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ABSTRACT ARTICLE HISTORY
Self-assembled supramolecular coordination complexes can take Received 3 May 2022

on a wide range of three-dimensional architectures with varying Accepted 28 July 2022
ratios of metal-to-ligand. Control over which architecture will be

adopted can be difficult to maintain, as many may form from the =~ KEYWORDS

starting materials and conditions present. Characterizing the  C39¢ capsule; nano-
resulting architectures formed can be challenging, in particular R;l)nl_t&f'hetr' titanium; MyLs;
when discerning between lower or higher ordered structures of aber Interconversion
identical stoichiometry. Here we report the synthesis and charac-

terization of a Ti,L; football-like or pill-shaped capsule, unexpect-

edly formed from attempts to synthesize variations on a Tisle

tetrahedron. The two anionic cores are formed from identical stoi-

chiometric ratios of organic linkers and metal nodes. The high

symmetry of the structures, and identical m/z ratios, posed char-

acterization challenges. Crystallization was the only method that

allowed for precise structural determination. In the presence of

appropriate counter ion guests, the Ti,L; capsule converts into

the TisLe tetrahedron at elevated temperatures over several days.
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1. Introduction

Molecular metallocages continue to garner interest for their potential use as reaction
vessels, drug delivery platforms, or as sequestering agents [1-4]. Molecular metallo-
cages are porous polyhedral structures typically consisting of metal nodes at the verti-
ces bridged by polydentate organic ligands. A variety of shapes, mostly Platonic solids,
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Scheme 1. Overview of the structure of HyL ligand and of the stoichiometry of the TisLs tetrahe-
dron and the unexpected Ti,L; capsule. The NEt," counter ions, introduced during synthesis as
NEt,Cl, are not shown for clarity. Only one ligand is shown in each structure for clarity. The TisLg
structure contains a total of six ligands arranged along each edge of the tetrahedron (grey lines).
The Ti,Ls structure contains a total of three ligands (grey lines).

can be obtained from subcomponent self-assembly of predesigned organic linkers
coordinating to metal centers depending on the nature and ratios of the metal salts
and organic ligand used. These cages feature an internal void, which allows for con-
finement of appropriately sized molecules within the cavities, or host-guest chemistry
[3, 5]. Due to their propensity for encapsulating guests, cages are sometimes called
nano-capsules, porous coordination cages, nano-containers, or molecular flasks, among
other terms [6, 7]. Host-guest chemistry within the confinement of the pores of supra-
molecular objects is receiving increasing attention due to the ability of the hosts to
provide cavities with tailored properties, different from the surrounding solvent. These
properties have been used to shield and stabilize highly reactive compounds or cata-
Iytic intermediates [8-10], to promote unexpected reactivity [11-13], or to solubilize
drugs [14-18].

The underlying self-assembly of organic ligands and metal ions into supramolecular
architectures is well studied, with structures obtained ranging from small helicates to
tetrahedra, octahedra, and even large balls, among others [4, 19-21]. The structures
are generally labeled with the notation M,L, where M is the metal, L is the ligand, and
x and y are the corresponding stoichiometric ratios. Which architecture is formed
depends on a multitude of parameters, including factors related to ligand choice (e.g.
shape, denticity, bite angles, functional groups, and rigidity), to node choice (metal
identity, oxidation state), or to the choice of reaction conditions (e.g. solvent and tem-
perature). All these parameters generally allow for a level of predictability and control
over preferred structures [3, 22-24]. However, it is not uncommon for a reaction to
yield multiple products varying by metal-to-ligand ratios leading to multiple architec-
tures and orientations [25-31]. More rarely, it is possible to obtain different structures
of identical stoichiometric ratios [32-39]. Such situations lead to special challenges in
correctly identifying the products as the metal-to-ligand ratios are identical and the
ligand symmetries are often maintained. Assigning structures from routine charac-
terization techniques becomes challenging, as properties of these other complexes
may be identical to the expected architecture. Herein, we report a new Ti,L3 struc-
ture, shaped like an oblong pill and referred to as capsule based on its shape,
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Figure 1. Aromatic 'H NMR profiles of isolated (NEt,)s[TisLe] (top, red) and (NBuy,)4[Ti,Ls] (bottom,

blue), as well as an example of product mixture obtained before purification (middle, purple) in

DMSO-ds. A DMF solvent residual peak, identified by a star symbol can be observed at 7.95 ppm.
Data collected on a 400 MHz instrument.

unexpectedly obtained from conditions generally used for the formation of a TisLe
tetrahedron (Scheme 1).

2, Results and discussion
2.1. Ti,L; structure characterization

Raymond and coworkers reported a Tisle porous tetrahedral structure, where four
Ti(IV) metal nodes are at the corners of a tetrahedron, linked by six ligands “L" along
the edges of the tetrahedron [40]. The structure is charged —8, and is reported with
NEt," counter ions including one NEt," ion encapsulated in the cavity of the tetrahe-
dron [40]. The tetrahedron can be formed from a dicatecholamidonaphthalene ligand
(= H4l) and a titanium salt in the presence of a base (Scheme 1) [40]. This cage fea-
tures a naphthalene ligand core and dicatecholamido binding motifs, which act as the
coordinating pocket for the titanium ions. This ligand has been designed to obtain
MyLe type structures exclusively and prevent the formation of lower order helicate-
type structures [20, 41]. Varying the metal salt has been a strategy to obtain a range
of similar tetrahedral structures of general form MyLg [40-43]. In particular, using
M= Ga(lll) was reported to yield a similar tetrahedral GaysLs cage, charged —12, with
again NEt," counter ions including one NEt," ion encapsulated in the cavity of the
tetrahedron [41]. This particular cage exhibits excellent host-guest properties when
synthesized with alkali metal counter ions, which do not reside within the cavity
because of their smaller size [41]. The Gaylg cage has been reported to encapsulate a
wide scope of molecules, both organic and organometallic [44]. The cavity of the cage
has also served as a stabilization pocket for reaction intermediates, and unexpected
reactivity has been reported such as electrocyclization and proton mediated catalysis
[45-47]. Given the prior reports of the excellent host-guest properties of this family of
supramolecular objects, synthesis of the related TisL¢ structures with alkali metal coun-
ter ions would be benéficial.

Formation of the TisLe tetrahedral structure requires high temperatures, and in situ
DMF solvent degradation has been proposed to provide the required base [40]. As
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Figure 2. Extinction coefficients versus wavelength of K4[Ti,Ls] (solid line) and (NEt,)g[Tislel
(dashed line) in MeOH.

synthesized, following literature precedent, the TisLg cage contains one encapsulated
NEt,™ counter ion and is typically obtained in low yields [40]. Our attempts at synthe-
sizing the TisL¢ cage with other alkylammonium counter ions, or alkali metal counter
ions, have so far not been successful. However, these attempts often yielded the same
materials with a single set of aromatic 'H NMR peaks, at different resonances than for
free ligand, implying the formation of a single highly symmetric product (Figure 1,
bottom). Moreover, characterization of the reaction mixture during TisLg synthesis in
the presence of NEt," ions before purification showed the presence of two sets of res-
onances corresponding to the ligand (Figure 1, middle). One set was attributed to the
expected TisLe tetrahedron based on comparison with an independently synthesized
sample (Figure 1, top), and the other matched the resonances for the new species
observed in reactions using different counter ions (Figure 1, bottom and middle).

First identified through "H NMR spectroscopy, the structure of the new product was
only established as of the form Ti,Ls through single crystal X-ray crystallography (vide
infra) and is referred to as Ti,L; moving forward. The attributions of "H NMR signals to
the new Ti,Ls structure were confirmed after authentic samples were isolated and
purified. Characterization using "H NMR spectroscopy data showed that both the Ti,L;
and TigLe structures are highly symmetric, exhibiting only six aromatic peaks for ligand
protons, plus a broad N-H resonance (see Supplementary Data). Two of the resonances
overlap at 6.36 ppm in the Ti,L; structure (Figure 1, bottom). While the observed 'H
NMR peak shifts are distinctive, '"H NMR alone was not sufficient in establishing the
structure. ">C NMR spectroscopy data were also collected, and simply confirmed that
the expected ligands were present. DOSY experiments did yield significantly different
diffusion coefficients for the two species, with D values of 8.54 x 1077 cm? s~ ' meas-
ured for the TisLg cage and 1.5 x 10°° cm? s~ for the Ti,L; structure. The significantly
larger diffusion coefficient for the Ti,Ls structure is in agreement with the structural
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Figure 3. Side (left) and top (right) views of the single-crystal structure of Ti,Ls, formally obtained
with mixed counter ions as K(NBu,)s[Ti,Ls], with ellipsoids drawn at 50% probability with the col-
ors: C gray, N blue, O red, Ti green. Counter ions, hydrogens, and solvent molecules deleted for
clarity. Back ligand is shaded in the side-view to help visualize the structure.

assignment, though cannot provide structure determination on its own. Other com-
mon characterization techniques are also weak in determining a new structure made
of identical ligands and metals in identical stoichiometric ratios (e.g. elemental analysis
and mass spectrometry). UV-vis spectra of the two species (Figures S11 and S12)
show absorbance features at 335nm and 404 nm in methanol for the TisL¢ cage and
at 334 nm with a shoulder around 405 nm in methanol for the Ti,L; capsule. While the
extinction coefficients are significantly different, about twice as large for the Tisle
cage, these could be determined only after structural identity was established
(Figure 2).

The structure was established through single crystal X-ray crystallography. Crystals
of the new material were grown with mixed NBu," and potassium cations, revealing
the structure as a Ti,Ls oblong pill-shaped capsule, resembling an American football
or rugby ball (Figures 3, S13-S15). This was quite unexpected, as the ligand had been
designed specifically to avoid the formation of lower order structures of this type [41].
The HyL ligand used is reported to prevent the formation of lower ordered structures
due to an offset of the catechol moieties allowing for C, symmetry. The C; symmetry
of the ligand promotes binding of the ligand to two metals on opposite sides, which
is expected to have the ideal geometry to lead to formation of a TisL¢ tetrahedral
cage, disallowing the formation of helicate type structures [20, 41]. However, as evi-
denced by the obtained crystal structures of the Ti,L; capsule, the C, symmetry of the
ligand is not always maintained and at least one pair of catechols are seen binding to
two metals on the same side. This is in contrast with the binding motifs observed in
TisLg cages. Additionally, oxygens in both amido groups on a ligand point above the
plane of the ligand’s naphthalene core, causing a twist in the angle of the catechol
benzene ring, enforcing the odd binding behavior. This is not seen in the reported
crystal structure of Tisls, which shows the typical offset catechol binding with planar
ligands [48]. The Ti,L5 structure exhibits a Ti-Ti distance of 12.6 A, which is comparable
with the average Ti-Ti distance in TisLg of 12.81 A as well as the 12.8 A reported for
the related Feyle structure [41]. In a second crystal structure obtained, more
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Figure 4. Growth of TisLs peaks at 140°C during NMR scale synthesis in DMF-d;. NEt,Cl, HoL lig-
and, and Ti(O'Pr), mixed air free in a 4:3:2 ratio. Only the aromatic region and the region expected
to contain the encapsulated NEt,™ are shown for clarity. Data collected in a high-pressure NMR
tube on a 400 MHz instrument.

disordered and with only potassium counter cations, a smaller Ti-Ti distance of 11.5A
is observed (Figure S15). This structure also exhibited different ligand orientations,
with more of a helicate structure as seen in the views down the Ti-Ti axes (Figure 3
compared to Figure S16). Both crystal structures emphasize the lack of symmetry of
the ligands in the solid state. Structures in which two metal centers are bound by
three ligands are not rare. The metal-to-metal distances vary depending on the choice
of metals and ligands. In these structures, it is often possible to observe a regular twist
of the ligands from one metal center to the other, which gives rise to the name heli-
cate [20]. This helical motif is not observed in the crystal structure of the Ti,L3 capsu-
les in Figure 3 with tetrabutylammonium counter ions (Figure 3), though it is partially
present in the disordered structure with only K™ counter ions (Figure S16).

2.2. Factors influencing Ti,Le or Ti,L; formation

Once the Ti,L3 structure was identified, it was observed to form with a variety of coun-
ter ions. It was found that the Ti,L; core, charged —4, can be synthesized as NR, " salts
(R=Et, Pr, Bu), as confirmed by "H NMR spectroscopic data. It can also form as the K™
salt when an external base such as KOH is added to the reaction instead of relying on
the solvent-degradation base formation. High heat did not appear to be as critical to
the formation of the Ti,L; structure in the presence of an external base such as KOH,
suggesting it is a kinetic product. Ti,L; was also found to be air stable, contrary to
samples of the TisLg cage.

Conditions favoring the formation of one product over another were studied. It was
seen that during the synthesis of the TisLs cage, using DMF degradation as the base
and NEt,Cl as the counter ion source, the Ti,L; structure formed in small amounts.
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Figure 5. Conversion of K4[Ti,Ls] capsule into TisLg in DMF-d; in the presence of excess NEt,Cl.
Little growth was seen from the initial (bottom, blue) spectrum after 5days of heating at 140°C
(green). Heating at 150°C for one day (orange) yielded some conversion before complete conver-
sion was observed the following day (red, top). Data collected in a high-pressure NMR tube on a
400 MHz instrument.
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The subsequent MeOH wash purification step removed the formed Ti,Ls structure,
leaving the pure Tislg cage as the isolated product. However, if NEt,OH is added as
both base and counter ion source in the reaction mixture, only a small amount of
Tisls cage is formed at 120°C, and the major product is the Ti,L; capsule. The base
formed through the degradation of DMF, or perhaps the higher temperatures required
to induce base formation, appears critical in obtaining the TisLg cage. This is surprising
as that is not the case for the related Gaslg structure. Since the DMF degradation is
proposed to be triggered by high heat, it suggests that the TisLe structure is the
thermodynamic product while the Ti,Ls structure is a kinetic product.

To further probe this kinetic/thermodynamic product relationship, TisLes synthesis
was set up in a high-pressure NMR tube and the evolution of the reaction mixture
tracked over time as heat was applied (Figure 4). On first approximation it would be
expected that, if Ti,L; were a kinetic product, it would form quickly in the NMR sam-
ple, followed by slow transformation to the cage as the thermodynamic product with
heat over time. However, this was not observed. Instead, exclusive formation of the
TisLg cage was seen as heat was applied, in amounts increasing over time (Figure 4).
The presence of the cage is easily tracked by the two highly shielded signals corre-
sponding to the encapsulated NEt,™ counter ions at negative ppm shifts. Small Ti,L;
capsule peaks are observed coming out of the baseline only in later traces, once the
baseline is clear enough for them to be observable. Since temperature-induced DMF
degradation is proposed to be the source of the base in solution required to initiate
the reaction, it is possible that by the time the base is formed, the energy required to
form the TisLg cage product is already present. This would explain the lack of strong
Ti,Ls resonances throughout the reaction.

To further investigate this system, an attempt to directly convert the Ti,L3 capsule
into the TisLg cage was set up in an NMR tube in DMF-d; and the reaction was
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monitored over time (Figure 5). The potassium salt of the capsule K4[Ti,Ls] was heated
in the presence of NEt,Cl, to provide NEt," as guest for the cage. This also allowed a
convenient handle to observe the encapsulated NEt,” peak at negative ppm values.
When holding the temperature at 140 °C, the temperature used during the synthesis
of TisLe, minimal transformation occurred over 5 days. However, once the temperature
was increased to 150°C, much quicker transformations were seen, with nearly com-
plete conversion from Ti,Ls to Tislg over 48 h. This supports the claim that Ti,Ls is a
kinetic product, which converts into the thermodynamic product TisLg with
enough energy.

When comparing the behavior of the Gaylg and Tislg systems, it is striking that
high temperatures are required for the TisLg cage but not for the Gaylg cage. It is
also noteworthy that the TisLg synthesis occurs only when using high temperatures
close to the boiling point of DMF, and that at 140 °C only DMF-decomposition as a
base was successful in forming TisLe. This is in contrast with the GasLs cage which
forms at lower temperatures, using KOH as a base. Strikingly, the Ga,L; capsule
analogous to the Ti,L3 capsule reported here has never been observed to date. The
ligand used had been specifically designed to disallow the formation of M,L; type
structures, and none had been reported previously [20, 41]. These observations
could be explained by the greater lability of the Ga-O bonds compared to Ti-O
bonds, which allows the Ga system to self-assemble and self-correct any binding
“mistakes.” The Ti system on the other hand requires more energy to break the Ti-O
bonds for corrections, meaning that higher temperatures are required to reach the
thermodynamic sink. It is possible that if Ga,L; capsule transiently formed during
synthesis, the lability of the Ga-O bonds would lead to the thermodynamic product
GasLle being eventually reached through self-correction during the self-assem-
bly reaction.

3. Experimental
3.1. General considerations

Reagents and solvents used were obtained from commercial sources and used without
further purification unless otherwise stated. Methanol (ACS grade, VWR Chemicals
BDH®), diethyl ether (>99.0% GR ACS, MilliporeSigma), potassium hydroxide (>85%,
VWR Chemicals BDH®), tetraisopropyl orthotitanate (TCl), tetraethylammonium chloride
(96%, Alfa Aesar), tetrapropylammonium bromide (98%, Acros Organics), and tetrabu-
tylammonium bromide (99%, Strem) were used as received. Dimethylformamide
(99.8%, DriSolv® Supelco® MilliporeSigma), DMF-d; (D 99.5%, Acros Organics), and
DMSO-ds (D >99.8%, MagniSolv™ MilliporeSigma) were stored over 3A activated
sieves. Reactions under inert atmosphere were performed inside an oxygen- and
water-free Unilab Pro SP MBRAUN glovebox unless specified. NMR spectra were col-
lected with a 400 or 500 MHz Bruker spectrometer. NMR shifts are reported as o in
ppm and referenced to the corresponding solvent residual peak [49]. NMR scale reac-
tions were performed in regular J-Young tubes or high pressure NMR tubes from
Wilmad-LabGlass. UV-vis data were recorded using an Agilent Cary 5000 UV-vis-NIR
spectrophotometer. Crystallographic data were collected at T=90K on a Bruker APEX-
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II DUO diffractometer equipped with Cu microfocus source. H4,L was synthesized
according to literature procedures and 'H NMR characterization data matches the lit-
erature (Figure S10) [41]. All syntheses were set up in an inert atmosphere glovebox.
The workup was done in an inert atmosphere glovebox unless otherwise noted.

3.2. Synthesis of K,[Ti,Ls]

The ligand HL (199.7 mg, 0.464 mmol) was dissolved in 25 mL of DMF and transferred
to a Schlenk flask. KOH was dissolved in MeOH to yield a 423.1 mM solution and
2.19mL was added to the solution of ligand, turning the colorless solution light yel-
low. To this, Ti(OiPr)4 (91.6 pL, 0.31 mmol) was added, immediately turning the solution
bright orange. The flask was sealed and stirred for 5days at 140°C. The solvent was
concentrated under vacuum to ~2mL, producing a small amount of a white solid,
which was removed by filtration. In a fume hood, ether was added to crash out an
orange solid, which was collected by filtration. This solid was washed with 100 mL of a
5% MeOH in ether solution to remove excess DMF, before further drying under vac-
uum. 167.1 mg were collected (70% isolated yield). Crystals were grown by slow diffu-
sion of diethyl ether in DMF solution of the product, yielding orange needles. '"H NMR
(500 MHz, DMSO-dg) 6: 11.32 (s, 6H), 7.51 (d, 6H), 7.20 (d, 6H), 6.98 (d, 6H), 6.53 (t, 6H),
6.38 (m, 12H). >*C NMR (500 MHz, DMSO-dg) &: 164.98, 160.47, 160.12, 133.73, 127.29,
124.42, 119.32, 117.70, 117.62, 116.16, 115.35, 112.81, 30.76. See Figures S1-S3. DOSY
NMR: an average D, value of 1.5x107® cm? s~' was calculated by using a Bruker
pulse program with 2D sequence for diffusion measurement with stimulated echo and
LED (longitudinal eddy current delay), bipolar gradient pulses for diffusion, and 2
spoil gradients.

3.3. Synthesis of (NEt,)s[TisLel

Following literature precedents [40], H,L (200 mg, 0.465 mmol) and NEt,Cl (115.4 mg.
0.696 mmol) were dissolved in 65mL of DMF and transferred to a Schlenk flask. To
this, Ti(O'Pr), (91.8 L, 0.31 mmol) was added, turning the solution blood red. The flask
was sealed and stirred for 5days at 140°C. During this time, the solution color light-
ened to an orange color. NaHCO; (50mg) in 1 mL degassed water was added to the
solution via a cannula. The solvent was removed under vacuum before the material
was suspended in MeOH and filtered, followed by further MeOH washes. The MeOH
washes remove any formed Ti,L3. The washed solid was collected and dried under
vacuum (100.4 mg, 34% isolated yield). "H NMR (500 MHz, DMSO-dg) 6: 11.77 (s, 12H),
8.17 (d, 12H), 7.66 (d, 12H), 7.37 (d, 12H), 7.09 (t, 12H), 6.56 (t, 12H), 6.33 (d, 12H), 3.07
(g, 56H), 1.06 (t, 84H), —0.93 (m, 8H), —1.78 (t, 12H). '*C NMR (500 MHz, DMSO-d¢) &:
164.83, 159.68, 159.62, 134.10, 125.60, 125.07, 118.18, 116.86, 116.62, 115.89, 115.08,
113.26, 51.35, 49.48, 6.98, 3.37. See Figures S4-S6. DOSY NMR: An average D, value of
854x 1077 cm? s~' was calculated by using a Bruker pulse program with 2D
sequence for diffusion measurement with stimulated echo and LED (longitudinal eddy
current delay), bipolar gradient pulses for diffusion, and 2 spoil gradients.
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3.4. Synthesis of (NEt,),[Ti,Ls]

Equimolar quantities of NEt,Cl and KOH were combined in MeOH and mixed, precipi-
tating KCl. This solution was filtered and diluted to 5mL to obtain a 157.56 mM
NEt,OH stock solution. HsL (30 mg, 0.0697 mmol) was dissolved in 10 mL of DMF and
transferred to a Schlenk flask. To this, 0.9 mL of the NEt;OH solution (0.142 mmol) was
added with stirring, turning the colorless solution yellow. Ti(OiPr)4 (13.766 pL,
0.0465 mmol) was then added, turning the solution bright orange. The flask was
sealed and stirred for 5days at 120 °C. The solution was cooled and concentrated to a
small volume under vacuum, before ether was added to precipitate an orange solid,
which was collected by filtration. The solid was washed with ether and dried to yield
40 mg of solid. Using 'H NMR integration, this solid is estimated to contain 90% of
(NEt,)4[TisLs] capsule, for an estimated overall reaction yield of 75%. Notably, this spe-
cies was never able to be isolated as a single product, as a small amount of
(NEt,)g[TisLe]l cage is formed alongside the Ti,L; capsule (see Figure S7). "H NMR
(400 MHz, DMF-d;) &: 11.61 (s, 6H), 7.72 (d, 6H), 7.32 (d, 6H), 7.21 (d, 6H), 6.48 (m, 12H),
6.36 (d, 6H), 3.35 (q), 1.25 (t).

3.5. Synthesis of (NPr,),[Ti,Ls]

Equimolar quantities of NPr,Br and KOH were combined in MeOH and mixed, precipi-
tating KBr. This solution was filtered and diluted to 5mL to obtain a 152.2 mM NPr,OH
stock solution. HyL (30 mg, 0.0697 mmol) was dissolved in DMF and transferred to a
Schlenk flask. To this, 1 mL of the NPr,OH stock solution (0.152 mmol) was added with
stirring, turning the clear colorless solution light brown, and slightly cloudy. Ti(O'Pr),
(13.77 uL, 0.0465 mmol) was then added, turning the solution orange. The flask was
sealed and stirred at 120°C for 5days. Once at temperature, the cloudiness dissipated.
The solution was cooled and concentrated to a small volume under vacuum, before
ether was added to precipitate an orange solid, which was collected by filtration. The
solid was washed with ether and dried to yield 34 mg of solid (69% isolated yield). 'H
NMR (400 MHz, DMF-d;) &: 11.61 (s, 6H), 7.72 (d, 6H), 7.32 (d, 6H), 7.21 (d, 6H), 6.49 (m,
12H), 6.38 (d, 6H), 3.29 (m), 1.76 (sextet), 0.95 (t) (Figure S8).

3.6. Synthesis of (NBuy),[Ti,Ls]

Equimolar quantities of NBusBr and KOH were combined in MeOH and mixed, precipi-
tating KBr. This solution was filtered and diluted to 5mL to obtain a 191 mM NBu,OH
stock solution. HyL (100.1 mg, 0.233 mmol) was dissolved in DMF and transferred to a
Schlenk flask. To this, 2.427 mL of the NBu,OH stock solution was added with stirring,
turning the colorless solution pale yellow. Ti(OiPr)4 (45.89 uL, 0.0155 mmol) was then
added, turning the solution blood red. The flask was sealed and stirred at 120°C for
8days. The solution turned from blood red to dark orange during this time. The solu-
tion was cooled and 25 mg of NaHCOs3 in 0.5 mL of degassed water were added to the
solution via a cannula, though it was later determined that this step is not necessary.
The solution was concentrated to a small volume under vacuum. In a fume hood,
ether was added to precipitate an orange solid, which was collected by filtration. The
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solid was washed with ether, followed by 10% MeOH in ether to yield 122 mg of dried
solid (67% isolated yield). Crystals were grown in the presence of K from KOH by
slow diffusion of diethyl ether in DMF solution of the product, yielding tiny orange
crystals. "H NMR (400 MHz, DMSO-d¢) &: 11.32 (s, 6H), 7.51 (d, 6H), 7.20 (d, 6H), 6.98 (d,
6H), 6.51 (t, 6H), 6.36 (m, 12H), 3.12 (m, 36H), 1.52 (m, 32H), 1.28 (sextet, 32H), 0.91 (t,
48H) (Figure S9).

4. Conclusion

The unexpected formation of an American football or pill-shaped structure, called cap-
sule due to its shape, of the general form Ti,L3 was reported, and the structure charac-
terized. The new structure type forms using the same reagents in the same ratios as
the expected larger order Tislg cage previously reported. The formation of this new
Ti,Ls structure was surprising as the highly studied ligand had been designed to exclu-
sively form cages of the form MyLg and prevent formation of lower order capsules [20,
41]. It is proposed that the low lability of the Ti-O bonds, compared to Ga-O, contrib-
ute to the unique observation of the M,L; structure when M =Ti. The Ti,Ls structure
forms readily and is obtained when using K*, NEt,*, NPr,™, or NBu," counter ions.
The TisLe cage appears to be the thermodynamic product as it can be obtained from
the Ti,L; capsule in the presence of NEt," counter ions at high temperature.
Characterization of the new lower order Ti,L; structure was challenging due to the
identical stoichiometric ratios of the Ti,L; and TisLe structures. This serves as a caution
when developing new symmetric porous coordination structures, even when using
highly established ligands. It also highlights the need for the development of
enhanced methods for crystal growth and structural determination for supramolecular
objects which are notoriously difficult to crystallize [50].
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