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Abstract

Supramolecular hosts with flexible and controllable shapes offer the prospect of generating new
technologies, for example in selective chemical purifications. However, balancing flexibility with the
rigidity and fidelity required for successful assembly and guest recognition needed for purification
applications remains challenging. Here we report a Zn,L, tetrahedral cage that interconverts between
four diastereomers, driven by binding different guest molecules. The truxene-based cage backbone
features inward-pointing methyl groups that enclose guests and differentiate the cavities of otherwise
similar diastereomers. The cage switches quantitatively between two T-symmetric diastereomers
when exposed to adamantane in varying stoichiometry, and adopts Cs- or Cz-symmetric
diastereomers in the presence of lower-symmetry guests. Cyclic ion-mobility mass spectrometry
(cIMS-MS) provided insights into the structure and dynamics of these diastereomeric host-guest
complexes, indicating that the cage can retain its stereochemistry following guest release. We
leveraged this “shape-memory” effect to achieve the programmable binding of different guests from
a mixture, as controlled by pre-programmed host stereochemistry.

Introduction

Metal-organic cages often display intricate stereochemistry, which emerges from the confluence of
multiple interconnected stereogenic units such as octahedral' and tetrahedral®> metal ions, chiral
ligands,®**® and low-symmetry ligands capable of assuming multiple different orientations in the cage
framework.®2° Although cages are usually designed to adopt a single, highly symmetrical
stereoisomer,?2® cages with intrinsic stereochemical flexibility?® present attractive features as
supramolecular hosts, as they can modulate their cavity to optimize guest binding,?-?” enabling high-
affinity binding to a broad scope of guests.?®

Several design strategies have been developed to construct robust, yet stereochemically flexible,
metal-organic cages. These include structures where the metal vertices can change their relative
stereochemistry,?*32 heteroleptic assemblies where rectangular ligand panels can change their
orientation,' or cages based on conformationally flexible ligands.?®

Although the adaptive guest-binding of flexible hosts is fundamentally interesting, their applicationin
chemical purification®® would require that they selectively and predictably extract a specific cargo
from a mixture, rather than constantly rearrange to bind multiple different guests in competition. The
dynamic nature of flexible hosts must therefore be balanced with structural fidelity that prevents
information loss, such that the host adopts a specific shape and retains it, leading to selective guest
recognition.

Here, we investigate the stereochemical plasticity of homoleptic Zn4L, tetrahedron 1—structurally
much simpler than previously reported flexible hosts—that selectively interconverts between four
different diastereomers, as templated by guest molecules. The small degree of offset in the truxene-
centered ligand backbone allows both clockwise and anticlockwise-oriented faces to be incorporated
into the structure without incurring prohibitive levels of strain, while endohedral methyl groups3* 3
differentiate the cavities of the resulting diastereomers. Each isomer thus displays shape
complementarity to different guests, resulting in highly selective templation. We show that the



stereochemistry dictated by a guest can be retained following its release, enabling the controlled
binding of different guests from a mixture by pre-programming the stereochemistry of the host.

Results and discussion

Host 1, a Zn4L, tetrahedron, was assembled from hexamethylated truxene trianiline subcomponent
AMe 2-formylpyridine and Zn(NTf,), in acetonitrile (Figure 1a). We have recently investigated the
contrasting stereochemical preferences of 1 and 2, its ethyl congener: 2 adopts a T-symmetric
structure with A,AC, (AC- anticlockwise, Figure 1b) relative stereochemistry, labelled Ts,*® which
features minimal backbone strain and cavity size, whereas 1 favors the A,C, diastereomer, labelled Ty,
which is stabilized by attractive head-to-head Me-Me contacts.®” The '"H NMR spectra of the two cages
(Figure 1c) reflect this stereochemical dichotomy, featuring distinct chemical shifts consistent with
different T-symmetric frameworks. Furthermore, along with the signals corresponding to the major T-
symmetric isomer, the 'TH NMR spectrum of 1 reveals several minor, low-symmetry diastereomers, as
indicated by splitting of the ligand protons into multiple non-equivalent environments. The imine
region of the spectrum contains 14 discernible singlets, which correspond to at least four coexisting
diastereomers (Supporting Information, section 2). Hypothetically, the structures of these minor low-
symmetry isomers may contain a combination of A- and A-configured metal vertices, and/or a
combination of C- and AC-configured truxene faces. Evidence presented below supports the latter
possibility—the low-symmetry isomers feature homochiral metals and heterochiral faces, as listed in
Figure 1b.

Each diastereomer of 1 encloses a cavity of distinct size and shape, defined by the geometry of the
cage backbone and further accentuated by the endohedral methyl groups (Figure S118). The subtle
stereochemical balance 1 exhibits might therefore respond to the presence of guest molecules, which
could drive it to preferentially express the optimally binding diastereomer. Indeed, when 1 equivalent
of adamantane (G1) was added to a solution of 1 in CD3;CN, followed by heating to 70°C for 12 hours,
the mixture of diastereomers was transformed to cleanly generate a new set of signals attributed to
G1CTs-1 (Figure 1c). The encapsulation of a single adamantane molecule was confirmed by
integration of the upfield-shifted bound guest peaks in the "H NMR spectrum, and the observation of
a 1/1 1-G1 complex by high-resolution mass spectrometry (HRMS, Figure S106). The '"H NMR
spectrum of G1CTs-1 closely matches that of Et-containing Ts-2 (Figure 1c), in further support of this
stereochemical assignment. Thus, a single equivalent of adamantane drives the transformation of 1
from a mixture of isomers featuring predominantly T;-1, into the otherwise minor Ts-1. We attribute
the strong binding (K.10° M7, see Supporting Information, section 3) that underlies this
transformation to extensive London dispersion forces between adamantane and the twelve
endohedral methyl groups surrounding it.38 3¢

Remarkably, when G1CTs-1 was treated with excess adamantane and the mixture was heated to
70°C, a second transformation occurred, yielding G1,CT;-1, where the configuration of 1 reverted to
T.-1, capable of accommodating four adamantane molecules in its cavity. G1,CT;-1 also formed
spontaneously when excess adamantane was added to 1 at room temperature, along with residual
low-symmetry diastereomers that equilibrated upon heating (Figure 1d). The slow-exchange
encapsulation of four adamantane molecules in G1,cT;-1 was confirmed by integration of the 'TH NMR
spectrum and HRMS (Figures S11, S107). Treating 1 with smaller amounts of G1 yielded mixtures of
G1CTs-1 and G1,CT.-1 (Figure S19). The ratio between integrals of peaks corresponding to bound G1
and T;-1 exceeds 3.5/1 even with a relatively small excess of added G1 (=3 equivalents), indicating
positively cooperative binding (Figure S20).4° Thus, the stereochemistry of 1 can be quantitatively
toggled between T, and Ts simply by varying the stoichiometry of added adamantane (Figure 1d).
Although cages that encapsulate multiple guest molecules are well-known,**® the efficient
stoichiometry-dependent stereochemical switching displayed by host 1 is unprecedented.
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Figure 1. a. Subcomponent self-assembly of ZnsLs cages 1 and 2. b. Two types of stereogenic centers—the metals and
faces of the cage—can give rise to 19 possible stereoisomers (Supporting Information, section8). The five
diastereomers featuring homochiral metals are listed. c. The distinct '"H NMR spectra of cages 1 and 2 reflect their
differing relative stereochemistry. Additionally, 1 exists as a mixture with several low-symmetry diastereomers. d.
Different amounts of adamantane switch the stereochemistry of 1 to optimize binding.

A diverse range of guests were found to be encapsulated by 1 and influence its isomer distribution
(Figure 2). Cyclohexane (G2) displayed similar behavior to adamantane, albeit with lower selectivity
and binding affinity, where either G2sCT,-1 or G2CTs-1 predominated in the presence of a large excess
(500 equiv.) of G2 or upon heating with a smaller excess (50 equiv.) of G2, respectively (Figures S74-
S78). Cycloheptane (G3) and cyclooctane (G4) initially bound to T;-1 but favored Ts-1 upon thermal
equilibration (Figures S79-S80). Likewise, aliphatic guests of lower symmetry (G5-G7) templated the
formation of Ts-1 (Figures S81-S83). Small aromatic guests such as fluorobenzene (G8), toluene (G9)
and fluorene (G10) led to slight shifts of the '"H NMR peaks corresponding to T;-1, indicating fast-
exchange binding, but did not affect the isomer distribution (Figures S84-S89). Benzene (G11), in
contrast, templated the formation of a Cs-symmetric isomer of 1 (Figures S57-S64), as did the larger
triphenylmethane (G12, Figures S90-S91) and triphenylsilane (G13, Figures S48-S56). Guests
containing multiple aromatic units, even the tetrahedral tetraphenylmethane (G14, Figures S92-S93),



favored the formation of a Cs-symmetric diastereomer of 1. The pesticide mirex (G17), a
bioaccumulative pollutant, bound to T;-1 and a minor amount of Ts-1 (Figures S65-S73).
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Figure 2. Summary of guests tested for binding within 1, grouped by their stereochemical influence.

Partial 'TH NMR spectra of three selected low-symmetry host-guest complexes are shown in Figure 3a,
with the imine and methyl regions highlighted. A large excess (600 equivalents) of benzene (G11) was
found to drive the formation of a Cs-symmetric diastereomer, characterized by four imine signals and
eight methyl peaks, which bound benzene with fast exchange. Triphenylsilane (G13) also templated
the formation of a Cs-symmetric isomer, where peaks corresponding to a single encapsulated G13
molecule were observed (Figures S48-S56). The relatively voluminous G13 is best accommodated by
the 4,C;AC, isomer, labelled Cs.-1, the larger of the two possible Cs-symmetric isomers, rather than
the smaller 4,C,AC; isomer, Css-1 (Table S2, Figure S118). We therefore assign the structure of the
complex as G13cC3-1. Since we could not observe bound-guest "H NMR peaks for benzene, nor
detectits complexes with 1 by HRMS, we could not conclusively determine whether it templates Css-1
or C3.-1. Guest substitution experiments (Figures S100-S101), however, point to the latter possibility,
with Cj3.-1 likely accommodating multiple benzene molecules.

9,9-Spirobifluorene (G16) templated a C,-symmetric diastereomer of 1 (Figures S30-S47), featuring
six imine peaks and twelve well-resolved methyl peaks, ranging from 0.39 to 2.65 ppm in the '"H NMR
spectrum (Figure 3a, bottom). To the best of our knowledge, this is the first reported example of a C»-
symmetric diastereomer of a homoleptic tetrahedral cage. Whereas free G16 (D.y symmetry)
displayed four "H NMR signals between 7.95 and 6.61 ppm, encapsulation in the cavity of C»-1 led to
its desymmetrization, resulting in eight broad signals (Figure 3b), shifted upfield by as much as
2.78 ppm relative to the free guest. These signals sharpened when the spectrum was acquired at —
15°C, and partially coalesced at 70°C. In the C,-symmetric cavity, the symmetry of G16 decreases
from Doy to Ds, and the two otherwise homotopic benzene rings of each fluorene unit become
diastereotopic, resulting in two distinct environments for each proton type (Figure 3c). A 180° rotation
of the guest inside the cavity results in exchange between the two environments, giving rise the
observed coalescence behavior. ROESY NMR experiments (Figures S38-S44) provided detailed
information about the orientation of G16 relative to the low-symmetry host and helped rule out a co-
conformation where the principal C; axis of the guest (passing through both fluorene ring systems) is
aligned with the C; axis of the cage framework.
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Figure 3. a. Highlights of the imine and methyl regions in "H NMR spectra of three selected low-symmetry host-guest
complexes. Inward- and outward-pointing methyl groups are marked with i and o, respectively. b. Bound-guest region
of the "H NMR spectra of G16cC2-1 acquired at various temperatures. c. Illustration of the exchange between the two
environments in bound G16, and a molecular model of G16cC2-1.

Although we were unsuccessful in obtaining single crystals of low-symmetry host-guest complexes
suitable for X-ray diffraction, several independent observations allowed us to establish the
stereochemistry of the low-symmetry diastereomers described above. Firstly, along with a previously
reported crystal structure corresponding to the predominant 4,C,4 (T.) configuration of 1 observed in
solution,®” we obtained a crystal grown under different conditions (Supporting Information, section 6),
which contained a mixture of A4Cs;AC: (Cs-1) and A4sC,AC: (C2-1) isomers. These structures
demonstrate that the stereochemical flexibility of 1 stems from its ability to adopt heterochiral faces,
rather than vertices. In addition, computational assessment (GFN2-xTB*}) of the stability of low-
symmetry isomers with heterochiral metals (e.g. A3N1C4, A2N,C,) versus heterochiral faces (e.g.
A,C3AC,, A4C,AC,) showed that the latter are consistently lower in energy (Table S1), in line with the
observed crystal structures.

Complementary insight into the structures of the diastereomers of 1 was provided by cyclic ion
mobility-mass spectrometry (cIMS-MS, Supporting Information, section7).** lon mobility
spectrometry can separate isomeric ions according to their shape and size (as reflected in collisional
cross-section values).**® Compared to more common ion mobility techniques, cyclic ion-mobility
(cIMS) achieves uniquely high resolution by repeatedly passing the analyte ions through a cyclic
racetrack, thus significantly increasing their pathlength. From a sample of guest-free 1, the [1]®* ion
was mass-selected and analyzed by cIMS. Figure 4a shows three mobilograms of [1]®* with different
numbers of passes through the cIMS racetrack. The mobilogram obtained with 10 passes clearly
shows the presence of five isomers, in agreement with the 'TH NMR data. Moreover, the arrival times
and relative intensities of the signals indicate the relative population of the diastereomers: the peak
with the longest arrival time corresponds to the largestisomer, T, and possesses the largest intensity,
in agreement with the '"H NMR spectrum of 1. The major T, is followed in intensity by C3;, C2, Css, and
Ts, which have progressively smaller molecular volumes (TableS2). A 9.9/5.2/2.6/1.8/1
T./C3./C./Css/Ts ratio is extracted by integrating the peaks in the mobilogram (neglecting differences
in relative response factors between the isomers).

Next, the host-guest complexes of 1 were analyzed by cIMS, as mass-selected [GC1]%* ions (Figure 4b,
left). The resulting mobilograms corroborate the assignments from 'H NMR: adamantane (G1,
1 equiv.) and cyclooctane (G4) template the formation of the smallest diastereomer—Ts-1, whereas
an excess of adamantane templates the formation of G1,CT;-1, which can be inferred to expand upon



encapsulation of four G1 molecules, as indicated by the longer arrival time compared to free [T;-1]%".
Mirex (G17) also templates T;-1, along with a minor amount of an additional isomer, identified as Ts-1
by "H NMR (which indicated the formation of two T-symmetric complexes, Figure S66). The cavity of
Ts-1 must expand significantly to accommodate the relatively large G17, in line with the longer arrival
time for G17CTs-1 compared to complexes of smaller guests, such as G1cCTs-1 and G4cCTs-1.
Complexes of C3-1 and C»-1, favored by G12/G13 and G16, respectively, were clearly resolved,
though only differing by the C/AC configuration of a single truxene face, highlighting the potential of
cIMS in analyzing mixtures of subtly different isomers.

cIMS-MS also provided a unique method to study the dynamics of the host-guest complexes upon
release of the guest, namely through the fragmentation of the [GC1]%" ions. Following mass-selection
of [GC1]®¥, collision-induced dissociation (CID) prior to cIMS separation results in guest release,
generating [1]®" ions that can be analyzed by cIMS. If guest release would induce complete scrambling
of the stereochemical information of the host, the mobilograms of [1]®* generated by guest release
would be expected to be identical to that derived from a sample of guest-free 1. In contrast, deviation
from the isomer distribution of guest-free 1 would indicate that the stereochemical information
templated by the guest is retained upon its release. The mobilograms in Figure 4b (right)
overwhelmingly point to the latter scenario—1 retains its stereochemistry following guest release. For
example, comparing the mobilograms resulting from loss of G1 and G4 from Ts-1, it can be inferred
that G4 is released through a mechanism which does not require significant reorganization of the host,
as the mobilogram still shows mostly Ts-1. In contrast, release of the more spherical and strongly
binding G1 leads to almost complete equilibration of 1 back to the original isomer distribution,
indicating a release mechanism proceeding with a larger extent of host dissociation. Apart from G1,
however, all other guests were found to be released while 1 retained an isomer distribution remarkably
closeto that of the parent host-guest complexes, even though all guests apart from G4 are much larger
than the portals at the cage edges, hence requiring substantial reorganization of the host to exit the
cavity. These results thus indicate a “shape-memory” phenomenon, where the cage retains an out-of-
equilibrium isomer distribution following the release of template guests.*°-52
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Figure 4. cIM-MS studies of 1 and its host-guest complexes. a. The five diastereomers of 1 can be resolved by cIMS. b.
Mobilograms of host-guest complexes (left) corroborate the stereochemical preference inferred by '"H NMR. MS-MS
fragmentation of the [GC1]®" ions to release bound guest, followed by cIMS analysis of the nascent[1]® ions, show that
the guest-templated stereochemistry is retained following guest release.

Figure 5 depicts two manifestations of this feature in solution. Competitive binding experiments
between cyclohexane (G2) and adamantane (G1) (Figures S96-S97) yielded G1,CT.-1 as the
thermodynamic product (Figure 5a). However, if the weaker-binding cyclohexane was added first, to
form G2sCT;-1, and excess adamantane was added subsequently, G1.CT;-1 was not generated
immediately, as would be expected if guest exchange proceeded with a substantial degree of host
dissociation. Instead, over the course of weeks at room temperature, mixed
cyclohexane/adamantane complexes could be observed by "H-NMR (Figures S98-S99), which slowly
converted to the thermodynamic G1,CT;-1. The ability to generate such metastable mixed-guest



complexes might find use in promoting intermolecular reactions within the cavity of 1 and controlling
their selectivity.?3-5°

In a second competitive binding experiment, an equimolar mixture of mirex (G17) and cyclooctane
(G4) was added to empty 1 (Figures S102-S103). The larger mirex was selectively bound by the major
T.-1, leaving the smaller cyclooctane in solution. Alternatively, if empty 1 was first treated with
cyclohexane and heated to 70°C for 12 hours, the stereochemistry of 1 was “molded” to Ts. Upon
addition of the same G4/G17 mixture, the smaller G4 was bound selectively (displacing G2), leaving
G17 in bulk solution. Thus, 1 can be programmed to extract either guest from the mixture, by
templating its stereochemistry with a displaceable guest. This preliminary experiment demonstrates
that hosts with programmable stereochemistry can be employed to extract different guests from a
mixture at will, instead of employing multiple different hosts specifically designed for each guest.
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Figure 5. a. 1 binds adamantane (G1) more strongly than cyclohexane (G2), but the displacement of G2 by G1 proceeds
slowly, through far-from-equilibrium mixed-guest complexes. b. Adding a mixture of a large guest (mirex, G17) and a
small guest (cyclooctane, G4) to empty 1 (predominantly Ti) results in selective encapsulation of G17. In contrast, if
G2is first used to template the transformation of 1 to Ts stereochemistry, addition of the same mixture of guests results
in the selective encapsulation of G4.

Conclusion

Host 1 displays remarkable stereochemical flexibility, both in terms of the number of accessible
isomers and the selectivity with which each isomer can be favored. We show that this flexibility stems
from the ability of the cage framework to feature mixed clockwise and anticlockwise truxene faces, as
supported by crystallography and computational studies. Cyclic ion mobility-mass spectrometry
reinforced the stereochemical analysis of host-guest complexes and was uniquely effective in probing
the mechanism of guest release, indicating that the stereochemical information templated by a guest
can be retained upon its release. This property of host 1 enabled the preparation of far-from-
equilibrium mixed-guest complexes, and the programable binding of guests from a mixture.

Further refinement of the design principles that give rise to stereochemically plastic cages, along with
methods to study their dynamics, could lead to programmable supramolecular hosts of utility in
advanced purification and catalysis applications.
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