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ABSTRACT

Crystal engineering of an organic ladder can be achieved with a T-shaped molecule, 4,4-bis(4′-hydroxyphenyl)-1-cyclohexanol, having three
hydroxyl functionalities that can form O−H‚‚‚O hydrogen-bonded helices. The topology of this network structure finds a parallel in three-
connected coordination polymers.

From a crystal engineering viewpoint, organic molecular
crystals1-3 and coordination polymers4-10 are generally

considered independently. The structures of coordination
polymers follow from the coordination preferences of the
metal ion and from the ligand connectivity, and the design
exercise is modular. In the packing of “pure” organics,
however, most of the interactions are comparable and the
crystal structures are more prone to change with small
changes in the molecular structure. Yet, at a basic level, all
crystal structures are formed in the same way. The need to
fill space economically and the tradeoff between close
packing and interaction directionality are universal. Therefore
it may be useful to draw parallels between crystal structures
of organic compounds and coordination polymers. These
parallels are necessarily topological in nature and bring out
the similarity between organic crystals and coordination
polymers in terms of their network structures.

Any organic crystal structure can be treated as a network,
and such a depiction facilitates supramolecular retrosynthe-
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sis.11 The molecules may be conveniently defined as nodes
and the supramolecular synthons that connect molecules as
node connectors in such a network. Accordingly, the open
cage structure of adamantane-1,3,5,7-tetracarboxylic acid
may be likened to the diamond network,12 that of 1,3,5,7-
tetrahydroxyadamantane to the 8-connected CsCl,13 and the
structure of 4-(carboxamido)-1-cubanecarboxylic acid to the
rare 4-connected NbO network, which also finds a parallel
among coordination polymers.14 Alternatively, and equally
conveniently, both molecular and supramolecular synthons
may be defined as nodes with the node connections being
reduced to mere abstractions. In this sense, the host
framework of tris(4-chlorophenoxy)-1,3,5-triazine,1, may

be described as an alternation of 3-fold symmetrical molec-
ular and supramolecular synthons (Figure 1a).15 The molec-
ular component is the triazine itself, whereas the supramo-
lecular component is the Cl3 trimer synthon,IV. This is an
example of a 3-connected honeycomb network.

Figure 1 shows other possible 3-connected networks.
These networks have been recognized many times over in
the coordination polymer literature, with the metal atoms
acting as the nodes of the network and the ligands acting as
the node connections.16 Topologically equivalent to the
honeycomb are the 2-D brick wall (1b) and parquet floor
(1c). The 2-D brick wall bilayer (1d) is topologically distinct,
as is the 1-D ladder (1e). With this background, the crystal
structure of triazine1 was used as a starting point in the
present study. Noting that the hydroxy and chloro groups
form similar trimeric synthons of both open helical (I and
II) and closed ring (III and IV) types (Scheme 1) and also

that several supramolecular similarities have been found
between these two substituent groups,17 we have begun a
systematic investigation of the crystal packing of trihydroxy
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Figure 1. Some typical three-connected networks. Filled and open
circles refer to molecular and supramolecular synthons: (a)
honeycomb; (b) brick wall; (c) parquet floor; (d) bilayer; (e) ladder.
Networks (a) and (e) have organic counterparts that are described,
respectively, in ref 15 and in the present work.

Scheme 1. Open Helix (I and II) and Closed Ring (III and IV)
Synthons of the (OH)3 and Cl3 Type
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compounds. The main idea here is that trigonal or tripod
shaped molecules decorated with (three) hydroxy groups at
the extremities can, in principle, form network structures of
the type shown in Figure 1 with an alternation of molecular
(the molecule itself) and supramolecular (I or III ) synthons.
At the outset, we recognized that while synthonsI and III
are common enough in the literature,18-20 (476 and 11 hits
in the CSD21 among a total of 4501 non-carboxylic acid and
non-carbohydrate compounds that contain a C-OH frag-
ment), there are no examples known at present where a
trihydroxy compound adopts an extended 3-connected net-
work mediated by (OH)3 synthons as indicated in Figure 1.
Structures of this type would therefore need to be specifically
designed.

The targeted molecule, 4,4-bis(4′-hydroxyphenyl)-1-cy-
clohexanol,2, was prepared by literature procedures,22 and
its crystal structure was determined.23 Figure 2 shows the

individual molecule. The cyclohexane ring has the chair
conformation, and the hydroxy substituent is equatorial. The
geometry at the 4-position is tetrahedral. All of these features
confer a T-shape to the molecule. Figure 3 shows the crystal
structure of triol2. The ladder structure and alternation of
molecular and supramolecular synthons are easily recognized.
There are three distinct O-H‚‚‚O hydrogen bonds in the
trimer synthon I (D (Å), d (Å), θ (deg): O(phenol)-

H‚‚‚O(alcohol) 2.60, 1.62, 171; O(phenol)-H‚‚‚O(phenol)
2.64, 1.67, 171; O(alcohol)-H‚‚‚O(phenol) 2.74, 1.78, 163)
and their metrics are in accord with the donor and acceptor
capabilities of the phenolic and alcoholic OH groups in the
molecule. The donor and acceptor capabilities of all hydroxy
groups are fully satisfied in this structure. The rungs of the
ladder are located at two different separations corresponding
to the sizes of the phenyl and cyclohexyl spacers along [010],
which is the ladder length. The ladders are hydrogen-bonded
in an infinite homodromic chain so that the helical structure
runs down [100]. The three branches of the molecular “T”
are not all the same, and it is interesting to note that the
rungs of the ladder are formed with axial phenyl groups while
the sides of the ladder are formed with equatorial phenyl
and cyclohexyl groups. The reason for this, almost surely,
is the phenyl-phenyl interactions between the more proximal
phenyl rungs. Figure 4 is a stereoview that shows this

interaction. The perpendicular distance between phenyl
residues is as small as 3.20 Å. At such a separation, the lateral
overlap between rings is necessarily minimal and the
interaction is probably of the electrostatic type.

Rigidity of the selected molecule seems to be important
in the design of such a ladder network structure. We have

Figure 2. ORTEP diagram of the single molecule of triol2.

Figure 3. Ladder formation in the crystal structure of triol2. The length of the ladder is along [010], and the hydrogen bonded helices run
down [100]. Notice the irregular spacing of the rungs.

Figure 4. Stereoview of interacting equatorial phenyl rings in the
proximal rungs of the ladder in triol2. The very short perpendicular
distance of 3.20 Å between the rings is compensated for by a large
centroid-centroid separation of 5.77 Å.
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found recently that conformational flexibility in 1,3,5-tris-
(4-hydroxyphenyl)benzene,3, results in an unusually com-
pact structure with five O-H‚‚‚O interactions in a finite
cooperative hydrogen bonded chain, accompanied by close
packing of the phenyl residues.24 The molecular shape in
the crystal is not easily predicted for a very flexible molecule
like 3, thereby making crystal engineering difficult. In
contrast, it is possible to assume that the rigid triol2 will
maintain its T-shape in the crystal thereby leading to the
ladder architecture. At the present time, it is not possible to
predict why the ladder structure is preferred to the brick wall,

parquet floor, and other alternatives. Examination of related
derivatives with different spacer groups and substituents is
expected to lead to some of these alternative networks.

In summary, a comparison of organic and coordination
polymer structures in terms of networks is likely to lead to
new and interesting crystal structures for the former, opening
up new strategies for crystal engineering.25,26
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