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Abstract: We report a light-responsive tetrahedral
metal-organic capsule that binds a perrhenate catalyst,
which is released selectively upon irradiation with
350 nm light, turning on the catalytic reduction of
organic carbonyls by hydrosilanes. The catalytic activity
can be switched off by heating at 75°C for 2.5 h, which
stimulates capsule reformation and catalyst re-encapsu-
lation. Multiple on-off cycles were shown, with a clear
relationship between product yield and light irradiation
time. Encapsulation thus enables the coupling of light-
responsiveness to catalysis in a manner that might be
generalized to other catalysts and capsules. )

Metal—organic capsules!!! have shown promise in catalysis
due to their well-defined structures,” tunable chemical
environments,’! and the confined reaction environments
that they provide.”! The integration of photoresponsive
elements into metal-organic capsules has the potential to
enable dynamic modulation of catalytic activity through
light.l”

The use of light as a stimulus increases the utility of
catalysis, offering advantages that include precise spatial and
temporal control, non-invasiveness, and tunability of wave-
length and intensity.!”! The exploration of photoresponsive
materials for catalysis has been driven by the prospect of
achieving switchable catalytic processes with unprecedented
levels of control.”! Key examples include the utilization of
azobenzene-functionalized metal-organic frameworks® and
supramolecular assemblies® with light-responsive gates for
achieving stimuli-responsive catalysis. These studies have
demonstrated the potential of photoresponsive materials to
modulate catalytic activity in a controlled manner, opening
new avenues for applications in synthesis.
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Building upon these advances, this work presents an
approach to switchable catalysis using photoresponsive
metal-organic capsules. Our tetrahedral metal-organic cap-
sule, functionalized with light-responsive diazo moieties at
its metal-ion vertices,'” reversibly captures and releases the
active catalyst perrhenate, governing its catalytic activity in
organic transformations.

Perrhenate is known to act as a catalyst for various
chemical reactions, including the epoxidation of alkenes,!!!
the Beckmann rearrangement of oximes,'” and deoxydehy-
dration of glycols."® However, these processes often require
harsh conditions, involving hydrogen peroxide, strong acids,
or temperatures exceeding 150°C. As these conditions
would destroy most metal-organic cages, we sought reac-
tions that would proceed under milder conditions to probe
cage-mediated perrhenate catalysis. Recent studies have
shown that ReO,  can serve as a catalyst for the reduction
of organic carbonyls by hydrosilanes under much milder
conditions."™ Here we introduce the use of coordination
cage 1 (Figure 1a) as a synthetic host that binds perrhenate
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Figure 1. Guest binding and release by photo-responsive cage trans-1.
(a) The assembly of subcomponents A and trans-B with Cd" produced
cage trans-1, (b) which binds the anionic guest perrhenate; only one of
the four ligands forming the faces of the tetrahedron is shown. (c)
Reversible perrhenate release and uptake from trans-1 are driven by
light and heat, respectively.
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Figure 2. Binding of perrhenate within 1 deactivates its catalytic activity, whereas its photo-stimulated release reactivates catalysis. (a) General
reaction scheme for the synthesis of product 4 under perrhenate catalysis. (b) Yield of anisyl alcohol observed under the conditions noted. (c)

Catalytic cycle for the formation of 4 from 2 and 3, catalyzed by ReO,".

ions, which can act as a catalyst for the reduction of
aldehydes.

When exposed to light as depicted in Figure 1c, the 12
diazo moieties within 1 undergo isomerization from the trans
to the cis configuration, leading to steric clashes and
subsequent dissociation of the cage vertices, ultimately
leading to the release of the bound perrhenate ion. This
released perrhenate can subsequently catalyze the reduction
of p-anisaldehyde. Heating at 75°C subsequently converted
the cis diazo moieties back to the trans configuration,
regenerating the cage, triggering reuptake of the perrhenate
catalyst, and preventing further reaction. This cycle can be
repeated until the substrates are consumed, presenting an
attractive method for switchable catalysis and emphasizing
the potential for controlling a reaction using light.

Building upon prior work involving light-driven guest
uptake and release,” we designed cage 1.'"" Tritopic
formylpyridine subcomponent A" (4 equiv) and trans-B
(12 equiv) reacted with cadmium(II) bis(tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate Cd(BAr",),, 4 equiv) in
acetonitrile, yielding the tetrahedral capsule trans-1 (Fig-
ure la) as the uniquely-observed product. Non-coordinating
BAr",” was chosen as the counter-anion for 1 because
BArf,” is larger (968 A% than the cavity volume of 1
(180 A%, eliminating the possibility of competition with
ReO,". Characterization of trans-1 was undertaken by NMR
spectroscopy (Figures S2-S7), electrospray ionization mass
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spectrometry (ESI-MS) (Figures S8 and S9) and UV/Vis
spectroscopy (Figure S10). In the presence of visible light,
all the azo groups remain in their trans form. Analysis of the
"H NMR spectra of 1 indicated the presence of only one set
of ligand signals, suggesting the exclusive formation of a 7-
symmetrical product trans-1 (Figure S2). Examination of the
'"H DOSY spectrum confirmed the existence of a single
species, with a diffusion coefficient (D) of 4.2x10 ""m?*s™!
(Figure S5), corresponding to a hydrodynamic radius of
15.3 A, consistent with our proposed tetrahedral structure.

Upon exposure to 350 nm light, the trans-azobenzene
moieties situated at the vertices of cage 1 underwent
photoisomerization, resulting in the formation of the cis
configuration. This process was monitored through 'H NMR
(Figures S12-S13) and UV/Vis spectroscopy (Figure S15).
The 'H NMR spectra revealed multiple sets of ligand signals,
indicating the presence of a mixture of cages containing
both cis- and trans-diazo moieties (Figure S12). Photoswitch-
ing induced steric clashes among cis-diazo groups, partially
disassembling the cage, as previously reported.'™ Subse-
quently, heating at 75°C reversed this partial disassembly,
restoring cage trans-1, as confirmed by 'H NMR (Figur-
es S13 and S14).

We investigated the ability of trans-1 to bind perrhenate
(Figure 1b). Addition of tetrabutylammonium perrhenate to
a solution of trans-1 resulted in significant shifts of NMR
peaks, consistent with guest binding (Figure S17). ReO, C-
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trans-1 exhibited downfield shifts of inward-facing proton
signals (Figure S18), consistent with close contacts between
encapsulated ReO,” and the aromatic panels lining the cage
cavity. NMR titration provided a binding constant K,=
7.6x10° M~ (Figure S25). The volume of the perrhenate
anion (70 A% occupies 39% of the cavity volume of 1
(180 A%, consistent with Rebek’s 55% rule.'”! We infer
binding to be driven by the coulombic interactions between
the anionic guest and the cationic cage framework. Addi-
tionally, ’F NMR data (Figure S28) confirm guest binding
within a Zn" analog of cage 1,"* showing displacement of
the already-bound guest by ReO,", consistent with a direct
guest exchange process.

The isomerization of the diazo moieties of 1 provided
control over the release and uptake of ReO,  using light and
heat as external stimuli (Figure 1c). When ReO, Ctrans-1
was irradiated with 350 nm light, photoisomerization pro-
moted the dissociation of the cage, as evidenced by '"H NMR
spectra (Figure S32), releasing the ReO,”. Conversely, upon
heating at 75°C, cage trans-1 reformed, resulting in the re-
uptake of ReO,, as confirmed by 'H NMR (Figure S33)
and UV/Vis spectroscopy (Figure S35).

After establishing reversible guest release and uptake,
we evaluated the efficiency of the system as a photo-
switchable catalyst, whereby released ReO, is expected to
catalyze the reduction of p-anisaldehyde by phenylsilane,
yielding anisyl alcohol. Catalytic activity was not anticipated
for the ReO, Ctrans-1 complex, as encapsulated ReO," ions
were hypothesized to remain unreactive. Cage 1 was chosen
because it was not observed to bind neutral substrates,!'®
ensuring that only suitably-sized anionic guests, such as
ReO,", would be selectively encapsulated.

An NMR-scale trial reaction was carried out between
substrate 2 and PhSiH; (1.2 equiv) in the presence of
1 mol % of tetrabutylammonium perrhenate. After 2.5 h at
75°C, the 'H NMR spectrum indicated near-complete
consumption of the aldehyde and formation of product 4
(Figure S39).

A possible pathway for the reaction of 2 with phenyl-
silane (3) and the perrhenate catalyst is shown in Figure 2c.
Phenylsilane and perrhenate react to form a five-coordinate
silicon center, where the aldehyde reacts directly with the
Si—H bond to yield the intermediate shown. This intermedi-
ate then reacts with another molecule of 2, followed by
hydrolysis to form the final product 4.

We then carried out the same reaction in the presence of
cage 1 both before and after illumination (Figure2). As
shown in Figure 2, when a 1:1.2 mixture of 2 and 3 was
heated at 75°C in the presence of the closed complex
ReO, Ctrans-1 (1 mol %), only traces of anisyl alcohol 4
were observed (Figure2b and Figure S42). Under other-
wise-identical conditions, but after exposure to 350 nm light,
23 % of product 4 was obtained (Figure 2b). Further heating
to 75°C for 2.5 h yield only 2 % additional product, as this
temperature stimulated the reformation of trans-1, leading
to the reuptake of ReO, . Upon irradiation with 350 nm
light, the cage partially disassembled, releasing the catalytic
guest while retaining its structural integrity, with Cd**
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coordination preserving the stability of the pyridyl aldehyde
moieties under reducing conditions.

Investigations were then carried out as to the effects of
photo-switching the catalytic formation of 4 on and off
multiple times before the reaction had reached completion
(Figure 3b). A 1:1.2 mixture of 2 and 3 in the presence of
1 mol% ReO, Ctrans-1 yielded 3% of product 4 after
heating at 75°C for 2.5 h (Figure S47i). Subsequent illumina-
tion at 350 nm resulted in an overall yield of 27 % of product
4 after 2.5h (Figure S47iii). The heating period again
facilitated product formation, but also resulted in the
recapture of ReO, , regenerating ReO, Ctrans-1. This
competing process resulted in the lower yield observed in
this state, as compared to reactions conducted without 1
(Figure S39). Further heating under the same conditions for
2.5h resulted in an increase of the total yield to 29 %
(Figure S47iv). A second cycle of irradiation and heating
resulted in a cumulative yield of 39 % (Figure S47vi), with a
third cycle increasing the total yield to 45 % (Figure S47ix).
The decrease in yield between the first and second
illumination cycles (Figure 3b) is attributed to the depletion
of reactants and hydrolysis of phenylsilane, which reduced
the amount of product generated in subsequent cycles.

Finally, we investigated whether catalysis could be
modulated by varying the duration of illumination (Fig-
ure 3c). To better understand the structural changes occur-
ring during this process, we monitored the photoisomeriza-
tion of ReO, Ctrans-1 at different illumination times
(Figure S48). Then, the reaction was conducted using
ReO, Ctrans-1 after light exposure from 5 to 30 minutes,
with dark intervals of 5 minutes between them (Figure S50).
The results showed a linear correlation between the degree
of cage disassembly and product yield (Figure 3c). As the
duration of irradiation increased, more cages opened,
releasing more ReO,  and consequently resulting in higher
yields of product.

In conclusion, this study demonstrates the potential of
light-responsive metal-organic capsules in switchable catal-
ysis, showing how they can regulate free catalyst concen-
tration, and thus reaction rate, through reversible structural
changes involving guest release and uptake triggered by light
exposure. Our findings may enable switchable catalysis in
novel contexts, by coupling light exposure together with
catalytic activity. Future development of this concept may
enable the development of new switchable materials and
reactions, and the design of complex chemical systems!"
where competing rates of catalytic reactions may be
governed by light-mediated encapsulation. Additionally,
future work will aim to optimize this photo-switchable
catalyst system by enhancing its efficiency and expanding its
applicability to other catalytic processes.

Supporting Information
Full experimental procedures can be found in the Support-

ing Information. The authors have cited additional refer-
ences within the Supporting Information.!'***
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Figure 3. Photo-switching of the catalytic reduction of p-anisaldehyde by ReO,” mediated by trans-1. (a) Catalyst release from 1 triggered the
reaction between 2 and 3. (b) The yield of 4 was observed to increase after each pulse of light applied to the system as ReO,~ was released. (c)
Correlation between the quantity of product 4 formed and the release of ReO,” from 1 under varying 350 nm illumination times.
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Light is an optimal stimulus to control
the functioning of chemical systems, as
it is clean, traceless, and easily applied.
In this work we demonstrate a new way
to couple catalytic activity to light input
by encapsulating an aldehyde-reduction
catalyst within a cage that opens upon
illumination. This concept may enable
illumination to be geared with catalytic
activity for other reactions, including
industrially relevant ones.
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