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ABSTRACT: A tetrahydroxytriptycene ligand 1 assembles through O−H···
anion hydrogen bonds into a range of different structures. With tetrabuty-
lammonium bromide, 1 forms a stable nanotube structure that is supported by
O−H···anion hydrogen bonds, but its space is occupied by the large cation. In an
effort to produce the nanotubes with different cations and anions, 1 was
crystallized with different salts. The reaction of 1 with tetraethylammonium
bromide gives a 2D net structure, while 1 and tetrapropylammonium bromide
give a discrete 1:2 complex. Attempting to co-crystallize 1 and tetramethylammonium bromide gave crystals of an oxidized
quinone form of the ligand. When 1 was crystallized with tetrabutylammonium terephthalate, two different one-dimensional
anion coordination polymers were obtained, depending on the crystallization solvent: acetonitrile gave a zigzag polymer, while
methanol gave a linear structure. In both cases, the tetrabutylammonium cations fill the gaps between the 1D polymers, giving a
layered 2D morphology. The wide range of architectures prepared from a relatively simple ligand illustrates the potential utility of
O−H···anion interactions for constructing solid-state materials.

■ INTRODUCTION

Research into the supramolecular chemistry of anions1,2 has
tended to focus on their behavior in solution, for example, in
the study of synthetic hosts3−7 and transmembrane transporters
for these species.8−11 Typically these solution-state systems
have used hydrogen bonds to interact with the anion of
interest,12−19 although recently halogen bonding has been
developed as a potent alternative to hydrogen bonding.20−24

O−H hydrogen-bond donors have received little attention,
despite such interactions being important in biological anion
recognition processes.25−27 Nevertheless, key studies by the
groups of Sessler,28 Smith,29 and Gale30 have shown that
aromatic or benzylic alcohols can be effective anion receptors.
Recently Wang, Kass, and co-workers have demonstrated that
flexible aliphatic polyols also exhibit high chloride anion
binding affinities in polar organic solvents.31−35

In contrast to metal cations,36 which have been employed to
prepare a range of complex materials including cages,37,38

interlocked structures,39,40 and framework materials,41,42 the
use of anions to template the formation of self-assembled
supramolecular systems remains underexplored. Pioneering
studies by the groups of Wu43,44 and Kruger and
Gunnlaugsson45 used phosphate or sulfate to form anion-
templated cages. A handful of helicates46−49 and other
polymeric structures50−57 have also been prepared using this
methodologyin all cases, these structures are held together
by N−H···anion hydrogen bonds. Recently, we demonstrated
that O−H···anion hydrogen bonds could be used instead of N−
H hydrogen bonds to assemble supramolecular polymers.58

We were interested in demonstrating the use of O−H···anion
hydrogen bonding to form stable porous materials. We selected
triptycene as a component that would help to create a porous

structure, as its rigid propeller shape generates large intra-
molecular free volume (IMFV).59,60 This property of triptycene
has been exploited in the pursuit of porous polymers,61−64

coordination polymers,65−68 and porous molecules.69−72 Using
this approach, we recently reported that the triptycene-based
ligand 1 containing four phenolic O−H groups73 assembles
with bromide anions to give hexagonal nanotubes with the
formula [1·(TBA·Br)2]n via O−H···Br− hydrogen bonding
(TBA = tetrabutylammonium cation, Figure 1).74 Using other

anions (Cl−, I−, NO3
−, or HSO4

−) did not give crystalline
products. The nanotubes could be prepared in bulk, and
remarkably, can withstand vacuum, heat, or water without loss
of the nanotube structure.
In this work, we extend our investigation of these interesting

anion-templated materials by investigating the interaction of 1
with other bromide-containing organic salts. Specifically we
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Figure 1. Assembly of 1 and TBA·Br to give solid-state hexagonal
nanotubes.74
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were interested to see if we can retain the nanotube structure,
while reducing the size of the countercation, and in so doing
increase the porosity of the anion-templated assemblies. We
also study the assembly of 1 and the divalent anion,
terephthalate, to form anion-templated polymers.

■ RESULTS AND DISCUSSION
Effect of Cations. Background. It is known that in certain

cases, the choice of countercation can greatly affect the apparent
anion association strength measured in solution.75 This is
particularly the case when association constants are measured
in relatively nonpolar solvents such as dichloromethane or
chloroform, as in these solvents tetraalkylammonium anion
salts often remain ion-paired, reducing the amount of anion
available for binding.76 In other cases, the cation may genuinely
affect anion association affinity, for example, by binding to the
receptor and modulating the recognition in some way.75,77

It is well-established that changing the counteranion in a
transition metal-templated system can dramatically influence
the structure formed, and a number of elegant metal-
losupramolecular assemblies have been prepared in this
manner.78−80 In contrast, the effect of countercation on
anion-templated assemblies has received almost no attention.
Maeda and co-workers have elegantly demonstrated that
varying the cation can affect the gross structure and properties
of “charge-by-charge” assemblies consisting of a negatively
charged planar anion·receptor complex and noncoordinating
cations.81,82 In these systems, while the anion···receptor
interactions appear to remain unchanged on varying the
countercation, the interactions between the cation and the
planar anion·receptor complex as well as the ability of the
cations to pack efficiently with the host−guest complex cause
dramatic changes in the mesoscale properties of the system.
Solution Studies. Before studying the effect of cations on the

solid-state anion-templated structures formed from 1, we were
interested to see if changing the countercation had an influence
on the solution binding of bromide anion to 1. The binding of
TEA·Br and TPA·Br to 1 was studied in the polar organic
solvent CD3CN, to allow comparison with previously reported
data for TBA·Br. As shown in Table 1, there is very little

difference between the association constants recorded for the
three different salts, suggesting little cation−anion pairing in
the competitive solvent used. Notably, binding is modest in all
cases; the highest association constant calculated is 92 M−1,
which implies that only about 14% of the bromide anions in a
1:1 mixture of 1 and TBA·Br would be bound to a receptor at
the concentrations used for the binding studies, 2.0 mM.

Crystallization of 1 with “Large” Tetraalkylammonium
Salts. Although our primary motivation for this study was to
incorporate smaller cations into the nanotube architectures to
make more porous structures, we also investigated the
crystallization of 1 with larger tetraalkylammonium bromide
salts. However, despite several attempts, we were unable to co-
crystallize 1 with tetrapentylammonium, tetrahexylammonium,
tetraoctylammonium, or hexadecyltrimethylammonium bro-
mide. For each cation, diethyl ether vapor was diffused into a
1:2 stoichiometric mixture of 1 and the salt in three different
solvents (dichloromethane,85 acetone, or acetonitrile), but this
gave only oils, or in the case of hexadecyltrimethylammonium
bromide, crystals of the tetraalkylammonium salt.86

Crystallization of 1 with TPA·Br. Vapor diffusion of diethyl
ether into a 1:2 mixture of 1 and TPA·Br in either
dichloromethane,85 acetone, or acetonitrile gave single crystals.
In all cases, these crystals had very similar unit cells, and a full
data collection was undertaken on the crystals grown from
acetonitrile. The single crystal X-ray diffraction (SCXRD) data
revealed that a discrete 1:2 complex was formed, [1·(TPA·Br)2]
(Figure 2). Repeating the crystallization but using a 1:1 ratio of
1 and TPA·Br gave crystals with the same unit cell as [1·(TPA·
Br)2].
Both O−H groups point toward a single Br− and form short,

linear O−H···Br− hydrogen bonds (∠O−H···Br: 174 and
175°). H···Br− distances are 2.35 and 2.40 Å, which is 77−78%
of the sum of the van der Waals radii (%vdWH,Br).

87,88 In the
previously reported nanotube structure,74 the O−H groups
point to the sides facilitating the polymeric structure and are of
comparable length (72−83%vdWH,Br).

74

Each bromide anion in [1·(TPA·Br)2] is enclosed in a
“pocket” composed of TPA cations, although no significant
close contacts are observed between the cations and anion
(closest contact, H···Br− = 2.99 Å, 98%vdWH,Br). Several close
contacts are observed between the hydroxyl oxygen atoms of 1
and TPA cation C−H groups (H···Br: 2.59−2.95 Å, 85−96%
vdWH,Br), suggesting the presence of weak hydrogen bonds in
the solid state.

Crystallization of 1 with TEA·Br. Vapor diffusion of diethyl
ether into a 1:2 stoichiometric mixture of 1 and TEA·Br in
acetonitrile, methanol, or a chloroform/acetone/methanol
mixture gave crystals with similar unit cells.89 A full data
collection was undertaken on the crystals grown from
acetonitrile, revealing the formation of a 2D net structure
containing a 2:3 ratio of 1:TEA·Br, i.e., [1·(TEA·Br)1.5]n
(Figure 3). Using 1.5, 2.0, or 2.5 equiv of TEA·Br all gave
crystals with unit cells consistent with that of [1·(TEA·Br)1.5]n.
The asymmetric unit cell contains one molecule of 1, and one
and a half TEA cations and bromide anions. Both TEA cations
exhibit positional disorder, with one disordered over a site of
symmetry. While its identity was apparent, the TEA cation on
the symmetry site could not be sensibly modeled, and so
PLATON-SQUEEZE was used to include this electron density
in the refinement. In order to try and model powder X-ray
diffraction data (PXRD, vide infra), a crude refinement of this
disordered cation was attempted, but this refinement is of low
quality; these refinements are discussed in more detail in the
Supporting Information.
As with [1·(TPA·Br)2], the structure of [1·(TEA·Br)1.5]n is

held together by O−H···Br− hydrogen bonds, which in this
structure vary significantly in length (H···Br− = 2.36−2.76 Å,
77−90%vdWH,Br). One end of 1 has both O−H hydrogen
atoms pointing sideways, while at the other end, one O−H

Table 1. Association Constants and Free Energies of Binding
of Tetraalkylammonium Salts to 1

salt Ka
a,b (M−1) Ka

a,c (M−1) ΔGb (kJ mol−1) ΔGc (kJ mol−1)

TEA·Br 76(2) 82(2) −10.7 −10.9
TPA·Br 68(1) 71(1) −10.4 −10.6
TBA·Br 85(5) 92(3) −11.0 −11.2

aEstimated standard errors of fitting Ka are given in parentheses. These
are the errors in the fitting of the curve and are an approximate
measure of the random error in the data. They do not account for
systematic error (such as inaccuracies in the quantities of reagents
measured out, or the temperature of the NMR spectrometer), and as
such the true uncertainty is probably substantially larger. bFit with
WinEQNMR program.83 cFit with f ittingprogram.84
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group points sideways and one forward. While analysis is
complicated due to the disorder of the TEA cations, it does
appear that at least one position of one of the disordered
cations engages in a moderately short C−H···O hydrogen bond
with a phenolic oxygen atom from 1.
Bulk Synthesis of [1·(TEA·Br)1.5]n and [1·(TPA·Br)2]. The

anion-templated structures [1·(TEA·Br)1.5]n and [1·(TPA·
Br)2] could be prepared in bulk by simply dissolving the
appropriate ratio of 1 and tetraalkylammonium salt in CH3CN
and subjecting these solutions to diethyl ether vapor diffusion.
After thorough drying in vacuo, this gave [1·(TEA·Br)1.5]n and
[1·(TPA·Br)2] as large single crystals in 62% and 72% yield,
respectively. The products were characterized by 1H NMR and
IR spectroscopies, as well as elemental, thermogravimetric, and
melting point analysis.
PXRD. PXRD was used to determine whether the structure

of the bulk products was consistent with that determined by
SCXRD. Figure 4 shows the recorded traces and the simulated
patterns based on the SCXRD data (see the Supporting
Information for further details).
In the case of [1·(TPA·Br)2], there is excellent concordance

between the observed PXRD trace and that calculated from the
SCXRD structure. For [1·(TEA·Br)1.5]n, the agreement is not
as good, though the patterns are very similar. We postulate that
the small differences are due to the difficulty of adequately
modeling the two disordered TEA cations. While one cation
could be modeled relatively well, another is disordered over a
special position. It was extremely difficult to model this, and
effectively this species could take any of a number of positions
in this area, which would greatly affect the simulated PXRD
trace. While it is not possible to exclude the existence of a
different crystalline phase, this seems unlikely as by inspection
under a microscope all crystals have the same habit, and several
crystals gave indistinguishable unit cells. The possibility of a

significant amount of impurity with a different molecular
formula can be excluded on the basis of 1H NMR spectroscopy
and elemental analysis.

Thermogravimetric Analysis. As shown in Figure 5, both [1·
(TEA·Br)1.5]n and [1·(TPA·Br)2] show high thermal stability,
with thermal decomposition commencing at approximately 240
°C for [1·(TPA·Br)2] and 280 °C for [1·(TEA·Br)1.5]n. The
relatively high stability of these molecules is perhaps surprising
given the weak interactions used to construct them, and
suggests that anion-templated materials may be stable enough
for practical applications.

Crystallization of 1 with TMA·Br. Diethyl ether vapor
diffusion into a 1:2 stoichiometric mixture of 1 and TMA·Br
gave a few dark brown crystals.90 As shown in Figure 6, the
SCXRD structure of this product does not contain any TMA·

Figure 2. Structure of [1·(TPA·Br)2] determined by SCXRD. Most hydrogen atoms are omitted for clarity.

Figure 3. Structure of [1·(TEA·Br)1.5]n determined by SCXRD. TEA cations and most hydrogen atoms are omitted for clarity.

Figure 4. Comparison of observed and simulated PXRD traces for [1·
(TEA·Br)1.5]n and [1·(TPA·Br)2].
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Br, and instead clearly shows that 1 has been partially oxidized
to give 2. In this molecule, one of the catechol rings of 1 has
been oxidized to the quinone form. This is evidenced by short
CO bond lengths [1.220(3) and 1.230(3) Å, compared with
1.366(2) and 1.368(3) Å for the catechol O−H groups] and a
wide range of C−C ring bond lengths due to the presence of
both single and double bonds.
We have previously observed that a hexahydroxytriptycene is

readily oxidized to the bis-catechol quinone form during crystal
growth.74 In that case, the ligand could be deliberately oxidized
by stirring with base in methanol. In the case of 1, we could
achieve partial oxidation by heating 1 to reflux in the presence
of base91 (KOAc), open to the air in methanol. However, even
after extended reaction times, the reaction did not proceed to
completion and a mixture of 1 and 2 was obtained.
Effect of Anions. We were unable to obtain any crystalline

material containing 1 when attempting to co-crystallize 1 with
TBA·Cl, TBA·I, TBA·HSO4, or TBA·NO3 despite using a range
of solvents and crystallization conditions.74 This is in stark
contrast to the nanotubes [1·(TBA·Br)2]n, which crystallize
readily from a wide range of solvents. We have now investigated
the assembly of 1 with terephthalate (TP) anions, to see what
the effect of using a 2− anion would be on the self-assembled
structure. We were unable to investigate the solution binding of
TP, as addition of this anion to 1 caused the O−H resonance to
disappear (no other resonances showed significant movement
upon anion addition).
Zigzag Anion Coordination Polymer [1·TP·(TBA)2]n.

Dissolving 1 and TBA2·TP in acetonitrile and leaving the
mixture to stand gave a microcrystalline precipitate, which has
the formula [1·TP·(TBA)2]n. This material was isolated in 58%

yield, and its identity was confirmed by 1H NMR and IR
spectroscopies. Carefully layering a solution of TBA2·TP in
acetonitrile with an acetonitrile solution of 1 gave single crystals
suitable for SCXRD studies. The complex is a 1D anion
coordination polymer with a zigzag structure that is held
together by O−H···O hydrogen bonds (Figure 7).

The asymmetric unit cell of [1·TP·(TBA)2]n contains one
TBA cation, half a TP anion, and half a molecule each of 1 and
CH3CN. The two crystallographically independent O−H
groups form convergent hydrogen bonds to one of the
carboxylate oxygen atoms. These hydrogen bonds are very
short, H···O distances are 1.76 and 1.77 Å, 65% and 66%
vdWH,O [O···O distances = 2.611(1) and 2.583(1), ∠O−H···O
= 171 and 161°, respectively]. The other TP carboxylate
oxygen atom is not involved in significant hydrogen bonding.
The TBA cations sit between the 1D anion coordination
polymers, giving an overall 2D layered structure.

Linear Anion Coordination Polymer [1·TP·(TBA)2]n. Vapor
diffusion of diethyl ether into a solution of the bulk product [1·
TP·(TBA)2]n in methanol gave a few colorless crystals (and a
very deep purple-brown solution). SCXRD showed that these
are a linear 1D anion coordination polymer, [1·TP·(TBA)2]n
(Figure 8). The asymmetric unit cell contains half a molecule of
1, half a TP anion, and one TBA cation. A region of ill-defined
diffuse electron density believed to arise from disordered
solvent molecules could not be sensibly refined, and so
PLATON-SQUEEZE was used to include the electron density
in the refinement.
The polymer is held together by short O−H···O hydrogen

bonds between the hydroxyl groups of 1, which both point
inward. The H···O distances are 1.75 and 1.78 Å, which equates
to 64 and 66% vdWH,O, respectively [O···O distances =
2.613(2) and 2.600(2), ∠O−H···O = 170 and 159°,
respectively]. As was observed for the zigzag anion coordina-
tion polymer, the TBA cations sit between the 1D chains,
giving an overall 2D layered structure.

Figure 5. Thermogravimetric analyses of [1·(TEA·Br)1.5]n and [1·
(TPA·Br)2] (10 °C/min under N2).

Figure 6. Structure of 2 determined by SCXRD. Most hydrogen atoms
are omitted for clarity. Bond lengths are given in Å.

Figure 7. Solid-state structure of zigzag anion coordination polymer
[1·TP·(TBA)2]n as determined by SCXRD: (a) image showing zigzag
polymer composed of 1 and terephthalate anions; (b) image showing
alternating layered structure (most hydrogen atoms and acetonitrile
solvent are omitted for clarity).

Crystal Growth & Design Article

DOI: 10.1021/acs.cgd.5b01342
Cryst. Growth Des. XXXX, XXX, XXX−XXX

D

http://dx.doi.org/10.1021/acs.cgd.5b01342


We were not able to isolate this material in bulk, as a
significant amount of 1 appears to be oxidized when it is
dissolved in methanol. A methanol solution of 1 containing
TBA2·TP rapidly turns purple, and if the bulk product [1·TP·
(TBA)2]n is dissolved in CD3OD or DMSO-d6, new peaks
become visible in the 1H NMR spectrum within a few minutes,
which appear to correspond to the partially oxidized form, 2.
Interestingly, while oxidation begins within minutes, even after
2 weeks in CD3OD, complete conversion of 1 to 2 is not
observed.

■ DISCUSSION

While crystallizing 1 with smaller tetraalkylammonium bromide
salts did not allow us to isolate the desired porous nanotube
architectures, we were able to prepare other robust bulk
materials via anion-templation. Changing from TBA to TPA to
TEA results in nanotube,74 discrete, and net-like architectures,
respectively. It is surprising that varying the tetraalkylammo-
nium cation has such a profound effect on the structure and
hydrogen-bonding arrangement of the anion-templated materi-
als.
As previously discussed, Maeda and co-workers have

elegantly demonstrated that varying the cation can affect the
gross structure and properties of “charge-by-charge” assem-
blies.81,82 However, in their systems, the structural changes are
thought to arise from packing of the anion and cation rather
than the anion···receptor hydrogen-bonding arrangement. In
contrast, in the complexes containing 1, the coordination
between the host and receptor is disrupted by varying the
cation.
The solution binding data (vide supra) indicate that the

cation has a negligible influence on the solution behavior of
these systems, as would be expected for these “non-
coordinating” cations. However, on crystallization, a dramatic
structure-directing effect is observed.
These systems bear an interesting resemblance to counter-

anion-templated transition metal complexes78−80 as a signifi-
cantly weaker force (interactions between the alkylammonium
cations and 1 in our case, interactions between ligand and
anions in the case of counteranion templation) has a major
influence on product structure. This occurs even in the
presence of a stronger structure-directing synthon (O−H···Br

hydrogen bonding in our system, metal···ligand coordination in
the case of counteranion templation.)
In the case of the anion coordination polymers prepared

from 1 and (TBA)2·TP, changing solvent caused a significant
change in the architecture of the supramolecular polymer. A
change in the hydrogen-bonding arrangement was also
observed. Notably, in both cases, the hydrogen bonds are short.
Two different effects can be considered when trying to

rationalize the formation of the various different anion-
templated products in this work: either maximizing the various
weak intermolecular forces present, or trying to form a close-
packed product. In the bromide-templated materials, there
appear to be some relatively close contacts between the
alkylammonium cations and 1; however, the disorder present in
the cations of the TEA and TBA-containing structures means
that we cannot draw firm conclusions about the impact of these
short contacts on the nature of the product formed.
The close-packing argument may explain why we were

unable to obtain crystalline material containing alkylammonium
cations larger than TBA. However, the nanotube structure of
[1·(TBA·Br)2]n contains significant void space, yet still forms
reproducibly.
Taken together, we suggest that a mixture of several factors

determines the architecture of these anion-templated systems.
These factors include satisfying the O−H···anion hydrogen
bonding requirements of the ligand and anion, achieving
reasonably efficient crystal packing (minimizing void space),
and “secondary” hydrogen-bonding interactions between the
alkylammonium cation and the ligand.

■ CONCLUSIONS

Several anion-templated structures have been assembled using
O−H···Br− or O−H···terephthalate hydrogen bonds. In the
case of the bromide anion-templated architectures [1·(TEA·
Br)1.5]n and [1·(TPA·Br)2], these materials can be prepared in
bulk in good yields and display high thermal stability. When 1
was crystallized in the presence of TMA·Br in methanol,
crystals of an oxidized form of 1 were obtained. We also
observed partial oxidation of 1 beginning almost immediately
when it was dissolved in CD3OD or DMSO-d6 in the presence
of TBA2·TP. Despite this, single crystals of two different forms
of 1D anion coordination polymers could be obtained by

Figure 8. Solid-state structure of linear anion coordination polymer [1·TP·(TBA)2]n as determined by SCXRD: (a) image showing linear polymer
composed of 1 and terephthalate anions; (b) image showing alternating layered structure (most hydrogen atoms omitted for clarity, PLATON-
SQUEEZE has been used).
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growing the crystals from two different solvents, and one of
these could be prepared in bulk in good yield.
All of the various anion-templated structures reported in this

paper (discrete complex, 2D net, different 1D anion
coordination polymers) are obtained from a relatively simple
tetrahydroxytriptycene ligand. We suggest that design and
synthesis of more complex ligands will allow the preparation of
practically useful anion-templated materials. Work toward this
goal is underway.

■ EXPERIMENTAL SECTION
General Remarks. Dimethyltetrahydroxytriptycene 1 was pre-

pared as previously described.92 Tetrapentylammonium bromide was
prepared from tetrapentylammonium iodide by washing a CH2Cl2
solution of this compound repeatedly with NH4Br(aq). Tetrabutylam-
monium terephthalate was prepared from terephthalic acid and
tetrabutylammonium hydroxide in methanol/water as previously
described.93 All other reagents were bought from commercial suppliers
and used as received. Details of instrumentation are given in the
Supporting Information.
Synthesis of [1·(TEA·Br)1.5]n. Dimethyltetrahydroxytriptycene 1 (35

mg, 0.10 mmol) and TEA·Br (32 mg, 0.15 mmol) were dissolved in
acetonitrile (5 mL) and subjected to diethyl ether vapor diffusion.
Over 2−4 days, large pale brown crystals developed; these were
isolated by filtration, washed with copious diethyl ether, and
thoroughly dried in vacuo to give [1·(TEA·Br)1.5]n as pale brown
single crystals. Yield: 41 mg (0.062 mmol, 62%).

1H NMR (CD3CN, 5.0 mM, 300 MHz): 7.25−7.31 (m, 2H), 6.96−
7.02 (m, 2H), 6.85 (s, 4H), 6.72* (br. s, 4H), 3.14 (q, J = 7.3 Hz,
12H), 2.21 (s, 6H), 1.19 (apparent tt, J = 7.3 Hz, 1.8 Hz, 18H) ppm.
*Peak disappears on addition of D2O.
IR: ∼ 3150 cm−1 (broad, O−H stretch). EA: C 61.7, H 7.5, N 3.5%;

calc. for [1·(TEA·Br)1.5], C34H48N1.5O4Br1.5: C 61.7, H 7.3, N 3.2%.
mp 218.5−219.5 °C.
Synthesis of [1·(TPA·Br)2]. Dimethyltetrahydroxytriptycene 1 (35

mg, 0.10 mmol) and TPA·Br (53 mg, 0.20 mmol) were dissolved in
acetonitrile (5 mL) and subjected to diethyl ether vapor diffusion.
Over 2−4 days, large pale brown crystals developed; these were
isolated by filtration, washed with copious diethyl ether, and
thoroughly dried in vacuo to give [1·(TPA·Br)2] as pale brown single
crystals. Yield: 67 mg (0.072 mmol, 72%).

1H NMR (CD3CN, 5.0 mM, 300 MHz): 7.25−7.30 (m, 2H), 6.96−
7.01 (m, 2H), 6.86* (br. s, 8H), 3.01−3.07 (m, 16H), 2.21 (s, 6H),
1.58−1.71 (m, 16H), 0.94 (t, J = 7.3 Hz, 24H) ppm.
*Peak intensity reduces on addition of D2O.
IR: ∼ 3190 cm−1 (broad, O−H stretch). EA: C 62.8, H 8.7, N 3.3%;

calc. for [1·(TPA·Br)2], C46H74N2O4Br2: C 62.9, H 8.5, N 3.2%. mp
180.0−181.0 °C.
Synthesis of [1·TP·(TBA)2]n. A solution of TBA2·TP (26 mg, 0.040

mmol) in CH3CN (2 mL) was added to a solution of 1 in CH3CN (14
mg, 0.040 mmol) in a vial. The solution was stirred briefly, then the
vial was sealed and left to stand overnight giving a sandy-colored
microcrystalline precipitate. This was isolated by filtration, washed
with CH3CN (3 × 1 mL) and CH2Cl2 (3 × 1 mL) and dried in vacuo
to give [1·TP·(TBA)2]. Yield: 23 mg (0.023 mmol, 58%).

1H NMR (CD3OD, 300 MHz): 7.95 (s, 4H), 6.77 (s, 4H), 7.20−
7.26 (m, 2H), 6.92−6.98 (m, 2H), 3.19 (t, J = 8.4 Hz, 16 H), 2.20 (s,
6H), 1.58−1.68 (m, 16H), 1.34−1.46 (m, 16H), 1.01 (J = 7.3 Hz,
24H). IR: ∼ 3000 (broad, obscured, O−H stretch), 1736 (C−O
stretch), 1366 (C−O stretch), 1229 (C−O stretch), 1217 (C−O
stretch). mp. ∼ 230 °C (dec.).
X-ray Crystallography. SCXRD data were collected on a Bruker

APEX DUO diffractometer using graphite monochromated Mo Kα
radiation (λ = 0.71073 Å) or Cu Kα radiation (λ = 1.54178 Å). All
data were collected at 90 K to a resolution of 0.77 Å. Raw frame data
(including data reduction, interframe scaling, unit cell refinement, and
absorption corrections) for all structures were processed using
APEX2.94 Structures were solved using SUPERFLIP95 and refined

using full-matrix least-squares on F2 within the CRYSTALS suite.96

Unless otherwise stated, all non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were generally
visible in the Fourier difference map and were initially refined with
restraints on bond lengths and angles, after which the positions were
used as the basis for a riding model.97 Individual structures are
discussed in more detail in the Supporting Information. Full
crystallographic data in CIF format are provided as Supporting
Information [CCDC Numbers: 1400478−1400480 and 1418005−
1418007].
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