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ABSTRACT: Zinc(II), a dimolybdenum(II) paddlewheel
tetramine A, and 2-formylpyridine self-assembled to
generate a cubic Zn"§(L*)s assembly. The paddlewheel
faces of this assembly exhibited two distinct conforma-
tions, whereas the analogous Fe';(L*) framework
displayed no such perturbation to its structure. This
variation in behavior is attributed to the subtle difference
in ligand rotational freedom between the Zn'- and Fe'-
cornered cubes. The incorporation of a fluorinated Mo,
paddlewheel, B, into analogous Zn"(L?)s and Fe'(L®)4
structures resulted in changes to the rotational dynamics of
the ligands. These differing dynamics perturbed the
energies of the frontier orbitals of these structures, as
determined through spectroscopic and electrochemical
methods. The result of these perturbations was an
inversion of the halide binding preference of the Zn"s(L?)4
host as compared to its Zn"(L*)s congener, whereas the
Fe{(L®), host maintained a similar binding hierarchy to
Felly(L%)s.

etal—organic self-assembly has produced a diverse array of

functional three-dimensional structures recently,' as
rationality has eclipsed serendipity to enable designs of
increasing intricacy.2 Many of these structures contain void
spaces’ within which one or more guests may bind,* allowing the
form and reactivities of these guests to be modulated in
well-defined ways.

In others’ work® and in our own, the use of subcomponent
self-assembly, involving the simultaneous use of dynamic C=N
and N—Metal linkages for construction,” has permitted the
generation of many different architectures from near-identical
subcomponents.” Product identities can change dramatically as a
result of slight disturbances in the forces holding these structures
together; a change in solvent’ or anion,'” or subcomponent
substitution,'" can lead to very different structural outcomes.
Lessons learned as a result can be implemented to design new
architectures with tailored functions.

In other cases, however, structural outcomes are not perturbed
by changes in the factors noted above: Planar tetramine
subcomponents, for example, are observed exclusively to form
cubic capsules with a ML stoichiometry, rejecting added
components even if the M:L ratio is perturbed by ~20%."” Given
the certainty of this structural outcome of the self-assembly
reaction, we sought to explore whether perturbations to the
host—guest chemistry of a cubic Fe'sLy product'*® could be
engineered through slight chemical modifications of the
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subcomponents or by changing the identity of the metal
template. To this end, the host—guest chemistry of cubes 1—4
(Scheme 1) was explored. These cubes were prepared using

Scheme 1. Assembly of Cubic Structures 1—4
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either Zn" or Fe to define the vertices, and with either
nonfluorinated tetramine A or quadruply fluorinated tetramine B
to form the faces. While 1—4 are outwardly of the same shape and
size, subtle differences were observed between them, such as
phenyl ring rotation behavior and M—O bond flexibility. These
differences manifested as an inversion of the halide binding
preference between 2 and 4. This result highlights the substantial
influences of small electronic and steric perturbations upon the
behaviors of hollow cages in solution, providing insight into the
factors affecting host—§uest interactions at the nanoscale.

The syntheses of 1'*°—4 are shown in Scheme 1 and described
in Supporting Information (SI) Section 1. Although the 'H NMR
spectrum of the Fe'-cornered structure 1 displayed distinct
signals for each of the protons of the ligand, implying slow
rotation of the phenylene rings on the NMR time scale (Figure
S1),"*" the 'H NMR spectrum of 2 at room temperature was
unexpectedly complex. Overlaid upon a symmetrical set of ligand
resonances (consistent with phenylene rotation), multiple, lower
intensity signals were observed (Figure S2); however, DOSY
NMR gave results consistent with the formation of a single
species (Figure SS). Electrospray (ESI) MS gave results
consistent with the formation of the anticipated cubic structure
(Figures S6 and S7).

Single-crystal X-ray diffraction (SI Section 2.1) revealed the
solid-state structure of 2 (Figure 1). The faces of cube 2 consist of
six dimolybdenum(II) paddlewheels, with a Zn—Zn distance of
19.0 A diagonally across the faces. As this distance in 1 measured
18.7 A, 2 encloses nearly the same cavity volume (565 A?, Figure
S11) as 1'** (559 A?). Although triflate coordination to the
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State A

Figure 1. (a) X-ray crystal structure of 2, viewed perpendicular to a face
(yellow lines highlight the edges of the cubic framework); (b) space-
filling representation of 2 viewed down the cube edge (axially
coordinating species, noncoordinated anions, and solvent molecules
omitted for clarity). (c) Left: Schematic representations of the two
diastereomerically distinct configurations of how a ligand may span the
four Zn" corners (yellow spheres) of a single cube face of 2 (a right or
left twist of the face, State A), observed predominantly in solution below
273 K. Right: When heated above 300 K, an averaging of the
configurations is inferred to result in simplified NMR spectra (State B).
Color scheme: C, gray; O, red; N, blue; Zn, yellow; H, white; Mo,
orange.

molybdenum centers was observed in both the solution and
solid-state structure of 1,12b no evidence of triflate coordination
with 2 was observed in solution by '’F NMR (Figure S8) or in the
solid state.

The X-ray structure revealed a “hinge angle” of 159° (Figure
1c) between the carboxylate groups and the Mo", moieties of 2,
instead of the 180° coordination observed in the case of 1.
Although only one diastereoisomer was observed in the crystal,
models suggest that both left- and right-handed propeller
configurations of the ligand (Figure lc, State A) could coexist
within a single framework of 2 with minimal energetic penalty.
We infer the complexity of the '"H NMR spectrum of 2 to be due
to the presence of a mixture of both ligand configurations across
the faces of the cube. The predominance of one configuration—
possibly the one observed in the crystal—thus accounts for the
set of symmetrical 'H NMR peaks, and the other configurations
give rise to the lower-intensity signals (Figure S2).

Upon heating, the "H NMR spectrum of 2 is observed to
simplify (Figure S9). We infer this process to involve the
coalescence of signals from the many diastereomers of 2 (Figure
lc, State A) into a regime where “hinge flipping” is occurring
rapidly on the NMR time scale (Figure 1c, State B). The energy
difference between states (AG°) was determined to be
31 kJ mol™" (Figure S10). The dynamic behavior of the ligands
in 2 thus emerges from its ZanLé framework in a way not
observed in the Fe'lLg congeners 1'** and 3 (see below),
possibly because the more flexible coordination sphere of Zn"
allows different configurations of 2 to be adopted.

As a fluoro substituent represented only a minor steric
perturbation to the structure of A, paddlewheel subcomponent
B, bearing ortho-fluorine atoms on its p-aminobenzoate
substituents (Scheme 1), was prepared in order to probe the
subtle steric effects and more substantial electronic effects of its
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fluoro substituents upon the dynamics of cage frameworks into
which it was incorporated, and ultimately upon guest binding.

Although the reaction between B (6 equiv), 2-formylpyridine
(24 equiv), and iron(Il) triflate (8 equiv) in acetonitrile
produced a deep-red solution consistent with the formation of
3 (SI Section 1.5), the signals in the '"H NMR spectrum were
broad (Figure S13). DOSY NMR indicated that a structure with
a similar hydrodynamic radius to that of 1 had assembled in
solution (Figure S$16), and ESI-MS (Figures S17 and S18) gave
results consistent with a Fe'';L formulation.

Single crystal X-ray diffraction revealed the cubic structure of 3
(Figure 2). Slightly larger than 1, cube 3 has Fe—Fe distances

Figure 2. (a) Wire-frame representation of the X-ray crystal structure of
3 (the edges of the cubic framework are highlighted by yellow lines) and
(b) space-filling representation (axially coordinating species, non-
coordinated anions, and solvent molecules removed for clarity). Color
scheme: Fe, purple; F, teal. Only the major occupancy positions of
disordered groups are shown for clarity.

averaging 19.2 A diagonally across the face. The Mo—Mo bond
lengths in 3 (2.109(1)—2.113(1) A) are also slightly longer than
those in 1 (2.063(1)—2.076(1) A). The fluorine atoms are
disordered between endo and exo configurations throughout,
with ~70% pointing inward and 30% outward. The cavity volume
of 3 is 546 A3 (SI Section 1.5.1) for a configuration in which all
fluoro substituents point inward.

The 'H and '°F NMR spectra of 3 (Figures S13 and S19) are
consistent with rapid rotation of the fluorophenylene rings, even
at 233 K (Figures S20 and 8212, whereas for 1 the phenylene
rings appear not to be rotating.'*” We hypothesize that the fluoro
substituents encounter electronic and steric repulsion'® when
eclipsing the carboxylate oxygens, thus raising the energy of the
configuration where fluorophenylene and carboxylate are
coplanar, in B and 3, relative to the energy of this ground state
in the case of 1. Whereas the energies of the transition states
during rotation are similar in 1 and 3, where the phenylene or
fluorophenylene lies orthogonal to the carboxylate plane, this
ground-state destabilization effect is inferred to lead to the rapid
rotation observed in 3, contrasting with the slow rotation
observed for 1.

Analogously to 3, cube 4 self-assembled from B,
2-formylpyridine and zinc(Il) triflate (SI Section 1.6). The
ligand signals in the 'H NMR spectrum were sharp and
symmetric (Figure S23), indicating that diastereomers of the
type observed for 2 were not present or were interconverting
rapidly on the NMR time scale; no asymmetry could be observed
even upon cooling to 233 K (Figures S27 and S28). A similar
DOSY diffusion coefficient to that of 2 was observed (Figure
$29), and the composition of 4 was confirmed by mass
spectrometry (Figures S30 and S31). As with 2 (Figure S19),
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there was no interaction of triflate with host 4 observable by '°F
NMR spectroscopy (Figure S32).

As 1 had been observed to bind a single halide anion to its
interior molybdenum coordination sites,'”” we investigated
halide binding in 2—4. Given the differences exhibited by the
ligands in these hosts in solution, significant differences in guest
interactions were anticipated, due to the subtle structural,
dynamic, electronic, and steric differences as they related to
host—guest binding across the set of close congeners 1—4.

UV—vis spectroscopy enabled the quantification of the
strengths of interactions of various halides with cubes 2—4
(Figures S34, S39, and S48). Progressive addition of fluoride,
chloride, bromide, or iodide in all cases resulted in a decrease in
the intensity of the metal-to-ligand charge-transfer (MLCT)
absorption associated with the tetracarboxylato(dimolybdenum)
chromophore of the host,"* along with the appearance of stable
isosbestic points. The 1:1 halide binding affinities of hosts 1—4
are summarized in Table 1: While hosts 1—3 bound iodide more
strongly than fluoride, host 4 was observed to bind fluoride with
the highest affinity.

Table 1. Binding Constants (K,, X 10* M™") of Halides (as
Tetrabutylammonium Salts) with Cubic Hosts 1—4
(Determined at 298 K in Acetonitrile)

guest 1'% 2 3 4
F 0.49 + 0.06 0.8 +0.3 24 +05 81+05
cr 0.5+0.1 1.0+0.2 6.1 +0.7 52+08
Br~ 1.7 + 04 1.3+03 9.1+0.7 33+03
T 3.8+ 04 1.7 £ 0.5 22+2 23+0.7

Furthermore, fluorination of a paddlewheel in both cases
increased the halide affinity of its corresponding M"sL cube. We
initially ascribed this improvement to the slight contraction of
the void space of 3 and 4, as compared to 1 and 2; however, this
change does not account for the inversion of the binding
hierarchy observed in 4. Comparison of the UV—vis spectra of
subcomponents A and B helped clarify the reasons behind this
change in binding strength: The Mo,(O,CR), § — z* MLCT
transition in paddlewheel A (426 nm) was observed to increase
in energy in B (400 nm), providing an initial indication that
fluorinating the paddlewheel would widen the HOMO/LUMO
gaps of the architectures into which they assembled.

We infer that the presence or absence of fluoro substituents
and the choice of Fe" vs Zn" together influence the preference of
the molybdenum centers for hard or soft bases. To quantify these
effects, the energies of the Mo, § (HOMO) orbitals were
determined for hosts 1—4 using cyclic voltammetry (CV) ,'% and
their HOMO/LUMO gaps (AE) were determined by UV—vis
spectroscopy, enabling the back-calculation of CO, 7* LUMO
energies (SI Section 4). Our results are provided in Figure 3.

The similar halide binding hierarchy and affinities of 1 and 2
are reflected in their similar orbital energies and HOMO/LUMO
gaps; however, substantially different responses to guests are
observed upon fluorination, despite the consistent lowering of
both HOMO and LUMO energies in 3 and 4. In the case of
Zn"-cornered architecture 2, fluorination results in a widening of
the HOMO/LUMO gap in 4, consistent with the trend observed
for the free subcomponents, whereas for the Fe''cornered
structures, the HOMO/LUMO gap is observed to contract in
going from 1 to fluorinated 3.

We hypothesize that in 1, restricted rotation of the phenyl
groups brings the electron-withdrawing Fe'' center into effective
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Figure 3. (a) The asymmetric units of structures 1—4, showing
schematically the free rotation on the NMR time scale observed for 2—4.
(b) Energy diagram displaying the measured Mo,6 HOMO and CO,z*
LUMO energies of 1—4 from CV and UV—vis data.

conjugation with the Mo" binding sites and that this conjugation
is weakened in 3 due to the free rotation of the phenylene groups.
We thus propose that the inductive effect of ligand fluorination
upon the HOMO energy of 1 is counterbalanced by this loss of
conjugation, lessening the impact of ligand fluorination in 3.

For the Fe'l-cornered cubes, fluorination resulted in an order
of magnitude increase in the binding affinity for each halide to 3
relative to 1; however, for the Zn'-cornered cubes, the binding
affinity for hard bases was observed to improve more
dramatically than for soft bases upon fluorination (an order of
magnitude increase vs a doubling, respectively, in 4 relative to 2)
(Table 1). We attribute this trend to a greater hardening of the
molybdenum centers in 4, as compared to 3, as reflected in the
greater lowering of the HOMO energy and the increased
HOMO/LUMO gap of 4. Fluorination thus results in 4
exhibiting the highest affinity for hard bases, whereas 3 (which
also binds hard bases more strongly than either 1 or 2) binds
softer halides more strongly than any other cube. A combination
of subtle ligand dynamics and inductive effects thus serves to
shape guest binding,

The interaction of halides with 3 was also monitored by '°F
NMR spectroscopy in addition to the UV—vis titrations (SI
Section 3.2). The broad F NMR signal for triflate observed in
the case of 1'* was observed as a sharp peak in the case of 3. This
signal moved to the chemical shift value associated with free
triflate upon addition of halide, consistent with triflate displace-
ment by the more strongly coordinating anions. Titrations
carried out using '"H NMR spectroscopy indicated minimal
changes across the series of hosts 1—4 (the '°F signals for hosts 2
and 4 also did not change significantly), suggesting that halide
exchange was rapid on the NMR time scale and did not
significantly perturb the environment of the ligand protons (SI
Section 3).

This study demonstrates how the choice of corner metal
centers in the construction of heterometallic supramolecular
cubes 1 and 2 can influence the rotational freedom of the ligands
in solution, providing a means to tailor the dynamic behavior of
the host. Ligand fluorination in hosts 3 and 4 further modified
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the guest binding properties by altering both the dynamic
behavior of the ligand and the electronics of the molybdenum
coordination sites. We envisage that further systematic tailoring
of the steric and electronic properties of substituents on the
frameworks of metal—organic assemblies will engender new
modes of controlling their interactions with other species within
chemical systems, enabling the tailored design of function for
specific needs and purposes.'®
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