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Crystal structure of a complex between -glucopyranose and a
macrocyclic receptor with dendritic multicharged water

solubilizing chains

Pradeep K. Mandal,®® Brice Kauffmann,>®¢ Harry Destecroix,’ Yann Ferrand,* Anthony P. Davis,*f

and Ivan Huc*??

Using commercial screens for crystallization of biomolecules and taking
advantage of the use of racemic crystallography allowed the production of
x-ray quality single crystals and the elucidation at 1.08 A resolution of the
solid state structure of a difficult target: the complex between
glucopyranose and a water soluble macrocyclic receptor equipped with

dendritic multianionic solubilizing chains.

Solid state structure elucidation by single crystal x-ray
crystallography has been an invaluable tool to many scientific
disciplines and particularly so to supramolecular chemistry.
However, in some contexts, the use of x-ray crystallography has
been limited by perceived experimental difficulties with respect
to crystal growth. In the following we present the successful
elucidation of the crystal structure of a host-guest complex that
combines several of these perceived difficulties and show that
they can nevertheless be overcome. The underlying message is
that current tools and methods may achieve more than one may
expect and that one should definitely not refrain from
undertaking screening for conditions favourable to
crystallogenesis.

Among criteria that may represent a (mis-)perceived
difficulty for crystal growth is the fact that the supramolecular
object of interest may be soluble only in water. Developing
supramolecular chemistry in water represents an important and
topical subject,! including very challenging carbohydrate
recognition.2 Fortunately, methods for crystallogenesis from
water have already been developed for biomacromolecules
that are often larger, more complex, and available in smaller
quantities than supramolecular systems.3 Organic chemists may
not always be familiar with these methods that differ from
those used to crystallize lipophilic supramolecules. Yet their
efficiency is well-demonstrated. Furthermore, a number of
large and complex supramolecular objects have already been
crystallized from water though not always by using commercial
screens developed for proteins.* Thus, that water as a solvent
would in itself constitute a difficulty is probably a
misperception. On the contrary, the possibility to vary salt
pH, and the availability of
innumerable additives provide advantages to working in water
over organic solvents.

Other criteria perceived as making crystal growth difficult
include a high charge density (but again DNA would constitute
a striking counter-example), the presence of dendritic
segments, and the presence of saccharides. Concerning the

nature and concentration,

latter two, it is true that very few dendrimers have been
crystallized that early generations.>
Furthermore, after decades of research on synthetic saccharide

and these were
receptors, the first examples of crystal structures of host-guest

complexes with neutral unsubstituted monosaccharides have

only been reported in 2015.57 At last, low binding affinity also
makes it more difficult to crystallize a complex.

In the following, we report the successful growth of single
crystals suitable for x-ray diffraction and the resolution of a
solid-state structure that combines all of the apparent
solubility in water,
multicharged state, presence of dendritic groups, binding of an
unsubstituted monosaccharide, and low binding affinity. The
selective recognition of (-b-glucopyranose p-2 by hexaanionic
macrocycle 1 (Figure 1) in water has previously been reported.8
The 1:1 binding constant of 56 L.Mol™! and the observed
selectivity for an all equatorial sugar can be considered to be
very good from the perspective of saccharide recognition in
water.2 However, this low value did not bode well for growing
crystals of a complex. Because of this and the other features of
the system, and despite the existence of crystal structures of
related organic soluble anthracene-based host,® crystallization
was not attempted at the time and a solution structure of a
complex with methyl S-b-glucoside, which has a slightly larger
affinity than f-p-glucose, was proposed based on NMR data.?
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Fig. 1 Structures of the macrocyclic anthracene based receptor 1 and of the two
enantiomers of A-glucopyranose 2.

Encouraged by recent successes at elucidating the crystal
structure of several receptor-saccharide complexes from
organic solvents,® thanks to the use of racemic crystallography,
we eventually attempted the crystallization of 122. Racemic
crystallography exploits the tendency of racemic solutions to
crystallize as racemic crystals, and thus to offer possibilities of
packing and crystal growth additional to those of enantiopure
conditions. Racemic crystals have access to chirality inverting
symmetry operations such as centres and planes of symmetry,
and tend to be denser than their chiral counterparts, an



observation known as the Wallach rule. The reasons for this
close-packing and whether it is truly related to the frequent
occurrence of racemates were debated.'® In any case, racemic
crystallization has been long known for small organic
molecules,’* and is advantageous for helical aromatic
foldamers,812 S-peptides,!3 peptides,4 small proteins,!> nucleic
acids,'® and, as it turns out, saccharides. Thus, a solution of
anthracene-based receptor 1 in pure water was exposed to a
large excess of a racemic mixture of the two enantiomers of 8-
glucopyranose. The solution used for crystallisation was made
of 1.5 mm of 1 and 0.5 m of b/L-glucose, a large excess of guest
sufficient to saturate the host despite the low affinity. In order

to find suitable crystallization conditions, commercial sparse-
matrix screens were used. Crystallization trials were performed
using the standard vapour diffusion method at 293 K. X-ray
quality crystals (see Fig. S1) were grown in aqueous hanging
drops prepared by mixing the 12(2-p/2-L) solution with an equal
volume of a crystallization reagent composed of 100 mm HEPES
buffer (pH 7.5), 200 mm CaCl, and 28% polyethylene glycol
(PEG) 400. The presence of calcium in favourable conditions is
not surprising as this metal ion is often seen in the structures of
nucleic acids!? and other polyanionic species.18 Importantly, no
crystals were obtained under these conditions if a single
enantiomer of f-glucopyranose was used.

(a) (b)

Fig. 2. Molecular packing in the crystal structure of 122. (a) Side view of the dodecameric metallo-organic cluster of twelve molecules of 1. The macrocycles are shown in light grey

tube representation whereas p-f-glucopyranose and L-f-glucopyranose are coloured in blue and red, respectively. Some calcium cations are shown as gold CPK spheres. (b) Other
view of the dodecameric cluster highlighting the insertion of some carboxylate side chains in the cavities of molecules of 1 that do not contain 2. These chains are shown in orange
CPK whereas other side chains are shown in magenta. Molecules of 2 are shown in CPK representation with the same color code as in (a). Calcium ions have been omitted for clarity.
(c) Top view of the cluster showing the pseudo C; symmetry of the aggregate. (d) Top view of the six central macrocycles of the dodecamer (i.e. peripheral macrocycles that host 2

have been removed) showing the arrangement of the intercalated carboxylate side chains. The side chains are coloured as in (b).

The crystals obtained from the 15(2-b/2-L) solution
diffracted x-rays at moderate resolution, and a full data set was
collected and processed to 1.08 A in space group P2;/c. Table
S1 summarizes the crystal data and refinement parameters.
Experimental details are also presented in the supporting
information. The structure revealed a network of dodecameric
clusters of macrocycles bridged by calcium cations having a
pseudo C; symmetry through their long axis (Fig. 2a, see
electronic supplementary information for views of the packing
of the clusters). This multi-anionic-receptor/calcium
coordination network is reminiscent of structures of molecular
organic frameworks (MOFs), among which CaZ* is not a common
metal ion.1® Other than coordination bonds, the structure is
held together by intermolecular hydrogen bonds and aromatic
n—mn stacking. Each dodecameric arrangement is composed of a
central core including six guest-free imbricated macrocycles.
The top and bottom parts of the dodecamer each contain three
macrocycle-glucose host-guest complexes. As the structure is

centrosymmetric, each set of three receptors include either /-
p-glucopyranose (blue, Fig. 2a-c) or SL-glucopyranose (red, Fig.
2a-c). The dodecameric assembly is held together via 15
bridging calcium cations coordinated either to isophthalamide
carbonyls of 1 or to its side chain carboxylates. Five out of the
six solubilizing chains of free receptors are involved in
interactions with calcium cations. Unexpectedly, the sixth chain
is sandwiched in-between anthracene moieties of a neighbour
macrocycle (in orange in Fig. 2b,d and Fig. 30-q) and thus
occupies the sugar binding site.

Detailed analysis of the moderate resolution structure
provided key insights into the mode of interactions between the
macrocycle and the carbohydrate. As predicted from the
receptor design, the all-equatorial #anomer of 2 lies flat in the
macrocycle sandwiched in between the two parallel
anthracenyl moieties (Fig. 3c-e). A distance as low as 2.5 A
between the axial hydrogens of the guest and the aromatic
surfaces of the host was measured. The top view shows that the



position of the sugar between peripheral benzenic rings of
anthracene is offset with respect to the center of the complex.
Thus, two degenerate binding modes are available. The four
equatorial hydroxyls of S-glucopyranose were found to form
()
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(b}

{c) o

(d) i

strong hydrogen bonds with NH protons of the isophthalamide
pillars of the macrocycle (d(O~HN) < 2.11 A). The Cs primary
hydroxyl was shown to point outside the cavity thus not
interacting with the receptor.

(g)

Fig. 3 Crystal structure of 122. (a) front view, (b) top view, (c) side view, and (d) back view of macrocycle 1 shown in tube (a-c) or CPK (d) representations. The dendritic
side chains are coloured in magenta. (e,i) front view, (f,j) back view, (g,k) top view and (h,l) bottom view of the structure of host-guest complex 122-p. The carbohydrate
is shown in CPK representation in all cases whereas the macrocycle is shown either in CPK (e-h) or in tube (i-l) representations. Enlarged front (m) and top (n) views of
152-p in tube representation show the array of host-guest intermolecular hydrogen bonds. In (n) an additional water molecule sandwiched in between the two
anthracenyl moieties of the receptor is involved in two interactions with glucose. In (e-n) the solubilizing side chains have been omitted for clarity. (o-q) Views of the
macrocycle carboxylate side chain (orange) intercalated in the empty cavity a neighbour macrocycle.

This structure shows notable differences from the NOE-based
solution structure of the complex with methyl S-b- glucoside.®
In the latter structure, the C; methoxy group was found to point
out of the receptor while the Cs hydroxy group was involved in
hydrogen bonding. However, it is unsurprising that a different
geometry is adopted for glucose 2, as the steric and hydrogen-
bonding requirements of this substrate are dissimilar.
Meanwhile, the binding geometry of methyl (-b-glucoside is
accessible to 2 and its existence in solution cannot be excluded.

Other important structural features revealed in the solid
state concern interactions between macrocycles. In addition to
aromatic stacking between isophthalamide and anthracene
rings, we observe the intercalation of some propionic acid side
chains within the cavity of a neighbour macrocycle (Fig 3b,c).
The carboxylate group is inserted parallel to the anthracenyl
moieties and is doubly hydrogen bonded to the NH amides of
one macrocycle pillar. NMR studies indicate that 2 self-
associates at high concentrations in solution,® and this
interaction suggests a possible mode of aggregation.
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