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Synthetic cages or capsules serve as versatile container molecules capable of facilitating host—guest

chemistry and confinement-driven catalysis, akin to natural enzymes. However, their guest-binding
cavities are typically formed concurrently with their discrete frameworks. In this study, we demonstrate
that bent metallacycles, Pd,L,, structurally analogous to partial constructs of discrete coordination

capsules Pd,L4, can be effectively synthesized mechanochemically. Crystallographic analysis revealed
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that these structures would self-assemble into non-covalent coordination capsules with tunable interior

cavity dimensions. They were further utilized in solid-state, confinement-directed C-C bond formation

DOI: 10.1039/d5mr00075k

rsc.li/RSCMechanochem common organic base catalysts.

Introduction

Macrocycles play a central role in supramolecular chemistry, as
evidenced by their connection with two Nobel Prizes in Chem-
istry,"* awarded in 1987 and 2016. These structures,*”’ exem-
plified by notable systems such as natural valinomycin and
synthetic counterparts like crown ethers, exhibit distinctive
guest-association properties that are critical for applications
such as separation,® drug delivery,® and catalysis." Despite their
significance, macrocycle synthesis has historically been chal-
lenging. In 1990, Fujita and co-workers introduced a coordina-
tion-driven approach, enabling the synthesis of a palladium-
based macrocycle in the absence of a template and dilution
conditions, in quantitative yield."* This extraordinarily efficient
solution-based method fundamentally transformed the field.*

In recent years, due to their environmental friendliness,
mechanochemical approaches have garnered significant atten-
tion in all branches of chemical synthesis,"*** such as organic,
organometallic, supramolecular self-assembly
processes. Otera and co-workers provided an early mechano-
chemical metallacycle example of a Fujita-type Pt,L1, (L1 = 4,4’
bipyridine) via hand grinding.">'®* More recently, our group re-
ported the construction of two Pd-based metallacycles, Pd,L1,
and Pd,L2, (L2 = 1,3,5-tris(1-imidazolyl)benzene), by ball-
milling methods, which are inaccessible through conventional
solvent-based methods.”” While these studies highlight the
synthetic advantages of mechanochemistry, metallacycles’
functions under mechanochemical conditions, especially in
enzyme-mimic catalysis are completely unexplored in the
literature.
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catalysis, where they exhibited enhanced substrate size/shape recognition capabilities, compared to

In practice, supramolecular confinement catalyses are more
suited to molecular cages, e.g. Pd,L, (1), as they possess well-
defined hydrophobic cavities crucial in molecular recognition
and host-guest molecular information transfer.’* However, is
a discrete cage or capsule really necessary to facilitate micro-
environment catalysis? Could a guest-binding cavity be created
in situ with fragments of a cage in the presence of substrates? In
this work, by molecular design, we show that bent metallacycles
Pd,L, (2) (L = L3: 2,7-bis(3-pyridyl)naphthalene or L4: 1,3-bis(3-
pyridyl)benzene), structurally-related fragments of discrete
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Fig.1 The inspiration and design principle in this work. The goal is to
turn the “exterior” walls in rigid capsule 1 in solution into a more flexible
“interior” cavity of [2], that is self-assembled in the solid-state by 2,
a metallacyclic fragment of 1.
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capsule 1, could be turned “outside-in” to create non-covalent
coordination capsules with tunable interior cavity dimensions
(Fig. 1). These materials engage in efficient supramolecular
confinement catalysis in the solid-state with the help of
mechanical stimulation. More interestingly, they exhibit
enhanced substrate size recognition catalysis, a hallmark
feature in enzymes, compared to common organic base

catalysts.

Results and discussion

2a can be conveniently prepared from (tmeda)Pd(NO3), in the
presence of 1 equiv. of L3 in excellent yield (89%) under
solventless milling conditions (Fig. 2).** The formation of 2a
was confirmed by both NMR and ESI-mass spectroscopy.
Employing a similar ball-milling strategy, other metallacycles
Pd,L, can be conveniently produced in high yields, for example
with L3 and Pd = (eda)Pd (2b) (eda = ethylenediamine) or
(1R,2R-cdm)Pd  (2¢) (1R2R-cdm =  (1R,2R)-1,2-cyclo-
hexanediamine); or tmedaPd(NO;), and L4 to give a phenyl
backbone-based Pd,L4, (2d) (Fig. 2). These Pd,L, species were
fully-characterized by standard "H and *C NMR spectroscopy,
as well as ESI-MS and single crystal X-ray diffraction (sc-XRD)
(2a and 2d) (Fig. 2).

The dinuclear Pd,L, bowl shape-like cis-conformation of 2a
and 2d was unambiguously confirmed by a sc-XRD study
(Fig. 2). In both solid-state structures, one NO;~ group was
located at the center of the metallacycle framework. The anionic
binding is revealed by multiple CH---O interactions between the
a-C-H of pyridyls, C-H of tmeda and O in NO; ™, stabilizing the
formation of an anion-binding inclusion complex. Since the
interactions do not involve any m-type interactions with either

solvent-free

(NN)Pd(ONO2): + L Pd,L,
2 ml PP tube
NN = tmeda, eda, -CioHs- (L3) ZrO; ball 3 mm x 4) 2
(1R,2R)-cdm -CoHa- (L4)  milling (30 Hz), 90 min

o e ‘ X-ray
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Fig. 2 The solid-state synthetic route to various Pd,L, metallacycles
(2a—d), and their corresponding crystal structures (2a and 2d). The
macrocycle bent degrees were obtained from the Np (centroid)-Pd5-
centriod-Np (centroid) angle and the Ph (centroid)-Pd,-centriod-Ph
(centroid) angle, and they are labeled in green. The molecular struc-
tures of 2a and 2d with thermal ellipsoids drawn at 50% probability.
Only the encapsulated nitrate groups are shown.
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the pyridyl group or the naphthyl backbone, the NO;™ capture is
likely to be electrostatic in nature. Besides, the bent structures
in both cases are worthy of further discussion. Pd-coordination
with L3 creates an L-shaped metallacyclic structure with a Np-
(Pd-Pd)centrioa-Np angle of 75.6° for 2a, while the corresponding
angle in 2d is significantly more obtuse at 105.8°. In compar-
ison, the through-space angle of Pd,L2, derived from timb
(timb = 1,3,5-tris(imidazyl)benzene) is even wider at 125°.*”
These analogous structures provide a key clue that the bent
angle, representing a direct relationship to the dimension of
a potential guest binding site, could be systematically tuned by
rational design.*®

It has been demonstrated previously that coordination
complexes could self-assemble in the solid state into well-
defined higher ordered molecular capsules.*® Sun reported an
elegant template-facilitated self-assembly of porous hexameric
cage-like aggregates with lanthanide-based triply helicates,
which is capable of chiral guest recognition.”> When we care-
fully examined the crystal packing structures of both 2a and 2d,
a self-driven ordering of Pd,L, into capsule-like units, [Pd,L,],
was identified (Fig. 3). For example, 2a is packed in the crystal in
such a way that units A and B or C and D are aligned in
a capsule-like orientation with a C(np-np)centroid t0 D(np-Np)centroid
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Fig. 3 X-ray crystal packing structures of (a and b) 2a and (c and d) 2d,
and our hypothetical [2], model illustrating the tunability of the cavity
distance by varying the aryl linker in the ligand.
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Fig. 4 (a—d) *H NMR spectra obtained in a mixed solvent of CDsCN/
D,O =1:4 (10 mM) of (a) 2a; (b) G1; and (c) host—guest complexation
between 2a and G1. Blue highlights and dotted lines illustrate the
resonance shift of 2a and G1 upon complexation with G1, respectively.
(d) Solid-state °F NMR spectra of free G2 (red line) and inclusion
complex from 2a and G2 (green line). (e) (Left) Photograph of solid
samples of (from top to bottom) 2a + G3: before milling and after
stirring, under 365 nm UV-light irradiation, and (right) solid state
emission turn OFF of 2a + G3 upon ball-milling treatment.

distance of 10.5 A (Fig. 3b). Meanwhile, the capsular structure is
much easier to recognize in that of 2d, where two molecules of
2d are in close proximity, face-to-face to each other, with an
A(ph-ph)centroid tO B(ph-phjcentroia distance of only 4.6 A (Fig. 3cand
d). These packing structures offer a glimpse at something more
crucial. That is, by applying different ligand linkers, the
“tightness” of the [2], unit and its cavity size or shape, in
principle, can be designed and tuned, potentially for guest
binding reactions.

At the onset, the guest-binding aspect of 2 in solution was
investigated. For example, addition of 1,4-naphthoquinone (G1)
in a solution (CD;CN/D,O = 1: 4) of 2a induced an obvious up-
field shift in guest resonances, up to 0.7 ppm (Fig. 4c). More-
over, upon inspecting the resonance changes in 2a, its naphthyl
core experienced the most pronounced influence, implying that
guest molecules are located within the L-shaped binding pocket
created by 2a. In addition, the host-guest association event was
also confirmed by DOSY experiments (Fig. S31).

Our group has a long-standing interest in investigating
coordination self-assembly and host-guest chemistry under
solvent-free mechanochemical conditions. Solid-state '°F NMR
spectrum was employed to evaluate the guest binding ability of
2 in the solid-state. The "°’F NMR spectrum of a milled sample of
2a and 4-fluoro-B-nitrostyrene (G2) revealed a 0.44 ppm shift in
guest F-resonance upon mixing with 2a (Fig. 4d),*™** providing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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strong support for host-guest complexation between 2a and G2
in the solid-state. Attempts to obtain single crystals of the
complexation species with 2 failed, presumably due to the
relatively weak binding affinity in solution.

To strengthen the evidence that 2 is a capable host for guest
molecule entrapment, especially in the solid-state, we under-
took photophysical experiments using metallacycle 2a with
pyrene (G3), which displays distinctive aggregation-induced
emission (AIE) arising from the excimer formation in the
solid state. However, fluorescence of G3 is quenched in solution
due to the lack of self-aggregation.?® When 2a with G3 (forming
complex (2a), D (G3),) was subjected to ball-milling treatment,
the inherent fluorescence of G3 in the solid state was much
diminished, showing over a 5.6-fold reduction (turn OFF)
compared to the unmilled mixture (Fig. 4e). Even more
surprising was the observation that 2d, which features a highly
congested cavity, also effectively quenched the emission of G3
(Fig. S45). This suggests a degree of cavity flexibility that permits
guest accommodation. Since mechanical milling is necessary to
trigger encapsulation, we conclude that mechanical stimulation
is a prerequisite for inducing pore opening in 2d, a material
otherwise classified as non-porous based on its static crystal
structure. In addition, powder X-ray diffraction (PXRD) was also
applied to provide bulk structural information on 2a with G2.
While the structure of a milled sample of 2a remained crystal-
lographically intact, co-milling with G2 (presumably formation
of (2a),, D (G2),) resulted in a featureless PXRD spectrum. The
experimental observation supported that G2 engages in inter-
molecular interaction with 2a in the solid state upon mechan-
ical impact (Fig. S46). As the mechanical impact takes place at
the crystal interface between 2a and G2, the mechanical
stimulus-triggered phase transformation is expected to
distribute locally, resulting in amorphous solids. Such
mechanical impact-induced reaction behavior was previously
observed and proposed by Ito with an Au(i) complex.”” Upon
mechanical triggering, a chain-like process is initiated from the
point of impact at the surface extending towards the inner
layers of the solid structure. Subsequently, we believe, it will
increase the effective surface area of 2a, inducing reagent access
to the reaction domain. Collectively, although a molecular level
understanding of the guest binding mode and the mechanism
of force-induced cavity opening in 2 is currently lacking in this
work, the limited mechanistic data obtained suggest that 2 is
fully capable of hosting guest molecules. More importantly, 2 is
well-poised to engage in supramolecular catalysis in the solid-
state.

Michael addition reaction is a classic organic transformation
to construct a C-C bond between a nucleophile and a Michael
acceptor. In general, the reactions are often facilitated by
common bases and both Lewis and Bronsted acids.*® Lately,
these reactions were also studied with coordination cage cata-
lysts under aqueous conditions, notably by the work of
Mukherjee* and Lusby,* yet analogous solid-state counterparts
are lacking in the literature.

When a mixture of 4-chloro-B-nitrostyrene (3a) and an
equivalent of dimethylbarbituric acid (4) was charged into
a 2 mL polypropylene (PP) tube with ZrO, milling balls (3 mm x

RSC Mechanochem.
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Table 1 Reaction screening in mechanochemical Michael addition between 3a and 4

MNo, o o
O Y
cl ANy
o

3a 4

solvent-free o
cat. 2a \NJLN/
(10 mol%)
—_— o o
2 ml PP tube
ZrO; ball
(3 mm x 4) cl 5a
milling (30 Hz)
t,2h

Entry Deviation from above conditions NMR yield” (%) of 5a
1 None 98

2 30Hz,1h 90

3 20 Hz, 2 h 73

4 5mm x 1 93

5 Milling at 0 °C 43

6 Milling at —30 °C 27

7 1 (or 5) mol% 2a 51(88)

8 10 mol% 2b 54

9 10 mol% 2¢ 93

10 10 mol% 2d 96

11 10 mol% Pd,L3, cage (1) 65

12 No 2a 9

13 10 mol% (tmeda)Pd(NOs), or (py),PdCl, as the catalyst 20r9
14 20 mol% L3 or L4 93 or 92
15 With (or without) 2a in DMSO-dj 71(59)

“ Yields determined by "H NMR spectroscopy with 1,3,5-trimethoxybenzene as an internal standard. ” Reaction with (without) 2a in CD;CN/D,O (1 :

4) gave 5a in 63% (61%) yield.

4) in the presence of 2a (10 mol%), the solid sample was sub-
jected to a mixer mill set at 30 Hz for 2 h. After the reaction, the
milled sample was analyzed by "H NMR spectroscopy. The C-C
bond coupling product (5a) was obtained in an excellent 98%
yield (Table 1, entry 1). Without 2a, the solid-state background
reaction is negligible (9% yield of 5a under the same mecha-
nochemical condition) (entry 12). Reducing the milling
frequency or reaction time led to lower conversions (entries 2—
3). Using a larger milling ball (5 mm) instead would have had
a slight diminishing effect on reaction efficiency (entry 4).
Interestingly, the mechanochemical reactions could still
proceed at as low as —30 °C, suggesting that the influence of
mechanical impact is likely in play (entries 5-6). Not surpris-
ingly, when 5 mol% of 2a was applied, a respectable 88% of 5a
could still be obtained (entry 7). However, when the cage cata-
lyst loading was lowered to 1 mol%, the conversion to the
coupling product was hampered (entry 7).

Different kinds of Pd,L, catalysts were also examined in
reactions between 3a and 4 (entries 8-10). With a less sterically
congested ethylenediamine (eda) ligand, the catalytic activity of
2b is vastly diminished, and only 54% of 5a was achieved (entry
8). On the other hand, 2¢, equipped with a conformationally
rigid cyclohexyldiamine, is expected to firmly maintain the L-
shaped guest binding pocket, providing 5a in 93% yield (entry
9). By swapping L3 with L4, 2d behaved as an excellent
confinement catalyst and gave 5a in 96% yield (entry 10). As
a comparison, the catalysis was also examined with capsule
(tmedaPd),p34 (1a) (65% yield, entry 11). However, control
experiments showed that 1 is unstable under mechanochemical

RSC Mechanochem.

conditions and undergoes decomposition, with 58% of 1
remaining after milling at 30 Hz for 30 min (Fig. S41). As such,
we attributed the formation of 5a to base catalysis, as L3 and L4
were confirmed to be capable catalysts for the formation of 5a
(entry 14). In comparison, Pd-N,,, bonds in metallacycle 2a are
stable and unsusceptible to mechanical impact, presumably
due to the low strain associated with a nonporous structure. 2a
remains structurally intact under mechanochemical condi-
tions, being quantitatively recovered after milling treatment
(Fig. S42). Therefore, we ruled out the possibility that efficient
catalysis occurs due to the exposure of Lewis basic pyridyl
groups upon ball-milling treatment of Pd,L, catalysts (2).

This claim is further supported by the use of (py),PdCl, or
(tmeda)Pd(NOs), as catalysts, which produced 5a in 9% and 2%,
respectively (Table 1, entry 13), roughly the same as the back-
ground reaction (Table 1, entry 12). Finally, reactions were also
carried out under solution-based conditions with 2a in DMSO-
de or in a mixed solution (CD3;CN/D,0) (entry 15). Although 71%
yield of 5a was achieved, 5a would have formed even without 2a,
suggesting that a strong background reaction was operative
with Lewis-basic DMSO-dg or D,O.

With these optimized conditions in hand, the scope of 2a as
a solid-state catalyst was examined with a series of B-nitro-
styrene derivatives 3 and 4 (Fig. 5). Among them, aryls with
neutral (3b), electron-withdrawing (3c-f), and electron-donating
groups (3g-h) were all tolerated and delivered excellent
conversions (>95% yield of 5).

A unique aspect of enzymes is their tremendous molecular
recognition ability, enabling them to carry out catalysis both

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The solid substrate scope in the mechanochemical Michael
addition reaction between 3 and 4 with 2a as a catalyst. Yields were
determined using NMR with an internal standard.

efficiently and with high stereo- and regioselectivity.** Such
a level of recognition is still difficult to achieve with synthetic
counterparts. Substrate size and shape recognition is funda-
mentally important as these properties are typically hard to
differentiate with conventional organic or organometallic cata-
lysts. We envisioned that aggregation of 2 would in situ generate
a cavity space that imposes specific size and shape require-
ments on the incoming guest molecules. If the size and shape of
the cavity match those of the substrate, the substrate would be
captured and transformed to the final products. If not, either
the transformation would not happen or would be much slower.

Although Michael addition of either 3a or 3b with 4 inde-
pendently led to >95% conversion with metallacycle catalyst 2a
by ball-milling, when they were charged in a one-pot mixture (3a
+ 3b + 4) with a catalytic amount of 2a (10 mol%), coupling
products 5a and 5b were obtained in 79% and 22% yield,
respectively (Fig. 6). Similarly, catalyst 2d provided 5a (81%) and
5b (24%) with similar selectivity under the same milling
conditions (Fig. 6a). The use of N-methylimidazole (6a),
a common organic base, would lead to equivalent amounts of 5a
(61%) and 5b (45%) (Fig. 6). Notably, although the basicity of 6a
is higher than that of L3 or L4, the latter surprisingly gave lower
catalytic activity in the Michael addition reaction between 3 and
4. To reason these confusing results, emission experiments
were carried out with milled samples containing L3 and G3 and
it was found that the emission of G3 was enhanced (Fig. S40d—f),
in sharp contrast to the emission quenching phenomenon
observed with 2a (Fig. 4e). This may suggest that the

N0, solvent-free o o
o. o catalyst \NJLN’ \NJLN/
a 3a YY" (10mol%)
+ + NN [e] o + (o) o
- \g’ S 2 ml PP tube NO, NO,
xNO, ZrO; ball
/©/\/ 4 Gmmx4) 52 py 5b
Ph 3b milling (30 Hz)
t,2h  catalyst: 2a 79% 22%
2d 81% 24%
6a 61% 45%

Fig. 6 Substrate size/shape recognition catalysis with 2a, 2d, and
organic base 6a.
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“compactness” of pyrene aggregation is potentially enhanced to
magnify the “excimer” character of G3. The unique interaction
between L3 and G3 might provide insight into why these control
reactions with tridentate ligands (L3 and L4) provide such good
catalytic results (Table 1, entry 14).

These experiments suggest a certain level of size/shape
recognition with Pd,L, catalysts in the solid-state. This is
remarkable as most supramolecular systems that exhibit
similar size/shape molecular recognition properties are discrete
molecular structures.*” Although the concept of employing
discrete cage fragments in self-assembly with guest molecules
shares some similarity with the “aromatic micelle” idea pio-
neered by Lee** and Yoshizawa® using either ionic or amphi-
philic aromatic surfactants, the host-guest behavior of the two
approaches is very different. The host-guest chemistry with
aromatic surfactants is dictated by the size of guests. In our
case, host-guest complexation is instead dictated by the shape
of 2, and this, we believe, is the chemical origin of its unique
molecular recognition ability.

Conclusions

In this work we present a family of bent metallacycles (2) that
can be readily synthesized via solvent-free mechanochemistry.
Crystallographic analysis revealed the formation of non-
covalent capsular assemblies in the solid state, exhibiting
varying degrees of structural tightness. Specifically, 2a forms
loosely packed capsules, whereas 2d self-assembles into tightly
packed capsules. Regardless of their static solid-state struc-
tures, these assemblies were demonstrated to function as
capable hosts for small molecules under mechanical stimula-
tion in the solid-state, hinting at the importance of force to drive
these complexation processes. The mechanism would be
further examined in depth in the near future in our laboratory.
In addition, these Pd,L, metallacycles were further shown to
function as confinement catalysts in Michael addition reac-
tions, exhibiting distinctive molecular recognition. This study
represents the first mechanochemical approach to confinement
catalysis driven by coordination complexes. We anticipate that
our non-covalent coordination capsule strategy, inspired by the
self-assembly processes of biological macromolecules mediated
by non-covalent interactions, will serve as a complementary
approach to conventional coordination self-assembly methods
for constructing porous coordination structures.
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