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Abstract: The subcomponent self-assembly of a bent di-
aldehyde ligand and different cationic and anionic templates
led to the formation of two new metallosupramolecular archi-
tectures: a FeII

4L6 molecular rectangle was isolated following
reaction of the ligand with iron(II) tetrafluoroborate, and
a M5L6 trigonal bipyramidal structure was constructed from
either zinc(II) tetrafluoroborate or cadmium(II) trifluoro-
methanesulfonate. The spatially constrained arrangement of
the three equatorial metal ions in the M5L6 structures was
found to induce small-molecule transformations. Atmospheric
carbon dioxide was fixed as carbonate and bound to the
equatorial metal centers in both the Zn5L6 and Cd5L6

assemblies, and sulfur dioxide was hydrated and bound as
the sulfite dianion in the Zn5L6 structure. Subsequent in situ
oxidation of the sulfite dianion resulted in a sulfate dianion
bound within the supramolecular pocket.

Three-dimensional metal–organic self-assembly allows for
the preparation of increasingly intricate structures that
contain void spaces.[1] Valuable understanding is being
gained as to how to design and control the chemical environ-
ments of these voids, allowing the inner phases of new
assemblies to display properties distinct from the solvent
environment and enabling selective recognition and trans-
formations of various substrates.[2]

The combination of multidentate coordinating ligands
and metal ions with well-defined coordination spheres, in
conjunction with secondary templates such as anions,[3] has
proven to be a powerful construction technique for supra-
molecular assembly.[4] The arrangement of the ligands around
these templates can generate isolated cavities which have
found diverse applications, including in catalysis,[5] gas
storage,[6] and selective guest binding,[7] among others.[8]

Minor and subtle variations in ligand design, such as the
ligand bend angle,[9] preferred metal coordination geometry
and stoichiometry,[10] flexibility,[11] and interactions with the

solvent,[12] have been shown to be important not only in
governing the overall structures formed, but also for defining
the physicochemical characteristics of the resulting cavities.

Rules have been established to define the geometric
parameters that lead to the formation of metal–organic
tetrahedral[13] or cubic[14] assemblies, and rational design
principles have been put forth to describe the preparation
of more complex three-dimensional architectures.[9a,15] Based
upon the understanding gained as these rule sets were
deciphered, ligand geometries may be identified wherein
the rules do not suggest a clearly defined self-assembly
outcome. The design of a rigid ligand that fits one of these
geometries may thus allow for serendipity to be engineered[16]

and for new functions to be accessed that are difficult to
envisage using rationally designed structures.

Subcomponent A (Scheme 1) was prepared in this spirit,
as described in the Supporting Information (Section S1.2).
The coordination vectors of A converge in such a way as to
disfavor the formation of a tetrahedron, cube, or polymer,[17]

Scheme 1. The self-assembly of dialdehyde A with p-anisidine and
i) M(NTf2)2 (M =FeII, ZnII) in acetonitrile led to the formation of
helicates 1 and 2, respectively. When ii) Fe(BF4)2, iii) Zn(BF4)2, or
iv) Cd(OTf)2 were employed in the self-assembly procedure, the anions
and metal cations cooperatively templated the structures of 3, 4 and 5,
respectively.
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and to destabilize a helicate. A instead generated a new class
of trigonal bipyramidal structures in which a central guest is
exposed directly to three dicationic metal centers, allowing
for selective transformations and substrate stabilization. A
was also found to generate a new M4L6 molecular rectangle
with different templates.

The reaction of iron(II) bis(trifluoromethanesulfonimide)
(triflimide, NTf2

¢) or zinc(II) triflimide (2 equiv) with p-
anisidine (6 equiv) and A (3 equiv) in acetonitrile produced
M2L3 helicate structures 1 or 2, respectively, as confirmed
by NMR spectroscopy and mass spectrometry (Scheme 1;
Sections S1.3 and S1.4). Triflimide is known to exercise less
influence as a template upon self-assembled metal–organic
structures[18] than smaller noncoordinating anions,[19] prompt-
ing the investigation of tetrafluoroborate (BF4

¢) as an anionic
template[20] in place of triflimide in the system described in
Scheme 1.

Although the reaction between A (3 equiv), p-anisidine
(6 equiv), and Fe(BF4)2 (2 equiv) in acetonitrile produced
a deep-blue solution consistent with the formation of 1, the
1H NMR spectrum of this solution was complex (Supporting
Information Figure S6), indicating the formation of a species
having lower than expected symmetry. Two distinguishable
products were evident by DOSY NMR experiments (Fig-
ure S7), with the chemical shifts of the signals for the
hydrodynamically smaller species consistent with those of
1 detected when Fe(NTf2)2 had been used. Signals attribut-
able to helicate 1 were detected by electrospray MS (Fig-
ure S8), and the second species was identified as having
a metal:ligand ratio of 4:6 (confirmed by HRMS, Figure S9),
suggesting the formation of a Fe4L6 structure.

Single-crystal X-ray diffraction[21] revealed the structure
of this FeII

4L6 species 3 (Figure 1). Instead of the tetrahedral
arrangement usually observed for M4L6 assemblies,[22] 3 has
four FeII centers arranged into a rectangle. The shorter edges
have an average Fe···Fe distance of 11.3 è and are composed
of a single ligand that bridges two metal centers. The longer
edges have an average Fe···Fe distance of 13.4 è and consist

of two intertwined ligands, forming a double-stranded helix.
Each helix within the rectangle bridges two metal centers with
identical handedness, with each helical edge mirroring the
otherÏs handedness (Figure 1a). All metal centers have mer
coordination geometry, in contrast to the fac geometry usually
found in M4L6 tetrahedra.[23] The arrangement of the ligands
defines a binding pocket at each of the shorter rectangular
edges, each of which binds a BF4

¢ ion (Figure 1b); the
distances between the protons of the ligand and the BF4

¢ ions
(2.24–2.63 è) are within the expected range for CH···F
hydrogen bonds.[24] Resonances in the 19F NMR spectrum
suggested that this interaction also existed in solution, in fast
exchange on the NMR timescale (Figure S10). We attribute
the stability of 3 to a combination of anion templation and
aromatic stacking.[3c,25]

Prompted by the novel structure of 3 templated by the
BF4

¢ ion, we investigated the reaction of A, p-anisidine, and
Zn(BF4)2 in a 3:6:2 ratio in acetonitrile (Section S1.6). The
1H NMR spectrum of the reaction mixture was again more
complex than that detected for helicate 2, and signals
corresponding to excess ligand were detected (Figure S13A).
However, DOSY NMR of the purified product gave results
consistent with the formation of a single species (Figure S14).
Single-crystal X-ray analysis revealed the presence of an
unusual Zn5L6 trigonal bipyramid[26] 4 (Figure 2).

The structure of 4 contains two ZnII ions of identical
handedness and fac stereochemistry at the two apical vertices
(both enantiomers are present in the unit cell) and three
ZnII ions in equatorial positions. The Zn5L6 framework
displays approximate D3 symmetry but the crystal structure
of 4 is C1 symmetric because of the coordination environ-
ments of the equatorial metal centers. The Zn···Zn distance

Figure 1. a) Framework representation of the X-ray crystal structure of
3, where the 2BF4

¢ ions occupying the binding pockets are shown as
a space-filling model. Dark purple spheres correspond to FeII ions of D

stereochemistry, and light purple to L-FeII. The edges of the rectangle
are highlighted by yellow lines. b) Space-filling representation of 3,
highlighting the tight arrangement of the ligands around the BF4

¢

ions. Atom colors: C = gray, N = blue, Fe= purple, H = white, F =cyan,
B =pink, O = red. Disorder, non-encapsulated anions, and solvent
molecules are omitted for clarity.

Figure 2. a) Framework representation of the X-ray crystal structure of
4, where the BF4

¢ and hydroxide ions occupying the cavity are shown
in space-filling mode. b) The space-filling representation of 4 highlights
the aromatic stacking of the ligands. Atom colors: C =gray, N = blue,
Zn = yellow, H =white, F =cyan, B= pink, O = red. Disorder, non-
encapsulated anions, and solvent molecules are omitted for clarity.
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between apical sites is 21.2 è, and the Zn···Zn distances at the
equatorial positions range from 5.07 to 5.18 è. The ligands
forming the edges of the trigonal bipyramid exhibit extensive
face-to-face aromatic stacking (Figure 2b), defining two
separate cavities that are separated by the equatorial ring of
ZnII centers. A BF4

¢ ion is bound in each binding pocket,
stabilized by attractive electrostatic forces and CH···F hydro-
gen-bonding interactions with the protons lining the interior
of the binding pocket. An analysis of the 19F NMR spectrum
revealed that the bound BF4

¢ ions were in slow exchange on
the NMR timescale in solution (Figure S15), with correlations
to inward-facing host protons detected in the 19F–1H HOESY
spectrum (Figure S16). A third BF4

¢ ion is bound at the
equator of 4 and acts as a tris(monodentate) ligand,[27]

bridging the three equatorial ZnII centers with three of its
fluorine atoms. Two of these ZnII ions are each coordinated to
an additional hydroxide ion; the equatorial belt thus consists
of two six-coordinate ZnII centers and one five-coordinate
ZnII ion. Several combinations of water, hydroxide, and
acetonitrile adducts were detected in the HRMS spectrum
after dissolving the crystals of 4 in acetonitrile (Figure S19),
suggesting dynamic exchange of these weakly bound ligands
at the equatorial positions in solution. This is consistent with
the multiple environments evident in the complex 1H NMR
spectrum of 4, with different signal intensities reflecting slight
preferences for the formation of some adducts over others.

As a result of the similar geometric preferences of CdII

and ZnII ions,[28] we anticipated that a similar M5L6 trigonal
bipyramidal structure would self-assemble upon reaction of
A, p-anisidine, and cadmium(II) trifluoromethanesulfonate
(OTf¢ ; Section S1.7). The 1H NMR spectrum of this solution
was broad, with multiple signals for each proton, similar to
that of 4 (Figure S20). Single-crystal X-ray diffraction
revealed the structure of trigonal bipyramid 5 (Figure 3).

The distance between the apical Cd centers in 5 is 21.9 è,
with 4.74–5.06 è between the equatorial centers, resulting in
a longer and narrower trigonal bipyramid in comparison to 4.
One of the encapsulated OTf¢ ions shows CH···F and
CH···O[29] interactions, which likely contribute both to guest
binding and host stability. The second cavity is also occupied
by a OTf¢ ion, which is bound as a tris(monodentate) ligand
bridging between the three equatorial CdII centers through its
oxygen atoms (Figure 3b). Intriguingly, the octahedral coor-
dination sphere of the equatorial CdII centers is satisfied by
a carbonate dianion, which forms three bonds to the
equatorial metal centers with its oxygen atoms (Figure 3c).
The C¢O bond lengths of 1.26(1)–1.30(1) è are in good
agreement for those expected for carbonate.[30] The poor
solubility of the crystals of 5 hindered NMR characterization
and the investigation of carbonate binding in solution, but
signals detected in the mass spectrum of 5 were consistent
with carbonate binding in solution (Figure S21). As no
carbonate was added to the solution during the self-assembly
of 5, we infer that the anion was generated from atmospheric
carbon dioxide;[31] if self-assembly occurred under a nitrogen
atmosphere, 5 was not observed to form.

To better understand the carbonate binding abilities of
this new trigonal-bipyramidal structure type, further studies
focused upon the structurally similar compound 4 because of
the better solubility of this structure (Section S3.1).

When 4 self-assembled from its subcomponents under
a N2 atmosphere, ESI-MS identified the presence of the
trigonal bipyramid but extended heating did not yield any
changes (Figure S22). However, when this sample was
exposed to air and heated at 70 88C for an additional 48 h,
new signals corresponding to a carbonate adduct of 4 were
detected by mass spectrometry (Figures S22, S23). This
observation suggested that 4 was capable of binding CO2 as
CO3

2¢ in a similar manner to 5. After seven days at 70 88C the
intensities of these new signals (relative to the carbonate-free
form) in the mass spectrum were found to increase, which we
inferred to result from an increase in CO3

2¢ concentration in
solution; only a slight broadening of the signals of 4 in the
1H NMR spectrum was detected during this transformation
(Figure S24).

When helicate 2 was kept at room temperature open to air
for four weeks, no evidence of carbonate binding was evident
in the 1H NMR (Figure S25) or mass spectra (Figure S26).
When excess Me4N

+BF4
¢ (10 equiv) was added to a solution

of 2, the resonance signals in the 1H NMR spectrum of 2
immediately shifted, with the greatest change detected for the
protons orientated towards the interior of 2. Models suggest
that the cavity of 2 is sufficiently large for BF4

¢ encapsulation
(Figure S27). A single 19F NMR resonance signal, shifted
upfield with respect to free BF4

¢ , was detected, suggesting
that BF4

¢ ions were in fast exchange with the cavity of 2
in solution (Figure S28). ESI-MS also provided evidence
consistent with host–guest binding (Figure S29).

Under air over a two week period, the signals attributed to
[BF4

¢�2] in the 1H NMR spectrum decreased in intensity,
with concomitant growth of new, broad signals, which were
comparable to the 1H NMR spectrum of 4. ESI-MS results
were consistent with the formation of trigonal bipyramid 4

Figure 3. a) Space-filling representation of the X-ray crystal structure of
5, where b) two OTf¢ ions (shown in space-filling model) occupy the
two binding pockets of 5 (shown as a framework). c) View down the
long axis of the structure showing coordination of a carbonate ion to
the equatorial CdII centers (apical metal centers are omitted for clarity).
Atom colors: C =gray, N = blue, Cd = light yellow, H = white, F = light
blue, B = pink, O = red, S= dark yellow. Disorder, non-encapsulated
anions, and solvent molecules are omitted for clarity.
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containing bound carbonate (Figure S29). These observations
suggest that the cavity of 4 must first be opened through BF4

¢

or OTf¢ templation before CO2 fixation may occur.
Based on the observation that 4 and 5 were capable of

fixing carbon dioxide as carbonate in solution, we hypothe-
sized that similar small-molecule capture might be possible
with sulfur dioxide (Section S3.2). When a solution of sulfur
dioxide in water was added to the subcomponents necessary
for the formation of 4 in acetonitrile in air, ESI-MS signals
were detected consistent with the formation of the sulfite
(SO3

2¢) adduct of 4 after 25 min stirring at 70 88C (Figures S30,
S31). Sulfate (SO4

2¢) was present in the sulfur dioxide
solution as an impurity (approximately 18 %); MS signals
corresponding to 4 with two equivalents of SO4

2¢ were also
detected (Figure S32). After 25 min, the relative intensities of
the signals for the SO4

2¢ adduct of 4 in comparison to those of
the SO3

2¢ analogue were higher than those detected in
a control experiment monitoring sulfite oxidation (Fig-
ure S30), suggesting that a SO4

2¢ guest was preferred over
SO3

2¢. The rate of decrease in the intensity of the MS signals
attributed to the SO3

2¢ adduct, and the concomitant increase
in the signals for the SO4

2¢ adduct, was consistent with a zero-
order rate of reaction in [SO3

2¢], as has been previously
reported[32] (Figures S30b and c). Single-crystal X-ray dif-
fraction revealed the binding of one SO4

2¢ anion between the
equatorial metal sites (Figure 4).

X-ray diffraction analysis indicated that two oxygen
donors from the bound sulfate dianion chelate one equatorial
ZnII metal center and the remaining two ZnII sites each
coordinate to one oxygen from sulfate and to a water
molecule. Dissolution of the crystals in acetonitrile yielded
a 1H NMR spectrum with sharp signals (Figure S33), suggest-
ing that this anion was bound more strongly than the
previously detected carbonate or hydroxide anions. Peaks
attributable to bound carbonate in the ESI mass spectra were
not detected after bubbling CO2 through a solution of the
SO4

2¢ adduct of 4 at 70 88C over a two week period (Fig-
ure S34). Two signals for BF4

¢ were evident in the 19F NMR
spectrum (Figure S35), attributable to bound and unbound
anions, with a 19F–1H HOESY indicating proximity between
the tetrafluoroborate anion and the inward-facing protons of
4 (Figure S37). We infer that the rate-limiting step of sulfite
oxidation occurs outside of the cavity of 4, given that no
difference was detected between oxidation rates in the
presence and absence of the host.

In conclusion, the acute coordination vectors of ligands
derived from dialdehyde A have allowed for the construction
of two new metal–organic structure types, an M4L6 rectangle
and an M5L6 trigonal bipyramid. The trigonal bipyramid is
capable of fixing carbon dioxide as carbonate and sulfur
dioxide as (oxidized) sulfate. Investigations are underway to
stabilize a variety of unstable anionic species using this
trigonal bipyramid structure.
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