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Different Wavelenghts**
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Reversible control over the state of host—guest encapsulation
complexes is a topic of current interest, and at least as many
different methods are conceivable as there are unique
hosts.'™ The task is to trigger the exchange of guests by an
“external” signal after the initial assembly is generated. The
use of light to accomplish this exchange has appeal, because
no additional components are introduced into the system and
application of the signal is easily done.”! Accordingly, light
has been used as early as 1979 to manipulate the state of host—
guest complexes in cyclodextrins."*l Much more recently, we
applied this method to control encapsulation in our hydrogen-
bonded capsule 1-1 and in the extended capsule 1-2,1
(Figure 1a) by using azobenzenes as light-switchable
dummy guests.”] With this refinement, we were able to
control the guest that is encapsulated and even the type of
assembly that is present in solution. A supramolecular
fluorescence switch that is operated by light and heat was
constructed as a second-generation system.!'” For an
increased information, a corresponding escalation in “input”
structures is necessary, and a system that responds differently
to different wavelengths of light is a likely first step. Systems
already exist that show such multi-light input responses, but
their photoresponsive entities are usually covalently con-
nected."" A supramolecular system that uses different
wavelengths of light to selectively affect guest exchange has
not been available; herein, we report a wavelength-depen-
dent and sequential light-triggered guest exchange from two
different assemblies.

For this sequence we developed a second “dummy” guest,
which can be extruded from the capsular hosts by photo-
isomerization at a wavelength complementary to that of
azobenzene (365 nm). Hemithioindigo (HTI) appeared
promising, because it is readily isomerized at longer wave-
lengths (typically 410 to 430 nm) with high efficiency while
showing very little photofatigue.'*® The back-isomerization
can either be achieved by irradiation at wavelengths higher
than 480 nm or by simple heating. Because of these advan-
tages, HT1 is increasingly applied as photoswitch: to embed in

[*] Dr. H. Dube, Prof. ). Rebek Jr.

The Skaggs Institute for Chemical Biology and Department of
Chemistry, The Scripps Research Institute
10550 North Torrey Pines Road, La Jolla, CA 92037 (USA)
E-mail: jrebek@scripps.edu

[**] We are grateful to the NSF/CHE 1037590 and the Skaggs Institute
for Research for financial support and the Alexander von Humboldt-
Stiftung for a Feodor Lynen Fellowship for H.D.. H.D. is also Skaggs
Postdoctoral Fellow and was supported by the Swiss National
Science Foundation (SNF).

a Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201108074.

Angew. Chem. 2012, 124, 32613264

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

membranes,’®?! to manipulate the folding of peptides,”" to
change the potency of an inhibitor by irradiation,”” or to
control ionic currents in gramicidin channels.” Applications
in supramolecular chemistry are still a novelty.”"

One additional requirement was a change in shape, from
a linear structure (a congruent guest) to a bent structure (an
inconvenient shape) upon photoisomerization. The core HTI
without any substituents does not show that feature, because
both E and Z isomers have an easily accommodated shape.
Appropriate groups on the aromatic rings result in a bent
shape of one isomer and a (more-or-less) linear shape for the
other. Methyl substitutions at both the S5-position of the
heterocycle and at the para-position of the stilbene unit (HTI
3)®! were found to be effective: the Zisomer of 3 is
encapsulated exclusively in 1-1 in the presence of the inferior
guest n-tridecane; on irradiation at 410 nm for 80 min the
guests are completely exchanged, with n-tridecane encapsu-
lated and the E isomer of 3 present in solution. Heating that
solution to 160°C for 6 min restores the starting state. The
system can be cycled many times (Figure 1b and Figure S3 in
the Supporting Information). A similar photoregulated guest
exchange is possible in the extended assembly 1-2,-1, when the
longer HTI 4, bearing an n-pentyl chain at the para-position
of the stilbene unit, is employed as the switchable guest
together with excess p-cymene as the secondary guest (see
Figure 1¢ and Figure S6 in the Supporting Information).
Three social isomers of p-cymene are possible in 1-2,-1, but
only two are observed, as previously described?! (only one
social isomer is depicted in Figure 2). The syntheses of HTTs 3
and 4 are given in the Supporting Information and follow
established literature procedures!"?*?"! starting from com-
mercially available p-toluenethiol.

Next, we investigated the photoswitching behavior of
a mixture of HTI 3 (a prospective guest for 1-1) and the long
4-methyl-4'-n-hexylazobenzene 5 (a prospective guest for
1-2,1) at different wavelengths. At short wavelengths
(350 nm) both dyes isomerize, which prevented selective
switching. However, at wavelengths of 410 to 430 nm it was
possible to isomerize HTI 3 leaving the azobenzene
unchanged (data are shown in Figure S7 in the Supporting
Information). These experiments augured well for the
sequential guest exchange of two different assemblies: the
HTI dummy guest was first isomerized using light at a wave-
length of >410 nm to trigger the first exchange; then the
azobenzene dummy guest could be expelled from its assembly
by irradiation at approximately 365 nm to affect the second
guest exchange. The trans-4,4'-dimethylazobenzene (trans-6)
is a very good guest for capsule 1-1, but the longer azobenzene
trans-5 is only a mediocre guest for the extended assembly
1-2,-1. Since the azobenzene-occupied assembly should be

SWILEY i

ONLINE LIBRARY

Chemie

3261



Angewandte
Zuschriften

3262

11

(2£)-4in 1-2,1

t I i

a good guest for the extended
assembly 1-2,-1. The secondary
guests p-cymene and 4,4'-dibro-
mobenzil were chosen, because
they are inferior guests com-
pared to the respective dyes
(Z)-4 and trans-6, and because
they also show no “cross-talk”
that is, p-cymene is not a guest
for the capsule 1-1 and the benzil
is not a guest for the extended
assembly 1-2,-1. On heating, an
equilibrium is reached in which
the capsular assemblies “select”
the best fitting occupants for
their respective inner spaces.
The sequential guest
exchange was started by irradi-
ation at 430 nm with low inten-
sity. After 11h, the guest
exchange in the extended cap-
sule was complete, but no guest
exchange occurred in the
smaller assembly 1-1 (Figure 2).

1-2,1

A new state of the system is
established wherein p-cymene
occupies the extended assembly
1-2,-1 and trans-6 occupies 1-1.
This solution can now either be

heated to 160°C for six minutes
to revert to the starting point, or
be irradiated at 365nm with
light of high intensity for

&(ppm)

Figure 1. Light-induced guest exchange at 410 nm. a) Capsular assemblies 1.1 and 1-2,-1. b) Light-
induced guest exchange of HTI 3 by n-tridecane in 1-1. c) Light-induced guest exchange of HTI 4 by
p-cymene in 1-2,-1. Indicative regions of the '"H NMR spectra ([D;,]mesitylene, 20°C) are shown before
irradiation (1: (Z)-HTI is the only guest) and after irradiation at 410 nm wavelength for 80 min at 20°C
(2: the secondary guest is encapsulated). After heating the sample to 160°C for six minutes, the initial

state was completely restored (3: the (2)-HTI is the only guest).

stable under irradiation conditions for HTI isomerization, we
used the most stable azobenzene assembly. Accordingly, the
shorter trans-6 was employed as the switchable guest for
capsular assembly 1-1 and the longer HTI (Z)-4 as the
switchable guest for the extended assembly 1-2,-1.

When a solution containing cavitand 1 (one equivalent),
glycoluril 2 (2.2 equivalents), HTI 4 (0.85 equivalents), azo-
benzene 6 (0.85 equivalents), 4,4'-dibromobenzil (0.43 equiv-
alents), and p-cymene (1.7 equivalents) is heated to 160 °C for
six minutes and then cooled, only two assemblies are
observed in a 1:1 ratio: an extended capsule 1-2,-1 occupied
by the long HTI (Z)-4 and the shorter dimeric capsule 1.1
occupied by trans-6. Both p-cymene and 4,4'-dibromobenzil
remain free in solution. HTI 4 is too long to be encapsulated
in the dimeric capsule 1-1 and azobenzene 6 is too short to be
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(Figure 3). In the latter case,
a third state of the system is
reached wherein  p-cymene
occupies the extended assembly
12,1 and 4,4-dimethylbenzil
occupies 1-1. After heating that
solution to 160 °C for six minutes
the system is reset: the original
distribution of species is
restored, and a new cycle can be started.

Alternatively, it is possible to exchange guests in both
assemblies at the same time by irradiation of the solution with
intense light at 365 nm for 1.5 h (Figure S10 in the Supporting
Information). Again, brief heating restores the starting state.
In this way, we achieved a selective, sequential guest
exchange.

In a control experiment trans-6 was encapsulated in 1-1 in
the presence of 4,4’-dimethylbiphenyl, and this solution was
irradiated with 420-550 nm light of the same intensity used
for the experiments before. At these wavelengths up to 50 %
guest exchange is observed after one hour (see Figure S11 in
the Supporting Information)—a result that seemingly contra-
dicts the inert response of this assembly in the full system
discussed above. Moreover, no cis-azobenzene is observed,
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Figure 2. Selective light-induced guest exchange in the extended
assembly 1-2,-1 in the presence of unaltered assembly 1-1. Indicative
regions of the 'H NMR spectra ([D;,]mesitylene, 20°C) are shown
before irradiation (1: (Z)-4 is the guest in 1-2,-1 (*) and trans-6 is the
guest in 1-1 (A)) and after irradiation at 430 nm wavelength for 11 h at
20°C (2: pairs of p-cymene occupy 1-2,-1 (m) and trans-6 remains in
1-1). After heating the sample to 160°C for six minutes, the initial
state was completely restored (3).

but only trans-6 free in solution. Azobenzenes that are excited
at >410 nm undergo n—r* transition leading to trans-to-cis
isomerization and cis-to-trans isomerization via the S;-excited
state. To relax back to the ground state a geometrical change
via the inversion mechanism takes place.? As the absorption
of cis-azobenzenes is stronger compared to the trans-isomer
at >410 nm, any generated cis-isomer is excited preferably,
and overall only ftrans-isomer is obtained at the photosta-
tionary state. If the light intensity is increased, complete guest
exchange is possible by using 460 nm light with production of
only trans-6 outside the capsules in solution. In this experi-
ment 4,4'-dibromobenzil was employed as the second guest
(see Figure S12 in the Supporting Information).
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Figure 3. Sequential light-induced guest exchange in the assemblies
1-2,-1 and 1-1. Three different states of the system can be addressed
by light of two different wavelengths and heat. Indicative regions of
the "H NMR spectra ([D;,]mesitylene, 20°C) are shown before irradi-
ation (1: (Z)-4 is the guest in 1-2,-1 (*) and trans-6 is the guest in 1-1
(A)), after the first irradiation at 430 nm wavelength for 11 h at 20°C
(2: pairs of p-cymene occupy 1-2,-1 (m) and trans-6 remains in 1-1),
and after the second irradiation at 365 nm wavelength for 20 min at
20°C (3: pairs of p-cymene occupy 1-2,-1 and 4,4"-dibromobenzil
occupies 1-1 (0)). After heating the sample to 160°C for six minutes,
the initial state was completely restored (4).
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In the complete system the situation is somewhat differ-
ent, because the absorption intensity of the n—x* transition of
trans-6 is very low compared to the absorption of HTT (Z)-4 at
that wavelength (see Figure S13 in the Supporting Informa-
tion for the respective UV/Vis absorption spectra). Accord-
ingly, in the complete system the strong absorption of HTI
(Z)-4 leaves azobenzene trans-6 unaffected, and no guest
exchange involving the latter is seen.

In summary, we have engineered light-triggered guest
exchange in two modes using capsule 1-1 and the extended
assembly 1-2,-1. The different absorption profiles of HTI and
azobenzene dyes were exploited to affect guest exchange
either in a sequential or a parallel fashion. This represents
a heightened level of control over the encapsulation state in
host—guest systems by the simple signals light and heat. We
intend to devise more complex light-controlled devices in the
future.
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