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Toward a Reactant Library in Template-Directed Solid-State

Organic Synthesis: Reactivity Involving a Monofunctional Reactant

Based on a Stilbazole

Leonard R. MacGillivray,*,† Jennifer L. Reid,‡ John A. Ripmeester,‡ and
Giannis S. Papaefstathiou†

Department of Chemistry, University of Iowa, Iowa City, Iowa, 52242-1294, and Steacie Institute for

Molecular Sciences, National Research Council of Canada, Ottawa, Ontario, Canada K1A 0R6

Cocrystallization of 4-chlorostilbazole (4-Cl-sbz) with either resorcinol (res) or 4-ethylresorcinol
(4-Et-res) yields three-component molecular assemblies, (res)‚2(4-Cl-sbz) and (4-Et-res)‚2(4-Cl-
sbz), held together by two O-H‚‚‚N hydrogen bonds. The olefins of each assembly conform to
the distance criterion of Schmidt for [2+2] photoreaction. In the former, the olefins lie antiparallel,
whereas in the latter, the olefins lie parallel. Both solids are photoactive, leading to the
regiocontrolled solid-state synthesis of rctt-1,2-bis(4-pyridyl)-3,4-bis(4-chlorophenyl)cyclobutane
(4-Cl-dpcb) in near or quantitative yield. The photoactivity of (res)‚2(4-Cl-sbz) is attributed to
the reactant undergoing a pedal-like change in conformation prior to cyclobutane formation.
The ability to change the diol to achieve olefin alignment is expected to provide additional
synthetic flexibility to this template approach.

The realization that covalent bonds can form in
molecular solids1 suggests a possibility that the solid
state can be used as an environmentally friendly, or
“green”, solvent-free2 medium for conducting molecular
syntheses with freedoms of the liquid phase (e.g.,
reliability, reactant diversity). Unfortunately, the con-
strained environment of the solid state,3 owing to subtle
structural demands of close packing and weak inter-
molecular forces,3,4 has made it generally impossible to
design molecules, a priori, that crystallize with certainty
in position for reaction. This inability to reliably predict
and, ultimately, control reactivity in molecular solids
has placed severe limits on the sizes, shapes, and func-
tionalities of targeted reactants and products, limits
that are virtually nonexistent in solution.

We have introduced a flexible method for engineering
[2+2] photoreactivity in the solid state that employs
bifunctional molecules based on resorcinol (e.g., 5-meth-
oxyresorcinol) in the form of linear templates5 that
organize olefins linked to symmetrical bipyridines [e.g.,
trans-1,2-bis(4-pyridyl)ethylene (4,4′-bpe)] within dis-
crete hydrogen-bonded molecular assemblies for reac-
tion.6 By forcing reaction to occur within a discrete
complex using relatively strong and directional forces,7
this approach eliminates many problems of intermo-
lecular forces that have made such topochemical designs
unreliable,8 the reactivity being determined by the
ability of the template to preorganize7 the reactants in
a position that conforms to Schmidt’s1 two geometry
criteria for reaction, namely, separation of <4.2 Å
between double bonds and olefin alignment.

To develop a reactant library,9 we now turn to
stilbazoles. Owing to the presence of a single hydrogen
bond acceptor site, we anticipated that a single template

would be required to position two stilbazoles for a
regiocontrolled (i.e., head-to-head) dimerization,10 which,
in turn, would allow us to address the reliability of the
approach owing to either slippage or flipping of terminal
groups of the reactants, which can lead to olefin
misalignment (Scheme 1).11-13 Although misalignment
occurs, we have determined that alignment can be
achieved by changing the template10,14 to a homologue
with functionality placed away from the reaction center
(i.e., in the 4, 5, or 6 position) such that olefin alignment
is a consequence of the crystal-packing demands of
the new template.14 In addition to expanding this
method to monofunctional reactants, such an ability to
achieve Schmidt’s alignment criterion for reaction by
placing a substituent along the periphery of the tem-
plate is, owing to the modularity of this method,10,14

expected to increase the synthetic flexibility of this
approach.14

Addition of 4-chlorostilbazole (4-Cl-sbz) (0.040 g)15 to
resorcinol (res) (0.010 g) in a boiling aliquot of EtOH (3
mL) and chloroform (2 mL) yielded, upon slow cooling
and solvent evaporation, colorless crystals of (res)‚2(4-
Cl-sbz) suitable for X-ray analysis (100% yield). The
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formulation of (res)‚2(4-Cl-sbz) was confirmed by 1H
NMR spectroscopy and single-crystal X-ray diffraction.16

ORTEP perspectives of (res)‚2(4-Cl-sbz) are shown in
Figure 1. As anticipated, similarly to 2(res)‚2(4,4′-bpe),6a

the components of (res)‚2(4-Cl-sbz) assemble to form a
three-component array held together by two intermo-
lecular O-H‚‚‚N hydrogen bonds [O‚‚‚N separations
(Å): O(1)‚‚‚N(1), 2.689(2); O(2)‚‚‚N(2), 2.741(2)]. Cl‚‚‚Cl
interactions [Cl‚‚‚Cl separations (Å): Cl(1)‚‚‚Cl(2), 3.84]
have also formed such that nearest-neighbor assemblies
constitute novel six-component complexes held together
by a combination of Cl‚‚‚Cl and O-H‚‚‚N forces.17 As a
consequence of these interactions, the olefins of the
“superassembly” are organized such that the reactive
sites lie in close proximity, with C‚‚‚C separations
between the olefins of 3.75 (C12‚‚‚C25) and 4.40 (C13‚
‚‚C26) Å. Unlike 2(res)‚2(4,4′-bpe),6a however, the olefins
adopt an antiparallel orientation such that the double
bonds do not conform to Schmidt’s alignment criterion
for reaction.18 Adjacent assemblies of (res)‚2(4-Cl-sbz)
pack in a parallel fashion to form a 2D layered archi-
tecture, the carbon atoms of nearest-neighbor olefins
being separated by 4.67 Å.

Although the olefins of (res)‚2(4-Cl-sbz) do not con-
form to Schmidt’s alignment criterion for [2+2] photo-
reaction, the stilbazoles are photoactive. UV irradiation
of a powdered crystalline sample of (res)‚2(4-Cl-sbz) (Hg
lamp, 350 nm) for a period of 7 h produced a product
consistent with a regiospecific dimerization that pro-
duces rctt-1,2-bis(4-pyridyl)-3,4-bis(4-chlorophenyl)cy-
clobutane (4-Cl-dpcb), as determined by 1H NMR spec-
troscopy, in quantitative yield. Crystallization of a
portion (0.005 g) of the reacted material from a solution
of EtOH (3 mL) and chloroform (2 mL) yielded single
crystals of (res)‚(4-Cl-dpcb), with confirmation of the
structure of the product by X-ray analysis.19 As shown
in Figure 2, the photoproduct assembles with the linear
template by way of O-H‚‚‚N forces [O‚‚‚N separations
(Å): O(1)‚‚‚N(1), 2.690(4); O(2)‚‚‚N(2), 2.745(4)] to form
a discrete four-component array where a hydroxyl group
of the template, in contrast to 2(res)‚(rctt-tetrakis(4-
pyridyl)cyclobutane),6a adopts a divergent conformation
along the periphery of the molecule. We attribute the
generation of 4-Cl-dpcb to the reactant undergoing a

pedal-like change in conformation in the solid,11-13

which enables the double bonds to adopt a parallel
orientation and form the cyclobutane ring.

The observation that the double bonds of the discrete
assembly (res)‚2(4-Cl-sbz) do not conform to Schmidt’s
geometry criteria for reaction prompted us to employ
an alternative strategy to achieve olefin alignment.
Although the olefins of (res)‚2(4-Cl-sbz) are photoactive,
we reasoned that such an approach would be useful for
achieving reaction involving olefins of a discrete as-
sembly that might be misaligned and photostable.13 To
achieve olefin alignment, we turned to modifying the
shape of the template by the addition of a substitutent
in a position away from the reaction center.20 We
anticipated that such a change to the shape of the
template would alter the crystal-packing environment
of the assembly, and therefore of the reactant, which,
owing to specific packing demands of the tem-
plate,14 could then result in olefin alignment.13 More-
over, although an ability to successfully predict solid-
state packing remains elusive,21 such switching of the
template would, in effect, exploit unpredictable conse-
quences of crystal packing, enabling this modular ap-
proach to increase the likelihood of achieving Schmidt’s
alignment criterion for a [2+2] reaction.1

Addition of 4-chlorostilbazole (0.031 g) to 4-ethylre-
sorcinol (4-Et-res) (0.010 g) in a boiling aliquot of EtOH
(3 mL) and chloroform (2 mL) yielded, upon slow cooling
and solvent evaporation, colorless crystals of (4-Et-res)‚
2(4-Cl-sbz) suitable for X-ray analysis (100% yield). The
formulation of (4-Et-res)‚2(4-Cl-sbz) was confirmed by
1H NMR spectroscopy and single-crystal X-ray diffrac-
tion.22

ORTEP perspectives of (4-Et-res)‚2(4-Cl-sbz) are shown
in Figure 3. Similarly to (res)‚2(4-Cl-sbz), the compo-
nents of (4-Et-res)‚2(4-Cl-sbz) form a discrete three-
component array held together by two O-H‚‚‚N hydro-
gen bonds [O‚‚‚N separations (Å): O(1)‚‚‚N(1), 2.752(4);
O(2)‚‚‚N(2), 2.707(4)]. In this arrangement, the olefins
of (4-Et-res)‚2(4-Cl-sbz) conform to Schmidt’s distance
criterion for photoreaction, the olefin C‚‚‚C separations
being 4.00 (C14‚‚‚C27) and 3.84 (C15‚‚‚C28) Å. In
contrast to (res)‚2(4-Cl-sbz), however, the olefins of the
complex are aligned such that adjacent assemblies form
a 2D herringbone motif,21 the carbon atoms of nearest-
neighbor olefins being separated by 4.79 and 4.93 Å.
Indeed, UV irradiation of a powdered crystalline sample
of (4-Et-res)‚2(4-Cl-sbz) produced the targeted product,
4-Cl-dpcb, in near-quantitative yield, as confirmed by
1H NMR spectroscopy. Thus, placement of the alkyl
group along the periphery of the template in the 4-
position has resulted in a change in packing of the

Figure 1. ORTEP perspectives of the X-ray crystal structure of
(res)‚2(4-Cl-sbz): (a) discrete three-component complex and (b) 2D
layered structure. Selected interatomic distances (Å): O(1)‚‚‚N(1),
2.689(2); O(2)‚‚‚N(2), 2.741(2).

Figure 2. ORTEP perspective of the X-ray crystal structure of
(res)‚(4-Cl-dpcb). The photoproduct assembles with the template
to form a discrete four-component molecular assembly. Selected
interatomic distances: (Å): O(1)‚‚‚N(1), 2.690(4); O(2)‚‚‚N(2),
2.745(4).
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reactants, which, in turn, has induced olefin alignment.
Moreover, because a virtually limitless number of such
resorcinol derivatives are accessible,23 such observations
suggest that such switching of the template can be
exploited as a general means of achieving alignment of
double bonds using this approach.6 From a synthetic
perspective, this observation is important because such
an ability to achieve olefin alignment is expected to
increase the synthetic flexibility of this method, provid-
ing alternative supramolecular24 pathways to targeted
molecular products.25

In this report, we have expanded a template5 ap-
proach for controlling reactivity in the solid state to
monofunctional reactants, and we have demonstrated
the ability of this method to achieve Schmidt’s align-
ment criterion1 for solid-state reaction by placing a
substituent along the periphery of the template.9,10,14

With a library9 of reactants now emerging, experiments
are underway to apply this method to the targeted5

solvent-free synthesis of complex mono- and bifunctional
products (e.g., nanostructures). Owing to the increasing
reliability of this method, the deliberate solvent-free2

design of such targets should be feasible, so that access
to molecules, and materials, less accessible using more
traditional approaches can be realized.
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