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Abstract: A series of metallo-supramolecular ring-in-ring
structures was generated by assembling Cd" ions and the
multivalent terpyridine ligands (L) composed of one 60°-
bent and two 120°-bent bis(terpyridine)s with varying alkyl
linker lengths. The mechanistic study for the self-assembly
process excluded an entropically templated pathway and
showed that the intramolecularly complexed species is the
key intermediate leading to ring-in-ring formation. The next-
generation superstructure, a spiderweb, was produced in
quantitative yield using the elongated decakis(terpyridine)
ligand (L°).

P recise self-assembly of desired supramolecular architec-
tures has great importance in chemistry, biology, and materi-
als science owing to the capability of controlling higher-order
domain structures for potential applications in catalysis, drug
delivery, electronics, and so on." Coordination-driven self-
assembly is one of the most promising strategies for preparing
a wide variety of pre-designable structures, such as poly-
gons,”?! fractals,” polyhedra,”*¥ helicates,”! or catenanes,®
through a proper combination of ligand geometry and
directional coordinative interactions under either kinetic or
thermodynamic control. Among these aesthetic motifs, the
ring-in-ring metal complexes’! have been utilized in tem-
plated synthesis of intricate Borromean rings.”’) Besides, the
inclusion of a macrocycle within a macrocyclic host by
noncovalent intermolecular forces, such as rt—stacking,[°]
hydrogen bonding,'” metal coordination,"'! and hydrophobic
interactions,”” has been well-documented. Very recently,
based on tetratopic ligand designs, supramolecular ring-in-
ring!™® and sphere-in-sphere!™ ¥l structures have been ach-
ieved. However, it still remains challenging to develop an
efficient approach for expanding a ring-in-ring structure to
next generation, for example, a well-defined ring-in-ring-in-
ring superstructure. To this end, the involvement of multi-
valent ligands in the self-assembly process should be eluci-
dated. Herein, we examined the multivalency" in our ligand
design and carefully investigated the effect of linker length on
the resultant self-assembled structures as well as their
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assembly mechanism. Through the fundamental understand-
ing of self-assembly behavior of multivalent terpyridine
ligands, a metallo-supramolecular trilayered ring (that is,
a spiderweb structure) was successfully constructed in quan-
titative yield.

Hexakis(terpyridine) ligands L' (Scheme 1a) bearing
alkyl linkers of various lengths (C4, C6, and C8) were
synthesized by Pd-mediated coupling reactions of the corre-
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n=8,L3 [CdgL3;]

Scheme 1. a) Self-assembly of ring-in-ring structures from L', L% and
L. b) The molecular structure of [Cd,L%;].

sponding aryl bromides with 4'-(4-boronophenyl)-tpy (where
tpy =2,2":6',2"-terpyridine) in good yields (59-93%), and
their structures were confirmed by NMR spectroscopy and
mass spectrometry (see the Supporting Information). Upon
complexation of L' with three molar equivalents of Cd" ions
at room temperature, the 'H NMR spectrum (Figure 1b)
showed three distinguishable sets of tpy resonances and
a sharp singlet at 1.49 ppm assigned to the fert-butyl groups,
suggesting the formation of discrete ring-in-ring structures.
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Figure 1. "H NMR spectra of a) [Cd;L%], b) [CdL';], ) [CdsL%], and
d) [CdoL’).

The 2D COSY and ROESY NMR experiments (Supporting
Information, Figure S17 and S18) were conducted to ensure
the proper assignments. The diffusion-ordered spectroscopy
(DOSY) NMR experiment (Supporting Information, Fig-
ure S16) indicated the existence of a single product (diffusion
coefficient D =2.8 x 107" m*s™") in CD;CN and the presence
of [CdL',] was corroborated by the seven major ESI-MS
peaks attributed to the ions with 4+ to 10+ charge states
(Supporting Information, Figure S19). To confirm the unex-
pected structure, ligand L* was synthesized and then com-
plexed with Cd" ions to give the triangular model complex
[Cd;LY%] (see the Supporting Information). The 'H NMR
resonances of [CdgL';] for the central 60°-bent bis(terpyr-
idine) motifs exhibited three significant upfield shifts for 3',5'-
tpy protons (6 = 8.48 ppm, Ad = —0.34 ppm), 4,4"-tpy protons
(0=17.32 ppm, Ao =-0.78 ppm), and 5,5"-tpy protons (6=
6.69 ppm, Ad=—0.71 ppm) relative to those of [Cd;L%]
(Figure 1a), strongly supporting that the inner ring is not
a trimer but a dimer. Similar upfield shifts have been reported
for the o-carborane-based metallomacrocyclic dimer and
trimer."”! Notably, no expected [CdyL';] was formed, most
likely as a result of the geometrical constraint caused by the
short C4 linker. Molecular modeling (Supporting Informa-
tion, Figure S55) revealed that the strain is estimated to
increase the total energy by about 32 kcalmol ™' per repeat
unit in [CdyL';] as compared with [Cd¢L,].

With a C6 linker, ligand L? afforded the desired ring-in-
ring structure [CdyL%] upon coordination of Cd" ions
(3 equiv) at [L*]=7.5x10"*m, as evidenced by the 'H NMR
spectrum (Figure 1¢) and the characteristic ESI-MS peaks
(Figure 2a). However, the self-assembly composition was
found to be concentration- and temperature-dependent. At
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Figure 2. a) ESI-MS spectrum of [CdsL%] ([L]=7.5x10"*m). b) DOSY
spectrum of a mixture of [CdsL%] and [Cd;,L2] ([LY]=6.0%107° m).

c) ESI-MS spectrum of a mixture of [CdgL?%] and [Cd;,L?%]

(L =6.0x107*M). The charge states of [CdsL%] and [Cd;,L%] are
shown in red and green, respectively.

higher ligand concentrations (above 1.5 x 10 * M), another set
of triplets at 3.48 and 3.21 ppm for the methylene units was
clearly observed in the 'H NMR spectrum (Supporting
Information, Figure S20) and could be attributed to the
tetramerCoctamer [Cd,,L?,], which was further verified by its
smaller diffusion coefficient of 2.3x 107" m*s™" (Figure 2b)
and by the distinctive ESI-MS peaks (Figure 2c). The
proportion of [Cd,L%] was found to be increased with
either increasing concentration or decreasing temperature
(Supporting Information, Figure S21), indicating a dynamic
equilibrium between [CdyL%] and [Cd,,L2].

Apparently, the supramolecular ring-in-ring architectures
are significantly influenced by a subtle change in the linker
length. Thus, to further investigate the linker effect, the Cd"
complex of L* with a C8 linker was prepared in a similar
manner. The 'H, DOSY, and '">Cd NMR spectra (Figure 1d;
Supporting Information, Figures S31 and S35) as well as the
ESI-MS (Figure 3a) analysis are in good agreement with the
proposed ring-in-ring structure [CdyL?] (Scheme 1b). The
narrow drift time distributions for the 8+ to 16+ species
observed in the ESI-TWIM-MS plot (Figure 3b) explicitly
confirmed the absence of other isomers. Furthermore, the
AFM image (Supporting Information, Figure S61) displayed
an average height of 1.4 + 0.1 nm, which is consistent with the
modeled result.'”’ However, the accuracy of the measured
diameter (12.4 +0.7 nm) is very low, which is most likely due
to the tip convolution effect.'¥! The TEM image (Supporting
Information, Figure S63) revealed an average diameter of
3.0 £0.4 nm, which is close to the distance (4.2 nm; Support-
ing Information, Figure S58) between two parallel sides of the
geometry-optimized structure, providing additional evidence
for the formation of the ring-in-ring structure. As compared
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Figure 3. a) ESI-MS spectrum and b) ESI-TWIM-MS plot of [Cd,L%;].

with [CdyL%], [CdyL%] was insensitive to concentration
variations (Supporting Information, Figure S30), demonstrat-
ing that the lengthened linker successfully reduced the steric
hindrance between the inner and outer macrocycles and
shifted the equilibrium toward the predesigned ring-in-ring
(tirmerChexamer) structure.

Electrospray ionization interfaced with traveling-wave
ion-mobility mass spectrometry (ESI-TWIM-MS)!"! was
utilized to gain more structural insight into the ring-in-ring
structures. The collision cross-sections (CCSs) derived from
the corresponding drift times are consistent with the theoret-
ical values obtained from the annealing simulation (Support-
ing Information, Tables S1-S3). For the relatively small and
rigid structures, that is, [CdL',], [CdyL?%], and [Cd,L%], the
CCSs do not vary much with charge. In contrast, a dramatic
increase in the experimental CCS for [Cd,,L%,] was observed
in higher charge states, which is supposedly due to the
enhanced conformational flexibility!”>? in the lager tetra-
merCoctamer structure (Supporting Information, Fig-
ure S57). Moreover, the computational result revealed two
distinct conformers in the plot of calculated CCS versus
relative energy (Supporting Information, Figure S60), sup-
porting that [Cd;,L?] is able to adopt an extended conforma-
tion to reduce charge repulsion and then gives rise to a larger
CCS (1733.6 A?) for the 11 + ion.

To shed light on the formation mechanism for the ring-in-
ring assembly, the titration experiment was conducted and
monitored by "H NMR spectroscopy (Supporting Informa-
tion, Figures S65-S67). The [CA(NO;),]J/[L’] ratio was
increased from 0 to 3 at [L*] =3.0 x 10 M. For the region of
0 <[CdA(NO,),)/[L*] <1, only the 6,6"-tpy protons of 120°-
bent bis(terpyridine)s were shifted significantly upfield, which
is characteristic of octahedral tpy-Cd"-tpy coordination,?!!
and no obvious resonance change was found for the central
60°-bent ligand. An isosbestic point at 322 nm observed in the
UV/Vis titration (Supporting Information, Figure S69b) fur-
ther indicated the equilibrium between ligand L?* and intra-
molecularly complexed [CdL?]. Moreover, the formation of
[CAL?] was proved by ESI-MS (Supporting Information,
Figure S68) and no peaks corresponding to [CdsL%]
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Scheme 2. A proposed formation mechanism for ring-in-ring [Cd,L%;].

(Scheme 2) were observed. For the region of 1<[Cd-
(NO»),J/[L*] €3, the '"H NMR spectra (Supporting Informa-
tion, Figure S66) indicated that the concentration of [Cd,L?]
(NO;™ salt) increased proportionally to the added [Cd(NOs),]
until reaching the equivalence point ([Cd"]/[L?]=3). The
UV/Vis isosbestic point was slightly shifted to 314 nm
(Supporting Information, Figure S69¢c) and the presence of
[Cd,L*] was confirmed and tracked by ESI-MS (Supporting
Information, Figure S68). In our original ligand design, we
expected that the 60°-bent bis(terpyridine) ligands would give
a stable triangle® as a template to induce the formation of
a surrounding hexameric macrocycle. However, all the
observations strongly suggested that instead of forming
triangular [Cd,L?] with six dangling uncoordinated bis(ter-
pyridine)s, L?* firstly undergoes intramolecular complexation
to afford tetratopic [CdL?], which then cooperatively coor-
dinates to Cd" ions to produce the final ring-in-ring structure
(Scheme 2).

Building on the understanding of self-assembly of ring-in-
ring structures, we shifted our attention toward constructing
a more complex supramolecular assembly, namely the spider-
web shown in Scheme 3, by extending the scaffold L?
horizontally along the linker axis. The multivalent ligand L*
was synthesized by the carbodiimide-mediated esterification
of the corresponding dicarboxylic acid precursor and the
subsequent Suzuki-Miyaura coupling at six aryl-bromo
positions, and then purified by preparative gel permeation
chromatography. It was expected that the elongated 120°-bent
bis(terpyridine)s at the two ends could self-assemble into an
enlarged hexamer to accommodate the inner ring-in-ring
structure. When L was treated with five equivalents of Cd"
ions, the product gave broad '"H NMR resonances (Support-
ing Information, Figure S41) in the aromatic region, which is
presumably due to the conformational heterogeneity™! of
a giant complex. Nevertheless, one sharp '"H NMR singlet at
1.50 ppm and two “CNMR resonances at 35.64 and
31.88 ppm (Supporting Information, Figures S41 and S42)
corresponding to the fert-butyl markers suggested the for-
mation of the expected spiderweb structure. The '"H NMR
assignments for the tpy moieties in five different chemical
environments were carefully established by the COSY and
ROESY spectra (Supporting Information, Figures S43-S47).
In the DOSY spectrum (Supporting Information, Figure S40),
the formation of a single assembly in CD;NO, was evident
from the diffusion coefficient of 1.1 x 107" m?s™! for all the
relevant peaks. Furthermore, the fourteen prominent signals

www.angewandte.de

Chemie

6331


http://www.angewandte.de

Angewandte
Zuschriften

6332

Scheme 3. Self-assembly of spiderweb [Cd,sL’;].

generated from the 8 + to 21 + ions and their isotope patterns
in the ESI-MS spectrum (Figure 4 a; Supporting Information,
Figure S39) unambiguously confirmed the assembled compo-
sition of [Cd,sL%]. The size analysis in gas phase conducted by
ESI-TWIM-MS (Figure 4b) also revealed an average CCS of
2248.7+£100.3 A?, which is in good accord with the simulated
results (Supporting Information, Table S4). The coin-like
nanoplates of [Cd,sL%;] were visualized by AFM at a concen-
tration of 1.0 x 10 *m on mica (Figure 4c; Supporting Infor-
mation, Figure S62). As mentioned previously, the average
diameter (22.2+0.7 nm) is not accurate, but larger than that
of ring-in-ring [Cd,L?], whereas the measured height (1.1 +
0.1 nm) agrees well with the dimension of a single tpy-Cd"-tpy
complex. A reasonable diameter of 5.0 £0.9 nm was finally
observed by TEM imaging (Figure 4d).

In summary, the self-assembly of versatile metallo-supra-
molecular ring-in-ring structures has been successfully ach-
ieved by the complexation of Cd" ions with the multivalent
terpyridine ligands bearing different linker lengths. The
flexible linker was found to be the key factor controlling the
architecture and stability of the resultant assemblies, and the
cooperative coordination of the tetratopic intermediate
formed from intramolecular complexation facilitated the
ring-in-ring formation. Based on the findings, the well-defined
spiderweb structure was constructed as a demonstration of
our design principle. We anticipate that this self-assembly
process can provide facile access to construction of more
sophisticated and functional supramolecular architectures.

www.angewandte.de

Theoretical

a) 6799
1163.99 15+

15+ 14+

16+ 13+

17+ v Experimental

12+
18+

19+ 11+ 10
+
20+
|

21+ |
3
1500 1700 1900 2100 2300
m/z

Ao Ao d .

700 900 1100 1300
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and d) TEM image of [Cd;;L%].
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