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f a Pd6 trifacial barrel to a Pd8

tetrafacial barrel by C70 as guest and oxidative
photolysis of alkenes using the C70 encapsulated
barrel under red light†

Ranit Banerjee,‡a Monojit Roy,‡b Medha Aggarwal,a Shyamali Maji,b

Debashis Adhikari *b and Partha Sarathi Mukherjee *a

Fabricating discrete molecular cages as fullerene receptors has been a compelling task. The main objective

of confining fullerene molecules is to utilize their physico-chemical properties in commonly used media in

which they are insoluble. Herein, a fluorenone-based large trigonal Pd6 molecular barrel (M1) was

synthesized by coordination self-assembly to act as a potential fullerene trap. M1, in the presence of

fullerene C70, converted to a larger Pd8 tetrafacial barrel (M2) forming stable host–guest adduct,

(C70)3@M2. The PF6
− analogues of both M1 and (C70)3@M2 were acetonitrile soluble, generated reactive

oxygen species due to the presence of photosensitizing fluorenone moieties in their building blocks and

catalyzed the oxidative transformation of alkenes into carbonyl compounds under 390 nm irradiation.

The presence of encapsulated C70 molecules in (C70)3@M2 enabled its photosensitizing wavelength to

be tuned to 650 nm (red light). Subsequently, (C70)3@M2, at low catalyst loadings and under red light

irradiation, catalyzed olefin oxidations in acetonitrile wherein free C70 was completely inefficient due to

insolubility. In summary, (C70)3@M2 was employed as a photocatalyst to mimic the ozonolysis of olefins

without the use of ozone or other metal-oxide oxidants that produce over-oxidized products and

generate toxic waste, under innocuous red light irradiation and environment-friendly reaction conditions.
Introduction

Conning guest molecules within supramolecular architectures
via non-covalent interactions, for carrying out specic functions
or for exploiting their modulated properties upon encapsula-
tion to mimic natural processes, is gaining popularity.1–6 Today,
a plethora of metal–organic discrete cages of distinct shapes are
available at our disposal or can be easily designed to carry out
these applications. They are suitable for encapsulating specic
guest molecules, thanks to the synthetic simplicity of
coordination-driven self-assembly approach.7–14 The main
applications that have emerged as a result of such connement
include catalysis,15–18 selective molecular recognition19,20 and
separation,21–23 and stabilization of reactive intermediates or
unstable molecules.24–26 In this regard, encapsulation of
fullerene molecules or their derivatives that possess
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phenomenal photophysical and opto-electronic properties is
highly desirable. Several groups have reported the synthesis of
coordination cages that can act as strong fullerene binders over
the last decade.27–30 The stabilization of electron-decient
fullerene molecules within such cavities is achieved mainly
through p–p interactions with electron-rich aromatic walls of
the host cages.31 In some cases, the hosts have been found to
transform into another architecture to maximize non-covalent
interactions with the guests to form stable host–guest
adducts.32–34 Such receptors have been widely used for the
purication of fullerene mixtures35,36 and for their regioselective
functionalization.37,38 Another important aspect of fullerene
encapsulation is to utilize their visible light photosensitizing
ability in commonly used organic media where they are other-
wise insoluble and hence cannot catalyze oxidative trans-
formations. Recently, there have been only a few reports on
cage-fullerene adducts that were employed for sulfoxidation of
sulphides and for endo-peroxide formation.33,39,40 Herein, we
investigate whether fullerene-encapsulated cages could carry
out demanding oxidations, such as the oxidative trans-
formation of olens into the corresponding carbonyl
compounds.

Ozonolysis is one of the most common methods used for the
oxidative cleavage of C]C of alkenes.41 However, ozone is toxic,
Chem. Sci., 2025, 16, 12885–12895 | 12885
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Scheme 2 Schematic representation of alkene oxidative trans-
formation into carbonyl compounds in acetonitrile in the presence of
trifacial barrel M1 or (C70)3@M2 under 390 nm irradiation (blue-violet
light). The encapsulation of multiple C70 molecules enables tuning of
photosensitizing wavelength of host–guest complex (C70)3@M2 to
650 nm (red light) and the oxidative transformation of alkenes
proceeds under red light.
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and its handling requires a lot of safety measures.42 The other
methods for olen oxidative cleavage involve the use of oxidants
such as OsO4 or RuO4. These metal oxide catalysts generate
toxic waste and oen cause over-oxidation of olen
substrates.43,44 Thus, development of a green and sustainable
approach for efficient oxidative transformation of alkenes into
the corresponding carbonyl compounds has high demand.
Photocatalytic pathways to promote oxidative olenic cleavage
mostly use blue or purple light, which has a problem with
scalability, owing to the requirement of low temperatures
during the reaction.45a A major limitation of these photochem-
ical reactions is poor light penetrability in the reaction ask,
alongside undesirable absorption by intermediates that can
prematurely activate or deactivate the reaction. To circumvent
these issues, light with higher wavelengths such as red light
with superior penetration power is preferable.45b

In the context of olenic oxidative cleavage, we report the
synthesis of a large trigonal Pd6 molecular barrel (M1) as
a potential receptor for fullerenemolecules.M1was obtained by
coordination-driven self-assembly of a Pd(II) acceptor (A) with
a “uorenone” incorporated tetradentate ligand (L). The pres-
ence of fullerene C70 molecules acted as a guest stimulus to
trigger the transformation of the trifacial barrel into a larger
tetrafacial Pd8 molecular barrel (M2) leading to the formation of
a stable host–guest complex, (C70)3@M2 (comprising three C70

molecules bound within the cavity of a tetrafacial barrel M2)
(Scheme 1). The acetonitrile soluble PF6

− analogues of bothM1
and (C70)3@M2 generated reactive oxygen species (ROS), both
singlet oxygen (1O2) and superoxide radicals (O2c

−), upon irra-
diation with a light source of 390 nm that could be utilized for
catalyzing the oxidative cleavage of alkenes to generate the
corresponding carbonyl compounds in the same solvent
(Scheme 2). The ROS generating ability of M1 and (C70)3@M2
may be attributed to the presence of photosensitizing uo-
renone46 within their building units and additionally to the
Scheme 1 Schematic representation of the synthesis of trifacial barrel
M1, its structural conversion in the presence of C70 to multiple C70

encapsulated tetragonal barrel (C70)3@M2, and its photo-catalytic
ability to carry out the oxidative transformation of olefins into the
corresponding carbonyl compounds under red light (650 nm)
irradiation.

12886 | Chem. Sci., 2025, 16, 12885–12895
presence of encapsulated C70 molecules in the latter. Interest-
ingly, the host–guest complex, (C70)3@M2 could also be pho-
tosensitized using red light due to the presence of encapsulated
C70 molecules that absorb in the red region of visible light
(Scheme 2). The use of red light is advantageous as the associ-
ated low energy does not trigger an undesirable, detrimental
bond cleavage, directly reecting on the functional group
tolerance of substrates. Subsequently, the PF6

− analogue of
(C70)3@M2 could photo-catalyze the ROS-mediated oxidative
transformation of olens into the corresponding carbonyl
compounds for a wide variety of substrates starting from
terminal to sterically hindered alkenes under red-light irradia-
tion in acetonitrile at low catalyst loadings. Thus, the encap-
sulation of C70 molecules within the host cavity played a vital
role in solubilizing C70 fullerene molecules in acetonitrile to
utilize their red-light sensitizing activity for photocatalysis in
environmentally safe and commonly used organic solvents.
Such an approach which involves the utilization of photo-
sensitizing properties of entrapped guest molecules for the
oxidative cleavage of alkenes (which otherwise requires
oxidants that are hazardous and produce over-oxidized prod-
ucts) under low-energy red light is unknown to the best of our
knowledge and opens up new avenues in the direction of green
synthesis.
Results and discussion

The bent tetra-pyridyl ligand (L) incorporated with a “uo-
renone” core was synthesized from the precursor aldehyde, 4,40-
(9-oxo-9H-uorene-2,7-diyl)dibenzaldehyde (P), following stan-
dard procedures for terpyridine synthesis (Scheme S1†).47 The
aldehyde (P) was synthesized via a Suzuki coupling reaction
between 2,7-dibromo-9H-uoren-9-one and (4-formylphenyl)
boronic acid following a reported procedure (Fig. S1 and
Scheme S1†).48 Ligand L was characterized using 1H and 13C
NMR spectroscopy and mass spectrometry (Fig. S2–S4†). Self-
assembly of L was carried out with a cis-blocked Pd(II)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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acceptor [(tmeda)Pd(ONO2)2] (A), in a 1 : 2 molar ratio in
dimethyl sulfoxide [tmeda = N,N,N0,N0-tetramethylethane-1,2-
diamine]. Although the ligand (L) has poor solubility in
DMSO, its reaction with the acceptor (A) for 24 h at 70 °C
resulted in the formation of a clear red solution. The self-
assembled product (M1) was isolated by treating the DMSO
solution with an excess of ethyl acetate which afforded a canary
yellow precipitate. The 1H NMR recorded in DMSO-d6 displayed
sharp and distinct peaks (Fig. 1a and S5†) indicating the
formation of a self-assembled architecture, and the formation
of a single product was subsequently conrmed from 1H DOSY
NMR (Fig. S6†). The peaks in the 1H NMR spectrum were
assigned with the help of 2D 1H-1H COSY and 1H-1H NOESY
NMR (Fig. S7 and S8†). A two-fold splitting was observed for the
a-pyridyl (a1 and a2) and b-pyridyl (b1 and b2) protons at room
temperature (25 °C) due to the rigidication of the pyridyl rings
of the ligands upon coordination with the metal centres. Such
coordination prevents free rotation in the NMR timescale,
which leads to two different chemical environments for the
pyridyl rings in the self-assembled product (M1). We carried out
the variable temperature (VT) 1H NMR which showed that these
split a-pyridyl (a1 and a2) and b-pyridyl (b1 and b2) protons
coalesce into single peaks, a and b, respectively at temperatures
higher than 85 °C (Fig. S34†). At higher temperatures, the faster
rotation of the coordinated pyridyl rings becomes unresolvable
Fig. 1 (a) 1H NMR spectrum of trifacial barrelM1 in DMSO-d6 at 298 K.
(b) Experimental (blue) and (d) theoretical (red) isotopic patterns for the
charged fragment [M1-4PF6]

4+. (c) Experimental (blue) and (e) theo-
retical (red) isotopic patterns for the charged fragment [M1-5PF6]

5+ in
ESI-MS recorded in acetonitrile.

© 2025 The Author(s). Published by the Royal Society of Chemistry
in the NMR timescale resulting in coalescence of the peaks
corresponding to the pyridyl protons. Finally, to determine the
composition of M1, the NO3

− analogue was converted to the
PF6

− analogue for better ionization in ESI-MS. The m/z peaks
obtained correspond to an A6L3 composition. The isotopic
patterns obtained at 1219.9336, 946.9544, and 764.9654 corre-
spond to the fragments [M1-4PF6]

4+, [M1-5PF6]
5+, and [M1-

6PF6]
6+ respectively, which matched well with the theoretically

calculated isotopic patterns, conrming the formation of
a trigonal barrel (M1) (Fig. 1b–e, S19 and S20†).

Unfortunately, all attempts to crystallize M1 were unsuc-
cessful. Thus, the geometry ofM1 was optimized by the Density
Functional Theory (DFT) method. There are two possible
isomers of M1: one in which all ligands assume horizontal
orientation (Fig. 2a and b) and are clipped to metal acceptors at
the corners, forming a trifacial barrel or vertical orientation of
all ligands with more steric requirements, producing a trifacial
tube-like architecture (Fig. S37†). Expectedly, the former archi-
tecture was found to bemore stable by ca. 130 kcal mol−1, ruling
out the presence of tube-like architecture.

Moreover, the solvo-dynamic radius (r = 20.4 Å) obtained
from 1H DOSY NMR (Fig. S6†) matched reasonably well with the
non-solvated radius (the distance of the centroid of the opti-
mized structure to the farthest atom) of the trifacial barrel (r =
21.6 Å) [Fig. S47 and Table S3, Section 6 of the ESI†] conrming
it to be the architecture of M1 (A6L3) cage.

The trifacial barrel (M1) with an internal cavity diameter of
ca. 17.8 Å and a pair of “terpyridine” moieties at its corners was
expected to be a potential host for large fullerene C70 molecules.
Accordingly, the DMSO solution of M1 was treated with an
excess of C70 (4 equivalents with respect toM1) and the reaction
mixture was heated at 70 °C for 12 h. Aer completion of the
reaction, the excess C70 was removed by centrifugation and
a clear dark-brown solution was decanted. The host–guest
complex was isolated as a dark-brown precipitate by treating the
solution with a large excess of ethyl acetate. The 1H NMR
recorded in DMSO-d6 showed a completely different pattern,
with shis in peaks compared to the trifacial barrel (M1) indi-
cating the formation of a host–guest complex (Fig. 3a and S10†).
All peaks in the 1H NMR had the same diffusion coefficient as
conrmed from the 1H DOSY experiment suggesting the pres-
ence of only one species in solution (Fig. S11†). Finally, the
nitrate analogue was converted to the hexauorophosphate
Fig. 2 DFT optimized structure of trifacial barrel M1 (isomer of M1,
where the three ligands are oriented horizontally and clipped to six
“Pd” acceptors): (a) side view and (b) top view. Color codes: carbon
(black), nitrogen (blue), oxygen (red) and palladium (green). Hydrogen
atoms are omitted for clarity.

Chem. Sci., 2025, 16, 12885–12895 | 12887
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Fig. 3 Stacked 1H NMR spectra of (a) host–guest complex (C70)3@M2
and (b) trifacial barrel M1 in DMSO-d6 at 298 K. (c) Experimental (blue)
and (e) theoretical (red) isotopic patterns for the charged fragment
[(C70)3@M2-5PF6]

5+. (d) Experimental (blue) and (f) theoretical (red)
isotopic patterns for the charged fragment [(C70)3@M2-6PF6]

6+ in ESI-
MS recorded in acetonitrile.

Fig. 4 PM6 optimized structure of (a) (C70)3@M2 (side view) and (b)
(C60)3@M2 (side view). Color codes: carbons of the host (black),
nitrogen (blue), oxygen (red) and palladium (green), carbons of guest
C70 (brown), and carbons of guest C60 (purple). Hydrogen atoms are
omitted for clarity.
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analogue and subjected to ESI-MS analyses. The peaks and
isotopic patterns observed in the mass spectrum correspond to
a composition of three C70 molecules bound to a higher
analogue, tetrafacial barrel, (C70)3@M2. The isotopic patterns
observed at m/z = 1815.3732, 1488.6732, 1255.2926, and
1080.2664 correspond to the charged fragments [(C70)3@M2-
5PF6]

5+, [(C70)3@M2-6PF6]
6+, [(C70)3@M2-7PF6]

7+, and
[(C70)3@M2-8PF6]

8+ respectively, which conrmed the structural
transformation of the trifacial barrel (M1) into the tetrafacial
barrel (M2) driven by the encapsulation of three C70 molecules
(Fig. 3c–f, S21–S23†).

The optimized structure depicted that the ellipsoidal C70

molecules are strongly stabilized at the three corners of the
tetrafacial barrel via p–p interactions with the “terpyridine”
units present at the corners (Fig. 4a). The other possibility ofM2
reassembling with three C70 molecules with a vertical orienta-
tion for all the ligands is not possible since there is not enough
space within such a tube-like structure for stabilizing three C70

molecules.
All attempts to optimize tube-like architecture with three C70

molecules led to the expulsion of one C70 molecule (Fig. S40†).
Moreover, such a conformation was less stable by ca. 365 kcal
mol−1 than the conformation with a horizontal arrangement of
12888 | Chem. Sci., 2025, 16, 12885–12895
ligands. Furthermore, the solvo-dynamic radius obtained from
1H-DOSY (r = 25.1 Å) matches closely with the non-solvated
radius of the optimized structure of (C70)3@M2 with hori-
zontal orientation of ligands (r = 25.8 Å) [Fig. S49 and Table S3,
Section 6 in the ESI†]. These results further rule out the exis-
tence of tube-like architecture for the C70 complex.

The 1H NMR (Fig. 3a and S10†) of the complex, (C70)3@M2,
at room temperature (25 °C), shows a simple two-fold splitting
for the a-pyridyl (a1 and a2) and b-pyridyl (b1 and b2) protons
similar to the free cageM1, whereas a higher order splitting was
expected for a tetrafacial barrel stabilizing three C70 molecules
asymmetrically within its cavity. We further carried out variable
temperature (VT) NMR experiments to get additional insights.
At higher temperatures, the doubly split a-pyridyl (a1 and a2)
and b-pyridyl (b1 and b2) protons coalesce into single peaks,
a and b, respectively, like the free cage,M1 (Fig. S35†). However,
the coalescence of the protons occurs at a lower temperature (65
°C) compared to the free cage (85 °C).

This observation clearly indicates that the conformational
exibility of the complex, (C70)3@M2, is much higher than that
of M1 due to the formation of a large tetragonal architecture
resulting in greater molecular tumbling and dynamic motion of
the three bound fullerenes among the four potential fullerene
stabilization sites. We hypothesize that the three C70 molecules
dynamically shuttle among the four corners of the barrel (M2)
which is much faster compared to the NMR timescale and thus
a time-averaged simple 1H NMR spectrum is obtained for
(C70)3@M2 (Fig. 3a and S10†) even at room temperature (25 °C).
Since DMSO freezes at 19 °C, we recorded the 1H NMR of the
acetonitrile soluble PF6

− analogue in CD3CN and carried out the
low temperature VT NMR experiments (acetonitrile freezes at
−45 °C). The 1H NMR of (C70)3@M2 in CD3CN also shows a two-
fold splitting for the a-pyridyl (a) protons at room temperature
(25 °C). However, at a lower temperature of−40 °C, the a-pyridyl
(a) protons split into multiple peaks (merged and appears
broad) due to freezing of molecular tumbling motion and free
movement of bound C70 molecules within the cavity of M2. As
a result, at lower temperatures, the protons remain in different
chemical environments and become resolvable in the NMR
timescale (Fig. S36†). The other protons also further split at
lower temperatures due to such effects.

Moreover, the kinetics of this C70 induced transformation
from M1 into (C70)3@M2 was explored. Accordingly, a solution
© 2025 The Author(s). Published by the Royal Society of Chemistry
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of M1 in DMSO-d6 was treated with an excess of C70 (4 equiva-
lents with respect toM1), and the reactionmixture was stirred at
70 °C and monitored using 1H NMR at different time intervals.
Within 10 min, the peaks corresponding to (C70)3@M2 started
appearing and the conversion of M1 to (C70)3@M2 was nearly
complete within 2 h (Fig. S30†). This experiment proves thatM1
instantly converts to (C70)3@M2 in the presence of C70 under
heat treatment without the involvement of any other detectable
intermediates. Notably, when the solution of M1 in DMSO-d6
was stirred with an excess of C70 at room temperature, no
changes were observed in the 1H NMR indicating no structural
transformation or encapsulation at room temperature
(Fig. S30b†). Thus, M1 in the presence of C70 and only under
heat treatment directly converts to a stable product, (C70)3@M2.
To get further insights into the structural transformation and
C70 encapsulation, host–guest studies were carried out using
lower equivalents of C70 with respect to M1 than that required
for the formation of (C70)3@M2. Two solutions of M1 in DMSO-
d6 were separately treated with 0.75 equivalents (1 equivalent
with respect to transformed M2) and 1.5 equivalents (2 equiv-
alents with respect to transformed M2) of C70, respectively. The
reaction mixtures were stirred at 70 °C and monitored using 1H
NMR at different time intervals. In both cases, peaks corre-
sponding to (C70)3@M2 started to appear within 20 min and
conversion was nearly complete within 3 h (Fig. S31 and S32†).
To further validate the compositions, samples of M1 in DMSO,
treated with 0.75 equivalents and 1.5 equivalents of C70,
respectively at 70 °C for 1 h were converted to their PF6

−

analogues and subjected to ESI-MS analyses in acetonitrile. The
mass spectra displayed only peaks and isotopic patterns corre-
sponding to (C70)3@M2 (Fig. S33c and d†). Even the mass
spectrum of the PF6

− analogue obtained aer treating M1 with
0.75 equivalents of C70 for just 10min at 70 °C displayed intense
peaks and isotopic patterns corresponding to (C70)3@M2 and
very less intense peaks and isotopic patterns corresponding to
free M1 (Fig. S33b†). No other isotopic distributions were
observed corresponding toM2 or other compositions ofM1/M2
with C70. These experiments further prove that the conversion
of M1 to (C70)3@M2 is concerted and (C70)3@M2 is both the
kinetic and thermodynamic product. M1 upon treatment with
C70 at higher temperatures instantly degrades and converts to
(C70)3@M2 without the involvement of any detectable
intermediates.

The direct formation of (C70)3@M2 from M1 was unambig-
uously conrmed from the time- and temperature-dependent
NMR and mass analyses. However, we were curious to investi-
gate why the fourth C70 molecule was not encapsulated into the
remaining vacant site ofM2. We optimized the structures of the
tetrafacial barrel, M2 with one, two, three and four C70 mole-
cules encapsulated (Fig. S41†) and normalized their energies
with respect to M2 to calculate the host–guest stabilization
energies (pages S30–S32 in the ESI†). The calculations clearly
indicate that the addition of each C70 molecule to M2 leads to
an increase in non-covalent interactions, enthalpically favour-
ing (C70)4@M2 (Fig. S42†) On the other hand, entropically
(C70)4@M2 formation is most disfavoured. Thus, the opposing
effects of enthalpy and entropy seem to guide the formation of
© 2025 The Author(s). Published by the Royal Society of Chemistry
(C70)3@M2 as the thermodynamically stable product. While
fullerene induced structural transformation is known,33,34 here
for the rst time we observed the encapsulation of three large
C70 molecules within the cavity of the transformed cage.

The host–guest studies were also carried out with C60

molecules by treating the solution of the trifacial barrel (M1) in
DMSO with an excess of C60 (4 equivalents with respect to M1)
followed by stirring the solution at 70 °C for 12 h. The brown
precipitate was isolated aer treating the reaction mixture with
an excess of ethyl acetate. NMR and mass analyses revealed the
presence of both free trifacial barrel (M1) and tetrafacial barrel
containing three C60 molecules (C60)3@M2 (Fig. S15–S18, S24,
S25, and S27–S29†). These results indicated that spherically
symmetrical C60 molecules could not induce complete trans-
formation of the cage which was very facile with C70. This may
be ascribed to the greater extent of the p–p interactions of the
host (M2) with ellipsoidal-shaped C70 rather than with spheri-
cally symmetrical C60. This also indicates that the transformed
tetrafacial barrel (M2) has a much higher selectivity for C70

compared to C60.
Fluorenone is well known for generating ROS like singlet

oxygen or superoxide. The main objective of embedding the
“uorenone” core within our building blocks was to endow the
self-assembled product with ROS generating ability. Further-
more, the transformed tetrafacial barrel (M2) encapsulated
three C70 molecules which is expected to improve the ROS-
generating ability particularly under visible light since
fullerene-C70 is a known photosensitizer, with it's broad
absorption in the green-red spectrum of the visible light.
Interestingly, the PF6

− analogues of the trifacial barrel (M1) and
C70 complex, (C70)3@M2, were highly soluble in acetonitrile and
could function as potential catalysts in the aforementioned
solvent.

M1 absorbs in the UV and blue regions of visible light
(characteristic absorption of uorenone). (C70)3@M2 also
absorbs in the similar region with a slight shi in the absorp-
tion prole due to the formation of host–guest complex
(Fig. S43†). Additionally, it displays a broad absorption char-
acteristic of C70 fullerene (starting at ca. 450 nm and tailing up
to ca. 700 nm) which further corroborates the presence of
encapsulated C70 molecules.

Only recently have there been efforts to replace the
hazardous ozonolysis-mediated olenic cleavage to generate
respective aldehydes or ketones under milder conditions.49a–c In
this respect, recent approaches involve the combination of
nitroarenes and alkenes under purple light, leading to the
formation of dioxazolidine intermediates that fragment to yield
carbonyl products.50a,b We surmise that use of low-energy red
light at ambient temperature to sensitize triplet oxygen and
consequent oxidative olenic cleavage will represent a signi-
cant improvement. Accordingly, we investigated whether the
PF6

− analogues of our barrel M1 or C70 complex, (C70)3@M2,
could function as potential catalysts for the ROS-mediated
oxidative cleavage of C]C of alkenes in acetonitrile. M1 and
(C70)3@M2 both absorb strongly in the blue-violet region of
visible light. Initially, diphenylethylene was selected as a model
substrate and treated separately with catalytic amounts
Chem. Sci., 2025, 16, 12885–12895 | 12889
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(0.2 mol%) of M1 and (C70)3@M2 in acetonitrile and subjected
to irradiation with a LED of wavelength 390 nm for 24 h under
an O2 atmosphere using a balloon. Aer completion of the
reaction, the product mixture was extracted with a hexane–ethyl
acetate mixture (95 : 5) and analyzed using NMR spectroscopy.
In both cases the formation of the oxidized product, benzo-
phenone, was observed in quite high yields. However, the yield
(85%) was slightly higher when (C70)3@M2 was used as a cata-
lyst compared to M1 (71%) (Table 1, entries 1 and 2). The
slightly higher yield in the presence of (C70)3@M2 may be
ascribed to the ease of Förster Resonance Energy Transfer
(FRET) from M2 to the encapsulated C70 molecules. The free
trifacial barrel M1 and (C70)3@M2 exhibit similar emission
proles having a signicant overlap with the C70 absorption
band (Fig. S44†). Furthermore, the proximity of M2 and C70

molecules in (C70)3@M2 provides an ideal platform for FRET
from M2 to C70 under 390 nm irradiation which probably is
responsible for its slightly better photo-catalytic performance
under 390 nm irradiation. Importantly, control reactions were
carried out using ligand L and free C70 in acetonitrile, while
none of them showed any product formation due to their
insolubility in acetonitrile (Table 1, entries 5 and 7). Thus,
catalytic amounts of the PF6

− analogues of both M1 and
(C70)3@M2 were effective in mimicking ozonolysis by oxida-
tively transforming diphenylethylene into benzophenone and
formaldehyde under 390 nm irradiation (Table 1 and S5†).
Table 1 Control reactions carried out using model substrate S1 (diphe
conditionsa

Entry no. Catalyst Irradiation wavelength

1 M1 (PF6
− analogue) 390

2 (C70)3@M2 (PF6
− analogue) 390

3 M1 (PF6
− analogue) 650

4 (C70)3@M2 (PF6
− analogue) 650

5b C70 390
6b C70 650
7 Ligand L 390
8b C70 650
9 M1 (PF6

− analogue) 390
10 (C70)3@M2 (PF6

− analogue) 390
11 (C70)3@M2 (PF6

− analogue) 650
12 (C70)3@M2 (PF6

− analogue) 650
13 (C70)3@M2 (PF6

− analogue) 650
14 No catalyst 390
15 No catalyst 650

a Reactions were carried out using 0.2 mol% of the PF6
− analogue ofM1, (

oxygen supply and irradiation with a light source of 650 nm or 390 nm for
catalyst.

12890 | Chem. Sci., 2025, 16, 12885–12895
The PF6
− analogue of (C70)3@M2 shows broad absorption

from ca. 450 nm which tails up to ca. 700 nm. This prompted us
to investigate whether it could show photo-catalytic activity
under the irradiation of longer wavelength, red light. Subse-
quently, we carried out the same reaction using diphenyl-
ethylene as a model substrate and a catalytic amount
(0.2 mol%) of (C70)3@M2 under 650 nm irradiation for 24 h
under an O2 atmosphere maintained using a balloon. The
oxidized product, benzophenone, was obtained in 74% yield
(Table 1, entry 4). Expectedly, no product formation was
observed when M1 was used as the catalyst since it doesn't
absorb in red light (Table 1, entry 3). Moreover, free C70 is
unable to catalyze the reaction due to insolubility in acetonitrile
(Table 1, entry 6). Free C70 is photosensitizing in nature but only
soluble in non-polar solvents such as toluene. So, we looked at
the possibility of free C70 catalyzing the oxidative trans-
formation of diphenylethylene into benzophenone in toluene.
The reaction was carried out using C70 as a catalyst in toluene
under 650 nm irradiation keeping other reaction conditions the
same. Expectedly, the formation of benzophenone was
observed. However, the yield obtained using (C70)3@M2 as
a catalyst (74%) in acetonitrile was much higher than that using
three times free C70 as a catalyst (43%) in toluene (Table 1, entry
8). The superior performance of (C70)3@M2 in acetonitrile
compared to free C70 in toluene in spite of better oxygen solu-
bility in toluene51 compared to acetonitrile52 may be ascribed to
slight red shiing of absorption upon C70 encapsulation. A
nylethylene) in the presence of different catalysts and under different

(nm) Solvent ROS quencher

P1a

Yield (%)

MeCN — 71
MeCN — 85
MeCN — No reaction
MeCN — 74
MeCN — No reaction
MeCN — No reaction
MeCN — No reaction
Toluene — 43
MeCN DABCO (2 equiv.) 28%
MeCN DABCO (2 equiv.) 32%
MeCN DABCO (2 equiv.) 15%
MeCN TEMPO (2 equiv.) 11%
MeCN p-Benzoquinone (2 equiv.) 17%
MeCN — No reaction
MeCN — No reaction

C70)3@M2, or free ligand L as a catalyst in acetonitrile under continuous
24 h. b Reactions were carried out using 0.6 mol% of the corresponding

© 2025 The Author(s). Published by the Royal Society of Chemistry
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comparison of the absorption proles of (C70)3@M2 in aceto-
nitrile and free C70 in toluene in the red region of visible light
reveals that absorption of (C70)3@M2 is slightly red shied
compared to free C70. While free C70 shows absorption maxima
at 639 nm, (C70)3@M2 shows stronger absorption at around
650 nm, which tails up to ca. 700 nm (Fig. S45†). Moreover,
carrying out oxidative reactions in acetonitrile is far more
advantageous compared to toluene since in toluene different
types of ROS form deteriorating the product selectivity.53

However, the host–guest complex, (C70)3@M2, at very low
catalyst loading, under safe red-light irradiation and in
commonly used acetonitrile media selectively cleaved the
olens oxidatively to produce the corresponding carbonyl
compounds without formation of any over-oxidized product(s).

To get further insights into the possible mechanism of this
ozonolysis mimicking oxidative transformation, the type of ROS
generated in the reaction conditions was investigated. DABCO
is a well-known singlet oxygen (1O2) quencher.54 The reactions
were carried out under similar conditions using (C70)3@M2 as
a catalyst and in the presence of 2 equivalents of DABCO (with
respect to the substrate diphenylethylene) both under 390 nm
and 650 nm light irradiation. The reactions resulted in reduced
yield supporting that 1O2 might be the primary ROS generated
under photoirradiation (Table 1, entries 9–11). However, the
non-negligible product formation (32% under 390 nm irradia-
tion) strongly suggests the presence of another ROS different
from 1O2. To interrogate the nature of the second reactive
oxygen species, we conducted further control reactions with
TEMPO and p-benzoquinone. TEMPO is a well-known radical
Fig. 5 Plausiblemechanisms of ROSmediated oxidative transformation o
of (C70)3@M2 under red-light (650 nm) irradiation. Both singlet oxygen (
light irradiation via energy transfer (path I) or electron transfer (path II) p

© 2025 The Author(s). Published by the Royal Society of Chemistry
scavenger55 while p-benzoquinone is profusely used to trap
a superoxide radical.56 In both cases, the reaction was signi-
cantly suppressed. From these control reactions it can be
concluded that the oxidative cleavage reaction also follows
a radical pathway and likely involves a superoxide species (Table
1, entries 12–13). To gather a compelling proof, electron para-
magnetic resonance (EPR) experiments were conducted to
spectroscopically detect the generation of 1O2 and O2c

− in the
catalytic cycle. The EPR spectra were recorded aer irradiating
the oxygen purged acetonitrile solutions of complex (C70)3@M2
in the presence of 1O2 spin trap, 2,2,6,6-tetramethylpiperidine
(TEMP). In another experiment O2c

− spin trap, 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) was used. The signature signals ob-
tained in the EPR spectra corresponding to the formation of
TEMPO and DMPO–OOH spin radicals in the respective cases
conrmed the generation of 1O2 and O2c

−, respectively (Section
13, Fig. S52 and S53 in the ESI†).

The plausible reaction mechanism suggests a [2 + 2] cyclo-
addition of the alkene with 1O2 to generate the endoperoxide
followed by cleavage of the four membered dioxetane to furnish
the corresponding carbonyl compounds (path I, Fig. 5). Thus,
the PF6

− analogue of (C70)3@M2 generated 1O2 under irradia-
tion with both blue-violet and red light which successfully cat-
alysed the oxidative transformation of diphenylethylene into
benzophenone in acetonitrile. Alternatively, diphenylethylene
can be oxidized by photoexcited (C70)3@M2 to generate the
radical cation of the olen and the reduced form of the putative
complex can donate one electron to oxygen forming a super-
oxide radical. This superoxide radical can further react with the
f olefins into carbonyl compounds in the presence of catalytic amounts
1O2) and superoxide radicals (O2c

−) are generated by (C70)3@M2 under
rocesses, respectively.

Chem. Sci., 2025, 16, 12885–12895 | 12891
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Table 2 Substrate scope for (C70)3@M2 under optimized reaction conditionsa under red-light (650 nm) irradiation

Entry no. Alkene substrates Product/(s) Yields

1 P1a (74%)

2 P2a (62%)

3 P3a (69%)

4 P4a (63%)

5 P5a (61%)

6 P6a (58%)

7 P7 (32%)

8 Trace amount of P8a

12892 | Chem. Sci., 2025, 16, 12885–12895 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd. )

Entry no. Alkene substrates Product/(s) Yields

9 Trace amount of P9a (45%)b

10 P10a 21% (74%)c,57

a All reactions were carried out using 0.2 mol% of the PF6
− analogue of (C70)3@M2 as a catalyst in acetonitrile (for substrates S7 and S8 an

acetonitrile–dichloromethane mixture was used) under continuous oxygen supply and irradiated with a light source of 650 nm for 24 h. b 45%
isolated yield under 390 nm light irradiation. c 74% isolated yield under 390 nm light irradiation; the control reaction for substrate S10 carried
out in the absence of the catalyst, under the same reaction conditions and under 390 nm light irradiation, generated P10a in ca. 5% yield
(crude NMR yield).57
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oxidized radical cation of alkene to generate the same dioxetane
intermediate (path II, Fig. 5).

Next, the substrate scope for this catalysis was explored
under red light irradiation. The reaction with different non-
hindered terminal alkenes proceeded with good yields (Table
2, entries 1–5) under similar reaction conditions. In all these
reactions, the other oxidized product formaldehyde (HCHO)
could not be detected from NMR analyses due to its volatile
nature. On the other hand, when bulky, non-terminal substrates
were used (Table 2, entries 6–8) both the oxidized carbonyl
compounds could be detected. However, either the product
yields were much lower for the bulky olen substrates (Table 2,
entries 6–7), or a trace amount of product formation was
observed (Table 2, entry 8), possibly due to steric factors
resulting in sluggish endoperoxide formation. Gratifyingly,
heterocycle-substituted olen or olen possessing nitro-
aromatics afforded the oxidatively cleaved product, albeit via
390 nm irradiation (Table 2, entries 9–10). As described in Table
2, (C70)3@M2 could catalyze the oxidative transformation of
a wide range of aromatic alkene substrates; however it fails to
cleave aliphatic olens.
Conclusions

In conclusion, a uorenone-based Pd6 trifacial barrel (M1) was
synthesized by coordination-driven self-assembly of a tetra-
dentate donor (L) with a cis-Pd(II) acceptor (A). The trifacial
barrel (M1) displayed a guest-mediated transformation into
a Pd8 tetrafacial barrel (M2) in the presence of C70 fullerene
molecules leading to the formation of a C70 encapsulated stable
host–guest complex, (C70)3@M2. The PF6

− analogues of both
M1 and (C70)3@M2 were soluble in acetonitrile and on account
© 2025 The Author(s). Published by the Royal Society of Chemistry
of the presence of photosensitizing “uorenone” within their
building units along with three encapsulated C70 molecules
within (C70)3@M2, their potential to catalyze the ROS-mediated
oxidative transformation of alkenes into the corresponding
carbonyl compounds was investigated.M1 and (C70)3@M2 both
generated ROS, singlet oxygen (1O2) and superoxide radicals
(O2c

−) under 390 nm irradiation and could catalyze the oxidative
transformation of olens into carbonyl compounds in aceto-
nitrile. Additionally, (C70)3@M2 absorbs in the red-region of
visible light and could photo-catalyze such alkene oxidative
transformations under red light irradiation at a low catalyst
loading. A wide range of terminal and bulky, sterically hindered
alkenes in acetonitrile were successfully cleaved by the cage/
complex, while free C70 fails to catalyze due to its poor solubility
in the chosen solvent.

The formation of host–guest complex, (C70)3@M2 with C70

molecules enabled tuning of the photosensitizing wavelength
from hazardous blue-violet (390 nm) to long wavelength red
light (650 nm) for carrying out the reactions. Therefore, the
encapsulation of C70 molecules was vital for solubilizing C70

and utilizing its photocatalytic activity under red-light irradia-
tion in acetonitrile. Furthermore, (C70)3@M2 in acetonitrile was
found to act as a better photocatalyst than free C70 in a toluene
owing to the modulated absorption prole of C70 upon encap-
sulation. The advantage of using (C70)3@M2 as a catalyst is that
it can be photosensitized using low-energy red light which not
only enables oxidative cleavage of olens but also curtails
chances of substrate over-oxidation. The non-toxic catalyst,
(C70)3@M2, thus overcomes the limitations of traditional olen
oxidation by using metal-oxide oxidants or ozonolysis. Such
host–guest complex catalyzed ROS-mediated alkene oxidative
splitting at a very low catalyst loading, under milder conditions,
Chem. Sci., 2025, 16, 12885–12895 | 12893
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and under red light irradiation is a promising green approach
for simplifying organic synthesis.
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L. V. Schäfer and G. H. Clever, Angew. Chem., Int. Ed., 2022,
61, e202209305.

4 (a) Y. Hou, C. Mu, Y. Shi, Z. Zhang, H. Liu, Z. Zhou, S. Ling,
B. Shi, X. Duan, C. Yang andM. Zhang, Aggregate, 2024, e628;
(b) S.-Q. Wang, Y. Wang, X. Yang, Y. Liu, H. Li, Z. Yang,
W.-Y. Sun and J. L. Sessler, Angew. Chem., Int. Ed., 2024, 63,
e202317775; (c) L.-X. Cai, S.-H. Li, D.-N. Yan, L.-P. Zhou,
F. Guo and Q.-F. Sun, J. Am. Chem. Soc., 2018, 140, 4869–
4876.

5 (a) H. Takezawa, K. Iizuka and M. Fujita, Angew. Chem., Int.
Ed., 2024, 63, e202319140; (b) M. R. Crawley, D. Zhang,
A. N. Oldacre, C. M. Beavers, A. E. Friedman and
T. R. Cook, J. Am. Chem. Soc., 2021, 143, 1098–1106.

6 Q. Li, H. Zhu and F. Huang, Trends Chem., 2020, 2, 850–864.
12894 | Chem. Sci., 2025, 16, 12885–12895
7 S. M. Bierschenk, R. G. Bergman, K. N. Raymond and
F. D. Toste, J. Am. Chem. Soc., 2020, 142, 733–737.

8 R. Chakrabarty, P. S. Mukherjee and P. J. Stang, Chem. Rev.,
2011, 111, 6810–6918.

9 S.-D. Guo, J. F. Stoddart and K. Cai, Chem, 2023, 9, 1071–
1073.

10 X.-R. Liu, P.-F. Cui, S.-T. Guo, Y.-J. Lin and G.-X. Jin, J. Am.
Chem. Soc., 2023, 145, 8569–8575.

11 (a) M. Shuto, R. Sumida, M. Yuasa, T. Sawada and
M. Yoshizawa, JACS Au, 2023, 3, 2905–2911; (b) L. Zhang,
R. Das, C.-T. Li, Y.-Y. Wang, F. E. Hahn, L.-Y. Sun and
Y.-F. Han, Angew. Chem., Int. Ed., 2019, 58, 13360–13364;
(c) J. Liu, B. Wang, C. Przybylski, O. Bistri-Aslanoff,
M. Ménand, Y. Zhang and M. Sollogoub, Angew. Chem., Int.
Ed., 2021, 60, 12090–12096.

12 (a) B. Huang, M. Zhou, Q.-Y. Hong, M.-X. Wu, X.-L. Zhao,
L. Xu, E.-Q. Gao, H.-B. Yang and X. Shi, Angew. Chem., Int.
Ed., 2024, 63, e202407279; (b) K. Wu, E. Benchimol,
A. Bakshi and G. H. Clever, Nat. Chem., 2024, 16, 584–591.

13 (a) C. T. McTernan, J. A. Davies and J. R. Nitschke, Chem.
Rev., 2022, 122, 10393–10437; (b) M. Yoshizawa and
J. K. Klosterman, Chem. Soc. Rev., 2014, 43, 1885–1898; (c)
N. Sinha and F. E. Hahn, Acc. Chem. Res., 2017, 50, 2167–
2184; (d) W.-X. Gao, H.-J. Feng, B.-B. Guo, Y. Lu and
G.-X. Jin, Chem. Rev., 2020, 120, 6288–6325.

14 R. Banerjee, D. Chakraborty and P. S. Mukherjee, J. Am.
Chem. Soc., 2023, 145, 7692–7711.

15 (a) H. Takezawa, K. Shitozawa and M. Fujita, Nat. Chem.,
2020, 12, 574–578; (b) S. Ghosal, A. Das, D. Roy and
J. Dasgupta, Nat. Commun., 2024, 15, 1810.

16 V. A. Rinshad, M. Aggarwal, J. K. Clegg and P. S. Mukherjee,
JACS Au, 2024, 4, 3238–3247.

17 (a) X. Zhu, G. Xu, L. M. Chamoreau, Y. Zhang, V. Mouriés-
Mansuy, L. Fensterbank, O. Bistri-Aslanoff, S. Roland and
M. Sollogoub, Chem.–Eur. J., 2020, 26, 15901–15909; (b)
C. Tugny, N. del Rio, M. Koohgard, N. Vanthuyne,
D. Lesage, K. Bijouard, P. Zhang, J. M. Suaréz, S. Roland,
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