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(E )-4-tert-Butyl-4�-oxystilbene, 1�, is thermally stable as the (E )-1� isomer but may be photoisomerized to the
(Z)-1� isomer as shown by UV-vis and 1H NMR studies in aqueous solution. When (E )-1� is complexed by αCD two
inclusion isomers (includomers) form in which αCD assumes either of the two possible orientations about the axis of
(E )-1� in αCD�(E )-1� for which 1H NMR studies yield the parameters: k1(298 K) = 12.3 ± 0.6 s�1, ∆H1

‡ = 94.3 ±
4.7 kJ mol�1, ∆S1

‡ = 92.0 ± 5.0 J K�1 mol�1, and k2(298 K) = 10.7 ± 0.5 s�1, ∆H2
‡ = 93.1 ± 4.7 kJ mol�1, ∆S2

‡ =
87.3 ± 5.0 J K�1 mol�1 for the minor and major includomers, respectively. The βCD�(E )-1� complex either forms a
single includomer or its includomers interchange at the fast exchange limit of the 1H NMR timescale. Complexation
of 1� by N-(6A-deoxy-α-cyclodextrin-6A-yl)-N�-(6A-deoxy-β-cyclodextrin-6A-yl)urea, 2, results in the binary
complexes 2�(E )-1� in which both CD component annuli are occupied by (E )-1� and which exists exclusively in
darkness and 2�(Z)-1� in which only one CD component is occupied by (Z)-1� and exists exclusively in daylight at
λ ≥ 300 nm. Irradiation of solutions of the binary complexes at 300 and 355 nm results in photostationary states
dominated by 2�(E )-1� and 2�(Z)-1�, respectively. In the presence of 4-methylbenzoate, 4�, 2�(Z)-1� forms the
ternary complex 2�(Z)-1��4� where 4� occupies the second CD annulus. Interconversion occurs between 2�(Z)-1��4�

and 2�(E )-1� � 4� under the same conditions as for the binary complexes alone. Similar interactions occur in the
presence of 4-methylphenolate and 4-methylphenylsulfonate. The two isomers of each of these systems represent
different states of a molecular device, as do the analogous binary complexes of N,N-bis(6A-deoxy-β-cyclodextrin-6A-
yl)urea, 3, 3�(E )-1� and 3�(Z)-1�, where the latter also forms a ternary complex with 4�.

Introduction
The inclusion of hydrophobic guests within the annuli of
native and modified cyclodextrins has led to a wide range of
complexes among which are enzyme mimics, polymers and
rotaxanes.1,2 The knowledge gained from these cyclodextrin
complexes raises the possibility of constructing simple molecu-
lar devices, which may be switched between different states as
has been done with other types of complexes.3 Photoisomeriz-
ation of a stilbene,4 as occurs with (E )- and (Z)-4-tert-butyl-
4�-oxystilbene, (E )-1� and (Z)-1�, is potentially a convenient
way of exercising such control. Accordingly, the complexes of
thermally stable (E )-1� formed with α- and β-cyclodextrin
(αCD and βCD), αCD�(E )-1� and βCD�(E )-1�, have been
studied in basic aqueous solution to provide insight into the
effect of CD annular size on complexation as a prelude to
characterizing the (E )-1� complexes of the urea linked CDs,5,6

N-(6A-deoxy-α-cyclodextrin-6A-yl)-N�-(6A-deoxy-β-cyclodex-
trin-6A-yl)urea, 2, and N,N-bis(6A-deoxy-β-cyclodextrin-6A-yl)-
urea, 3 (Scheme 1). The binary complex, 2�(E )-1�, is found to
isomerize to 2�(Z)-1� photochemically which forms a ternary
complex, 2�(Z)-1��4�, with 4-methylbenzoate, 4�, and also
with 4-methylphenolate and 4-methylphenylsulfonate, whereas
2�(E )-1� does not. The control of these processes both photo-
chemically and also through a combined photochemical and
thermal cycle is examined and reveals the operation of a simple
molecular device. The analogous complexes of 3 behave
similarly.

† Electronic Supplementary Information (ESI) available: NMR
spectra. See http://www.rsc.org/suppdata/ob/b3/b310519a/

Results and discussion

The photoisomerization of 1�

The water solubilities of 4-tert-butyl-4�-hydroxystilbene, 1H,
and its conjugate base, 1�, are extremely low. However,
complexation of 1� by a CD renders it sufficiently soluble for
photochemical and NMR studies to be carried out. The syn-
thetic product (see Experimental section) is (E )-1H and as a
consequence the UV-visible spectrum of a freshly prepared
basic aqueous solution of 2 and (E )-1H represents that of the
2�(E )-1� complex (spectrum a in Fig. 1). On exposure of this
solution to daylight for 2 h in a Pyrex vessel (which cuts out
much of the light of λ ≤ 300 nm) complete isomerization to
2�(Z)-1� occurs (spectrum d) as indicated by 1H NMR spectro-
scopy. Irradiation of this solution at 300 nm in a quartz cuvette
for 2 h produces a photostationary equilibrium between 2�(E )-
1� and 2�(Z)-1� (spectrum b). When this is followed by irradi-
ation at 355 nm for 2 h a new photostationary equilibrium is
reached between the two isomers (spectrum c). By alternately
irradiating at 300 nm and 355 nm, alternation between the
photostationary states characterized by spectra b and c occurs.
Complete thermal isomerization of 2�(Z)-1� in solution to
2�(E )-1� occurs on warming at 340 K for 12 h in the dark.
Similar spectral changes are observed in the αCD, βCD and 3
complexes, consistent with the isomerization process being little
affected by the complexing CDs.

NMR studies of the complexation of (E )-1� by �CD and �CD

Both αCD and βCD greatly increase the solubility of (E )-1� in
basic aqueous solution consistent with the formation of theD
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complexes αCD�(E )-1� and βCD�E-1�, respectively. To attain
the higher concentration required for NMR spectroscopy,
[NaOD] = 0.15 mol dm�3 is required which may indicate that it
is necessary to deprotonate a hydroxy group of αCD�(E )-1�

and βCD�(E )-1� (which is anticipated to have a pKa ≥ 12, on the
basis that the pKas of OH(2) and OH(3) are 12.33 for αCD) and
thereby increase their solubilities.7 (Similar NaOD concen-

Scheme 1 The numbering shown for (E )-1� is used in the assignment
of 1H NMR resonances.

Fig. 1 The UV-visible spectral variation accompanying changes in the
position of the equilibrium between (E )-1� and (Z)-1� for a solution in
which total [(E )-1� and (Z)-1�], [2] and [NaOH] = 2.5 × 10�5, 2.6 × 10�5

and 1.2 × 10�4 mol dm�3, respectively. a Initially prepared solution
dominated by (E )-1�; d after 2 h exposure to sunlight in a Pyrex vessel
(Z)-1� dominates; b and c photostationary equilibria between (E )-1�

and (Z)-1� after irradiation for 2 h at 300 nm and 355 nm, respectively.

trations were employed in studies of the systems of 2 and 3
discussed below.) The 1H ROESY 600 MHz NMR spectrum of
a D2O solution in which [αCD]total/[(E )-1�]total = 3 (the mini-
mum ratio at which (E )-1� was completely solubilized at the
concentration required) shows cross-peaks between the broad-
ened doublet resonances of the (E )-1� aromatic protons and
those of αCD, but no cross-peaks attributable to the tert-butyl
protons of (E )-1� which exhibit two well resolved singlets
(Figs. 2 and S1†). This is consistent with the formation of αCD
inclusion complexes of (E )-1� where the annulus is positioned
over the stilbene double bond and the tert-butyl protons of
(E )-1� are too distant from the aliphatic protons of αCD for
sufficiently strong dipolar interactions to generate cross-peaks
between them. The simplest explanation of this is the formation
of two isomeric αCD�(E )-1� inclusion complexes or includo-
mers (Scheme 2). Such includomers produce two magnetic
environments for the (E )-1� aromatic and vinylic protons
through different interactions with the H3, H5 and H6 protons
on the interior of the αCD annulus. The differing stereo-
chemical arrangements of the primary and secondary hydroxy
groups of αCD affect their interactions with the stilbene tert-
butyl group of (E )-1� and probably its interaction with water
and thereby produce two magnetic environments. While these
individual interactions are weak their cumulative effects are
sufficient to affect the magnetic environment of the tert-
butyl group to give two resonances under slow includomer
interchange conditions at 283 K. ‡

In contrast, the 1H ROESY NMR spectrum of a D2O solu-
tion in which [βCD]total/[(E )-1�]total = 1 shows cross-peaks
between resonances of the aromatic and tert-butyl protons of
(E )-1� and those of βCD consistent with the formation of

Fig. 2 1H 600 MHz ROESY NMR spectrum recorded at 298 K of a
D2O solution in which total [αCD], [(E )-1�] and [NaOD] = 0.010,
0.0034 and 0.15 mol dm�3, respectively. The cross-peaks enclosed in the
rectangles arise from dipolar interactions between the protons indicated
on the F1 and F2 axes.

‡ An alternative explanation for the complexed (E )-1� experiencing
different magnetic environments is the formation of an (αCD)2�(E )-1�

complex. Such a complex could exist as up to four includomers when
the head-to-head, head-to-tail and tail-to-tail arrangements of the αCD
pairs are taken into account. Molecular modelling indicates that each
(αCD)2�(E )-1� should show 1H ROESY NMR cross-peaks as a con-
sequence of dipolar interactions of some of the H3, H5 and H6 protons
on the interior of the αCD annulus with the tert-butyl protons of
(E )-1�. Because such cross-peaks are not observed (αCD)2�(E )-1� is not
further considered.
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βCD�(E )-1� (Fig. 3). The βCD resonances are also better
resolved than those of αCD in αCD�(E )-1� (Fig. 2). These dif-
ferences indicate that the small size of αCD inhibits complex-
ation of the tert-butyl end of (E )-1� to give two αCD�(E )-1�

includomers (Scheme 2) and also slows their isomerization. The
occurrence of cross-peaks arising from the tert-butyl protons
and the H1 and H2 protons of (E )-1� but not from H3, H4 and
H6 (and probably not from H5 although its resonance is too
close to those of H1 and H2 to be certain) suggests that a
dominant includomer of βCD�(E )-1� has the larger βCD
annulus positioned over the tert-butyl end of (E )-1�. In prin-

Scheme 2

Fig. 3 1H 600 MHz ROESY NMR spectrum recorded at 298 K of a
D2O solution in which total [βCD], [(E )-1�] and [NaOD] = 0.016, 0.015
and 0.15 mol dm�3, respectively. The cross-peaks enclosed in the
rectangles arise from dipolar interactions between the protons indicated
on the F1 and F2 axes.

ciple the two possible orientations of βCD could give two such
includomers, but the sharpness of the resonances suggests that
either these are in fast exchange or one dominates and is in slow
exchange with the minor includomer which is below the level of
detection.

Dynamic NMR studies of the �CD�(E )-1� complex

At 298 K, the one dimensional 600 MHz 1H NMR spectrum of
αCD�(E )-1� shows two singlets in a 1.00 : 0.85 area ratio arising
from the tert-butyl protons of (E )-1� and most of the aromatic
resonances of (E )-1� are split into two doublets. On increas-
ing the temperature these singlets coalesce (Figs 4 and S2†) con-
sistent with (E )-1� exchanging between the two magnetic
environments of the includomers shown in Scheme 2. Complete
lineshape analysis 8,9 yields the exchange parameters: k1(298 K)
= 12.3 ± 0.6 s�1, ∆H1

‡ = 94.3 ± 4.7 kJ mol�1, ∆S1
‡ = 92.0 ± 5.0 J

K�1 mol�1, k2(298 K) = 10.7 ± 0.5 s�1, ∆H2
‡ = 93.1 ± 4.7 kJ

mol�1, ∆S2
‡ = 87.3 ± 5.0 J K�1 mol�1, where the subscripts 1

and 2 refer to the lesser and more populated magnetic environ-
ments, respectively. The possibility of the (E )-1� coalescence
phenomenon arising from exchange between complexed (E )-1�

and free (E )-1� is excluded by the latter being of much too low
a solubility to generate either of the tert-butyl resonances.
Accordingly, the coalescence phenomenon is attributed to
interchange of the two includomers of αCD�(E )-1� (Scheme 2)
although it is not possible to assign the resonances to specific
includomers.

As the 1H ROESY NMR data discussed above indicate that
αCD has difficulty in encompassing the tert-butyl group, dis-
sociation of αCD�(E )-1� by passage of αCD over the phenoxy

Fig. 4 Representative variable temperature 1H NMR (600 MHz)
spectra of the tert-butyl protons of (E )-1� in αCD�(E )-1� showing the
derived rate constants k1 and k2 (the spectra are not plotted to a
constant vertical scale). For the spectra not shown, k1 = 45.3 s�1 and k2 =
38.1 s�1 at 308 K, k1 = 146 s�1 and k2 = 123 s�1 at 318 K. The error in
each rate constant is ±5%. The solution was made up in D2O with total
[αCD], [(E )-1�] and [NaOD] = 0.010, 0.0034 and 0.15 mol dm�3,
respectively.
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end of (E )-1� is probably the dominant isomerization mechan-
ism for the includomers. The alternative associative mechanism
proceeding via a transient (αCD)2�(E )-1� complex appears less
likely because of this steric hindrance. The positive ∆S1

‡ and
∆S2

‡ are consistent with a decrease in order which may indicate
a partial dissociation of αCD�(E )-1� into its two components.
It has been estimated that if all motions of the CD host and the
guest species ceased on going from the free states to the com-
plexed state an entropy change of �209 to �251 J K�1 mol�1

would result,10 on which basis the reverse process would be
characterised by a positive entropy change of similar magni-
tude. As it is unlikely that such a complete cessation of motion
occurs in αCD�(E )-1�, this is an upper limit for the magnitude
of ∆S1

‡ and ∆S2
‡ for the includomer interconversion. In addi-

tion, hydration changes in both the αCD and (E )-1� com-
ponents will occur as the transition state is approached, particu-
larly for the entry of water into the αCD annulus as it is partly
or completely vacated by (E )-1�. Some change in hydration of
the (E )-1� phenoxy group may also occur and both hydration
changes should make a negative contribution to ∆S1

‡ and
∆S2

‡.
A comparison may be made between the αCD�(E )-1�

data and those for the decomplexation of αCD�5�, where 5� is
4-(4-hydroxy-3,5-dimethylphenylazo)benzenesulfonate which
is similar in size and shape to (E )-1�.11 This decomplexation
occurs in two steps for which k(298 K) = 13.3 s�1, ∆H‡ = 44.6 kJ
mol�1, ∆S ‡ = �73.9 J K�1 mol�1 and ∆V‡ = �12.6 cm3 mol�1

for the fast decomplexation step and k(298 K) = 0.22 s�1, ∆H‡ =
47.5 kJ mol�1, ∆S ‡ = �98.3 J K�1 mol�1 and ∆V‡ = �16.1 cm3

mol�1 for the slow decomplexation step and analogous data
are reported for similar substituted azobenzene guests.11 The
decomplexation of αCD�(E )-1� may also proceed in two steps
where the slower step is that characterized by 1H NMR. A
comparison with the parameters for the slower decomplexation
step for αCD�5� shows that k(298 K) for αCD�(E )-1� is fifty
times greater, ∆H‡ is larger by a factor of 2 and ∆S ‡ is of a
similar size but opposite in sign. The most obvious differences
between the two complexes are that (E )-1� is very hydrophobic
with only a phenoxy group to hydrogen bond with water
whereas 5� incorporates a diazo function, a phenolic hydroxy
group and a sulfonate group, all of which are strongly hydrated.
Thus, ∆S ‡ for αCD�5� probably incorporates greater negative
entropic contributions from hydration changes accompanying
decomplexation than does that for αCD�(E )-1� which may
explain the different signs of the ∆S ‡ characterizing the two
systems. A greater participation of water in the approach to the
transition state may offset some of the enthalpy required to
disrupt secondary bonding between αCD and 5� in αCD�5�

and thereby lower the overall ∆H‡ by comparison with that for
the isomerization of αCD�(E ) -1�.

NMR studies of the complexation of (E )-1� and (Z)-1� by 2

Evidence for the formation of 2�(E )-1� and 2�(Z)-1� is pro-
vided by 1H ROESY NMR spectroscopy which shows strong
cross-peaks arising from dipolar interactions of the tert-butyl
and the H1, H2, H5 and H6 protons of (E )-1� with the CD
component H3, H5 and H6 protons of 2 as seen in Fig. 5. At
298 K the resonances of (E )-1� in 2�(E )-1� are broadened con-
sistent with the rate of either a rotational or a shuttling motion
of (E )-1� within 2�(E )-1� occurring within the intermediate 1H
NMR timescale. (As for αCD�(E )-1�, resonance coalescence
arising from exchange between complexed (E )-1� and free (E )-
1� is ruled out by the latter being insufficiently soluble in water.)
The intermediate rate of the motion of (E )-1� in 2�(E )-1�

appears to arise from the close fit of the αCD component
annulus of 2 to (E )-1� and is consistent with no broadening of
the (E )-1� resonances of 3�(E )-1� occurring because the two
βCD components of 3� render it more commodious and allow
more rapid motion of (E )-1�.

After exposure of the 2�(E )-1� solution to sunlight for 2 h in
a Pyrex vessel, during which time changes in its UV-visible
spectrum indicated complete isomerization to 2�(Z)-1�, strong
cross-peaks arising from the interaction of the tert-butyl and
H1 and H2 protons of (Z)-1� with the CD component protons
of 2 were observed in its 1H ROESY NMR spectrum, but cross-
peaks attributable to H5 and H6 of (Z)-1� were absent (Fig. 6).
This is consistent with (Z)-1� occupying only one component
annulus in 2�(Z)-1�. On the basis of the tert-butyl cross-peaks
observed for both (E )-1� and (Z)-1� in 2�(E )-1� and 2�Z-1�, in
contrast to their absence from the 1H ROESY NMR spectrum
of αCD�(E )-1�, and their presence in the 1H ROESY NMR
spectrum of βCD�(E )-1�, it appears that the tert-butyl groups
of (E )-1� and (Z)-1� are probably positioned in the βCD com-
ponent annulus of 2 as shown for 2�(E )-1� and 2�(Z)-1� in

Fig. 5 1H 600 MHz ROESY NMR spectrum recorded at 298 K of a
D2O solution in which total [2], [(E )-1�] and [NaOD] = 0.016, 0.015 and
0.15 mol dm�3, respectively. The cross-peaks enclosed in the rectangles
arise from dipolar interactions between the protons indicated on the F1
and F2 axes.

Fig. 6 1H 600 MHz ROESY NMR spectrum recorded at 298 K of a
D2O solution in which total [2], [(Z)-1�] and [NaOD] = 0.016, 0.015 and
0.15 mol dm�3, respectively. The cross-peaks enclosed in the rectangles
arise from dipolar interactions between the protons indicated on the F1
and F2 axes.
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Scheme 3. (While subsequent discussion is based on the inclu-
domers shown in Scheme 3, the existence of a minor inclu-
domer of each complex in which the tert-butyl groups of (E )-1�

and (Z)-1� are positioned in the αCD component annulus of 2
cannot be excluded.) The (Z)-1� resonances of 2�(Z)-1� are
sharper than those of (E )-1� in 2�(E )-1� consistent with the
motion of (Z)-1� in the βCD component annulus being less
impeded by comparison with that of (E )-1� which is complexed
by both CD component annuli in 2�(E )-1�.

When 4-methylbenzoate, 4�, is present in solution, the 1H
ROESY NMR spectrum of 2�(E )-1� shows no cross-peaks
attributable to interactions between the protons of 4� and 2
(Fig. 7 and expanded in Fig. S3†), whereas in the presence of
2�(Z)-1� a strong cross-peak is observed for the methyl protons

Scheme 3 Photoisomerization of 2�(E )-1� and 2�(Z)-1�, the reverse
thermal isomerization in the dark and the single irradiation
wavelengths favouring 2�(E )-1� and 2�(Z)-1�. The vacated αCD
component annulus may be occupied by 4-methylbenzoate, 4�, to form
2�(Z)-1��4�.

Fig. 7 1H 600 MHz ROESY NMR spectrum recorded at 298 K of a
D2O solution in which total [2], [(E )-1�], [4�] and [NaOD] = 0.016,
0.015, 0.022 and 0.15 mol dm�3, respectively. The cross-peaks enclosed
in the rectangles arise from dipolar interactions between the protons
indicated on the F1 and F2 axes.

of 4� and a weaker cross-peak for the aromatic protons (Fig. 8
and expanded in Fig. S4 †) consistent with the formation of
the 2�(Z)-1��4� ternary complex as shown in Scheme 3. (Analo-
gous cross-peaks are similarly absent and present from the 1H
ROESY NMR spectra of 2�(E )-1� and 2�(Z)-1�, respectively,
in the presence of 4-methylphenolate and 4-methylsulfonate.)
Thus, it appears that 4� occupies the αCD component annulus
of 2 vacated by the phenoxy end of (Z)-1� in 2�(Z)-1��4�. The
cross-peak arising from 4� disappears and the spectrum reverts
to that of 2�(E )-1� and 4� when 2�(E )-1� reforms through the
thermal isomerization path in the dark. The interconversion of
these complexes constitute the operation of a molecular device
which may be controlled by either alternating photoisomeriz-
ation of (E )-1� and thermal isomerization of (Z)-1� or by
photoisomerization of (E )-1� and (Z)-1� alone, although in
the latter case this amounts to the attainment of wavelength
dependent photostationary states in which the proportions
of 2�(Z)-1��4� and 2�(E )-1� and 4� differ. The analogous
4-methylphenolate and 4-methylphenylsulfonate systems
behave similarly.

The complexation of 4� in 2�(Z)-1��4�, but not in 2�(E )-1�,
represents a fine balance between the greater complexing abil-
ities of (Z)-1� and (E )-1� and the lesser complexing ability of
4�. A change in this balance occurs with more strongly com-
plexing adamantane-1-carboxylate, 6�. In contrast to 2�(E )-1�

and 4�, which do not detectably interact in solution, the inter-
action between 2 and 6� in a solution where [2], [(E )-1�], [6�]
and [NaOD] = 0.016, 0.015, 0.022 and 0.15 mol dm�3, respect-
ively, produced strong 1H ROESY NMR cross-peaks and those
arising from 2�(E )-1� are decreased in intensity but unchanged
in character. This is most simply explained in terms of a com-
petitive equilibrium where the major complexes are 2�(E )-1�

and 2�6�. Complexation constants K = 1.8 × 104 and 1.84 ×
104 dm3 mol�1 are reported 12,13 for the complexation of 6� and
4-tert-butylbenzoate, respectively, by βCD on which basis
significant competition between 6� and the tert-butyl end of
(E )-1� for occupancy of the βCD component annulus of 2 is
expected. (Complexation of 4� by αCD is characterized by K =
110 dm3 mol�1 consistent with 4� not competing with (E )-1� for
occupancy of the βCD component annulus of 2.12) Because of
its large size, 6� is complexed less strongly by αCD (K = 140 dm3

mol�1) 14 and is therefore less likely to compete with (E )-1� and

Fig. 8 1H 600 MHz ROESY NMR spectrum recorded at 298 K of the
solution from Fig. 7 after a 2 h exposure to daylight to give 2�(Z)-1��4�,
2�(Z)-1� and 4�. The cross-peaks enclosed in the rectangles arise from
dipolar interactions between the protons indicated on the F1 and F2
axes.
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(Z)-1� for occupancy of the αCD component annulus of 2. The
1H ROESY NMR spectrum of a solution in which [2], [(Z)-1�],
[6�] and [NaOD] = 0.016, 0.015, 0.022 and 0.15 mol dm�3,
respectively, produced strong cross-peaks arising from dipolar
interactions between 2 and (Z)-1� and between 2 and 6� which
may also be explained in terms of the competitive formation of
2�(Z)-1� and 2�6�. The possibility of forming the ternary com-
plexes 2�(E )-1��6� and 2�(Z)-1��6� also exists.

NMR studies of the complexation of 1� by 3

Evidence for the formation of 3�(E )-1� and 3�(Z)-1� is pro-
vided by 1H ROESY NMR spectroscopy. For a solution in
which total [3], [(E )-1�] and [NaOD] = 0.016, 0.015 and 0.15
mol dm�3, respectively, strong cross-peaks arising from dipolar
interactions of the tert-butyl and the H1, H2, H5 and H6 pro-
tons of (E )-1� with the H3, H5 and H6 protons of the annuli of
the βCD components of 3 in 3�(E )-1� are seen (Fig. 9). This is
also the case when (E )-1� is isomerized to (Z)-1� (Fig. 10) con-
sistent with both of the two βCD components of 3�(Z)-1� being
occupied and also with the annuli of the two βCD components
together being of sufficient volume to accommodate (Z)-1�,
unlike the situation with 2�(Z)-1�.

No cross-peaks arising from the simultaneous complexation
of 4� in the presence of 3�(E )-1� were observed. However,
cross-peaks arising from the interaction of both the aromatic
protons of the phenolate end of (Z)-1� and 4� with a βCD
component annulus of 3 were observed for a solution of 0.016,
0.015 and 0.022 mol dm�3 in 3, (Z)-1� and 4�, respectively, in
0.15 mol dm�3 NaOD consistent with 3�(Z)-1� existing in an
equilibrium between an includomer in which both βCD com-
ponent annuli are occupied by (Z)-1� and one in which only one
βCD component annulus is occupied by the tert-butyl end of
(Z)-1� and the other βCD component annulus is empty. It is
this vacant annulus which may be occupied by 4� to give
3�Z-1��4�.

Conclusion
The effect of the smaller αCD annular size on complexation
processes is shown by the slowing of the isomerization of αCD�
(E )-1� to within the NMR kinetic timescale and the exclusion

Fig. 9 1H 600 MHz ROESY NMR spectrum recorded at 298 K of a
D2O solution in which total [3], [(E )-1�] and [NaOD] = 0.016, 0.015 and
0.15 mol dm�3, respectively. The cross-peaks enclosed in the rectangles
arise from dipolar interactions between the protons indicated on the F1
and F2 axes.

of the tert-butyl group of (E )-1� from the αCD annulus. In
contrast, βCD�(E )-1� allows entry of the tert-butyl group of
(E )-1� into the larger βCD annulus and either a dominant
βCD�(E )-1� includomer to be formed or isomerization between
βCD�(E )-1� includomers to occur at a rate in the fast exchange
limit of the NMR timescale. The effect of the photoisomeriz-
ation of (E )-1� and (Z)-1� is amplified in 2�(E )-1� and 2�(Z)-1�

through the occupancy of both the αCD and the βCD compon-
ent annuli in 2�(E )-1� whereas the vacating of the βCD annulus
in 2�(Z)-1� allows 4-methylbenzoate, 4�, 4-methylphenolate
and 4-methylphenylsulfonate to enter it to form a ternary com-
plex exemplified by 2�(Z)-1��4�. Thus, 2�(E )-1� and 2�(Z)-1�

represent two states of a simple photo-controlled molecular
assembly in which the effects of stilbene isomerization is ampli-
fied by its environment in 2. While the 3�(E )-1� and 3�(Z)-1�

includomers behave similarly to their 2 analogues, their inter-
actions appear to be more flexible because of the greater
combined size of the two βCD component annuli of 3.

Experimental

General
1H (300 MHz) and 13C (75.5 MHz) NMR spectra were run in
CDCl3 on a Varian Gemini 300 spectrometer and were refer-
enced either against internal TMS or the proton impurity 13C
multiplet (δ = 39.5 ppm). 1H (600 MHz) NMR spectra were run
on an Inova 600 spectrometer. The 1H 2D-ROESY NMR
spectra were recorded using a standard pulse sequence with a
mixing time of 0.3 seconds. All of the spectra appearing in
the Figures were referenced to the HOD resonance at δ =
4.72 ppm. All other spectra were referenced against external
trimethylsilylpropiosulfonic acid. The lineshape analysis of the
coalescence of the tert-butyl resonances of the αCD�(E )-1�

includomers was carried out using the program DAVNMR.9

The mole fractions of each includomer and their chemical shift
difference showed no significant variation in the slow exchange
region over the temperature range 278–298 K and this was
assumed to be the case in the range 298–323 K over which
lineshape analysis was carried out. The slight narrowing of the
includomer resonances occurring in the temperature range 278–
288 K was extrapolated into the coalescence temperature range

Fig. 10 1H 600 MHz ROESY NMR spectrum recorded at 298 K of a
D2O solution in which total [3], [(Z)-1�] and [NaOD] = 0.016, 0.015 and
0.15 mol dm�3, respectively. The cross-peaks enclosed in the rectangles
arise from dipolar interactions between the protons indicated on the F1
and F2 axes.
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to give the non-exchange modified T 2 for the lineshape analysis.
The best fit of the calculated lineshape to the experimental line-
shape was obtained through minimizing the mean of the
squares of the residual difference between the two.

MALDI-TOF mass spectrometry was carried out at the
Research School of Chemistry at the Australian National
University, Canberra, ACT. Electrospray mass spectrometry
(ES-MS) and fast atom bombardment mass spectrometry
(FAB-MS) were carried out at the University of Adelaide.
Samples for ES-MS were dissolved in water for injection. Infra-
red spectra were recorded on an ATI Mattson Genesis FT-IR.
The abbreviations strong (s), medium (m), weak (w) and broad
(b) are used for reporting the intensity of the bands observed.
UV/vis spectra were recorded on a Cary 300 Bio spectrophoto-
meter. Irradiation of solutions of the (E )-1� and (Z)-1� com-
plexes were carried out in a quartz cuvette in a LS50B fluorim-
eter. Elemental analyses were performed by the Microanalytical
Service of the Chemistry Department, University of Otago,
Dunedin, New Zealand. Thin layer chromatography (TLC) was
carried out on Kieselgel 60 F254 (Merck) on aluminium-backed
sheets.

All reagents used were obtained from Aldrich and were not
further purified before use, unless otherwise stated. β-Cyclo-
dextrin was donated by Nihon Shokuhin Kako Co. Both αCD
and βCD were dried by heating at 100 �C under reduced pres-
sure for 18 hours. The linked CDs 2 and 3 were prepared by a
literature procedure.5 Pyridine and 1-methylpyrrolidin-2-one
(NMP) were dried by distillation from calcium hydride. N,N-
Dimethylformamide (DMF) and methanol were dried over
molecular sieves.

Preparation of 4-tert-butyl-4�-methoxystilbene

(a) 4-tert-Butylbenzylbromide (0.451 g, 1.99 mmol) and triethyl
phosphite (0.5 cm3) were stirred at 120 �C for 12 hours. Excess
triethyl phosphite was removed at reduced pressure to give
diethyl (4-tert-butylbenzyl)phosphonate (quantitative yield).
δH(CDCl3) 7.20–7.29 (m, 4H, ArH), 3.94–4.05 (m, 4H,
CH3CH2O), 3.11 (d, J = 21 Hz, 2H, CH2–P), 1.30 (s, 9H,
C(CH3)3), 1.24 (t, J = 6.8 Hz, CH3CH2O).

(b) Diethyl (4-tert-butylbenzyl)phosphonate (0.508 g, 1.79
mmol) was dissolved in dry THF (20 cm3) and sodium hydride
(0.067 g, 2.79 mmol) was added at 0 �C. Anisaldehyde (0.220
cm3, 1.81 mmol) was added and the mixture was allowed to
slowly warm up to room temperature. The mixture was stirred
for 24 hours, followed by the addition of water (4 cm3) and
1 mol dm�3 hydrochloric acid (5 cm3). The organic layer was
separated and the aqueous layer was extracted with ether (3 ×
10 cm3). The combined organic layers were washed with satur-
ated ammonium bicarbonate (15 cm3), dried (sodium sulfate),
filtered and concentrated. Purification by flash column chroma-
tography (30% ethyl acetate–hexane) gave the pure product as
white crystals (0.287 g, 60 %), mp 179–181 �C; FAB-MS m/z
266 (M�) [Found: C, 85.60; H, 8.01%. Calc. for C19H22O: C,
85.67; H, 8.32%)]; δH(CDCl3) 7.45 (d, J = 9.0 Hz, 2H, ArH5),
7.43 (δA), 7.37 (δB) (AB q, JAB = 9.0 Hz, 4H, ArH1,2), 7.04 (d,
J = 16.6 Hz, 1H, C��C–H), 6.96 (d, J = 16.6 Hz, 1H, C��C–H),
6.90 (d, J = 9.0 Hz, 2H, ArH6), 3.83 (s, 3H, O–CH3), 1.33 (s,
9H, C(CH3)3); δC(CDCl3) 150.30, 134.84, 130.33, 127.56 (ArC);
127.41, 126.40 (C��C); 127.56, 125.94, 125.55, 114.06 (ArC);
55.31 (O–CH3); 34.57 (C(CH3)3); 31.28 (C(CH3)3); vmax (Nujol/
cm�1) 1602m (C��C), 1590w, 1511m (Ar), 969m (H–C��C–H),
833s (Ar).

Preparation of (E )-(4-tert-butyl-4�-hydroxystilbene), (E )-4H

Sodium hydride (0.242 g (60%), 6.05 mmol) was suspended in
dry DMF (10 cm3) and ethanethiol (0.250 cm3, 3.01 mmol) was
added dropwise at room temperature, followed by (E )-4-tert-
butyl-4�-methoxystilbene (0.297 g, 1.11 mmol). The mixture
was stirred at 100 �C for 5 hours then cooled to room temper-

ature and quenched with 3 mol dm�3 hydrochloric acid. Ether
(5 cm3) was added, the organic layer was separated and the
aqueous layer was extracted with more ether (2 × 5 cm3). The
combined organic layers were washed with 5% sodium hydrox-
ide (3 × 5 cm3) and brine (5 cm3), dried (sodium sulfate) and
concentrated. The crude material was purified by flash column
chromatography (10%–25% ethyl acetate–hexane) to give the
pure product as a white solid (0.231 g, 83%), mp 160–162 �C;
FAB-MS m/z 252 (M�) [Found: C, 83.70; H, 8.15%. Calc. for
(C18H20O)3�H2O: C, 83.68; H, 8.06%]; δH(CDCl3) 7.35–7.44 (m,
6H, ArH1,2,5), 7.02 (d, J = 16.5 Hz, 1H, C��CH), 6.94 (d, J =
16.5 Hz, 1H, C��CH), 6.82 (d, J = 8.4 Hz, 2H, ArH6), 4.86 (br s,
1H, OH), 1.33 (s, 9H, C(CH3)3); δC(CDCl3) 155.02, 150.36,
134.78, 130.56, 127.78 (ArC); 127.33, 126.49 (C��C); 125.96,
125.56, 115.54 (ArC); 34.57 (C(CH3)3); 31.28 (C(CH3)3); vmax

(Nujol/cm�1) 3150–3250b (O–H), 1607m (C��C), 1592m, 1510m
(Ar), 1253m (O–H), 971m (H–C��C–H), 835s (Ar).

Preparation of (Z)-(4-tert-butyl-4�-hydroxystilbene), (Z)-4H

(E )-(4-tert-Butyl-4�-hydroxystilbene) (0.200 g, 0.794 mmol) was
dissolved in deoxygenated methanol (15 cm3), placed in a flask
with a lightly greased stopper, and was exposed to sunlight for
24 hours. Solvent was removed under reduced pressure and the
crude material was loaded onto a neutral alumina column and
eluted with 30% ethyl acetate–hexane to give the pure (Z)-iso-
mer as a viscous oil which solidified upon cooling (0.110 g,
55%), and the (E )-isomer was recovered (0.047 g, 24%); FAB-
MS m/z 252 (M�) [Found: C, 84.18; H, 8.58%. Calc. for
(C18H20O)3�H2O C, 83.68; H, 8.06%]; δH(CDCl3) 7.20–7.27 (m,
4H, ArH1,2), 7.17 (d, J = 8.4 Hz, 2H, ArH5), 6.71 (d, J = 8.4
Hz, 2H, ArH6), 6.47 (br s, 2H, HC��CH), 4.80 (br s, 1H, OH),
1.29 (s, 9H, C(CH3)3); δC(CDCl3) 154.82, 150.28, 134.71,
130.89, 130.61 (ArC); 129.10, 129.33 (C��C); 128.84, 125.42,
115.40 (ArC); 34.81 (C(CH3)3); 31.59 (C(CH3)3).
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