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An acridone-based, interpenetrated double cage [3BF4Pd4Lg] acts as a photosensitizer for generating
singlet oxygen which adds to 1,3-cyclohexadiene in a [2+4] hetero-Diels-Alder reaction to form 2,3-diox-
abicyclo[2.2.2]oct-5-ene. Photocatalytic activity was exclusively observed for the assembled cage,
whereas the free organic ligand L decomposes upon irradiation. While cage [3BF4Pd4Lg] does not accept
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any organic guests, NMR, MS and single crystal X-ray results reveal that both substrate and product are
readily encapsulated in the central pocket of its chloride-activated form [2Cl@Pd,4Lg]. The system com-
bines multiple functions (photosensitization, allosteric activation and guest uptake) within a structurally
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Introduction

Supramolecular host compounds have garnered increasing
attention with respect to applications in selective guest
encapsulation'™ and catalysis."®™"® Coordination cages,
assembled from metal cations and organic ligands with two or
more donor groups, represent a versatile family of hosts with
tunable size and properties.>”*' In equipping such cages with
distinct functionality, the introduction of addressable features
into the ligand backbones has been shown to be a fruitful
strategy. The resulting structures can be responsive to external
stimuli such as light, pH or addition of chemical inputs.**™’
For example, the implementation of photoswitches into the
ligands allows to control light-induced processes such as com-
plete structural rearrangement®® or guest uptake and
release.>**° Chromophore-based supramolecules can also be
used to catalyse reactions. For example, Fujita and coworkers
presented photoactive cages for alkane oxidation®" and the de-
methylation of cyclopropanes through guest-to-host electron
transfer.*>

We have reported a series of interpenetrated double
cages that form quantitatively from a mixture of square-planar
Pd(un) cations and banana-shaped bis-monodentate pyridyl
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complex, mechanically-bound self-assembly built up from a simple and readily accessible ligand.

ligands with dibenzo-suberone, phenothiazine or similar
backbones.***” The mechanically-bound structures have three
pockets, initially all filled with BF,~ counter anions, of which
the outer two can be exchanged by halide anions following an
allosteric mechanism with strong positive cooperativity.***

A particularly interesting guest inclusion behaviour was
observed for the derivative [3BF,@Pd4Lg], assembled from
acridone-based ligands (Fig. 1). Addition of chloride anions
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oxygen activation hv

[2+4] cycloaddition

[2CIHCH,@Pd,Ls] [2CI@Pd,Ly] [2C1+C40,H,@Pd,L]

Fig. 1 Catalytic function and guest inclusion behaviour of the acri-
done-based double cages [3BF4@PdLg] and [2Cl@Pd4Lgl: both cages
are able to generate singlet oxygen, reacting in a [2+4] cycloaddition
reaction with 1,3-cyclohexadiene. Only [2Cl@Pd,Lg] is able to encapsu-
late both substrate 1 and product 2.
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to this species leads to the quantitative conversion into
[2Cl@Pd,Lg] with an enlarged inner pocket that allows the
encapsulation of neutral guest molecules such as benzene,
cyclohexane or norbornadiene.*® This phenomenon could be
explained by the compression of the catenated cage structure
along the Pd,-axis due to the small chloride anions repla-
cing larger BF,” species, resulting in the expansion of the
central pocket, hence activating the host to accept a variety
of guests.

Six-membered rings, including bridged derivatives (i.e. nor-
bornane- and bicyclooctane-type compounds), were found to
be favourably accepted for encapsulation as compared to
smaller or larger molecules.*® By comparing the results of sys-
tematic guest affinity experiments with high-level electron cor-
relation calculations, London dispersion interactions were
recognized as the main contributor to the driving force for
neutral guest inclusion inside the central pocket of the
charged host.*

View Article Online
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Encouraged by these observations, we moved on to test the
ability of [2Cl@Pd,Lg] to take a role in catalytic reactions.
Owing to the known dimensions of the central cavity and its
preference for bicyclic organic compounds, we envisioned to
conduct electrocyclic reactions inside the confined cavity. As a
first example, we present the encapsulation of 1,3-cyclohexa-
diene 1, which is a common substrate for Diels-Alder
reactions.

Results and discussion

Synthesis of host-guest complexes

[3BF,@Pd,Ls] and [2Cl@Pd,Lg] were prepared according to
our previously described procedure.** The encapsulation of 1
by [2Cl@Pd,Ls] was followed by "H NMR spectroscopy and ESI
mass spectrometry (Fig. 2a and c). After addition of 30 equiva-
lents of 1 to an acetonitrile solution of the host and incubating
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Fig. 2 (a) *H NMR spectra in CDsCN (0.35 mM) of [3BF,@Pd,Lgl (blue), [2Cl@Pd,4Lg] (red) and [2Cl + CgHg@Pd4Lg] (green); free guest (gold) and
bound guest (purple; highlighted by a grey circle). (b) X-ray crystal structure of [2Cl + C¢Hg@Pd,4Lg] (colour scheme: C: light/dark grey; N: blue; O:
red; Cl: yellow; F: green; B: salmon; Pd: orange, and H: white). The neutral guest molecule 1 was modelled in the central pockets of the cavity based
on NMR and ESI-MS results and in agreement with the crystallographic data. It is depicted to adopt one of four symmetry-equivalent positions. For
clarity, the hydrogen atoms of the coordination cage, co-crystallized solvent molecules and some of the counter anions were removed. (c) ESI-MS

spectrum of the host—guest complex [2Cl + CgHg@Pd4Lg].
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the sample at room temperature for 24 h, a new set of signals
were observed in the "H NMR spectrum (Fig. 2a). A binding
constant of 2.15(+0.04) x 10> L mol ™" for 1 was determined via
"H-NMR signal integration of the equilibrated mixture of free
host/guest and host-guest complex in slow exchange at 298 K
(for details see ESIt). For the latter one, protons Hy and Hy,
which point inside the central pocket of the interpenetrated
coordination cage, were found to be shifted significantly; Hy
shifted upfield by A§ = 0.25 ppm and H, shifted downfield by
A = 0.16 ppm. Similar shifts were observed previously for the
inclusion of other neutral guests.*>*> Based on these chemical
shifts, we conclude that encapsulation of 1 takes place inside
the central pocket of the chloride-activated coordination cage.
In addition, high-resolution ESI mass spectrometry showed a
series of species [2Cl + C¢Hg@Pd,Lg + nBFL,](ﬁ_”)+ (n = 0-3)
with a variable number of tetrafluoroborate counter anions,
confirming the formation of the host-guest complex (Fig. 2c).
In contrast, the addition of 30 eq. 1 to the precursor cage
[3BF,@Pd,Lg] did not result in any change of the cage’s
"H-NMR signals (ESI, Fig. S1f). This was expected as the
neutral guest uptake only occurs in the presence of halide
anions that trigger the enlargement of the central pocket.*

Single crystal X-ray structure

Single crystals of [2Cl + C¢Hg@Pd,Lg] were obtained via slow
vapor diffusion of diethyl ether into an acetonitrile solution of
the host-guest complex. X-ray data measured at a synchrotron
radiation source reveal that the supramolecular structure con-
sists of two monomeric cage units which interlace into the
[Pd4Lg] double cage architecture (Fig. 2b). The structure crys-
tallized in space group P4/ncc with one fourth of the double
cage in the asymmetric unit. Similar to results obtained in pre-
vious guest inclusion studies, the structure features three
pockets, the outer two occupied by a chloride anion and the
inner void occupied by the neutral guest molecule 1 (C¢Hg).
The crystallographic analysis was complicated as the encapsu-
lated guest molecule 1 is disordered over a special position
(4-fold axis). Therefore, it is able to reside in four different,
symmetry-equivalent orientations in the cavity, each of which
shows an occupancy of 25%. Hence, the crystallographic data
alone did not allow us to unequivocally interpret the exact co-
conformation of host and guest in the complex. We solved this
problem by modelling one cyclohexadiene guest molecule
inside the cavity (in accordance with NMR spectroscopic and
mass spectrometric data) and evaluated the crystallographic
model using an omit map (see ESI, Fig. S217}). As a result, the
guest in [2Cl + CcHg@Pd,Lg] is slightly tilted off the vertical
axis between the palladium cations flanking the inner void.
The distances between the palladium cations for the outer
pockets are 6.4 A and for the inner cavity 10.6 A. Modelling
and refinement details can be found in the ESL.}

Photocatalysis

1,3-Cyclohexadiene 1 is known to undergo a [4+2]
cycloaddition with atmospheric oxygen in the presence of a
photosensitizer such as Rose Bengal (RB)** or tetraphenylpor-
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phyrin (TPP)** under irradiation. The main product in this
reaction is endoperoxide 2 with yields of 71% and 80%,
respectively. Photosensitization produces singlet oxygen by
triplet energy transfer from the dye molecules. Besides its bio-
logical relevance, for example in the oxidation of cholesterol,*?
singlet oxygen is frequently used in synthetic organic
photochemistry.*®*” A major problem with the typically
employed dyes RB, TPP or methylene blue is their lack of long-
term stability.*®

As acridone derivatives were reported before to serve as
photosensitizers for singlet oxygen generation,*® we first tested
ligand L for its ability to catalyse the photoreaction. However,
ligand L turned out to be too light sensitive and even needs to
be stored in the dark to prevent decomposition. Pleasingly,
this lack of stability was completely abolished after cage
assembly: both [3BF,@Pd,Lg] and [2Cl@Pd,Lg] did not show
significant degradation after being exposed to light, even after
several weeks. Encouraged by this observation, we anticipated
that the acridone-based cages will be sufficiently stable as
triplet photosensitizers.

Free acridone ligand L shows two absorption maxima at
262 and 357 nm with a shoulder at 319 nm. These bands are
slightly blue shifted for the cages and the absorption of the
shoulder is increased. [2Cl@Pd,Ls] has three absorption
maxima at 265, 231 and 360 nm and [3BF,@Pd,Lg] has
three absorption maxima at 265, 231 and 362 nm (ESI,
Fig. S21%).

For testing photochemical oxygen activation, [2Cl@Pd4Ls]
was freshly prepared in CD;CN and 30 eq. of guest 1 was
added. After an incubation time of 24 h, "H NMR spectroscopy
confirmed the formation of the host-guest complex [2Cl +
Ce¢Hg@Pd,Lg] in addition to a small amount of free host
[2Cl1@Pd Ls] (Fig. 3a and ESI, Fig. S41). The sample was placed
in a sealed screw cap vial (0.35 mM [2Cl@Pd,Lg], sample
volume 1 mL) and irradiated at room temperature in a photo-
reactor’® for 40 minutes with a 365 nm LED source (3.4 W).
Subsequently, the "H NMR signals of the cage protons Hg, Hy
and H, that are pointing inside the cavities shifted signifi-
cantly, indicating a reaction of the encapsulated species
(Fig. 3a). Furthermore, a new set of signals appeared at chemi-
cal shifts of § = 6.63, 4.60, 2.22 and 1.43 ppm (Fig. 3b), match-
ing with the reported literature values of endoperoxide 2 in
CD;CN solution.®® Full conversion of 1 was observed, and
endoperoxide product 2 had been formed as the main species.
Hydroperoxide 3 was observed as a side product, which is the
product of an ene reaction to singlet oxygen (light blue signals
in Fig. 3).**

Interestingly, proton signals for inward pointing H,, Hy
and H, of the double cage were found to split into three sets,
one assigned to [2Cl + 2@Pd,Lg], marked orange in Fig. 3a,
and two further sets highlighted in turquoise. We assume that
one of the latter signal sets stems from host including side
product 3. The third group of signals may result from encapsu-
lation of yet another product isomer or caused by 3 adopting a
different, sterically locked position inside the host pocket.
With the help of a DOSY experiment (ESI, Fig. S11%), we could

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) *H NMR spectra of [2Cl@Pd4Lg] (0.35 mM) in the presence of 1,3-cyclohexadiene 1 (30 eq.) before (green) and after (orange and tur-

quoise) irradiation with a 365 nm LED in the presence of air for 40 minutes.

The transformation of 1 (gold) into products 2 (lime) and 3 (light blue) as

observed in the same NMR spectrum (depicted in an expanded format in the right half). (b) *H NMR spectra of [3BF,@Pd,Lg] (0.35 mM) in the pres-
ence of 1 (30 eq.) (blue) before and after irradiation with 365 nm LED for 40 minutes. Right: conversion of 1 into 2 and 3 by [3BF;@Pd,Ls].

Table 1 [2+4] Hetero-Diels—Alder reaction of singlet O, and 1 to form
2
o OOH
talyst
@ catalys ﬁ{ .
O,, 365 nm, 40 min
1 2 3

No. Condition Conversion 2 3

14 [2Cl@Pd L] 100% 58% 142%
24 [3BF,@Pd,Ls] 88% 70% 30%
3P [Pd,L,] 100% 57% 43%
4° [L(Pd-terpy),] — 0 0

5 only 1 in CD;CN — 0 0

6° ligand L — 0 0

%0.35 mM (£2.8 mM ligand) solution of the cage in CD;CN, 30 eq. of 1
under air. Irradiation with 365 nm LED. Yield determined by "H NMR
spectroscopy. Average of three samples. ?0.7 mM in CD;CN. “2.8 mM
in CD,CN.

confirm that all signal sets belong to species with the size of
the double cage.

In order to confirm that species [2Cl@Pd,Ls] served as a
photocatalyst, we performed a series of control experiments,
summarized in Table 1. First, addition of 1 to [2Cl@Pd,Ls]
under argon shows no formation of peroxides 2 or 3, which
clearly confirms that a light induced [4+2] cycloaddition is
taking place only in the presence of molecular oxygen (ESI,

This journal is © The Royal Society of Chemistry 2020

Fig. S121). When only 1 in CD3;CN was irradiated for
40 minutes, the solution turned brown with the formation of a
sluggish precipitate and the "H NMR spectrum shows neither
substrate nor product signals (ESI, Fig. S13}). Likewise, a
mixture of free acridone ligand L (2.8 mM in CD;CN) and 1
resulted in decomposition of both L and 1 after 40 minutes of
irradiation as indicated by the formation of a brown precipi-
tate and disappearance of 'H NMR signals corresponding to
the ligand and substrate (ESI, Fig. S147). In order to better mimic
the electronic situation of a single acridone ligand as part of the
cage, we prepared the complex [L(Pd-terpy),] (terpy = 2,2:6',2"-ter-
pyridine), in which two terpy-capped palladium cations are co-
ordinated to both pyridine nitrogen donors of the ligand (see the
ESIf for synthesis conditions and characterization). Intriguingly,
this species did not perform as a catalyst either, as demonstrated
by '"H-NMR analysis (ESI, Fig. S157). Altogether, these experiments
point to an intrinsic photocatalytic activity of the coordination cage
[2Cl@Pd,Lg]. Previously, we have reported a [Pd,L,] cage with the
same acridone backbone, but with isoquinoline instead of
pyridine donor groups, which did not lead to cage dimerization.>*
Under the same reaction conditions, this cage performed similarly
to [2Cl@Pd,Lg] (Table 1 and ESI, Fig. S197), showing that cage
interlocking is not necessary for photocatalytic activity.

Next, we addressed the question whether the reaction takes
place inside the central pocket of [2Cl@Pd,Lg]. As stated
above, the neutral substrate is taken up by the cage as a guest
only in the presence of chloride anions. To probe whether sub-
strate encapsulation was a prerequisite for a successful hetero-
Diels-Alder reaction, 30 equivalents of 1 were added to a solu-

Dalton Trans., 2020, 49, 9404-9410 | 9407
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Fig. 4 ESI-MS spectrum of the host—guest complex [2Cl +
CeHgO,@Pd,Lg] obtained by the slow photosensitization of a cage—sub-
strate mixture in the presence of air after 94 days.

tion of [3BF,@Pd,Lg] and the mixture was irradiated for
40 minutes in the presence of atmospheric oxygen.
Interestingly, about 88% of 1 was converted into 2 as the
major product (Fig. 3b). Further irradiation for 40 minutes
resulted in the complete conversion of 1 (ESI, Fig. S17).
Importantly, cage [3BF,@Pd,Lg] itself is not affected by
irradiation as no change in its 'H-NMR spectrum was
observed. Since the tetrafluoroborate-containing coordination
cage [3BF,@Pd,Lg] does not have any vacant pockets, it can be
concluded that the hetero-Diels-Alder reaction is not depen-
dent on encapsulation of 1.

In order to improve the selectivity of the reaction towards
single product 2, we reduced the light intensity of the LED to
50% (ESI, Fig. S161) or 20% (ESI, Fig. S17t) in order to slow
down the reaction and yield only product 2, without success.
Then, we performed the reaction at 5 °C, which was reported
to be the optimal temperature with Rose Bengal as the photo-
sensitizer.”®> Also, under this condition, similar amounts of
side product 3 were observed in the "H NMR spectrum (ESI,
Fig. S187).
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Finally, we were able to maximize the formation of product
2 by leaving the sample in ambient daylight for 94 days.
Here, the formation of compound 2 and its host-guest
complex [2Cl + 2@Pd,4Lg] were clearly observed to be the only
products. The "H-NMR-signals of the host-guest complex
correspond to the chemical shifts marked in orange in Fig. 3a
(compare ESI, Fig. S207). The hypothesis that the signal split-
ting described above is a result of different encapsulated pro-
ducts was thus confirmed. High resolution ESI mass spec-
trometry showed signals corresponding to [2Cl1 +
CeHg0,@Pd,Lg + nBF,]®™™" (n = 0-3) (Fig. 4), thus confirming
the encapsulation of a species with a chemical formula of
CeH;0,.

To our delight, we were able to obtain single crystals of
[2C1 + CeHgO,@Pd,Lg] via slow vapor diffusion of diethyl
ether into an acetonitrile solution of the host-guest
complex. The crystal structure is similar to the structure of
[2C1 + CeHg@Pd,Lg] and also crystallized in the space group
P4/ncc with one fourth of the double cage architecture in the
asymmetric unit. Similar to the [2Cl + CsHg@Pd Lg] structure,
the guest is positioned on the four-fold axis and was modelled
in the inner cavity in accordance with the NMR spectroscopic
and mass spectrometric data. The omit map (Fig. 5 and
Fig. S227) confirms the consistency of this position with the
crystallographic data. The palladium-palladium distances in
the [2Cl + C¢H0,@Pd,Lg] complex are 6.4 A for the outer
pockets and 10.7 A for the inner pockets. Guest 2 is
slightly tilted off the vertical axis between the palladium
cations in the central cavity of the interpenetrated coordi-
nation cage with the shortest palladium-guest distance
measuring 3.0 A. Close intermolecular contacts between the
acridone ligands of the cage and neutral guest 2 were
measured to range from 2.3 to 3.3 A. The shortest inter-
molecular CH---O contact is 2.6 A.

Fig. 5 X-ray crystal structure of [2Cl + CgHgO,@Pd4Ls] (colour scheme: C: light/dark gray; N: blue; O: red; Cl: yellow; F: green; B: salmon; Pd:
orange, and H: white). Neutral guest molecule 2 in the central pocket of the cavity was modelled based on the NMR and ESI-MS results consistent
with the crystallographic data. It is depicted to adopt one of four symmetry-equivalent positions. For clarity, hydrogen atoms of the coordination
cage, co-crystallized solvent molecules and counter anions outside the cage structure were removed.

9408 | Dalton Trans., 2020, 49, 9404-9410
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Conclusions

We demonstrated the ability of interpenetrated coordination
cages [2Cl@Pd4Lg] and [3BF,@Pd,Lg] to convert 1,3-cyclohexa-
diene 1 in the presence of atmospheric oxygen and light into
the peroxides 2,3-dioxabicyclo[2.2.2]oct-5-ene 2 and 3-hydro-
peroxycyclohexa-1,4-diene 3. The metal-mediated supramole-
cular assembly stabilizes the acridone ligand toward photode-
gradation and thus enables its photochemical activity. As
shown by "H NMR spectroscopy, high-resolution mass spec-
trometry and X-ray structure analysis, [2Cl@Pd,Lg] readily
encapsulates both substrate and product of the examined reac-
tion. Photocatalytic activity, however, is not restricted to the
host-guest complex. Also, the unbound substrate in the pres-
ence of either one of the coordination cages is converted to the
peroxide. In future studies, we will extend the substrate scope
for this reaction and examine the system’s capability to cata-
lyse further electrocyclic reactions.
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