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Photomodulation of ultrastable host–guest
complexes in water and their application in
light-controlled steroid release†

Patrícia Máximo, a Miriam Colaço, a Sofia R. Pauleta, b,c Paulo J. Costa, d

Uwe Pischel, e A. Jorge Parola *a and Nuno Basílio *a

The cucurbit[8]uril (CB8) synthetic receptor is shown to form high-affinity host–guest complexes with

dicationic dithienylethene (DTE) photoswitches in water. ITC experiments combined with computational

studies suggest that the formation of the inclusion complexes is mainly driven by a combination of hydro-

phobic effects, ion–dipole, hydrogen- and chalcogen-bonding interactions. The binding affinities were

observed to be much higher for the DTE closed isomers, reaching values in the picomolar range (up to

1011 M−1) while the open isomers display up to 10 000-fold lower affinities, setting ideal conditions for the

development of robust photoswitchable host–guest complexes. The light-responsive affinity of these

photoswitches toward CB8 was explored to control the encapsulation and release of nanomolar affinity

steroids via competitive guest replacement.

Introduction

The use of affinity tools based on biological receptors, such as
antibodies, aptamers, or the well-known biotin–avidin affinity
pair, finds widespread applications in biology, medicine,
nanotechnology, and related fields.1–5 These include diagno-
sis, therapeutics, bioassays, imaging, bioconjugation, and
purification, to give some examples. All these important appli-
cations arise from the ability of these macromolecules to
recognize their targets with high selectivity and affinity (typi-
cally at or below the nanomolar range) under biologically rele-
vant conditions. The design of synthetic receptors that match
the extraordinary performance displayed by biological recep-
tors is one of the major challenges of supramolecular

chemistry.6–9 In this context, several families of water-soluble
high-affinity synthetic receptors have been reported, which
include tetralactam macrocycles, pillararenes, tricyclic cyclo-
phane receptors, and prominently cucurbit[n]urils (CBn).10–16

CBn are barrel-shaped macrocyclic containers that comprise a
hydrophobic and nonpolarizable cavity and two symmetric
high-electron density carbonyl-fringed portals. Preferred
guests of CBn are complementary to the host in shape, size
and electronic properties,17–19 providing inclusion complexes
that may achieve binding constants as high as K = 1017 M−1 in
aqueous solution.16

Based on their high affinities towards specific guest mole-
cules, CBn have been employed to develop exciting appli-
cations that include chemosensors for biologically relevant
analytes, assays for enzymatic activity and membrane per-
meation, supramolecular bioconjugation, modulation of bio-
molecule self-assembly, bioimaging, supramolecular polymers,
surface functionalization, and supramolecular organic
frameworks.20–32 Many of these applications benefit from the
inherent reversibility and stimuli-responsive properties of
host–guest binding pairs that allow control over the stability
and/or structure of assemblies with chemical and/or physical
stimuli.33–35 Photoresponsive host–guest systems are particu-
larly attractive because light presents appealing advantages
such as remote activation and high spatial and temporal
control, and, under ideal conditions, does not generate chemi-
cal byproducts.36–38 The majority of so far reported light-
responsive CBn host–guest complexes displays binding con-
stants in the 106 M−1 range, i.e., micromolar affinity.39–46 Few
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reports on all-photonically switchable dithienylethenes (DTEs)
as guests of CBn are known, at best reaching nanomolar
affinity with cucurbit[8]uril (CB8).47–52 This eight-membered
ring CBn homologue is known for its ability to simultaneously
encapsulate two aromatic guests, and this binding process is
particularly effective when complementary guests experience
enhanced attractive interactions inside the macrocycle
cavity.17–19,53–55 Considering these binding properties, small
substituents attached to the DTE core, such as
N-methylpyridinium, seem to be required to ensure 1 : 1
binding stoichiometries while larger π-conjugated donor–
acceptor moieties (e.g. styryl-pyridinium or N-phenyl-bipyridi-
nium) usually lead to the formation of CB8 : DTE supramolecu-
lar polymers.47–52 In the context of photocontrolling ultra-
stable CBn host–guest complexes (K ≥ 1010 M−1) it is highly
interesting to design DTE guests with improved binding capa-
bilities, corresponding to picomolar affinity and a pronounced
differential binding of the isomeric switch forms. To this end
we designed a series of dicationic DTE derivatives, shown in
Scheme 1. The rationale was based on the positional variation
of positively charged N-methyl ammonium groups and hydro-

phobic surface areas, all of them being generally known to
affect the stability of CBn-based host–guest complexes.17–19

Gratifyingly, we could demonstrate that the closed isomers of
some of the inspected DTEs display binding constants towards
CB8 that reach values higher than 1011 M−1, while the respect-
ive open isomers show up to four orders of magnitude lower
affinities. The host–guest complexation was investigated
through a combination of experimental and computational
techniques, suggesting that non-classical hydrophobic effects,
together with ion–dipole, hydrogen bonding and unpre-
cedented chalcogen bonding interactions, are the main
driving forces for the formation of the inclusion complexes.

The high selectivity and affinity of CB8 towards the closed
DTE forms meet the requirements for the development of
robust photoresponsive host–guest complexes, which even
enable control over the encapsulation and release of ultra-
stable-binding guests of CB8. Steroids, known to form CB8
complexes with nanomolar affinity,56 were chosen to bench-
mark the unprecedented potential of the herein investigated
DTE guests. It is noteworthy that the all-photonic switching of
the DTEs not only enables the release of steroids, but also pro-

Scheme 1 Structures of the compounds investigated in this work. The DTE photoswitches were isolated as iodide salts; the solutions of adaman-
tane and methyl viologen competitors 5, 6, and 7 were prepared from chloride salts and steroids 9 and 10 from bromide salts.
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vides a means to sequester them by stimulation with low-
energy visible light. These features were up to now elusive to
other known photoswitchable host–guest pairs.

Results and discussion

DTE photoswitches interconvert between open (o) and closed
(c) isomers upon irradiation with UV and visible/near-infrared
light, as exemplified in Scheme 1 for DTE 1. These compounds
are known as P-type photochromes on account of their high
thermal stability.57 The open isomers are known to intercon-
vert between the photochemically active antiparallel and inac-
tive parallel conformations (see Scheme 1). The conformation-
al equilibrium is known to limit the photocyclization quantum
yield in an extension that is proportional to the relative popu-
lation of the parallel conformer.57

To investigate the formation of inclusion complexes
between CB8 and DTE derivatives we designed a set of four
candidates (Scheme 1). This choice allows for a systematic
study of the effect of changing the distance between the two
formal positive charges from para (2) to meta (3) and ortho (4)
positions. DTE 1 is included to inspect the influence of a
larger hydrophobic surface area. In addition, the presence of

extra methyl groups in the thiophene rings is expected to slow
down the rate of interconversion between the parallel and anti-
parallel conformations of the open isomer, making it slow on
the NMR chemical shift time scale.58 This is important to
demonstrate the exclusive inclusion of one of the conformers
in the CB8 cavity.

Structural characterization

The formation of the inclusion complexes between CB8 and
the DTE guests in their open (o) and closed (c) forms was first
investigated by 1H NMR spectroscopy. Fig. 1 shows, as a repre-
sentative example, the 1H NMR spectra of 1o/1c in the absence
and presence of 1 equiv. of CB8. As can be observed, the open
1o and closed 1c forms can be quantitatively interconverted
upon irradiation with appropriate wavelengths. It is worth
noting that the 1H NMR spectrum of the open form 1o shows
split signals for protons c and e, and, is more noticeable, for
the methyl protons d and g. This observation can be assigned
to the slow exchange, on the NMR chemical-shift time scale,
between the parallel and antiparallel conformations (see
NOESY in the ESI, Fig. S24†). According to Irie and co-workers,
the upfield signal of protons g is assigned to the antiparallel
conformer and the downfield signal to the parallel confor-
mer.58 For DTE 1o, the integration of the 1H NMR signals

Fig. 1 (a) UV-Vis and (b) 1H NMR (400 MHz) spectra of 1o/1c in the absence and presence of 1 equiv. of CB8, at 25 °C. The NMR experiments were
performed in D2O at a 0.5 mM concentration while the UV-Vis spectra were acquired using concentrations of 20 μM in water.
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shows a ratio of 54 : 46, slightly favoring the antiparallel con-
formation. Upon addition of 1 equiv. of CB8, the equilibrium
is quantitatively shifted to the antiparallel conformer, which
was confirmed by the observation of ROE cross signals for the
protons d and g in the ROESY spectrum (see ESI, Fig. S25†).
This is traced back to the preferential inclusion of this confor-
mer in the CB8 cavity. The complexation-induced chemical
shifts of both 1o and 1c indicate that the signals of the
protons of the DTE core (d, e, f, and g) are displaced to a
higher field, suggesting that the DTE core is deeply immersed
in the hydrophobic cavity of the host. On the other hand, the
signal assigned to the pyridinium protons c is shifted to a
lower field, indicating the formation of C–H⋯OvC hydrogen
bonding interactions between these protons and the carbonyl
oxygens of the host.59 It is noteworthy that the signals corres-
ponding to the methyl d protons for the open form 1o are less
upfield shifted (−0.15 ppm) than those from the closed form
1c (−0.33 ppm), corroborating a more efficient inclusion of the
DTE core for the closed isomer.

1H NMR experiments for the guests 2,47 3, and 4 show that
the binding mode is similar for all DTEs (see ESI, Fig. S28 and
S29†). However, in contrast to 1o and 2o,47 3o and 4o are not
quantitatively converted into the respective closed isomers
upon irradiation with 365 nm light. The integration of the 1H
NMR signals shows 46% and 80% of conversion into the
closed forms for 3o and 4o, respectively. Complexation with
CB8 significantly improves the photochemical performance of
these photoswitches leading to photoconversion yields of 90%
for 3o → 3c and 100% for 4o → 4c, upon irradiation at
365 nm.

To gain further insight into the structural features of the
CB8 : DTE host–guest systems, semiempirical tight-binding cal-
culations combined with a meta-dynamics driven search algor-
ithm,60 followed by DFT calculations (ωB97X-D functional),
were performed (see the ESI†). This procedure yielded an
ensemble of low-energy conformers for all host–guest systems,
comprising the DTE core deeply inserted into the hydrophobic
cavity of the CB8 host (Fig. S15–S18†), being coincident with
the NMR results (see above). A subsequent DFT optimization
of the lowest-energy inserted conformer of each system shows
only subtle differences in the binding modes of the different
guests (see ESI, Fig. S19†). This is supported by the obser-
vation of a reasonable overlap of the inserted DTE moiety
along with a significant distortion of the CB8 cavity from the
D8h symmetry of the free host. In the particular case of DTE 1
(Fig. 2, top), the extra methyl groups point outwards the CB8
inner hydrophobic cavity at or slightly above the plane defined
by the carbonyl oxygen atoms, being in agreement with the
smaller complexation-induced upfield 1HNMR shifts (see
above).

Further analysis was performed with the Independent
Gradient Model (IGM)61,62 to identify key non-covalent inter-
actions between CB8 and the DTE guests. This approach
shows several weak contacts, depicted as green-colored isosur-
faces in Fig. 2 (bottom) between the included DTE core and
the concave cavity of the host, which are typically ascribed to

van der Waals (vdW) interactions within this analysis scheme.
There is also evidence for the presence of –N–Me+⋯OvC inter-
actions along with strong C–H⋯OvC interactions (Fig. 2, blue
dashes and bluish green isosurfaces) which are common in
CBn host–guest systems.15,17,18,59,63,64 The latter interactions
are present regardless of the position of the –N–Me group
while the former appears to increase from 2 to 4, as the formal
charge increasingly approaches the CvO groups in the host–
guest systems. This is also supported by the 1H NMR experi-
ments showing increasing downfield shifts for the N–Me
protons a on going from 2 to 4 (see Fig. 1 and Fig. S28 and S29
in the ESI†).

A striking feature of the IGM analysis is the presence of C–
S⋯OvC signatures, concomitant with short S⋯O contacts, as
shown in Fig. 2 (orange dashes) for CB8 : 1o and CB8 : 1c,
which can be assigned to chalcogen bonds.65 These inter-
actions are also observed in the other herein investigated host–
guest systems (Fig. S20–S22 and Table S1 in the ESI†).
Additionally, this is also the first report of chalcogen
bonding66,67 in a host–guest system featuring CBn, in parallel
to the reported inclusion of molecular bromine and iodine in
CB6 by halogen bonding.68 These interactions are ascribed to
the existence of a region of depleted electron density opposite
to the R–Ch bond (Ch is a chalcogen atom), called a σ-hole.69

Indeed, both closed and open forms of the DTE derivatives
show maximum values of the electrostatic potential (Vmax),
which is associated with the presence of σ-holes (see Fig. S23
and Table S1 in the ESI†). Typically, the open forms possess
four maxima as each thiophene ring has two σ-holes on the
extension of the C–S bonds, while for closed forms, only three
σ-holes are observed due to the coalescence of the maxima
opposed to the pyridinium. For the specific case of 3o and 3c,
the maximum located on the side of the pyridinium substitu-
ent could not be unequivocally discriminated from the one
arising from N–Me+.

Both complexes CB8 : 1c (Fig. 2) and CB8 : 4c (Fig. S23†)
completely fulfill the commonly used criteria for classical chal-
cogen bonding, namely S⋯O distances less than the sum of
vdW radii (<3.39 Å)70 and C–S⋯O angles of 150–180° 71 (see
Table S1 in the ESI†). The other complexes express similar ten-
dencies with chalcogen bonding signatures clearly visible in
the IGM analysis. However, some of the geometrical para-
meters slightly deviate from these stringent criteria, an obser-
vation that is rationalized by the constrained environment
inside the CB8 host, as noted previously for the case of
halogen-bonding guests of CBn.68

Binding affinity and selectivity

UV-Vis absorption spectroscopy. As can be observed from
Fig. 3, the UV-Vis absorption spectroscopy titrations of 1o and
1c with CB8 show clean isosbestic points accompanied by a
red shift of the lower energy bands. The UV-Vis absorption
titration data hint at strong 1 : 1 binding (K > 5 × 106 M−1),
characterized by a sharp leveling-off of the titration curves at 1
equiv. of host. Hence, competitive titrations were required to
accurately extract such high binding constants. By using the
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Fig. 2 Top: DFT-optimized structures (ωB97X-D/6-31G*; water) of CB8 : 1o and CB8 : 1c with the distances (Å) of the most relevant interactions
shown in orange (S⋯O) or blue (C–H⋯O). Bottom: IGM analysis using a δginter isosurface of 0.008 a.u. and a BGR color code in the range −0.040 <
ρ sign (λ2) < 0.040 a.u.

Fig. 3 (a) Spectral changes observed upon gradual addition of CB8 to a solution of 1o (15 μM in H2O). (b) The same for 1c (13 μM in H2O). In both
cases, the data were successfully fitted to a 1 : 1 host–guest model.

Research Article Organic Chemistry Frontiers
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adamantane derivatives 5 (K5 = 2.7 × 109 M−1) and 6 (K6 = 1.4 ×
107 M−1) as competitor guests, values of K1o = 6.5 × 106 M−1

and K1c = 2.2 × 1010 M−1 (see ESI, Fig. S1†) were obtained.
Similar experiments were performed for DTEs 3 and 4 (see

ESI, Fig. S2–S4†), which also form high-affinity 1 : 1 complexes
with CB8 and show comparable spectroscopic properties upon
complexation. The results, along with previously reported data
for DTE 2,47 are summarized in Table 1. From the analysis of
the binding constants reported in Table 1, immediate con-
clusions can be drawn. First, all DTE guests show higher
selectivity for the closed form, with the pronounced differen-
tial binding observed for 4 (K4c/K4o > 10 000) being particularly
impressive. It is also worth mentioning that the closed
isomers of both 1 and 3 show 3 orders of magnitude higher
affinity for CB8 than their open isomer counterparts, which is
above the selectivity (ca. 100-fold) previously observed for DTE
2.47 Second, the absolute magnitude of the binding constants,
observed for the closed isomers of the studied DTEs, is highly
significant, reaching picomolar affinities for both 3c and 4c
and subnanomolar affinities for 1c and 2c. The picomolar
affinities reported here for the recognition of photoswitchable
compounds with synthetic receptors in aqueous solution are
unprecedented and, together with the selectivity observed for
the closed versus open isomers, unlock attractive possibilities
for their exploitation in the development of stimuli-responsive
supramolecular systems (see below).

Isothermal titration calorimetry. In addition to the spectro-
scopic binding studies discussed above, we have conducted
isothermal titration calorimetry (ITC) experiments to gain
further thermodynamic insight into the complexation of the
DTE photoswitches with CB8. Anticipating the high binding
constants based on the UV-Vis absorption titration results,
competitive ITC experiments were performed in most cases,
except for 1o and 4o which were analyzed by direct titrations.
Methyl viologen 7 and 1-adamantyl ammonium 5 were chosen
as competitor guests because they are known to form defined
1 : 1 complexes with CB8, facilitating the quantitative analysis
of the competitive binding. ITC experiments of 7 and 5 with
CB8 (see ESI, Fig. S8–S10†) yielded binding constants,
enthalpy (ΔH) and entropy (ΔS) changes that are in excellent
agreement with previously published data (Table 2).47,72

Fig. 4 shows two representative examples of the data
obtained from the ITC titration experiments with DTE
switches. The results shown in Fig. 4a correspond to the direct

titration of CB8 with 1o, while Fig. 4b shows the results
obtained for the competitive replacement of 7 from the CB8
cavity by 1c. Similar experiments were conducted for the other
DTE guests (see ESI, see Fig. S11–S14†). However, in the cases
of 3 and 4 it was not possible to obtain ITC results for the
closed isomers since they could not be generated quantitat-
ively by the irradiation of the respective open DTEs (see above).
The ITC thermodynamic data are compiled in Table 2.
Gratifyingly, the obtained binding constants are in excellent
agreement with those from the UV-Vis spectroscopic titrations
(see Table 1).

The thermodynamic parameters show that for all DTEs,
both as closed and open isomers, the formation of the host–
guest complexes is enthalpically driven. It can be inferred that
the release of high-energy water molecules from the
CB8 hydrophobic cavity and from the guest hydrophobic
surface is the main reason for this observation.73 In addition,
ion–dipole, hydrogen- and chalcogen-bonding interactions
between the positively charged guests and the electronegative
CB8 portals are deemed to contribute to the binding enthalpy,
albeit to a lesser extent due to the enthalpic penalty associated
with the desolvation of the highly polar/charged surfaces.74

On the one hand, regarding the open isomers, a moderate
10-fold higher affinity of CB8 towards 2o in comparison with

Table 1 Binding constants (K), selectivity (Kclosed/Kopen), photochemical quantum yields (QY) and photostationary state (PSS) composition

Kopen
a/M−1 Kclosed

a/M−1 Kclosed/Kopen QYo→c free/complex % closed at PSS free/complex QYc→o
e free/complex

1 6.5 × 106 2.2 × 1010 3.4 × 103 0.04c/0.14c 100c/100c 0.001/0.001
2b 5.4 × 107 6.2 × 109 1.1 × 102 0.04c/0.32c 100c/100c 0.0003/0.0003
3 1.0 × 108 1.5 × 1011 1.5 × 103 0.003d/0.011d 61d/95d 0.0014/0.0010
4 1.9 × 107 2.1 × 1011 1.1 × 104 0.009d/0.087d 70d/100d 0.0058/0.0054

aMaximum estimated error of 20%. bData previously reported in ref. 47. c Irradiation at 365 nm. d Irradiation at 334 nm; these data are depen-
dent on the irradiation wavelength and different closed/open ratios can be observed when the irradiation of these compounds is carried out at
365 nm (see text). e Irradiation at 550 nm.

Table 2 Thermodynamic data obtained by ITC for the formation of
CB8 complexes with DTEs 1–4, adamantyl ammonium 5 and methyl
viologen 7 guests

K/M−1 ΔG/kJ mol−1 ΔH/kJ mol−1 −TΔS/kJ mol−1

1oa 6.5 × 106 −38.9 −41.8 2.9
2ob 6.7 × 107 −44.7 −39.5 −5.2
3ob 1.6 × 108 −46.7 −44.7 −2.0
4oa 1.0 × 107 d −40.0 −36.5 −3.5
1cb 2.2 × 1010 −59.0 −63.7 4.7
2cb 4.7 × 109 −55.2 −56.1 0.9
3cc — — — —
4cc — — — —
5b 2.5 × 109 −53.6 −34.3 −19.3
7a 5.7 × 106 −38.6 −25.2 −13.4

aObtained by direct ITC experiments. bObtained by a competitive re-
placement experiment using 7 as a competitor. cNot investigated due
to the presence of both closed and open forms at the photostationary
state. d This K value falls between the higher limit to be accurately
measured by direct titrations but not high enough to be measured
with the competitor 7 by ITC.
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the more crowded 1o was observed. This can be tentatively
attributed to entropic factors, related to the lower confor-
mational flexibility of 1o inside the host cavity. On the other
hand, when comparing the closed isomers, the enthalpic
changes show that 1c displays a slightly more negative
enthalpy change (ΔΔH = −7.6 kJ mol−1) than 2c which may be
related to the larger hydrophobic surface of the former, releas-
ing more “frustrated” water molecules from the solvation shell
of the guest. It should be noted that the structural studies (see
above) show that the extra methyl groups of 1 are not included
in the inner hydrophobic cavity, and thus, can hardly contrib-
ute to a more efficient release of high-energy water molecules
from the CB8 inner cavity.

The most intriguing results are related to the comparison
between the open and closed isomers of 1 and 2. Generally
speaking, it is clearly evident from the ITC data that the con-
siderably higher affinity observed for closed DTE isomers
towards CB8 arises exclusively from their more favorable
binding enthalpy. This is surprising since the most obvious
reason for the preferential complexation of closed DTE
isomers is guest preorganization which is traditionally
accepted as an entropic phenomenon. However, examples of
this “entropic paradox” were previously reported for ligand–
protein complexes challenging the common understanding of
host–guest binding energetics.75 The reasons for the lower
enthalpic variation observed for the open isomers may be

assigned to different factors. The parallel/antiparallel confor-
mational exchange in the open forms is one contributor.
Based on the enthalpy-driven association of aromatic dyes,
Würthner and co-workers have suggested that high-energy fru-
strated water molecules may also be found at hydrophobic
π-surfaces.76 In this context, the open isomers may adopt a
parallel conformation to decrease the non-polar surface area
exposed to the solvent and therefore reduce the number of
high-energy water molecules that are released upon binding.
In fact, the stabilization of the photochemically inactive paral-
lel conformation in more polar solvents has been considered
to rationalize the reduced photochemical reactivity in these
media.57

Photochemistry. The photochemical properties of the DTE
photoswitches and their CB8 inclusion complexes were investi-
gated in detail by UV-Vis absorption spectroscopy (see the
ESI†). Fig. 1a (and Fig. S33 in the ESI†) showcases the spectral
variations observed upon irradiation of 1o, at 365 nm, in the
presence and absence of CB8. As can be observed, the band
centered at 370 nm (or at 395 nm for the complex) decreases
and a new band in the visible region appears due to the photo-
cyclization of 1o into the more conjugated form 1c. The trans-
formation is quantitative, as established by NMR (see above),
and the quantum yield is improved from ϕo–c = 0.04 to ϕo–c =
0.14 upon encapsulation of 1o into the cavity of CB8 due, at
least in part, to the preorganization of the DTE in the photo-

Fig. 4 Isotherms for the (a) titration of DTE 1o (138 μM) into CB8 (22.5 μM) and (b) for the competitive titration of DTE 1c (570 μM) into a CB8 solu-
tion (100 μM) containing 5000 μM methyl viologen 7. The data fitting for the experiment (b) was achieved using a competitive replacement model
with the CB8 : 7 binding constant (K7 = 5.7 × 106 M−1) and enthalpy variation (ΔH = −25.2 kJ mol−1) set as constants. Both titrations were performed
in water at 25 °C.
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chemically active antiparallel conformation.47,58,77 This trend
is consistently observed for all DTEs herein investigated (see
Table 1 and ESI†), being most significant for compounds 2
and 4, for which the ϕo–c increases 8.0 and 9.7 times, respect-
ively. The 1H NMR experiments for 1o showed a 2-fold increase
of the photochemically active antiparallel conformation upon
encapsulation by CB8 (see above) which confirms the observed
trend of the quantum yield improvement (3.5-fold). However,
it is obvious that this is likely not the only reason for the
increased efficiency of the photoinduced electrocyclization
reaction. The inclusion of the DTEs in the cavity of CB8 may
extend the lifetime of the excited state by the restriction of the
rotational and vibrational freedom, thereby contributing to the
observed increase of the ϕo–c.

78 In contrast to the photocycliza-
tion, the photocycloreversion quantum yields remain practi-
cally unaffected by the CB8 complexation in line with the more
rigid and conformationally more restricted character of the
closed DTE isomers.

Light-controlled catch and release of high-affinity binding
steroids. CB8 was previously demonstrated to bind steroids
with high affinity in aqueous solution.56 The best binders
include the hormone testosterone 8 and neuromuscular block-
ers vecuronium 9 and pancuronium 10. Their affinities are
situated in between the ones for the open and closed DTE

photoswitches that were investigated in this work. This pro-
vides ideal conditions to explore the light-controlled catch and
release of these guests from the CB8 nanocontainer via the
light-induced reversible formation of strong competitors. We
have previously explored this strategy to demonstrate the
release of biologically relevant guests from CBn and calixarene
hosts but its application to highly challenging guests with
nanomolar affinity and at physiological pH was never
realized.43–45,79,80 First, the binding constants of the investi-
gated steroids were determined from UV-Vis competitive dis-
placement assays using the DTEs as the indicator spectro-
scopic probe (see ESI, Fig. S5–S7†). From these studies,
binding constants of K8 = 2.1 × 108 M−1, K9 = 1.9 × 1011 M−1

and K10 = 3.6 × 109 M−1 were obtained for testosterone 8, vecur-
onium 9, and pancuronium 10, respectively.

With the steroid binding constants in mind, DTE 4 was
selected to demonstrate the control over the binding and
release of pancuronium 10 by using light stimulation. As can
be observed from the 1H NMR spectra in Fig. 5, the CB8 : 10
complex is not significantly dissociated in the presence of 1.2
equivalents of DTE in the open form (4o) (see spectra (a) and
(b) in Fig. 5) in good agreement with >100-fold selectivity of
CB8 towards 10 (K10 = 3.6 × 109 M−1 vs. K4o = 1.9 × 107 M−1).
Irradiation (365 nm) of the mixture directly in the NMR tube

Fig. 5 1H NMR (400 MHz) experiments demonstrating the light-controlled binding and release of pancuronium 10 (see the schematic on top),
using DTE 4 as a competitor with photocontrolled affinity. 1H NMR spectra of (a) the CB8 : 10 host–guest complex (1 mM); (b) a solution containing
CB8 (1 mM), 10 (1 mM) and DTE 4o (1.2 mM); (c) the same as in (b) upon irradiation with 365 nm until reaching the PSS; and (d) 1H NMR spectrum of
10 (1 mM). All solutions were prepared in D2O and the spectra acquired at 298 K. Blue dots refer to free 10 and red dots symbolize signals of CB8-
bound 10.

Organic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2022 Org. Chem. Front., 2022, 9, 4238–4249 | 4245

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/7
/2

02
4 

3:
27

:0
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2qo00423b


leads to the formation of a closed DTE form (4c) with a PSS
4c : 4o composition of 83 : 17 under the concrete experimental
conditions (note that this corresponds effectively to an equi-
molar concentration of 4c with respect to 10 and CB8); see
Fig. 5(c). As the photogenerated DTE 4c is a stronger binder
(K4o = 2.1 × 1011 M−1) than 4o, it competes more effectively
with 10 for the CB8 binding site, leading to the release of the
steroid as can be demonstrated by the appearance of the 1H
NMR signals of free 10 (ca. 85%) in slow exchange with a small
fraction of CB8 : 10 complex (ca. 15%), again in good agree-
ment with the selectivity anticipated from the binding con-
stants (K10 = 3.6 × 109 M−1 vs. K4o = 2.1 × 1011 M−1). Similar
experiments using vecuronium 9 (K9 = 1.9 × 1011 M−1) show a
photoinduced steroid release of ca. 47% (see ESI, Fig. S31†).
The photoinduced release of testosterone 8 (K8 = 2.1 × 108

M−1), the primary sex hormone in males, was also demon-
strated using DTE 1 (see the ESI†). The 1H NMR results
(see ESI, Fig. S32†) showed that the light-induced formation
of 1c from 1o leads to ca. 80% release of testosterone 8 from
CB8.

These experiments highlight the potential of the herein
designed DTE photoswitches to be employed in the context of
implementing photofunctionality in ultrastable host–guest
assemblies. This is by no means trivial, as in fact no examples
of photoactive guests with picomolar affinity for CB8 are
known so far in the literature.

Conclusions

The rational design of photoswitchable DTE guests has led to
the discovery of new ultrastable supramolecular pairs with
picomolar affinity (K > 1011 M−1) in aqueous solution. Our
studies suggest that the formation of CB8 : DTE complexes is
mainly driven by enthalpic hydrophobic effects. This is sup-
plemented by ion–dipole interactions and hydrogen-bonding,
which are frequently observed in CBn host–guest complexes,
and so far in this context unexploited chalcogen-bonding
interactions. The remarkable affinity of CB8 towards DTE
photoswitches is accompanied by particularly impressive
differential binding of the closed DTE isomers (Kc/Ko up to
10 000-fold). This is reasoned with a higher enthalpic gain
upon binding of the closed form, which can be associated
with the larger exothermic dehydration of the π-surface of
these more rigid and flat closed DTE isomers.

The superior performance of the new switchable host–guest
pairs was successfully exploited to trigger, via competitive
binding, the release of tightly bound steroids from the CB8
cavity using light as a stimulus. This serves as an example for
the application potential of the investigated systems. It is not
difficult to predict that they may find further use, wherever
external control by light is an advantage, such as in supramole-
cular affinity labeling, programmable soft materials, or drug
delivery. In these contexts, the pH-independent, reversible,
and all-photonic operation of CB8 : DTE pairs under physio-
logical conditions constitutes a clear surplus.
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