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Design of solid-state structure and therefore functionality
by using the principles of crystal engineering represents a new
and growing area of chemistry which offers intriguing
possibilities for the development of novel functional materi-
als.l Solids that adopt noncentrosymmetric structures are
predisposed to exhibit a range of useful bulk physical
properties, including second-order nonlinear optical (NLO),
piezoelectric, and pyroelectric effects.?! Elaboration of such
materials that combine acentric structure with chemical and
thermal stability presents a significant challenge.>3 A
particularly promising tool in the control of overall polarity
is supramolecular retro-synthesis, that is, to design the
molecular building blocks (tectons), their size, and conforma-
tions and thus to program at the molecular level the pathways
of self-assembly processes for the formation of a certain
desired inherently polar topology. For instance, diamond-
oid!" 4 and helical®! architectures were recently investigated
and represent the most common and obvious types of acentric
arrays.

Novel insights into the development of strategies for
designing polar solids without the need for chiral building
blocks may be offered by a number of three-connected
topologies, particularly due to the lack of inversion symmetry
in three-connected units. An especially attractive target in this
context is a family of three-dimensional (3D) three-connected
decagonal nets,! three types of which are exemplified by the
structures of hydrogen peroxide, ThSi,, and B,O; (Figure 1).[7

(10,3)-a net: Hy0y {10,3)-b net: ThSiy

Figure 1. Three-connected decagonal nets.
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The (10,3)-b and (10,3)-c topologies can be viewed as a system
of zigzag polymeric chains,®! and they appear to be realistic
models for the assembly of molecular species capable of
generating two noncoplanar zigzag chains by self-comple-
mentary donor-—acceptor interactions. The corresponding
tecton is a tetrafunctional molecule containing two pairs of
coplanar self-complementary binding sites that are rotated
with respect to one another (e.g., hydrogen-bond donors and
acceptors).l®!

As a suitable molecular system for the design of (10,3)
topologies we examined 4,4’-bipyrazolyls (Scheme 1). They
have a set of effective self-complementary hydrogen-bond
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Scheme 1. Bipyrazolyl species used in the present study: a) 4,4-bipyra-
zolyl (4,4-bpz (1)); b) 3,3',5,5-tetramethyl-4,4"-bipyrazolyl (4,4'-Me,bpz;
a-form: 2, f-form: 3); 3(4,4'-Me,bpz) - H,O - Solv: 4 (solv=acetone: 4a,
ethyl acetate: 4b, THF: 4c¢); c) bis[3-(3,5-dimethylpyrazol-4-yl)pentane-
2,4-dionate]beryllium (Be(acacpz),; Be(acacpz),-2 CH;OH: 5).

donor (NH) and acceptor (N) sites for the formation of
hydrogen bonds, and the desired orientation of these binding
sites can be controlled by varying the substituents in the 3,3'-
and 5,5'-positions.’) Tetramethyl-substituted 4,4’-bipyrazolyl
(4,4-Me bpz, Figure?2) exists in at least two polymorphic
forms, %l both of which are acentric, and the entities may be
best described in terms of 3D nets. The points of such nets in
both structures are single pyrazolyl rings. Each point is three-
coordinate and is linked to two of its three closest neighbors
by hydrogen bonding, and to the third by the 4,4’ carbon-—
carbon bond within the 4,4'-Me,bpz molecule. Hence two-
thirds of the links in the resulting net are N—H --- N hydrogen
bonds, and one-third carbon-carbon bonds. The shortest
circuits of these nets include ten points, and in accordance
with Wells their topological symbol is (10,3). Two of the
present nets correspond to ThSi, (10,3)-b (monoclinic a-form
2) and B,0; (10,3)-c topologies (hexagonal f-form 3) and
differ in the angle of rotation of successive sets of zigzag
chains in the structure: 79° and 60°, respectively (Scheme 2).

The characteristic parameter of the structure that deter-
mines the above-mentioned angles of rotations and is
responsible for such dramatic topological changes is clearly
the interplanar angle ¢ of the bipyrazolyl molecule. These
values for two polymorphs (a: 75.6°, : 56.2°) almost exactly
correspond to the observed geometry of the whole nets and
satisfy the demands of their topology (90° and 60°). This solid-
state manifestation of conformational flexibility of the tecton
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Figure 2. Molecular structures of planar tecton 4,4-bpz (a) and angular
tecton 4,4-Me,bpz (b); flat 2D hexagonal net by self assembly of 4,4'-bpz
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Scheme 2. Pathways for the self assembly of bipyrazolyls and nature of the
supramolecular isomerism of 4,4-Me,bpz. Decagonal circuits of the
resulting 3D nets are represented by bold lines.
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agrees with a theoretical study:["3 the optimal conformation
of the 4,4'-Me,bpz molecule has ¢ =87.5°, but in the broad
range of ¢ ~50-90°, the relative energies of the conformers
are very similar (75°: AE=0.92 kJmol~!; 60°: 3.89; 45°: 11.02;
30°: 27.17).

It seems likely that the desired topology of the 3D array, as
well as the properties of the crystal in the context of inducing
bulk polarity, can be designed at the molecular level by
varying the angle ¢ of the molecular unit. Nonplanar species
with corresponding interplanar angles of up to about 60° will
tend to induce the chiral (10,3)-c net, while more highly
substituted units and an interplanar angle near the maximum
value of 90° will produce the (10,3)-b net. Related planar
species with ¢ =~ (0° associate into a flat hexagonal net, that is,
the centrosymmetric motif for self assembly of unsubstituted
planar 4,4"-bpz tecton 1 (Figure 2).'4l

Both the nets 2 and 3 are characterized by a helical motif of
the aligned links. However, the (10,3)-b topology (Scheme 2)
has an equal number of helices of opposite chirality, and the
resulting network is achiral. In contrast, the (10,3)-c topology
generates helices of the same chirality and hence is inherently
chiral.’! The helical motif of the -polymorph 3, with a pitch
of 26.35 A, is shown in Figure 3.

a)

L #x

Figure 3. a) “Pseudoadamantoid” unit of the (10,3)-b net in the structure
of the monoclinic polymorph and b) helicate motif in the structure of the
hexagonal polymorph of 4,4'-Me,bpz.

The 4,4-Me,bpz tecton also retains a tendency for helical
self assembly in isomorphous compounds of composition
3(4,4'-Me,bpz) - H,O - Solv 4 (Table 1).0"5 The 3D structures of
these hydrogen-bonded adducts can also be clearly derived
from the chiral (10,3)-c topology. In this idealized case % of
the net points are three-connected pyrazolyl cycles, and % are
water molecules to which three pyrazolyl cycles are bound.
One NH group per three 4,4-Me,bpz molecules is not
involved in the overall 3D linkage and forms a hydrogen
bond with the molecule of solvent (Figure 4). This demon-

Angew. Chem. Int. Ed. 2001, 40, No. 18



COMMUNICATIONS

Table 1. Crystal data for the bipyrazolyl compounds 1-5.

1 2 3 4a 4b 4c 5
Formula CeHgNy CioH 1N, CioH 1Ny C33H5oN 0, C3H5N,O5 C3HsN,,0, CH3,BeN,Og
M, 134.14 190.25 190.25 646.85 676.88 660.88 459.54
Crystal size [mm] 0.6 x 0.3 x 0.15 0.4x0.25x%0.2 0.4x0.3x%x0.3 0.4%x02x0.1 0.4%x03x%x03 03%x02x0.1 0.3 x0.3 x0.07
Crystal system monoclinic monoclinic hexagonal orthorhombic orthorhombic orthorhombic tetragonal
Space group P2/c Cc P65 P2,2.2, P2,2.2, P2,2.2, P4,.2.2
a[A] 5.9510(5) 12.544(3) 8.6522(9) 9.751(2) 9.8054(6) 9.754(2) 7.440(1)
b[A] 5.4548(7) 11.443(2) 13.080(3) 13.0221(8) 13.200(3)
c[A] 9.6941(9) 8.301(2) 26.350(5) 30.346(7) 30.307(2) 30.197(6) 44.967(9)
AN 96.12(1) 96.81(3)
V [A%] 312.89(6) 1183.1(5) 1708.5(4) 3870(2) 3869.9(4) 3888(1) 2489.1(7)
Z 2 4 6 4 4 4 4
Unique reflections 573 1730 1929 8388 6646 5087 2736
Observed reflections 516 1621 1866 4342 3875 3482 1519
Parameters 59 136 136 424 442 433 151
R, wR, (obsd) 0.054, 0.147 0.048, 0.131 0.041, 0.113 0.064, 0.157 0.050, 0.117 0.081, 0.204 0.079, 0.206

);

Figure 4. Triple-helicate motif of the structure of 4a.

strates how molecules of small size may be immobilized in a
chiral environment formed by self assembly of bipyrazolyls.

We were also interested in extending the bipyrazolyl frame
into tectons of greater effective length, but which retain the
ability for noncentrosymmetric self assembly.') The desired
angular configuration of hydrogen-bond donor/acceptor sites
may exist in extended molecules containing connected planar
fragments with an odd number of rotations between them
(one rotation for each 4,4'-Me,bpz core). We propose a
flexible approach with species that combine the above
features with structural simplicity and chemical accessibility.
Beryllium-based S-diketonate 581 (Figure 5) exists as a
molecular complex with the expected tetrahedral four-coor-
dinate metal atom,!® and the framework of the molecule
includes four planes with three successive rotations between
them. Two pyrazolyl groups are related by about 77.9°, and
this “extended bipyrazolyl” retains the configuration of N/NH
binding sites of the 4,4’-Me,bpz core. Hydrogen-bonded
methanol molecules appear to be simply bridging two
pyrazolyl cycles: NH---OH ---N, so that the overall linkage
pattern in the structure is the same as for the a-polymorph of
4,4'-Me, bpz, 2, and the compound 5 adopts a chiral structure
with a (10,3)-b net topology.

Thus, the angular 4,4'-bipyrazolyl moiety may be regarded
as a tecton predisposed for self assembly into different
variants of (10,3) nets with induced bulk chirality for the
resulting solids. Our results provide many possibilities for the
rational design of novel polar solids of (10,3) topology and
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Figure 5. a) “Extended bipyrazolyl” Be(acacpz), with angular alignment
of pyrazolyl groups. b) The shortest circuits in the structure of 5 including
ten pyrazolyl groups.

extended helicate arrays by 1) varying the substituents at the
3,3'- and 5,5-positions of the bipyrazolyl core to tune the
desired conformation of the tecton, 2) extension of the
bipyrazolyl module without loss of the angular alignment of
N/NH binding sites, and 3) elaboration of related systems with
varying angular disposition of self-complementary donor/
acceptor sites.’l Our study also contributes to the intriguing
problem of polymorphism and supramolecular isomerism!'7]
and illustrates how relatively slight rotational changes in the
molecule may have pronounced chemical significance for the
crystal packing. The approach used for the extension of the
bipyrazolyl module may be considered as general and can be
commonly applied in crystal engineering. We are currently
studying self assembly of bipyrazolyls and their use for the
rational design of solid-state functionality.??

Experimental Section

1 was prepared in 82% yield by reaction of 1,1,2,2-ethanetetraalde-
hydel"! and hydrazine and was crystallized from H,O/DMF (1/1).
Sublimation of 4,4'-Mebpz?! (170°C, 5 Torr) gave the monoclinic a-form
2 that was also prepared from hot water, while crystallization from
acetonitrile provided the hexagonal -form 3. Both polymorphs melt above
300°C; the melts, on cooling, afford the a-form 2. Crystallization from
different solvents at ambient conditions gave the isomorphous adducts (so-
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called pseudopolymorphs)?!l 3(4,4-Me,bpz) - H,O-Solv (4; solv=ace-
tone: 4a, ethyl acetate: 4b, THF: 4¢).S] They easily lose molecules of
the solvent at room temperature with disintegration of the structure and
formation of poorly hydrated noncrystalline products. The individual
hydrate 2(4,4'-Me,bpz) - H,O was isolated from wet chloroform: tetrago-
nal, a =24.838(1), c =14.9190(8) A.

5: BeCO;-4H,0 (0.070 g, 0.5 mmol) was dissolved in 5 mL of hot dilute
HCI (2N), and combined under stirring with a hot solution of Hacacpz
(0.388 g, 2.0 mmol)®?% in aqueous ammonia (7 mL, 12 % ). The solution was
neutralized with HCI, and the resulting precipitate was recrystallized from
aqueous methanol to give 0.075 g (30 % ) of the complex as colorless plates.
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