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The influence of molecular additives on the crystal structure adopted by a C,;, symmetric,
conformationally locked hexol 2 forms the object of the present study. It has been observed that
the polycyclitol 2 crystallizes in two polymorphic (o and p forms) and one pseudopolymorphic
(monohydrate) modification, depending on the presence and nature of the additive employed.
Thus, with the sole exception of trimesic acid, which induces 2 to crystallize in the denser 3 form,
the molecular additives screened in this study either failed to promote polymorphism in 2 or
caused it to crystallize as a monohydrate. The putative role of trimesic acid in providing an
alternate crystallization pathway to the polyol 2 has been discussed.

Introduction

For quite some time now, we have been involved in the
synthesis and crystal structure elucidation of conformationally
locked polycyclitols with the objective of developing an insight
into their unique supramolecular architecture.! As compared
to their monocyclic siblings, such as monosaccharides and
inositols, conformationally locked polycyclitols (a portman-
teau word derived from ‘polycyclic cyclitol’)? are destined to
exhibit a ground-state axial rich disposition of the hydroxyl
groups on account of their rigid trans-decalin backbone. This
peculiar aspect of their molecular structure permits one to
conceive of the spatial dispositions of the O-H---O H-bond?
donors and acceptors in the locked polyol as virtually
unaffected by crystal effects.

This concept was put into effect while studying the crystal
packing in three specially crafted conformationally locked
polyols 1-3 (Scheme 1), in which intramolecular H-bonding
between the 1,3-diaxial OH groups causes the molecules to
behave much like LEGO™ bricks in the supramolecular world
with preordained positions of intermolecular O-H---O H-bond
donors and acceptors.* This facet of their molecular structure
not only simplified a qualitative visualization of the various
packing patterns in 1-3, but also allowed us to propose, based
on previously reported CSD analyses, the packing motifs most
likely to converge with the experimental results. Among the
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three polyols 1-3 studied above, the bicyclic C,;, symmetric
hexol 2, with its all axial disposition of the six hydroxyl
functionalities, presented itself as a structurally novel poly-
cyclitol molecule. Although the O-H:--O hydrogen bonded
packing motif, determined experimentally for 2, was in
conformity with proposed packing patterns, it appeared
worthwhile to investigate the alternate modes of molecular
association that may be accessed by 2 under suitable crystal-
lization conditions. Implicit in this expectation was a desire to
gain an insight into the extent of flexibility that may be
exhibited by a conformationally locked polyol, like 2, in the
choice of packing motif. The present article is intended to
disclose our observations in this pursuit.

Results and discussion

Following the synthetic sequence, previously reported,* the
polycyclitol 2 was obtained as a white microcrystalline
powder, starting from a readily available aromatic precursor
naphthalene. Powder X-ray diffraction pattern recorded on a
finely ground bulk sample of the polyol 2 matched with that
simulated for the crystal structure of 2 that has been recently
reported (the o form) (Fig. 1).* Our initial attempts towards
inducing polymorphism in 2 involved routine crystallization
checks under ambient conditions in solvents of varying nature
and polarity, such as methanol, ethanol, ethyl acetate, acetone
and acetonitrile.’> However, in all of these crystallization
attempts, the polyol 2 either failed to produce single crystals or
packed in the o form.* At this stage it was felt that
introduction of molecular additives, capable of interacting
with the polycyclitol 2 through O-H---O interactions during
the crystallization process, might alter the mode of self-
recognition in 2 and thus generate a different supramolecular
assembly.>® Competing formation of a supramolecular com-
plex between the polyol and the additive was a viable
possibility which was not entirely ruled out at this point.

In this regard, the commonly available and well known co-
crystallization agent and molecular additive, trimesic acid 4,
was chosen for the initial foray.” All the crystallization
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Fig. 1 Comparison of the powder X-ray diffraction pattern recorded
for a bulk sample of 2 with that simulated for the o form.

attempts were performed in 10 mL Pyrex™ Erlenmeyer flasks
with 8-10 mg (&0.03-0.04 mmol) of the hexol 2, employing
the same batch of distilled solvents and under as nearly
identical ambient conditions as possible. Crystals of 2 were
grown from their dilute solutionsin 1 : 1 : 2 methanol-ethanol-
ethyl acetate solvent system in the presence of dissolved
trimesic acid, present in mole ratios (acid : polyol) 1: 10, 1:5,
1:25and 1: 1. Typically, 5 to 7 crystals of the hexol 2 were
obtained from the milieu in each case. In a definitive contrast
to the crystals of 4, which were rather small and ill-defined in
their morphology, those of the polyol 2 were large with well-
defined faces and could thus be clearly made out under an
optical microscope. With lower proportions of the acid 4, the
hexol 2 crystallized solely in the o form with its characteristic
cuboidal block-like morphology. In the presence of a 1 : 1 mole
ratio of 4 : 2, however, the polyol 2 was found to adopt a
different external habit (the  form) which could be perceived,
under close observation, as being still cuboidal but somewhat
plate-like when compared to the crystals of the o form (Fig. 2).
Single crystal X-ray diffraction analysis performed on all the
crystals of 2 obtained under these conditions, confirmed that
the B form represented, in fact, a different polymorphic
modification of the polyol 2.° While packing in the same
centrosymmetric monoclinic space group (P2,/n, Z = 2) as the
o form, the B form represented not only a more dense
crystalline phase of the hexol 2, but also a more stable one as
judged from the DSC studies and single point energy
calculations on the packing motifs of the two polymorphs of
2.8 On the whole, the packing pattern in the p form of 2 bore
salient points of resemblance to that observed in the o form. In
either polymorph, each intramolecularly H-bonded C,;, sym-
metric molecule of the hexol 2 occupies a crystallographic
inversion center and links to its nearest neighbors with four
intermolecular O-H---O bonds to form hydrogen bonded
tapes, exhibiting a characteristic centrosymmetric tetrameric
arrangement of hexol molecules (Fig. 3, Table 1).**
However, a closer examination of the packing motifs in the
two modifications of 2 made evident the subtle differences that

Fig. 2 Photographs of the representative crystals of (A) the o form,
(B) the p form and (C) the monohydrate of 2.

Fig. 3 ORTEP diagram of the B form of 2, with the atom numbering
scheme for the asymmetric unit. Displacement ellipsoids have been
drawn at 50% probability level and H atoms are shown as small
spheres of arbitrary radii. The unlabelled atoms are related to the
labelled atoms by the symmetry code (1 — x,2 — »,2 — z).

Table 1 Hydrogen bond geometry in the  form of 2

D-H A D-H/A H-A/A D-A/A D-H---A/°
O1-H10--03'  0.82 1.97 2.6695(15) 142
02-H20---01%  0.82 1.97 2.8074(16) 164
03-H30---02 .82 1.97 2.7228(15) 147

¢ Symmetry codes: (i) | — x,2 — y, 2 — z; (i) 1/2 — x, 1/2 + y, 3/2
— z; (iil) x, y, z.

exists between them. Thus, while intermolecular H-bonds in
the o form connect molecules of 2 related by 2; symmetry to
form tapes growing normal to the (1 0 1) direction, those in the
B form link the ones related by the n glide to generate
molecular tapes perpendicular to the (2 0 —2) direction
(Fig. 4).*8
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Fig. 4 Molecular packing in (a) the o form, and (b) the B form of
the hexol 2. Hydrogen atoms bonded to carbon atoms have been
omitted for clarity.

In addition, the packing motifs of the two polymorphs of 2
also exhibited significant differences in their intermolecular
O-H---O bond angles (o form, 169°; 3 form, 164°) and C-O-
H---O dihedrals (o form, 36°; B form, 103°) (Fig. 5). Indeed
these differences in the self-assembling process of 2, though
seemingly minor, get reflected significantly in a closer packing
of molecules in the  form as compared to the o form. The
situation can be likened to an apparent ‘squeezing’ of the
crystalline lattice in going from the o to the f§ form of 2.

Intrigued by the formation of a polymorphic modification
of 2 under very specific crystallization protocols (1 : 1 molar
ratio of 4 : 2), we felt encouraged to explore the possibility

Fig. 5 Overlay of molecules of the hexol 2 in the o (blue) and the
(orange) forms. Note the prominent change in the C-O-H---O
dihedral angles in the two polymorphs.

of employing other additives, possessing either the carboxyl
functionality or a three-fold symmetric disposition of H-bond
donors (and/or acceptors) as 4, to generate either the f§ form or
some other polymorph of 2. Accordingly, the crystallization
experiments described above were repeated using benzoic acid,
phthalic acid, isophthalic acid, terphthalic acid, boric acid,
phloroglucinol dihydrate (crystallization was carried out in an
amber colored flask in this case, owing to light sensitivity of
the additive) and cyanuric acid as molecular additives.® As
observed in case of trimesic acid, all the additives crystallized
under these conditions either as clustered microcrystals or in
the form of ill-defined scales and fibres, thereby easing
considerably the task of separation of the crystals of 2 from
the above. With all three isomeric benzene dicarboxylic acids
and phloroglucinol, the hexol 2 crystallized solely in the o
form. Interestingly, when present in equimolar ratio with each
of the remaining three additives, the polycyclitol 2 was found
to crystallize with a hexagonal prismoid morphology (Fig. 2).
X-Ray diffraction data collected on «al/l the crystals of 2
obtained under these conditions (typically 9-10 per batch),
revealed that the latter represented a monohydrate (a
pseudopolymorph) of the hexol 2 in the centrosymmetric
triclinic space group (P1, Z = 2).%%!° Analysis of the crystal
structure of the monohydrate revealed that the asymmetric
unit contains two molecules of 2 (A and B), occupying the
inversion centers at (0, %2, 0) and (%2, Y2, %), and a water
molecule, lying in a general position (Fig. 6).

Each of the intramolecularly H-bonded hexol molecules of
one type is linked through four intermolecular O-H:--O
hydrogen bonds to two hexol molecules of the other type
and two water molecules to form hydrogen bonded tapes
growing perpendicular to the (4 2 0) direction. The H-bonded
supramolecular tapes thus generated are connected through
intermolecular O-H---O hydrogen bonds, involving the water
molecules of one tape and the B-type molecules of the
succeeding and preceding ones (Table 2, Fig. 7 and 8).

The assembly of molecules in each tape of the hydrate
bears an unmistakable resemblance to the one that might
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Fig. 6 ORTEP diagram of the monohydrate of 2, with the atom
numbering scheme for the asymmetric unit. Displacement ellipsoids
have been drawn at 50% probability level and H atoms are shown as
small spheres of arbitrary radii. The A and B type of hexol molecules
have been indicated by orange and blue arrows respectively. The
unlabelled atoms are related to the labelled atoms by the symmetry
codes(2 —x,1 —y,2—z)and (1 — x, 1 — y, 1 — z) for molecules of
A and B types respectively.

be generated intuitively from the tetrameric arrangement
of hexol molecules, present in either polymorph of 2, after
the incorporation of two molecules of water across its
center of symmetry (see Fig. 9 for overlay diagrams of
individual molecules of the hexol 2 and their packing in
the monohydrate and the o form). As a consequence, there
is an increased void space within the crystalline lattice of
the hydrate, resulting in a lowering of density as compared
to either modifications of 2. Indeed, comparison of the
packing patterns of the two polymorphs and the pseudo-
polymorph (hydrate) of the hexol 2 tempts one to draw an
analogy to a cork (the o form), which is capable of being
squeezed (the B form) or swelling upon imbibing water (the
hydrate).

Table 2 Hydrogen bond geometry in the monohydrate of 2

D-H--A D-H/A H--A/A D-A/A D-H:-A/°
O1-H10---03' 0.82 2.01 2.7086(17) 142
02-H20:--05" 0.82 1.88 2.7010(18) 174
03-H30---02"" 0.82 2.00 2.7205(17) 147
04-H40:---01W"  0.82 1.89 2.688(2) 164
05-H50---06'" 0.82 2.03 2.7157(17) 141
06-H60---04*  0.82 2.00 2.7282(18) 148
OIW-HIW---02"  0.82(3)  2.05(3) 2.856(3) 167.15(2)
OIW-HIW---O1'  0.82(3)  1.97(3) 2.757(2) 165.88(2)

¢ Symmetry codes: (1) 1 — x, 1 — y, 1 — z; (i) x, y — 1, z; (iii) x, y,
(W) xyz+ivM2-x1-p2-zM)2-x1-y1-z
(vil) x, y + 1, z.

Fig. 7 Molecular packing in the monohydrate of the hexol 2, showing
the details of a O-H---O hydrogen bonded tape. One of the A and B
type molecules in the packing pattern has been indicated by orange and
blue arrows respectively.

Fig. 8 Molecular packing in the monohydrate of the hexol 2, showing
the details of the O-H---O interconnectivity between two translation-
ally related hydrogen bonded tapes (indicated by different coloring of
the constituent hexol molecules). H-atoms bonded to C-atoms have
been omitted for clarity.

What is the role of trimesic acid? A possible mechanism for
crystal nucleation

The fact that the denser and more stable § form of the hexol 2
was obtained in the present study solely in the presence of
trimesic acid, an additive structurally dissimilar to 2, is
intriguing and therefore, throws open for speculation the
precise role played by the molecular additive in the self-
recognition process of the polyol 2. Even though the observed
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Fig. 9 Overlay of (a) individual molecules of the hexol 2 and (b) their packing in the o form (blue) and the monohydrate (yellow) forms.

phenomenon could well have been the overall manisfestion of
a number of indeterminate factors, a putative rationale for the
polymorphic behavior of 2 can still be forwarded if one were to
assume that 4 forms the seeding nuclei for the hexol 2 during
the formation of the B form. Logically, the foregoing
proposition is more likely to gain credence in cases where the
crystallization milieu attains an earlier saturation in 4. Hence,
given that 2 and 4 differed only slightly in their solubility in the
solvent system employed for crystallization, isolation of the
form of 2 exclusively in the presence of an equimolar ratio of
trimesic acid justifies the assumption proposed above.

As reported by Duchamp and Marsh, trimesic acid (4)
crystallizes in the centrosymmetric monoclinic space group
C2le (a = 26.520(2) A, b = 16.420(1) A, ¢ = 26.551(2) A, p =
91.53(1)°, Z = 48).° Employing the well-known carboxylic
acid dimer synthon in a characteristic pleated ‘chicken wire’
supramolecular framework, molecules of 4 form parallel
O-H---O hydrogen bonded molecular arrays, approximately
perpendicular to either the a or ¢ axis. Consequently, the {200}
and {002} faces appear as the most prominent ones in the
crystal morphology of 4, predicted by the Bravais, Friedel,
Donnay and Harker (BFDH) algorithm (Fig. 10)."!

Assuming that the BFDH morphology, calculated for 4,
holds good even for an embryonic crystal of the same, it is
quite likely that the larger {200} and {002} crystal faces,
exhibiting the highest concentration of O-H:--O hydrogen
bond donors and acceptors, in the seeding nuclei of 4 will
provide the preferred attachment sites for molecules of 2. With
a congenial geometric matching and favorable O-H---O
H-bonding between the nucleus (4) and the hexol (2) at the
crystallization interface, i.e. {200} or {002}, a sustainable
epitaxial growth of the polyol molecules on the trimesic acid
template may be achieved, leading to the exclusive formation
of the thermodynamically more stable § form (Fig. 11)."> The
foregoing mechanism of crystal nucleation and growth in 2, in
the presence of 4, derives support not only from the close
similarity between 2 and 4 in their space group symmetry and
the characteristic interfacial angle f, but also from the fact that
the principal supramolecular assembly through O-H:--O
H-bonding in the B form of 2 occurs along the (002) direction
(i.e. along the longest axis ¢) (Fig. 12).

It is quite likely that such a template-directed growth of
hexol molecules might not have been sustainable in the case of
the additives, other than 4, which were employed in the present
study. This might have possibly been due to an unavailability
of a suitable crystal face or favorable attachment site on the
nucleus, formed by the additive, for the epitaxial gowth of
the hexol molecules. An unfavorable and thus short-lived
template-directed crystal growth, leading to the formation of a
hitherto unknown polymorph of 2 possessing a lower stability
than the o form, could also have been a probable scenario.
While these may be considered as likely explanations to the
isolation of the o form in the case of the three isomeric benzene
dicarboxylic acids and phloroglucinol, formation of the
crystalline monohydrate of the hexol 2 in presence of benzoic,
boric and cyanuric acids can largely be ascribed to the
hygroscopic nature of the three molecular additives and
prolonged exposure to air during crystallization.

(-1 (1-11)

Fig. 10 BFDH morphology of trimesic acid, showing the (4k/) indices
of the respective crystal faces.
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Fig. 11 A possible manner in which epitaxial growth of the hexol
molecules might have taken place on the {002} crystal face of trimesic
acid. The yellow dotted lines represent the O-H---O hydrogen bonds
between the trimesic acid template and the molecules of 2, while blue
ones denote the intramolecular O-H---O H-bonds that exists in each
hexol molecule (possibly even in solution). Note the close similarity
between the interfacial angles ff in the unit cells of trimesic acid (the
larger one) and the polyol 2.

Experimental
General procedures

All molecular additives employed in the present study were
purchased from either Sigma-Aldrich or Fluka. Powder
X-ray diffraction data was collected using CuK, radiation
with a scan speed of 1° min~ ' on a Siemens D5005 X-ray
diffractometer, operating at 25 kV and 30 mA. The DSC data
were recorded on a Mettler Toledo STAR® system. DFT single
point energy calculations on the packing motifs in the two
polymorphs of 2 were performed with the Gaussian 03
program package using B3LYP/6-31G** basis set.'*

X-Ray crystallography

The single crystal X-ray diffraction data were collected on a
Bruker AXS SMART APEX CCD diffractometer at 296 K.
The X-ray generator was operated at 50 kV and 35 mA using
MoK, radiation. The data was collected with an @ scan width
of 0.3°. A total of 606 frames per set were collected using
SMART?? in three different settings of ¢ (0°, 90° and 180°) and
four different settings of ¢ (0°, 90°, 180° and 270°) (in case of a
triclinic crystal system), keeping the sample to detector
distance of 6.062 cm and the 20 value fixed at —25°. The data

Fig. 12 The principal supramolecular assembly through O-H---O
hydrogen bonding in the B form of 2 occurring parallel to the (002)
direction.

were reduced by SAINTPLUS;" an empirical absorption
correction was applied using the package SADABS'® and
XPREP!® was used to determine the space group. The crystal
structures were solved by direct methods using SIR92'7
and refined by full-matrix least-squares method using
SHELXL97.'"® Molecular and packing diagrams were gener-
ated using ORTEP32,'° CAMERON? and MERCURY?!
respectively. The geometric calculations were done by
PARST?? and PLATON.?* All hydrogen atoms were initially
located in a difference Fourier map. The methine (CH) and
methylene (CH,) H atoms of the hexol then were placed in
geometrically idealized positions and allowed to ride on their
parent atoms with C—H distances in the range 0.97-0.98 A and
Uso(H) = 1.2U,(C). The O-H hydrogen atoms were
constrained to an ideal geometry with O-H distances fixed at
0.82 A and U (H) = 1.5 U.4(O), but each hydroxyl group was
allowed to rotate freely about its C—O bond. The positions of
the H atoms of the water molecule in the monohydrate were
refined freely, along with an isotropic displacement parameter.

Crystal data for the p form of 2. C,(H3sO¢, M = 234.24,
monoclinic, space group P2i/n, a = 6.5273(14) A, b =
5.9589(12) A, ¢ = 13.166(3) A, B = 90.163(3)°, V =
512.10(19) A%, Z = 2, peatea = 1.519 g cm ™3, F(000) = 252,
w=0.125mm !, R = 0.0358, wR = 0.0759, GOF = 1.089 for
953 reflections with I > 2a([),

Crystal data for the monohydrate of 2. C;(H,304-H,O, M =
252.26, triclinic, space group PI1, a = 6.663(2) A b=
9.045(3) A, ¢ = 10.707(3) A, « = 72.385(5)°, p = 81.655(5)°,
y = 69.238(5)°, V = 574.6(3) A>, Z = 2, peatea = 1.458 g cm 3,

This journal is © The Royal Society of Chemistry 2007
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F(000) = 272, u = 0.124 mm~', R = 0.0389, wR = 0.1034,
GOF = 1.034 for 2187 reflections with 7 > 2a([),

CCDC reference numbers 620926 and 620927. For crystal-
lographic data in CIF or other electronic format see DOI:
10.1039/b613949¢

Conclusions

In words of the often quoted statement about polymorphism
by McCrone, ‘every compound has different polymorphic
forms and that, in general, the number of forms known for a
given compound is proportional to the time and money spent
in research on that compound’.'®* The present study however
attempts to explore through the manisfestation of polymorph-
ism, the limits of flexibility inherent in the supramolecular
organization of even conformationally locked polycyclitols
endowed with a rigid covalent backbone and predetermined
positions of intermolecular O-H---O H-bond donors and
acceptors. The results also highlight the significant role played
by a seemingly structurally unrelated additive in providing an
alternate nucleating pathway to facilitate the formation of an
elusive polymorph during the crystallization process of a given
compound. Though speculative, a putative mechanism of
crystal nucleation, leading to formation of the p form of the
hexol 2, has been proposed in this context. Through
appropriate variation in the chemical and structural para-
meters of the molecular additives, the experimental results
detailed above may be extended to discern their intervention in
the self-recognition process of other related molecules.
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