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A redox-active PdgLs cage with a large lantern-shaped cavity has been
synthesized and characterised by NMR, ESI-TOF-MS and X-ray diffraction
analysis, which shows exceptional catalytic activity in the selective aerobic
C-H photooxidation of aromatic cyclic ethers under mild conditions.

Coordination-assembled supramolecular hosts have shown
promising applications in catalysis,"® guest binding,*®
stabilisation,”® separation®'® and detection.'™'* Among them,
metal-organic cages with well-defined cavities have been con-
sidered as artificial nanoreactors that mimic the catalytic
function of enzymes."*>° However, cages with closed cavities
constructed from strictly rigid ligands often have limitations,**
such as exhibiting product inhibition that is unfavorable to the
catalytic cycle. More and more efforts are exerted towards the
construction of supramolecular cage catalysts with large win-
dows or adaptive cavities.?**

Aromatic ketones and 1-isochromanones and their deriva-
tives are important structural units that makeup biologically
active natural products and drug molecules.>® Photocatalytic
oxidation of aromatic benzyl C(sp®)-H using the abundant,
cheap and green molecular oxygen becomes a more favorable
and environmentally benign method to replace traditional
stoichiometric oxidants with high cost, poor safety, and low
atom economy.”>*® However, this approach often demands
the incorporation of additives such as peroxide and N-
hydroxyphthalimide (NHPI),?”*® alongside stringent conditions

“College of Chemistry and Materials Science, Fujian Normal University,
Fuzhou 350007, P. R. China
b State Key Laboratory of Structural Chemistry, Fujian Institute of Research on the
Structure of Matter, Chinese Academy of Sciences, Fuzhou 350002, P. R. China.
E-mail: Ixcai@fjirsm.ac.cn, qfsun@fjirsm.ac.cn
¢ University of Chinese Academy of Sciences, Beijing, 100049, P. R. China
1 Electronic supplementary information (ESI) available: Experimental details,
NMR data, ESI-MS data, supplemental figures and tables. CCDC 2417620. For
ESI and crystallographic data in CIF or other electronic format see DOI: https://
doi.org/10.1039/d5¢cc01997d

This journal is © The Royal Society of Chemistry 2025

of high temperature and pressure, leading to problems such as
low activity and poor selectivity.>

Previously, we reported a series of pyridinium-func-
tionalized organo-palladium cages that achieve the expansion
and subdivision of their internal cavities by systematically
lengthening the length of the linkers between two 2,4,6-tris(4-
pyridyl)-1,3,5-triazine (4-TPT) panels, changing from phenyl to
biphenyl to triphenyl bridging groups.’*>> Here, we report
controlled self-assembly of an entended PdgL;-type coordina-
tion cage 1, which consists of six cis-enclosed enPd(NOj3), (en =
ethylenediamine) metal corners (M) and three bis-TPT [TPT =
2,4,6-tris(4-pyridyl)-1,3,5-triazine] ligands (L) bridged by quater-
phenyl group (Scheme 1). Cage 1 features an extra-large cavity
with D;, symmetry. Due to the integration of six pyridinium
units, cage 1 exhibits rich redox activity and serves as a
photocatalyst for selective photooxidation of aromatic cyclic
ethers under mild conditions.

Ligand L was prepared according to our reported procedures
by simply replacing the spacer with quaterphenyl linker
(Scheme S1, ESIt).>' L was fully characterized by NMR and
ESI-TOF-MS (Fig. S5-S9, ESIt). Treating L-(BF,), with 2 equiv. of
enPd(NO;), with vigorous stirring in 0.8 mL of D,O/DMSO-d;
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Scheme 1 Coordination-assembly of cage 1 from ligand L and
enPd(NOgz),.
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Fig. 1 (a) *H NMR spectra (400 MHz, 298 K) of ligand L in DMSO-ds, and
cage 1in D,O/DMSO-dg (v/v, 4/1); (b) corresponding *H DOSY spectrum of
cage 1; (c) ESI-TOF-MS spectrum for cage 1 with the inset showing the
observed and simulated isotopic patterns of the +7 peak.

(v/v, 4:1) at 80 °C for 30 min resulted in a clear solution. In the
'H NMR spectrum, a new set of clean signals confirmed the
quantitative formation of cage 1. All proton signals were care-
fully assigned based on "H-"H COSY and "H-"H NOESY spectra
(Fig. $10-S12, ESIT). Compared with the '"H NMR spectrum of
the free ligand, the down-field shift of the pyridyl doublet (H, at
9.17 ppm) indicated its successful coordination with Pd(u)
(Fig. 1a). Only one set of signal peaks appears in the 'H NMR
spectrum, indicating the high symmetry of cage 1. Diffusion-
ordered "H NMR (DOSY) also indicates the formation of a single
species with a diffusion coefficient of 1.01 x 107" m”> s*
(Fig. 1b). The formation of the similar Pd¢L; assembly was also
observed in H,O/MeCN (v/v = 2/1), which showed similar NMR
(Fig. S15 and S16, ESI}). After counterion exchange with
NH,PF,, the formation of the hexanuclear compound with
the formula PdgL; was clearly confirmed by mass spectrometry
analyses (ESI-TOF-MS), where prominent peaks were observed
at m/z = 1150.9079, 934.9285, 780.6582, and 664.9555, corres-
ponding to the charged species [Pd¢Ls(PFe)is]°", [Pdels
(PFe)12]°", [PdeLa(PFe)11]”", and [PdeLs(PFe)i0]®*, respectively
(Fig. 1c and Fig. S13, ESIY).

Unambiguous structural evidence of cage 1 was obtained by
X-ray crystallographic analyses. Cage 1 crystallizes in the hex-
agonal crystal system with the P6;/mmc space group. In the
crystal structure, three cationic pyridinium ligands with cis-
conformation are connected by six enPd capping units (Fig. 2a).
The quaterphenyl linkers of the three ligands are arranged in a
parallel conformation, giving rise to a higher Dj, symmetry.
Three enPd capping units with a Pd-Pd distance of 1.30 nm
form a triangular window from the top view. The Pd-Pd
distance along the C; axis is measured to be 3.28 nm, across
the large hexagonal window (Fig. 2a and b). The cavity volume
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Fig. 2 (a) The cavity volume of cage 1 calculated by MoloVol program
(probe radii 5 A (small)/10 A (large)); 0.4 A resolution; optimization depth:
(4) based on SCXRD structure; (b) top view of cage 1 with the Pd—Pd
distances annotated; (c) Hierarchical formation of 3-D framework stabi-
lized by n—mr stacking interactions.

was measured to be ca. 4127 A® by MoloVol,*® which is much

larger than that of our previously reported coordination
cages.*® A 3D hierarchical supramolecular network is formed
through intramolecular n-n stacking interactions (3.46 A)
between the adjacent TPTs of adjacent cages (Fig. 2c and
Fig. S1, S2, ESIt). We infer that multiple - interactions are
significant in the stabilization of this supramolecular
framework.

The redox behaviors of ligand L, cage 1 and some control
experiments have been investigated by cyclic voltammetry (CV)
measurements in DMSO (Fig. $19-S25, ESIt). Ligand L exhibits
a reversible redox wave at a half-wave potential of E,,, = —0.43 V
vs. Ag/AgCl (AE, = 88 mV, I,/I,, ~ 1.0), more negative than
Bz-TPT* (—0.40 V), with a reduction potential at —0.48 V
assigned to pyridinium moieties (L>* — L°). Another irrever-
sible reduction potential at —1.38 V (vs. Bz-TPT" —1.14 V and
4-TPT —0.96 V) could be attributed to electron reduction
processes of triazine unit (Fig. 3a and Fig. S24, ESIf). Cage 1
retains the redox characteristics of pyridinium derivatives,
which displays two well-defined redox waves at E;, = —0.45 V
and E;, = —0.81 V (vs. Ag/AgCl). Two reduction waves at
—0.489 V and —0.852 V could be assigned to two sequential
three-electron reductions of the pyridinium groups. The former
one is reversible (AE, = 73 mV, I,./I, ~ 1.0) and the latter one
overlaps partially with the last reduction peak. The last irrever-
sible reduction peak, appearing at —1.055 V, likely arises from
the electron reductions of the triazine units (Fig. 3b and
Fig. S25, ESIY).

In addition, we observed a distinct darkening of the light
yellow coloration in the solution of cage 1 upon photo-
irradiation under nitrogen atmosphere. Electron spin reso-
nance (ESR) measurements for cage 1 before and after irradia-
tion revealed the emergence of a characteristic singlet
resonance signal at g = 2.0039, which is close to the radical
signature of pyridinium species (Fig. 3¢ and Fig. S26, ESIT).
Treatment of cage 1 with 6 equiv. of Cp*,Co as a chemical

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Cyclic voltammograms of (a) ligand L (0.5 mM) and (b) cage 1
(0.17 mM) in DMSO containing BusNPFg (0.1 M) as the supporting electrolyte
at a scan rate of 0.1V s~ (c) ESR spectra of cage 1 in H;O/CHsCN solution
before and after irradiation at 100 K under N,. (d) Tauc plot diagram of cage 1.

reductant also resulted in the appearance of obvious ESR peak
around g = 2.0036 (Fig. S28, ESIt). These results confirmed the
generation of radicals after irradiation or chemical reduction
on the complex. It is worth mentioning that structural integrity
of cage 1 after ligand reductions was proved by 'H NMR spectra
(Fig. S27 and S29, ESIY).

The pyridinium functionalization endows cage 1 with redox
activity to serve as an electron transfer catalyst for the photo-
oxidation of C(sp®)-H on the aromatic benzyl groups. We
selected the aerobic photooxidation of isochroman as a model
reaction to evaluate the catalytic performance of cage 1. After
suspending isochroman (100 equiv.) in the H,0/DMSO
(v/v = 4:1) solution of 1, the ratio of guest-bound cage was
determined to be ca. 90% based on the "H NMR integral (Fig.
S50, ESIT). The resulting solution was stirred under O, and
irradiated with 365 nm purple LEDs for 16 h. The '"H NMR of
the crude product extracted with CHCI; confirmed that the
signals of isochroman disappeared and a clean set of signals
belonging to isochromanone was observed (Fig. 4a). Combined
with GC-MS analyses (Fig. S30 and S31, ESI{), a 99% conversion
and an 87% yield were determined. The photo-oxidation of
isochroman displayed clean first-order kinetics. Substrate
concentration reduction from 0.008 to 0.004 mol L' (10
mol% catalyst) halved the reaction rate (0.340 — 0.175 h™")
(Fig. S43-S48, ESIt). When the catalyst loading was decreased to
5 mol% (0.004 mol L' of substrate), the rate further dropped to
0.109 h™' (Fig. S40-S42, ESIt). Meanwhile, a 16 h continuous
photooxidation with a low amount of 0.2 mol% cage 1 (500 equiv.
of isochroman) gave a total turnover number (TON) of 329 (Fig. 4b
and Fig. 549, ESIY), indicative of the high efficiency of cage 1. Other
aromatic cyclic ethers, including xanthene, 7-bromoisochromane,
phthalan, and 2,3-dihydrobenzofuran can also be selectively oxidized
with the catalysis of 1, all of which afforded good conversions and
selectivity (Fig. 4a and Fig. S32-S39, ESIY).
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Fig. 4 (a) Conversions and yields for photooxidation of C(sp®)—H on the
aromatic cyclic ethers catalyzed by cage 1. Standard reaction conditions
are detailed in the ESI.§ (b) TONs calculated based on isochromanone with
different loading of cage 1. (c) Yields of isochromanone in the presence of
different quenchers.

We conducted additional control experiments under opti-
mized reaction conditions (1% catalyst loading, 5-hour irradia-
tion). It is noticed that without cage 1, no product was
detectable. Other control experiments in the absence of air,
or in the dark showed that only trace amounts of product were
detected (Table S1, entries 2-4 and Fig. S55, ESIt). These results
indicated that cage 1, oxygen and light are essential to realize
the photooxidation of isochroman. In addition, the oxidation
using cage components, ie. free L or enPd(NO;),, as the
catalyst, gave much lower yields of 19% and 3%, respectively
(Table S1, entries 5, 6 and Fig. S56, ESIT). The cage structure
delivers a 2.4-fold yield improvement over the L + enPd(NO3),
physical mixture (50% vs. 21%), demonstrating non-additive
cooperation between components (Table S1, entries 1, 7 and
Fig. S56, ESIY).

To explore the reactive oxygen species involved during the
reaction, we performed different inhibition experiments by
adding 10 equivalents of quenchers to the photooxidation of
isochroman (Fig. 4c and Fig. S57, ESIt). The introduction of
AgNO; (electron quencher), NaN; (O, quencher), or tert-
butanol (*OH quencher) into the system showed a negligible
effect on the yields of isochroman, ruling out the role of
electrons, '0,, or *OH. When 1,4-benzoquinone (BQ, Oy~
quencher) was introduced into the reaction, both conversion
and yield were significantly reduced, implying that O,°” is
involved for the photo-oxidation of aromatic benzyl C(sp®)-H
The irradiation of cage 1, isochroman and 5,5-dimethyl-1-
pyrroline N-oxide (DMPO, O,°” sensitive probe), resulted in
an expected appearance of typical ESR signals for the DMPO
capturer (Fig. S58, ESI{).>*

Host-guest encapsulation studies of cage 1 with isochroman
and isochromanone were carried out by NMR titration
(Fig. S51-S54, ESIf). Cage 1 exhibited a weaker binding
towards isochromanone, with the apparent binding constant
K, (93 M) than that of isochroman (100 M~ '). We propose

Chem. Commun., 2025, 61, 7819-7822 | 7821
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that this competitive binding and the large cavity/windows of
cage 1 facilitates continuous catalytic turnover through
dynamic substrate-product exchange. The UV-visible absorp-
tion spectra of cage 1, after the addition of isochroman, showed
a charge-transfer band appeared in the 300-400 nm range,
which can be further enhanced up to the visible region after
light irradiation accompanied by an obvious solution colour
change from yellow to dark brown (Fig. S18, ESIt). The optical
band gap of cage 1 is calculated to be 3.31 eV from the Tauc plot
from solid UV-vis spectroscopy (Fig. 3d and Fig. S59, ESIT).
Using the F/F." coupling potential as the reference electrode,
the LUMO and HOMO are estimated to be —3.91 eV and
—7.22 eV respectively, according to the equation (LUMO =
—[(Brea — E@gyrr + 4.8)] eV, HOMO = LUMO — Eg) (Fig. S60,
ESIT). The HOMO and LUMO orbitals of the cage are calculated
by DFT (Fig. S61, ESIt). HOMO is mainly located at the
quaterphenyl linker and LUMO is distributed over TPT panels.
We infer that the cage are sufficient to promote the reduction of
0, to O,*~ (—0.33 eV vs. NHE).*®

A plausible mechanism was proposed from the above obser-
vations. First, the substrates were encapsulated by cage 1. Then
the host-guest complex is excited to the excited state upon light
irradiation. Then the electron-deficient pyridinium in the
excited state receives an electron from the reductive isochro-
man, and SET process produces the pyridinium radical inter-
mediate (1"*) and the free radical intermediate of the substrate.
The pyridinium radical converts oxygen into the reactive oxygen
species (O,° ) via electron transfer, returning to the initial state
of the catalyst (1). Subsequently, the substrate intermediate
interacts with O,°*", followed by protonation and dehydration
to produce the target product (Fig. S62, ESIT).>*3%%7

In summary, we constructed a new redox-active PdeL;-type
coordination cage with a lantern-shaped large cavity and three
huge hexagonal windows. This coordination cage can be
employed as a photocatalyst exhibiting high catalytic efficiency
toward the photooxidation of C(sp®)-H on the aromatic cyclic
ethers. Our experiments provide valuable insights for designing
supramolecular catalyst for selective aerobic C-H oxidation of
important aromatic oxygen-containing compounds.
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