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A variety of research reports on novel supramolecular topologies have been published over the last years.
However, it is still a great challenge to tap into the inner functional properties of these complexes. Herein,
two tetranuclear metallamacrocycles 1 and 2 and four octonuclear [2]catenanes 3-6 were constructed
successfully via a coordination-driven self-assembly strategy, by conscious design and use of the tetram-
ethyl bidentate pyridine ligand L1, and the appropriate selection of six binuclear half-sandwich rhodium
building units with different longitudinal dimensions. The complexes have been fully characterized by
single crystal X-ray diffraction analysis and NMR spectroscopy. Furthermore, near-infrared photothermal
studies of the obtained [2]catenanes reveal different photothermal response in solid and solution states,
which may be attributed to a strong fluorescence quenching effect of the half-sandwich organometallic
fragment and different conjugated effect of Cp*Rh based building blocks in the interlocking structures.
The photothermal conversion efficiencies of [2]catenanes 4-6 fall in the range 30.5%-16.5% respectively.
This contribution aims to play a key role in the experimental development of Cp*-based photothermal

materials.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Supramolecular compounds including organometallic fragments
have attracted increasing attention during recent years, not only
due to their unique topological structures, but also owing to their
possible application in the fields of molecular machinery, pho-
toelectric materials or biological simulation [1-10]. Supramolec-
ular complexes such as organometallic macrocycles [11,12], met-
allacages [13-20], [1-5]catenanes [21], Borromean rings [22],
Solomon links [23], and knots and ravels [24] can be mainly con-
structed by following two synthetic strategies. (a) Metal-cation
template method: it is one of the earliest synthetic methods
and allowed the successful synthesis of a remarkable number
of organometallic compounds with complicated topologies [25-
27]. (b) Coordination-driven self-assembly method: it has proven
to be a powerful the coordination-driven self-assembly strategy.
They contributed significantly to the isolation and characteriza-
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tion of unprecedented knots, rings, chains and other supramolec-
ular compounds [28]. In addition, Stang [29], Fujita [30], and Ray-
mond [31] have independently developed new methods leading to
the self-assembly of discrete metallacycles and metallacages with
well-defined shapes and dimensions. Recently, the coordination-
driven self-assembly of half-sandwich based organometallic frag-
ments (Rh or Ir) with designed functionalized ligands has shown a
straightforward way for the rational design of supramolecular com-
plexes [32-36]. Thus, Jin obtained a Borromean ring based on three
metallarectangles through a template-free, all-in-one self-assembly
[37].

A variety of highly complex structures, including metalla[2-
4]catenanes, Borromean rings, Solomon links or various knots, have
been obtained by using half-sandwich rhodium or iridium frag-
ments. These studies mainly use 4,4'-N donor dipyridine-based lig-
ands due to their uniform charge distribution and symmetrical co-
ordination ability [38-40]. In comparison, the 3,3’-N- or 2,2’-N-
donor analogues, endowed with asymmetric charge distribution,
cannot easily form stable -7 stacking interactions with charge-
rich conjugate planes. Therefore, research on their application in

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Y. Zhao, Y.-H. Chai, T. Chen et al.

(E1-E2) ’

2AgOTE, -2AgC1 {\ 3\ -
CH,0H, r.t. =

3 Niorr

ks N
—_—

Chinese Chemical Letters 35 (2024) 109298

(E3-E6)
2AgOTT, -2AgCl

SOTY

g |
= 4
N
. -

\
A\I
Il

4 :
N CHyOH, r.t.

J

-

\

Metallamacrocyeles 1, 2

L

w

— e
L& o5

[2]catenanes 3,4, 5.6

Scheme 1. The synthesis process of organometallic supramolecular compounds and dinuclear building blocks E1-E6 used in this work for coordination-driven self-assembly

studies.

the synthesis of supramolecular organometallic compounds is still
a major scientific problem.

While the synthesis of unprecedented organometallic
supramolecular compounds is a field in continuous develop-
ment, almost no investigation of potential applications involving
these structures has been carried out [41-45]. Organometallic
compounds have been of interest to researchers for their appli-
cations in photothermal therapy and photothermal/photoacoustic
imaging [46-48]. In order to obtain materials with higher pho-
tothermal conversion, it is important to consider two aspects: (a)
to enhance the infrared absorption by increasing the conjugated
plane length or w-m packing double number, (b) to inhibit the
radiation transition process by enhancing the quenching effect
[49]. We decided to explore the photothermal conversion ability
of organometallic supramolecular compounds with different 7-m
stackings.

A series of compounds based on Cp*Rh fragments with different
-1 stacking interactions have been constructed using the size ef-
fect. Therefore, a 3,3’-((2,3,5,6-tetramethyl-1,4-phenyl)-di(acetylene
2,1-diyl))dipyridine ligand (L1, strong electron-rich center) has
been synthesized. Six Cp*Rh building blocks with different longi-
tudinal sizes (E1-E6) (Scheme 1) were selected to construct two
types of supramolecular topologies: metallamacrocycles and met-
alla[2]catenanes. First, the self-assembly of ligand L1 and building
units E1, E2 (Rh-Rh non-bonding distances: 5.53 and 5.58 A) has
been investigated. Two metallamacrocycles were obtained, thereby
supporting our assumption that the short length hampers stacking
interactions. As expected, the combination of L1 with E3, E4, E5
or E6 formed four stable metalla[2]catenanes, most likely due to
the suitable Rh-Rh non-bonding distance in these complexes (7.96-
8.30A). Remarkably, the strong electron-rich unit in the central
part of L1 is prone to form self-stacking interactions, promoting
non-radiative transition, and thereby leading to good photother-
mal conversion performance in both solution and solid state. Stud-
ies have shown that, in addition to the stacking interactions pro-
moted by the central unit of L1, the conjugated effect of the build-
ing units also plays an important role in the process of photother-
mal conversion. Recorded data indicate that the compounds 3, 4,
5 and 6 displayed different photothermal conversion ability based
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Fig. 1. (a) Side view and (b) top view of the molecular structure of 2.

on E3-E6. The [2]catenane 4 displayed the best photothermal con-
version efficiency possibly due to suitable building block size and
strong conjugated effect (30.5%). Thus, the photothermal conver-
sion efficiency of metalla[2]catenanes 5 and 6 falls in the value
17.1%—16.5%. In summary, this contribution shows that the change
of the longitudinal dimensions and different conjugated charac-
teristic of Cp*Rh building blocks lead to formation of interlocked
organometallic supramolecular compounds and special photother-
mal conversion efficiency.

Firstly, self-assembly of tetranuclear metallamacrocycles 1 and
2, based on E1 and E2. Building blocks E1 (Cp*;Rhy(u-4%-
C,04)]Cly) and E2 ([Cp*;Rh,(BiBzlm)]Cl,) were selected to react
with ligand L1. As expected, two tetranuclear metallamacrocycles
were obtained in high yields (87.4% and 86.5%).

The structure of the complexes was determined by single crys-
tal X-ray diffraction analysis, NMR spectroscopy and ESI-TOF-MS.

Single-crystal X-ray diffraction analysis of complex 2 revealed
the structure of the complex in the solid state. Two binuclear
[Cp*,Rh,(BiBzlm)]%* cations are connected by two ligands L1, thus
forming a tetranuclear metallamacrocycle (Fig. 1). A detailed anal-
ysis of the molecular structure of complex 2 revealed that the cen-
tral distance between the two ligands L1 is 3.79 A. Interestingly,
the short distance clearly hampers the formation of interlocking
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Fig. 2. '"H NMR (500 MHz, CD3;0D) spectra of (a) tetranuclear metallamacrocycle 2 and (b) [2]catenane 3 (CD;0D, § =3.31ppm). '"H-'H DOSY NMR (500 MHz, CD3;0D)
spectra of (c) tetranuclear metallamacrocycle 2 (2.88 x 10-6 ¢cm?2/s) (12.5 mmol/L, with respect to Cp*Rh) and (d) [2]catenane 3 (3.18 x 10-6 cm?/s) (18.4 mmol/L, with respect

to Cp*Rh).

complexes. In addition, the molecular structure of 2 exhibits a Z-
shape. In an effort to study the behavior of complex 2 in solution,
NMR spectra of 2 in CD;0D were recorded and analyzed. The 'H
NMR spectrum of complex 2 showed a singlet at § 1.95, which has
been attributed to the resonance of the protons belonging to the
Cp* group. Furthermore, the doublet at § 2.16 belongs to the -CHj
protons of ligand L1. While the aromatic protons of L1 appeared
at 6 6.90, 7.68, 7.75 and 7.95 ppm, the resonances of the protons of
E2 appeared as two sets of multiplets at § 8.23-8.12. 'H-H COSY
NMR spectroscopy confirmed the proton-assigned resonances (Fig.
2a and Fig. S5 in Supporting information). Finally, the TH-'H DOSY
NMR spectrum of 2 revealed a single diffusion coefficient according
with the formation of a tetranuclear metallamacrocycle in solution
(D=2.88 x 10-6 cm?/s) (Fig. 2c).

Moreover, the recorded NMR spectra of complex 1 are very sim-
ilar to those of complex 2 (Figs. S2-S4 in Supporting information).
Complex 1 is also a simple metallamacrocycle. The structure of
complexes 1 and 2 was also confirmed by ESI-TOF-MS, which re-
vealed specific valence states at m/z 650.11 and 746.17, correspond-
ing to [1-30Tf]3*+ and [2—30Tf]?*, respectively (Figs. 3a and d), in
good agreement with the calculated theoretical distributions.

Secondly, self-assembly of metalla[2]catenane complexes 3, 4, 5
and 6, based on E3-E6. Owing to our desire to obtain and study
interlocking structures, a series of experiments were conducted by
using the longer building blocks E3, E4, E5 and E6, and ligand L1.
Thus, four metalla[2]catenane complexes 3, 4, 5 and 6 were ob-
tained, and their structure was confirmed by NMR spectroscopy
and single crystal X-ray diffraction analysis.

The NMR spectra of complexes 3, 4, 5 and 6 in CD;0D were
firstly studied. The "H NMR spectrum of 3 in CD;0D showed two
singlets at § 8.26 and 2.36 ppm, corresponding to the pyridinyl and
-CH3 group protons of ligand L1. Furthermore, the doublets at §
8.22 and § 8.13, and the multiplet at § 7.52-7.55 were assigned
to the protons of the pyridinyl ligand L1. The resonances from the
protons of 2,5-dihydroxy-1,4-benzoquinon appeared as a singlet at
8 5.65 (Fig. 2b). The TH-TH COSY NMR spectra of 3 supports the

resonances assignment (Fig. S6 in Supporting information), while
the TH-TH DOSY NMR spectra of 3 revealed a single diffusion co-
efficient (D=3.18 x 106 c¢m?/s), indicating that only one assem-
bled stoichiometry appears in solution (Fig. 2d). Similar spectra
were obtained and studied for complexes 4, 5, 6, typical of met-
alla[2]catenanes. The NMR spectra of complex 4 are very similar
to those of complex 3. However, note that a resonance belonging
to an E4 proton appeared at § 7.19. In addition, 'H-'H DOSY NMR
spectra (D=3.11 x 10-6 cm?/s) were used to determine the single
diffusion coefficient of 4 (Figs. S8-S10 in Supporting information).

Subsequently, 'TH-TH COSY and 'H-'H DOSY NMR spectra were
used to assign proton signals in the '"H NMR spectra of 5 and 6
(Figs. S14, S15, S20 and S21 in Supporting information). The posi-
tion of the proton signals of L1 in complexes 5 and 6 is similar to
that of the protons in 3 and 4. Interestingly, the signals belonging
to the protons in the Rh™ building block E5 appeared at § 7.98,
8.62-8.64 and 7.24 ppm.

Similarly, the signals corresponding to the protons of the Rh!!l
block E6 appeared at § 7.98-8.00 and 8.68-8.69 ppm. Furthermore,
the 'H-'H DOSY NMR spectra of complexes 5 and 6 showed dif-
fusion coefficients of 3.13 x 10-¢ cm?/s and 3.01 x 10~6 cm?/s, re-
spectively, indicating that there is only one complex in solution
(Figs. S16 and S22 in Supporting information). Slow diffusion of
isopropyl ether into methanolic solutions of compounds 3, 4, 5
or 6 led to the isolation of single crystals of 3, 4 and 5 Sub-
sequently, single crystal X-ray diffraction analysis confirmed their
precise structures in the solid state.

Complexes 3, 4 and 5 are discrete interlocking met-
alla[2]catenanes in the solid state (Figs. 4 and 5, Fig. S1 in
Supporting information). The molecular structure of complex 3
was refined in the P-1 space group, and subsequent close contact
analysis showed that 3 is stabilized by interactions between the
tetramethyl phenyl group of L1 in the two metallamacrocycles
and the pyridyl group in L1 (Figs. 4a, ¢ and d). In contrast with
the molecular structure of 3, complex 4 is stabilized by strong
sandwich-type -7 stacking interactions between the four phenyl
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Fig. 3. (a, d) ESI TOF-MS spectra of tetranuclear metallarectangles 1 and 2. (b, e) Experimental (top) and calculated (below) (3* mass peak of 1) and (c, f) experimental (top)

and calculated (below) (3* mass peak of 2).

Fig. 4. (a) Chemical structure of [2]catenane 3. (b) Solid-state structure of 3, show-
ing the m-m stacking interactions. (c, d) Two-colors solid-state structure of met-
alla[2]catenane 3.

groups of L1 in the two metallamacrocycles with distances be-
tween the benzene ring planes of 3.87, 4.00, and 3.91A (Figs.
5b-d). In addition, metalla[2]catenanes 5 is very similar in struc-
ture to metalla[2]catenanes 4, except that the different conjugated
units are replaced in the same place (Fig. S1).

In order to perform further experiments, the stability of
[2]alkane 3-6 was studied. Previous research contributions in the
field have shown that addition of polar solvents, concentration re-
duction, or addition of suitable guest molecules can result in ef-
ficient structural conversion of complicated interlocking structures
into simple metalla-macrocycles [50-53]. In an effort to study the
use of induced effects to cause the conversion of the obtained
[2]catenanes into hard-to-obtain metalla-macrocycles, different ex-
periments were performed. Interestingly, no interconversion was
observed by means of these methodologies. Remarkably, the ad-
dition of pyrene to methanolic solutions of complex 3 or 4 had no
effect on the structure of the [2]catenanes.

The observed outstanding structural stability of [2]catenanes 3
and 4 is very rare for interlocked compounds (Fig. 6, Figs. S7, S11-

Fig. 5. (a) Chemical structure of [2]catenane 4. (b) Solid-state structure of 4, show-
ing the m-m stacking interactions. (c, d) Two-colors solid-state structure of met-
alla[2]catenane 4.

S$13 in Supporting information). Similar research with complexes 5
and 6 (addition of pyrene molecules, addition of DMF or solvent
concentration changes) led to the same observation, thereby high-
lighting the astonishing solvent-, concentration- and guest-stability
of the [2]catenane compounds 5 and 6 (Figs. S17-S19, S23 and S24
in Supporting information). The rare structural stability of met-
alla[2]catenanes 3, 4, 5 and 6 encourages us to further study their
properties in future research Furthermore, we decided to investi-
gate their photothermal conversion properties.

Recently, near-infrared photothermal conversion (NIR) has been
widely used in these fields of photodynamic therapy, photother-
mal sensing and photocatalysis, etc. [46,54-60]. The common law
of synthesizing efficient near-infrared photothermal materials is to
increase near-infrared absorption and reduce the radiation transi-
tion process.

In this study, the metallamacrocycles 1-2 and met-
alla[2]catenanes 3-6 are discrete structures with sequentially
varying near-infrared absorption based on Rh-based modules of
different conjugate planes. The NIR absorption intensity and differ-
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Fig. 6. 'H NMR (500 MHz, CD30D, ppm) spectra of 3. (a) Spectral changes under
concentration effects (15.0-2.0 mmol/L). (b) Changes of nuclear magnetic hydrogen
spectrum induced by pyrene molecular content.

ent w-7 stacking interactions in the structure play an important
role in the photothermal conversion process. We used [2]catenanes
3-6, endowed with similar 7-7 packing interaction in solid state
(Figs. 4 and 5), and two metallamacrocycles 1-2, with a single
- packing interaction in solid state (Fig. 1). The same number
of conjugated planes is guaranteed by controlling the molar ratio
of the metallamacrocycles 1 and 2 to metalla[2]catenane 3-6
to 2:2:1:1:1:1. Subsequently, corresponding amounts of discrete
structures 1-6 were dissolved in 3mL of methanol for UV-vis
absorption experiments. The results showed that compounds 1-6
had absorbance values at 660nm (1: A=0.011; 2: A=0.109; 3:
A=0.012, 4: A=0.895, 5: A=0.969, 6: A=0.464) (Fig. 7a).

In addition, according to the absorption range of the solution
ultraviolet, a laser lamp with a wavelength of 660 nm was cho-
sen to irradiate samples, and these corresponding solutions of 1 mL
were taken into a specific container for work, respectively. The
near-infrared photothermal conversion curves of the two metal-
larectangles 1 and 2 showing the specific heating process were ob-
tained. However, metallarectangles 1 and 2 showed little change
in temperature, suggesting that the single -7 packing interac-
tion found in solids may not exist in solution possibly due to dy-
namic twisting caused by the uncontrollability of the ligand. Met-
alla[2]catenanes 3-6 showed a different and obvious warming pro-
cess (Figs. 7b and 8). While the [2]catenane 3 showed small warm-
ing trend, [2]catenane 4 (from 25.1°C to 41°C), 5 (from 25.5°C to
40.2°C) and 6 (from 24.4°C to 38.4°C) exhibited remarkable tem-
perature changes (1.5W/cm?), enabling the calculation of a pho-
tothermal conversion efficiency (details are shown in Supporting
information) of 18.8% (4), 17.1% (5), 16.5% (6) (Figs. S31, S33 and
S34 in Supporting information). Note that these values are higher
than those of reported organic D-A cocrystal materials [43]. This
enhanced photothermal temperature and outstanding photother-
mal conversion of metalla[2]catenanes 4, 5 can be attributed to
the synergistic effect of m-m stacking, conjugated effect of build-
ing blocks and the fluorescence quenching effect from Cp*Rh frag-
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Fig. 7. (a) Absorption of discrete structures 1-6 in the near infrared region
(700~650 nm). (b) Photothermal conversion curves of supramolecular structures 1-
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curves of metalla[2]catene 4 at 660nm by 0.3, 0.6, 0.9 W/cm? [2]catene 4 under
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Metalla|2] catenane 5

| Metalla|2] catenane 6

Metalla[2] catenane 3 .

)

Fig. 8. (a) Near infrared thermal imaging of [2]catenanes 3-6 performed in a spe-
cific container under 660 nm laser irradiation.

ments. The weak conjugation effect of building unit E3 triggers
extremely poor photothermal conversion of [2]catenane 3. The
proper conjugation effect and size of building block E4 result in
the best photothermal conversion effect.

The remarkable photothermal conversion performance of
[2]catenane 4 prompted us to study the conversion efficiency at
different powers. Recorded data shows that a power increase from
0.6W/cm? to 1.7W/cm? results in an increase of the tempera-
ture (Fig. 7c). The [2]catenane 4 exhibits the largest temperature
change under a power of 1.7 W/cm? (temperature rise from 24.5 °C
to 45.1°C). Remarkably, the efficiency of the photothermal conver-
sion decreases with the increase of power from 30.5% to 16.1%
(Figs. S28-S32 in Supporting information). Considering that cyclic
stability is a major indicator to determine the quality of materials,
we selected the metalla[2]catenane 4 to carry out three cycles at
a power of 1.5W/cm?. Obtained results show that similar temper-
ature change can be achieved with small error. Furthermore, the
near-infrared photo-thermal conversion of the [2]catenane 4-6 se-
ries in solid state has also been studied. Solid UV-vis spectrum
studies (Fig. 9a) showed that compounds 4-6 have absorbance val-
ues at 730nm of 0.868 (4), 0.481 (5) and 0.392 (6). The pho-
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tothermal conversion curves of [2]|catenanes 4-6 under low power
(0.15W/cm?) irradiation are shown in Fig. 9. [2]Catenane 4 (from
26.9°C to 56.3°C), 5 (from 26.3°C to 53.1°C), and 6 (from 27.1°C to
51.2°C) showed different temperature changes, higher than that of
the corresponding complexes in solution. This feature reflects the
outstanding stacking properties of [2]catenanes 4-6 in solid state.
Furthermore, these results are comparable to those delivered by
other top materials.

In summary, we have demonstrated that two types of
supramolecular topological structures can be obtained by using
different Cp*Rh based building blocks: metalla[2]catenanes and
rectangular metallamacrocycles. Our studies have shown that m-
7 stacking interactions determine the selective synthesis of sta-
ble supramolecular topologies. Furthermore, efficient photother-
mal conversion can be observed by generating positive non-
radiative pathways and suppressing radiative transition processes.
Photothermal conversion of the prepared organometallic com-
pounds in solution and solid state was studied. Under 660 nm and
0.6 W/cm?, the conversion efficiencies of [2]catenane complexes 4,
5 and 6 in solution were 18.8%, 17.1% and 16.5%, respectively. And
that, the solid photothermal conversion study of [2]catenanes 4,
5, and 6 displayed the consistent warming trend with that ob-
served in solution. Experimental data show that the synergistic ef-
fect of -7 stacking interactions, absorbance of the corresponding
wavelength and conjugated effects of Cp*Rh building blocks result
in different photothermal conversion efficiency. Studies on possi-
ble applications of [2]catenane complexes 4, 5 and 6 in materials
science are being carried out. These research not only inspire us
to synthesize higher-order coordination supramolecular topologies,
but also investigate their properties and application directionally.
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