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Enantiomerically pure and racemic forms of calixsalen-type macrocycles 1 and 2 were synthesized and
their crystal structures were determined. The enantiomerically pure crystals of (S,S,S,S,S,S)-1 exhibited
thermally reversible photochromism from yellow to orange-red upon photoirradiation in the solid state,
while rac-crystals of 2 with the guest CH3CN did not show any photocolouration.

� 2009 Elsevier Ltd. All rights reserved.
Photochromic compounds have received considerable attention
in recent years for their potential applications, such as information
storage, electronic display systems, optical switching devices, oph-
thalmic glasses and macro-scale mechanical motion of materials.1

Several types of organic photochromic compounds, such as naph-
thopyrans, spiropyrans, fulgides, chromenes and N-salicylidene-
anilines have been discovered, and their photochromic properties
have been studied mostly in solution. However, organic com-
pounds showing photochromism in the crystalline state are rare.2

In the course of our recent study on the chiral recognition of guest
molecules in the presence of optically active macrocyclic amines,3

we have now synthesized new chiral macrocyclic Schiff bases
(S,S,S,S,S,S)-1 and rac-2 and encountered their photochromic prop-
erties in the solid state. The enantiomerically pure crystals 1
showed a colour change from yellow to orange-red upon photoir-
radiation in the solid state, while the crystals of rac-2 did not. X-ray
crystallographic analyses of both (S,S,S,S,S,S)-1 and rac-2 were
carried out in order to gain information on the crystalline
photochromism.
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anaka).
Both racemic and optically pure macrocyclic Schiff bases were

synthesized through [3+3]condensation of rac- or (S,S)-1,2-diami-
nocyclohexane with 2,6-diformylphenol in CH2Cl2–CH3CN solu-
tion, respectively.4 The rac-2 was obtained as an inclusion
complex with 1.5CH3CN.

Upon photoirradiation of (S,S,S,S,S,S)-1 with >300 nm light, the
yellow crystals changed to orange-red crystals immediately
(Fig. 1). The orange-red crystals returned to their initial yellow
state after storage for 1 h in the dark. In contrast, the rac-2 with
the guest CH3CN did not change its colour upon photoirradiation.
Figure 2 shows the changes in the solid-state absorption spectra
of (S,S,S,S,S,S)-1. The colour change of 1 may be caused by enol–
keto tautomerism involving intramolecular proton transfer from
Figure 1. Photographs of (S,S,S,S,S,S)-1 (upper) and rac-2�1.5MeCN (below) before
and after photoirradiation with >300 nm light.
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Figure 2. UV–vis spectra of (S,S,S,S,S,S)-1 before (solid lines) and after photoirra-
diation (dashed lines) in the solid state.

Figure 4. Changes in CD spectra of enantiomers of 1 before (blue lines) and after
photoirradiation (red lines).

Figure 5. Representative molecule A in the asymmetric unit of compound
(S,S,S,S,S,S)-1.

Figure 6. Space-filling representation of the dimer formed between independent
host molecules A (green) and B (red) in the crystal of (S,S,S,S,S,S)-1.
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phenolic oxygen to the imino nitrogen atom as reported by Kawa-
to5 and Ohashi.6 To clarify whether the opposed photochromic
behaviour is due to the chirality differences, or to the presence of
guest molecules, we prepared the desolvated rac-2 by removal of
the guest molecules on heating the crystals under reduced pres-
sure. However, the desolvated rac-2 was inert for photoirradiation.

In solution, however, both (S,S,S,S,S,S)-1 and rac-2 show photo-
chromism. For example, the colourless solution of (S,S,S,S,S,S)-1
turns yellow with a new absorption at 443 nm upon irradiation
in CH2Cl2. The solution of rac-2 also gave the same spectra as
(S,S,S,S,S,S)-1 (Fig. 3). The solid state absorption spectra in Figure
2 are red-shifted as compared to those of the solution spectra in
Figure 3. This may be due to solid state packing effects. The CD
spectra of enantiomers of 1 were changed dramatically upon irra-
diation in CH2Cl2 as shown in Figure 4.

Crystal structure analysis of (S,S,S,S,S,S)-1 revealed two homo-
chiral host molecules (A and B) in the asymmetric unit, one of
which (A) is shown in Figure 5, as representative.7 Unequivocal
location of all H atoms in the two independent host molecules con-
firmed the enol tautomeric structure shown in Figure 5, including
the presence of a uniform belt of homodromic intramolecular
O–H� � �N hydrogen bonds in both molecules (O� � �N range
2.577(2)–2.635(2) Å and all O–H� � �N angles 148�, n = 6). The two
independent host molecules A and B form a dimer by mutual inser-
tion of one phenyl ring into the partner host cavity, (Fig. 6), the two
phenyl rings engaging in p-stacking with a very short centroid–
centroid distance of 3.424 Å.

An analogous dimer occurs in the crystal of the related macro-
cyclic compound whose structure differs from (S,S,S,S,S,S)-1 in that
each of the three phenyl rings is substituted by a methyl group at
the position para to the hydroxyl group and all chiral centres have
the R-configuration.8 The presence of the methyl group in the latter
Figure 3. UV–vis spectra of (S,S,S,S,S,S)-1a before (solid lines) and after photoirra-
diation (dashed lines) in CH2Cl2.
macrocycle results in a less favourable phenyl� � �phenyl interaction
and the centroid–centroid distance is significantly longer (3.581 Å)
than that in (S,S,S,S,S,S)-1. The dimers shown in Figure 6 pack in the
space group P21 with a second intermolecular phenyl� � �phenyl
interaction (centroid–centroid distance 3.628 Å) stabilizing the
crystal structure (Fig. 7). A single intermolecular C–H� � �O interac-
tion with C� � �O 3.221(3) Å was also identified.

A distinctly different structural arrangement is adopted in the
crystal of rac-2, which is characterized by significant solvent con-
tent. Comparison of the host molecule with S-configurations at
the chiral centres with that in (S,S,S,S,S,S)-1 mentioned-above
showed identical enol tautomers with very similar hydrogen bond
geometries (O� � �N range 2.547(4)–2.587(4) Å and O–H� � �N angle
range 147–148�, n = 3) and relatively small conformational differ-



Figure 7. Dimeric host units linked by phenyl� � �phenyl interactions (dashed lines)
along the c-axis. H atoms are omitted for clarity.
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ences. In contrast to (S,S,S,S,S,S)-1 however, the molecules in rac-2
form dimers which are centrosymmetric and of different geometry.
There is no effective insertion of one unit of the dimer into the cav-
ity of the second as occurs in (S,S,S,S,S,S)-1. Furthermore, the dimer
cavity in rac-2 is occupied by disordered acetonitrile molecules.
These features are detailed in the stereoviews of Figure 8.

In summary, while the conformations of the host molecules in
(S,S,S,S,S,S)-1 and rac-2 are quite similar, their crystal structures
are based on very different dimeric motifs and are stabilized by dif-
ferent interactions. The crystal structure of (S,S,S,S,S,S)-1 is charac-
terized by strong p–p interactions, both within a host dimer and
between host dimers. In contrast, p–p interactions do not occur
in the crystal structure of rac-2 and the geometrically different
host dimer motif provides a cavity which is threaded by solvent
molecules. Photochromic behaviour arising from the tautomeric
change suggested may or may not involve significant molecular
movement and could be influenced by all of the structural features
highlighted here. As noted in a recent review the photochromic
process in Schiff bases is described as a ‘delicate subject and a
small change of neighbouring environment influences strongly
their properties’.9 If the phototautomerism in this system were to
depend on significant conformational changes in the host mole-
cule, it is likely that differences in crystal packing efficiencies could
Figure 8. Stereoviews of the centrosymmetric dimeric host unit in rac-2 showing
disordered CH3CN molecules occupying the dimer cavity (top), and a side view of
the same unit with all atoms in space-filling representation (bottom).
partially account for the differences in the behaviours of
(S,S,S,S,S,S)-1 and rac-2. It can be argued that since the former must
necessarily pack in a chiral space group, it has a limited number of
packing modes compared with rac-2, whose accessible space
groups should allow greater chance of its achieving close-packing.
However, calculation of packing coefficients (PFs) revealed that
rac-2 actually has a marginally smaller PF than (S,S,S,S,S,S)-1
(60.3% vs 63.2%). The slightly tighter packing in (S,S,S,S,S,S)-1 is
consistent with the close intermolecular interactions described
above for this crystal. Calculation of the total void volumes yielded
very similar values for (S,S,S,S,S,S)-1 and rac-2 (2.9% and 2.7%,
respectively) and the locations of the voids suggested possibilities
of molecular conformational change in each case. Thus, analysis
based on packing efficiencies and void volumes does not lead to
a conclusive argument for the origin of phototautomerism here.
Postulation of a convincing mechanism awaits the determination
of the X-ray structure of the irradiated form of (S,S,S,S,S,S)-1, fol-
lowing the two-photon excitation method employed earlier.6 The
conditions for achieving this will be investigated. The syntheses
and photochromic studies of a series of compounds of this type
are in progress in our laboratory. The role of the chirality and guest
solvent molecules will be extensively studied on these novel
systems.
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