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Template-oriented multi-component synthesis method has been proven to be an exceedingly reason-
able and excellent method for the synthesis of giant two-dimensional (2D) and three-dimensional (3D)
supramolecules, but designing and constructing heteroleptic and controllable self-assembly without un-
expected by-products remains a challenge. Here we report two discrete trefoil-shaped metallacycle S1
and metallacage S2 by heteroleptic self-assembly using one hexaphenylbenzene core ligand and two cap-
ping ligands. The 2D trefoil-shaped metallacycle S1 could resemble the emblem of the classic ‘Mitsubishi’
motif. The use of template-oriented ligand and bent spacer ligand promotes the quantitative formation of
the desired 3D trefoil-shaped metallacage S2. The formed metallacage S2 possesses a molecular weight
up to 36kDa, diameter 6.6 nm and height 3.0 nm. All supramolecular coordination complexes were fully
characterized by NMR spectroscopy (*H NMR, 2D COSY, 2D NOESY, 2D DOSY), high-resolution electrospray

Terpyridine

ionization mass spectrometry ESI-MS, ESI-TWIM-MS, TEM and AFM.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Self-assembly is one of the simplest and most efficient ap-
proaches for the construction of complex and advanced structures
by aggregating individual simple building blocks into highly or-
dered species [1,2]. The main driving force of self-assembly is
the non-covalent interactions, including metal ion and anion co-
ordination [3-6], hydrogen bonding [7,8], host—guest interactions
[9,10], and m-m stacking [11,12]. Chemists are inspired by the
symmetry and beautiful topologies that nature has evolved [13-
15]. By means of chemical synthesis, many esthetical and sym-
metrical molecular topologies such as 2D regular/irregular poly-
gons [16-24], molecular knots [25-27], and 3D polyhedrons [28-
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36] have been successfully realized via metal-coordination-driven
self-assembly. In contrast to the synthetic limitation of covalent
approaches, supramolecular coordination-driven self-assembly has
at least three advantages: the fast and facile formation of sophisti-
cated constructs with high yields, the high directionality to control
the geometry for the structures and the inherently self-correcting
for the defect-free assemblies. Simple organic ligands containing N,
0, S, P atoms have been utilized to coordinate with various transi-
tion metals (such as Pd, Pt, Fe, Zn, Ag, Ru) to form a large number
of supramolecular architectures [37-39].

Discrete supramolecular coordination complexes (SCCs), includ-
ing 2D metallacycles and 3D metallacages, have received increasing
attention during the recent 30 years not only due to their fascinat-
ing molecular aesthetics but also because of their host systems and
unique cavities with different sizes and shapes for intriguing appli-
cations [40-42]. Many groups—those of Stang [43], Fujita [14,44],
Raymond [45], Nitschke [46], and Newkome [47] have indepen-
dently developed different approaches to construct discrete 2D
and 3D supramolecules. These architectures feature different well-
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Fig. 1. Self-assembly of metallacycle S1 and metallacage S2. The trefoil-shaped mo-
tifs involve a central hexaphenylbenzene core (L2) and capping units (L1 and L3).
The use of complementary ligand and bent spacer promotes the formation of the
desired 2D and 3D trefoil-shaped architectures.

defined sizes, shapes and functional sites, which have endowed
them with a wide range of properties and applications, such as
host-guest chemistry [48-50], molecular recognition [51,52], sepa-
ration [53,54], supramolecular catalysis [55-57], drug delivery sys-
tems [58,59], and biomedical applications [60,61]. The majority
thereof, however, their structural features were provided by ho-
moleptic moieties, and therefore suffer from lack of structural di-
versity. Given the increasing demands for diverse molecular struc-
tures and functions, scientists are encouraged to develop unex-
plored metallo-supramolecular architectures by heteroleptic multi-
component but controllable self-assembly [62,63]. It is still a chal-
lenge to quantitatively obtain complicated supramolecular struc-
tures through heteroleptic self-assembly without troublesome sep-
aration processes. The prevalent methods to avoid unexpected
resultant products are the use of complementary complexation,
steric constraints, and charge separation, which has been illus-
trated by Lehn [64], Stang [65], Fujita [66], Schmittel [67], Chan
[68] and others [69-71].

Trefoil-like complexes with perfect C3 symmetry that contain
closed metallacycles are synthetically elegant in the field of chem-
ical synthesis [72]. As for achieving 3D metallacages with C3 sym-
metry and easily modifiable internal cavities while being full of
aesthetics and fractals, many cages of trigonal prism have been
prepared, whereas rigid 3D trefoil-like metallacages were count-
able. In this paper, we report the design and synthesis of two
discrete trefoil-shaped metallacycle S1 and metallacage S2, which
were prepared by the heteroleptic self-assembly of metallo-organic
ligands L2 and L3 and a hexaphenylbenzene core ligand L1 with
metal ions Cd®* (Fig. 1). The use of complementary ligand can not
only serve as a complementary coordination point that prevent un-
controlled linking of ligands, but also play a role in directing self-
assembly [73,74]. metallacycle S1 displayed a star-shaped trefoil
that resembles the emblem of the ‘Mitsubishi’ motif, and metal-
lacage S2 exhibits two S1 kernels in the layers and the bent linker
as the edges, which possesses a large cavity and high complex-
ity (Fig. 1). The resulting complexes were characterized by NMR
spectroscopy ('H NMR, 2D COSY, and NOESY) and ESI-MS coupled
with travelling wave ion mobility spectrometry (ESI-TWIM-MS),
transmission electron microscopy (TEM), atomic force microscopy
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(AFM), as well as computer-generated modeling. Such metallacycle
and metallacage might serve as promising hosts for selected guests
and substrates.

In previous reports, Newkome and co-workers found that the
capping-involved heteroleptic multi-component self-assembly af-
forded the capping dimer as a major byproduct [75]. In our orig-
inal design, the trefoil-shaped metallacycle possesses a central-
hexaphenylbenzene L1 and three capping units L2. In order to
prevent the self-sorting process of L2, the 6,6"-positions of ter-
pyridines on L1 were decorated with 2,6-dimethoxyphenyl sub-
stituents as the bulky groups. Precursors L1 and L2 were prepared
via a multi-fold Suzuki coupling reaction in good yields (the syn-
thetic route is shown in Supporting information). The 'H NMR
spectrum of ligands L1 and L2 were shown in Fig. 2a, in which
L1 has only one set of tpy-H3"5" and L2 exhibited three sets of
tpy-H3"" protons. Other evidences for the successful synthesis of
L1 and L2 were demonstrated by ESI-MS (see Supporting informa-
tion).

Trefoil-shaped metallacycle S1 was prepared by directly mixing
the ligand L1 and L2 with Cd(NO3),-4H,0 in an exact stoichiomet-
ric ratio of 1:3:6 in CH3CN/CHCl3 (v/v, 2/1), stirring at 75 °C for
8h, then adding saturated CH30H solution of Li(NTf,) to exchange
counterpart anions, then filtering to obtain red precipitate in nearly
quantitative yield. NMR spectra were first employed to determine
the structure of metallacycle S1. The 'H NMR spectrum of S1 (Fig.
2a) exhibits four distinguishable sets of clear singlets at 9.09, 9.06,
9.00 and 8.44 ppm, which can be easily assigned to specific protons
of tpy-H3"" derived from four types of terpyridine environments.
In comparison with the free ligand L1, the significant change upon
metal complexation is an upfield shift of tpy-H56" protons owing
to the electron-shielding effects. In aliphatic regions, a sharp sin-
glet at 4.06 ppm and a set of multiple peaks at 4.28 ppm were ob-
served, which assigned to OCH;- and OCH,—, respectively. In ad-
dition, no signal peaks from free L1 or L2 were found, providing
evidence of the quantitative formation of Trefoil-shaped metallacy-
cle S1. All of the different environment units were completely as-
signed via the 2D-COSY and 2D-NOESY NMR spectra (see Support-
ing information). Single and discrete self-assembled structure of
$1 was further supported by diffusion-ordered NMR spectroscopy
(DOSY) spectrum (Fig. 2d), in which resonance signals for the com-
plex were on a narrow band with logD=—-9.75 m?/s, supporting
the formation of giant specie in CD3CN. The experimental hydrody-
namic radius of S1 derived from the Stokes-Einstein equation was
ca. 3.5nm, which agrees well with the theoretical value (~3.6 nm)
given by modeling structures (Fig. 2b).

ESI-MS experiments combined with traveling wave ion mobility
mass spectrometry (TWIM-MS) were performed to further inves-
tigate the composition and purity of the resultant assembly [76].
From the ESI-MS spectrum of S1, one dominant set of peaks with
charge states from 9+ to 17+ was observed (Fig. 2c), resulting from
successive loss of the counterions (PFg~). The calculated molecular
weight of the resultant assembly is 15,933 Da, in accordance with
the formula (CdgL1L23)24t(PFg)24~, which exactly matched the de-
sired structure of trefoil-shaped metallacycle S1. The isotope pat-
terns of all charge states also agree well with the theoretical val-
ues. The narrow drifting time band of complex S1 in the TWIM-MS
spectra at charge states from 17+ to 9+ is indicative of no isomers
or conformers existed (Fig. 2e). In addition, the molecular stability
of §1 was detected by gradient tandem mass spectrometry (gMS?2)
under different collision energies (see Supporting information). The
gMS?2 spectrum of S1 reveals that the 12+ ions start to dissociate
at collision energy 35V and completely dissociate at 45V.

Since the central hexaphenylbenzene core L1 is planar and
rigid, a bent spacer between the capping units is necessary for af-
fording a 3D trefoil-shaped metallacage. Metallo-organic ligand L3
that contains an ethano-bridged anthracene moiety was designed
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Fig. 2. Nuclear magnetic resonance (NMR) and Mass spectrometry (MS) for characterization of the Trefoil-shaped metallacycle S1. (a) Comparison of "H NMR of L2 (top, in
MeOD), S1 (middle, in CD3CN) and L1 (bottom, in CDCl3); (b) representative energy-minimized structures from molecular modeling of S1; (c) ESI-MS spectrum, (d) DOSY

spectrum (298K, in CD3CN) and (e) ESI-TWIM-MS plot of S1.

and synthesized. Similarly, trefoil-shaped metallacage S2 was pre-
pared by directly mixing the ligand L1 and L3 with Cd(NOs3),-4H,0
in an exact stoichiometric ratio of 2:3:12 in CH3CN/CHCl3 (v/v,
2/1). The mixture was refluxed for 8h, after cooling to ambient
temperature, excess bistrifluoromethanesulfonimide lithium salt
(LiNTf,) in MeOH was added to get a red precipitate, which was
filtered and washed with H,O and MeOH to generate a red solid
in nearly quantitative yield (>95%). The 'H NMR spectrum of S2
displayed two sets of single peaks at 9.07 and 8.52 ppm and two
overlapped singlets at 9.27 ppm in a 1:1:2 ratio distributed to spe-
cific protons of tpy-H3"> (Fig. 3a). Besides, one multiple peak in
the aliphatic region of S2 was observed at 4.05ppm, which was
attributed to a pair of OCH,- protons. The tpy-H®®" protons from
free terpyridines dramatically shifted upfield owing to electron-
shielding effects, which indicate the formation of bis-tpy metal co-
ordination in comparison with the free ligand L3. All other assign-
ments were successfully confirmed on the basis of 2D COSY and
NOESY spectra (see Supporting information). The 2D DOSY spec-
trum of complex S2 with a distinct narrow band at logD =-10.14
m?/s, supporting the formation of a single assembled product (Fig.
3d).

The ESI-MS spectrum of S2 displayed a series of normal distri-
bution signal peaks with successive charge states from 33+ to 13+

due to the loss of different numbers of NTf,~ anions during the
ionization (Fig. 3c). The calculated molecular weight is 36,547 Da,
in accordance with the formula (CdgL3;L1,)*+(NTf,)*8~, which
exactly matched the desired structure of trefoil-shaped metallacage
S2. The isotope patterns of S2 could not be obtained, probably
because of the immense molecular weight and the incorporation
of solvent molecules on its surface or coordination sites. Further-
more, the TWIM-MS spectrum of S2 displayed unique and suc-
cessive charge states with one narrow drift time distribution, in-
dicating that there were no isomers or conformers exist (Fig. 3e).
Similarly, S2 exhibited good stability in which the 21+ ions at m/z
1460.59 starts to dissociate at 35V and did not fully disappear at
40V.

Growing single crystals with ideal quality has been proven to
be extremely challenging in terpyridine-based metal-coordination-
driven self-assembly field. Attempts to grow crystals of S1 and S2
have been performed but without success to date. Instead, TEM
and AFM experiments were further performed to gain additional
structural insights into S1 and S2, which displayed both the sizes
and shapes of the assembled structures directly. The TEM im-
ages were obtained by drop-casting dilute solutions of S1 and S2
(~10-%mol/L in CH3CN) onto Cu grid. As shown in Fig. 4a, TEM
images of S1 revealed individual particles with measured size of
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Fig. 3. Nuclear magnetic resonance and Mass spectrometry for characterization of the Trefoil-shaped metallacage S2. (a) Representative energy-minimized structures from
molecular modeling of S2. (b) Comparison of '"H NMR of L1 (top, in CDCl3), $2 (middle, in CD3CN) and L3 (bottom, in DMSO-dg). (c) ESI-MS spectrum, (d) DOSY spectrum

(298K, in DMSO-dg) and (e) ESI-TWIM-MS plot of S2.

7.0 +£ 0.2 nm, which was comparable to the theoretical diameter of
molecular modeling. Similarly, the outline of dots from TEM im-
ages of S2 with uniform size (6.6 + 0.2 nm) matched well with the
dimensions of the geometry-optimized structure of S2 (Fig. 4b). In
the AFM images of S2 (Figs. 4c and d), a series of dots with nar-
rowly distributed heights were observed on the supporting mica
surface, the average height is 3.0 nm, which is in accordance with
the calculated height from model structure (3.0 nm). These results
provide additional evidence for the successful synthesis of trefoil-
shaped metallacycle S1 and metallacage S2.

In summary, by utilizing a hexa-armed complementary ligand
as a template and two metal-organic ligands as capping, two dis-

crete trefoil-shaped metallacycle S1 and metallacage S2 with Cs
symmetry were successfully synthesized by the heteroleptic self-
assembly. The 2D trefoil-shaped metallacycle S1 could resemble
the emblem of the classic ‘Mitsubishi’ motif. The use of bent spacer
ligand (ethano-bridged anthracene moiety) and complementary
ligand (template-oriented moiety) promotes the formation of the
desired discrete 3D trefoil-shaped metallacage. S2 exhibits large
cavity and high complexity, which might serve as promising hosts
for selected guests and substrates in the future. 'H NMR, 2D COSY,
2D NOESY, 2D DOSY, ESI-MS, ESI-TWIM-MS, TEM, AFM as well as
molecular modeling were employed to unambiguously support the
formation of supramolecular coordination complexes. The success
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Fig. 4. Characterization of size based on TEM and AFM. TEM images and representative energy-minimized structure from molecular modeling of (a) S1 and (b) S2; (c) AFM
images (insert: height histogram from AFM) and (d) 3D AFM images of 3D metallacage S2.

of these supramolecules with precisely controlled shapes and sizes
paved the way for the realization of aesthetically multilayered ar-
chitectures through template-oriented and diversity-oriented syn-
thesis strategies.
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