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The self-assembly of irregular metallo-supramolecular hexa-
gons and parallelograms has been achieved in a self-selective
manner upon mixing 120° unsymmetrical dipyridyl ligands
with 60° or 120° organoplatinum acceptors in a 1:1 ratio.
The polygons have been characterized using *'P and 'H
multinuclear NMR spectroscopy and electrospray ionization
mass spectrometry (ESI-MS) as well as X-ray crystal-
lography. Geometric features of the molecular subunits direct
the self-selection process, which is supported by molecular
force field computations.

Coordination-driven, transition metal-mediated self-assembly
has become a well-established methodology in supramolecular
chemistry for constructing ensembles exhibiting wide structural
diversity! and functionality.> The rational design of rigid
complementary molecular subunits—electron poor metal accep-
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tors and electron rich ligands—that takes advantage of the
directional bonding approach has enabled the development of
coordination-driven self-assembly, as witnessed by the myriad
metallo-supramolecular polygons and polyhedra synthesized to
date.® Generally, complementary subunits utilized in this ap-
proach exhibit high symmetry and contain equivalent binding
sites. Much more complicated systems and situations arise when
unsymmetrical building blocks bearing different binding sites
are employed. In accord with the second Law of Thermodynam-
ics, a self-assembly involving unsymmetrical subunits will likely
produce a statistical mixture of various supramolecular isomers
provided that no driving bias exists in the system.*

The selective self-assembly of one discrete structure from
within a complex mixture that has the potential of producing
multiple isomeric supramolecules can be achieved via a self-
selection process provided that there exists some form(s) of
molecular information encoded within complementary subunits
that biases the formation of one isomer over the other(s).> We
have previously shown that self-selection can occur during the
self-assembly of unsymmetrical ambidentate pyridylcarboxylate
ligands with ditopic organoplatinum acceptors, wherein the
driving force for self-selection rests in the preference for
maximum charge separation in the supramolecular rhomboidal
isomers.> Recently, a thorough study of the self-selection of
supramolecular squares clearly indicates that steric features
encoded within unsymmetrical subunits can also control the
fidelity of self-selection.™

Controlling the geometric features of molecular subunits is
an alternative approach for influencing self-selection during self-
assembly. In accordance with the directional bonding approach
to coordination-driven self-assembly, small changes in the
geometry of individual molecular subunits can be used to drive
self-organization phenomena.® In recent reports, we have
demonstrated that manipulation of the geometric factors (e.g.,
size, directionality) of rigid symmetric molecular subunits allows
for the selective self-assembly of multiple discrete supramo-
lecular polygons and polyhedra from within multicomponent
supramolecular systems,**" and this approach has been gen-
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FIGURE 1. (a) ORTEP drawing (30% probability ellipsoids) of 4a; (b) *'P{'H} (top) and 'H NMR (bottom) spectra recorded for 4a; (c) calculated
(red, upper) and experimental (blue, bottom) ESI mass spectra recorded for 4a.

SCHEME 1. Graphical Representation of the Self-Selection
of (a) Supramolecular Parallelograms 4a,b and (b) Irregular
Hexagons 6a,b from the Self-Assembly of Unsymmetrical
Ligands 1a,b with 60° and 120° Organoplatinum Acceptors 2
or3
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eralized to include many Pt—N coordination-driven self-
assembling systems.® Herein, we present an investigation of
the use of unsymmetrical bipyridyl ligands to direct the self-
selection of two irregular polygons.

Rigid unsymmetrical bidentate ligands 1a,b contain two
geometrically different pyridyl binding sites (meta and para)
as shown in Scheme 1. According to the directional bonding
model,* unsymmetrical 120° donor ligands 1a,b can undergo
a [2 + 2] and [3 + 3] self-assembly with 60° and 120°
organoplatinum acceptors 2 and 3, respectively. The dissym-
metry of 1, however, allows for the possibility of two isomeric
assemblies to be generated for each of the self-assembly as
shown in Scheme 1. The self-assembly of unsymmetrical ligands
la,b with rigid organoplatinum acceptors 2 or 3 was carried
out by mixing the donors and acceptors in a 1:1 ratio and heating
at 60—65 °C for 6 h in an aqueous acetone solution (v/v 3:2),
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FIGURE 2. (a) *'P{'H} and (b) '"H NMR spectra recorded for 6a.

followed by KPFg anion exchange. The resulting self-selection
systems have been characterized using *'P and 'H multinuclear
NMR spectroscopy, ESI mass spectrometry, and in the case of
4a X-ray crystallography (Figure 1a). The experimental results
of each self-assembly indicate only one isomeric species—
supramolecular parallelogram 4 or irregular hexagon 6—is
selectively generated, rather than a statistical mixture with 5 or
7.

The 3'P{'H} NMR spectra (Figure 1b, Figure 2a, and Figures
S4—S5 in Supporting Information) recorded for each mixture
shows two singlet signals of approximately equal intensity with
concomitant Pt satellites (0 = 12.69 ppm and 12.56 ppm for
4a; 0 = 15.18 ppm and 15.35 ppm for 4b; 6 = 13.81 ppm and
13.90 ppm for 6a; 6 = 14.72 ppm and 14.77 ppm for 6b). The
3P NMR spectra clearly indicate that only one single isomeric
structure is formed in each self-assembly and that the Pt metal
centers equally coordinate the two different pyridyl binding sites
of 1, as evidenced by the two different *'P NMR signals of
equal intensity. Similarly, sharp identifiable proton signals
attributable to the formation of highly ordered supramolecular
structures are found in the '"H NMR spectra of each mixture
(Figure 1b, Figure 2b, and Figures S4—S5). Identification of
irregular hexagons 6a,b as the selected supramolecular isomers
can be further confirmed based on the symmetry of the 3'P{'H}
NMR spectra because four different phosphorus peaks would
be expected given the varying connectivity between 1 and 3 in
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FIGURE 3. Structures and relative energies of supramolecules 4—7 as obtained from MMFF force field modeling. The lowest energy supramolecule

is taken as 0.0 kcal/mol for each pair of related supramolecular isomers.

SCHEME 2. Graphical Representation of Geometrical
Match and Mismatch during Self-Assembly of
Organoplatinum Acceptor 2 with Unsymmetrical Ligand 1a
in Head-to-Tail (Top, 4a) and Head-to-Head (Bottom, 5a)
Orientations
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isomer 7. For self-assembly between 1 and 2, however, NMR
spectral results are insufficient to distinguish between isomers
4 and 5.

An X-ray crystallographic study has been carried out for
further identification of 4a. Diffraction-quality single crystals
of 4a were grown by slow vapor diffusion of pentane into a
dichloromethane solution of the irregular polygon. Crystal-
lographic data and refinement parameters are listed in Table
S1 (see Supporting Information). The unambiguously established
structure of isomer 4a (Figure 1a) shows that the unsymmetrical
donor ligands coordinate with the 60° acceptors in their head-
to-tail orientation, as opposed to the head-to-head orientation
in isomer 5a (Scheme 2).

Formation of [2 + 2] supramolecular parallelograms 4 and
[3 + 3] hexagons 6 is further supported by ESI mass
spectrometry as shown in Figure lc and Figure S6 in the
Supporting Information. The ESI mass peaks corresponding to
the consecutive loss of nitrate anions from the supramolecular
parallelograms 4a: m/z = 1280.6 [M — 2NO;]*" and m/z =
833.2 [M — 3NO;]**, and 4b: m/z = 1380.6 [M — 2NOs]*"and
mlz = 899.8 [M — 3NO;]*" are observed, as are those
corresponding to the formation of the irregular hexagons: 6a at
m/z = 1598.3 [M — 2NOs]** and m/z = 948.1 [M — 4NO;]**,
and 6b at m/z = 2108.1 [M — 2NOs]** and m/z = 1023.1 [M
— 4NOs]**. All of these peaks are isotopically resolved and
agree with their theoretical distribution.

3556 J. Org. Chem. Vol. 74, No. 9, 2009

In the systems described above, the geometric information
encoded within unsymmetrical ligands 1a,b and organoplatinum
acceptors 2 and 3 represent the major factor directing the
selective self-assembly. For example, upon forming directional
Pt—N coordination bonding interactions between subunits 1 and
2, [2 + 2] self-assembly of 4 in a head-to-tail orientation
represents a geometric match, according to the directionality
and rigidity of the subunits. However, the same molecular
subunits have to undergo energetically unfavorable structural
distortions in order to self-assemble in the head-to-head orienta-
tion of structure 5 because of the geometrical mismatch between
the subunits (Scheme 2). Structural distortions result in an
enthalpy increase for the formation of 5 as compared with 4.
Thus, a thermodynamic bias between 4 and 5 is established that
relies primarily on the geometric features of the molecular
subunits. This same analysis holds for supramolecules 6 and 7
as well. The thermodynamic bias between these isomers is able
to induce self-selection during self-assembly under thermody-
namic control.”

A computational study has also been carried out to investigate
this postulation via direct determination of the thermodynamic
energy difference between these isomers. Each individual isomer
of 4—7 was built® within the input mode of the program Maestro
v9.51.09 and subjected to a 1 ns molecular dynamics simulation
(MMFF force field, gas phase, 300 K) to equilibrate the
structures. The output of each simulation was then minimized
to full convergence. The MMFF computational results are given
in Figure 3 and show that in each case the relative energies of
the unselected species S and 7 are significantly greater than those
of selected isomers 4 and 6 (Es.4, = 2.8 kcal/mol; Esp4, =
17.8 kcal/mol; E;,¢, = 27.6 kcal/mol; E7,¢, = 5.3 kcal/mol).
While these calculations are performed at the MMFF molecular
force field level, on account of the size of 4—7, the computa-
tional results are strongly supportive in favor of the selective
self-assembly of 4 rather than 5 and 6 rather than 7.
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In conclusion, the self-selection of irregular supramolecular
parallelograms and hexagons has been achieved during the self-
assembly of unsymmetrical ligands 1a,b and organoplatinum
acceptors 2 and 3. Self-selection is strongly supported by
characterization from *'P and 'H multinuclear NMR spectros-
copy, ESI mass spectrometry and, in one case, X-ray crystal-
lography. The selective self-assembly of these supramolecular
polygons is directed by a thermodynamic preference for closed,
discrete structures that minimize distortion of the Pt—N
coordination bonds in the supramolecular systems. The ther-
modynamic preference between these isomers has been further
investigated using molecular modeling based on the MMFF
force field, and the computational results support the observed
experimental selectivity between each set of polygons: irregular
polygons 4 and 6 are thermodynamically favored over 5 and 7.

Experimental Section

Methods and Materials. The rigid and directional organoplati-
num acceptor 2° and 3'° were prepared as the reported procedure.
Deuterated solvents were purchased from Cambridge Isotope
Laboratory (Andover, MA). NMR spectra were recorded on a
Varian Unity 300 spectrometer. The '"H NMR chemical shifts are
reported relative to residual solvent signals, and 3'P NMR reso-
nances are referenced to an external unlocked sample of 85% H;PO,
(0 0.0). Mass spectra for 4a, 4b, 6a, and 6b were recorded on a
Micromass Quattro II triple-quadrupole mass spectrometer using
electrospray ionization with a MassLynx operating system.

General Procedure for the Self-Assembly. Unsymmetrical
ligand 1 (1 equiv) and organoplatinum acceptor 2 or 3 (1 equiv)
were added to one glass vial. To the vial containing donors and
acceptors was added 1 mL acetone aqueous solution (v/v 3:2) and
the resulting suspension was stirred at 60—65 °C for 6 h, after which
the clear solution had formed. The clear solution was characterized
by NMR spectroscopy and ESI mass spectrometry. The NO;~
counterions were exchanged for PF¢~ using a H,O solution of KPFg.
The product was washed several times with excess H,O and the
resulting solid collected for elemental analysis.

Self-Assembly of Supramolecular Parallelogram 4a. Reaction
scale: Unsymmetrical ligand 1a (1.50 mg, 8.32 umol) and 60°
organoplatinum acceptor 2 (9.68 mg, 8.32 umol). 'H NMR
(Acetone-d¢/D,0 1:1, 300 MHz) 6 9.28 (s, 2H, H,-3-Pyr), 9.09 (d,
2H, He-3-Pyr), 8.97 (t, 4H, J = 6.3 Hz, H,-4-Pyr), 8.64 (s, 4H,
H,s), 8.35 (d, 2H, J = 7.8 Hz, Hs-3-Pyr), 7.94 (dd, 4H, J = 38.1,
5.4 Hz, Hg-4-Pyr), 7.86 (t, 2H, J = 7.8 Hz, Hs-3-Pyr), 7.65 (d, 4H,
J=17.1Hz, Hy7), 7.56 (m, 8H, H, 59 10), 1.33 (m, 48H, PCH,CHj3),
1.08 (m, 72H, PCH,CH>). *'P{'H} NMR (Acetone-ds /D,O: 1/1,
121.4 MHz) 6 12.69 (Pt satellites, "Jp_p = 2709 Hz), 12.56 (‘**Pt
satellites, 'Jp—p = 2700 Hz). MS (ESI) calcd for [M - 2NOs]*"
milz 1280.4, found 1280.6; caled for [M — 3NO;]*" m/z 832.9, found

(9) Kryschenko, Y. K.; Seidel, S. R.; Arif, A. M.; Stang, P. J. J. Am. Chem.
Soc. 2003, 125, 5193.

(10) Yang, H.-B.; Das, N.; Huang, F.; Hawkridge, A. M.; Muddiman, D. C.;
Stang, P. J. J. Am. Chem. Soc. 2006, 128, 10014.
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833.2. For 4a-4PF¢ Anal. Calcd C,o0H;5,F24N4P Pty C, 39.79; H,
5.08; N, 1.86. Found: C, 40.14; H, 5.07; N, 1.94.

Self-Assembly of Supramolecular Parallelogram 4b. Reaction
scale: Unsymmetrical ligand 1b (1.92 mg, 6.85 umol) and 60°
organoplatinum acceptor 2 (7.97 mg, 6.85 umol). 'H NMR
(Acetone-de¢/D,0 1:1, 300 MHz) 0 8.94 (m, 8H, H,6-3-Pyr, Hy-4-
Pyr), 8.56 (s, 4H, H.5s), 8.22 (d, 2H, J = 7.1 Hz, H4-3-Pyr), 7.80
(m, 6H, Hg-4-Pyr, Hs-3-Pyr), 7.70 (d, 8H, J = 3.6 Hz, Hphenyiene)
7.65 (d, 4H, J = 7.1 Hz, H,7), 7.55 (m, 8H, H;g9.10), 1.31 (m,
48H, PCH,CH3), 1.06 (m, 72H, PCH,CH;). *'P{'H} NMR (Acetone-
de /D,0: 1/1, 121.4 MHz) 6 15.35 (**°Pt satellites, Jp_p = 2690
Hz), 15.18 (Pt satellites, 'Jp_p = 2705 Hz). MS (ESI) calcd for
[M — 2NO;]*" m/z 1380.4, found 1380.6; calcd for [M — 3NOs]**
mlz  899.6, found 899.8. For 4b-4PFs Anal. Calcd
C116H]60F24N4P]2Pt4: C, 4329, H, 501, N, 1.74. Found: C, 4358,
H, 5.02; N, 1.82.

Self-Assembly of Supramolecular Irregular Hexagon 6a.
Reaction scale: Unsymmetrical ligand 1a (1.43 mg, 7.94 umol) and
120° organoplatinum acceptor 3 (9.26 mg, 7.94 umol). MS (ESI)
caled for [M — 2NOs]*t m/z 1958.1, found 1958.3; calcd for [M
— 4NOs]*t m/z 948.1, found 948.1. For 6a:6PF;, 'H NMR
(Acetone-d¢/D,O 8:1, 300 MHz) 6 9.24 (s, 3H, H,-3-Pyr), 9.02
(m, 9H, Hg-3-Pyr, H,-4-Pyr), 8.39 (d, 3H, J = 7.8 Hz, H4-3-Pyr),
7.92 (m, 9H, Hs-3-Pyr, Hg-4-Pyr), 7.64 (m, 12H, PhH), 7.50 (d,
12H, J = 7.2 Hz, PhH), 1.42 (m, 72H, PCH,CHj3), 1.10 (m, 108H,
PCH,CH;). *'P{'H} NMR (Acetone-ds /D,0: 8/1, 121.4 MHz) 6
14.77 (*°Pt satellites, 'Jp_p = 2668 Hz), 14.72 (1*°Pt satellites,
IJplfp = 2650 HZ) Anal. Calcd C]47H223F36N603P|3Pt6: C, 3889,
H, 5.06; N, 1.85. Found: C, 39.63; H, 5.09; N, 1.94.

Self-Assembly of Supramolecular Irregular Hexagon 6b.
Reaction scale: Unsymmetrical ligand 1b (1.95 mg, 6.96 umol)
and 120° organoplatinum acceptor 3 (8.15 mg, 6.98 umol). MS
(ESI) caled for [M — 2NOs)** m/z 2108.2, found 2108.1; calcd for
[M — 4NOs]** m/z 1023.1, found 1023.1. For 6b+6PFs 'H NMR
(Acetone-d¢/D,0 8:1, 300 MHz) 6 9.23 (s, 3H, H,-3-Pyr), 9.07 (d,
9H, J = 5.7 Hz, H¢-3-Pyr, Hy-4-Pyr), 8.36 (d, 3H, J = 7.8 Hz,
H4-3-Pyr), 7.93 (d, 9H, J = 5.7 Hz Hs-3-Pyr, Hg-4-Pyr), 7.77 (d,
12H, J = 6.0 Hz, Hypenyiene), 7.69 (m, 12H, PhH), 7.57 (d, 12H, J
= 7.2 Hz, PhH), 1.51 (m, 72H, PCH,CHj3), 1.18 (m, 108H,
PCH,CH;). *'P{'H} NMR (Acetone-ds /D,0: 8/1, 121.4 MHz) 0
14.77 (*5Pt satellites, Jp_p = 2659 Hz), 14.72 (Pt satellites,
ljpt_p = 2659 HZ) Anal. Calcd C171H24()F3(,N(,O3P13Pt61 C, 4244,
H, 5.00; N, 1.74. Found: C, 43.12; H, 5.04; N, 1.81.
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