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Polymorphism in the Crystal Structure of the
Cellulose Fragment Analogue Methyl 4-O-
Methyl-p-D-Glucopyranosyl-(1-4)-f-D-
Glucopyranoside**
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Antje Potthast, Christian Jéager, Serge Pérez,
Paul Kosma, and Anne Imberty*

Cellulose, the most abundant polymer on earth, usually
consists of a mixture of highly crystalline and amorphous
regions. The crystalline parts display one chain conformation,
made up of a twofold ribbon, but many possible packing
arrangements, with either parallel chains (cellulose I, III;, and
IV)) or antiparallel chains (cellulose II, III;;, and IVy) (for a
review see ref. [1]). The three-dimensional structure of native
cellulose is highly complex and not yet completely resolved
because two distinct crystalline forms, cellulose Ia and IBP!
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showing triclinic and monoclinic symmetry, respectively,
coexist. The crystalline phases Io and If occur in variable
proportions according to the source of the cellulose; that of
primitive organisms (bacteria, alga, etc.) is enriched in the Ia
phase whereas that of higher plants (woody tissues, cotton,
ramie, etc.) consists mainly of the I phase,”! and cellulose of
the outer membrane of marine animals is uniquely composed
of the If} phase. Modeling studies have established that the
two crystalline arrangements correspond to two low-energy
structures arising from parallel associations of cellulose
chains.?

Cellobiose has been crystallized in its native form and in the
form of derivatives and salts.[! In all crystals, the packing
arrangement corresponds to a low-energy arrangement of
small molecules and does not provide any clues to the
polymorphism of the polysaccharide. Only in crystals of
methyl B-cellotrioside!”? and p-cellotetraose!®? chain-like
arrangements were found. In these two cases, the molecules
are arranged in an antiparallel way, which represents the
packing of lowest energy, and the resulting structures are
similar to that of cellulose II. We describe here the crystal
structure analysis of a cellulose fragment that displays a
parallel arrangement of molecules and that can therefore be
directly compared with the two polymorphs of natural
cellulose I.

Crystals of methyl 4-O-methyl-p-p-glucopyranosyl-(1-4)-f3-
D-glucopyranoside were obtained in the triclinic space group
P1 (form I) using conditions which decreased the crystalliza-
tion rate as compared to the crystallization of the monoclinic
polymorph (group P2,, form II).I'1 The crystal structure of
form II has been described recently from data collected at low
temperature (220 K).''l We redetermined the structure at
room temperaturel” and found the differences in cell
dimensions, cell volumes, and geometrical details to be less
than 0.8 %. Therefore, the structure is not shown here, but its
data will be used in the tables to allow direct comparison
between form I and form II geometries.

The molecular structure of form I is shown in Figure 1.
Geometry calculations and ORTEP illustrations of the crystal
structure were obtained with PLATON.[*l Both glucose rings
have the usual *C, shape. Intra-ring bond lengths and valence
angles are in the range of standard values (Table 1). The short
C1'—04 bond at the glycosidic linkage is in agreement with
the anomeric effect.l' The C5—C6 and C6—06 linkages of the

Figure 1. ORTEP representation of the molecular structure of form I
Thermal ellipsoids are drawn at the 50 % probability level. Intramolecular
hydrogen bonds are represented as dashed lines.
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Table 1. Comparison of geometrical characteristics of form I and form II
cellobioside.

Form I Form II
glycosidic bond lengths [A]
C1'-04 1.395(2) 1.386(2)
C4-04 1.445(2) 1.437(2)
hydroxymethyl groups bond lengths [A]
C5-C6 1.489(2) 1.511(2)
C6-06 1.396(2) 1.406(2)
C5'-C6’ 1.502(2) 1.510(3)
Co6'-06' 1.431(2) 1.414(2)
CIM-O1 1.414(3) 1.423(3)
glycosidic valence angle [°]
C1'-04-C4 116.7(1) 117.3(1)
glycosidic torsion angles [°]
05'-C1'-04-C4 —90.0(2) —88.8(1)
C1'-04-C4-C5 —159.2(1) —151.3(1)
exocyclic torsion angles [°]
05-C5-C6-06 —59.4(2) —54.5(2)
05-C1-01-C1IM —83.0(2) —67.7(2)
05'-C5'-C6'-06' 578(2) 59.0(1)
C3'-C4'-04'-C4'M 107.5(2) 96.9(2)

hydroxymethyl group of the reducing unit are significantly
shorter than standard bonds and also shorter than the bonds
of the equivalent group in polymorph II (Table 1). In both
forms, the orientations of the hydroxymethyl groups at O6

y
é&oo

Q‘Q{!({?
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and O6’ are gg and gt, respectively, as found in most crystal
structures of cellodextrins.!]

The conformation at the glycosidic linkage of form I is
characterized by interglycosidic torsion angles @(0O5'-C1'-O4-
C4)=-90.0° and ¥(C1'-O4-C4-C5)=—159.2°, almost iden-
tical to those observed in methyl cellobioside crystallized as
solvate complex with methanol (@ = —88.9°, ¥=—160.7°).01%1
Form II has a similar conformation, with only 8° difference in
Y (p=-888°, ¥=-151.3°). Both forms are therefore
similar in shape and can be compared with the longer
cellodextrins such as methyl cellotrioside (average value of
@ =-94.4° and ¥=-146.4°)"1 and cellotetraose (average
value of @ =-94.4° and ¥=-146.8°).51 As reported re-
cently, the structures cited above cluster in one group of
cellobiose glycosidic linkage conformations that are charac-
terized by a pseudo-2, axis of rotation around the long axis of
the molecule: propagating such conformations leads to a flat
ribbon-like molecule, similar to the conformation observed in
all crystalline cellulose. This family of conformations is
significantly different from the conformation of lowest energy
found in the crystal structure of (3-cellobiose having a more
folded shape (@ =—75° and ¥=—130°).17

The “flat” disaccharide conformation observed in cellodex-
trins and in the two polymorphs of methyl 4'-O-methyl-f3-
cellobioside described here is also characterized by the
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Figure 2. a) Two different views of the packing arrangement of form I cellobioside. b) Packing arrangement of form II cellobioside. Hydrogen bonds are

represented as dashed lines.
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occurrence of two hydrogen bonds between the two rings
involving O3 as donor and O5" and O6’ as acceptors. In this
three-centered hydrogen bond O3—H--O5' is the stronger
(d(0+0)>28A) and O3-H--O6 the weaker part
(d(0-0)>3.0A) (for details see the Supporting Informa-
tion). This is also observed in crystals of longer cellodextrins
and in cellulose chains studied by neutron diffraction.!'*]
Whereas the molecular structures of the two polymorphs
are very similar (rms calculated on all heavy atoms: 0.206 A),
their packing arrangements are completely different. In the
triclinic form I (Figure 2 a), the disaccharides are arranged as
parallel molecules, connected by a complex network of
intermolecular hydrogen bonds. Each molecule establishes
ten intermolecular O—H--O hydrogen bonds (Figure 3a and
Supporting Information), four with its two neighbors on each
side, resulting from a single translation along the b axis, and
six with the neighbors in the sheets above and below
(translation along a). In addition, four intermolecular C—
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H--O hydrogen bonds are also observed (not shown). The
translation along a is the shortest cell parameter (a=
4.6726(2) A). It corresponds to the stacking of a cellobiose
molecule with the ones above, in which numerous van der
Waals contacts and hydrogen bonds are involved. Van der
Waals interactions are established by the methyl groups on
both sides of the disaccharide. As can be seen from Figure 2a,
a hydrophobic layer of methyl groups at O1 interacts with an
equivalent layer of methyl groups at O4'. The contact along
the ¢ axis is therefore mediated only by hydrophobic
interactions.

The packing arrangement of the monoclinic form II is
completely different (Figure 2b). As described previously
from the low-temperature data,l'l the disaccharides adopt an
almost perpendicular orientation. Each molecule establishes
twelve O—H-+O and six C—H--O intermolecular hydrogen
bonds with its neighbors (Figure 3b and Supporting Informa-
tion).

We report here the first detection of crystalline poly-
morphism in an anhydrous oligosaccharide. A comparison of
the two crystal structures may allow for rationalization of
observed physicochemical data such as differences in melting
points and in solid-state NMR spectra. The melting point of
form IIis 22K higher than that of form I (493 K versus 471 K),
suggesting that the monoclinic polymorph is thermodynami-
cally preferred. Also, crystals of form I are more difficult to
obtain; they have to be grown slowly. The crystal stability can
be estimated by counting the number of contacts that a single
molecule establishes with its neighbors and by evaluating the
resulting energy of interaction or lattice energy. The mode of
molecular packing was analyzed by applying the atom-pair
procedure of Kitaigorodsky.'”) In this procedure, all contacts
of a reference molecule with the surrounding molecules are
explored. The energy of interaction was evaluated by
molecular mechanics, comparing the energy of a minicrystal
(11 and 15 molecules for forms I and II, respectively) with the
energy of the same ensemble but with the reference molecule
placed 100 A away from the minicrystal.?! In form II, each
molecule makes contacts with 14 neighbors, compared to only
10 in form I. Both the number of contacts and the energy of
interaction (Table 2) indicate that the monoclinic form II is
thermodynamically favoured over form 1.

In the solid-state NMR spectra of both polymorphs
(Figure 4), there are clear differences, especially for the

resonances of carbons C1, C1’, and C4, C4" and in the region of
G — Q
&%_- O R ) .
Om Oﬂi\ \ e O/‘é) Table 2. Evaluation of the interaction between one molecule and its neighbors in
HE \ oY 45 both crystal forms.
. m— 9—(' |
' I ’C_O/Q \ Form I Form II
©H2-D O—C:; ; A0, number of neighboring moleculest! 10 14
. number of intermolecular contacts!?l 84 106
number of intermolecular hydrogen bonds!!
AN O-H--O 5 6
C-H-O 2 3
. . energy of interaction in the minicrystal
Figure 3. Network of hydrogen bonds O—H---O in the crystal structures of . 4 4
form I cellobioside (a) and form II cellobioside (b). The neighboring atoms v;m tder tV&?als cczn.gll:.utlon 752' ; llica: moi . 76;'12 l]<( call moll 1
have been given a code to indicate the symmetry involved (I/II): (I) fo‘:acl ri?lstear;ztic(()): ;;;gl;n 776 2' 0 kz:l 2217 . 776 8. 3 kiilrrnn(z)l’ .

x,y—Lz/-x,y+1/2,—z+1; (II) x—1,y+1,z/x—1,y,z; (III) x+1,y-1,z/
xy,z+1; (IV) x,y+Lz/xy,z—1; (V) /-x,y+1/2,—z+2; (VI) /—x,
y=1/2,—z+1; (VII) /—x + 1,y + 1/2,—z; (VIII) /—x,y—1/2,—7 +2.

[a] Evaluated as proposed by Kitaigorodski.l'! [b] Evaluated according to the
criteria described by Jeffrey.!
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Figure 4. CP-MAS BC NMR spectra of form I (a) and form II (b)
cellobioside.

carbons C6 and C6'. Since both forms have nearly identical
shapes in the crystal the differences in chemical shifts cannot
be attributed to differences in the conformation but suggest
that the packing has a strong effect on the chemical shifts in
the solid state. Another intriguing feature is the broadening of
the C6 peak in the spectrum of form I. The assignment of C6
and C6" to 0 =59.9 and 63.3 ppm, respectively, is based on
previous studies by Horii et al.,? and is in agreement with the
gg and gt orientations of their hydroxymethyl groups. Broad-
ening of only the peak for C6 in form I cannot be attributed to
an increased mobility of this group since thermal parameters
do not indicate any additional mobility and no disorder is
observed. The only special features at this group are that O6 is
involved in a C—H---O hydrogen bond with C5 of a neighbor-
ing molecule and that both C5—C6 and C6—06 bonds are
shorter than usual values (see Table 1).

The parallel arrangement of molecules in the triclinic form I
and the proposed models for native cellulose T and IBP! are
compared in Figure 5. In the latter, the molecules have the
shape of a flat ribbon with 2, symmetry, whereas in form I
cellobioside, the symmetry is less perfect. The three stacking
modes differ in the orientation of each ribbon compared to
the sheet plane and in the translation between different
planes. The main difference between the present crystal

4456 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Parallel arrangement of molecules in triclinic form I cellobioside
(a) compared to models for native cellulose Ia (b) and If (c).

structure and the two polymer models is that the dimer does
not form flat sheets. This opens up new perspectives about the
occurrence of structures of parallel cellulose.
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The Role of Nucleation Inhibition in Optical
Resolutions with Families of Resolving
Agents**
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The separation of enantiomers by diastereomeric salt
formation, essentially unchanged in technique since the
original description by Pasteur,!! remains the most widely
used method in industry for obtainment of enantiomerically
pure organic compounds.?l In 1998 a significant modification
of this classic technique was reported by some of us.’! Upon
simultaneous addition of structurally related resolving agents,
high diastereomeric excesses (de values) of the first salts were
obtained in a large number of resolutions. The success rate
was 90-95 % compared to the usual 20-30 % estimated in one
of the few studies published.™ Structurally related resolving
agents were denoted as family members and the method itself
has become known as “Dutch Resolution”.

In practice, three structurally related resolving agents are
used in a 1:1:1 ratio. A mixture of these resolving agents was
usually found in the first salt, but in nonstoichiometric ratios.
In general, the families of resolving agents show solid-solution
behavior. However, in the 46 examples of resolutions of single
racemates reported in ref. [3], in ten cases no detectable
amount of one (or more) of the three resolving agents was
present in the salt. In three other cases, one of the resolving
agents was present in < 10 mol %. The resolving agents that
are regularly not incorporated, or which are incorporated only
to a small extent, in the salt are shown in italics in Scheme 1
for the families used in the current work.P!

Although direct comparisons are difficult owing to differ-
ences in solubilities and the almost certain involvement of
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