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Abstract

The recent progress in platinum(I1) coordination driven supramolecular polymers has had a
substantial effect on the design of functional soft materials. However, the prospect of realizing
platinum(11) metallacycle-based host-guest interactions induced polymerization has received little
attention until recently. Here we report the realization of supramolecular polymerization driven by
platinum(11) metallacycle-based host-guest interactions both in the solid state and in solution. On
the basis of the disclosed polymerization mechanism, we present a new strategy for the preparation
of platinum(I1) metallacycle-based supramolecular polymers.
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Natural systems have long inspired chemists in their efforts to produce sophisticated self-
assembled supramolecular materials with dynamic and tunable properties.! One class of
these materials is supramolecular polymers assembled from low-molecular-weight
monomeric units through non-covalent interactions.? Supramolecular polymers have
demonstrated traditional polymeric properties and become important stimuli-responsive
dynamic materials that are attractive for use in drug delivery, tissue engineering, diagnostics,
biosensors, and nanotechnology.3 Many small molecules have been used as monomers to
prepare supramolecular polymers, but the preparation of monomers usually requires time-
consuming multistep synthesis. Therefore, developing efficient and easy synthetic routes to
make monomers for the preparation of supramolecular polymers is very important for future
applications of supramolecular polymers.

Coordination-driven self-assembly is a well-established method to construct metallacycles
and metallacages through the spontaneous formation of metal-ligand bonds drawing
inspiration from the design principles of natural systems.* With a view to functionalize the
exterior vertices of metallacycles, Stang and coworkers reported a strategy of using 2-
ureido-4-pyrimidinone based externally functionalized platinum(1l) metallacycle as
monomers that upon self-assembly forms well-defined functional supramolecular polymers
in solution.® This achievement, together with related work reported later,® represented a new
strategy for supramolecular polymerization in the context of precise macromolecular
engineering.

Although the functionalization of platinum(l1) metallacycles and metallacages to construct
supramolecular polymers has advanced, the realization of platinum(I1) metallacycle-based
host—guest interactions induced polymerization has only recently received attention. The
primary challenge facing this strategy is maintaining the dynamic metallacycle structures
during host—guest interactions between the platinum(l1) metallacycles and guest molecules.
To construct supramolecular polymers via platinum(l1) metallacycle-based host—guest
interactions, three requirements need to be met: (1) Metallacycles should be both simple and
stable to reduce the possibility of disassembly; (2) The incorporated functional guest
moieties should not interfere with the metal-ligand bonds; (3) Guest molecules should
suppress the dynamics of metallacycles and stabilize them through the host—guest
interactions. In contrast to previously reported platinum(Il) metallacycle-based
polymerization strategies,? 6 the approach reported here uses monomers that polymerize
spontaneously driven by the host—guest interactions between the metallacycles and guest
molecules, allowing efficient preparation of metallacycle-based supramolecular polymers.

Because of the dynamic nature of supramolecular polymers and platinum(Il) metallacycles,
previously reported platinum(ll) metallacycle-based supramolecular polymers were all
obtained in solution, no solid-state platinum(l1) metallacycle-based supramolecular
polymers have been reported.>® Suppressing the dynamics of metallacycles and stabilizing
platinum(11) metallacycles through host—guest interactions between metallacycles and guest
molecules may provide platinum(ll) metallacycle-based supramolecular polymers in the
solid state. Here, we report a cross-linked supramolecular polymer constructed by
platinum(1l) metallacycle-based host—guest interactions in the solid state and in solution.
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Thus, on the basis of the disclosed mechanism, we have demonstrated a new strategy for the
platinum(Il) metallacycle-based supramolecular polymerization.

The monomer used here was based on a platinum(I1) metallacycle bearing two pyrene
moieties, as shown in Scheme 1. Monomer 1 was expected to self-assemble through host—
guest interactions between the pyrene groups and metallacycles. Pyrene-functionalized
ligand 2 was synthesized by a Pd-catalyzed Sonogashira coupling reaction and subsequent
etherification (Scheme S1). Stirring a mixture of ligand 2 and 180° di-Pt(l1) acceptor 3in a
1:1 molar ratio in acetone at room temperature for 4 h resulted in the formation of the self-
assembled metallacycle 1 with pendant pyrene moieties at the vertices (Scheme 1). The
formation of metallacycle 1 was confirmed by multinuclear (*H and 31P) NMR spectroscopy
and electrospray ionization time-of-flight mass spectrometry (ESI-TOF-MS). Figure 1
shows that, in the TH NMR spectrum of 1, the peaks related to protons Ha—Hg on the pyridyl
groups showed downfield shifts compared with those of ligand 2, which is consistent with
coordination of the N-atoms to the platinum centers resulting in decrease of electron density
on the pyridyl groups. The 3IP{1H} NMR signal of 1 shifted upfield relative to that of 2,
displaying a lone sharp singlet at 15.60 ppm with concomitant 19Pt satellites (Jpi_p =
2705.56 Hz), consistent with a single phosphorus environment. ESI-TOF-MS analysis of 1
revealed two main peaks, supporting the formation of a [2 + 2] assembly (Figure 2). The
peaks at 77z = 753.2523 and 1054.7294 corresponded to [1 — 40Tf]** and [1 — 30Tf]3*,
respectively. The two peaks were isotopically resolved and in agreement with their
calculated theoretical distributions, indicating the formation of metallacycles with the
desired stochiometry.

Light yellow single-crystals of the metallacycle were obtained by slow diffusion of ether
into an acetone solution of 1 which allowed the structure of monomer 1 to be determined
unambiguously by single-crystal X-ray diffraction. X-ray crystallographic analysis revealed
the formation of an unusual AA-BB type monomer’ composed of two molecules of
monomer 1 connected by C—H---rt interactions with lengths of 2.776-2.840 A (Figure 3a
and 3b).8 Moreover, n—m stacking interactions between the benzene rings on 1 with a
distance of 3.375 A were also observed in the crystal structure.8 Each AA-BB type
monomer was also stabilized by adjacent trifluoromethanesulfonate anions (TOTf) viaC—
H---O interactions with H---O distances of 2.379-2.535 A and C—F---H interactions with an
F---H distance of 2.444 A, which further stabilizes the assembly. The formation of AA-BB
type monomer suppressed the dynamic property of the metallacycle and stabilized the
platinum(1l) metallacycle.

One of the pyrene groups of monomer 1 was encapsulated into the cavity of another
molecule of the metallacycle 1 to form a host—guest complex. The crystal structure revealed
two hydrogen atoms on the host molecule 1 with C—H---r distances of 2.713-2.864 A,
indicating the existence of C—H---rt interactions between the pyrene guest and platinum(Il)
metallacycle host cavity. The pyrene group in this host—guest system was also stabilized by
~OTf via C—H---O interactions with an H---O distance of 2.622 A, which further helped the
formation of the assembled structure (Figure 3c and S9). Hence, a cross-linked
supramolecular polymer was successfully formed by monomer 1 through host—guest
interactions in the solid state (Figure 4). The formation of AA-BB type monomer and host—
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guest interactions in this system suppressed the dynamic property of the metallacycle and
stabilized the platinum(l1) metallacycle, thereby leading to the formation of the cross-linked
supramolecular polymer in the solid state.

Having established the host—guest interactions between pyrene and metallacycle 1 and
obtained the cross-linked supramolecular polymer in the solid state, the polymerization of
monomer 1 in solution was also examined. Comparison of the 'H NMR spectra of monomer
1 and organic ligand 2 at a concentration of 0.500 mM in Figure 1 shows that the peak
related to proton He of monomer 1 split into two peaks, suggesting host—guest complexation
between the pyrene group and metallacycle 1. The peaks related to the protons on the pyrene
groups of monomer 1 showed downfield shifts, indicating that C—H---rt interactions occurred
between the pyrene groups and ethyl groups on metallacycle 1. A 2D NOESY NMR study
of 1 in acetone was performed. Correlation signals were observed between the protons of the
pyrene group of 2 and the protons of the ethyl groups of 1 (Figure S10 and S11). These
results indicate that an AA-BB type monomer was formed by 1 driven by multiple non-
covalent interactions and the electron rich pyrene group was encapsulated into the cavity of
an adjacent cyclic 1 to form a host—guest complex in acetone.

The formation of the cross-linked supramolecular polymer by monomer 1 was investigated
by 1H NMR, 2D DOSY NMR, viscosity measurements, dynamic light scattering (DLS), and
scanning electron microscopy (SEM). 1H NMR spectra of 1 at concentrations of 1.00-60.0
mM were recorded, and as expected, the proton NMR spectra of 1 was concentration-
dependent. Figure 5, S11, and S12 show that the peaks related to protons H, and Hy, shifted
downfield, whereas those related to protons He—Hg shifted upfield. All the signals became
broad at high concentrations of monomer 1. These results are consistent with the crystal
structure of the supramolecular polymer, showing that the electron-rich pyrene group was
located in the electron-poor cavity of 1 to form a host—guest complex.

Different aggregates exchange was observed on the DOSY timescale. As the concentration
of 1 was increased from 1.00 to 60.0 mM, the measured weight-average diffusion coefficient
(D) of 1 in acetone solution decreased from 7.4 x 1079 m2s™1 t0 1.02 x 107 m%s71,
suggesting the concentration dependence of the supramolecular polymerization of the
monomers (Figure 6a). It is well konwn that a high degree of polymerization for the
repeating unit is necessary to observe a sharp decrease in D value.®

As a function of polymerization for monomer 1, the variation of specific viscosity was
performed in acetone at 30 °C (Figure 6b).10 The specific viscosity of the individual organic
ligand 2 or Pt(l1) acceptor 3 was also plotted as a comparison. For the individual compound
organic ligand 2 or Pt(l1) acceptor 3, specific viscosity changed almost linearly with the
concentration, which indicated that no significant entanglements occurred. By contrast, the
specific viscosity of monomer 1 changed significantly with the monomer concentration. This
observation supports the formation of the cross-linked supramolecular polymer of monomer
1 through host—guest interactions.10P

The average hydrodynamic diameter (d) of 1 at a concentration of 1.00 mM was determined
to be 20.6 nm by DLS experiment. As the concentration of 1 increased from 1.00 to 50.0
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mM, dincreased substantially to 1480 nm, revealing the presence of supramolecular
polymers (Figure 6¢). These results surpport the formation of an extended, high-molecular-
weight polymeric structure through host—guest interactions of monomer 1 in solution.

Figure 6d depicts the morphology and three-dimensional network obtained from a highly
concentrated solution of 1 as observed by SEM. Monomer 1 organized into a cross-linked
supramolecular polymer in solution. These cross-linked supramolecular polymers entangled
together to form a three-dimensional network structure with voids ranging from several
hundred nanometers to several micrometers. These results provided direct evidence that
monomer 1 self-assembled into a cross-linked supramolecular polymer in solution.

Supramolecular polymers that respond to external stimuli are interesting as they are
important in a wide range of applications.1 Gel-like viscous liquids were prepared by
dissolving monomer 1 in acetone at a concentration of 100 mM. Figure S14 illustrates the
reversible thermo-induced phase transitions of the sample. Moreover, the addition and
removal of bromide anions (Br~) led to the reversible gel-like supramolecular polymer and
sol transition. Addition of tetrabutylammonium bromide (TBABFr) to the sample disrupted
the coordination between the A~atoms and platinum centers, causing the gel-like
supramolecular polymer to dissociate into a turbid solution within a short time. However,
after silver trifluoromethanesulfonate (AgOTf) was added to the mixture, this turbid solution
was transformed into the gel-like supramolecular polymer again.12

In summary, we show spontaneous supramolecular polymerization driven by platinum(lI)
metallacycle-based host—guest interactions. A [2 + 2] platinum(I1) metallacycle 1 bearing
two pyrene moieties was designed and synthesized. Metallacycle 1 self-assembled into a
cross-linked supramolecular polymer both in the solid state and in solution. The host—guest
interactions and other non-covalent interactions suppressed the dynamics of the
metallacycle, which enabled the formation of the cross-linked supramolecular polymer in the
solid state. In solution the cross-linked supramolecular polymer showed thermo and ion
responsiveness. This approach may be applied to readily available platinum(ll) metallacycle
monomers to fabricate functional supramolecular polymers.
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Figure 1.
(a) Partial 'H NMR spectra (400 MHz, acetone-ag, 298 K) of ligand 2 and metallacycle 1;

(b) 31P{1H} NMR spectra (acetone-ak, 298K, 121.4 MHz) of 180° acceptor 3 and
metallacycle 1.
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(a) Full ESI-TOF-MS spectrum of 1; Experimental (red) and calculated (blue) electrospray
ionization peaks of the [M — 40Tf]** (b) and [M — 30Tf]3* (c) charge states of 1.
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Side view

Figure 3.
(a) Single-crystal structure of the AA-BB monomer of 1; (b) Packing structure of the AA-

BB monomer; (¢) Assembled single-crystal produced by the host—-guest complexation of 1.
Hydrogen atoms are omitted for clarity in Figures 3 and 4.
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Two views of the single

structure of the cross-linked supramolecular polymer of

crystal

monomer 1.

JAm Chem Soc. Author manuscript; available in PMC 2020 April 24.

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Shietal.

Page 12

A AN~ N~ A NN

e NN~ A N

18 ~ M\LLUJWJMJ.L ;L_J g A

ad

94 92 9.0

Figureb.

88 86 84 82 80 78 76 74 72 70

Partial H NMR spectra (400 MHz, 298 K) of 1 in acetone-dj at various concentrations: (a)
60.0 mM; (b) 50.0 mM; (c) 25.0 mM; (d) 1.00 mM.
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Figure®6.
(a) Diffusion coefficient (D) of 1 at different concentrations; (b) Specific viscosity of

monomer 1 or organic ligand 2 or Pt(I1) acceptor 3 versus its concentration in acetone; (c)
Size distribution of assemblies of 1 formed at different concentrations; (d) SEM image of
cross-linked supramolecular polymer network drawn from a highly concentrated solution of
monomer 1 in acetone. Insert is a cartoon of the cross-linked supramolecular polymer.
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(a) Synthesis and chemical structure of metallacycle 1; (b) Single-crystal structure of
metallacycle 1. Hydrogen atoms are omitted for clarity.
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