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Abstract: Inspiration for molecular design and construction
can be derived from mathematically based structures. In the
quest for new materials, the adaptation of new building blocks
can lead to unexpected results. Towards these ends, the
quantitative single-step self-assembly of a shape-persistent,
Archimedean-based building block, which generates the largest
molecular sphere (a cuboctahedron) that has been unequiv-
ocally characterized by synchrotron X-ray analysis, is de-
scribed. The unique properties of this new construct give rise to
a dilution-based transformation into two identical spheres
(octahedra) each possessing one half of the molecular weight
of the parent structure; concentration of this octahedron
reconstitutes the original cuboctahedron. These chemical
phenomena are reminiscent of biological fission and fusion
processes. The large 6 nm cage structure was further analyzed
by 1D and 2D NMR spectroscopy, mass spectrometry, and
collision cross-section analysis. New routes to molecular
encapsulation can be envisioned.

N ature exhibits highly symmetric polyhedral cage-like
structures at different scales, such as viral capsids,“] cla-
therin-coated vesicles,” and the protein transport complexes
COP 1 and COP IL.** All are connected mathematically by
Archimedean polyhedra® and, from a synthetic-chemistry
perspective, by the common thread of protein complex self-
assembly. Inspired by both biomolecules and their underlying
geometric principles, chemists have developed routes to

create capsule and polyhedral assemblies that utilize hydro-
gen-bonding or coordination interactions.”'” Replicating
large, multi-component, three-dimensional architectures
in vitro is synthetically challenging, in part owing to the
precise control necessary for building-block assembly and the
fact that subtle changes in the subunits can lead to very
different results.®'!] Notable achievements towards the
synthetic construction of very large cage-like constructs
include cuboctahedra and dodecahedra (5.2 and 7.5 nm,
respectively, based on pulsed-gradient spin-echo NMR spec-
troscopy) and rhombicuboctahedra®™ and sphere-in-sphere
rhombicuboctahedra™ (5.0 and 6.3 nm, respectively, based
on synchrotron X-ray crystallography).

The eloquent architecture of the protein complex COP II
and its structural connection to Archimedean polyhedra
provided inspiration for the design and construction of highly
symmetric 3D supramolecular structures.”'*'*) The molecular
motif, critical parameters for the preciseness-of-fit of the
building blocks, and the method of connectivity were
considered. Ligand—-metal-ligand building-block connectivity
provides desirable synthetic characteristics by facilitating
metal coordination sites to act as either vertices or edges in
a contemplated shape.'¥ The linearly coordinated, pseudo-
octahedral {tpy—M*'—tpy} complex (tpy=2,2":6'2"-terpyri-
dine) has been demonstrated to be a good option for the
fabrication of 2D and 3D supramolecules.!"*!
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Using 2,2":6',2"-terpyridine as a readily available and
easily functionalized monomer, we have reported the self-
assembly of numerous 2D metallomacrocycles, including
triangles,'” hexagons,® a Sierpinski gasket,”!! and, most
recently, a Sierpiniski triangle,” wherein the vertices were
connected through terpyridine-based coordination chemistry
(Figure 1). Building on these mathematically derived shapes,
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Figure 1. Construction of simple and complex 2D polygons, including
a Sierpinski triangle and gasket, based on single-angle components
and derivation of Archimedean polyhedra using multi-angle building
blocks possessing increasingly greater angles (f3). The critical dihedral
angles within the cuboctahedron are 125°, which corresponds to
p=90°.

we herein describe the single-step, quantitative self-assembly
of 3D, monodisperse metallospheres with a diameter of 6 mm,
which are based on a classic Archimedean solid—the
cuboctahedron—one of 13 convex polyhedra exhibiting two
or more nonintersecting regular convex polygons arranged
such that all sides are of equal length.”! The requisite building
block for this semi-regular polygon was designed by consid-
ering an X-shaped molecular building block that could be
mapped onto the vertices of a cuboctahedron and impart the
desired angles, o and [, with values of 60° and 90°,
respectively (Figure 1). Notably, the appropriate molecular
construct will introduce a cumulative shape-persistent
memory effect that translates to the subsequent architectural
assembly.

The use of an Archimedean-inspired monomer (5 =90°)
to facilitate the self-assembly of a cuboctahedron cage
requires the generation of 24 edges and 12 vertices, which
form the basis of 14 total faces comprising 8 triangles and
6 squares, all predicated on 24 dihedral angles equal to 125°.
An exhaustive literature search in combination with molec-
ular modeling studies suggested that an ethano-bridged
anthracene with directed substituted terpyridine connectors
would provide a phenyl-mediated, 60° angled, ortho substitu-
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tion pattern leading to the triangular faces. The bridged
ethanoanthracene possesses an ideal 127° angle, which
ultimately results in the requisite 90° f angle necessary to
form the desired square faces and is very close to the targeted
125° dihedral component.

The tetrakis(terpyridinyl) ligand 3 was prepared (67 %)
using a Suzuki coupling reaction by treatment of 2,3,6,7-
tetrakis(4-bromophenyl)-9,10-dimethyl-9,10-ethanoanthra-
cene (1), which was obtained by the direct bromination (Br,)
of commercially available 9,10-dimethyl-9,10-ethanoanthra-
cene, with four equivalents of 4-(2,2":6',2"-terpyridinyl)phe-
nylboronic acid (2).”! The '"H NMR spectrum of ligand 3
exhibited one set of expected signals that were attributed to
the terpyridinyl moieties and a single set of peaks assigned to
the newly introduced aryl groups, suggesting free rotation
throughout the two sets of 60° juxtaposed arms (Figure 2).

The one-step self-assembly (Figure 2) of monomer 3 with
a precise ratio (1:2) of Zn(NO;), in a stirred mixture of
MeOH and CHCl; (1:1, v/v) at 25° for one hour led to
a translucent pale-yellow solution, which gave (>98%) the
desired compound 4 as a light-yellow precipitate when treated
with saturated aqueous NH,PF; (to exchange NO;™ for PF,7);
the structure of 4 was subsequently confirmed by 1D, 2D, and
DOSY NMR spectroscopy, ESI-TWIM mass spectrometry
[electrospray ionization mass spectrometry coupled with
traveling-wave ion mobility spectrometry (TWIM-MS), a
variant of ion mobility spectrometry], TEM imaging, and
single-crystal X-ray crystallography. Notably, characterization
of the more labile Cd*" analogue 5 mirrored that of the Zn?'-
based sphere 4, with the exception of overlapping of the 4,4"-
and 6,6"-tpy hydrogen atoms and the outermost aryl hydro-
gen atoms in the 'H (H, for 3, Figure 2) and COSY NMR
spectra; the MS data are essentially identical (Supporting
Information, Figures S7 and S12).

The '"HNMR spectrum of 4 [in [D;]DMF and CD,CN
(1:4, v/v); Figure 2] exhibited a single set of sharp peaks,
which indicates the formation of a single and highly sym-
metric species in which all identically positioned nuclei are
chemically and magnetically equivalent. The COSY and
NOESY NMR experiments were used to aid and verify the
assignments of the '"H NMR spectrum.

The expected upfield shift of the doublet from 8.75 to
7.95 ppm (A0 =0.8 ppm), attributed to the 6,6”-tpy hydrogen
atoms, is indicative of the formation of the pseudo-octahedral
bis(terpyridine) complex and the resultant positioning of the
H6 atoms near the aromatic ring current of the perpendicu-
larly opposed terpyridine. All other signals show the charac-
teristic downfield shifts following complex formation. Nota-
bly, the large, rigid complex 4 displays a '"H NMR spectrum
that is well-resolved with sharp, easily assignable peaks with
only the methyl and bridging methylene protons exhibiting
broadening, in contrast to other cage-like pyridine palladium
complexes.®!

The 'H 2D DOSY NMR spectrum of complex 4 (Fig-
ure S11) clearly shows a single band with a diffusion coef-
ficient D=1.99x107"" (log D = —9.69), along with a corre-
sponding solvent band (log D = —8.40), indicative of a single
species in the [D,]DMF/CD;CN (1:4, v/v) solution. The
calculated diameter of the spherical complex, according to the
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complement to more tradi-
tional characterization pro-
cedures as it enables the
resolution of isomeric ions
and the determination of
structural information. ¢!
The TWIM mass spectrum
exhibits charge states rang-
ing from 24+ to 19+
derived from 4, with
a single and narrow band
for each charge state and
a narrow drift time distribu-
tion for the signals
extracted for each band,
clearly indicating the pres-
ence of a single species; this
finding is consistent with
the NMR results.

The stability of complex
4 was probed with gradient
tandem MS (gMS?). The
19+, 11+, and 8+ ions
(corresponding to m/z val-
ues of 1228, 2227, and 3116,

AR "
I A Cduli-48PF¢ l A

respectively) were isolated
and subjected to collision-
ally activated dissociation
(CAD) with Ar gas prior
to ion mobility separation at
collision energies ranging
from 10 to 100eV. The
cuboctahedron exhibits

9.0 85 8.0 7.5 70 20 good stability, in agreement

S ppm with other highly charged

ions of {tpy—Zn*"—tpy}

Figure 2. Top: Synthesis of the ethano-bridged tetrakis (terpyridine) monomer 3 and the Zn**- and Cd**-based complexes.”” Only when

cuboctahedra 4 and 5. The critical dihedral angle (127°) depicted for 1 is translated and instilled into
tetrakis (terpyridine) 3 and the resulting cages 4 and 5. Bottom: '"H NMR spectra (500 MHz, 300 K) of
monomer 3 (a) in CDCl; and complexes 4 (b) and 5 (c) in CD;CN/[D;]DMF (4:1, v/v).

viscosity of these mixed solvents measured before
(0.00422 poise),?* is 5.18 nm, which is fully consistent and in
agreement with the modeling of the structure as well as with
the TEM results.

The ESI mass spectrum of the [24{tpy—Zn®"—tpy}]:
[48PF,7] complex 4 (Figure S12) further supports the struc-
ture of the cuboctahedron by revealing a series of dominant
peaks at m/z 942.3, 989.6, 1041.2, 1097.7, 1159.9, and 1228.6,
corresponding to charge states ranging from 24 + to 19+,
respectively. These MS results provide strong support for the
combination of 12 ligands and 24 Zn*" metal ions along with
the experimental m/z values for each charge state and are
consistent with the corresponding calculated values. Addi-
tional support (Figure S12) for 4 was provided by ESI-TWIM
MS experiments.”” TWIM-MS resembles molecular separa-
tion, such as chromatography, separating ions by their charge
and shape/size in the TWIM region, followed by m/z in the
adjoining mass analyzer. This method serves as a unique
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the collision energy reached
37 eV, the 19 4 complex ion
(m/z 1228) completely dis-
appeared, yielding several
fragments. Notably, ions with lower charges exhibited excel-
lent stability in gMS? experiments; for example, the 8 + ion
(m/z 3116) did not completely disappear until the collision
energy reached 95 eV. This finding suggests that the stability
of the complex is greater with a higher number of “protec-
tive” surrounding anions.

Suitable, colorless, cubic single crystals for X-ray analysis
(Figure 3) were obtained after two months by vapor diffusion
of EtOAc into a DMF/MeCN (1:1, v/v) solution of complex 4.
Crystals in the mother liquor were sealed in a quartz capillary
and maintained at 25 °C during data collection using synchro-
tron X-ray radiation. Owing to the large volume of the
spherical complex (in the size range of small proteins) and the
high number of disordered counterions and solvent mole-
cules, the diffraction spots, not unexpectedly, were observed
only to a resolution of approximately 1.6 A. It was, however,
sufficient to model the positions of the essential core elements
of the 12 ligands and the 24 Zn*" ions, thereby leading to the
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Figure 3. Top: Single-crystal structure®® of complex 4 viewed a) from
an angle relative to the ac plane [the (—6.23 1 1.96) direction] and

b) along the diagonal [the (111) direction]. c,d) The packing of eight
molecules viewed as described in (a) and (b), respectively. The
cuboctahedron molecules pack into a cubic crystal in the cubic space
group. The outer adjacent pyridinyl rings of each of the 48 terpyridine
triads were highly disordered; thus, these groups along with all of the
hydrogen atoms have not been included in the structural model that is
based on X-ray diffraction. Crystal data: Space group Pm3m,
a=b=c=47.881(1) A, V=109772(34) A’, Z=1. Residual R1=0.1827
[/ >20(l)] and goodness of fit=1.039 for Zn,,L,,"**-48 PF,"

(Cr224H340F 288N144P4gZ4, 26092.85 D). Bottom: TEM images of com-
plex 4 showing a homogeneous field of similarly sized objects (e)
whereas higher-magnification images display the classic cuboctahe-
dron hexagonal (f) and cubic shapes (g). Furthermore, images were
obtained that show the higher-order packing potential of 4; the cube in
the inset (h) is estimated to contain 19 molecules on one side.

cuboctahedral structure of complex 4, which is consistent with
the computer-generated model. As expected, a highly sym-
metric and shape-persistent structure showing the 14 faces
with the requisite 24 edges and 12 vertices was revealed,
supporting the classic cuboctahedron structure with O,
symmetry. The 24 metal atoms form a rhombicuboctahedron
conformation with triangles and unequal-sided rectangles in
which the greatest distance between two Zn*" ions is 4.9 nm,
the average distance across the interior is approximately
40 A, and the inner void volume is about 46800 A°.

Further evidence confirming the cuboctahedron’s struc-
ture was provided by collision cross-section (CCS) data as
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determined from the drift times measured in the TWIM-MS
experiments (Table S1). CCS can be viewed as the rotation-
ally averaged forward-moving surface area of the cuboctahe-
dron. For the 15+, 17 +, and 20 + charge states of cage 4, the
CCSs are 3014.2, 2983.8, and 2888.5 AZ, respectively. The
slight CCS differences between these three charge states
(balanced by 33, 31, and 28 PF¢~ counterions, respectively)
indicate that 4 possesses a rigid and shape-persistent archi-
tecture. The average experimental CCS (2931.3 A?) agrees
well with the theoretically predicted CCS for the counterion-
free complex (2720 A?), which was calculated from the
corresponding energy-minimized structure using the trajec-
tory method,*™ which rigorously considers the collision
process between ions and buffer gas in the ion-mobility
region. The differences between the experimental and
theoretical CCS values are most likely due to the effect of
the anions. From the data in Table S1, the experimental CCS
gradually decreases with increasing charge, suggesting that
the anions contribute less to the CCS at high charge densities.

Transmission electron microscopy (TEM) facilitated the
visualization of metallomacrocyclic cage 4, directly revealing
both the size and shape of individual molecules upon
deposition of a dilute MeCN/DMF (1077 M, 4:1, v/v) solution
of 4 with PF,~ counterions on carbon-coated grids (Cu,
400 mesh; Figure 3¢). At higher magnification, the images of
single molecules, poised on different faces, exhibit the
hexagonal and cubic shapes defined by cuboctahedron
architecture (Figure 3 f,g). The ability of these polymetallic
complexes to pack into aggregates was confirmed with the
observation of large, regular, cubic species (Figure 3 h), where
in the pictured case, 19 molecules are estimated to be
arranged linearly on each edge.

Recently, during our self-assembly studies, it was observed
that a smaller supramolecular bis(rhombus) possessing a disc-
shaped, spoked-wheel motif and {tpy—Cd*"—tpy} connectivity,
underwent molecular fission to generate exactly two equiv-
alents of a new tetrahedron, each characterized by precisely
one half of the original molecular weight,” following its
dilution. Interestingly, upon concentration, this tetrahedron
underwent molecular fusion to reconstitute the original
bis(rhombus) construct. Thus, subsequent dilution of this
larger Zn*"-based cuboctahedron 4 resulted in a poorly
resolved ESI mass spectrum (not shown), which still indicated
the presence of a new species possessing half the molecular
weight of 4. Accordingly, diluting the Cd*" cuboctahedron 5,
possessing the more labile {tpy—Cd**—tpy} connectivity, using
PF,~ counterions, led to a mixture of 5 and the low-molecular-
weight species 6; further dilution converted the bulk of the
material into a octahedral structure 6, consisting of 12 Cd*"
and 24 PF,” ions. ESI-MS was subsequently employed to
follow the postulated transformation of sphere § from one
motif into the smaller sphere 6a (Figure 4 a—c and Figures S13
and S15). Attempts to isolate and fully characterize this new
structure subsequently focused on the use of different
counterions during the self-assembly reactions.

Upon switching the counterion from PF,~ to BPh, , the
same ligand self-assembled to give (> 95%) exclusively the
octahedral cage-shaped complex 6b, which was readily
confirmed by NMR spectroscopy (Figure 4f,g) and ESI-
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Figure 4. Left: ESI-MS spectra of the cuboctahedron (a, 5x10* mmolmL™), the cuboctahedron—octahedron mixture obtained upon dilution of
the cuboctahedron (b, 5x 107 mmolmL™), and the octahedron architecture ultimately obtained upon further dilution (c, 1x1077 mmolmL™").
Right: The dynamic equilibrium between cuboctahedron 5 (Cd,,L;,) and octahedron 6 (Cdy,Le). Pertinent '"H NMR spectra of d) cuboctahedron-

shaped complex 5 with PF¢™ as the anion (CD;CN, 5x107* mmolL™), e

) octahedron-shaped complex 6a with PF¢~ as the anion (CD;CN,

1x107* mmolL™), and f) octahedron-shaped complex 6b with BPh,™ as the anion (CD;CN/[D,]DMF, 4:1, v/v, 5x10~* mmol L™").

TWIM-MS (Figures S14 and S16). The "H NMR spectrum of
complex 6b exhibited a well-resolved set of signals with the
symmetry (Figure 4 f) that is expected for the octahedron and
indicative of a single species possessing a high degree of
molecular symmetry. Notably, all of the 'H NMR peaks
showed upfield shifts relative to the spectrum of the
cuboctahedron.

Therefore, the cuboctahedron is favored at higher con-
centrations, and upon dilution, molecular fission gives rise to
two equivalents of the octahedron 6, whereas upon concen-
tration, molecular fusion regenerates the original cuboctahe-
dron 5.1 The number of particles in the unit volume
decreased correspondingly until entropic forces®** pushed
the self-assembled complex to switch into the smaller
octahedron structure. We conclude that entropy plays a crit-
ical role in this example of molecular fusion and fission as the
very large structural interchanges can be induced by changing
either the size of the counterions or compound concentration.

In summary, we have employed a retrosynthetic analysis
of an Archimedean polyhedron to design and synthesize
a terpyridine-based, cuboctahedron-shaped supramacromo-
lecule in the single-step self-assembly of 12 novel tetradentate
terpyridinyl ligands with 24 Zn®" ions. Unequivocal tradi-
tional characterization was accomplished, and its single-
crystal X-ray structure was determined. This nanoscale
[24 {tpy—Zn*"—tpy)][48PF;"] cuboctahedron (4) with its
large cavity shows great potential for drug transport and
host—guest chemistry, as suggested by its similarity to known
biological protein complexes, such as clatherin, COP I, and
COP 11, which are involved in cellular vesicle creation. The
novel dynamic structural interconversion of its corresponding
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Cd*" complex with the same ligand occurs between two
different structures, which are cuboctahedron-shaped
[24 {tpy—Cd*"—tpy}][48PF; ] (5) and octahedron-shaped
[12{tpy—Cd*"—tpy}][24 PFs"] (6). These molecular-level fis-
sion and fusion processes could be easily tuned by simply
changing the concentration; the use of differently sized
counterions can also play an important role for the overall
structural stability. Furthermore, this synthetic method gives
access to large multicomponent architectures that mimic
biological molecules using easily synthesized Archimedean-
prescribed monomers, thus adding a new series of nanoscale
building blocks to the material sciences.

Keywords: Archimedean polyhedra - self-assembly -
shape-persistent macromolecules - supramolecular chemistry
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