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Assembling Phenothiazine into a Porous Coordination Cage to
Improve Its Photocatalytic Efficiency for Organic Transformations
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Gregory S. Day, Hannah F. Drake, Haomiao Xie, Riya Bose, Conor A. Ryan,

Christopher H. Hendon,* and Hong-Cai Zhou*

Abstract: Photo-catalysis by small-molecules is often
limited by catalyst degradation and low electron-transfer
efficiency. Herein we report a stable N-phenyl-pheno-
thiazine (PTH)-derived porous coordination cage (PCC)
as a highly efficient photocatalyst. By the incorporation
of the photocatalytic PTH moiety into a PCC, aggrega-
tion-induced quenching (AIQ) was shown to be re-
duced. An improvement in catalyst stability was discov-
ered, ascribed to the synergistic effects of the PTH
moieties. The catalyst, operating through a photolytic
single-electron transfer, was utilized for photo-catalyzed
dehalogenation and borylation. Evaluation of the cata-
lytic mechanism in the borylation reaction showed that
the improved performance results from the more
efficient formation of the electron donor-acceptor
(EDA) complex with the cage. This discovery provides a
potential strategy to improve the photophysical proper-
ties and stabilities of small-molecule organic photo-
catalysts via supramolecular chemistry. )

Introduction

Photoredox catalysis harvests electromagnetic energy of the
incident photon flux to catalyze electron transfer
reactions.!'™ The involvement of light during the catalysis
facilitates desirable reactions under mild conditions and
through efficient catalytic cycles.*! For example, borylation
of aryl chlorides was traditionally achieved with palladium
complex catalysts at 110°C under air free conditions, while
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similar conversion using a photocatalyst can be achieved at
room temperature with an LED light.F” These fascinating
chemistries are rendered by photocatalysts that can initiate
photoinduced electron transfer (PET). The photoexcited
photocatalysts (PCs) act as potent redox reagents that
initiate the bond cleavage and/or redox reactions in the first
step of the catalytic cycle. Especially, organic PCs, have high
redox potential and broad structural diversity that allows for
on-demand molecular design. N-phenylphenothiazine
(PTH), belonging to an emerging class of organic PCs, has a
high reduction potential of —2.3V in its excited state,
representing a comparable reducibility to that of elemental
sodium. Owing to the potent reducibility upon excitation,
PTH was reportedly utilized in photocatalytic atom transfer
radical polymerization reactions as well as various bond
formation reactions, including C-C, C-H, and C-O
bonds.**! However, PTH and its derivatives, together with
many other organic PCs, suffer from some common
detrimental issues, such as low turnover number and
relatively long reaction time, due to the short exciton
lifetime and poor stability against photobleaching.'

Porous coordination cages (PCCs), also known as metal-
organic polyhedra (MOPs), are nanoscale cage-like com-
pounds assembled from organic linkers and metal clusters
through coordination bonds."?"! PCCs can be solubilized in
appropriate solvents while maintaining cage-like structures
with internal cavities for guest binding.”"! Through rational
structural design, the properties of PCCs, including charge,
size, geometry and guest affinity, can be adjusted towards
targeted functions of the designed PCCs. Particularly, PCCs
have been widely utilized as nanoscale reactors to catalyze
intermolecular reactions.””*! The highly tunable nature of
PCC structures allows for customization towards high
reactivity for a reaction of interest. For instance, charge,
hydrophobicity, and size of a PCC can be tuned by rational
design to achieve strong and specific binding towards the
reactants of interest. To the best of our knowledge, research
on photocatalytic PCCs remains preliminary so far, with
most work focusing on photodegradation and photoinduced
hydrogen evolution reaction (HER).[#!

We envisioned the implementation of a photocatalytic
organic moiety into a PCC can generate a PCC-based
homogeneous photocatalysts with improved catalytic per-
formance compared to the starting organic PC. The integra-
tion of an organic PC into the linker of a PCC can constrain
molecular configuration of the photoactive moiety upon
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excitation, which can potentially stabilize the organic PC
and deter photobleaching. Preorganization effect from the
PCC assembling can combine multiple photocatalytic cores
into a singular cage and facilitate optimal substrate binding,
which might allow for more efficient SET during the
initiation of the photocatalytic cycle. In this work, we aim to
design and synthesize a PCC-based photocatalyst and
characterize its photocatalytic performance systematically to
validate the strategy. To ensure the stability of the targeted
PCC during photocatalysis, a zirconocene-based cluster,
[Zr;Cps(1,-OH);(u3-0)] (ZrCp),*! was utilized in a [444]
reaction to construct a tetrahedral PCC with a PTH-derived
tricarboxylate linker, L1°~ (Figure 1a). The ZrCp cluster has
Cs;-symmetry and form robust Zr—O bonds with the
tricarboxylate linkers. With tricarboxylate linker of 3-fold
symmetry, the ZrCp cluster can form positively charged
tetrahedral PCCs possessing superior stability under acidic
and weakly alkaline conditions. The ZrCp-based PCCs have
gained broad interests due to their structural diversity and
outstanding performance in various applications, including
sensing, homogeneous catalysis,*”>*? separation,” antimi-
crobial therapy,*® and bioimaging."”) Herein, we report the
construction of a new ZrCp-based tetrahedral PCC, PCC-40,
with a photocatalytic organic linker L1°~, derived from 3,7-
di(p-carboxylic)-N-(p-phenylcarboxylic)-phenothiazine
(H;L1), and the photocatalytic performance in various
reactions of cage.

Results and Discussion

Recently, Yuan and co-workers used a triphenyl amine-
based ligand (H;TCPA) to construct a similar PCC (Zr-
MOC-1) with the ZrCp cluster.”® Through rational struc-
tural design, L1’ can form a tetrahedral PCC (PCC-40)
with the [(ZrCp),(L1),]*" cluster (Figure S3a).Our numer-
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Figure 1. a) The formation of PCC-40. b) 'H NMR of PCC-40 in dmso-
dg. ¢) ESI-MS of PCC-40(4+) and simulated peaks.
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ous attempts in determining the crystal structure of PCC-40
via single crystal X-ray diffraction (SCXRD) were unsuc-
cessful, because of the overall weak diffractions and the lack
of diffraction spots at the high angle region, presumably due
to the high solvent-accessible volume and the random
packing of the PCCs in the lattice. Upon modelling based on
the PXRD patterns, PCC-40 was found to share the similar
peak pattern as the simulated structure (Figure S6). The
packing among various ZrCp-based cages is highly tunable
by weak inter-cage interactions such as hydrogen bonding
confirmed by multiple findings.

The identity of PCC-40 in solution was confirmed by
mass spectrometry and NMR spectroscopic analysis. In the
mass spectra of PCC-40, multiple positively charged peak
envelopes were detected (Figure 1c and S1). They corre-
spond to the PCC-40 cages of different charges that are
presumably generated by the p>-OH deprotonation on the
clusters. Interestingly, peak envelopes corresponding to
PCC-40 cages with DMA molecules were also found in the
mass spectra, indicative of DMA staying with PCC-40. In
the '"H NMR spectra of PCC-40 in DMSO-d,, the protons on
the clusters are well-defined (red) and can be assigned to
specific chemical shifts, while the protons on the ligands
exhibit broad peaks (green) potentially due to the low
symmetry of the ligand (Figure 1b), and Cp protons are
indicated by blue shade. Two-dimensional (2D) NMR
studies on PCC-40 in solution further verified the cage
structure of PCC-40 is maintained in the solution (Fig-
ure S2). The solution state characterization of PCC-40
supports its potential to be a homogeneous catalyst.

The composition of the PCC-40 crystals was furthered
evidenced by EDS mapping, as colocalization of Zr, C, O, S
and Cl throughout the crystals were found in the SEM
images (Figure S3b,c). Moreover, the solid-state NMR
studies on the PCC-40 crystals revealed that freely rotating
liquid-like DMA molecules existed in the crystal lattice, as
evidenced by the relatively sharp proton peaks of DMA at
elevated temperatures, which corroborates well with the
porous nature of the PCC-40 crystals (Figure 2). Upon the
assemblage of PCCs, the electronic structures of the cages
often deviate from the ligands due to the ligand-metal
charge transfer (LMCT) and the restrained ligand config-
uration in the PCC. To investigate the changes in electronic
structures, we examined the UV/Visible spectra of the PCC-
40 in DMSO (Figure 3a and Table 1). In the low wavelength
region of the UV/Vis spectra (below 350 nm), the sharp
absorption peak of PCC-40 blue shifted compared to the
protonated ligand, H;L1, potentially due to the cyclopenta-
dienyl groups on the cluster. While in the visible region
(above 350 nm), both PCC-40 and H;L1 exhibit broad
absorption at 350450 nm with PCC-40 being 10-nm red-
shifted compared to H;L1. Quantitative measurements
indicated PCC-40 has an extinction coefficient of 1.36x
10* cmmLmol *cm ™ at 450 nm, which is 6 times higher than
that of H;L1 at 440 nm. It should be noted that one PCC-40
structure contains four H;L1 units, albeit the higher than 4-
fold increase indicates that the synergistic effect of cage
assemblage leads to non-linear enhancement represented by
the Beer-Lambert’s Law. The increase in extinction coef-
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Figure 2. Solid-state *C NMR of PCC-40.

ficient also implies that PCC-40 can harvest visible light
more effectively than its building blocks.

In order to understand how the LMCT affects the
photoluminescence properties, the 3D excitation-emission
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matrix (EEM) spectra of PTH, H;L1, and PCC-40 were
measured and compared in Figure 3b-d. Under low wave-
length excitation (350 nm), both the ligand H;L1 and PCC-
40 exhibit a 450-nm emission peak and secondary emission
peaks with longer wavelength. The secondary emission peak
for H;L1 is located at 535 nm while the one for PCC-40 is
redshifted to 585 nm. The relatively large redshift in the
emission spectra strongly implies the prominent change in
the electronic structure of the ligand chromophore. To
further investigate how cage assembling affects the elec-
tronic structure of the chromophore, DFT calculations were
carried out to geometrically optimize the structure and
compute the molecular orbitals of PCC-40. As shown in the
optimized PCC-40 structure (Figure 4), the orientations of
the phenyl carboxylates are in-plane with the Zr atoms,
which facilitated charge-transfer between the ligand and
metal centers. As for the ligand overall configuration, L1*~
in the optimized cage structure exhibit a different config-
uration than that of H;L1 in solution due to the constrained
cage structure. Notably, such difference in the ligand
configuration results in 14.5 kJmol ™' increase in free energy
for each ligand, meaning that the assembling of PCC-40
distorted the ligand towards an unfavorable configuration.
The energy increase resulted from this presumably leads to
higher catalytic activities.

The availability of excited states of a PC under light is
crucial to its catalytic performance since electron transfer in
the initiation of the catalytic cycle takes place between the
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Figure 3. a) UV/Visible absorption spectra of PCC-40, H;L1, and PTH. b) 3D fluorescence spectrum of PCC-40. Horizontal: emission, vertical:
excitation. Contour map peak (ex 350 nm, em 450 nm; ex 400 nm, em 585 nm) c) 3D fluorescence spectrum of H;L1. Horizontal: emission,
vertical: excitation. Contour map peak (ex 350 nm, em 450 nm; ex 400 nm, em 535 nm) d) 3D fluorescence spectrum of PTH. Horizontal: emission,

vertical: excitation. Contour map peak (ex 350 nm, em 450 nm).

Table 1: Extinction coefficients of PCC-40, H;L1, and PTH. g, is calculated based on the local absorption maximum with wavelengths longer than
300 nm, that is, 382 nm for PCC-40, 360 nm for H;L1, 321 nm for PTH. g, is calculated based on the absorbance at 460 nm. Lifetimes are

collected @ 350 nm laser light excitation.

Photocatalyst €max/ mL-mol! -cm-1 €460/ mL-mol! -cm-! Quantum Yield FL Weight and Lifetime (A4, 14, Az, T2)
PCC-40 742 x 104 1.36 x 10 0.333 @ 585 nm, 0.46, 1.83 ns, 0.47, 3.58 ns
: T=140ns
HaL1 1.30 x 10 153 x 10 0.181 @ 535 nm, 0.55, 0.82 ns, 0.40, 3.24 ns
2 : T=1.08ns
PTH 427 x 10° NA 0034 @ 450 nm, 0.48, 1.56 ns, 0.44, 4.75 ns

T=174ns
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Figure 4. The simulated molecular conformation of free ligand H;L1
and H;L1 in PCC-40. An energy difference of 14.50 k) mol ™" is
calculated.

PC at its excited state and the substrate. PCs with higher
quantum yields and longer lifetimes are thereby more
favorable. Compared to PTH, H;L1 has seen a dramatic
increase in quantum yield from 0.034 to 0.181. As shown in
our studies, PCC-40 has a quantum yield of 0.333 in DMSO.
The increase of quantum yield might be caused by rigid-
ification of the ligand in the cage structure. The constrained
configuration can, to some extent, eliminate bond rotations
that trigger vibronically coupled non-radiative relaxation
pathways. Photoluminescence lifetime studies conducted on
PCC-40 and H;L1 in the solution revealed a bi-exponential
fluorescence decay pathway in both PCC-40 and H;L1 with
resembling weights (Figure S9-11, Table 1). It is noteworthy
that slightly longer fluorescence lifetimes were observed in
PCC-40 compared to H;L1, which further implied PCC-40
should have higher photocatalytic efficiency.! Meanwhile,
aggregation-induced emission/quenching (AIE/AIQ) was
studied in the Supporting Information section 8 (Figure S12)
to prove the cage’s strength in reducing the unfavored AIQ
effect.

The photophysical properties of PCC-40 indicated its
feasibility to be an efficient photocatalyst. To further
investigate the photocatalytic capability of PCC-40, the
excited state reductive potential of PCC-40 was character-
ized through the method provided by the Alaniz group in
Supporting Information section 10. Cyclic voltammetry
results are shown in Figure S7-8. Numerous studies on PTH
as a photocatalyst indicated it reduces the substrate at its
excited state by a single electron transfer (SET)
process.”1*¥! We assumed, similarly, PCC-40 at its photo-
excited state (PCC-40*) can also undergo the SET pathway,
donating an electron to the substrate, and get oxidized into
PCC-40°".

The high reductive potential (—2.23 V, —1.59 V at differ-
ent conditions) of PCC-40 at its excited state suggests its
potential to initiate a wide range of photoredox reactions via
SET. Aryl halides can be reduced by accepting an electron
from the PC and forming phenyl radical and halide ions.
Theoretically, the measured reducibility of PCC-40* is
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Research Articles

Angewandte

intemationaldition’y, Chemie

sufficiently high for common aryl halides, such as iodoben-
zene (—1.2 V) and bromobenzene (—1.8 V), though reluc-
tant for chlorobenzene (—2.1V) and fluorobenzene. In-
spired by PTH’s reactivity, the activation of alkyl halides,
aryl diazonium tetrafluoroborates, and alkyl hydroxy groups
reported previously, we hope to evaluate the performance
of PCC-40 by photoinduced hydrodehalogenation
reactions.”"* Notably, the resultant phenyl radical has the
potential to form highly desirable products that are domi-
nantly synthesized through noble metal-catalyzed coupling
reactions, such as, Suzuki Coupling (C-C coupling),
Miyaura borylation and Buchwald—-Hartwig Cross Coupling
(C—N coupling).

Based on the findings, we hypothesized PCC-40 can
effectively reduce aryl halides under light via the SET
pathway. The efficiency of such process can be characterized
by photocatalytic dehalogenation reaction of aryl halides. In
the presence of a proton source, the aryl radical intermedi-
ate can be converted into a hydrocarbon. Addition of a
proper reducing reagent in the reaction system can recover
PCC-40" into PCC-40 for a closed catalytic cycle. The
dehalogenation of bromobenzene and iodobenzene was
tested with triethylamine/formic acid as reductants
(Scheme 1). During condition optimization, 460 nm light
was found to more effectively induce the proper excited
state in PCC-40 for SET. Under optimized conditions, the
yield recorded at 90 min were 63 % (PCC-40) and 38 %
(H;L1), respectively. PCC-40 showed a faster reaction rate
compared to H;L1 from 0-180 min after reaction had been
initiated (Figure S16). In the dehalogenation of iodoben-
zene, PCC-40 reached the completion of reaction (78 %) in
10 min, while under the same conditions H;L1's yield was
14 % at 10 min.

To explain the catalytic performance enhancement,
synergistic effects of ligands in PCC-40 were studied. DFT
calculation was performed to compare the energetics of the
HOMOs and LUMOs of PTH, H;L1, and PCC-40 (Fig-
ure 5a). The results show that PTH and H;L1's HOMOs
rests on the phenothiazine center and LUMO rests mostly
on the N-phenyl. In contrast, the LUMO of PCC-40 involves
the [CpsZrsp;-O(u-OH),]**  cluster while the HOMO
involves mostly the organic part (mostly the phenothiazine
center). This more expanded electronic distribution supports
that metal-ligand charge transfer play an important role in

Photocatalyst

X HCOOHTriethyiamine H
Y —
Visible light

aerobic, £t

Light Catalyst Loading  Yield @ 90 min  Yield @ 180 min
PCC-40 0.5% 63% 89%
HiL1 0.5% 38% 81%
PTH 0.5% 1.7% 1.1%
No catalyst NA 3.1% 1.6%
Yield @ 10 min  Yield @ 30 min
PCC-40 0.5% 78% 82%
HiL1 0.5% 14% 7%
PTH 0.5% 0.6% 1.4%
No catalyst NA 0.6% 1.3%

Bromobenzene 460 nm

lodobenzene 460 nm

Scheme 1. SET-based photocatalytic hydrodehalogenation investigated
herein. 460 nm light is applied after condition optimization. Photo-
induced hydrodehalogenation of aryl halides (Br and 1). Triethylamine
is the sacrificial reductive reagent.
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Figure 5. a) DFT calculation on the HOMO, LUMO orbitals of (i) PTH;
(if) H;L1; (i) PCC-40. b) HOMO distribution in computational docking
of iodobenzene inside/outside PCC-40. (i)—(iii) shows stepwise
approaching of interior iodobenzene to one H;L1 in PCC-40. (iv) shows
the docking of exterior iodobenzene to one H;L1 in PCC-40

the catalytic activity of PCC-40. Unlike PTH and H;L1
where the catalytic activity depends solely on the organic
component, the involvement of PCC-40's metal clusters in
the LUMO explains the shifts of UV/Vis and fluorescence
peaks and indicates that the participation of the metal
clusters in electron transfer can rationalize the enhanced
catalytic rates.

To understand the energy transfer and the synergistic
effect of ligands in PCC-40, Stern—Volmer fluorescence
quenching studies were performed to compare the energy
transfer rates of the studied photocatalysts. The quenching
coefficients are calculated and listed in Table 2. It is worth
mentioning that PCC-40 with iodobenzene shows enhanced
fluorescence under 450 nm excitation light, which has not
been reported previously. This effect might be attributed to
the host-guest interaction between iodobenzene and PCC-
40, induced by the confinement effect of the cage, forming
an electron donor-acceptor (EDA) complex which shows
increased light-absorption. Meanwhile, same level of
fluorescence enhancement was not observed when iodoben-
zene was added to H;L1 or PTH solution, suggesting that
the confinement effect of PCC-40 assists the photo-induced
energy transfer. Computational studies were launched to
elaborate the interaction between PCC-40 and iodobenzene.
The docking of an iodobenzene molecule onto PCC-40
shows that iodobenzene molecules have multiple effects on
PCC-40's HOMO dependent on docking positions, including
shifting the HOMO to a different organic linker or directly
tangling with the HOMO of PCC-40 (Figure 5b). This
complex indicates an electron transfer process from the
excited PCC-40 to iodobenzene, forming an EDA complex
under light irradiation. Iodobenzene approaches the PCC-40

Table 2: Photoluminescence quenching coefficients K, of PTH, H,L1,
and PCC-40 at 450 nm, 535 nm, and 585 nm emissions, respectively.
Different emission wavelengths are adopted for max emission intensity.
Quenching rate kg is calculated by average fluorescence lifetime.

Quenching reagent Catalyst Key ! M1 kg / (ns' M)
PTH em450, 2.51 1.44
lodobenzene H,L1 em535, 0.114 0.106

PCC-40 em585, enhanced fluorescence Enhanced fluorescence
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cage and at close enough distance, it actively interacts with
the HOMO of PCC-40, enhancing its UV absorption,
causing enhanced fluorescence. UV/Visible adsorption spec-
tra were collected as incremental amounts of iodobenzene
were added to PCC-40, H;L1, and PTH solutions to
substantiate the calculated results (Figure 6). A significant
absorbance enhancement @ 425 nm was observed when
adding iodobenzene into PCC-40 solution, while H;L1 and
PTH’s absorbance enhancements were barely observable in
the same region. However, PTH’s absorbance overlaps with
iodobenzene and cannot be observed. These results ration-
alize the unique phenomenon that fluorescence was en-
hanced in Stern—Volmer studies, indicating the more
efficient formation of EDA complex in solution due to
PCC-40’s confinement effect on substrates.

Other than synergistic effects, confinement effect from
cages were studied with the hypothesis that the quencher
molecule can diffuse into and out of the cage and induces an
overall slowdown of the diffusion rate of the substrates.
Diffusion-ordered spectroscopy DOSY-'HNMR (Fig-
ure S25) is utilized to depict the diffusion rates, of which the
derived diffusion coefficients are shown in Table 3. A drop
in iodobenzene’s diffusion coefficient was observed, which
to our expectation, is due to the cage’s confinement of the
substrates.

With the high reactivity of PCC-40, it should be noted
that C—X activation can be coupled with other reactants to
achieve more fascinating coupling reactions. Herein we
demonstrated a route to build C—B bonds via the formation
of reactive organoboronic acid/ester intermediates. It has
been achieved by a range of iridium-based transition-metal
complexes yet not accomplished by PTH-based photocata-
lysts nor by cage catalysts. The fact that both these photo-
catalysts undergo an SET cycle in C—X bond activation gave
us confidence for the test.!

iy
0.4 y /N H,L1 PTH 450 mM
1 - 7 270 mM
\ 180 mM
0.3 ——90mM

\\ —o0mM
0.2 /\ \\
0.1 \

0.0 T T = =
425 425 425

Absorbance

Figure 6. UV/Visible titration of photocatalysts: (i) PCC-40; (ii) H;L1;
(iii) PTH. Different concentrations of iodobenzene are added.

Table 3: Calculated diffusion coefficients by DOSY-'"H NMR with and
without the presence of PCC-40

Molecule Diffusion coefficient (1010 m?/s) Standard error
lodobenzene (in DMSO-dg) 6.3 +0.2
lodobenzene (in DMSO-dg with PCC-40) 5.6 +0.1
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Herein, condition optimization was launched for photo-
borylation, recorded in Supporting Information Section 9.
460 nm excitation for PCC-40 is greater in yield than 350 nm
excitation. A substrate scope of functionalized iodobenzenes
was tested (Scheme 2), which revealed that stronger elec-
tron-donating groups tend to result in a lower yield and
electron-withdrawing groups can enhance the yield. How-
ever, a strong electron-withdrawing group, nitro, didn’t give
an expected high yield, which might be due to the reduction
of the nitro group during catalysis rather than the fission of
the C—I bond. Also, bromobenzene showed a low catalytic
yield, which suggests the applied reaction conditionis barely
capable of cleaving the C—Br bond. This might be due to the
relatively low concentration of sacrificial reducing reagent
used. Another possible factor is the kinetic inhibition of the
substrate binding/release under this condition. PCC-40
shows a higher catalytic yield compared to the H;L1 at the
same catalyst loading ratio (0.93%, Scheme 2). Further
reducing the catalyst loading ratio, PCC-40's catalytic yields
were constantly higher than H;L1's at each loading ratio
tested. Turnover numbers and frequencies were calculated
to evaluate the catalyst performance. This suggests that a
combinatory set of factors of PCC-40's higher quantum yield
(0.333, Table 1), higher quenching rate, synergistic and
confinement effects on the substrate (Table 2, Figure 5,6),
and elongated catalyst lifetime based on TONs/TOFs
calculated in Scheme 2 lead to the better performance of
PCC-40. Reaction kinetics are shown in Figure S19. Excita-
tion light @ 350 nm showed a lower yield and TON. It is
believed that 460 nm light can induce the confinement-
involved electron transfer and lead to higher catalytic rates,
which was proved by the fluorescence studies (Table 3),
structural simulation (Figure5) and UV/Vis absorption
spectra (Figure 6).

The reaction can complete within 4 hours under optimal
conditions. Compared to previously reported iridium PCs,
there is a remarkable acceleration in catalytic efficiency,

I o 0. Photocatalyst s
4 J—— <
d UVNVisible light @

aerobic, r.t.

ion Light Catalyst Loading Yield @ 3h TON TOF / (h)
460 nm PCC-40 0.93% 93% 101 1.45x102 (20 min)
460 nm PCC-40 0.37% 88% 238 3.53x102(20 min)
460 nm PCC-40 0.18% 75% 403 5.58x102 (20 min)
No light PCC-40 0.93% <1% NA NA
lodobenzene 460 nm No catalyst NA 13% NA NA
460 nm HiL1 0.93% 69% 75 43.2 (20 min)
460 nm HaL1 0.37% 49% 133 2.49x102 (20 min)
460 nm Hal1 0.18% 45% 243 3.28x102 (20 min)
350 nm PCC-40 1.85% 67% 36 25.7 (1h)
@—I H3C—©—I H@o—@—l Ho—@—l
93%,3h 85%,3h 80%,3h 64%,3h
Meooc—©—| om—@—l @—Br
98%,3h 21%,3h 03%,3h

13%,24h

Scheme 2. SET-based photo-borylation of iodobenzene. Sodium ascor-
bate is the sacrificial reductive reagent. Substrate scope is provided
with benzenes functionalized with electron withdrawing/donating
groups.
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with no increase in catalyst loading ratio. Furthermore, the
organoboronic acids can be the substrates of multiple C—C,
C-heteroatom coupling reactions in one-pot dual-catalysis.

The boron-containing species’ transformation pathway is
important in the catalytic cycle. '"H NMR was utilized to
study the reaction. The disappearance of iodobenzene peaks
indicates the complete turnover of the substrate (Figure S18,
20). The proposed mechanism based on 'HNMR and
B NMR illustrates the SET in the catalytic cycle. PCC-40
binds with Ar—X to form the EDA complex and gets excited
to PCC-40-ArX* upon light excitation. The aryl halide
accepts an electron from PCC-40 and labile Ar—X bond
cleaves, forming Ar® and X7, respectively, shown in
Scheme 3. Notably, the Ar® formation explains the yields in
the substrate scope in Scheme 2 since the radicals are
stabilized by electron-withdrawing groups. More details
provided in the Supporting Information section 10.

Conclusion

Homogeneous catalysis utilizing porous coordination cages
(PCCs) have been widely studied in recent years due to the
unique characteristics of PCCs, however, PCCs are rarely
composed from organic photocatalytic ligands and utilized
as photocatalysts to the best of our knowledge. In summary,
this work successfully designed and demonstrated the
assembly of PCC-40, where for the first time, a photo-
catalytic core, N-phenyl phenothiazine was incorporated
into a [4+4] PCC and utilized as a homogeneous photo-
catalyst. The assembling of the phenothiazine-containing
ligand into PCC-40 induces changes in the electronic
structures of the photocatalytic center and facilitated new
substrate—catalyst interactions, which was characterized with
spectroscopic techniques and theoretical calculations. Under
visible light irradiation, photocatalytic borylation catalyzed
by PCC-40 was characterized and mechanistically studied,
with a yield of 93 % starting from iodobenzene within
4 hours, outperforming the counterpart ligand H;L1 and
PTH. The synergistic effect and anti-aggregation effect of

HAsc!
Ar-X
PCC-40

HAsc

iy
PCC-40! X' JArx,
Visible light 9) S

EDA complex

)
"B-OH

Ar_vz:é TT Ar—E'::é

PCC-40"  PCC-40

0 0. 0 0.,
id\s_efb:é + NaAsc + H,0 =——= HAsc * i&\agb:é Ar.
e

Scheme 3. Proposed reaction mechanism for photo-borylation of cata-
lyzed by PCC-40.
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the cage assembly were proven to be the key to the
outstanding performance observed in our studies. Overall,
our present results unambiguously prove the potential of
PCCs as a next-generation photocatalyst. The PCC-based
photocatalysts may provide alternatives to solve the issues
of existing photocatalysts in the literature and play a more
important role in organic synthesis.
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