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ABSTRACT

Hierarchical assembly provides a route to complex architectures when using building blocks with
strong and structurally well-defined recognition elements. These rules are expressed using cationic
templates with reliable metal-ligand bonding but use of anions is rare on account of weak anion-
host contacts. We investigate an approach that relies on host-host interactions to fortify assemblies
formed between bisulfate anion dimers, [HSO4+ssHSO4]?", and shape-persistent macrocycles
called tricarbazole triazolophanes. These macrocycles have significant self-association. In
chloroform, they form high fidelity, triple-decker stacks with bisulfate dimers. The strength of
host-host interactions allows for preferential formation of the 3:2 tricarb:bisulfate architecture over
an ion-paired architecture seen with analogous macrocycles with much weaker self-association.
Solvent was expected and found to tune host-host contacts enabling formation of a 2:2 complex
and solvent-driven switching between triple- and double- stacked structures. Crystallography of
the 2:2:2 complex supports the idea that significant host-host interactions with tricarb arises from
dipole-stabilized n-stacking. Computational studies were also conducted further highlighting the
importance of host-host interactions in stacked complexes of tricarb. These findings
unambiguously verify the importance of host-host interactions in the assembly and stability of

discrete, responsive anion-templated architectures.
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Introduction

The multi-component, hierarchical assembly of molecular building blocks(!! is of interest
for the preparation of discrete and environmentally responsive architectures./? These structures
are characterized by reliable design rules: strong inter-component contacts with well-defined
geometries. For example, tetrahedra,™ cubes,™ and nanospheres!® all utilize strong metal-ligand
binding[® with preferred stereochemistries. Anion-directed assemblies are rarerl”! and often
Emerge as the after-effect of cation-directed assembly.®! Their rarity can be attributed to weaker
anion-host binding. New strategies for assembly are needed to overcome this problem. Helicates!®!
and tetrahedral'® use anions of higher charge (2—/3-),1%9 1% |everage polydentate hosts, ¢ %-6. 10l
or use non-coordinating cations.®¢ %9 11 New anion-directed self-assembly has been seen with
hydroxyanions like bisulfate (HSO4") and hydrogen phosphate (H2PO4") that also display these
features. These anions form anti-electrostatic,* self-complementary OHee+O hydrogen bonds
(Figure 1a)*? to become linked together and raise their charge,*® such as bisulfate dianion dimers
[HSO4e+«HSO4]* .14 These dimers are stabilized in solution when co-assembled with a host, ™!
e.g., cyanostar macrocycles.[** 161 Yet these macrocycles do not work alone. They stack together
as a pair or trimer, which suggests a new way to enhance stability and direct structure with host-
host contacts. However, such host-host interactions involving cyanostars are not strong enough to
control co-assembly, as evidenced by the formation of mixturest*4 161 of products. To explore this
novel idea fully for the first time, we employ a new class of macrocycle, the tricarbazole
triazolophane,*™ aka tricarb (TC, Figure 1b-d). This macrocycle has similar anion recognition to
cyanostar but it displays stronger self-association!*’® from favorable electrostatic interactions
(dipole-dipole coupling) between r faces (Figure 1c and 1d). It is expected, therefore, that these

host-host contacts stabilize architectures of discrete-numbers of stacked hosts.
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Figure 1. (a) Chemical structures of anionic guests employed in this study: bisulfate (HSO4")
dimer, naphthyl-phosphate (Np-HPO4") dimer, and perchlorate (CIO47). (b) Chemical structures of
tricarb macrocycles TC-6 and TC-9. (c) Electrostatic potential map of a single macrocycle. (d)
Molecular model of the triple stack of tricarb macrocycles. Box shows complementary dipole

interactions between triazole and carbazole units between r-stacked faces.

The role of host-host interactions in guest-directed self-assembly is poorly understood.
Host-host interactions have been shown to play roles in determining the structure of self-assembled

4
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building blocks,*® and the switching of the preferred chirality of helical structures.[**! Insights into
the role of hosts in anion-driven assembly are from indirect experiments,[%¢: 9 123 12b, 16b, 20] Hngt.
host interactions can be characterized by their degree of self-association. For cyanostars, there is
moderate self-association (Figure 2a) as evaluated using an isodesmic, equal-K model®® to be Ke
= 225 M (dichloromethane).*®! This equilibrium constant refers to the following reactions

between macrocycles (MC):

MC + MC = (MC)2 Ke
(MC)2 + MC = (MC)3 Ke
(MC)h+MC = (MC)hs1  (n=1,2..)) Ke

When this host-host interaction was enhanced using solvent polarity, the mixture of bisulfate
complexes shifted from favoring dimer stacks to trimers, i.e., from 2:2 to 3:2 macrocycle:anion
complexes. The existence of host-host contacts was also hinted at by Kubik with his 2:2 tetra-
pseudopeptide:phosphate complex.[**1 In the solid state, the methyl groups of one receptor are
observed to align with the aromatic rings of the second receptor. This observation led the authors
to conclude that dispersion interactions between the two receptors may contribute to the overall
stabilization of the complex. Further investigation of the host’s self-association was not
undertaken. Thus, it appears possible for host-host interactions to positively impact the complexes

formed.
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Figure 2. Distribution of hosts as higher-order multimers in the sub-0.1 mM concentration range
predicted using the equal-K model for (a) cyanostar (Ke = 225 M) and (b) tricarb (Ke = 800,000

M1,

We provide the first investigation of the role of host-host interactions on the stability and
hierarchical structure of hydroxyanion complexes. We take advantage of the tricarb macrocycle
on account of its dominant, relative to other macrocycles,?% 22 host-host self-association (Ke ~
105 M), [17 which is three orders of magnitude larger than that of the cyanostar macrocycles (Ke
~10? M1).[240] This situation produces a significant degree of multimer formation prior to addition
of anions (Figure 2b); as expected, all behaviors contrast with the product mixtures seen with
cyanostar. We prepared tricarb macrocycles with different alkyl chain lengths to both test the
modularity of the synthesis™*’® and to aid in structural characterization. Nonyl substituents (TC-9,
R = CoH19, Figure 1b) provide solubility for performing binding studies while shorter hexyl chains
enable crystal growth (TC-6, R = CsH13). Tricarb forms high-fidelity, triple decker stacks around
bisulfate dimers in chloroform. Assignment as a 3:2 complex was supported by control studies
using anions (Figure 1) that only form 2:2 (mononaphthyl phosphate, NpHPOs") and 2:1

(perchlorate, ClO47) complexes. Solvent conditions in which the macrocycle has lower self-
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association shifted speciation to favor the 2:2 species further highlighting the importance of host-
host interactions. This behavior enabled the realization of a solvent-driven switch between distinct
triple and double-stacked architectures. The species and equilibria observed experimentally were
also examined using density functional theory (DFT) and a continuum solvation model used
previously with shape-persistent macrocycles.[?®l Computational results supported the solvent-
responsive character resulting from host-host contacts. Furthermore, analysis of electrostatic
potential maps showed that host-host contacts synergistically enhance the electropositive character
of the binding pockets. These findings unambiguously verify the importance of host-host contacts

in producing both discrete and responsive anion-templated architectures.

Results and Discussion
Macrocycle Synthesis

Tricarb macrocycles TC-6 and TC-9 were synthesized in a seven-step reaction sequence
(Scheme 1) with good overall yields (45% and 50%, respectively), culminating in high yielding
one-pot macrocyclizations. The route previously reported!*’d was used with modest modification.
Specifically, the conditions for the transformation of amino carbazole intermediate into azide 6
have been improved using milder conditions. Macrocyclizations for TC-6 and TC-9 from the
corresponding difunctional precursors proceeded in 65% and 70% vyields. Since our initial
publication, Nakamura et al. have independently synthesized a similar macrocycle with dodecyl

chains using different protocols.[""]
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Scheme 1. Synthetic scheme for the one-pot syntheses of tricarbs TC-6 and TC-9 (1,2

dichloroethane,  DCE; trimethylsilylacetylene, = TMSA; diisopropylamine,  DIPA;

tris(benzyltriazolylmethyl)amine, TBTA).

Bisulfate Dimers Co-assemble with Triple-stacked Tricarb Macrocycles in Chloroform

All solution studies were undertaken with the soluble nonyl-substituted tricarb, TC-9. *H
NMR titrations of the tricarb macrocycle (Figure 3a) with bisulfate show direct formation of the
3:2 species at 0.7 eq in chloroform. Early on in the titration we see the growth of a broadened set
of aromatic proton resonances (black trace, Figure 3b) that convert into sharp peaks at 0.7 eq. All
the inner protons (H? HP, H°) are shifted ~0.4 ppm downfield relative to the uncomplexed
macrocycle, consistent with CHeesanion binding.[*"* 20¢ 241 The bisulfate dimer resonance at 13.39
ppm, which is indicative of the formation of the dimer’s self-complementary hydrogen bonds,™4

shows maximal intensity at 0.7 eq. of added anion (Figure 3b). Intensity losses after this point are

attributed to exchange with uncomplexed bisulfate anion. We also see that the aromatic signature

This article is protected by copyright. All rights reserved.
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of the 3:2 complex persists even in the presence of a 25-fold molar excess of bisulfate. Such super-
stoichiometric conditions were seen previously with cyanostar to drive the formation of a 2:2:2
complex™] at the expense of the 3:2 species in chloroform. These results show that the 3:2
bisulfate complex is both persistent and formed in high fidelity when using the self-associating

tricarb macrocycle.

The signature for the 3:2 assembly is consistent with two outer and one inner macrocycle.
The spectra show overlapping multiplets for protons HY/H9 (~ 7.8 ppm, Figure 3c) and H¥/H' (~7.2
ppm) assigned to the two different chemical environments of the outer (d, e, f, g) and inner
macrocycles (d’, €', ', g'). Additionally, the relative intensities of the aromatic protons (H*-H?¢,
Figure S5) are consistent with previously observed tricarb macrocycle complexes.[*’d Two-
dimensional NMR (gCOSY, Figure S6) shows that four unique spin systems make up the observed
multiplets. Exemplary of this assignment, correlations in the COSY NMR spectrum are observed
between protons HY at ~7.8 ppm and He at ~7.2 ppm (and H¢ and H) on the outer macrocycles.
This correlation is mirrored by protons H% and H® of the inner macrocycle. Consistently, no
through-bond correlations exist between resonances assigned to protons of the inner and outer

macrocycles.
Diffusion NMR experiments were undertaken to determine the size of the 3:2 complex by

comparison to a 2:1 complex with perchlorate (ClO47). Consistently, the diffusion coefficient (D2:1
=3.11 + 0.04 x 1071 m? s71) was larger than the 3:2 complex (Dz:2 = 2.89 + 0.03 x 10710 m? s1).
The volume ratios derived from the diffusion coefficients of the 3:2 and 2:1 complexes (1.07 £0.02,

Figure S16) match volume ratios derived from molecular models (1.12 £0.02).
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Figure 3. (a) *H NMR titration (600 MHz) of tricarb TC-9 (1 mM) with HSO4~ in CDCls at 298
K. (b) Plot of normalized peak intensities of the triazole (H?, red) and [HSO4e+sHSO4]%>" dimer
(H°H, black) protons. Dashed line represents 0.7 eq. of HSO4™. (c) Expanded region of the *H NMR
spectrum of the 3:2 assembly (1 mM, 0.7 eq. HSO4~, 298 K) showing the splitting of protons HY,
HY, HY, and HY.
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The proton resonances and diffusion NMR of the tetrabutylammonium (NBus*) cation
were examined in order to gauge its possible involvement in ion pairing with the dianionic 3:2
complex in chloroform. The a-methylene protons of the NBus™ cation remain stationary at 2.58
ppm from 0-0.7 equivalents of bisulfate indicating that ion pairing with the complex is either
completely present (100%) or absent (0%). From 0.8-25 equivalents of added bisulfate, the a
proton resonance shifts steadily downfield to 3.26 ppm consistent with the NBus™ cation forming
ion pairs with the excess bisulfate in solution. Diffusion NMR experiments (Figure S15)
monitoring the tricarb’s aromatic resonances at 0.67 eq. of added bisulfate confirm the absence of

pairing between NBus* and the 3:2 complex. Consistently, the NBus* cation displayed a diffusion
constant much larger than that for the 3:2 species (Dngu,* = 4.43 £ 0.01, Drrica = 2.89 £ 0.03 x 10~

10 m? s1). These values lead to a large volume ratio of 3.55 + 0.04 matching reasonably well with

the volume ratio of ~4 obtained from space filling models of the species.

The high-fidelity and selective stabilization of the 3:2 species in chloroform is remarkable
given the expectation of this low-dielectric solvent to serve as a strong medium for enlisting ion
pairing to stabilize a 2:2:2 complex as was seen previously with cyanostar.[#?1 The preference of
the 3:2 triple-decker tricarb complex over a 2:2:2 assembly was unexpected. For this reason, we
speculated that the preference for the 3:2 may result from the steric exclusion of the cation from
the dianion by the outer-most macrocycles. If this was the case, then the overall stability of the 3:2
complex would be expected to be poor. To assess the stability of the 3:2 complex, we conducted
dilution experiments (5 mM to 5 uM, 0.7 eq. HSO4~, Figure S17). Surprisingly, the 3:2 complex
persisted over all measured concentrations. This behavior is in striking contrast to the 2:2:2

cyanostar complex,1 which instead dissociated into uncomplexed macrocycles below 50 pM.

11
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The stability and selectivity for the 3:2 complex is attributed to strong host-host
interactions. Consistently, speciation modelling[?® of the self-association of tricarb alone (Figure
S18) shows that stacks of three or more macrocycles dominate in solution at concentrations as low
as 5 uM. Under the same conditions, cyanostar exists solely as a monomer. The differences in
behavior between the two macrocycles reinforce the importance of host-host interactions in these

co-assemblies.

Double-stacked Tricarb Complexes Form in More Polar Solutions

The substantial self-association of tricarb macrocycles is now believed to selectively
stabilize the 3:2 complex in chloroform (¢ = 4.8) over all other possibilities. To further test this
idea, NMR titrations were repeated in a solvent system of a higher polarity in a bid to weaken the

intermolecular dipole-dipole contacts believed to enhance macrocycle self-association.[*7a

A H NMR titration of tricarb conducted in a more polar solution containing 20% v/v of
added acetonitrile in chloroform (emix ~ 12, Figure 4)[?81 shows a signature for the 2:2 complex.
With the addition of bisulfate, we see broadened peaks in the aromatic region settle into their final
position and sharpen up at 1 eq. of anion. Additionally, aromatic protons H, H¢, Hf, and H9 do not
split into the multiplet signature of the 3:2 assembly seen in neat chloroform confirming that a

different complex is formed.

12
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Figure 4. 'H NMR titration (600 MHz) of tricarb TC-9 (1 mM) with HSO4~ in 20% v/v CDsCN

in CDClz at 298 K in which a 2:2 complex is formed.

Upon cooling, the broad resonance assigned to the overlapping peaks of protons H% and H9
resolves into two doublets (Figure 5). The observance of doublets is consistent with a 2:2 species
in which the two macrocyles in the complex are in similar chemical environments. This outcome
contrasts with the 3:2 complex where multiplets indicated two different environments for the inner

and outer macrocycles.
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Figure 5. Variable temperature *H NMR spectra of protons H® and HY within the [(TC-

9)2(HS0O4)]1? complex (1 mM, 1.0 eq. HSO4~, 20% v/v CDsCN in CDCls, 500 MHz).

The equivalence point of the titration of TC-9 with bisulfate (1.0 eq.) and the variable
temperature data strongly suggest the formation of a 2:2 species. The observation of a resonance
for the bisulfate dimer at 13.2 ppm precludes the formation of a complex around a single anion
(either a 2:1 or 1:1 species) in this mixed solvent system. Alternatively, the observed signature
could also result from a 3:2 species that emerges a little later in the titration, coincidentally at 1
eq., as a consequence of weaker binding affinity (smaller £) in the polar solvent mixture. To
distinguish between these two possibilities, we conducted titrations using a guest that is only

capable of forming 2:2 species in order to establish its signature for comparison.

To definitively assign the complex formed between tricarb and bisulfate in polar solvents
as the 2:2 species, we titrated tricarb with the mononaphthyl phosphate anion (NpHPO4~, Figure

6), which only forms a 2:2 complex on the basis of sterics.[*% The titration was conducted in 20%

14

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.201800827

v/v acetonitrile in chloroform. The chemical shifts of the 2:2 product are consistent with the
titrations seen with bisulfate, including the overlapping of protons H¥9 and H*". The peak shifts
for the 2:2 complex observed upon the addition of mononaphthyl phosphate to tricarb show the
internal protons of the macrocycle (H?, H°, H°) are shifted further downfield than is observed with
bisulfate, consistent with behavior seen with cyanostar.[4® 63 Plots of normalized titration data
(Figure 6c) reveal that the 2:2 NpHPO4~ complex (blue) and the assembly formed between tricarb
and HSO4  (red) in the acetonitrile mixture follow identical titration curves. The similarities
between the titrations of tricarb macrocycles with the HSO4~ and NpHPO4~ anions support the

assignment of a 2:2 bisulfate complex in the 20% v/v solvent mixture.
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Figure 6. (a) *H NMR (600 MHz) titration of tricarb TC-9 (1 mM) with NpHPO4~ in 20% v/v
CD3sCN in CDCl3 at 298 K. (b) Chemical Structure and peak labels of tricarb (red) and NpHPO4~
(blue). (c) Plot of the normalized peak shift of proton H? upon the addition of HSO4 (red) and
normalized peak intensity of proton H? upon the addition of NpHPO4~ (blue) in 20% v/v CD3CN

in CDCl; at 298 K.
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The *H NMR spectrum of the 2:2 tricarb complex with [NpHPO4s+sNpHPO4]?* displays
resonances at ~15.2 ppm for the self-complementary anti-electrostatic hydrogen bonded phosphate
homodimer. Through-space correlations are observed in the *H-‘H ROESY NMR experiments on
the 2:2 complex when conducted in chloroform (Figure S9). These correlations indicate a close
spatial relationship between protons of the self-complementary hydrogen bond of the phosphate
dimer and the inner CH hydrogen bonding protons of the tricarb macrocycles (H?, H®, H°). Thus,

these correlations place the homodimer inside the macrocyclic cavities.

The pairs of closely-spaced peaks in the *H NMR signature of the 2:2 complex with
naphthyl phosphate indicate the presence of diastereomers. The parent tricarb macrocycles are
prochiral and when viewed from one face the macrocycles can be distinguished stereochemically
by their clockwise (P) and counter-clockwise (M) priority directions.’@ When the macrocycles
undergo anion binding to form the 2:2 complex, their plane of symmetry is lost. Thus, meso (MP
combinations of n-stacked macrocycle dimers) and chiral (MM and PP) diastereomers of dimer
stacks are possible and are observed in the spectrum of the 2:2 complex.

Two phosphate dimer peaks (15.19 and 15.21 ppm) reflect diastereomeric pairs of the TC-
9 macrocycles in the 2:2 complex. We assign these peaks to a pair of diastereomers rather than
31p-1H coupling on account of the fact that both the peak-to-peak separation (15 Hz) and sharpness
of the peaks are inconsistent with typical 2Jpn coupling of 20-30 Hz.!*"l Diastereomers are also
seen with protons H?, H® and HC. The observation of diastereomeric peaks has been seen
previously in 2:2 complexes of hydroxyanions with cyanostar.*4® 16281 \Within such complexes the
position of one cyanostar macrocycle relative to the other was fixed in place as a result of the steric
gearing between the macrocycle’s bulky substituents. The fixed positions allow the unique

chemical environments in the meso (MP) and chiral (MM and PP) diastereomers to be

16
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resolved.[?*d First, the fact that we see unique chemical resonances in the naphthyl phosphate
complex indicates that the diastereomers are in slow exchange with each other. Second, we also
posit that resolution of unique chemical shifts for the diastereomers reflect a relatively fixed
rotation angle between n-stacked tricarb macrocycles. While these macrocycles do not have the
steric gearing seen with cyanostar, the complementary host-host interactions between tricarb
macrocycles (dipole-enhanced r-contacts, Figure 1d) might serve a similar purpose. Without fixed
rotational configurations, we would expect dynamic rotational effects to lower differences between
the resonant frequencies of diastereotopic protons in the meso and chiral combinations of

macrocycles.
Solvent-driven Switching

The solvent-dependent preferences of bisulfate complexes were used as a basis for
developing an environmentally responsive switch between the triple and double stacked species
(Figure 7). To a solution of the 3:2 complex present (5 mM, 1 eq. HSO4") in chloroform (¢ = 4.8)
was added 20% v/v acetonitrile (emix = 12). Upon the increase in solvent polarity, the 3:2 complex
was observed to fully convert to the 2:2 species as confirmed by *H NMR spectroscopy. To
determine if the 2:2 species could be converted back to the 3:2 complex, the polarity of the 2:2
solution was lowered by the addition of carbon tetrachloride (¢ = 2.24). Upon decreasing the
dielectric constant of the solvent mixture to that resembling pure chloroform (emix = 5), we were
able to observe the restoration of the *H NMR spectrum for the 3:2 species. The ability to switch
between species solely by changing solvent composition demonstrate the solvent-responsive, host-

host interactions in the bisulfate complexes with tricarb.
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Figure 7. Solvent driven switching demonstrated using *H NMR spectra (protons H® and H9) of
(@) the 3:2 tricarb:bisulfate complex (5 mM TC-9, 1.0 eq. HSO4") in chloroform, (b) the 2:2
complex after the addition of acetonitrile to form a 20% v/v mixture, and (c) the restored 3:2

complex following the addition of carbon tetrachloride (500 MHz, 298 K).

Crystal Structure

We were able to characterize the bisulfate complex by crystallography in what also serves
as the first crystal structure of tricarb macrocycles (Figure 8). Crystals were grown by vapor
diffusion of diethyl ether (¢ = 4.3) into a chloroform solution (e = 4.8) containing tricarb TC-6 and
1 eq. of NBusHSO4. X-ray crystallography shows the hydrogen-bonded bisulfate dimer is
encapsulated inside two tricarb macrocycles all bookended by a pair of NBus* cations to give a

complex of 2:2:2 overall stoichiometry. The bisulfate dimer contains a pair of OHe¢*O hydrogen
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bonds with oxygen-oxygen distances of doo = 2.61 A, consistent with moderate hydrogen-
bonding™ and within the range of other bisulfate dimers observed in the solid state.l** It is now
accepted(*® 301 that these short-range hydrogen bonds help to partially offset the long range
Coulombic repulsions between the anionic charges. Further stabilization comes from the two
tricarb macrocycles contributing 18 C-H hydrogen bonds to the doubly charged anion dimer
ranging in length from 2.34 to 3.04 A dcu...o. In addition, the two ends of the bisulfate dimer
protrude from the binding pocket. These exposed ends form four close CHe*O hydrogen bond
contacts (d = 2.39-3.08 A) and offer proximal ion pairing with the two NBu4* cations helping to
further stabilize the dimer species. These structural characteristics closely match the 2:2:2 structure
seen with cyanostar.[4a This similarity allows us, therefore, to attribute differences in behavior

between the two macrocycles to host-host interactions.

This crystal structure shows that the ion-paired 2:2:2 structure is favored upon
crystallization despite the 3:2 species’ stability in the low-polarity solvents of crystallization.
Presumably a m-stacked tricarb dimer (TC-6)2 enables greater ionic stabilization energy to be
gained from the two NBus* cations and the dianionic dimer (HSO4+*HSO4)>~ and thus higher
lattice energy per unit volume than would be possible with a triple stack of macrocycles (TC-6)s.
This argument is reasonable when considering that a triple stack of tricarb macrocycles will
spatially isolate the bisulfate dimer from the cations. Longer distances lower Coulombic
stabilization and also exclude formation of cation-to-anion CHe++O hydrogen bonds. Presumably,

these factors tip the balance in favor of the 2:2:2 in the solid state.

Gratifyingly, the crystal structure also verifies the hierarchical 2D and 3D packing of
tricarb macrocycles postulated™@ from the interpretation of scanning tunneling microscopy

(STM) imaging and solution-phase studies of self-association. The two n-stacked macrocycles
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have a very short inter-planar distance of 3.37 A and they are rotated 58° with respect to one
another. This rotational angle was originally correlated with the macrocycle’s substantial self-
association.”® This angle maximizes the favorable local-dipole interactions between macrocycles
and supports the idea that the large host-host interactions are best characterized as dipole-stabilized

n-stacking.[?%"!

Another feature observed in the solid state are the lateral inter-macrocycle contacts that
extend packing in two dimensions (Figure 8c-f). These contacts form a donor-acceptor (D-A) seam
of hydrogen bonding matching a quadruple DDAA array.®!l At this lateral seam, we see the
triazoles of one macrocycle are oriented in the same way as the triazoles of its neighboring
macrocycle. That is, with the bridgehead nitrogens of the 1,2,3-triazoles at the center of the DDAA
array. By extension, neighboring macrocycles all have the same handedness; clockwise is shown
in Figure 8d. The other possible arrangement is for neighboring macrocycles to have opposite
chiralities: clockwise-counterclockwise. This mixed arrangement is not observed in the solid state.
As elaborated elsewhere,17@ the preferred lateral combination (Figure 8f) was identified
previously with the aid of calculations (B3LYP/6-31G*) using a dimer composed of smaller,
model fragments. We attributed this preferred arrangement to more favorable dipole-dipole pairing
(Figure 8f) of the large 5-Debye molecular dipoles on the triazole moieties within the lateral plane

of the macrocycles.
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Figure 8. (a) Crystal structure showing the 2:2:2 (TC-6)2(HSO4)2(NBua4)> complex from the side
and top-down. NBus* cations have been removed from the top-down view for clarity. (b) Side
view of the encapsulated [HSO4sesHSO4]* dimer. (c) Side view showing how each tricarb
macrocycle has one in-plane and one out-of-plane seam. (d) Top view showing orientations of
neighboring macrocycles as pairs (left pair with grey carbons; right pair with black carbons). (e)

The lateral contacts between tricarb macrocycles within the crystal structure, (f) the predicted
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orientation of the lateral seam of tricarb macrocycles based on DFT (B3LYP, 6-31G*) calculations

of lateral homodimerization energies and (g) STM imaging of the lateral seam.

Computations and Virtual Experiments

The totality of the experimental data indicates that host-host interactions can play a
deciding role in selecting the complexes seen in solution. To probe this idea further, we conducted
DFT calculations on the key tricarb species (free macrocycle, macrocycle dimer, macrocycle
trimer, HSO4~, HSO4™ dimer, 1:1, 2:1, 1:2, 2:2, 2:2:2, and 3:2 complexes). A model of the tricarb
macrocycle (TC*) was used in all calculations in which the alkyl chains were truncated to
hydrogen atoms. Similarly, the tetrabutyl ammonium (NBus*) cation was replaced with
tetramethyl ammonium (NMes*). The initial geometry of the 2:2:2 assembly was taken from the
crystal structure and then fully optimized. The model for the triple stack was generated from the
placement of the third macrocycle into n-r contact and rotated 60° atop the original 2:2 complex
to extend the packing seen in the solid state and then followed by geometry optimization. All other

geometries were independently optimized at the B97D3/6-31+G(d) level in the gas phase.

The geometry of the bisulfate dimer within the truncated model of the 2:2:2 complex,
[(TC*)2(HSO4++sHSO4)(TMA)2], is in good agreement with the observed solid-state structure (see
Supporting Information, Figure S24). In particular, the oxygen-oxygen distance (doo) in the
bisulfate dimer was calculated to be 2.67 A compared to a 2.61 A in the solid state. The inter-
planar distance between tricarb macrocycles in the calculated structure (3.29 A) is in excellent

agreement with the crystal structure (3.37 A).
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The good correspondence between calculation and experiment provided a basis to evaluate
the overall stability of the various complexes in solution. Here, we calculated energies of the
various species (1:1, 2:1, 2:2, 3:2, 2:2:2) in solution wusing ONIOM(MP2/6-
311++G(d,p):B97D3/6-311++G(d,p) with implicit solvation (IEF-PCM model). The solvation
energies also showed a good correspondence to prior work on triazolophanes.[! Specifically, the
solvation free energy of tricarb in chloroform (19 kcal mol™) closely matches the value for an
analogous, albeit slightly smaller, triazolophane (—14.7 kcal mol?). Calculations on the latter!?®]
were able to successfully reproduce experimental free energies for chloride binding as a 1:1
complex and, thus, serve as an indication of the accuracy of the solvation model and energies in

both cases.

Free energy calculations of all the relevant species corroborate our observations from
experiment (see Supporting Information, Table S2). The calculations show that the bisulfate dimer,
[HSO4e++HSO4]%, is not stable in chloroform (+30 kJ mol™) relative to two individually solvated
anions. This is consistent with variable concentration studies performed elsewherel"! that show

the bisulfate anion does not dimerize alone in solution, at least up to 1 M.

The 3:2 complex is the only species observed experimentally in chloroform. We probed
this idea computationally by using a balanced reaction that interconverts between the 2:2 and 3:2

species at the 0.67 equivalence point:
[2:2]> + TC*<—[3:2:]* (Eq 1, chloroform)

The free energy for this equilibrium (Eq. 1) was calculated to be AG = —134 kJ mol, verifying

preferential formation of the 3:2 species over the 2:2. When the same equation is modified to
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consider inclusion of ion pairing to help enhance the 2:2:2 assembly, the balanced reaction still

favors the 3:2 species.

When the recognition chemistry was studied experimentally in the mixed solvent
containing 20% v/v acetonitrile in chloroform, the balance is tipped to favor the 2:2 complex. At

1.0 eq. of bisulfate, these conditions are represented by the following balanced equation:
2[2:2] ==1[3:2]* +[1:1] + HSO4+~ (Eq 2, mixed solvent)

The calculated free energy for this reaction (AG = +83 kJ mol™) favors the left-hand side of the

reaction and is again consistent with our observation.

The fact that the computed reaction free energies match qualitatively with experimental
observations provides a basis to consider the possible underlying driving forces. The first is the
dipole-enhanced n-stacking, which is found experimentally to be more favored in solvents of lower
dielectric as a result of strengthened intermolecular contacts. To this end, the free energy of

dimerization was calculated using the following equation:
2 TC* == (TC*), (Eq 3)

Consistently, dimerization of the tricarb macrocycle, TC*, was calculated to be 10 kJ mol~ more
favorable in pure chloroform than in the 20% v/v acetonitrile in chloroform solvent mixture (see

Supporting Information, Table S4).

The computed 1:1 and 2:1 anion binding energies can be compared to experimental values.
Previous studies on cyanostar-anion complexes show absolute binding energies of the 1:1
complexes with perchlorate from theory (=42 kJ mol™) and experiment (< —20 kJ mol™) are on

similar orders of magnitude.[** That similarity was seen to be lost for the double-stacked
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cyanostar complexes, as the calculated energy of the 2:1 complex of perchlorate (—163 kJ mol~
hl4al s overestimated substantially (by 95 kJ mol*) compared to the experimentally derived value.
Similar overestimations are also likely to be present for the calculated energies of the dimer and
trimer complexes of tricarb as both sets of complexes have similar computed stabilities. We are
currently performing a series of systematic investigations to calibrate the interactions energies of
systems with large m surfaces to understand the factors that control stacking energies in such
molecules; most prior workst®? have only examined small w-systems. However, this
overestimation associated with stacking interactions is expected to be systematic across similar
species, and we expect that the trends derived from the signs of the free energy changes for the
reactions considered above to be reliable. Thus, our computational model lends support to the

essential conclusions of this paper.

Finally, we investigated the idea that stacking of macrocycles enhances the electrostatic
cavity. To this end, we calculated the electrostatic potential maps (ESP, B3LYP-D3 6-31G*,
Figure 9) for the monomer, dimer, and trimer stacks of tricarb macrocycles. Average ESP values
were determined from the ESP of each hydrogen atom within the binding cavity. The monomer
displays an average ESP of 139 kJ mol. Upon dimerization the average ESP of each macrocycle
increases 10% to 154 and 156 kJ mol. The insertion of a third macrocycle in the trimer produces
average ESP values for the outer macrocycles that dropped a little to 149 and 151 kJ mol ™.
However, the central macrocycle’s average ESP grows again to 161 kJ mol . Interestingly, while
the total average ESP value for the trimer (154 kJ mol?) is 15 kJ mol larger than the monomer,
it is 1 kJ mol~! smaller than for the dimer. Overall, stacking enhances the electropositive character

of the binding cavity of tricarb macrocycles with the greatest benefit offered upon dimerization.
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Figure 9. (a) Electrostatic potential (ESP, B3LYP-D3 6-31G*) maps of the tricarb model (TC¥*)
as a monomer TC*, dimer (TC*)2, and trimer (TC*)s. (b) Top-down and side on views of rescaled

ESP maps showing the interior of the macrocycles.

Conclusions

We have clearly demonstrated that host-host interactions can play a significant role in the
structure and stability of anion-directed assemblies. We showed that the strong self-association of
tricarb macrocycle hosts drives the formation of triple-stacked 3:2 complexes with bisulfate dimers
in high fidelity. Weakening of the dipole-stabilized =-stacking between macrocycles by
modulating the solvent environment resulted in complexes composed of just two stacked
macrocycles. This solvent sensitivity provided a means to create solvent-driven switching between
the triply and doubly stacked complexes. The crystal structure verified the strong dipole-stabilized
n-stacking from the structural characteristics. Computational studies corroborated the solvent
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dependent preferences underscoring, again, the importance of host-host interactions. Electrostatic
potential maps show that host-host interactions can also synergistically enhance the electropositive
binding cavity. This work deepens our knowledge of how macrocyclic self-association influences
the structures and stabilities of discrete and responsive architectures co-assembled with

hydroxyanions and it constitutes a new basis for multicomponent hierarchical assembly.

Experimental Section
General Methods for Synthesis

All reagents were obtained from commercial suppliers and used as received unless
otherwise noted. The tetrabutylammonium salts NBusHSO4 (Sigma Aldrich) and NBusClO4 (TCI
America) were used as received and stored under argon. The tetrabutylammonium salt
NBusNpHPO,4 was prepared according to a previously reported procedurel*®d and stored under
argon. Deuterated solvents CDCls (Sigma Aldrich) and CD3CN (Cambridge Isotope Laboratories)
were used as received. Column chromatography was performed on silica gel (160-200 mesh,
Sorbent Technologies, USA). Thin-layer chromatography (TLC) was performed on pre-coated
silica gel plates (0.25 mm thick, #1615126, Sorbent Technologies, USA) and observed under UV
light. Nuclear magnetic resonance (NMR) spectra were recorded on Varian Inova (600 MHz,
500MHz, and 400 MHz) and Varian VXR (400 MHz) spectrometers at room temperature (298 K)
unless otherwise indicated. Chemical shift positions were determined using solvent residue peaks.
IR spectra were recorded using a PerkinElmer Spectrum Two FT-IR as Nujol mulls on NaCl salt

plates. High-resolution mass spectroscopy (HRMS) utilizing electrospray ionization (ESI) and
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electron ionization (EI) was performed on a Thermo Electron Corporation MAT 95XP-Trap mass

spectrometer.
General Methods for 'H NMR Titrations

Titrations were monitored by *H NMR spectroscopy. In a typical *H NMR titration, 0.5
mL of a TC-9 (1 mm) solution was prepared in a screw-cap NMR tube equipped with a
PTFE/silicone septum. The salt solutions (50 mM) were prepared immediately before use and
stored in screw-cap vials equipped with PTFE/silicone septa. Salt solutions were added using

Hamilton gas-tight syringes (10, 50, 500 uL).
General Methods for Calculations

All computations were carried out using the Gaussian (G16) program suite. Models of the
tricarb macrocycle (TC*) in which the alkyl chains were replaced with terminal hydrogen atoms
were used for all calculations. All calculated species were fully geometry optimized in the gas
phase using B97D3/6-31+G(d). The B97D3 functional was chosen for its ability to capture the n-
stacking interactions accurately, as recommended by Sherrill32& 3201 and Wheeler.[**l Frequency
calculations were performed using B97D3/6-31+G(d). All calculated geometries were confirmed
to be minima with no imaginary frequencies. As the low-lying vibrational frequencies are known
to be inexact in the rigid-rotor harmonic approximation, herein the vibrational entropy for all the
modes with frequencies < 200 cm™ have been replaced by corresponding free-rotor entropy. Single
point energy calculations were carried out wusing two-layer ONIOM(MP2/6-
311++G(d,p):B97D3/6-311++G(d,p)) in the gas-phase. Solution-phase (chloroform, 20% v/v
acetonitrile/chloroform solvent mixture) calculations were carried out using an integral equation

formalism polarizable continuum (IEFPCM) model. Electrostatic potential map calculations were
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carried out using DFT methods at the B3LYP-D3 level with the 6-31G* basis set. First, points
were found to define a surface with an electron density of 0.002 a.u. Second, the electrostatic

potential was generated by rolling an imaginary positive charge over this iso density surface.
Synthesis and Characterization

9-Hexylcarbazole (Cs-2) — A mixture of carbazole (1 g, 6 mmol), 1-bromohexane (1.01 mL, 7.2
mmol), and KOH (0.5 g, 9 mmol) in acetone (100 mL) was heated to reflux overnight. After
removing the solvent in vacuo, the mixture was extracted with EtOAc and washed with water.
Column chromatography on silica gel using hexanes resulted in a clear oil (1.47 g, 5.9 mmol,

quant. yield). The *H NMR spectrum was identical to previous reports.341

9-Nonylcarbazole (Ce-2) — Compound Coe-2 was prepared as a colorless oil following the same
procedure as Ce-2 in quant. yield from carbazole and 1-bromononane. The *H NMR spectrum was

identical to previous reports.l

9-Hexyl-3-nitrocarbazole (Cs-3) — A solution of Cs-2 (1.47 g, 5.9 mmol) in 1,2-dichloroethane
(50 mL) was cooled to 0°C (ice bath), to which nitric acid was added dropwise (16 M, 0.4 mL, 6.6
mmol). The reaction was heated to 60 °C and stirred for 3 h. After cooling to room temperature,
water was added, and the mixture was extracted with CH.Cl,. The organic layer was dried with
MgSOs, filtered, and the solvent was removed in vacuo. The crude solid mixture was recrystallized
from hexanes to give an orange solid product (1.64 g, 5.55 mmol, 94% yield). The 'H NMR

spectrum was identical to previous reports.[34]

9-Nonyl-3-nitrocarbazole (Ce-3) — Nitro Co-3 was prepared as an orange solid following the same
procedure as Ce-3 in 92% yield from Ce-2. *H NMR (400 MHz, chloroform-d) 6 / ppm = 8.98 (d,

J=2.2Hz, 1H), 8.35 (dd, J = 9.1, 2.2 Hz, 1H), 8.12 (d, J = 7.8 Hz, 1H), 7.53 (t, = 7.7 Hz, 1H),
29
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7.44 (d, J=8.2 Hz, 1H), 7.37 (d, J = 9.1 Hz, 1H), 7.32 (t, J = 7.5 Hz, 1H), 4.31 (t, J = 7.3 Hz, 2H),
1.93 — 1.78 (m, 2H), 1.51 — 1.06 (m, 12H), 0.83 (t, J = 6.8 Hz, 3H). *C NMR (100 MHz,
chloroform-d) 8 / ppm = 143.48, 141.57, 140.50, 127.30, 122.79, 122.49, 121.56, 120.94, 120.67,
117.30, 109.64, 108.20, 43.58, 31.74, 29.37, 29.28, 29.14, 28.86, 27.19, 22.57, 14.03. HRMS (EI)

calculated for C21H2sN202 + H: 339.1994 [M+H]"; found: 339.2070.

9-Hexyl-3-iodo-6-nitrocarbazole (Cs-4) — To a solution of Cs-3 (1.64 g, 5.6 mmol) in CHCl3 (75
mL) was added ICI (1 g, 6.2 mmol), and the mixture was stirred at room temperature for 1 h, then
heated at reflux for 30 min. The reaction progress was checked by *H NMR spectroscopy. The
reaction was quenched by adding an aqueous solution of sodium bisulfite and stirred for 20 min.
The mixture was extracted with CH.Cly, dried with MgSQsg, filtered, and then concentrated in
vacuo. The crude product was hot-filtered from hexanes to give a yellow solid (2.13 g, 5.04 mmol,
90% vyield). *H NMR (400 MHz, chloroform-d) § / ppm = 8.93 (d, J = 2.2 Hz, 1H), 8.44 (d, J =
1.6 Hz, 1H), 8.37 (dd, J = 9.1, 2.2 Hz, 1H), 7.78 (dd, J = 8.6, 1.6 Hz, 1H), 7.38 (d, J = 9.2 Hz, 1H),
7.32 - 7.04 (m, 2H), 4.29 (t, J = 7.2 Hz, 2H), 1.84 (p, J = 7.2 Hz, 2H), 1.38 — 1.17 (m, 6H), 0.83
(t, J = 6.7 Hz, 3H). 3C NMR (100 MHz, chloroform-d) 5 / ppm = 143.29, 140.75, 135.61, 129.81,
127.31, 125.13, 122.11, 121.17, 117.45, 111.60, 108.50, 83.31, 43.70, 31.42, 28.81, 26.83, 22.46,

13.94. HRMS (EI) calculated for C1gH19IN202: 422.0491 [M]"; found: 422.0485.

9-Nonyl-3-iodo-6-nitrocarbazole (Ce-4) — The iodo compound Ce-4 was prepared as a yellow
solid following the same procedure as Ce-4 in 92% vyield from Co-3. 'H NMR (500 MHz,
chloroform-d) 6 / ppm =8.99 (d, J = 2.2 Hz, 1H), 8.50 (d, J = 1.7 Hz, 1H), 8.42 (dd, J =9.1, 2.2
Hz, 1H), 7.84 (dd, J = 8.6, 1.7 Hz, 1H), 7.43 (d, J = 9.0 Hz, 1H), 7.28 (d, J = 1.9 Hz, 2H), 4.34 (t,
J=7.3Hz, 2H), 1.89 (p, J = 7.3 Hz, 2H), 1.48 — 1.20 (m, 14H), 0.88 (t, J = 7.0 Hz, 3H). 3C NMR

(125 MHz, chloroform-d) ¢ / ppm = 143.35, 140.97, 140.81, 135.65, 129.88, 125.20, 122.16,
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121.24, 117.51, 111.63, 108.55, 83.32, 43.75, 31.76, 29.37, 29.28, 29.15, 28.85, 27.18, 22.60,

14.06. HRMS (ElI) calculated for C21H25IN202 + H: 465.1034 [M+H]"; found: 465.1033.

3-Azido-9-hexyl-6-iodocarbazole (Ce-5) — A mixture of Ce-4 (2.13 g, 5.04 mmol) and SnCl;-2
H20 (5.70 g, 25.25 mmol) in EtOAc (50 mL) and EtOH (50 mL) was heated at reflux overnight.
After cooling to room temperature, the reaction mixture was poured into an aqueous solution of
Na.,COs and stirred for 2 hours, then extracted with EtOAc. The organic phase was dried with
MgSOs, filtered, and concentrated in vacuo to give the amino carbazole intermediate as a light
brown solid. This intermediate and p-toluenesulfonic acid monohydrate (2.88 g, 15.12 mmol) were
mixed in THF (50 ml) and cooled to 0 °C (ice bath) resulting in a dark brown slurry. A solution of
NaNO: (0.38 g, 5.5 mmol) in water (2 mL) was added dropwise, and the mixture was stirred for 1
hour. A solution of NaN3 (0.39 g, 6 mmol) in water (2 mL) was added drop-wise, followed by
stirring for 1 hour at 0°C. The mixture was warmed to room temperature and stirred for an
additional 30 min. The mixture was basified with a NaOH solution (1 M, 25 mL) and extracted
with EtOAc. The organic phase was dried with MgSO4 and concentrated in vacuo to give Ce-5 as
a light brown solid (2.01 g, 4.8 mmol, 95% yield). *H NMR (500 MHz, chloroform-d) 6 / ppm =
8.33 (d, J = 1.6 Hz, 1H), 7.68 (dd, J = 8.6, 1.7 Hz, 1H), 7.64 (d, J = 2.2 Hz, 1H), 7.32 (d, J = 8.7
Hz, 1H), 7.15 (d, J = 8.6 Hz, 1H), 7.12 (dd, J = 8.7, 2.2 Hz, 1H), 4.21 (t, J = 7.2 Hz, 2H), 1.79 (q,
J=7.3Hz, 2H), 1.41 — 1.11 (m, 6H), 0.83 (t, J = 6.9 Hz, 3H). 3C NMR (125 MHz, chloroform-
d) 6 / ppm = 140.12, 137.94, 134.41, 131.64, 129.40, 124.49, 122.42, 117.98, 110.98, 110.36,
109.92, 81.23, 43.34, 31.49, 28.86, 26.88, 22.49, 13.96. HRMS (EI) calculated for CigH19INa:

418.0654 [M]*; found: 418.0659.

3-Azido-6-iodo-9-nonylcarbazole (Co-5) — Azido carbazole Co-5 was prepared as a brown solid

following the same procedure as Cs-5 in 93% yield from Co-4. *H NMR (500 MHz, chloroform-
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d) 6/ ppm = 8.34 (d, J = 1.6 Hz, 1H), 7.71 (dd, J = 8.6, 1.7 Hz, 1H), 7.65 (d, J = 2.2 Hz, 1H), 7.34
(s, 1H), 7.20 — 7.12 (m, 2H), 4.22 (t, J = 7.2 Hz, 2H), 1.83 (p, J = 7.3 Hz, 2H), 1.41 — 1.18 (m,
12H), 0.90 (t, J = 7.0 Hz, 3H). *C NMR (125 MHz, chloroform-d) 6 / ppm = 140.09, 137.91,
134.39, 131.60, 129.36, 124.47, 122.39, 117.96, 110.97, 110.33, 109.91, 81.26, 43.32, 31.80,
29.43, 29.35, 29.21, 28.90, 27.23, 22.64, 14.10. HRMS (EI) calculated for CaiHasINa: 460.1124

[M]; found: 460.1107.

3-Azido-6-ethynyl-9-hexylcarbazole (Ces-6) — To a degassed solution of Cs-5 (2.01 g, 4.8 mmol)
and diisopropylamine (3.4 mL, 24 mmol) in THF (50 mL) was added [PdCI2(PPhaz)2] (70 mg, 0.1
mmol), Cul (45 mg, 0.24 mmol), and trimethylsilylacetylene (1 mL, 7.2 mmol). The reaction
mixture was stirred under an argon atmosphere for 40 min and quenched with an aqueous solution
of NH4Cl (25 mL). The mixture was extracted with EtOAc, and the organic phase was dried with
MgSOs, filtered, and concentrated in vacuo. The resulting viscous oil mixture was subjected to
column chromatography on silica gel with hexanes/EtOAc 97:3 to give a light brown, viscous oil.
This intermediate was then dissolved in THF (20 mL), MeOH (20 mL), and a saturated K>COs3
solution in MeOH (5 mL). The mixture stirred for 1 hour, was quenched with a saturated NH4Cl
solution (25 mL) and extracted with CH:Cl, then dried with MgSOQOs, filtered, and finally
concentrated in vacuo to give Ce-6 as a light brown solid (1.30 g, 4.1 mmol, 85% yield). *H NMR
(500 MHz, chloroform-d) ¢ / ppm = 8.19 (d, J = 1.5 Hz, 1H), 7.68 (d, J = 2.2 Hz, 1H), 7.57 (dd, J
= 8.5, 1.6 Hz, 1H), 7.34 (d, J = 8.7 Hz, 1H), 7.30 (d, J = 8.5 Hz, 1H), 7.12 (dd, J = 8.7, 2.3 Hz,
1H), 4.23 (t, J = 7.3 Hz, 2H), 3.04 (s, 1H), 1.82 (q, J = 7.4 Hz, 2H), 1.41 — 1.06 (m, 6H), 0.83 (t, J
= 7.0 Hz, 3H). ¥3C NMR (125 MHz, chloroform-d) ¢ / ppm = 140.83, 138.36, 131.73, 130.16,
124.88, 123.29, 121.92, 117.77, 112.26, 110.44, 109.99, 108.94, 84.73, 75.35, 43.39, 31.50, 28.91,

26.89, 22.50, 13.96. HRMS (EI) calculated for C20H20N4: 316.1688 [M]*; found: 316.1703.
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3-Azido-6-ethynyl-9-nonylcarbazole (Cq-6) — Alkynyl carbazole Co-6 was prepared as a tan solid
following the same procedure as Ces-6 in 90% yield from Co-5. *H NMR (400 MHz, chloroform-
d) 6/ ppm =8.18 (d, J = 1.5 Hz, 1H), 7.67 (d, J = 2.2 Hz, 1H), 7.57 (dd, J = 8.5, 1.6 Hz, 1H), 7.37
—7.28 (m, 2H), 7.12 (dd, J = 8.7, 2.2 Hz, 1H), 4.22 (t, J = 7.2 Hz, 2H), 3.04 (s, 1H), 1.81 (p, J =
7.2 Hz, 2H), 1.44 — 1.09 (m, 12H), 0.83 (t, J = 6.8 Hz, 3H). 13C NMR (125 MHz, chloroform-d) &
/ ppm = 140.84, 138.37, 131.73, 130.16, 124.88, 123.30, 121.93, 117.77, 112.27, 110.44, 110.01,
108.95, 84.74, 75.35, 43.40, 31.78, 29.42, 29.34, 29.19, 28.94, 27.23, 22.61, 14.07. HRMS (EI)

calculated for Co3H2sNa4: 358.2163 [M]*; found: 358.2151.

Trihexyl-tricarbazolo-triazolophane (TC-6) — To a degassed solution of CuSO4-5H,0 (100 mg,
0.41 mmol), sodium ascorbate (160 mg, 0.82 mmol) and tris[(1-benzyl-1H-1,2,3-triazol-4-
yl)methyl]lamine (TBTA, 220 mg, 0.41 mmol) in THF (50 mL), EtOH (25 mL), and water (25
mL), a solution of Cs-6 (1.3 g, 4.1 mmol) in THF (25 mL) and EtOH (25 mL) was added dropwise
over 6 h at 70 °C. The reaction mixture was stirred for an additional 2 h, then cooled to room
temperature. Organic solvents (THF and EtOH) were removed in vacuo. The mixture was
extracted with CHCIs, and the organic phase was washed with NH4Cl solution (75 mL) and dried
with MgSOsa, filtered, and concentrated in vacuo. The resulting solid mixture was subjected to
column chromatography (SiO2) using an eluent gradient from CHCIz to CHCIz:EtOAc 95:5. The
product was obtained as a light yellow solid (2.51 g, 2.65 mmol, 65% yield). *H NMR (500 MHz,
chloroform-d) 6 / ppm = 8.69 (s, 1H), 8.22 (s, 1H), 8.14 (d, J = 8.2 Hz, 1H), 8.10 (d, J = 8.6 Hz,
1H), 8.07 (s, 1H), 7.17 (d, J = 8.4 Hz, 2H), 4.08 (s, 2H), 1.87 — 1.69 (m, 2H), 1.42 — 1.12 (m, 6H),
0.85 (t, J = 6.9 Hz, 3H). 3C NMR (125 MHz, chloroform-d) 5 / ppm = 149.66, 140.82, 139.91,

129.26, 123.97, 122.55, 122.42, 121.90, 118.35, 117.67, 117.54, 110.59, 109.37, 109.20, 43.42,
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31.60, 29.22, 26.96, 22.57, 14.03. HRMS (ESI) calculated for CeoHeoN12-PFs: 1093.4706 [M +

PFe]; found: 1093.4758.

Trinonyl-tricarbazolo-triazolophane (TC-9) — Macrocycle TC-9 was prepared as an off-white
solid following the same procedure as TC-6 in 70% vyield from Ce-6. *H NMR (600 MHz,
chloroform-d) ¢ / ppm = 8.73 (s, 1H), 8.27 (s, 1H), 8.18 (d, J = 8.3 Hz, 1H), 8.15 (d, J = 8.4 Hz,
1H), 8.11 (s, 1H), 7.21 (d, J = 8.6 Hz, 2H), 4.12 (t, J = 7.3 Hz, 2H), 1.81 — 1.75 (m, 2H), 1.44 —
1.14 (m, 12H), 0.85 — 0.79 (t, J = 7.03 Hz 3H). ¥*C NMR (125 MHz, chloroform-d) ¢ / ppm =
49.70, 140.86, 139.95, 129.30, 124.03, 122.58, 122.45, 121.92, 118.38, 117.72, 110.64, 109.43,
109.26, 43.45, 31.78, 29.71, 29.40, 29.26, 29.19, 27.31, 22.61, 14.07. HRMS (ESI) calculated for

CeoH7sN12:PFs: 1219.6121 [M + PFs]; found: 1219.6109.
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