
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
1/

10
/2

02
5 

8:
50

:1
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Configurational c
State Key Laboratory of Supramolecular

Chemistry, Jilin University, Changchun 130

edu.cn

† Electronic supplementary information
characterizations of ligands and comp
crystallographic data and DFT calculat
number of theoretically possible iso
Pd6L

A
6L

B
6-b. CCDC 2387801, 2387551 and

data in CIF or other electronic format see D

Cite this: Chem. Sci., 2025, 16, 6114

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 23rd December 2024
Accepted 6th March 2025

DOI: 10.1039/d4sc08647c

rsc.li/chemical-science

6114 | Chem. Sci., 2025, 16, 6114–6120
ontrol of low-symmetry
heteroleptic metal–organic cages with asymmetric
ligands†
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and Ming Wang *

Low-symmetry metal–organic cages (MOCs) can better mimic the structure of biological enzymes

compared to high-symmetry MOCs, due to their unique internal cavities that resemble the specialized

and irregular active sites of enzymes. In this study, two low-symmetry heteroleptic MOCs with six Pd(II)

centers, Pd6L
A
6L

B
6 and Pd6L

B
6L

C
6, were successfully constructed by combining two strategies:

asymmetric ligand assembly and multi-ligand co-assembly. Crystallographic characterization and analysis

revealed that Pd6L
A
6L

B
6 is a mixture of potentially 16 isomers. Introducing a methyl group at the ortho

position of the coordination site of ligand LC induced steric hindrance, driving Pd6L
B
6L

C
6 to undergo

a structural transformation and selectively assemble into a single dominant configuration from 13

potential isomers. This work not only demonstrates the immense potential of integrating asymmetric

ligand assembly with multi-ligand co-assembly strategies but also highlights the critical role of steric

effects in guiding assembly pathways and achieving precise configurational control in low-symmetry

MOCs.
Introduction

Metal–organic cages (MOCs) with discrete three-dimensional
structures are formed through the self-assembly of diverse
organic ligands and metal ions.1–9 MOCs have garnered signif-
icant attention from researchers, due to their highly adjustable
structures and versatile functionalities, such as molecular
recognition, separation, and catalysis.10–18 Consequently, they
are frequently employed to emulate the functions of biological
enzymes. However, most reported MOCs are constructed using
symmetric ligands and metal ions, leading to highly symmetric
structures. While some symmetric MOCs can exhibit high
selectivity and catalytic efficiency for specic substrates due to
their well-dened spatial and electronic environments,19–21 they
oen lack the unique and irregular internal cavities found in
natural enzymes. These cavities are crucial for achieving
broader substrate specicity and distinctive catalytic functions.
Therefore, developing low-symmetry MOCs is essential for
advancing biomimetic applications.
Structure and Materials, College of
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(ESI) available: Synthetic details and
lexes including NMR, ESI-MS, X-ray
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mers of Pd12L
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OI: https://doi.org/10.1039/d4sc08647c
In general, there are two approaches for constructing low-
symmetry MOCs: the rst approach involves reducing the
symmetry of ligands, utilizing a single type of asymmetric
ligands to construct low-symmetry MOCs.22–29 A representative
example is Lewis's ingenious use of asymmetric ligands to
assemble various low-symmetry Pd2L4 molecular cages.30,31 The
second approach is employing co-assembly of two or more types
of symmetric ligands to build low-symmetry MOCs.32–39 The
most notable example is Clever's recent report on the co-
assembly of four different ligands, resulting in the formation
of a heteroleptic cage, Pd2ABCD.40 Combining these two
approaches presents a valuable opportunity to develop more
complex low-symmetry MOCs. However, each strategy poses
specic challenges in achieving precise low-symmetry MOCs. In
the case of self-assembly based on asymmetric ligands, the
main challenge lies in preventing the formation of multiple
isomers with similar stability. For heteroleptic systems, the
difficulty is to avoid the formation of homoleptic complexes or
statistical mixtures. Consequently, integrating these two
approaches will inevitably complicate the assembly process. To
date, as far as we know, only ve reported examples have
successfully integrated these approaches using different strat-
egies. Lewis employed coordination sphere engineering,41

Preston utilized an auxiliary pairing strategy,42 Chand applied
the geometric complementarity principle,43 and Bloch, Fallon,44

and Pilgrim45 used different isomeric structures with asymme-
try to construct distinct dinuclear Pd(II) low-symmetry MOCs.
These achievements highlight the potential of combining these
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Metal–organic cages assembled from LA, LB and LC with Pd(II).
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methods. However, further exploration of this integration to
create low-symmetry heteroleptic MOCs with higher nuclearity
and achieve congurational control remains a signicant
challenge.

In this study, we designed and synthesized asymmetric
ligands LA and LC, along with symmetric ligand LB (Fig. 1).
When individually used with Pd(II) for assembly, all three
ligands can form discrete structures. Co-assembly of LA, LB, and
Pd(II) resulted in the formation of hexanuclear low-symmetry
heteroleptic MOCs, Pd6L

A
6L

B
6. Crystallographic characteriza-

tion and analysis revealed that Pd6L
A
6L

B
6 is a mixture of

potentially 16 isomers. To achieve precise congurational
control in the heteroleptic cage assembly, a methyl group was
introduced at the ortho position of one coordination site on LC,
based on the LA, to induce steric hindrance during the assembly
process. This specic position was chosen to maximize control
over the assembly direction and reduce the number of possible
isomers. Experimental results showed that the introduction of
methyl groups did not alter the overall composition of either the
homoleptic or heteroleptic cages, but it positively inuenced
congurational control. Co-assembly of LC with LB and Pd(II)
effectively controlled the assembly process, directing the
formation of a single dominant conguration of the low-
symmetry heteroleptic MOCs, Pd6L

B
6L

C
6, from 13 possible

isomers. This study highlights the successful integration of
asymmetric ligand assembly with heteroleptic co-assembly for
constructing high-nuclearity, low-symmetry heteroleptic MOCs
and demonstrates the effectiveness of using steric hindrance to
achieve precise congurational control.

Results and discussion

Guided by the principle of geometric complementarity, we
designed LA and LB to coordinate with “naked” Pd(II) ions,
enabling the formation of heteroleptic cages. To explore the role
of steric effects, we further designed the other asymmetric
ligand LC by introducing a methyl group at the ortho position of
© 2025 The Author(s). Published by the Royal Society of Chemistry
the nitrogen atom and studied its impact on the assembly of
heteroleptic cages. The ligands LA, LB, and LC were synthesized
through the efficient Suzuki and Sonogashira coupling reaction,
and the detailed synthetic routes and characterizations were
shown in the ESI (Schemes S1–S3 and Fig. S1–S5, S10–S14, S20–
S24, and S42–S44).† We began by examining the assembly of
ligands LA and LB with Pd(II) individually. To investigate this, LA

was assembled with Pd(CH3CN)4(BF4)2 in DMSO-d6 at a 2 : 1
molar ratio at 70 °C overnight to form the assembly based on LA.
In the 1H NMR spectrum, ve broad peaks were observed,
indicating the formation of a large complex with slow tumbling
on the NMR timescale (Fig. 2a). Subsequently, ESI-MS was used
to conrm the molecular composition of the LA assembly,
revealing a series of peaks with successive charge states, cor-
responding to the loss of varying numbers of BF4

− counterions.
The observed charge fragments include m/z = 1257.76 for
[Pd12L

A
24(BF4)16]

8+, 1108.32 for [Pd12L
A
24(BF4)15]

9+, 988.90 for
[Pd12L

A
24(BF4)14]

10+, 891.01 for [Pd12L
A
24(BF4)13]

11+, and 809.57
for [Pd12L

A
24(BF4)12]

12+ (Fig. 2b, S45 and S46†). By calculating
the molecular ion peaks, the molecular weight of the LA

assembly was determined to be 10,753.9 Da, corresponding to
24 LA, 12 Pd(II) ions, and 24 BF4

−. Although these character-
izations conrmed that the asymmetric ligand LA and Pd(II)
could form a Pd12L

A
24 assembly, the exact conguration of

Pd12L
A
24 remained unclear. To resolve this, we aim to use

single-crystal characterization to determine the exact structure
of the Pd12L

A
24 assembly. By allowing ethyl acetate vapor to

diffuse into a DMF solution of (Pd12L
A
24)(OTf)24 over approxi-

mately two months, we obtained crystals suitable for testing
diffraction experiments. The single-crystal data was collected by
using synchrotron radiation (Table S1, Fig. S56 and S57†) and
revealed that in Pd12L

A
24, each asymmetric ligand exhibits

disorder and can adopt two possible orientations (shown as
yellow and gray ligands in Fig. 2c). This disorder results from
the absence of energetic preference for any specic isomer
within the assembly, leading to multiple isomers coexisting in
solution and crystallizing as a statistical mixture.46Using Pólya's
theorem, we calculated the total number of potential isomers to
be 700 688 (Fig. S62†), which aligns with results reported in the
literature.23,47 The assembly based on LB was obtained by mixing
LB and Pd(CH3CN)4(BF4)2 in DMF-d7 at a stoichiometric ratio of
2 : 1, and then heated at 70 °C overnight. The obtained assembly
showed two sets of proton peaks (Fig. 2d) with an approximate
ratio of 4 : 1, indicating the presence of a dynamic equilibrium
mixture of two thermodynamically similar assemblies in solu-
tion. This observation was further corroborated by DOSY
measurements, which clearly resolved two distinct diffusion
bands, conrming the presence of two discrete species in
solution (Fig. S18†). The primary assembly (black) displayed two
distinct chemical environments for its ligands, while the
secondary assembly (red) showed only one. ESI-MS character-
ization identied that the assembly product for LB is a mixture
of the octameric Pd4L

B
8 and the hexameric Pd3L

B
6, with the

former being the major product (Fig. 2e). By integrating NMR,
ESI-MS, and the earlier research report,48 we proposed struc-
tural models for both Pd4L

B
8 and Pd3L

B
6 (Fig. 2f and g).
Chem. Sci., 2025, 16, 6114–6120 | 6115

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08647c


Fig. 2 1H NMR spectra (500 MHz, 300 K) of (a) Pd12L
A
24, (d) Pd4L

B
8 and Pd3L

B
6; ESI-MS spectra of (b) Pd12L

A
24, (e) Pd4L

B
8 and Pd3L

B
6; (c) the

single-crystal structure of Pd12L
A
24; structural simulations of (f) Pd4L

B
8 and (g) Pd3L

B
6 (hydrogen atoms are omitted for clarity).
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Aer characterizing the assemblies of LA and LB individually,
we explored their co-assembly with Pd(II). A 1 : 1 : 1 molar ratio
of LA, LB, and Pd(CH3CN)4(BF4)2 was dissolved in DMF-d7, and
the mixture was reacted at 70 °C overnight. The 1H NMR spec-
trum of the co-assembly exhibited distinct chemical shis
compared to the individual assemblies of LA and LB, indicating
the formation of new structure (Fig. S29 and S37†). However,
some weaker peaks indicating side products were also observed
during the assembly process, and multiple attempts to elimi-
nate these signals were unsuccessful. ESI-MS displayed
a sequence of peaks with successive charge states, corre-
sponding to the following m/z values: 1294.72 for [Pd6L

A
6L

B
6(-

BF4)8]
4+, 1018.61 for [Pd6L

A
6L

B
6(BF4)7]

5+, 834.36 for
[Pd6L

A
6L

B
6(BF4)6]

6+, 702.82 for [Pd6L
A
6L

B
6(BF4)5]

7+, 604.21 for
[Pd6L

A
6L

B
6(BF4)4]

8+, and 527.53 for [Pd6L
A
6L

B
6(BF4)3]

9+ (Fig. 3b,
S52 and S53†). Calculation of the molecular ion peaks deter-
mined a molecular weight of 5521.03 Da for the co-assembly,
consistent with a structure composed of six LA, six LB, six
Pd(II) ions, and twelve BF4

− ions. This conrms the successful
construction of a mixed-ligand metal–organic cage, Pd6L

A
6L

B
6,

based on asymmetric ligands. Based on our analysis and
simulations, we propose that the Pd6L

A
6L

B
6 cage may exist in

two different structural types, namely Pd6L
A
6L

B
6-a and Pd6L

A
6-

LB6-b (Fig. 3a). This is primarily attributed to the specic
6116 | Chem. Sci., 2025, 16, 6114–6120
molecular angles, coordination sites, and ligand lengths of the
two ligands, which promote geometric complementarity in
coordination with Pd(II) ions. This complementarity directs the
assembly process toward the formation of these two possible
structures while preventing the formation of other isomers. Due
to the disorder of the asymmetric ligand LA, both Pd6L

A
6L

B
6-

a and Pd6L
A
6L

B
6-b have multiple potential isomers. Using an

enumeration method, we identied 13 possible isomers for
Pd6L

A
6L

B
6-a (Fig. S64†) and 16 possible isomers for Pd6L

A
6L

B
6-

b (Fig. S63†). To further determine the conguration of the
heteroleptic cage, we obtained the single crystal by slow diffu-
sion of ethyl acetate into a DMF solution of Pd6L

A
6L

B
6 about

three weeks (Table S2, Fig. S58 and S59†). As seen in Fig. 3c, the
resulting crystal structure corresponds to the structural type
Pd6L

A
6L

B
6-b. In this structure, the asymmetric ligands LA are

located on opposite sides of the molecular cage, while the
ligands LB are positioned in the center, connecting with each
other. Additionally, each LA in Pd6L

A
6L

B
6 exhibits disorder,

allowing two possible orientations, similar to the arrangement
of ligands in the Pd12L

A
24 (shown as yellow and gray ligands in

Fig. 3c). This suggests that Pd6L
A
6L

B
6 can exist in solution as

a statistical mixture of up to 16 isomers, resulting in the crys-
tallization of a variety of structures.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Two possible structural types of Pd6L
A
6L

B
6; (b) ESI-MS spectrum of Pd6L

A
6L

B
6; (c) the crystal structure of Pd6L

A
6L

B
6 (hydrogen atoms

are omitted for clarity).
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Employing steric group modications on ligands to enhance
spatial constraints during assembly serves as an effective
strategy for controlling conguration. However, current
research primarily targets simpler M2L4 molecular cages with
fewer components.30,49–51 We wanted to investigate whether this
strategy could be used to control the conguration of more
complex heteroleptic cages. To achieve this, we utilized LC,
featuring methyl group modications on a single side of the
pyridine as steric hindrance, in conjunction with LB and Pd(II)
for co-assembly. The assembly method was the same as that
used for Pd6L

A
6L

B
6. The

1H NMR spectrum of the co-assembly
showed signicant chemical shis relative to the individual
assemblies of LB and LC, indicating the formation of hetero-
leptic product (Fig. S33 and S38†). However, we also detected
smaller proton peaks corresponding to side products. Despite
multiple experimental attempts, we couldn't eliminate or
reduce these signals. ESI-MS characterization conrmed the co-
assembly as a heteroleptic metal–organic cage with six LB and
six LC (Fig. 4b). By slowly evaporating ethyl acetate into a DMF
solution of Pd6L

B
6L

C
6, the single crystals suitable for testing

were successfully obtained (Table S3, Fig. S60 and S61†). The
conguration of Pd6L

B
6L

C
6 may also have two structural types,

namely Pd6L
B
6L

C
6-a and Pd6L

B
6L

C
6-b (Fig. 4a). Similarly, they

also have 13 and 16 potential isomers, respectively. From
Fig. 4c, it is evident that the observed crystal structure aligns
with our prediction of the structural type Pd6L

B
6L

C
6-a, where

ligand LB forms the top and bottom of the molecular cage, while
the asymmetric ligand LC is located in the middle and inter-
connected. It is particularly noteworthy that, unlike the disor-
dered distribution of asymmetric ligands in Pd6L

A
6L

B
6,

asymmetric ligand LC in Pd6L
B
6L

C
6 exhibits a regular cis

arrangement in the molecular cage due to the presence of
sterically hindered methyl groups. We propose that the
© 2025 The Author(s). Published by the Royal Society of Chemistry
introduction of this steric hindrance effectively regulates
intermolecular interactions and spatial organization, resulting
in a more orderly assembly process and reducing isomer
formation. Within each Pd(II) center of the Pd6L

B
6L

C
6-a cage,

there are three unmodied pyridine groups and one methyl-
modied pyridine group. This arrangement arises because the
presence of two or more methyl groups on the same Pd(II) center
would lead to signicant steric hindrance. Consequently, the
most stable conguration naturally avoids such steric clashes,
and this arrangement represents the optimal binding mode
achieved through coordination-driven self-assembly.

We performed Density Functional Theory (DFT) calculations
on Pd6L

B
6L

C
6-a and Pd6L

B
6L

C
6-b. To align with experimental

conditions, we considered solvent effects using a linearized
Poisson–Boltzmann solvation model to represent the impact of
DMF. The results indicated that Pd6L

B
6L

C
6-a had lower energy,

with an energy difference of 7.39 kJ mol−1 compared to Pd6L
B
6-

LC6-b (Fig. 4d). This suggests that Pd6L
B
6L

C
6-a is energetically

favored, which aligns well with the crystal characterization result.
We hypothesize that this is due to the structure of Pd6L

B
6L

C
6-a is

capable of more effectively alleviating the steric hindrance
induced by the methyl group, in contrast to Pd6L

B
6L

C
6-b. By

integrating NMR, ESI-MS, X-ray crystallography and DFT calcu-
lations, we observed that compared with Pd6L

A
6L

B
6, Pd6L

B
6L

C
6

not only underwent a structural transformation but also selec-
tively assembled into a single dominant conguration from 13
possible isomers. This indicates that the strategy of introducing
steric groups on asymmetric ligands has successfully achieved
congurational control in low-symmetry heteroleptic MOCs.
Additionally, using NMR and ESI-MS, we conrmed that the
assembly product of LC and Pd(II) is Pd12L

C
24 (Fig. S25 and S45†).

Although we didn't obtain the crystal structure to determine the
precise arrangement of Pd12L

C
24, variable-temperature NMR and
Chem. Sci., 2025, 16, 6114–6120 | 6117
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Fig. 4 (a) Two possible structural types of Pd6L
B
6L

C
6; (b) ESI-MS spectrum of Pd6L

B
6L

C
6; (c) the crystal structure of Pd6L

B
6L

C
6; (d) calculated

structures and relative energies of [Pd6L
B
6L

C
6-a]

12+ and [Pd6L
B
6L

C
6-b]

12+ (hydrogen atoms are omitted for clarity).
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DFT calculations suggest that it might adopt a trans-Pd12L
C
24

conguration (Fig. S39, S65 and S66†), indicating that steric
strategy might also be useful for tuning the structure of more
complex large molecular cages with more components.
Conclusions

In summary, by combining asymmetric ligand assembly with
heteroleptic co-assembly, we successfully synthesized six-
nuclear, low-symmetry heteroleptic MOCs, Pd6L

A
6L

B
6 and Pd6-

LB6L
C
6. Crystallographic analysis revealed that Pd6L

A
6L

B
6 has 16

possible isomers. In contrast, the methyl-modied ligand LC

introduced steric hindrance during assembly, leading to
a structural transformation and conguration control in Pd6-
LB6L

C
6. This study highlights the potential of integrating

asymmetric ligand assembly with mixed-ligand co-assembly to
construct complex, high-nuclearity, low-symmetry molecular
architectures. Furthermore, it underscores the crucial role of
steric effects in controlling the conguration of MOCs.
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