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ABSTRACT: Designing supramolecular architectures with uncommon geometries has always been
a key goal in the field of metal−ligand coordination-driven self-assembly. It acquires added
significance if functional building units are employed in constructing such architectures for fruitful
applications. In this report, we address both these aspects by developing a water-soluble Pd16L8
coordination cage 1 with an unusual square orthobicupola geometry, which was used for selective
aerobic oxidation of aryl sulfides. Self-assembly of a benzothiadiazole-based tetra-pyridyl donor L
with a ditopic cis-[(tmeda)Pd(NO3)2] acceptor [tmeda = N,N,N′,N′-tetramethylethane-1,2-
diamine] produced 1, and the geometry was determined by single-crystal X-ray diffraction study.
Unlike the typically observed tri- or tetrafacial barrel, the present Pd16L8 coordination assembly
features a distinctive structural topology and is a unique example of a water-soluble molecular
architecture with a square orthobicupola geometry. Efficient and selective aerobic oxidation of
sulfides to sulfoxides is an important challenge as conventional oxidation generally leads to the
formation of sulfoxide along with toxic sulfone. Cage 1, designed with a ligand containing a
benzothiadiazole moiety, demonstrates an ability to photogenerate reactive oxygen species (ROS) in water, thus enabling it to serve
as a potential photocatalyst. The cage showed excellent catalytic efficiency for highly selective conversion of alkyl and aryl sulfides to
their corresponding sulfoxides, therefore without the formation of toxic sulfones and other byproducts, under visible light in aqueous
medium.

■ INTRODUCTION
Enzymes utilize weak noncovalent interactions, especially
within substrate-binding pockets, to regulate complex bio-
chemical processes.1 This natural mechanism has inspired
synthetic chemists to create supramolecular architectures of
various shapes, sizes, and functionalities that mimic enzymatic
functions.2 Substrate encapsulation in such structures elevates
the reaction rate by enhancing substrate concentration through
proximity effects, reducing entropy, and meticulously pre-
organizing reactants. Numerous molecular containers featuring
precisely defined cavities have already been reported in pursuit
of this goal.3 Metal−ligand coordination-driven self-assembly is
a highly effective approach for synthesizing intricate supra-
molecular architectures. It also utilizes diverse precursors with
different bite angles, making it a preferred choice among
various noncovalent self-assembly processes. The resulting
supramolecular architectures find applications in supramolec-
ular catalysis,4 drug delivery,5 light harvesting,6 and photo-
switching.7

In the past two decades, there has been a significant
advancement in the discovery of various architectures through
this strategy of metal−ligand coordination-driven self-assem-
bly.8 Particularly, the synthesis of coordination cages has seen
notable progress by strategically employing cis-blocked Pd(II)
or Pt(II) complexes.9 These complexes have a unique
configuration with two available coordination sites at an
angle of 90°. The interaction between these metal complexes

and tetratopic rigid N-donor ligands has been extensively
explored, establishing it as a well-researched and effective
approach in synthetic chemistry.10 Self-assembly of such
tetratopic rigid donors (D) with cis-blocked Pd/Pt acceptors
(M = Pd/Pt) has been found to yield mainly tetrafacial
(M8D4) and trifacial (M6D3) barrels.

11 Notably, elongating the
ligand length by modifying the spacer group in a supra-
molecular system has proven to be an effective method in
creating more intricate structures.12 These include larger
supramolecular cages with spacious pockets suitable for guest
encapsulation and catalysis.13 Along with the attractive
structural features, a significant amount of research has been
dedicated to develop water-soluble, larger self-assembled
coordination complexes for solving challenging problems in
aqueous medium. One such challenging and important
problem is the efficient, selective oxidation of sulfides to
sulfoxides, therefore without producing toxic sulfones and
other byproducts, under mild reaction conditions. This is of
enormous significance as sulfoxides play a crucial role in

1

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pranay+Kumar+Maitra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Soumalya+Bhattacharyya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Neal+Hickey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Partha+Sarathi+Mukherjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c02956?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/146/22?ref=pdf
https://pubs.acs.org/toc/jacsat/146/22?ref=pdf


organic synthesis,14 pharmaceuticals,15 and polymers.16 Some
sulfoxides, such as those found in drugs such as omeprazole
and sulindac, exhibit notable pharmacological properties.
Current methods for sulfoxide synthesis often involve the use
of multiple oxidants, leading to excessive waste, and pose
challenges in terms of selectivity with the risk of forming
undesired sulfones. Additionally, many existing protocols
require high temperature.17 In this regard, it is appealing to
develop a self-assembled cage with a unique geometry, using a
functional ligand motif, for selective photooxidation of sulfides
to sulfoxides in high yields under aerobic and aqueous
conditions.
Herein, we report the synthesis of a very large Pd16

architecture (1) by the self-assembly of a tetra-pyridyl donor
(L) containing a benzothiadiazole core with a cis-Pd(II)
acceptor (Scheme 1). The Pd16 cage (1) shows the distinctive
structural topology of the Johnson solid J28. This topology
represents a square orthobicupola geometry, which is unusual,
and to the best of our knowledge, cage 1 is the first example of
a water-soluble Pd(II) molecular architecture with a square
orthobicupola geometry. This cage 1 exhibits robust light
absorption characteristics in the visible spectrum, and it
contains the photosensitizing benzothiadiazole units in the
backbone, thus enabling the cage to be fluorescent and active
for reactive oxygen species (ROS) generation upon exposure
to visible light in aqueous medium. 1 was found to be efficient
for selective aerial oxidation of sulfides to their corresponding
sulfoxides, with excellent catalytic activity under aqueous
medium and without the formation toxic byproducts.
Furthermore, the cage could be reused for multiple cycles
without any significant loss of catalytic activity.

■ RESULTS AND DISCUSSION
A Suzuki coupling reaction was utilized to synthesize the new
tetra-pyridyl ligand L involving the compounds 4,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[c] [1,2,5]thiadiazol
(a) and N-(4-iodophenyl)-N-(pyridin-4-yl)pyridin-4-amine
(b) (Scheme 2). The final product (L) was isolated and
characterized by multinuclear NMR (Figures S2−S4) and
electrospray ionization mass spectrometry (ESI-MS) analyses
(Figure S5).
The synthesis of nanocage 1 involved a combination of L

and cis-[(tmeda)Pd(NO3)2] in 1:2 ratio in a water/acetone

mixture (1:1) and reacting at 70 °C for 48 h. The outcome of
this reaction was the formation of a distinct and clear orange
solution (Scheme 1). The orange solution was evaporated to
dryness and recrystallized by diffusing acetone into an aqueous
solution of the product to give a yield of 85%. Notably, while
the resulting self-assembled product (1) is soluble in water, its
building block L is not. The 1H NMR spectrum of 1 in D2O
displayed 12 distinct peaks in the aromatic region, spanning
from 6.91 to 9.05 ppm. On the other hand, the building block
L showed the expected five peaks in the aromatic region
(Figure 1). Such splitting in the 1H NMR of 1 compared to L
suggests a complex structure resulting in different chemical
environments of the protons of 1. After a detailed examination
of the spectrum, it became clear that there are three unique
sets of α-pyridyl protons with 1:2:1 integration ratio and four
distinct sets of β-pyridyl protons displaying 1:1:1:1 integration
ratio. This division in signals indicates that each of the four
protons in every pyridyl ring of the ligand encounters a unique
chemical environment. This could be due to the presence of an
unconventional structure. Appearance of a complex NMR
spectrum eliminated the formation of the anticipated simple
barrel structure with three or four faces, as barrels are expected
to give a simple NMR spectrum. Identification of the peaks was
facilitated with the help of 1H−1H COSY (Figure S7). The
occurrence of multiple proton peak splittings in the 1H NMR
spectrum could be attributed to the presence of multiple
assemblies. However, the single diffusion band with a logD

Scheme 1. Schematic Representation of the Synthesis of 1

Scheme 2. Schematic Presentation on the Synthesis of the
Ligand L
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value of −10.08 observed in the 1H-DOSY analysis confirmed
the existence of a single molecular entity (Figure S8).
For better ionization under electrospray ionization (ESI),

nitrate counteranions in 1 were exchanged with PF6
− by

treating 1 with excess KPF6 in a 1:1 mixture of water and
acetone. An ESI mass spectrometry (ESI-MS) investigation
was performed on this PF6

− analogue in acetonitrile. The
results revealed several distinct peaks with notable abundances
at m/z values of 1506.7876, 1323.256, 1176.4364, and
1056.3127 (Figure 2) with correct isotopic patterns corre-

sponding to the charged fragments [1-8PF6
−]8+, [1-9PF6

−]9+,
[1-10PF6

−]10+, and [1-11PF6
−]11+, respectively (Figure S9),

which confirm the formation of an M16L8 assembly.
Although the NMR and mass spectrometric analyses

confirmed the presence of a single M16L8 assembly, they failed
to provide the exact arrangement of the ligands and the overall
structure of the assembly. Diffraction-quality single crystals of
1 were obtained by the slow diffusion of acetone vapor into a
concentrated aqueous solution of compound 1 (nitrate

analogue). X-ray diffraction data were collected from an
appropriate single crystal using synchrotron radiation. The
analysis of the data unequivocally confirmed the existence of a
distorted square orthobicupola geometry (M16L8) (Figure 3).

The square orthobicupola geometry is classified as one of the
Johnson polyhedral solids, specifically the J28 polyhedron,
composed of 10 squares and 8 equilateral triangles. This is a
unique example of a Pd(II) coordination architecture with
such unusual structural topology, showing water solubility.
This distorted square orthobicupola (1) crystallized in the

centrosymmetric monoclinic space group C2/m. Although the
structure classifies as a square orthobicupola, none of the faces
are in fact square and, therefore, the triangles are not
equilateral. Further details of the geometry of the structure
defined by the Pd(II) ions are outlined in the Supporting
Information (Figure S1 and Table S2). For cage 1, a tetratopic
ligand L is paneled on 8 of the 10 quadrilateral faces. The
remaining two faces are open and positioned opposite to each
other, thus making it a structure with two large, identical open
windows. The sides of the windows differ in length by about

Figure 1. Stacked 1H NMR spectra of ligand L (in CDCl3, bottom)
and cage 1 (in D2O, top).

Figure 2. ESI-MS spectrum of the PF6
−analogue of 1 in acetonitrile.

(Inset) Isotopic distribution pattern of the [1-9PF6
−]9+ fragment.

Figure 3. (a, b) Capped-stick representation of the X-ray crystal
structure of cage 1 (side view) and top view of nanocage 1 (color
codes: C = green, N = blue, Pd = red, and S = yellow).
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0.14 nm and each of the windows has an opening greater than
3 nm, measured as the maximum diagonal Pd−Pd distance.
Such a value is significantly larger than the diameter of the
usual M2nLn barrels.
The photophysical characteristics of cage 1 were investigated

in deionized water. Cage 1 exhibited two absorption peaks at
wavelengths of 339 and 400 nm, corresponding to π−π* and
n−π* transitions, respectively. In an aqueous environment, 1
displayed fluorescence emission with a Stokes shift of 130 nm
and an absolute quantum yield (QY) of 20.81% (Figure 4a,b).

This is a remarkable value for a dilute aqueous solution of
Pd(II) complex. Although the emission is quite high for a
Pd(II)-based complex, it is not comparable to highly emissive
chromophores, primarily due to nonradiative decay. However,
adding acetonitrile to an aqueous solution of nanocage 1 gives
rise to aggregation-induced emission (AIE) (Figure 4c). This is
attributed to the increased restriction of phenyl ring rotation in
the aggregated state. Notably, in a 90% acetonitrile/water
mixture, cage 1 demonstrates a significant enhancement in
emission, reaching a threefold increase in intensity compared
to the water-only solution, with a significantly high quantum
yield of 70.39% (Figures S10−S11). The morphology of the
supramolecular aggregate of 1 was investigated by using
scanning electron microscopy (SEM), which revealed the
formation of spherical nanoparticles (Figure S12). Such a
highly luminescent self-assembled cage based on Pd(II) is a
rare occurrence.
Benzothiadiazole-based fluorophores show significant prom-

ise as materials for generating reactive oxygen species (ROS)
through photogeneration. The incorporation of multiple
benzothiadiazole units within the structure of cage 1 presents
an excellent opportunity to harness white light for ROS
generation in aqueous medium. Thus, from this viewpoint,
cage 1 could be an excellent candidate for photocatalysis.
Our initial exploration focused on the oxidation reaction

using methyl phenyl sulfide as a model substrate, employing
aqueous cage 1 as the oxidizing agent (Scheme 3). Under
aerobic conditions, the use of photocatalyst 1 resulted in the
complete conversion of methyl phenyl sulfide to methyl phenyl
sulfoxide within a remarkably short time frame of 4 h,

demonstrating outstanding selectivity in the process (Table 1,
entry 2). Additionally, when subjected to comparable reaction

conditions, the ligand L alone was unable to catalyze the
reaction (Table 1, entry 6−7). In the absence of light, no
reaction was observed (Table 1, entry 3). In a control
experiment utilizing DABCO as a quencher for singlet oxygen,
only a 20% conversion was observed (Table 1, entry 5). The
introduction of benzoquinone (BQ) did not result in a decline
in the reaction’s yield (Table 1, entry 4). Additionally, these
findings suggest that the involvement of 1O2 is more pivotal in
the current reaction process compared to O2

•−. Therefore,
under optimized conditions, methyl phenyl sulfide underwent
nearly complete conversion to methyl phenyl sulfoxide within a
concise 4 h time frame. To assess the substrate scope, diverse
alkyl/aryl-substituted sulfides were subjected to the oxidation
reaction by using the optimized conditions under visible light.
All the alkyl/aryl-substituted sulfides exhibited the selective
conversion to the corresponding sulfoxide through oxidation in
very exceptionally high yields (Figure 5) without any trace of
expected sulfones as byproducts.
In each case, the NMR and ESI mass spectra of the reaction

mixtures were recorded after 4 h (Figures S13−S31). The
turnover number for each substrate is 200. The catalyst’s
recyclability was then tested over 10 cycles after the reaction
was concluded, demonstrating only negligible degradation in
its catalytic performance (Figure S33). After each cycle, the

Figure 4. (a) Absorption spectrum of 1 in 10 μM aqueous solution.
(b) Emission spectrum of 1 upon excitation at 400 nm. (c) Change in
the fluorescence spectrum of 1 with increasing CH3CN fraction in
water solution (λex = 400 nm).

Scheme 3. Schematic Presentation of the Oxidation of
Thioanisole

Table 1. Visible Light Oxidation of Sulfide to Sulfoxide

entry catalyst atmosphere light solvent
time
(h)

yield
(%)

1 1 O2 + H2O 4 >99
2 1 air + H2O 4 >99
3 1 air − H2O 4 0
4 1 + BQ air + H2O 4 >99
5 1 + DABCO air + H2O 4 20
6 L air + H2O 4 10
7 L air + CH3CN 4 20
8 L1 air + H2O 4 0
9 [(tmeda)

Pd(NO3)2]
air + H2O 4 0

Figure 5. Visible light-driven oxidation of various sulfides.
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product was directly extracted from water by adding CHCl3, as
the cage is insoluble in CHCl3. Following extraction, the
substrate was reintroduced for the next cycle of catalysis, and
the extraction process was repeated in subsequent cycles.
Additionally, we tested the possible binding of the substrate

in the cage cavity, which could be a pivotal aspect of such high
effectivity and selectivity of the catalysis. The encapsulation of
methyl phenyl sulfide inside 1 leading to the formation of a
host−guest adduct was confirmed by 1H NMR where a shift of
host peaks with the appearance of guest peaks was observed
and a single diffusion band with a logD value of −10.148 was
observed in the 1H-DOSY analysis (Figure 6a−c). Further-
more, 1H−1H- NOESY (Figure S35) showed a clear
interaction between the host and guest protons, which
supports the encapsulation of the guest inside the cage’s
cavity. One may also expect binding of the guest at the external
surface of the cage. To address this issue, four pyridine
moieties of the ligand L were methylated followed by
conversion to nitrate salt (L1) to prepare the water-soluble
cationic form (L1) of the ligand L. If binding of a guest on the
outer surface of the cage is possible, then, the same guest is
expected to bind the cationic ligand L1 in aqueous medium.
Titration of methyl phenyl sulfide with L1 in aqueous medium
showed no change in the NMR pattern (Figure S38), which
ruled out the external surface binding of the guest. The
reaction of ethyl methyl sulfide in the presence of the cage (1)

under similar reaction conditions resulted in the formation of
sulfoxide selectively (Figure 5). If the guest binding was driven
by π−π interactions on the outer surface of the cage, dialkyl-
substituted sulfide would not have shown such reactivity.
Based on these findings, we can propose a mechanism where
our cage acts as an enzyme-mimicking host and performs
catalytic chemical transformation within the cage cavity
(Figure 7). Thus, nanocage 1 provides an excellent platform
for catalytic oxidation by allowing the substrate to get into the
cage cavity and generating ROS.

■ CONCLUSIONS
In summary, we report here the successful construction of a
water-soluble Pd16 nanocage through coordination self-
assembly of a cis-Pd(II) 90° acceptor with a tetra-pyridyl
donor (L) containing a benzothiadiazole core. An uncommon
square orthobicupola structural topology, referred to as a
‘Johnson polyhedral solid (J28),’ was established by structure
analysis of 1 using single-crystal X-ray diffraction. To the best
of our knowledge, complex 1 demonstrates the first instance of
a water-soluble Pd(II) molecular architecture with a square
orthobicupola geometry. The backbone of the nanocage
incorporates several benzothiadiazole units, enabling it to be
fluorescent, with the generation of ROS upon exposure to
visible light in aqueous medium. Thus, cage 1 being a potential
photocatalyst was used to address a challenging problem of

Figure 6. 1H NMR stack plot of (a) 1 + 1s in D2O, (b) 1 in D2O, and (c) diffusion-ordered 1H NMR of 1 + 1s in D2O.

Figure 7. Plausible pathway for the 1O2-promoted formation of sulfoxides in cage 1 in aqueous medium.
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selective sulfide oxidation in water medium. The conventional
approaches for this generally produce a mixture of sulfoxide
and toxic sulfones. While sulfoxide is a crucial synthetic
intermediate for biomolecules, the overoxidized sulfones are
toxic, and their separation is difficult. Notably, nanocage 1
demonstrated excellent catalytic activity with selective aerial
oxidation of aryl/alkyl sulfides to their corresponding
sulfoxides under visible light in aqueous medium with very
high yields, without the formation of toxic sulfones as
byproducts. The products could be separated by simple
filtration, and the aqueous solution of the catalyst could be
reused up to 10 cycles without much loss of catalytic activity.
Excellent photocatalytic activity in water for selective oxidation
of sulfides to the corresponding sulfoxides combined with its
unique structural topology makes the Pd16 nanocage (1) a
promising example of functional self-assembled discrete
architecture.
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