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1,3cis,5cis-Cyclohexanetricarboxylic acid (H;CTA) was co-crystallized with 4,4’-bipyridine bases
connected via methylene and alkene chains to obtain ternary acid—base co-crystals, H;CTA bipyl-
bipy2. The hydrogen bond network and mode of interpenetration in co-crystal structures are
discussed in relation to known (6,3) nets. The rectangular host container of composition H3;CTA-
bipy-eta-(bipy-bu), s includes a variety of aromatic guest species in its 10 x 12 A channels. The
ternary and quaternary co-crystals are characterized by X-ray diffraction to analyze the hydrogen

bonding and molecular packing. Whereas the acid—pyridine O-H- - -N hydrogen bond sustains
reliable supramolecular aggregation in multi-component crystal structures, the change of
bipyridine base connector imparts structural diversity in these supramolecular structures. A self-
assembly model based on helix and chain sub-units of acid-bipyl being connected via the bipy?2

spacer to give hexagonal and square network structures is proposed.

Introduction

1,3-cis,5-cis-Cyclohexanetricarboxylic acid (H;CTA) is a tri-
gonal tecton for the construction of hydrogen-bonded solids,
similar to the archetype trimesic acid (1,3,5-benzenetricar-
boxylic acid, H;TMA). The better solubility of H;CTA in
common organic solvents and its conformational flexibility
due to the cyclohexane ring are favorable factors in exploring
structural diversity in co-crystals. We and others have reported
binary, ternary and quaternary co-crystals and binary salts of
H;CTA and H,CTA™ anion with bipyridine and amine bases.
There are very few examples of ternary co-crystals to date, %>
quaternary co-crystals are even fewer.' We report herein
examples of ternary and quaternary solid-state compounds
of H3CTA with different bipyridine bases. For the purpose of
this article, we define co-crystals® as multi-component solid-
state assemblies of two or more compounds held together by
any type or combination of intermolecular interactions.* Thus,
while hydrogen bonding is the most ubiquitous glue to bond
co—crystals,5 other intermolecular interactions such as halogen
bonding,® n-m stacking,**’ and ion pairing® may also be
included. The starting components in their pure form are
generally solids at ambient conditions® but liquid and gaseous
states are within the scope of accepted co-crystal definitions.>*
The emphasis in this and several other studies is on the use of
heterosynthons® as design elements to obtain predictable
hydrogen bond networks, even as the complete 3D molecular
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i Electronic supplementary information (ESI) available: Additional
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arrangement and crystal packing may be difficult to anticipate.
The utility of co-crystals in pharmaceutical formulation and
form discovery are discussed elsewhere. ®!°

Results and discussion

The molecular components are displayed in Fig. 1. Instead of
mixing H;CTA and one bipyridine base,'®’ two bipyridines
were co-crystallized with the triacid. The idea was that slight
differences in the pyridine N-basicity, hydrogen bond acceptor
ability, and close packing groups of these aromatic bases
having different connector groups will lead to the incorpora-
tion of differentiated bipyridines complexed to the tricar-
boxylic acid in the solid-state. The selection of bases was
based on synthetic accessibility while the stoichiometry of
components was decided on the functional groups ratio. We
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Fig. 1 Carboxylic acid and bipyridine bases used in co-crystalliza-

tion. Dibr-bipy-eta eliminates HBr in situ to give br-bipy-ete for co-
crystallization.
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obtained ternary interpenetrated (6,3) network structures 1-4
and a ternary host framework 5 of square channels, which
included guests to give a family of quaternary host—guest
structures 5a—5h. All co-crystal structures were characterized
by X-ray diffraction (Table 1). Preliminary results were com-
municated previously.'¢

H3;CTA bipy-(bipy-eta) s 1

Co-crystallization of H3CTA, bipy and bipy-eta from
EtOH-benzeneina 2 :2: 1 ratio afforded the three-component
crystal 1. The structure of H;CTA-bipy-(bipy-eta), s in space
group C2/c has infinite helices of acid- - -bipy O—H- - -N hydro-
gen bonds (1.69 A, 177.6% 1.68 A, 168.5% Table 2) along the

Table2 O-H.--N Hydrogen bonds (O-H distances neutron normal-
ized to 0.983 A) in co-crystal structures H;CTA bipy-(bipy-eta)o s 1,
H;CTA - bipy-ete-(bipy-eta)y s 2, H;CTA-br-bipy-ete-(dibr-bipy-eta), 5
3, H3;CTA-(bipy-eta)q g-(br-bipy-ete)q ,-(dibr-bipy-eta)y s 4, 5-(p-xy-
lene)q s Sa, 5-(p-dichlorobenzene), s Sb, 5-(o-xylene), 5 Sc, 5-(o-chloro-
toluene), s 5d, 5-(o-dichlorobenzene), s Se, 5-(anisole)y s 5f and (5),
benzyl alcohol 5g

Co-crystal D-H-A D---A/A H--A/JA D-H---AF
1 O-H---N  2.681(3) 1.69 177.6
O-H--N  2.655(3) 1.68 168.5
O-H--N  2591(3) 1.62 167.7
2 O-H--N  2.620(6) 1.66 166.0
O-H---N  2.650(6) 1.67 174.2
O-H---N  2.751(7) 1.78 169.2
3 O-H---N  2.691(6) 1.70 177.7
O-H--N  2.664(5) 1.68 175.5
O-H--N  2.693(5) 1.71 174.9
4 O-H--N  2.650(6) 1.77 147.9
O-H--N  2.682(5) 1.71 170.5
O-H--N  2.660(5) 1.68 175.2
5a O-H--N  2.629(3) 1.65 169.1
O-H--N  2.665(3) 1.68 172.9
O-H--N  2.652(2) 1.67 176.3
5h O-H--N  2.637(2) 1.65 173.4
O-H--N  2.651(2) 1.66 177.0
O-H---N  2.650(2) 1.66 176.2
5c O-H--N  2.643(3) 1.67 168.8
O-H---N  2.664(2) 1.69 1718
O-H--N  2.657(2) 1.68 173.
5d O-H--N  2.636(2) 1.66 169.8
O-H--N  2.662(2) 1.68 173.0
O-H--N  2.658(2) 1.68 179.4
Se O-H--N  2.660(2) 1.69 174.0
O-H--N  2.664(7) 1.69 169.0
O-H---N  2616(2) 1.66 164.7
sf O-H--N  2.61502) 1.64 170.5
O-H--N  2.659(2) 1.68 1715
O-H--N  2.661(2) 1.68 172.7
5g O-H--N  2.655(5) 1.68 172.9
O-H--N  2.623(5) 1.64 174.5
O-H--N  2.696(6) 1.73 165.0
O-H--N  2.601(6) 1.63 167.2
O-H---N  2.670(5) 1.69 171.5
O-H---O  2.864(8) 1.97 150.5

b-axis, and such helices are connected via bipy-eta base
O-H- - -N bond (1.62 A, 167.7°) with the CH,CH, chain lying
on the 2-fold axis in the uncommon gauche conformation.
Hydrogen bonding of H;CTA with bipy and bipy-eta gave a
hexagonal framework of 25 x 32 A that fills space through
triple parallel interpenetration. Fig. 2 shows the acid- - -bipy-eta
synthon connecting triple helices of acid- - -bipy in the form of a
2D polar layer structure. Helices within a layer have the same
handedness and the bipy-eta connector in gauche conformation
has a single chirality. The crystal structure is centrosymmetric;
the inversion center lies between adjacent layers of opposite
handedness. The gauche conformation of the CH,CH, chain of
bipy-eta is perhaps a consequence of achieving efficient close

Fge

bipy-eta

bipy

F(&_chn\

L

(c)

Fig. 2 (a) COOH-: - -bipy and COOH ---bipy-eta heterosynthons
assemble in the shape of a molecular necklace of dimensions 25 X
32Ain crystal structure 1. (b) The triply interpenetrated (6,3) network
showing COOH- - -bipy helices along [010] and gauche CH,CH, con-
nections along [100]. (c) Mirror images of bipy-eta gauche chiral
conformations in structure 1.
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packing in the region between the helices. The less stable
gauche-ethylene conformation of bipy-eta is more common in
metal-pyridine coordination bonded structures.''

The type of interpenetration observed in 1 is a rare variety
among the four modes for parallel interpenetration of (6,3)
networks reviewed by Batten and Robson (Fig. 3).'> Zigzag
tapes connect to form honeycomb nets in Fig. 3(a), and this
kind of interpenetration extends as 2D — 3D parallel inter-
penetration. Double helices of the same handedness join to
give a 2D homochiral network (Fig. 3(b)). Two-fold helices of
opposite handedness (P and M) are arranged alternately to
give a centrosymmetric 2D net in Fig. 3(c). Among H;CTA'“?
and H;TMA!'? network structures, the 2D nets of H;CTA-
(bipy-eta); 5, H;TMA-(bipy); s and H;TMA-(bipy-eta); 5 in-
terpenetrate in the third mode. Fig. 3(d) shows the connecting
2-fold M helices and zigzag tapes alternately.

H3;CTA -bipy-ete-(bipy-eta)y s 2

H;CTA was co-crystallized with bipy-ete and bipy-etain2:2:
1 stoichiometry to obtain a ternary co-crystal in which the
bipy-ete molecules occupy the helix part and bipy-eta is the
connector. 'H NMR and single-crystal X-ray diffraction
(P21/c space group) confirmed the formation of H3;CTA-
bipy-ete-(bipy-eta)y s 2 (see ESI{ for 'H NMR data). The
asymmetric unit contains one each of H;CTA and bipy-ete
and half molecule of bipy-eta. H;CTA extends into a helix via
O-H- N hydrogen bond (1.66 A, 166.0° 1.78 A, 169.2°)

M P M P M M
(c) (d)

Fig.3 Four topologically different modes of parallel interpenetration
for (6,3) nets. These modes are analyzed as zigzag tapes and/or helices
(solid lines) and connections (broken lines) to give interlocked (6,3)
nets. (a) Zigzag tapes, (b) homochiral helices (M helices are shown), (c)
heterochiral helices (P and M), (d) helices (M) and zigzag tapes
alternatively, connect as parallel-interpenetrated honeycomb nets.

along the b-axis through two acid groups bonded to bipy-ete
molecules. These helices connect via the third acid group and
bipy-eta (O-H---N: 1.67 A, 174.2°) to give a 2D honeycomb
motif (Fig. 4). The hexagons of 34 x 36 Aina single net are
filled with two translated nets in the (—3 0 2) plane to produce
a triple helix along [010]. In this network M and P helices are
arranged alternately and the mode of interpenetration is
similar to Fig. 3(c).

H;CTA br-bipy-ete-(dibr-bipy-eta) 5 3

Co-crystallization of H3CTA and dibr-bipy-eta in 2 : 3 ratio in
EtOH-MeOH at room temperature gave ternary co-crystals of
H;CTA br-bipy-ete-(dibr-bipy-eta)y s 3 as confirmed by 'H
NMR (ESIi) and single-crystal X-ray diffraction (P2/c).
The co-crystal is ternary in nature because part of the dibr-
bipy-eta compound undergoes HBr elimination (promoted by
the pyridine base) to produce br-bipy-ete which then becomes
a component in co-crystallization (O-H---N: 1.70 A, 177.7°;
1.71 A, 174.9°). These br-bipy-ete molecules are included
between H3;CTA molecules in the helix region and adopt two
orientations of equal occupancy. The bromoethylene
(CH=CBEr) part is disordered as shown in Fig. 5. The helices
are joined through dibr-bipy-eta molecules by a O-H---N
hydrogen bond (1.68 A, 175.5°) to make honeycomb nets of
32 x 37 A that are interlocked with two translated nets in the
(=3 0 2) plane. In this network structure M and P helices are
arranged alternately similar to Fig. 3(c).

H;CTA-(bipy-eta), g-(br-bipy-ete), ,-(dibr-bipy-eta), 5 4

Ternary co-crystallization with a combination of H;CTA,
bipy-eta and dibr-bipy-eta in 2 : 2 : 1 ratio was attempted in
MeOH solvent in a deep freezer (4 °C). Diffraction quality
crystals were obtained after one week. '"H NMR of a single
crystal (ESIT) showed the presence of the four components
H;CTA, bipy-eta-br, bipy-ete and dibr-bipy-eta in the ratio 1 :
0.8:0.2:0.5. Single crystal X-ray diffraction (P2,/c) confirmed

Fig. 4 Three-fold parallel-interpenetration of (6,3) nets in structure 2.
The triple helix of H3CTA and bipy-ete along [010] is shown as space
filling atoms and the bipy-eta connector as cylinder bonds.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008
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Fig. 5 (a) Helix part (rectangular boxes) of the honeycomb net in 3
formed by H3;CTA-br-bipy-ete which are connected by dibr-bipy-eta. (b)
Two orientations of the CH=CBr moiety (s.o.f. 0.5 each) of br-bipy-ete.
(c) Helix part (box region) formed by H;CTA-bipy-eta (s.o.f. 0.82,
br-bipy-ete s.o.f. 0.18) and connected via dibr-bipy-eta in co-crystal 4.
The 3-fold parallel interpenetrated nets in 3 and 4 are similar to 2.

the presence of four components in the asymmetric unit: one
molecule of H3;CTA, 0.82 molecule of bipy-eta and 0.18
molecule of br-bipy-ete at one occupied site, and half molecule
of dibr-bipy-eta. H;CTA and bipy-eta + br-bipy-ete mole-
culesin 1 :(0.82 + 0.18) ratio form helices (O—H---N 1.77 A,
147.9°; 1.68 A, 175.2°) and dibr-bipy-eta molecules joins them
to make the 2D honeycomb net (similar to Fig. 5(c)) of 33 x 37
A dimensions via O-H---N hydrogen bonds (1.71 A, 170.5).
The triple parallel interpenetration in 4 is similar to that in Fig.
3(c). Notably ternary structures 2—4 are isomorphous and
isostructural to the binary co-crystal H3CTA-(bipy-eta); s
prepared earlier.'” They crystallized in P2,/c space group with
similar unit cell parameters implying that the C, tether plays a
space filling role in the crystal structure. However, longer
chain length for one of the bipy components gave quite a
different crystal structure.

H;CTA - bipy-eta-(bipy-bu)y s 5—a three-component host

Co-crystallization with a longer bipy component, such as in
H;CTA, bipy-eta and bipy-bu (2 : 2 : 1), did not afford single
crystals from n-PrOH and other alcoholic solvents despite
several attempts. Upon addition of an aromatic compound
to the solution, e.g. toluene, p-xylene or anisole, diffraction-
quality single crystals appeared. The multiple components
form ternary host lattice 5 (Fig. 6) for the inclusion of
aromatic guests added during crystallization to give
host—guest compounds 5a—5h (Table 1).

The X-ray crystal structure of 5-p-xylene (PI) confirmed
that the aromatic guest is included in the three-component
host framework. Two COOH groups of H;CTA are bonded to
different bipy-eta molecules in the gauche conformation
(O-H--N: 1.65 A, 169.1°; 1.68 A, 172.9°), and such dimeric
units form square cavities of 10 x 12 A. These loops are
connected via O-H---N hydrogen bond (1.67 A, 176.3°)
between the third COOH of H3CTA and bipy-bu base to give
an infinite chain of square loops. Termolecular host containers
lying in the plane (0 1 2) stack to form square channels along
[100]. The inclusion of p-xylene and p-dichlorobenzene in the
square cavity is shown in Fig. 7.

The construction of a ternary co-crystal host lattice was
reported very recently.'e Despite being assembled by flexible
molecular components, host 5 is structurally robust toward a
variety of aromatic guests. Encouraged by the inclusion of
p-xylene (5a) and o-dichlorobenzene (5e), p-dichlorobenzene
(mp 53-56 °C) was used as the guest. Since the van der Waals
volumes of methyl and chloro substituents are similar (24 and
20 A3), they can be exchanged in crystal structures without
disturbing the crystal packing.'* The p-dichlorobenzene ad-
duct 5b is a rare example of quaternary co-crystal (four
different chemical solids in the same crystal structure)' to be
synthesized by deliberate design. The bent conformation of the
CH,CH, chain and the wrapping of the host channel around
the aromatic guests (Fig. 7) is facilitated by weak hydrophobic
host- - -guest interactions. The chlorine atoms of p-dichloro-
benzene have s.o.f. 0.81 and 0.19. Partial occupancy of the
guest and their orientation/overlap are shown in Fig. 8 and
Fig. S1 (see ESIf), and disorder in host-guest structures is
summarized in Table 3.

Network assembly analysis

The assembly of similar molecular components to give hexa-
gonal nets in 1-4 and square loops in 5 may be understood in
terms of trigonal tecton at the nodes and bipy connectors. A
bottom view of the homochiral net in Fig. 3(b) and hetero-
chiral net in Fig. 3(c) are displayed in Fig. 9. The possible (6,3)
networks represent different ways in which helices can build up
using the triacid and a bipy base (shown in red and blue) which
are connected by the second base (black). Now the finite
square loops of 5 are nothing but the helix of 14 closing
back at the same level (Fig. 9(c)). The connecting group is a
homologue bipyridine. In the node and connector representa-
tion of Fig. 9, differences in CH, chain lengths of bipy bases
are ignored and the connector molecules can be bent (gauche
conformation) or linear (zigzag conformation). The helix,
infinite chain and square box motifs are nothing but
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(b)

Fig. 6 (a) Closed loop COOH- - -bipy-eta (gauche) units form square boxes which are connected via COOH- - -bipy-bu to form the three-
component host 5. (b) Perfect stacking along [100] to produce square channels of 10 x 12 A.

supramolecular isomers.'> The self-assembly model of Fig. 9
may be used to understand the formation of concomitant
network polymorphs of the co-crystal H;TMA - bipy-eta.'>”
Form IT (1 : 1.5) has the usual 3-fold parallel interpenetrated
(6,3) net but form I (2 : 3) may be viewed as a chiral (10,3)-a
net of 18-fold interpenetration. In form II 2, triple helices of
H;TMA and bipy-eta join in the 2D layer through bipy-eta
and the third acid group. In form I six 4 triple helices connect
through bipy-eta spacer and the third acid group to give the
18-fold interpenetrated (10,3)-a net (Fig. S2, ESIf). Thus
simultaneous formation of 2; and 4; triple helices from the
same building units resulted in concomitant crystallization.

Conclusions
Fig. 7 The orientation and arrangement of guest molecules in the
host channel of 5. (a) p-Xylene in 5a and (b) p-dichlorobenzene in 5b Several examples of ternary co-crystals and quaternary
(major occupancy Cl atoms are shown). See Fig. S1 (ESI{) for guest host—guest co-crystals are reported using a combination of
species in Sc-5f. H;CTA and common bipy bases. Crystal structures 1-5 bring

(%)

&kl
(a) (b) © (d)
| HO
> OH A /:‘ -
| & &) d \ 3 \
®

(h)

Fig. 8 Guest molecules present in 5a—5h. Solvent is fully ordered in (a, 5a) and Cl atoms have s.o.f. of 0.81 and 0.19 in (b, 5b). Guest disorder is
modeled in (c—f, 5c—5f) about the inversion center. One of the two chlorine atoms in (e) is located on two positions. (g, 5g) and (h, 5h) are shown
schematically based on the guest electron densities, but atomic positions could not be modeled. In (h) the square box shows a part of the bipy-bu
guest in the asymmetric unit.
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Table 3 Details of disorder in 5a—5h

Location of the inversion center

Host/guest order/disorder

Centre of the square loop
Centre of the square loop
Centre of the square loop
Centre of the square loop
Centre of the square loop
Centre of the square loop

Ordered

Cl atom disordered

Guest disordered

Guest disordered

Host and guest disordered
Guest disordered

Co-crystal Guest 5 : guest ratio in asymmetric unit
5a p-Xylene 1:0.5

5b p-Dichlorobenzene 1:05

5¢ 0-Xylene 1:0.5

5d o-Chlorotoluene 1:0.5

Se o-Dichlorobenzene 1:0.5

5t Anisole 1:0.5

5g Benzyl alcohol 2:1

5h Bipy-bu 2:0.5

Out side the square loop/channel
Outside the square loop/channel

Host and guest disordered
Host and guest disordered

out simultaneous design strategies for supramolecular con-
struction. (1) The use of a triacid and differentiated bipy bases
directs the self-assembly of three components in the solid-state
via O-H---N hydrogen bonds. (2) The CH, chains in bipy
bases are not just inert spacers but play a conformational and
structural role in directing the supramolecular architecture.
This is the first systematic study on the role of CH,/alkene
tethers on the structures of acid-bipy co-crystals.'® (3) The
helix or chain or loop build up of supramolecular structures
give hexagonal or square nets from similar starting compo-
nents. Both achiral and chiral network structures can result
from helical aggregates. Why does co-crystallization of a
triacid with different bipy base homologs produce ternary
adducts? We believe that helices of acid- - -bipy molecules are

tions between these helices/loops involve the longer/flexible
bipy base. A possible reason for this selectivity in sequential
aggregation could be that the flexible connector component
can adopt a larger number of close packing arrangements
between the relatively rigid and initially formed acid-bipy
helices or chains. The reverse sequence in which the flexible
bipy partner is engaged first with the triacid and the rigid bipy
docks later may not be equally favorable for achieving efficient
close packing in the final crystal structure. Hydrogen bonds
are long-range interactions (r~' to r~%) and hence more
significant in the early stages of supramolecular association
whereas hydrophobic and aromatic interactions operate at
short-range (r—> to r~®) towards the final adjustments in the
crystal lattice. Whether such bi- and tri-component systems

constructed with the small/rigid bipy partner whereas connec- crystallize hierarchically,'” via the helix/chain subunits
M M M M
(@)
M M P
(b)
e
I
( -4 ea |
7/ = — i
» <
y_ *’ \. helix
Cocrystal 1, 2
bipy, bipy-ete | —
bipy-eta | e
blpy—eta AV — |
H,CTA — S
blpy—bu —_—
Cocrystal 5 square loops
(©

Fig. 9 (a and b) A bottom-side view of homo- and heterochiral (6,3) net in Fig. 3(b) and (c) as a combination of three components in co-crystals 1
and 2. (c) Formation of hexagonal nets in structure 1 and 2 and square loops in 5 occurs via similar molecular components but the difference is in
the infinite helix/chain vs. closed loop motifs. Molecular component legends are shown by color coding.
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forming first followed by connections between the 1D domains
to give the final network architecture, is a topic for further
investigation. Even as the network assembly of multi-compo-
nent co-crystals via acid---pyridine heterosynthon is well
established, the factors that control selective hydrogen bond-
ing with one partner base vs. another and the role of methylene
and/or alkene tether remain to be fully understood.

Experimental
Synthesis and co-crystallization

Details of all the components used in co-crystallization experi-
ments are given in previous papers! except for br-bipy-eta and
dibr-bipy-eta. The former was obtained serendipitously in
crystallization with dibr-bipy-eta by HBr elimination. Dibro-
moethane-bipy (dibr-bipy-eta) was prepared using a literature
procedure.'® 'TH NMR spectra and co-crystallization proce-
dures are detailed in ESI.{

X-Ray crystallography

Reflections were collected on Bruker Smart CCD 1000 X-ray
diffractometer using Mo-Ka radiation (4 = 0.71073 A). De-
tails of X-ray data parameters for co-crystals 1 to Sh are given
in Table 1. Intensities were corrected for absorption effects
using the multiscan technique SADABS.' Structures were
solved by the direct methods and refined on F* with
SHELX-97 and SHELXTL.?® Non-hydrogen atoms were
refined anisotropically in all structures. Acidic hydrogen
atoms (OH) in all structures (except 4 and 5e) were located
from difference Fourier maps. All other hydrogen atoms in all
the structures bonded to carbon and OH hydrogen atoms in
structures 4 and Se were fixed in calculated positions. In
structure 5h the hydrogen atoms could not fixed or located
because of disorder. Disorder was modeled in all structures
except in 5g and 5h. Disorder in structures 5 is summarized
(Table 3).
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