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Abstract: A novel approach toward the construction of multicomponent two-dimensional (2-D) and three-
dimensional (3-D) metallosupramolecules is reported. Simply by mixing carboxylate and pyridyl ligands
with cis-Pt(PEts),(OTf), in a proper ratio, coordination-driven self-assembly occurs, allowing for the selective
generation of discrete multicomponent structures via charge separation on the metal centers. Using this
method, a variety of 2-D rectangles and 3-D prisms were prepared under mild conditions. Moreover,
multicomponent self-assembly can also be achieved by supramolecule-to-supramolecule transformations.
The products were characterized by 3!P and *H multinuclear NMR spectroscopy, electrospray ionization
mass spectrometry, and pulsed-field-gradient spin echo NMR techniques together with computational

simulations.

Introduction

Over the past decade, coordination-driven self-assembly has
evolved into a well-established methodology for constructing
novel metallosupramolecular structures using dative metal —ligand
bonding interactions. A variety of elaborate metallosupramol-
ecules, from two-dimensional (2-D) polygons to three-dimen-
sional (3-D) cages, prisms, and polyhedra, have been reported
based on coordination-driven self-assembly.* By virtue of the
resulting well-defined structures, coordination-driven self-as-
sembly has a wide range of applications, such as synthesis of
metallosupramolecular dendrimers,® encapsulation of guests,®
and uses in catalysis* and sensors.®> However, the design of
coordination-driven self-assembly has been mostly constrained
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to two-component systems, in which only one metallic com-
ponent and one organic component are used.’ The two-
component approach endows coordination-driven self-assembly
with easy control and design, but it significantly limits the
versatility of molecular componentsinvolved and, therefore, the
diversity of the resulting supramolecules.® In order to broaden
the diversity of coordination-driven self-assembly, it is essential
to explore controlled self-assembly within a multicomponent
system.

Multicomponent, selective self-assembly represents a unique
assembly process in which multiple, varying components can
selectively recognize and combine to generate only one discrete
structure within a mixture.” Multicomponent, selective self-
assembly isacritical phenomenon in many biological systems.
Viral capsids such as tomato bushy stunt virus and rhinovirus,
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for example, are assembled by three and four different subunits.®
The proteasome of yeast Saccharomyces cerevisiae is con-
structed from pairs of seven different proteins.® However,
obtaining multicomponent, selective self-assembly in an abio-
logical system is a formidable challenge. By mixing various
molecular components that lack sufficient complementary
electronic and/or structural information, a self-organized mixture
or even disordered oligomeric species can be formed instead
of onefinite, discrete supramolecule.® How to provide sufficient
molecular information to control selective self-assembly in a
multicomponent system remains a demanding issue in modern
supramolecular chemistry.®

In the area of coordination-driven self-assembly, several
methods have been developed to achieve multicomponent,
selective self-assembly. Sauvage® and Lehn,*? in pioneering
studies, used topological information to guide the selective self-
assembly of multicomponent pseudorotaxanes. Recently, it was
found that steric constraint could be exploited to control
multicomponent, selective self-assembly, as evidenced by the
impressive examples of Schmittel,** Fujita,** and K obayashi.*®
However, the incorporation of topological or steric information
into molecular components requires significant synthetic effort.
Fujita demonstrated the facile, selective self-assembly of 3-D
trigonal prisms by mixing palladium(l1) acceptors with di- and
trioptic pyridyl ligands, but atemplate was essential for the self-
assembly.*®

Recently, we demonstrated the facile selective self-assembly
of multicomponent 2-D fused polygons and 3-D tetragonal
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prisms,*” and both were achieved just by mixing suitable
directional organoplatinum acceptors and different pyridyl
donors without templates. These assemblies rely mainly on the
stoichiometry and directionality of their molecular components
and are controlled by maximum site occupancy and entropy.
To further extend the scope of facile, selective self-assembly
and the diversity of multicomponent coordination-driven self-
assembly, herein we present a multicomponent approach using
the coordination-driven self-assembly of a 90° Pt(I1) acceptor
with pyridyl and carboxylate ligands. With suitable stoichiom-
etry and geometries of the molecular binding units, 2-D
supramolecular rectangles (Scheme 1) and 3-D prisms (Scheme
2) can be obtained selectively from multicomponent mixtures,
due to the lower energy of the heteroleptic system relative to
other products, as shown in Scheme 3. The products were
characterized via 3'P and *H multinuclear NMR spectroscopy,
electrospray ionization (ESI) mass spectrometry, and pulsed-
field-gradient spin—echo (PGSE) NMR measurements together
with computational simulations. In addition, a porphyrin tet-
ragonal prism constructed by this method demonstrated the
ability to encapsulate triphenylene in an agueous acetone
solution.

Furthermore, this selective self-assembly can be achieved not
only by the assembly of the individual molecular components
but also via supramolecul e-to-supramolecule transformations.
Supramolecular transformations have been reported that rely
on triggering of the molecular subunits by light, solvent
variation, or chemical signals,*® but this phenomenon is rarely
observed in a selective self-assembly system.’® We investigated
supramolecular transformations in multicomponent, selective
self-assembly as shown in Scheme 4, where 90° Pt(11) acceptors
and pyridyl ligands self-assemble into well-defined homol eptic®
supramolecular structures. Addition of a neutral triangle, as-
sembled from the 90° Pt(I1) acceptor and a carboxylate ligand,
to the pyridyl-based square results in conversion of the
homoleptic structuresinto a single, multicomponent heteroleptic®
supramolecule of different topology. These supramolecular
transformation processes may be monitored by 3P and H
multinuclear NMR spectroscopy.

Results and Discussions

Selective Sdlf-Assembly of a Multicomponent Supramolecular
Rectangle. cis-Pt(PEts),(OTf), (1) was mixed with dicarboxylate
ligand 2 and linear dipyridyl donor 3in a2:1:1 ratio, followed
by addition of D,O and acetone-ds. After 3 h of heating at 75
°C, al solvent was removed from the clear solution, and acetone-
ds was then added into the mixture. A clear solution was
afforded after an additional 5 h of heating at 75 °C, containing
the supramolecular rectangle 4 as shown in Scheme 1. 3P and
IH multinuclear NMR spectroscopy and ES|I mass spectrometry
were used to characterize 4.

In the 3'P{'H} NMR spectrum (Figure 1b), two coupled
doublets at 6.60 and 1.06 ppm (3Jp_p = 22.0 Hz) of ap-
proximately equal intensity with concomitant **Pt satellites were
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Scheme 1. Selective Self-Assembly of a Multicomponent
Rectangle (4) by the Combination of cis-Pt(PEt3),(OTf), (1),
Dicarboxylate Ligand 2, and Linear Dipyridyl Donor 3
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found, indicating that the Pt(I1) centers of 4 bear a heteroleptic
coordination motif with pyridyl and carboxylate moieties.® The
doublet at 1.06 ppm is shifted approximately 12 ppm upfield
relative to that for 1 (Figure 1a) upon coordination and
corresponds to the phosphorus nuclei trans to the pyridine ring,
while the doublet at 6.60 ppm is due to the phosphorus nuclei
opposite to the carboxylate group.2°* ¢ The two signals are
coupled, indicating that chemically inequivalent phosphorus
nuclei are bound to the same Pt(l1) center, consistent with the
heteroleptic coordination motif of rectangle 4. In the 'H NMR
spectrum (Figure S1 in the Supporting Information), signals

(a)

25 15 5 -5 ppm

Figure 1. 3P{*H} NMR spectra of cis-Pt(PEts),(OTf), 1 (a) and the
multicomponent supramolecular rectangle 4 (b).
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corresponding to the coordinated pyridine and carboxylate
ligands were identified at 9.00 (Hepy), 7.74 (Hp-py), and 7.66
ppM (Hphenyt)- The sharp and identifiable signals in both the
SIP{1H} and 'H NMR spectra support the self-assembly of the
highly symmetric rectangle 4 as the predominant product in the
mixture and rule out the formation of homoleptic assemblies
or oligomers. ESI mass spectrometry further confirms the
formation of a[4+2+2] multicomponent supramolecular rect-
angle. In Figure 2, peaks attributable to 4 with loss of two and
three triflate anions can be observed at m/z = 1455.69 (M —
20Tf]?") and m/z = 920.88 ([M — 30Tf]*"). All these peaks
are isotopicaly resolved and in good agreement with the
theoretical distribution.

Selective Sdlf-Assembly of Multicomponent Supramolecular
Prisms. To date, the selective self-assembly of 3-D supramol-
ecules has aways required a template®® and is rarely ac-
complished based solely on the intrinsic information of the
complementary subunits.*® Herein, we report the selective self-
assembly of 3-D supramolecular prisms by mixing a 90° Pt(I1)
acceptor, a carboxylate ligand, and different multi-pyridyl
ligands, as shown in Scheme 2.

Upon mixing 90° Pt(I1) acceptor 1 and carboxylate ligand 2
with tri- or tetrapyridyl donor 5 or 6 in a specific ratio (for 7,
1:2.5 = 6:3:2; for 8, 1:2:6 = 8:4:2), supramolecular prisms 7
and 8 were formed as the predominant species after equilibra-
tion. The 3'P{*H} NMR spectra (Figure 3) of 7 and 8 are
dominated by two coupled doublets (7, 6.56 and 1.01 ppm, 2Jp_p
= 22.0 Hz; 8a, 5.88 and 1.08 ppm, 2Jp_p = 21.4 Hz; 8b, 5.07
and —0.34 ppm, 2Jp_p = 21.4 HZz) of similar intensity with
concomitant %Pt satellites. These data, as expected, support
the heteroleptic coordination environments of supramolecular
prisms 7 and 8 and rule out the formation of homoleptic
complexes or oligomers. Likewise, in the 'H NMR spectra
(Figures S2—$S4 in Supporting Information), signals attributable
to the coordinated pyridyl and carboxylate moieties are ob-
served: for 7, 9.02 (Ha.py), 7.75 (Hp.py), and 7.77 ppm (Hgheny1);
for 8a, 8.87 (Hepy), 7.89 (Hz.py), and 7.60 ppm (Hpnenyr); and
for 8b, 9.27 (He-py), 8.34 (Hs.py), and 8.09 ppm (Hphenyr). The
sharp signals in both the 3P{*H} and *H NMR spectra support
the predominant formation of highly symmetric supramolecules
7 and 8.

ESI mass spectral data further support the self-assembly of
supramolecular prisms 7 and 8. As shown in Figure 4 and
Figures S5 and S6 in the Supporting Information, intense ESI
mass peaks corresponding to consecutive loss of triflate anions
from trigona prism 7 were observed (m/z = 2218.76 [M —
20Tf]?" and m/z = 1429.59 [M — 30Tf]*"), as were those
corresponding to the tetragonal prisms 8a (m/z = 2037.75 [M
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Figure 2. Full ESlI mass spectrum of the solution of the multicomponent supramolecular rectangle 4.
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Scheme 2. Selective Self-Assembly of Multicomponent Trigonal (7) and Tetragonal (8) Prisms by Combination of cis-Pt(PEtz).(OTf), (1),
Dicarboxylate Ligand 2, and Tritopic (5) and Tetratopic (6) Pyridyl Donors
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— 3PF¢]®" and m/z = 1164.50 [M — 5PF]®") and 8b (m/z =
2022.71 [M — 3PFg]®" and m/z = 1155.62 [M — 5PFg]°"). All
of these peaks are isotopicaly resolved and agree well with
their theoretical distributions.
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Figure 3. 3'P{*H} NMR spectra of the trigonal prism 7 (a) and tetragonal
prisms 8a (b) and 8b (c).
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While suitable X-ray-quality crystals were not obtained, a
computational study (see Supporting Information) together with
PGSE NMR measurements was carried out to gain insight into
the structural parameters of these assemblies.® A molecular
dynamics simulation using Maestro and Macromodel with a
MMFF or MM2* force field at 300 K in the gas phase was
applied to equilibrate each supramolecule, and the output of
the simulation was then minimized to full convergence. As
shown in Figure 5, models of assemblies 7 and 8 have the shapes
of trigonal and tetragonal prisms, respectively, with radii of 12
(7), 13 (8a), and 12 A (8b). PGSE NMR experiments were
carried out to measure the hydrodynamic radius for these
assemblies, and the results from these measurements agree with
those from the modeled structures: 12.1 + 0.1 (7), 11.6 &+ 0.3
(8a), and 10.9 + 0.1 A (8b).

The multinuclear (3P and *H) NMR spectroscopy, ESI mass
spectrometry, and PGSE NMR measurements, along with the
computational simulations, clearly support the selective self-
assembly of heteroleptic 2-D and 3-D multicomponent supra-
molecules 4, 7, and 8. To achieve a quantitative insight into
such selective multicomponent self-assembly, a computational
study was performed to estimate the energy difference between
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2037.86
2038.20
2023?::3 2038.53
: 2038.86
2036.86 2039.20
2039.53

2037.75
.43 | 2038.09
2;:?:9“* 2038.44
: 2038.75
2039.09
2039.43

\

mfz
2036 2037 2038 2039 2040 ‘
m/z

1600 1700 1800 1900 2000

Figure 5. Computational simulations of trigonal prism 7 (&) and tetragonal prisms 8a (b) and 8b (c).

Scheme 3. Representation of Selective Self-Assembly of
cis-Pt(PEt3),(OTf), with Carboxylate and Pyridyl Moieties Due to
the Lower Energy of the Heteroleptic System
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the homoleptic and heteroleptic systems. To reduce redundancy
and maintain accuracy, a simplified model system was used, as
shown in Scheme 3, involving only two 90° acceptors, two
pyridines (Py), and two benzoate anions (C;HsO,”). Upon
heteroleptic coordination (the bottom route in Scheme 3), two
heteroleptic molecules of cis-Pt(PEts),PyC;HsO," may be
formed, whereas the top route in Scheme 3 results in the
formation of homoleptic species cis-Pt(PEts),Py->" and cis-
Pt(PEt3)2(C7Hs0,),. Computational simulations (MMFF force
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field, gas phase, 300 K) for these heteroleptic and homoleptic
species were carried out using Maestro and Macromodel.
According to MMFF computational results (see Supporting
Information), the energy of the system containing two hetero-
leptic molecules of cis-Pt(PEt3),PyC;Hs0," is significantly lower
than that with two homoleptic species (AE = —364.6 kJ/mol);
therefore, the heteroleptic system is favored.

Well supported by both the experimental data and compu-
tational calculations, this selective self-assembly is solely driven
by the intrinsic information of the molecular components,
without involving a template or extra directing factors such as
steric and topological constraints.> > Presumably, the different
electronic nature of carboxylate (negative) and pyridine (neutral)
donors is a mgjor driving factor, which alows for the hetero-
leptic coordination via charge separation. For example, in the
simplified system illustrated in Scheme 3, within the homoleptic
complex cis-Pt(PEts),Py-2", two coordinated pyridyl moieties
may be partially charged® and result in electrostatic repulsion
between them. On the other hand, for the heteroleptic species
cis-Pt(PEts),PyC;Hs0,", only one pyridyl moiety is coordinated
to each Pt(Il) center; therefore, the charges can be separated
and the electrostatic repulsion can be reduced. Thus, the
heteroleptic complex carries the lower energy. Additional
experimental and computational studies are underway to further
characterize the preference for heteroleptic complex formation.
Understanding the factors driving these systems will allow
optimization of this strategy for the formation of new multi-
component assemblies.

Self-Assembly via Supramolecule-to-Supramolecule Transfor-
mations. Multicomponent, selective self-assembly can be achieved
not only by the conventional assembly of individual molecular
components, as described above, but also via supramolecule-

(22) Penka, E. F.; Schigpfer, C. W.; Atanasov, M.; Albrecht, M.; Daul, C.
J. Organomet. Chem. 2007, 692, 5709.
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Scheme 4. Supramolecular Transformations of Square 9, Truncated Tetrahedron 10, and Trigonal Prism 11 into Rectangle 4, Trigonal Prism
7, and Tetragonal Prism 8b, Respectively, upon Addition of the Neutral Triangle 12 Assembled by cis-Pt(PEt;),(OTf), (1) and Carboxylate
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to-supramolecule transformations. Supramolecular transforma-
tions may be defined as a process whereby a supramolecular
species dters its structure (and composition) upon suitable
external stimulus, such as photochemical, electrochemical, or
chemical signals.*® Here, we describe multicomponent, selective
self-assembly via supramolecular transformations from homo-
leptic to heteroleptic systems as shown in Scheme 4. The
investigation was carried out by first preparing the homoleptic
self-assemblies of 90° Pt(I1) acceptor 1 with pyridyl ligands 3,
4, and 5b, and then adding the neutral triangle 12 assembled
from 90° Pt(11) acceptor 1 and carboxylate ligand 2. As aresult,
the preassembled homoleptic square 9, truncated tetrahedron
10, and trigonal prism 11 can be entirely transformed to the
multicomponent heteroleptic rectangle 4, trigona prism 7, and
tetragonal prism 8b, respectively.

The homoleptic ensembles 9, 10, and 11 as well as the neutral
triangle 12 were obtained by mixing the 90° Pt(Il) acceptor 1

16878 J. AM. CHEM. SOC. = VOL. 132, NO. 47, 2010

with pyridyl ligands 3, 4, and 5b and carboxylate donor 2,
respectively, in 1:1 (9), 3:2 (10), 2:1 (11), and 1:1 (12) ratios.
Each structure was characterized by 3P and *H multinuclear
NMR spectroscopy, ESI mass spectrometry, and PGSE NMR
measurements. In the 3'P{*H} NMR spectra (Figure 6a—d), only
one intense singlet (9, 0.36 ppm; 10, 0.29 ppm; 11, 0.90 ppm;
12, 3.52 ppm) with concomitant *>Pt satellites can be found.
Likewise, the *H NMR spectra (Figures S7, S9, S11, and S14
in Supporting Information) show sharp signals assigned to the
coordinated pyridyl moieties (e.g., = 9.28 ppm, He.py in 9; &
= 9.32 ppm, He.py in 10; 6 = 9.75 ppm, Hy.py in 11) and the
carboxylate moieties (6 = 7.74 ppmin 12). These NMR spectral
results are in accord with the highly symmetric structures of
9—12. ES| mass spectrometry further confirms these assemblies
(see Supporting Information). Signals for the [4+4] and [6+4]
self-assembly of 9 and 10 can be found at m/z = 1869.91 [9 —
20Tf]?*, m/z = 1197.08 [9 — 30Tf]*", m/z = 1818.36 [10 —
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Figure 6. 3'P{*H} NMR spectra of the homoleptic self-assemblies 9 (a),
10 (b), and 11 (c) and the neutral triangle 12 (d), as well as the
multicomponent rectangle 4 (e), trigonal prism 7 (), and tetragonal prism
8b (g) obtained via supramolecular transformations.

30Tf]3", and mVz = 1326.65 [10 —40Tf]**. The [6+3] self-
assembly of trigonal prism 11 was a so supported by observation
of isotopically resolved signals at m/'z= 2966.57 [11 — 20Tf]?*,
m/z = 1408.99 [11 — 40Tf]*", and m/z = 1097.48 [11 —
50Tf]%*, but those for larger assemblies such as [4+4], [5+5],
and [6+6] could not be found, ruling out the formation of larger
prisms.?® For the neutral triangle 12, the molecular ion peak
for the [3+3] self-assembly was found at m/z = 1787.12[12 +
H]* and mVz = 1809.11 [12 + Na]*, along with the signal for
[12 4+ 2Na]?"at m/z = 916.16. There is no molecular ion peak
for [2+2] or [4+4] ensembles observed in the mass spectrum,
excluding formation of a [2+2] rectangle or a [4+4] square.
Furthermore, a PGSE NMR study was also carried out to
estimate the size of the trigonal prism 11, and the experimental
radius obtained (1.70 £ 0.04 nm) is in good agreement with
the computational value of 1.6 nm from MMFF modeling
(Figure S13 in Supporting Information).?*

The transformation of the homol eptic self-assemblies into the
heteroleptic assemblies was carried out by the addition of
solutions of the above homoleptic products to the neutral triangle
12. After 5 h of heating at 75 °C, a clear solution was obtained
and characterized by 3'P and *H multinuclear NMR spectros-
copy. In the 3P{*H} NMR spectra (Figure 6e—g), two intense,
coupled doublet peaks (Figure 6e, 6.63 and 1.08 ppm, 2Jp_p =
22.0 Hz for 4; Figure 6f, 6.63 and 1.03 ppm, 2Jp_p = 21.4 Hz
for 7; Figure 6g, 5.03 and —0.35 ppm, 2Jp_p = 21.4 Hz for 8b)

(23) Bar, A. K.; Chakrabarty, R.; Mostafa, G.; Mukherjee, P. S. Angew.
Chem,, Int. Ed. 2008, 47, 8455.

Figure 7. 3'P{*H} NMR spectra for mixtures of square 9 upon addition of
0% (a), 10% (b), 25% (c), 50% (d), and 100% (€) of neutra triangle 12.

with concomitant %Pt satellites were found, which were in good
agreement with those observed in Figures 1 and 3 for the
authentic heteroleptic cages. Likewise, in the 'H NMR spectra
(Figure S16 in Supporting Information), the signals of the
heteroleptic structures obtained by supramolecular transforma-
tion match the signals of the authentic ensembles. Peaks
corresponding to the starting homol eptic structures were absent
in both 31P{*H} and '"H NMR spectra. These NMR data clearly
indicate that the homoleptic assemblies have been entirely
transformed into the multicomponent heteroleptic structures.
To further investigate the supramolecular transformation
process, we carried out a study of the gradual transformation
of square 9 to rectangle 4: 10%, 25%, 50%, and 100% of neutral
triangle 12 was added to an acetone solution of square 9, and
the mixtures were heated at 75 °C for 5 h. The resulting clear
solutions were characterized by 3'P and *H multinuclear NMR
spectroscopy. Asindicated by the 3'P{*H} NMR spectra (Figure
7), increasing the amount of 12 resulted in a decrease of the
signal (6 = 0.36 ppm) for square 9 and the simultaneous
formation of signals around 6.63 and 0.99 ppm, attributable to
heteroleptic complexes. A similar result was observed in the
!H NMR spectra (Figure S17 in Supporting Information) by
comparing the signals for H,.p, of the homoleptic assembly (6
= 9.28 ppm) and the heteroleptic complexes (6 = 9.00 ppm).
These 3P and *H NMR spectral results demonstrate the gradual
transformation of heteroleptic complexes from the homoleptic
species upon addition of the neutral triangle. During the
transformation process, in addition to rectangle 4, an intermedi-
ate was also observed, indicated by the multiplets around 6.63
and 0.99 ppm in Figure 7b—d. Isotopically resolved signalsin
the ESI mass spectrum (see Supporting Information) at m/z =
722.56 [M — 30Tf]3* and m/iz= 1158.25 [M — 20Tf]?" suggest
this intermediate is formed by the [3+2+1] assembly of 90°
acceptor 1, pyridyl donor 3, and carboxylate ligand 2, and these
signals cannot be found in the spectrum of pure rectangle 4,

J. AM. CHEM. SOC. m VOL. 132, NO. 47, 2010 16879
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Scheme 5. Graphical Representation of Self-Assembly of
Multicomponent Porphyrin Cage 14 by cis-Pt(PMejs),(OTf), (13)
with Carboxylate 2 and Pyridyl Ligands 6b and Encapsulation of
Triphenylene (TP)

PMey
Me,P—Pt—0OTI
omn

13

square 9, or neutral triangle 12. The intermediate is formed due
to the improper ratio of square and neutra triangle for generating
the [4+2+2] rectangle 4. Once 100% of neutral triangle 12 was
added, square 9 was fully altered to rectangle 4 as indicated by
Figure 7e and Figure S17e.

Host—Guest Properties of the Multicomponent Structure. To
explore potentia applications of such multicomponent structures,
a host—guest study was carried out as shown in Scheme 5: a
multicomponent porphyrin cage soluble in agueous acetone
solution was prepared by the method described above and then
used as a host for encapsulating the aromatic guest, triphenylene.
The multicomponent porphyrin cage 14 was prepared by mixing
cis-Pt(PMey)(OTf), (13) with tetrakis(4-pyridyl) porphyrin (6b)
and sodium terephthalate (2) in a 4:1:2 ratio in an agueous
acetone solution (v/v 1:1). After heating at 85 °C for 24 h, a
clear, purple solution was obtained. The 3*P{*H} NMR spectrum
(Figure S19 in the Supporting Information) of the solution shows
two doublets at —24.3 and —30.3 ppm of equal intensity, with
concomitant 1Pt satellites. The 'H NMR spectrum (Figure 8a)
shows signals corresponding to coordinated pyridyl and carb-
oxylate moieties, identified at 9.22 (Hq.py), 8.28 (Hs.py), and 7.95

(a)

Ha He

__________/ l.,_‘_,_‘_____‘_________,l ll
(b)
Hf
.
N He S
(c) N X
Ha,Hc Hb E :
J\ J\\-i} E Hd\
S— i )
10.0 9.0 8.0 7.0 ppm’

Figure 8. Partial 'H NMR spectra (300 MHz, acetone-ds/D,O = 1:1) of
pure 14 (), TP (b), and the host—guest mixture (c).
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Figure 9. Calculated (blue, top) and experimental (red, bottom) ESI mass
spectra of the encapsulated complex 14-TP.

Figure 10. Varied views of the computational model (MM2*) of the
encapsulated complex 14-TP.

ppM (Hghenyi-2). The NMR spectral evidence clearly indicates
that a heteroleptic ensemble was predominantly formed in the
solution. Isotopically resolved signals in the ESI-M S spectrum
at m'z = 1806.24 ([14 — 30Tf]*") and m/z = 1317.69 ([14 —
40Tf]*") (Figure S20 in the Supporting Information) further
support that the heteroleptic species is the multicomponent
porphyrin cage 14.

The host—guest properties of 14 were studied by the addition
of excess triphenylene (TP) in aqueous acetone solution to the
cage. After heating at 85 °C for 16 h, the encapsulated complex
was present in the mixture. Two doublets at —24.3 and —30.3
ppm with concomitant %Pt satellites in the 3P{*H} NMR
spectrum (see Supporting Information) and the identifiable pesks
(0 =9.22 ppm for He.py, 6 = 8.28 ppm for Hy.py, and 0 = 7.95
PPM for Hpnenyi-2) in the *H NMR spectrum (Figure 8c) indicated
that the coordinative porphyrin cage structure was retained. By
comparing the *H NMR spectra of pure 14 and TP with the
spectrum of the mixture (Figure 8), shifted signals were observed
at 8.11 (AS = —0.54 ppm, Hyiphenylene) aNd 7.26 ppm (A0 =
—0.38 ppm, Hiiphenyiene), iNdicating that the TP was encapsul ated
in the porphyrin cage, 14. The ESlI mass spectra (Figure 9)
showed isotopically resolved signals at nVz = 1373.91 [14-TP
— 40Tf]** and m/z = 1069.72 [14- TP — 50Tf]°*, confirming
that one TP molecule was encapsulated in the cage of 14.
Integration of the proton NMR signals indicated that 27% of
cage 14 contained guest molecules under these conditions.

A computational simulation was used to gain insight about
the structural features of the encapsulated complex 14-TP. A
molecular dynamics simulation using MM2* force fields at 300
K in the aqueous phase was used to equilibrate the complex,
and the output of the simulation was then minimized to full
convergence. As shown in Figure 10, one TP molecule is
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trapped within the cavity of 14, and the distance between the
guest and porphyrin faces is about 3.8 A.

Conclusion

We report here a facile and very efficient approach for the
selective construction of well-defined multicomponent 2-D and
3-D supramolecular structures of various motifs. Upon combi-
nation of a 90° Pt(I1) acceptor and a carboxylate ligand with
appropriate pyridyl donorsin aproper ratio, coordination-driven
self-assembly allows for the selective formation of multicom-
ponent supramolecular rectangle and prisms. These multicom-
ponent complexes can aso be obtained by anovel supramolecule-
to-supramolecule transformation from homoleptic assemblies.
Characterization via multinuclear (3'P and *H) NMR spectros-
copy clearly reveals the heteroleptic coordination nature of these
assembled supramolecules, as well as their high structural
symmetry. ESI mass spectrometry and PGSE NMR measure-
ments, together with computational simulations, further identify
the composition and size of these multicomponent assemblies.
Presumably, such multicomponent, selective self-assembly
processes are directed, in part, by a charge separation effect,
whereby a negative carboxylate ligand and a neutral pyridyl
donor favor a heteroleptic motif upon coordination with Pt(l1)
centers. These cage structures show a unique 3-D nanoscae
pore, and preliminary studies indicate that the nanocavity is able
to encapsulate triphenylene. These selectively self-assembled
multicomponent supramolecules can be further developed into
functionalized scaffolds via pre/postmodifications, which is
currently under investigation.

Experimental Section

Methods and Materials. Molecular building blocks 1, 13,2* 3,%°
5,26 and 6a*" were prepared according to literature procedures.
Carboxylate ligand 2 was prepared by neutralization of terephthalic
acid with 2 equiv of NaOH. All other reagents were purchased
from Aldrich or Alfa and used without further purification.
Deuterated solvents were purchased from Cambridge Isotope
Laboratory (Andover, MA). Multinuclear ('P and *H) NMR spectra
were recorded on a Varian Unity 300 spectrometer, and PGSE NMR
data were obtained on an Inova 500 MHz spectrometer. Mass
spectrawere recorded on a Micromass Quattro |1 triple-quadrupole
mass spectrometer using electrospray ionization with a MassLynx
operating system. Element analysis was performed by Atlantic
Microlab (Norcross, GA).

General Procedure for Selective Self-Assembly. cis-
Pt(PEt;)(OTf), (1), carboxylate ligand 2, and various pyridyl donors
were placed in a 2-dram vial, followed by addition of D,O (0.2
mL) and acetone-ds (0.8 mL). After 3 h of heating at 75 °C, al
solvent was removed by N, flow and then dried under vacuum.
Acetone-ds (0.7 mL) was then added into each mixture. A clear
solution was obtained after an additional 5 h of heating at 75 °C.
The resulted multicomponent supramolecules were isolated via
precipitation by addition of Et,O or KPFs.

Synthesis and Characteristics of 4. Reaction scale: cis-
Pt(PEt3),(OTf), (1), 5.37 mg, 7.36 umol; carboxylate ligand 2, 0.77
mg, 3.7 umol; and ditopic pyridyl ligand 3, 1.03 mg, 3.68 umol.
Yield: 90%. MS (ESI) calcd for [M — 20Tf]?" m/z 1455.85, found
1455.69; calcd for [M — 30Tf]3" m/z 920.92, found 920.88. *H
NMR (acetone-ds, 300 MHZ) ¢ 9.00 (s, 8H, He.py), 7.74 (m, 16H,

(24) Stang, P. J; Cao, D. H.; Saito, S,; Arif, A. M. J. Am. Chem. Soc.
1995, 117, 6273.

(25) Kuehl, C. J;; Huang, S. D.; Stang, P. J. J. Am. Chem. Soc. 2001, 123,
9634.

(26) Lee, S. J; Mulfort, K. L.; O'Donnéll, J. L.; Zuo, X.; Goshe, A. J;
Wesson, P. J; Nguyen, S. T.; Hupp, J. T.; Tiede, D. M. Chem.
Commun. 2006, 44, 4581.

H/g.py and thenyI-Py)y 7,66 (S, 8H, theny|), 1.92 (m, 48H, PCHQCHg),
1.21 (m, 72H, PCH,CHa). 3'P{*H} NMR (acetone-ds, 121.4 MHz)
0 6.60 (d, 2Jp_p = 22.0 Hz, %Pt satellites, 1Jp_p = 3242 Hz), 1.06
(d, 2Jp_p = 22.0 Hz, 1Pt satellites, 1Jp—p = 3427 Hz). And. Cacd
for CiogH150F1oN4O0PsPtSs: C, 40.40; H, 4.77; N, 1.74. Found:
C, 40.04; H, 4.70; N, 1.71.

Synthesis and Characteristics of 7. Reaction scale: cis-
Pt(PEt3),(OTf), (1), 4.88 mg, 6.69 umol; carboxylate ligand 2, 0.71
mg, 3.4 umol; and tritopic pyridyl ligand 5, 0.84 mg, 2.2 umol.
Yield: 91%. MS (ESI) calcd for [M — 20Tf]?" nmvz 2218.98, found
2218.76; calcd for [M — 30Tf]*" nvz 1429.67, found 1429.59. H
NMR (acetone-ds, 300 MHz) 6 9.02 (s, 12H, H,.py), 7,88 (s, 12H,
Hohenyi-py), 7.75 (M, 24H, Hgpy and Hpneny), 1.89 (M, 72H,
PCH,CHs), 1.20 (m, 108H, PCH,CH3). 31P{*H} NMR (acetone-
ds, 121.4 MHZ) 6 6.56 (d, 2Jp_p = 22.0 Hz, 1Pt satellites, 1Jp_p
= 3227 Hz), 1.01 (d, 2Jp_p = 22.0 Hz, 1Pt satellites, Jp_p =
3404 HZ) Anal. Calcd for Cis6H200F18N6030P1oPtsSs: C, 39.55; H,
4.72; N, 1.77. Found: C, 39.92; H, 4.54; N, 1.79.

Synthesis and Characteristics of 8a. Reaction scale: cis-
Pt(PEt3),(OTf), (1), 5.22 mg, 7.16 umol; carboxylate ligand 2, 0.75
mg, 3.6 umol; and tetratopic pyridyl ligand 6a, 1.14 mg, 1.78 umol.
Yield: 96%. MS (ESI) caled for [M — 3PFg]®" m/z 2037.86, found
2037.75; caled for [M — 5PFg)>" m/z 1164.51, found 1164.50. *H
NMR (acetone-ds, 300 MHz) 6 8.87 (s, 16H, Hepy), 7,89 (d, J =
6 Hz, 16H, Ho-phenyi-py), 7.60 (M, 32H, Hp.py and Hpheny), 7.20 (d, J
= 6 Hz, 16H, Hp.phenyi-py), 1.89 (M, 96H, PCH,CH3), 1.17 (m, 144H,
PCH,CHs). 31P{*H} NMR (acetone-ds, 121.4 MHZ) 6 5.88 (d, 2Jp_p
= 21.4 Hz, %Pt satellites, 1Jp_p = 3270 Hz), 1.08 (d, 2Jpp =
21.4 Hz, Pt satellites, {Jp—p = 3448 Hz). Anal. Cacd for
CoooHz0F4sNgO16P24Pts: C, 40.35; H, 4.93; N, 1.71. Found: C, 40.71;
H, 5.08; N, 1.74.

Synthesis and Characteristics of 8b. Reaction scale: cis-
Pt(PEt3),(OTf), (1), 4.52 mg, 6.10 umol; carboxylate ligand 2, 0.63
mg, 3.0 umol; and tetratopic pyridy! ligand 6b, 0.94 mg, 1.5 umol.
Yield: 95%. MS (ESI) calcd for [M — 3PFg]3" m/z 2022.83, found
2022.71; caled for [M — 5PFg]5" mvz 1155.71, found 1155.62. H
NMR (CD3NO,, 300 MHz) 6 9.27 (m, 24H, Hepy and Hpyrale),
8.34 (d, J = 5.7 Hz, 16H, Hzpy), 8.08 (s, 16H, Hphenyt), 7.12 (S,
8H, HPyrroIe): 2.24 (m, 96H, PCH2CH3), 1.39 (m, 144H, PCH2CH3),
—3.28 (s, 4H, Hy.p). 3tP{*H} NMR (CD3NO,, 121.4 MHZ) 6 5.07
(d, 2Jp_p = 21.4 Hz, 195p¢ Sate“ltes, 1Jp[_p = 3270 HZ), —0.34 (d,
2Jp_p = 21.4 Hz, **°Pt satellites, 1Jp_p = 3462 Hz). Anal. Calcd
for CoosHa0sF4sN16016P24Pts: C, 38.41; H, 4.77; N, 3.45. Found: C,
38.07; H, 4.92; N, 3.41.

Self-Assembly of 9. cis-Pt(PEt3),(OTf), (1) (5.07 mg, 6.95 umol)
and ditopic pyridyl ligand 3 (1.95 mg, 6.96 xmol) were placed in
a 2-dram vial, followed by addition of 0.7 mL of acetone-de, and
the vial was then sealed with Teflon tape and immersed in an il
bath at 70 °C for 2 h. Solid product was obtained by removing the
solvent under vacuum. Yield: 97%. MS (ESI) calcd for [M —
20Tf]?" m/z 1869.84, found 1869.91; calcd for [M — 30Tf]3" m/z
1197.25, found 1197.08. *H NMR (acetone-ds, 300 MHz) 6 9.28
(d, J=4.8Hz, 16H, Hepy), 7.79 (d, I = 6.0 Hz, 16H, Hg.py), 7.69
(s, 16H, Hphenyi-py), 2.08 (m, 48H, PCH,CH3), 1.29 (m, 72H,
PCH,CHs). 3'P{*H} NMR (acetone-dg, 121.4 MHz) 6 0.36 (s, **Pt
satellites, Jpp = 3099 Hz). Ana. Cadcd for
Ci3sH168F24Ng024PsPLSs: C, 40.44; H, 4.19; N, 2.77. Found: C,
40.65; H, 4.21; N, 2.64.

Self-Assembly of 10. cis-Pt(PEt3),(OTf), (1) (4.51 mg, 6.18
umol) and tritopic pyridyl ligand 5 (1.55 mg, 4.06 umol) were
placed in a2-dram vial, followed by addition of 0.7 mL of acetone-
ds, and the vial was then sealed with Teflon tape and immersed in
an oil bath at 70 °C for 2 h. Solid product was obtained by removing
the solvent under vacuum. Yield: 98%. MS (ESI) calcd for [M —
30Tf]3" m/z 1818.32, found 1818.36; calcd for [M — 40Tf]** m/z
1326.75, found 1326.65. *H NMR (acetone-ds, 300 MHz) 6 9.32
(d, J = 4.8 Hz, 24H, Hq.py), 8.04 (s, 12H, Hpnenyi-py), 7.83 (d, J =
6.3 Hz, 24H, Hzpy), 2.09 (m, 72H, PCH,CH3), 1.29 (m, 108H,
PCH,CHs). 3'P{*H} NMR (acetone-dg, 121.4 MHz) & 0.29 (s, %Pt
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satellites, lth_p = 3083 HZ) Anal. Calcd for CiooHos0F 36~
N12036P12PtsS12: C, 39.07; H, 4.10; N, 2.85. Found: C, 39.25; H,
4.18; N, 2.81.

Self-Assembly of 11. To a 1.2 mL CD,Cl, suspension of
tetratopic pyridyl ligand 6b (2.46 mg, 3.97 umol) was added a 0.4
mL CD3NO, solution of cis-Pt(PEt3),(OTf), (1) (5.89 mg, 8.07
umol), drop by drop, with continuous stirring (5 min). The reaction
mixture was stirred at room temperature for 1 h and then heated to
70 °C overnight. The solution was evaporated to dryness, and the
product was collected. Yield: 98%. MS (ESI) calcd for [M —
20Tf]?* m/z 2966.54, found 2966.57; calcd for [M — 40Tf]*" mvz
1409.04, found 1408.99; calcd for [M — 50Tf]>" m/z 1097.44,
found 1097.48. IH NMR (CD,Cl,/CD3sNO, 3/1, 300 MHz) ¢ 9.75
(dd, 3, = 4.8 Hz and J, = 36 Hz, 24H, H,.p), 8.98 (M, 36H, Hs.py
and Hpyrroie), 8.51 (S, 12H, Hpyrraie), 2.32 (M, 72H, PCH,CHj3), 1.60
(m, 108H, PCH,CHj). 3'P{*H} NMR (CD,Cl,/CDsNO, 3/1, 121.4
MHz) 6 0.90 (s, 1®Pt satellites, *Jp—p = 3070 Hz). Anal. Calcd for
CooaH258F36N24036P1oPteS10: C, 39.31; H, 4.17; N, 5.39. Found: C,
39.83; H, 4.35; N, 5.16.

Self-Assembly of 12. cis-Pt(PEt3),(OTf), 1 (2.12 mg, 2.91 umol)
and carboxylate ligand 2 (0.61 mg, 2.9 umol) were placed in a
2-dram vial, followed by addition of 0.08 mL of H,O and 0.8 mL
of acetone, and the vial was then sealed with Teflon tape and
immersed in an oil bath at 70 °C for 2 h. The solvent was then
removed by N, flow. Next, 0.6 mL of acetone-ds was added to the
dried mixture, and after 4 h of heating at 70 °C, the neutral triangle
was formed. MS (ESI) calcd for [M + H]*t m/z 1787.38, found
1787.12; caled for [M + Na]™ mvz 1809.47, found 1809.11; calcd
for [M + 2Na]®" m/z 916.23, found 916.16. *H NMR (acetone-ds,
300 MHz) 6 7.74 (s, 12H, Hpheny1), 2.00 (M, 36H, PCH,CH3), 1.23
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(m, 54H, PCH,CH,). 3'P{*H} NMR (acetone-ds, 121.4 MHz) ¢
3.52 (s, 195pt satellites, 1th7p = 3619 Hz).

Self-Assembly of 14. cis-Pt(PMe;)(OTf), (13) (4.92 mg, 7.63
umol), carboxylate ligand 2 (0.81 mg, 3.86 umol), and tetratopic
pyridyl ligand 6b (1.20 mg, 1.94 umol) were placed in a 2-dram
vial, followed by addition of 0.6 mL of D,O and 0.6 mL of acetone-
ds, and the vial was then sealed with Teflon tape and immersed in
an oil bath at 85 °C for 24 h. The multicomponent porphyrin cage
14 was formed. The solid product can be isolated by ion exchange
with KPFs. Yield: 95%. MS (ESI) caled for [M — 40Tf]*" m/z
1317.69, found 1317.69; calcd for [M — 30Tf]*" m/z 1806.23,
found 1806.24. *H NMR (D,O/acetone-ds 1/1, 300 MHz) 6 9.22
(M, 24H, He.py and Hpyioe), 8.28 (d, J = 5.7 Hz, 16H, Hg.py), 7.95
(s, 16H, Hpreny), 6.96 (s, 8H, Hpyrraie), 1.95 (d, J = 12 Hz, 72H,
PCHs), 1.80 (d, J = 12 Hz, 72H, PCH3). 3'P{*H} NMR (D,O/
acetone-ds 1/1, 121.4 MHz) 6 —24.3 (d, 2Jp_p = 23.8 Hz, %Pt
satellites, l-Jp[fp = 3324 HZ), —-30.3 (d, Zprp = 23.8 Hz, 195pt
S&e”ltes, 1Jplfp = 3496 HZ) Anal. Calcd for C160H212F48-
N16016P24Pts: C, 32.95; H, 3.66; N, 3.84. Found: C, 33.16; H, 3.60;
N, 3.74.
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