the chemical shift of the anomeric carbon
of the Z-isomer will be less than that of the E-isomer. In
our experience, the protected products such as5 can exhibit
fluxional behavior, presumably through the interconversion
of rotamers, and this resulted in broad signals in the NMR
spectra at room temperature. The signals in1H and13C NMR
spectra of5 recorded in C5D5N at 100 °C did coalesce and

were consistent with the structure proposed. The signals in
the 1H- and13C NMR spectra of unprotected4, 6, and7-9
in D2O at 10-40 °C were not broadened, and this simplified
the determination of the preferred solution structures. The
resonances for the anomeric proton were generally doublets
and had coupling constants consistent with assignment of
the â-configuration; the signals and NOE enhancements
observed for the ring protons confirmed that the4C1

conformation is favored for the pyranose in each case. The
NMR spectra, recorded in D2O, of 4, 7, and8 clearly show
two signal sets (Table 1); NOE and chemical shift data

indicate that theanti- rather thansyn-conformation is
preferred. Therefore the signal sets can be assigned toZ-
and E-anti isomers, and their respective proportions at
equilibrium can be determined by integration of anomeric
proton signals in the1H NMR spectra (4, 30:70;7, 45:55;8,
15:85). The NMR spectra for6 (and also9) indicate that
there is one major isomer present in solution; theE-anti
conformation can be assigned to this isomer on the basis of
the chemical shift of the anomeric proton (1H NMR, δ 4.98,
d, 40 °C). Also, a series of 1D NOE, 2D NOESY, and 2D
ROESY experiments for6 showed strong NOE enhance-
ments (Figure 1) for the major isomer consistent with the
amides adoptingE-anti conformations. The presence of a
minor isomer, where one amide adopts theE-anti and the
other adopts theZ-anti conformation (Figure 2), can be

detected from the NMR data as there are two anomeric
signals (1H NMR, δ 5.90 andδ 4.90, 40°C)18 that show

(17) Related tertiary amides that have been prepared previously include
N-alkylglucosyl(meth)acrylamides as surfactants and amphiphilic glycolipid
analogues as stimulators of specific immune responses against antigens;
see: Lockhoff, O.; Sadler, P.Carbohydr. Res.1998,314, 13 and ref 15.

Scheme 4a

a Reagents and conditions: (a) BzCl, Na2CO3, MeOH, 0°C, 1
h; (b) Ac2O, Na2CO3, MeOH, 0°C, 1 h.

Figure 1. There are strong NOE enhancements for6 between the
aromatic protons and H-1 and also between H-2 and the methylene
group adjacent to the anomeric center.

Table 1. Selected NMR Dataa for Glycosylamides

δ H-1 (J1-2, Hz) δ C-1

entry compd E-anti Z-anti E-anti Z-anti

1 4b 5.06 (8.0) 5.45 (9.0) 89.0 85.3
2 6c 4.90 (9.0) 88.5
3 7 4.98 (9.0) 5.40 (9.0) 87.5 82.5
4 8 4.71 (9.0) 5.63 (9.5) 88.0 82.7
5 9 4.90 (9.0) 88.5

a NMR were recorded in D2O from 10 to 40°C. b Data corresponds to
the galactose residue adjacent to the tertiary amide.c Data given for the
major conformational isomer.

Figure 2. The 10 lowest energy conformations of8 predicted by
a Monte Carlo conformational search are shown; the pyranose ring
atoms have been superimposed.

Org. Lett., Vol. 3, No. 17, 2001 2631



clear cross-peaks with the anomeric signal atδ 4.98 in the
NOESY and ROESY spectra; these cross-peaks have op-
posite sign to the NOE enhancements supporting exchange
between the isomers.19

Conformational searches using Macromodel 6.0 were
carried out for8 (Figure 2).20 The low energy structures
found comprisedZ- andE-anti isomers.21

On the basis of our interpretation of the data obtained we
can propose that the major conformational isomer adopted
by 6 in D2O is either6a or 6b (Figure 3). Both of these
isomers contain a C-2 axis of symmetry; for6a the
carbohydrates are in acis arrangement, and for6b they are
trans.Calculations similar to those carried out for8 indicate
that 6b may be more stable, but there is no experimental
evidence to support this. Further work is necessary to
establish the structure of the preferred conformer, if indeed
there is one. However, the preliminary data indicate that for
6 there is a significant population of isomers where the
topographical arrangement between the carbohydrates is
restricted. The biological recognition of this and related
amides should be of interest and is under investigation.

In summary, multicomponent Ugi reactions have been used
for convergent synthesis of divalent carbohydrate derivatives.
Further work will be required to improve the yields of the
reactions and to simplify the purification procedures. These
compounds exhibit interesting conformational preferences.
An interesting goal will now be to design and synthesize
conformationally diverse libraries of divalent and higher
order multivalent ligands where each member will have a
restricted, yet different, topographical arrangement between
the recognition components. Such libraries will be useful for
further studies related to the mechanism of action of

multivalent ligands. They will also aid the development of
potent carbohydrate-based therapeutics. This work is cur-
rently underway.
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(18) At 10 °C these signals are doublets atδ 5.58 andδ 4.60.
(19) Exchange betweenZ- andE-anti conformations has been observed

also for8 from NOE and variable temperature NMR experiments.
(20) Calculations were carried out on an O2 silicon graphics workstation

using Macromodel 6.0. Monte Carlo conformational searches were carried
out using the SUMM method and the all-atom amber Force Field.

(21) It was noted that the aromatic ring was not planar to the carbonyl
group in the calculated structures. X-ray crystallographic data indicate this
is preferred. See Supplementary Information for statistics on data deposited
at the CCDC, 12 Union Road, Cambridge CB2 1EZ, U.K.

Figure 3. NMR indicates that an 83:17 mixture ofE/E (6a/6b)
andZ/E isomers (6c/6d) is present at 40°C in D2O.
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