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A template–switching strategy based on the modularity of
template-directed solid-state synthesis has been successfully
utilised to achieve a quantitative, stereospecific solid-state
synthesis of a p-[2.2]-cyclophane target in gram quantities.

The efficient synthesis of molecular targets is one of the central
goals of synthetic chemistry.1 The solid state is an attractive
medium for such a goal, since it offers a highly organized
environment for stereoselective reactions.2 However, the solid
state has remained largely unexploited as a medium for
synthesizing molecular targets, even in the case of the well-
studied [2+2] photodimerisation.3 The reason for this has been
twofold. First, chemists have been largely unable to deliberately
orient molecules in arrangements suitable for reaction, owing to
the sensitivity of crystal structure to molecular structure.
Second, the yields are often unsatisfactory and, furthermore, are
difficult to improve owing to the inability to ‘adjust’ the crystal
packing environment of the reactants.4 Overcoming these
difficulties may enable the solid state to be used for the
stereocontrolled syntheses of molecular targets in high yield.5

We have introduced a supramolecular6 approach for control-
ling the [2+2] photodimerization in the solid state that employs
bifunctional molecules as linear templates. The templates
control the positioning of reactant carbon–carbon double (CNC)
bonds within hydrogen-bonded assemblies. Consequently, the
approach allows us to deliberately orient CNC bonds in solids
such that we have been able to conduct a target-oriented solid-
state synthesis, the first target being a p-cyclophane 3.7 Using
5-methoxyresorcinol (5-OMe-res) as a linear template, we
achieved the construction of 3 from diolefin 1 in 60 % yield
(Scheme 1). In addition to 3, other products formed, which we
ascribed to short contacts between neighbouring assemblies in
the solid.

With a target-oriented synthesis in the solid state realized, it
has occurred to us that we may achieve the construction of 3 in
quantitative yield (i.e. 100%). Specifically, we anticipated that
switching the template to a different resorcinol would, de facto,
lead to a different crystal packing environment (i.e. a reaction
cavity) which, in contrast to 2(1)·2(5-MeO-res), could accom-
modate the generation of 3, as the sole product, in quantitative
yield.8 Indeed, the modular nature of the approach permits the
template and, hence, the crystal packing environment, to be
changed, while such template-switching has been used to direct
the formation of discrete assemblies in solids.9 The ability to
generate 3 in quantitative yield may also provide ready access to
gram quantities of the target.10

We now report template-switching as a supramolecular
strategy for the quantitative construction of 3 in 2(1)·2(2)
(where 2 = 4-benzylresorcinol). This strategy has made gram
quantities of 3 readily available such that we are able to confirm
the structure of our first target by way of single crystal X-ray
diffraction.

Co-crystals of composition 2(1)·2(2) were prepared by
mixing 1 and 2 in 1:1 ratio in nitromethane.† X-ray crystal
structure analysis of 2(1)·2(2)‡ reveals that, similar to
2(1)·2(5-OMe-res), the solid consists of discrete four-compo-
nent molecular assemblies, each of which sits around a
crystallographic centre of inversion, held together by four O–
H…N hydrogen bonds (Fig. 1). The olefin groups of the
assemblies lie parallel and organized with C…C separation
distances of 3.91 Å (C6…C15) and 3.77 Å (C7…C14).
Notably, in contrast to 2(1)·2(5-OMe-res), the CNC bonds are
ordered.

UV-irradiation (500 W Hg lamp) of a powdered crystalline
sample of 2(1)·2(2) resulted in the quantitative conversion of 1
to target 3.§ This conversion is evidenced from the 1H NMR
spectra (solvent: DMSO-d6) of 2(1)·2(2) before and after
photoreaction. The disappearance of olefin proton signals (7.32
and 7.57 ppm) of 1 is coincident with the appearance of
cyclobutane proton signals (4.60 and 4.75 ppm) (Fig. 2). Thus,
switching of the template has facilitated a stereospecific, as well
as a quantitative, conversion of 1 to the target 3. To our
knowledge, 2(1)·2(2) represents the first example in which
template-switching has been exploited as a means to achieve the
quantitative construction of a molecular target.12

Fig. 1 ORTEP3 representation of the structure of the assembly 2(1)·2(2). Thermal ellipsoids of nonhydrogen atoms are shown at 30% probability level.
Symmetry operator i: 212x, 12y, 2z. Selected hydrogen bond distances (Å): O1…N1 2.765(2), O2…N2 2.778(2).

Scheme 1 Schematic representation of template-directed solid-state synthe-
sis of the p-cyclophane 3. R = 4-benzyl (2) or 5-OMe.7
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The generation of 3 within 2(1)·2(2) has provided ready
access to gram quantities of the target. This, in turn, has enabled
us to prepare single crystals of 3 suitable for X-ray analysis.‡

The crystal structure of 3 reveals (Fig. 3) that the central
aromatic rings of the cyclophane, which sits around a
crystallographic centre of inversion, assume a boat conforma-
tion,13 with p-carbon atoms (C8 and C12ii) deviating 0.14 Å
away from the plane of the remaining four benzene atoms.
Notably, the cyclobutane ring C–C single bonds perpendicular
to the planes of the central aromatic rings of 3 are longer [C6–
C15, 1.582(3) Å and C7–C14, 1.609(3) Å] than the remaining
two C–C bonds [C6–C7, 1.539(3) Å and C14–C15, 1.542(3)
Å].2

The quantitative generation of the target 3 in 2(1)·2(2) can be
rationalized by the switching of the template. A view of the
extended structure of 2(1)·2(2) (Fig. 4) reveals that the benzyl
groups of the templates participate in offset, face-to-face p–p
interactions that connect the assemblies into strands. The
strands are arranged into layers parallel to the z-axis (Fig. 4a).
Neighbouring strands are displaced such that, in contrast to
2(1)·2(5-OMe-res), there are no short (i.e. < 4.2 Å) contacts
between CNC bonds of adjacent 2(1)·2(2) assemblies, the
closest contact being 5.4 Å (Fig. 4b). Consequently, according
to Schmidt’s topochemical postulates,14 [2 + 2] photodimeriza-
tion is unlikely to occur between neighbouring assemblies.
Thus, in changing the crystal-packing environment of the
organized olefins, the switching of the template has largely
prohibited [2 + 2] photodimerization from occurring between
the assemblies. This condition, presumably, favours the genera-
tion of 3 in quantitative yield within the solid 2(1)·2(2).¶

In summary, we have demonstrated template-switching as a
supramolecular strategy for the stereospecific, quantitative
construction of a p-cyclophane 3 in gram quantities. Applica-
tion of 3 for the construction of metal-organic frameworks15 is
now being investigated. We are also exploring template-
switching as a means to develop a library of linear templates for
the solid-state syntheses of targets of different size, shape, and
functionality. Such systematic investigations may enable tem-
plate-switching to be developed as a construction principle for
directing reactivity in molecular solids. Recognition and
development of such construction principles may lead to routine
use of the solid state as a medium for efficient syntheses of
diverse molecular targets.
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Notes and references
† In a typical experiment a solution of 2 (450 mg) in nitromethane (10 cm3)
was added to a suspension of 1 (600 mg) in nitromethane (15 cm3). After 20
minutes reflux, the cooled mixture was filtered to give yellow crystals of
2(1)·2(2) (990 mg, 97%). On UV-irradiation the crystalline powder turned
white and was subsequently heated with 1 M NaOH (10 cm3), followed by
extraction in CH2Cl2 to give 3 (510 mg, 88% yield). The procedure has been
repeated with up to 1 g of 1.
‡ Crystal data for 2(1)·2(2): triclinic, P1̄, a = 7.577(2), b = 10.951(2), c =
15.687(3) Å, a = 77.47(3)°, b = 87.47(3)°, g = 84.38(3)°, Z = 2,
m(MoKa) = 0.079 mm21, 6456 reflections measured, 3298 unique (Rint =
0.014). The final wR(F2) was 0.132 (all data); crystal data for 3: monoclinic,
P21/c, a = 15.489(2), b = 8.048(1), c = 11.523(1) Å, b = 96.991(2)°, Z
= 2, m(MoKa) = 0.078 mm21 , 8705 reflections measured, 3432 unique
(Rint = 0.040). The final wR(F2) was 0.158 (all data). CCDC 203760 and
203761. See http://www.rsc.org/suppdata/cc/b3/b301726p/ for crystallo-
graphic data in .cif or other electronic format.
§ Analyses of X-ray powder diffraction patterns suggest that the crystal-
linity of 2(1)·2(2) is retained upon UV-irradiation. Further investigations are
underway to determine whether the reaction proceeds by way of a single-
crystal-to-single-crystal transformation.11

¶ A detailed discussion of 2(1)·2(2) may also require the reaction cavity
model.8
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Fig. 2 1H NMR spectrum of 2(1)·2(2) following UV-irradiation.

Fig. 3 An ORTEP representation of 3. Symmetry operator ii: 22x, 2y,
22z.

Fig. 4 a) Space-filling representation of three strands of 2(1)·2(2) within a
layer; b) ball-and-stick representation of assemblies in neighbouring
layers.
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