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ABSTRACT: We describe the efficient preparation of
rhomboidal metallacycles that self-assemble upon mixing a
donor decorated with 2-ureido-4-pyrimidinone (UPy) with
acceptors containing pendant [G1]-[G3] dendrons. The
formed rhomboids subsequently polymerize into dendron-
ized organoplatinum(II) metallacyclic polymers through
H-bonding UPy interfaces, which possess the structural
features of conventional dendronized polymers as well as
the dynamic reversibility of supramolecular polymers.
Preservation of both properties in a single material is
achieved by exploiting hierarchical self-assembly, namely
the unification of coordination-driven self-assembly with
H-bonding, which provides facile routes to dendronized
metallacycles and subsequent high ordering. The supra-
molecular polymerization defined here represents a novel
method to deliver architecturally complex and ordered
polymeric materials with adaptive properties.

Hierarchical self-assembly is a process in which molecular
precursors combine using multiple, orthogonal intermol-

ecular interactions. Since each unique interaction occurs without
interference from the others, complex structures can be obtained
that could not be accessed by using any one interaction on its
own. These designs are exemplified by the four levels of protein
structuredivided among covalent peptide bonds, hydrogen
bonding, hydrophobic effects, and disulfide bondingeach
enhancing structural complexity and contributing to the many
different domains, motifs, and folds that have been observed. The
principles of orthogonality have been exploited in organic
synthesis through careful selection of protecting groups, in
coupling chemistry to obtain complex polymers, in chemical
ligation of peptides, and in supramolecular chemistry.1

Hierarchical assembly is particularly attractive for the
formation of dendronized polymers (DPs)2 owing to their
promising applications as electronic materials,3 as liquid crystals,4

in siRNA delivery,5 etc., on account of their unique structural
characteristics. In general, there are three main strategies“graft
to”, “graft from”, and macromonomer approachesfor the
preparation of DPs, which typically rely on covalent linkage
between dendritic monomers.2,6 These traditional covalent

strategies have been augmented by non-covalent methods,7 for
instance by using H-bonding via isophthalic acid7a or crown
ether-based host-guest chemistry7d to form main-chain or side-
chain dendronized supramolecular polymers (DSPs). Certain
interactions can also be unified in a hierarchical approach, as
illustrated by the formation of rosette metallodendrimers which
use both H-bonding and Pd coordination.8 These alternatives to
covalent linkages are desirable since they can introduce
properties associated with supramolecular polymers, such as
degradability, self-healing, and stimuli-responsiveness.9

Most reported metallodendrimers typically use direct
coordination to a single metal center to link monomers.7b,c,8

The rich chemistry of supramolecular coordination complexes
(SCCs)10 provides a second route to hierarchical designs
wherein coordination-driven self-assembly can be used to
construct a metallacyclic core from which secondary interactions
can be controlled. This method organizes Lewis acidic acceptors
and Lewis basic donors that can be decorated with pendant
functionalities to drive orthogonal interactions, such as H-
bonding11 or amphiphilic interactions.12 By using rigid, well-
defined cores formed via coordination-driven self-assembly, the
number and orientation of secondary functionalities can be
readily tuned, affording a level of structural control that may be
difficult to achieve using other non-covalent interactions that lack
the directionality associated with SCCs.
We unify the themes of coordination-driven self-assembly,

dendronized organoplatinum(II) metallacycles, and supra-
molecular polymerization through a hierarchical design strategy.
Specifically, the highly directional and well-defined quadruple H-
bonding motif, 2-ureido-4-pyrimidinone (UPy), developed by
Meijer et al., was selected as the reversible interaction motif since
it offers an attractive combination of relatively high thermo-
dynamic stability (ΔG ≈ 10 kcal mol−1, Kdim > 107 M−1 in
chloroform) and rapid kinetic reversibility (Koff≈ 8 s−1),13 which
enforce high efficiencies in the formations of supramolecular
polymers and the dynamic reversibility of the resultant
supramolecular polymeric materials.9b,14 Our approach demon-
strates the formation of [G1]-[G3] Frećhet-type dendron-
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functionalized 60° organo-Pt(II) acceptors 1a-c, that are readily
employed in self-assembly reactions with a UPy-functionalized
donor ligand to deliver bis(phosphine) Pt(II) rhomboidal SCCs
3a-c, which facilitate the formation of [G1]-[G3]-dendronized
organo-Pt(II) metallacyclic polymers (DOMPs) (Scheme 1).
The resulting DOMPs unify the structural characteristics of
covalent DPs, dynamic and reversible features of SPs, and unique
interior cavities of metallacycles, thus representing architecturally
complex and ordered polymeric materials.
Stirring the 60° organo-Pt(II) acceptors decorated with [G1]-

[G3] Frećhet-type dendrons (1a-c) with an equimolar amount of
UPy-functionalized 120° dipyridyl ligand in DMSO-d6 at 30 °C
for 8 h resulted in the formation of [2+2] rhomboidal
metallodendrimers (3a-c). These rhomboids contain pendant
UPy functionalities at their obtuse vertices (Scheme 1).
Multinuclear NMR (1H and 31P) analysis of [G1]-[G3]
assemblies 3a-c revealed very similar characteristics (Figures 1
and S18), which support the formation of discrete, highly
symmetric rhomboidal metallodendrimers. 31P{1H} NMR
spectra of 3a-c display sharp singlets at ∼13.6 ppm with
concomitant 195Pt satellites, consistent with a single phosphorus
environment (Figure 1). Evidence for coordination is given by
the observed upfield shifts of these peaks relative to those of the
corresponding free acceptors, for example, that of 3b versus 1b
by ∼10.4 ppm (Figure S12). In the 1H NMR spectrum of each
assembly (Figure S18), obvious downfield shifts of the α- and β-

pyridyl protons relative to those of ligand 2 were observed,
consistent with the loss of electron density that occurs upon
coordination of the pyridyl N-atom to the Pt(II) metal center.
Notably, the α- and β-pyridyl protons are split into two sets of
two doublets upon coordination (Figure S18). For example, the
peak corresponding to protons Hα of ligand 2, which appears at
8.65 ppm (Figure S18b), is split into two doublets at 8.95 and
8.87 ppm on 3b (Figure S18c). Similarly, the signal related to
protons Hβ on 2 (7.54 ppm) (Figure S18b) is also split into two
doublets at 7.95 and 7.89 ppm (Figure S18c). The spectra of 3a
and 3c also show splitting behaviors similar to those observed on
3b (Figure S18a,e).
The stoichiometry of formation of discrete rhomboids 3a-c

was supported by electrospray ionization time-of-flight mass
spectrometry (ESI-TOF-MS). In the mass spectrum of 3a, four
peaks were consistent with our assigment of [2+2] assembly
(Figure S10), including those which corresponded to an intact
assembly with charge states resulting from the loss of nitrate
counterions (m/z = 1943.76 for [M−2NO3]

2+, 1275.17 for [M−
3NO3]

3+, and 940.88 for [M−4NO3]
4+). For 3b, four peaks were

found (Figure S13), e.g., m/z = 1558.29, corresponding to [M−
3NO3]

3+. Similarly, four peaks were also found for 3c (Figure
S16), e.g., m/z = 1577.64, corresponding to [M−4NO3]

4+. All
these peaks were isotopically resolved and agreed very well with
their calculated theoretical distributions. Given the difficulty
associated with getting X-ray-quality single crystals for molecules
containing dendronized structures, crystallographic studies were
elusive. Thus, PM6 semiempirical molecular orbital methods
were empolyed to obtain insight into the structural parameters of
3a-c (Figure S17). These theoretical structures share common
core features, including planar rhomboidal backbones with
exohedral functionalization by the pendant UPy motifs and
dendronized subunits.
Supramolecular polymerization of 3a-c into DOMPs was

triggered by introducing a non-H-bonding solvent, thus
facilitating intermolecular UPy dimerization. This process was
investigated by 1H NMR spectroscopy in CD2Cl2 at concen-
trations ranging from 1.85 to 60.0 mM (Figures 2, S19, and S20).
In the polymerization of 3c, for example, the UPy N-H signals
displayed large downfield shifts (observed at 10.0−13.5 ppm)
and lower intensities, direct evidence for UPy dimerization. The
signals of the UPy protons showed lower intensity and became

Scheme 1. Formation of [G3]-DOMPs by Hierarchical Self-
Assembly of 60° [G3]-Dendronized Organo-Pt(II) Acceptor
1c and 120° UPy-Functionalized Ligand 2

Figure 1. 31P{1H} NMR spectra (DMSO-d6, rt, 202.3 MHz) of (a)
[G1]-metallodendrimer 3a, (b) [G2]-metallodendrimer 3b, and (c)
[G3]-metallodendrimer 3c.
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broad upon increasing monomer concentration, with only one
set of signals, indicating a gradual linear DSP formation. The
presence of the dendrons along the polymer backbone
introduces steric hindrance, thereby improving the efficiency of
long-chain polymerization. Upon increasing the initial concen-
tration of 3c, the H1 signal on acceptor 1c shifted upfield and
eventually merged together with one set of Hα protons at 44.0
mM. Above 15.0 mM, the peak splitting disappeared gradually,
along with broadening of all signals, which indicated the
formation of high-molecular-weight [G3]-DOMPs. Similarly,
the formation of [G1]- and [G2]-DOMPs was also confirmed by
concentration-dependent 1H NMR experiments (Figures S19
and S20).
To further substantiate the formation of [G1]-[G3] DOMPs,

2D diffusion-ordered 1H NMR spectroscopy (DOSY) was
performed to test the dimensions of polydispersed supra-
molecular aggregates. As the concentration of 3c increased from
15.0 to 60.0 mM, the measured weight-average diffusion
coefficient D decreased from 1.25×10−10 to 1.74×10−11 m2 s−1

(D15.0 mM/D60.0 mM = 7.18) (Figure 3a), indicating a concen-
tration dependence on the supramolecular polymerization of 3c
to form high-molecular-weight polymeric aggregates. As
monomeric 3c is itself a large molecule (6554.5 Da), it shows a
smaller diffusion coefficient compared to those for 3a (4009.5
Da) and 3b (4857.8 Da) at concentrations ranging from 15.0 to
60.0 mM (DG1/DG2/DG3 = 2.5/2.2/1, c = 60 mM) (Figure 3a).
Dynamic light scattering (DLS) measurements were carried out
to study the size distributions of [G1]-[G3] rhomboidal
metallodendrimers 3a-c at 8.00 mM in CH2Cl2 (Figure 3b). It
was found that the average hydrodynamic diameter (Dh)
increases from 190 nm for [G1]-DOMPs to 220 nm for [G2]-
DOMPs and to 295 nm for [G3]-DOMPs (Figure 3b), which
indicates that the size of DOMPs increases with larger
generations of dendrons. Given the ∼5.80 nm size of 3c as
predicted by theoretical simulations (Figure 4d), the measured
average Dh (295 nm for [G3]-DOMPs) supports the
incorporation of a myriad of [G3]-metallodendrimer units into
DP chains, corresponding to high-molecular-weight DP
aggregates.

The dynamic reversible nature of the resultant DOMPs can be
assessed by a titration of free ligand 2 monitored by DLS. As
shown in Figure 3c, addition of 2 into an 8.00 mM solution of
[G3]-DOMPs in CH2Cl2 results in a decrease of the average Dh
from 295 (no free ligand) to 142 (5% ligand 2) to 78.0 nm (10%
ligand 2), which indicates that long polymeric chains are
disrupted into short-chain aggregates, reflecting the dynamic
nature of the DOMPs. A temperature-dependent DOSY NMR
experiment was carried out to verify the reversibility of the

Figure 2. Partial concentration-dependent 1H NMR spectra of 3c
(CD2Cl2, rt, 500 MHz): (a) 60.0, (b) 44.0, (c) 36.0, (d) 24.0, (e) 15.0,
(f) 7.50, (g) 3.75, and (h) 1.85 mM. (i) Spectrum of 120° UPy-
functionalized ligand 2 in CD2Cl2. Peaks of linear polymers are
designated by “lin”.

Figure 3. (a) Concentration dependence of diffusion coefficient D
(CD2Cl2, rt, 500 MHz) of [G1]-[G3]-DOMPs. Size distributions of (b)
[G1]-[G3]-DOMPs at 8.00 mM in CH2Cl2 and (c) [G3]-DOMPs with
different proportions of free ligand 2. (d) Temperature dependence of
diffusion coefficient D (CDCl3, 500 MHz) of [G3]-DOMPs at 50 mM.

Figure 4. (a) TEM image of nanofibers formed by supramolecular
polymerization of 3c in CH2Cl2 and (b) enlarged image. (c) TEM image
of nanoparticles formed by monomeric 3c in DMSO. Simulated
molecular models of (d) [G3]-metallodendrimer 3c and (e) [G3]-
DOMPs by PM6 semiempirical molecular orbital methods.
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DOMPs. As the temperature increased from 268 to 293 to 313 K,
the D values increased from 2.01- to 3.53- to 6.38×10−11 m2 s−1,
indicating a temperature dependence on DOMP size (Figure
3d).
To provide further evidence for the supramolecular polymer-

ization of 3c and to obtain insight into the morphological
characteristics of [G3]-DOMPs, transmission electron micros-
copy (TEM) studies were performed. As shown in Figure 4a,
long, slightly bent nanofibers were found upon the supra-
molecular polymerization of 3c in CH2Cl2. These nanofibers
have widths of 6.0−50 nm and lengths of several micrometers
(Figure S37a), indicating a 1D self-assembly process. The
minimum diameter of the thin nanofibers was found to be ∼6.00
nm (Figure 4b), in good agreement with the molecular modeling
of [G3]-DOMPs, which revealed a maximum dendron tip-to-tip
distance of ∼5.88 nm (Figure 4e). From these dimensions, it
appears that 3c first aggregates to form single-chain nanofibers.
The long length of these fibers is consistent with the
minimization of interdendron repulsion through linear chain
formation. These fibers subsequently form laterally associated
bundles containing several like strands, giving rise to the larger-
diameter species observed by TEM. In contrast, TEM images of
3c in DMSO show small nanoparticles with diameters of ∼6.00
nm (Figure 4c) that can be attributed to the individual
metallodendrimer molecules, also confirmed by molecular
modeling (Figure 4d).
In summary, a series of rhomboidal metallodendrimers with

pendant UPy groups at their vertices were obtained via
coordination-driven self-assembly with high efficiencies. Supra-
molecular polymerization of these discrete metallodendrimers,
formed via intermolecular UPy H-bonding, produced [G1]-
[G3]-dendronized organo-Pt(II) metallacyclic polymers. The
sizes of the DOMPs were found to be highly dependent on the
generation number of the attached dendrons, as confirmed by
DOSY and DLS experiments. TEM morphological studies
showed that [G3]-metallodendrimer 3c aggregated into single
polymeric chain nanofibers that subsequently formed laterally
associated fiber bundles in CH2Cl2. The same species maintained
a monomeric nature in DMSO, presumably due to intermo-
lecular H-bonding being disrupted by the solvent. Thus, we have
demonstrated that DOMPs combine the structural character-
istics of covalent DPs and dynamic reversibility of SPs.
Furthermore, the elegant unification of coordination-driven
self-assembly, metallodendrimer chemistry, and hierarchical
supramolecular polymerization defines a novel method to deliver
architecturally complex and ordered polymeric materials.
Fundamental knowledge gained from the study of [G1]-[G3]-
DOMPs motivates future work toward stimuli-responsive soft
materials with unusual photophysical properties, employing the
unique building blocks developed here.
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