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Polymorphs of 1,1-bis(4-hydroxyphenyl)cyclohexane and multiple Z’
crystal structures by melt and sublimation crystallizationT
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Close packing conflict in a metastable polymorph of the pure
title host (Z’ = 2, melt crystal 1m) is resolved in the stable form
(Z' = 1, sublimed crystal 1s) as O-H:-*O hydrogen bond
changes to O-H-:-'m interaction. Melt crystallization and
sublimation show a greater percentage of high Z' structures
in CSD statistics.

The synthesis and characterization of guest-free crystalline forms
of host molecules is generally difficult because they do not
crystallize in the absence of a second component, usually a solvent
and/or water molecule, which acts as a crystallization aid and/or
filler in the voids." Some recent methods to obtain guest-free
crystalline forms of lattice inclusion host compounds are the use of
(1) solvents having size/shape misfit’*“ with the host or (2)
unfavorable electrostatic contacts,” (3) removal of the guest by
leaching,”* (4) desolvation of the guest-host compound by
heating, ¥ (5) sublimation,? and (6) melt crystallization.?* There
are 31 solvates/cocrystals of 1,1-bis(4-hydroxyphenyl) cyclohexane
1 in the Cambridge Structural Database>* Host 1 is
hydrogen bonded to solvent or partner molecules either as donor
(Ophenol*H'“O/Nsolvent)a or acceptor (O/Nsolvem*H“'Ophenol)a or
both, as is common in phenolic host molecules.’ The crystal
structure of pure 1 has not been reported. We attempted
crystallization of 1 from several common solvents (including
trifluorotoluene)® to obtain a guest-free form; only solvent
inclusion crystals or ill-defined powders were obtained. The
thermodynamics of phase relationships between solvated and
desolvated forms? and subtle structural differences among pure
host polymorphs® is an important topic in microporous solids
because of its application in gas storage technology.! We report
polymorphs of pure host 1 from melt crystallization and
sublimation. These solvent-free crystallization methods are shown
to have a much greater probability of multiple Z’ structures
compared to overall Z' frequencies.®

Compound 1 was synthesized* and purified to afford the pure
host molecule as a white solid. Sublimation at 150-175 °C for 6 h
(or 140-150 °C, 0.2 Torr, 2 h) afforded thin plate and fine needle
shaped crystals on the cold finger. When the pure host 1 was
heated to 180-190 °C and the resulting neat liquid phase cooled
rapidly (by bathing the outer wall of the test tube with volatile
solvent), crystals of plate and block morphology were obtained.
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Fig. 1 Overlay of molecular conformers to show superposition of the
tricyclic skeleton except the OH group orientation labelled as 1s, A (1Im),
and B (Im). The OH groups are syn in conformer 1s and A (Im) and anti
in B (Im). See Fig. S1 of the ESI for the overlay diagram in color.f

There is good consistency in obtaining the respective crystals under
optimized crystallization conditions (see ESI).f Single crystal
X-ray diffraction confirmed that the sublimed and melt phases, 1s
and 1m, are indeed polymorphs.f 1s crystallizes in the triclinic
space group P 1 (Z' = 1) and the structure of Im is in the
orthorhombic space group Phca (Z' = 2). The three conformers of
1 overlay nicely except for the different orientation of OH groups
(Fig. 1); the OH groups are oriented syn in the triclinic rotamer
and one of the orthorhombic rotamers (A) of 1m whereas they are
anti in the second molecule (B). One of the OH groups in 1s is
connected via a chain of O-H---O hydrogen bonds along [010]
(Fig. 2) and the second hydroxyl group engages in an O-H-- 1t
interaction’ (O1-H---02 1.84 A, 172.5°; 02-H---1 2.42 A, 134.7°,
n = Ph ring centroid). In the orthorhombic polymorph 1m,
molecule A has O-H---O chain along [010] and an O-H:-'n
interaction with a B molecule (O1A-H---O2A 1.95 A, 172.9°
02A-H:---1B 2.99 A, 152.5°). Molecule B uses both its hydroxyl

Fig. 2 O-H:---O chain along [010] in the triclinic polymorph 1s.
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groups in a cooperative chain of H bonds along [100] (Fig. S2 of
the ESIT) (O1B-H---02B 1.91 A, 172.8°; O2B-H---O1B 1.88 A,
176.5°) to produce microporous molecular ladders (Fig. 3). The
diol orientation and H bonding motifs are related: the syn
conformer participates in O-H---O chain and O-H- ‘& interaction
whereas the anti conformer makes O-H---O chains on both sides.§
The infinite O-H---O chain motif in 1m is rationalized by the
presence of such H-bonded oligomers in the neat liquid, which
solidify to polymorph 1m upon rapid cooling. The occurrence of
the symmetry-independent B molecule is consistent with recent
results relating strong O-H---O H bonding with multiple Z’ in
crystal structures.®

Molecular conformer and crystal lattice energies were com-
puted.” The molecule conformer energies of 1s, A, B (1m) = 0.00,
0.23, 0.29 kcal mol ! (relative energies); crystal lattice energy for
1s, Im = —37.11, —36.23 kcal mol ! (per molecule); total crystal
energy 1s, Im = conformer + lattice = —37.11, —35.97 kcal mol ™!
(per molecule).q The sublimed phase is more stable than the melt
form by 1.14 kcal mol '. The metastable state of 1m and its lower
crystal density and packing fraction (1m: 1.261 g cm >, 69.9%; 1s:
1.275 g em™3; 71.1%) may be due to the longer inter-aromatic
separation of 3.8 x 24 A (C13B-C9B, C15A—CI15A) between
B molecules (Fig. 3 and Fig. S3) compared to no voids in 1s
(C15-C15, after subtracting 34 A = m-plane diameter). The
isolation of pure 1 dimorphs will allow us to study desolvation
pathways of its host-guest complexes, analogous to the versatile
p-tert-butylcalix[4Jarene host. >/

We sought answers with regard to kinetic and thermodynamic
forms, monotropic or enantiotropic phases, and the mechanism of
transformation. Hot stage microscopy (HSM) showed that the a
block of the melt crystal begins to melt at 178-182 °C and is
completely liquid-like at 183-185 °C. Cooling afforded sublimed
crystals of fine needle shape (Fig. 4). On the other hand, sublimed
crystals 1s do not show any apparent crystal form change in a
similar heat-cool cycle on the hot stage (Fig. S4 of the ESI¥).
Differential scanning calorimetry (DSC) thermogram of 1s has a
single broad endotherm at ~184 °C (Tjeq) but Im shows two
sharp endotherms at 183 and 188 °C with an exotherm in-between.
These peaks correspond to the melting of 1m, then solidification
(exotherm) to the 1s phase, followed by fusion of the sublimed
form. After a heat—cool-heat cycle in DSC both melt and sublimed
phases exhibit a single endotherm (Fig. 5). Sublimation occurs in
both 1s and 1m (after a phase transition at 183-185 °C in the

latter), based on TG-IR (thermal gravimetry-infrared
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Fig. 3 Symmetry independent molecules in 1m. The rectangular voids in
the molecular ladders along [010] of B molecules (dark) have a cross-
section of 3.6 x 2.2 A. The O-H:--O chain down [100] is not shown (see
Fig. S2 of the ESI}). The A molecules (grey) have similar H bonding to 1s.

(d)

Fig. 4 HSM frames. Im: (a) at 25 °C, (b) 181-182 °C, (c) cool to rt. 1s:
(d) at 25 °C, (e) 183-184 °C, (f) cool to rt. Phase transition of a block
crystal of Im to 1s needle fibre (a—c). A plate-like crystal of 1s shows
change to needle morphology (d-f) but retains the same form. See the
ESIf for more frames at different 7" values.
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Fig. 5 DSC of Im and 1s polymorphs. Metastable phase 1m shows
phase transition to the sublimation polymorph 1s and transformation to
the thermodynamic form upon heating up to 200 °C. Polymorph 1s does
not show phase changes under the same conditions except the sublimation
endotherm. The reheating cycle endotherm is shifted to ~5 °C lower
temperature than the first heating cycle due to more efficient contact of the
sample with the pan.

spectroscopy, Fig. S5 of the ESIt) of the evolved vapor. The
single endotherm peak after reheating is ascribed to the stable
sublimed phase. DSC, HSM and computation indicate that 1m
is the kinetic polymorph and 1s is the thermodynamic phase
(T (Im) = 183 + 1 °C; T;,, (1s) = 188 + 1 °C). Conformational
polymorphs Im and 1s are monotropic up to 160 °C and
enantiotropic'® between 180-200 °C. A structural model for the
phase transition of the microporous structure in 1m to the close-
packed structure of 1s is proposed in Scheme 1.

Crystal structures with multiple Z' (= number of molecules in
the asymmetric unit) are more than just a crystallographic curiosity
and they are now being increasingly studied.®*!! In general, Z' <
1 is typical; <12% organic crystal structures have Z' > 1. We
compare Z' distributions in organic crystals obtained under
solvent-free conditions of sublimation and melt crystallization with
the overall data for organic crystal structures® (Table 1). There is
an increase in Z' > 1 frequency for solvent-free methods compared
to solution crystallization, and the preference (last column ratio) is
dramatic for Z" > 3. Interestingly, even as the ratio increases with
increasing Z’, the number of hits decreases and a more clear trend
will emerge only after more crystal structures are available with
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Scheme 1 Cleavage of O-H---O H bonds down [100] of B molecules in
1m and movement of H bonded chains along [010] towards each other
results in an O-H--'7 interaction and filling of the voids to give a close-
packed structure similar to 1s.

Table 1 Occurrence of Z' in organic crystals crystallized ‘from the
melt’ (83 hits), ‘by sublimation’ (334 hits), and ‘overall statistics’ in the
CSD. Overall percentages are values from 160 850 organic structures

Sublimation ~ From melt Overall
% (number % (number  organic S+ M +2x O%
z' of hits) of hits) (%) age values
<1 29.04 (97) 22.89 (19) 17.64 1.47
1 53.89 (180) 59.04 (49) 71.88 0.78
>1 17.06 (57) 18.07 (15) 11.54 1.52
2 12.28 (41) 10.84 (9) 10.04 1.15
>3 3.89 (13) 7.23 (6) 1.24 4.48
>3 2.99 (10) 3.61 (3) 0.69 4.78
4 2.69 (9) 2.40 (2) 0.45 5.65

time. Carbamazepine is a notable example for which Z’ is 1 from
solution crystallization (3 polymorphs) whereas it is 4 upon
crystallization from the melt.'> The percentage of hits from the two
solvent-free methods are comparable to each other and higher
than the value from solution crystallization for all Z" > 1. The
occurrence of high Z’ from melt and sublimation crystallization is
ascribed to rapid cooling of the hot liquid or vapor (100-300 °C) in
the open flask or on the cold finger (kinetic phase), conditions
under which hydrogen-bonded clusters are likely to condense in a
pseudo-symmetric crystalline arrangement. On the other hand, Z’
is generally <1 in the slower nucleation process of solution
crystallization. We note that the liquid phase crystallizes to 1s
during slow cooling in DSC (5 °C min~") but to 1m upon rapid
cooling of the hot vial.T High Z’ structures have been variously
referred to as fossil relic,* kinetic form,* and early snapshots of
crystallization.” The present example is a remarkable illustration of
how close packing conflicts®* in a metastable Z' = 2 structure are
resolved in the thermodynamic Z’ = 1 polymorph.'?
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Notes and references

i Crystal data were collected on Bruker SMART APEX CCD
dlffractometer with graphite-monochromator Mo Ko radiation (1 =
0.71073 A) at 100 K. 1s: ClngéOz, Mr = 268.34, triclinic, P 1, a =
6.2275(6), b = 10.8480(10), ¢ = 11.3359(11) A o = 101. 611(2)
p = 103.424(10), y = 103.117(2), V= 698.90 (12) A3, Z =2, pealed =
1.275 g cm >, Ry = 0.0424, wR, = 0.1189, total reflections 2753, observed
reflections 2255. 1Im: CigH;40,, Mr = 268.34, orthorhombic, Pbca, a =
9.6278(5), b = 20.9561(11), ¢ = 28.0324(14) A, V' = 5655.8(5) A®, Z = 16,
Pealed = 1261 g cm >, Ry = 0.0582, wR, = 0.1217, total reflections 4984,
observed reflections 4167. Intensities were collected for absorption effects
using the multi-scan technique SADABS. All non-hydrogen atoms were
refined anisotropically and H atoms were located from difference electron
density maps. Structure solution and refinement was carried out with
Bruker SHELX-TL. The packing fraction was calculated in PLATON.
CCDC 615422 and 620074. For crystallographic data in CIF or other
electronic format see DOI: 10.1039/b610323¢

§ Among the 31 CSD structures, the syn rotamer generally connects host 1
via an O-H---O bond and has O-H::Og,q H bonding (instead of
O-H:--m), whereas the anti rotamer (one structure, OFEQAN) forms a
diamond-shaped motif through O-H:---O bonds, as in pure Im.

9 Gaussian 03 was used for molecule conformer (DFT, B3LYP/6-31G)
and Cerius® for crystal lattice energy (Crystal Packer, COMPASS). See
ref. 9a.
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