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Abstract

The multicomponent coordination-driven self-assembly of hexakis[4-(4-pyridyl)phenyl]benzene,
cis-(PEtz),Pt!/(OTf),, and amine- or maleimide-functionalized isophthalate forms discrete
hexagonal prisms as single reaction products. The amino or maleimide groups decorating the
isophthalate pillars of the prisms provide reactive sites for post self-assembly modifications. In
this communication, we demonstrate that the hexagonal prisms can be functionalized without
disrupting the prismatic cores, enabling the incorporation of new functionalities under mild
conditions.

To effect and maintain biological functions, natural systems assemble a variety of
specialized supramolecular nanostructures from multiple subunits with high efficiency. In
the past two decades, coordination-driven self-assembly has emerged as an effective tool for
constructing functionalized metallosupramolecules with the aim of better understanding and
mimicking their biological analogs.! It has been well demonstrated that 2-D macrocycles
and 3-D cages can form by the self-assembly of molecular subunits encoded with specific
directional information® (controlling their sizes and shapes) and appropriate chemical
functionalities? (tuning their physical and chemical properties). Such functionalized
metallosupramolecules lend themselves to various applications, from supramolecular
catalysis to chemical sensing and host-guest chemistry.2: 3 Although the self-assembly of 2-
D and 3-D supramolecules is possible by using pre-functionalized subunits, this strategy is
hindered by the potential incompatibilities of the functionalities with the self-assembly
process, thus limiting the library of possible building blocks. For example, for pyridyl-based
cage formations, the use of carboxylate-functionalized ligands is problematic in that the
carboxylate groups will compete with the pyridines for coordination to the metal nodes,
thereby disrupting self-assembly.

Post-self-assembly modifications of supramolecules via covalent and non-covalent
chemistry can be used to circumvent the problems associated with certain functional groups,
unlocking the full potential of these structures. Nature routinely utilizes a post-self-assembly
modification strategy in order to tune the structures and functionalities of biological
scaffolds. For example, the post-translational modification of cellular proteins,
accomplished through enzyme-catalyzed reactions, has expanded protein diversities and
enables certain biological functions.? Recently, artificial post-assembly modification
strategies have emerged which parallel nature’s approach for forming functional
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supramolecules with specific properties. Metal-organic frameworks (MOFs) represent the
most studied class of supramolecules which possess extraordinary properties as a result of
post-synthetic modification reactions.>~10 A variety of chemical methods have been
employed to modify the organic components of MOFs and to engineer their surfaces, thus
endowing or extending their applications in gas storage’ and separation, catalysis, and
drug delivery.10 Despite the success of post-synthetic modifications in tuning the structures
and functionalities of infinite MOFs, suitable and diverse post-synthetic modifications of
discrete supramolecular structures to construct novel functionalized self-assemblies with
unique properties have received less attention. In a rare example, Zhou et al. recently
engineered the hydrophobic surface of a discrete metal-organic polyhedron to become
hydrophilic through post-synthetic modifications, leading to the development of water-
soluble nanocages to serve as drug carriers .11

Herein, we report the design and preparation of metallosupramolecular hexagonal prisms
decorated with amine or maleimide groups via multicomponent coordination-driven self-
assembly, wherein the free decorated groups of the prisms allow for efficient post-synthetic
covalent modifications to incorporate new functionalities under mild conditions. First, we
explored the selective formation of amine- or maleimide-decorated hexagonal prisms using
heteroligation-directed multicomponent coordination-driven self-assembly.12:13 As shown in
Scheme 1 (A), the combination of hexakis[4-(4-pyridyl)phenyl]benzene (1), cis-
(PEt3),Pt(OTf), (2), and 5-aminoisophthalate (3) or 5-maleimideisophthalate (4) induces the
formation of discrete hexagonal prisms (5 or 6) as the sole products based on recently
developed methodologies.12:13 The amino groups of 3 are accessible upon formation of 5,
permitting facile reactions with isocyanate or maleic anhydride (Scheme 1, B) to illustrate
covalent post-assembly modifications of the prism. Similarly, the maleimide groups tethered
to the pillars of 6 can undergo Diels-Alder reactions with (9-methylene anthracenyl)-1-
ferrocenoate (Scheme 1, B) as a post-assembly modification. Hexagonal prisms 7—10 were
obtained in high yields after quantitative post-synthetic modifications of 5 or 6, leading to
the incorporation of new functionalities such as urea groups, alkenes, and carboxylic acids.
In addition, the post-synthetic modification of 6 with ferrocene derivatives conferred redox
features to 10. All hexagonal prisms were characterized and supported by multinuclear
NMR and electron-spray ionization mass spectrometry. Their sizes and shapes were
established with molecular-force field simulations and further supported by PGSE NMR
experiments.

Hexagonal prisms 5 and 6 self-assembled upon mixing 1, 2, and 3 or 4 in a 2:12:6 ratio in
acetone/water (v:v = 8:1) followed by 2 h of stirring at 70 °C. The solvent was then removed
in vacuo and the resulting residue redissolved in neat nitromethane-d3, followed by an
additional 4 h of stirring at 70 °C. Solids 5 and 6 could be isolated in >90% yields from the
resulting colorless solutions by removing all solvent under vacuum. The 31P{1H} and 1H
NMR multinuclear spectra of 5 and 6 indicated the formation of single, discrete structures
with high symmetry. The 31P{1H} NMR spectrum of 5 and 6 displayed two doublets with
approximately equal intensities at 5 = 6.73 and 0.88 ppm (2Jp.p = 21.5 Hz) for 5, 6.57 and
1.07 ppm (3Jp.p = 21.5 Hz) for 6, corresponding to the two distinct phosphorous
environments present (Figure 1 and S1, SI). These spectra are similar to those in our recent
reports on the multicomponent self-assembly of tetragonal and hexagonal prisms.12: 13 In
the 1H NMR spectra of 5 and 6 (Figure 1 and S1, S), sharp signals corresponding to
coordinated pyridine protons were identified around 8.60 and 7.60 ppm with small
downfield shifts relative to 1. The protons assigned to the isophthalate ligands were
observed at 6 = 7.19 and 7.11 for 5, 7.84 and 7.90 ppm for 6. In addition, signals at 6 = 4.25
ppm (for 5) and 6.92 ppm (for 6) were identified to the protons of the amine and maleimide,
respectively. The well-defined, sharp signals in both the 31P{*H} and 1H NMR spectra
support the exclusive formation of single products, consistent with hexagonal prismatic
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structures. ESI-MS provides further evidence for the hexagonal prismatic nature of 5 and 6.
As shown in Figure 2 (A), peaks at 2358.4, 1856.7, 1522.6, 1157.8, 1104.7, and 854.2
corresponding to the fragments of [M — 40Tf]**, [M — 50Tf]°*, [M - 60Tf]%*, [M —
70Tf]™*, [M — 80Tf]8*, and [M — 100Tf]10* for 5 were observed. Furthermore, the peaks
assigned to [M — 50Tf]°* of 5 and 6 were isotopically resolved and agreed well with their
calculated theoretical distributions (Figure 2 and S2, Sl).

Covalent post-synthetic modifications of 5 and 6 were achieved by treating 5 with
isocyanate or maleic anhydride in a 1:10 ratio, 6 with (9-methylene anthracenyl)-1-
ferrocenoate in a ratio of 1:5, respectively, in nitromethaned3 solutions, followed by 12 h of
stirring at 90 °C. All solvent was then removed in vacuo. The resulting residues were
redissolved in neat acetone and diethyl ether was added to afford hexagonal prisms 7-10 in
yields exceeding 70%. The 31P{'H} and 1H NMR spectra of 7-10 supported that the
hexagonal prismatic core of 5 or 6 remained intact. For example, the 31P{H} NMR
spectrum of 7 displays two doublets at & = 6.74, 0.95 ppm (2Jp.p = 21.2 Hz), similar to those
of 5 (Figure 1, A), which correspond to the two unique phosphorous environments of the
prism. The doublet at 0.95 ppm, assigned to the phosphorus atoms trans to the carboxylate
ligand, displays a slight shift (A5 = 0.07 ppm) compared to that of 5. The 31P{1H} NMR
spectra of 8-10 also display the two tell-tale doublets, diagnostic of the hexagonal prismatic
core(Figure S3-S5, Sl). The doublet in 9 which corresponds to the phosphine trans to the
carboxylate shifts by 0.21 ppm. In the IH NMR spectrum of 7 (Figure 1, B), the signal
ascribed to the amino group of 5 at 6 = 4.25 was replaced with new peaks at 6 = 5.56 and
8.49 ppm, indicating complete conversion of the amine into a urea functionality. In addition,
the peaks assigned to the aromatic protons of isophthalate displayed obvious downfield
shifts (A8 H-g = 0.29 ppm, A8 H-p = 0.80 ppm) compared to those of 5. Furthermore,
multiplets at 6 = 3.78, 5.11, 5.22, and 5.90 ppm, arising from the allyl group, were observed.
In the IH NMR spectra of 8-10 Figure S3-S5, Sl), the signals corresponding to the protons
of isophthalate displayed similar down-field shifts as in the case of 7. Also, new peaks at & =
5.39 and 8.49 ppm, ascribed to the urea group of 8, and two doublets at & = 6.40 and 6.63
ppm, ascribed to the olefin of 9, 6 = 5.61, 4.95, 4.85, 4.79, 4.53, and 4.37 ppm due to the
cycloaddition of (9-methylene anthracenyl)-1-ferrocenoate for 10 were observed.
Comparison of the 31P{1H} and IH NMR spectra of 5 or 6 with those of 7-10 indicate
clearly that the amino or maleimide groups of hexagonal prism were modified in the
presence of isocyanate, maleic anhydride, or anthracene derivatives, yielding new
functionalized hexagonal prisms while maintaining the integrity of the prismatic core. ESI-
MS data provide further evidence for the hexagonal prismatic structures of 7-10. Figure
2(A) compares the full mass spectra of 5 and 7. The peaks corresponding to 5 are absent in
the mass spectrum of 7, replaced by peaks corresponding to the fragments of [M — 40Tf]**,
[M — 50Tf]°*, [M — 60Tf]8*, [M — 80Tf]®*, and [M — 110Tf]1* for the new functionalized
prism. Also, the peak assigned to [M — 50Tf]°* of 7 was isotopically resolved and in good
agreement with its calculated theoretical distribution (Figure 2, B). Similar well-defined and
isotopically-resolved peaks were observed in the mass spectra of 8-10 (Figure S6-S8, Sl).
These results firmly support the complete conversion of 5 or 6 into corresponding post-
synthetically modified hexagonal prisms via covalent chemistry at the amino sites.

The post-synthetic modification of 6 with ferrocene derivatives confers electrochemical
activity to the resulting functionalized hexagonal prism.1# Cyclic voltammetry (CV) was
performed on 6 and 10 using a ~0.5 mm? Pt disk electrode in acetonitrile with 0.1 M n-
Bu4NPFg as the supporting electrolyte. Figure 3A shows a single redox wave for 10,
suggesting no electronic intermolecular interaction among the multiple redox centers on the
pillars.1> No similar redox events were observed for 6 (Figure S9, SI), further verifying that
the ferrocenyl groups were incorporated into 10. Furthermore, the average potential
difference between the anodic and cathodic peak potentials (AEp) of 10 was 78.3 mV,
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slightly larger than the theoretical value for an ideal reversible redox system (59 mV at 25
°C) due to the solution ohmic resistance. The anodic and cathodic peak currents observed for
oxidation of 10 were equal, indicating chemical stability of oxidized 10 on the timescale of
the voltammetric experiment.

The steady-state electrochemical properties of functionalized hexagonal prism 10 were also
investigated on a ~25 um diameter Pt disk electrode (Figure 3B). Voltammetric responses of
10 show hysteresis in the forward and reverse scans due to some absorption of oxidized 10
at the Pt electrode surface. The corresponding slopes of plots of E vs. log[(ijim-i)/i] for 10
were approximately —64.5 mV/dec, where ijj, is the current limited by the mass transport of
10 (see Figure S10, SI). The similarity between the experimental and ideal value (=59 mV/
n, n = 1) indicates the absence of strong intramolecular electronic-coupling between the
ferrocene moieties.18

Finally, chronoamperometry measurements, as described by Denault and Bard,” were
performed with the same Pt disk microelectrode to measure the diffusion coefficient (D) of
the electroactive species 10. The potential was stepped from a non-reaction potential (0.2 V
vs. Ag/AgCI) to a diffusion-controlled potential (1.0 V) and the resulting time-dependent
current (i) was continuously monitored. The slope at the long time region of the iy/ijjm Vvs.
t_o 5 plot was used to estimate the D of 10 (see Figure S11, Sl), 3.44 x 1078 cm?/s, close to
that as determined by the pulsedgradient spin-echo (PGSE) method (3.59 x 1076 +8.0 x
1078 cm?/s). This value was then used to determine the number of electroactive ferrocenyl
groups on 10, giving Osjtes ~ 6.5 £0.5, in good agreement with the expected value of 6 for a
functionalized hexagonal prism in which all ferrocenes are active. We speculate that the
small discrepancy may result from weak adsorption of 10.

As attempts to grow single crystals of these hexagonal prisms suitable for X-ray
crystallography have so far been unsuccessful, molecular force field simulations were used
to gain further structural information about 5-10. Molecular dynamic simulations using
MMFF force fields were applied to independently equilibrate these self-assemblies,
followed by energy minimizations of the resulting structures to full convergence. As shown
in Figure 4 and S12 (SI), all of the computationally minimized structures are well-defined
hexagonal prisms with approximate diameters around 2.60 nm, which are comparable to the
sizes determined by PGSE experiments 5: 2.66 £ 0.02 nm; 6: 2.96 = 0.03 nm; 7:2.52 + 0.02
nm; 8: 2.84 + 0.04 nm; 9: 2.54 £ 0.02 nm; 10: 3.18 £ 0.04 nm).

In summary, we report in this communication the facile and efficient covalent post-synthetic
modification of hexagonal prisms decorated with amino or maleimide groups. The strategy
developed here provides an alternative approach to access functionalized
metallosupramolecules, especially useful for the formation of species which are not
accessible via conventional coordination-driven self-assembly. This post-synthetic approach
can impart new properties to the modified supramolecules as a way to unlock new
applications and behaviors. For example, redox active functionalities can be incorporated
onto the self-assemblies, as described here. We are currently extending this post-synthetic
modification strategy towards the development of stimulus-responsive supramolecules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A) 31P{IH} NMR spectra of hexagonal prisms 5 (top) and 7 (bottom) in acetonitrile-d3
(122.14 MHz, 298 K); B) Partial IHNMR spectra of hexagonal prisms 5 (top) and 7
(bottom) in acetonitrile-d3 (300 MHz, 298 K).
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Figure 2.
ESI-MS spectra of hexagonal prism 5 and 7: A) full MS spectra of 5 (top) and 7 (bottom); B)
Calculated (red) and experimental (blue) mass spectra of [M- 50Tf]>* peak of 5 (left) and 7

(right).

J Am Chem Soc. Author manuscript; available in PMC 2012 July 20.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Wang et al. Page 8

IAX) 1.0 IB)

20
0.5- 1.6-
T 1.2-

0.0- =
—2mvis| 2 0.8

g 3
-0.5- — 100 044

—— 150
4 —— 167 0.0
00 03 06 09 12 02 04 06 08 10
Voltage vs. Ag/AQCI (V) Voltage vs. Ag/AgCI (V)

Figure 3.

(A) Cyclic voltametry of compound 10 at different scan rates (25-167 mV/s) at a ~0.5 mm?
Pt electrode; (B) Steady-state current response of compound 10 at 30 mV/s at a ~ 25 um
diameter Pt disk electrode. Solution: 0.2 mM 10 in acetonitrile containing 0.1 M n-
BuN,PFs.
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Molecular modeling of hexagonal prisms 5 (A) and 7 (B).

Figure 4.
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[llustration (A) and Chemical Principles (B) for the Post-synthetic Covalent Modifications
of Discrete Multicomponent Metallosupramolecular Hexagonal Prisms
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