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ABSTRACT: A new carboxylic acid-functionalized “Texas-sized” molecular box TxSB-CO,H has been prepared by com-
bining two separate building blocks via an iodide-catalyzed macrocyclization reaction. A single crystal X-ray diffraction
analysis revealed a paired “clip-like” dimer in the solid state. Concentration-dependent behavior is seen for samples of
TxSB-CO,H as prepared, as inferred from '‘H NMR spectroscopic studies carried out in DMSO-ds. However, in the pres-
ence of excess acid (1% by weight of deuterated trifluoracetic acid; TFA-d,), little evidence of aggregation is seen in
DMSO-ds except at the highest accessible concentrations. In contrast, the conjugate base form, TxSB-CO,", produced in
situ via the addition of excess triethylamine to DMSO-d; solutions of TxSB-CO.H, acts as a self-complementary monomer
that undergoes self-assembly to stabilize a formal oligomer ([TxSB-CO,],) with a degree of polymerization of approxi-
mately 5-6 at a concentration of 70 mM. Evidence in support of the proposed oligomerization of TxSB-CO,™ in solution
and in the solid state came from one- and two-dimensional ‘H NMR spectroscopy, X-ray crystallography, dynamic light
scattering (DLS), and scanning electron microscopy (SEM). A series of solution-based analyses carried out in DMSO and
DMSO-ds provide support for the notion that the self-assembled constructs produced from TxSB-CO," are responsive to
environmental stimuli, including exposure to the acetate anion (as its tetrabutylammonium, TBA, salt), changes in over-
all concentration, temperature, and protonation state. The resulting transformations are thought to reflect the reversible
nature of the underlying noncovalent interactions. They also permit the stepwise interconversion between TxSB-CO,H
and [TxSB-CO, ], via the sequential addition of triethylamine and TFA-d,. The present work thus serves to illustrate how
appropriately functionalized molecular box-type macrocycles may be used to develop versatile stimuli-responsive materi-
als. It also highlights how aggregated forms seen in the solid state are not necessarily retained under competitive solution
phase conditions.

INTRODUCTION

Macrocyclic hosts and receptors have played a time-
honored role in the development of supramolecular
chemistry.> Within the subset of positively charged mac-
rocycles, the tetracationic cyclobis(paraquat-p-phenylene)
(CBPQT+), also known as the “blue box,” and structurally
related macrocycles, developed by Stoddart and co-
workers, are arguably the most iconic.5° The box-like ge-

ity size than the original blue box (CBPQT#*),5 it was re-
ferred to as a “Texas-Sized” molecular box in order to
highlight its distinctive structural features.®® To date, we
have found that macrocycle 1#+ can interact with a variety
of electron-rich neutral and anionic guests and stabilize
threaded or interpenetrated pseudorotaxane complexes
when exposed to selected aromatic carboxylate ani-
ons.'8-24 Further studies have also corroborated that pseu-

ometry of CBPQT#* and the strong donor-acceptor inter-
actions it and its congeners support have allowed a wide
range of mechanically interlocked molecular architectures
to be prepared; many have emerged as promising materi-
als for use in applications as diverse as inter alia: (i) host-
guest recognition and assembly,9™ (ii) artificial photosyn-
thesis, (iii) molecular electronics,**s and (iv) molecular
machines.’*7 Inspired by the chemistry of CBPQT#, in
2010 our group designed and prepared a tetracationic im-
idazolium-based macrocycle 14 and, subsequently, sever-
al related systems, e.g., 24*—44 (Scheme 1).®2° Since our
first-generation molecular box 14 was found to display
greater conformational flexibility and a larger central cav-

dorotaxane monomers of [1#-mono-terephthalate anion]
could self-associate and support the formation of pseudo-
oligorotaxane superarchitectures at high concentrations
in solution.>> In the case of the pseudorotaxane mono-
mers of [1#*-2,6-naphthalenedicarboxylate dianion], high-
er order polyrotaxane chains could be stabilized in the
solid state by introducing silver cations into the self-
assembly process.?>31n order to explore further the self-
assembly chemistry of the Texas-sized molecular box, we
have now prepared a carboxyl-functionalized derivative
termed “TxSB-CO.H”, as well as its conjugate base “IxSB-
CO,” (Scheme 1). As detailed below, TxSB-CO.H and
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TxSB-CO,™ give rise to dramatically disparate architec-
tures in solution and in the solid state.

Currently, supramolecular oligomers and polymers are
receiving considerable attention due to their potential in
developing stimuli-responsive, self-healing, and shape-
memory materials.>>»® To date, a number of macrocyclic
receptors have been exploited as self-complementary
monomers capable of affording desirable oligomeric and
polymeric  superstructures via “head-to-tail”  self-
assembly.>3> Such macrocycle-based monomers are
commonly obtained by incorporating a macrocyclic host
(head) with a guest unit (tail) tethered to the core. When
designed appropriately, the head of one macrocycle may
be used to bind a tail of another monomer via intermo-
lecular host-guest interactions, thus supporting self-
assembly. For instance, our group noted early on that
monocarboxylate-functionalized sapphyrins (a class of
pentapyrrolic macrocycles) self-associate to produce
head-to-tail supramolecular dimers in organic media and
in the solid state.? Fluoride anions act as inhibitors of the
dimerization process by competing for the sapphyrin cav-
ity in preference over the pendant carboxylate arm. More
recently, Stoddart et al.3* reported a self-complementary
monomer comprising a m electron-rich tetrathiafulvalene
guest chromophore linked to a CBPQT# ring. This sys-
tem was shown to dimerize into a [c2]daisy chain system
and undergo dissociation and recombination in solution
in a manner that was found to depend on the concentra-

tion, temperature, and the nature of the linker.3'3> As a
complement to these prior studies and in an effort to ex-
plore in greater detail the self-assembly features of the
Texas-sized molecular box, 1%, we have prepared the
monocarboxylic acid-functionalized derivative, TxSB-
CO.H (Scheme 1). This system was chosen for study be-
cause carboxylate anions are known to bind well to 1#*. In
addition, switching between the acid (TxSB-CO,H) and
base (TxSB-CO,") forms might result in the formation of
two very different species exhibiting, perhaps, distinct
molecular topologies. Finally, the short distance between
the macrocyclic moiety (head) and the carboxylic acid
(tail) was expected to preclude direct intramolecular self-
association since the head cannot “bite” its own tail.® In
fact, as discussed below, noncovalent dimerization of
TxSB-CO,H takes place in the solid state, albeit not in the
competitive solvent, dimethyl sulfoxide (DMSO). In con-
trast, evidence for the stabilization of self-assembled oli-
gomers of TxSB-CO," is seen both in DMSO and in the
solid state. The formation of disparate architectures from
ostensibly similar building blocks is expected to advance
our understanding of molecular self-assembly and pro-
vide insights into the design features needed to produce
environmentally  responsive  supramolecular  poly-
mers.'7203335 As detailed below, interconversion between
the monomeric form and the self-assembled oligomer can
be effected via the sequential addition of triethylamine
(TEA) and deuterated trifluoracetic acid (TFA-d,).

SCHEME 1. (a) Synthetic route to TxSBCO,H-4PFs. (b) “Texas-sized” molecular box 14+ and the congeneric macrocyclic

receptors 24*—44*,

(@)

I —  Br )

o e N7 NTONT
HNSN I on= %
\=/ CH4CN, reflux, 24 h 2 R
® - Ay -
Br” "N” "Br  Cul, Salicylaldoxime 31 (2) NH{PFg, Hy0, RT @
CH4CN, reflux, 48 h N 70%
5 85% 6 » I 7+ 2PFg
{ 2PF
Br Br
= = A (<o)
0. OH 1 0. X o (o} o]
| 10} p, BF 3+ OEt, [
- - »
[‘ { !\lal \(:s,(;()( J\ CH,Cl | ‘L
Br” N7 “Br CH4CN, refiux, Br” 0°C =RT Br” N7 “Br
48h,80% 12 h, 86%
8 10
0._OH
5 ()
0o NTONTON
NN 1)7+ 2PFg, TBAI S \s 7,
\—/ A CH1CN, reflux, 3 d N N&
——— ) ] |
Cul, Salicylaldoxime, N"ONTON 2)6NHCI, 60°C, 24h ) C
CHICN, reflux, 48 h, =/ ks 3) NHsPFg, H;0 ) )
80% 1 overall 50% [ [ - 4PFg
N =NG
\ [
N.__N
TXSB-COzH + 4PF;
(b)
[ ] I ’ pp
NN
NN B AR g Ay
W= NG N7 ONTON N 'h‘l;g T T.
J ‘§"“; :’T“— i 5
2 N N
(U 1 (] 2 4 2t = \_¢ 4 \—
[ i 1 \ \ \
SN~ N @N=, N N< =N N, NE
N_N_N N_N_N N_N_N NUN_N_N

ACS Paragon Plus Environment

Page 2 of 11



Page 3 of 11

oNOYTULT D WN =

RESULTS AND DISCUSSION

The synthesis of TxSB-CO,H is summarized in Scheme 1.

It relies on the coupling between two separate building
blocks, namely 7:2PFs and 1. The acyclic dibromide
7-2PF¢ was generated via an Ullmann-type coupling of the
dibromopyridine 5 with imidazole to give diimidazolyl
pyridine 6.3% Subsequent dialkylation of 6 with excess p-
xylene dibromide gave 7-2PFs after counter anion ex-
change.3” The preparation of the diimidazolyl orthoester
11 began with an esterification of the carboxylic acid 8 to
produce oxetane ester 9.3® This was followed by a BF;-
catalyzed isomerization to yield orthoester 10.3° which
was further transformed into 11 via an Ullmann-type cou-
pling with imidazole. The reaction between 7-2PFs and 11
was carried out under Finkelstein-like conditions in the
presence of tetrabutylammonium iodide (TBAI).# The
resulting crude orthoester-appended macrocyclic precur-
sor was then subject to hydrolysis in 6 N HCI# before be-
ing treated with excess NH,PFe. This afforded the desired
monocarboxylic acid-functionalized molecular box TxSB-
CO,H-4PF¢ in an overall yield of 50%.

Previous work with 14 revealed that treatment with hy-
droxide anion could lead to irreversible imidazolium ring
opening and destruction of the macrocycle.4> Decomposi-
tion of [TxSB-CO,H]4" was seen when it was treated with
tetrabutylammonium hydroxide (TBAOH) in DMSO-d; or
with TEA in D,O base (see ESI, Figures S17 and S18). The-
fully deprotonated form, TxSB-CO,", could be prepared
by adding two or more equivalents of TEA2?* in DMSO-ds,
as inferred from 'H NMR spectroscopic titrations (Figure
S19). Precipitation of the resulting HTEA* salt was seen in
most common organic solvents and in aqueous media.
Therefore, DMSO and DMSO-ds were chosen as the pri-
mary solvents for studies involving TxSB-CO.".

Single crystals of TxSB-CO,H suitable for X-ray diffrac-
tion analysis were grown by slow diffusion of 2-propanol
into a solution of TxSB-CO,H-4PFs in DMSO containing a
trace amount of trifluoroacetic acid (TFA). Inspection of
the crystallographic data revealed that each single crystal
includes five DMSO solvent molecules and four PFg
counter anions per TxSB-CO,H unit (ie., [TxSB-
CO,H-4PFs-5DMSQO]), wherein two DMSO molecules are
bound to the upper and lower rims, respectively, of the
macrocycle and within the cavity formed as the result of
the “clip-like” conformation adopted in the solid state
(Figures 1a and 1b). Two clip-like monomers pair to form a
head-to-tail dimer (i.e., [TxSB-CO.H].), in which the two
carboxylic acid-bearing pyridine rings, as well as the two
carboxylic acid groups, are paired in an antiparallel fash-
ion (Figures 1c, 1d, and S21). These dimers are further ag-
gregated in the solid state to form what can be considered
as dimer-based constructs of net formula {[TxSB-
CO,HL}. Presumably, this oligomeric solid state archi-
tecture is produced via a nucleation-elongation mecha-
nism that is operative during the course of crystallization
(¢f. Figure S22). Based on considerations of stoichiometry
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and literature precedence involving other self-associating
systems, dimerization of TxSB-CO,H to form [TxSB-
CO,H], is thought to constitute the first step in this nu-
cleation and crystallization process.#>44

As inferred from the X-ray single crystal analysis, a
combination of noncovalent interactions serve to stabilize
the solid-state interlocked dimer and higher order aggre-
gates in the solid state; these consist of: (i) hydrogen-
bonding interactions between each in-cavity lower-rim-
bound DMSO molecule and the carboxylic acid of a com-
plementary TxSB-CO.H monomer (Figure S21); (ii) a pair
of m-m donor-acceptor interactions between the substi-
tuted and non-substituted pyridine rings present within
each pair of macrocycles; (iii) (C-H)---O interactions be-
tween the upper-rim-bound DMSO inside each cavity and
the proximal aromatic rings present in the other member
of the pair (Figure S23); (iv) multiple electrostatic and (C-
H)---X- interactions involving the associated PFs~ counter
anions (Figure S24).

In the case of TxSB-CO,", diffraction grade single crys-
tals were obtained via the slow vapor diffusion of 2-
propanol into a DMSO solution containing TxSB-
CO,H-4PFs and excess TEA. The resulting X-ray analysis
revealed a structure wherein TxSB-CO,~ adopts a “boat-
like” conformation in the solid state. Two DMSO mole-
cules and three PFs~ counter anions are found per TxSB-
CO,™ unit (i.e., [TxSB-CO,-3PFs2DMSQ]). A single PFs
anion is enclosed within the cavity of TxSB-CO," (Figures
2a, 2b, and S25).

In the solid state, individual TxSB-CO,~ subunits self-
associate in a head-to-tail orientation to give a polymeric
superstructure (i.e., [TxSB-CO,],). Both the cavity-bound
PF¢~ anion and the anionic carboxylate motifs are in-
volved in numerous (C-H)---X~ bonding interactions,
which presumably play a significant role in directing the
self-assembly process (Figures 2c and S26-28).

In an initial effort to determine whether the self-
associated structure of TxSB-CO,H, namely {[TxSB-
CO.H].},, or the constituent dimer, [TxSB-CO.H],, ob-
served in the solid state would be retained in solution, the
sample as prepared (TxSB-CO,H-4PFs) was studied
DMSO-ds by means of 'H NMR spectroscopy. One-
dimensional 'H NMR spectra recorded as the concentra-
tion was increased from 5 to 70 mM (Figure 3a) revealed
signal broadening and concentration-induced downfield
shifts in the imidazolium C-H resonance H;. The associ-
ated changes were plotted versus concentration and used
to construct a binding isotherm. Assuming a cooperative
nucleation-elongation model, an effective association
constant K, of 2300 + 400 M™ could be calculated via
standard curve fitting (c¢f. Figure S33).#5 DOSY spectral
analysis revealed a decrease in the diffusion coefficient
corresponding to the H; resonance from 1.97 x 107° m?/sec
to 1.30 x 107° m?/sec as the sample concentration was in-
creased from 0.5 to 70 mM (Figures S29 and S32a).

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

Figure 1. (a) Front and (b) side views of a single crystal X-ray diffraction structure of [TxSB-CO,H-4PFs-5DMSQ] revealing
a clip-like conformation for the macrocycle. Two DMSO molecules are bound within the cavity. Front (c) and side (d)
views of the individual head-to-tail dimeric ensemble seen in the solid state. Some or all of the counter anions and solvent

molecules have been omitted for clarity.

(a)

Figure 2. (a) Front and (b) side views of single crystal X-ray structure of [TxSB-CO,-3PFs-2DMSO]- showing the boat-like
conformation of the carboxylate anion-functionalized macrocycle. One PFs~ counter anion is held within the macrocycle
cavity and between two opposing aromatic faces. Shown in (c) is a truncated view of the head-to-tail polymeric chain
structure of TxSB-CO,~ seen in the solid state. Some or all of the counter anions and solvent molecules have been omitted

for clarity.

Left undetermined by the above study was the specific
nature of the interactions leading to the concentration-
dependent spectral shifts and hence the determinants of
the inferred self-association. Initially, they were thought
to mirror the weak non-covalent effects seen in the solid
state crystal structure of TxSB-CO.H (as deduced from
the metric parameters; vide supra). However, in the con-
text of peer review, a referee noted that aggregation could
arise from the presence of the basic form (TxSB-CO,")

produced via deprotonation in the relatively polar DMSO-
ds medium. To test this possibility, a concentration de-
pendence study analogous to that discussed above was
carried out in the presence of 1% TFA-d, by weight. Now,
little in the way of concentration-dependent spectral
changes were observed (Figure 3b). However, a concen-
tration-dependent DOSY analysis revealed a slight de-
crease in the diffusion coefficient associated with the H,
resonance from 2.10 x 107° m?/sec at 0.5 mM to 1.51 x 107
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m?/sec at 70 mM (Figures S30 and S32b). We thus con-
clude that when TxSB-CO,H is present in its fully proto-
nated form little if any self-association occurs except pos-

sibly at the highest accessible concentrations in DMSO-ds.

This may reflect a lack of electrostatic interaction be-
tween the individual TxSB-CO,H subunits. However, it is
also possible that competition with the trifluoroacetate
anion (produced as the result of solvent-induced depro-
tonation) limits the self-aggregation of TxSB-CO,H. The
solution phase behavior of TxSB-CO,H thus stands in
contrast to what might be inferred from the solid state
structure or from an analysis of the as-prepared material
in the absence of added acid.

Concentration-dependent *H NMR spectroscopic anal-
yses were also used to probe the self-association chemis-
try of the deprotonated form of TxSB-CO.H (i.e., TxSB-
CO,") produced from a 1:2.5 mixture of TxSB-CO,H and
TEA in DMSO-de. For instance, the 'H-'*H NOESY spec-
trum of the TxSB-CO,™ anion recorded at a concentration
of 20 mM revealed a through-space coupling between H,
and H,. Analogous features were observed for an other-
wise identical 2 mM solution (Figures 4 and S34). The
correlations observed at both concentrations were fully
consistent with what was inferred from the solid state
structure, i.e., formation of head-to-tail polymeric en-
semble [TxSB-CO, ], as shown in Figure 2c.

Further support for the conclusion that higher mono-
mer concentrations favored the self-association of TxSB-
CO,™ came from concentration-dependent 'H NMR spec-
troscopic studies of TxSB-CO,™ in DMSO-ds (5-70 mM) as
shown in Figure 5. In analogy to what was seen in the case
of the as-prepared TxSB-CO,H sample, less-well resolved
and broader peaks were seen over the full spectral region
with in apparent downfield shifts being observed for both
the imidazolium C-H resonances, of which the most

Journal of the American Chemical Society

downfield-shifted signal was that for H;. These findings
mirror what was seen previously in the case or reminis-
cent of the complex formed between 14 and the mono-
terephthalate anion, a discrete monomer that self-
assembles into polyrotaxane chains.®® By observing the
concentration-dependent chemical shift changes of H; in
TxSB-CO,, an effective equilibrium constant, K, of 120 +
2 M (Figure S35), could be calculated.#” Based on this Keq
value, an average degree of polymerization (DP) of ~5 was
inferred at a concentration of 70 mM at 298 K (cf. ESI).48

A similar concentration-dependent *H NMR spectral
analysis of the non-functionalized Texas-sized box (1-4PFs)
was also carried out in DMSO-ds (5-70 mM). This was
done as a control experiment for the above studies. In
contrast to what was seen for TxSB-CO,~ but in analogy
to what was observed for the fully protonated form of
TxSB-CO.H (i.e., studied in the presence of 1% TFA-d,),
no significant signal broadening and concentration-
induced downfield shifts were observed in the case of
1-4PFs (Figures S36). The difference between the parent
system and both the as-prepared TxSB-CO,H sample and
its bona fide carboxylate anion form provides support for
the conclusion that the presence of a built-in anionic
functionality promotes self-association.

Addition evidence consistent with the proposed solu-
tion phase supramolecular polymerization of TxSB-CO,"
came from a series of DOSY NMR experiments. These
yielded an average DP value of ~6 (determined using the
spectral changes associated with the H; resonance) at a
concentration of 70 mM at 298 K (Figures S31 and S32¢).4°
The good concordance between the values obtained from
the curve fits and the DOSY measurements leads to the
conclusion that at relatively high, but still accessible, con-
centrations TxSB-CO," exists in the form of short self-
associated oligomers in DMSO solution.
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Figure 3. Concentration-dependent 400 MHz 'H NMR spectra of TxSB-CO,H-4PFs as recorded in DMSO-ds in the absence (a)
and presence of 1% TFA-d, by weight (b) at 298K (using TMS as an internal reference).

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

12,13

“’

o
R N
o
— Y 0
wd N
=~ e R
g [l
)
it :ax_O_/o NOE
13 12
5 4
© AR = W
TxSB-CO; &5 b

(<]

Page 6 of 11

~
>
©

iy

i~ ‘
- o
' > :

.~ 3
3
A

Figure 4. Truncated view (a) of the solid-state structure of [TxSB-CO, ], showing the short separation (less than 3.0 A ) between
the indicated protons. Expanded view (b) of the 600 MHz 'H-'H NOESY NMR spectrum of a 20 mM solution of TxSB-CO," in
DMSO-ds at 298 K at the mixing time of 800 ms. The red circle present in (b) highlights the intermolecular cross-coupling be-
tween H,, and Hy; corresponding the structural inferences drawn from (a). Such a cross-coupling peak is also seen in the NOESY
NMR spectrum of 2 mM TxSB-CO,- under identical conditions of analysis as underscored by the red circle in (c).
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Figure 5. Concentration-dependent 400 MHz 'H NMR spectra of TxSB-CO, recorded in DMSO-ds (containing TMS as an inter-

nal reference) at 298K.

As a complement to the 'H NMR spectroscopic analyses,
dynamic light scattering (DLS) experiments were carried
out using samples of TxSB-CO,~. At 20 mM an average
particle size of ca. 342 nm was seen. This is a much larger
value than that recorded for samples of TxSB-CO,H con-
taining 1% TFA at a similar concentration (particle size <1
nm) (Figure 6). Studies of TxSB-CO,” were also carried
out over various concentrations from 2 to 50 mM in
DMSO. On the basis of these studies, two conclusions
were reached. First, TxSB-CO, (but not TxSB-CO.H) is
able to form and stabilize oligomeric ensembles at higher
concentrations. Second, in the case of TxSB-CO, (but not
TxSB-CO.H), the particle sizes were found to depend on
the overall solution concentration (cf. Figure S37 in the
ESI). This is in a good agreement with our findings from
the one- and two-dimensional 'H NMR spectroscopic
studies discussed above.

To gain further insights into the reversible nature of the
self-associated oligomers formed from TxSB-CO.", varia-
ble-temperature (VT) 'H NMR spectroscopic studies were
carried out. For a 20 mM (DMSO-ds) solution of TxSB-
CO.", the peaks became sharper and appear well-resolved
across the full spectrum as the temperature was raised.
Upfield shifts were seen for many of the resonances, with
the effect being greatest for the imidazolium C—H protons
(Figure S38). Such findings are consistent with a system
that undergoes thermal-based disaggregation. This is as
expected for a TxSB-CO, -based oligomer stabilized at
room temperature via noncovalent (C-H)..X  interac-
tions.> Additional VT NMR spectra were recorded at 2
mM under the same analytical conditions. Similar spec-
tral changes were observed at this lower concentration
(Figures 38b). This latter finding provides further support
for the contention that multiple oligomer-stabilizing in-
termolecular interactions are retained at lower concentra-
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tions at room temperature and that the resulting self-
associated species (i.e., [TxSB-CO,],) dissociate as the
temperature is raised.

Further support for the reversible nature of the self-
assembled oligomers produced from TxSB-CO,” came
from pH-dependent 'H NMR spectroscopic analyses. Here,
it was found that, upon addition of 2.5 equivalents of TEA
to a DMSO-ds solution containing TxSB-CO,H at a con-
centration of 20 mM, the resonances assigned to H;, Hs,
and H,;s (where H,;5 refers to an overlapping signal as-
cribed to H, and Hs) within the macrocycle shift to lower
field. Based on these observations, we surmise that, under
these conditions, TxSB-CO,H undergoes deprotonation
to form TxSB-CO,, a transformation that is followed by
self-association to form [TxSB-CO.],. Increasing the
acidity of the resulting solution (containing [TxSB-
CO,]»), via the addition of 5.0 equivalents of deuterated
trifluoracetic acid (TFA-d,), was found to protonate TxSB-
CO,™ and thus disassemble [TxSB-CO, ], to regenerate
TxSB-CO.H. Evidence for this transformation came from
the observation that the chemical shifts of the H;, Hs, and
H,/s signals reverted to their original positions upon pro-
tonation. The subsequent addition of TEA and led to res-
toration of spectra features ascribable to [TxSB-CO,],.
The process could be repeated via the subsequent addi-
tions of acid and base, thus allowing interconversion be-
tween TxSB-CO,H and [TxSB-CO.],. However, with
each addition of acid or base, the background salt con-
centration increases. This leads to a “dampening” of the
interconversion effect with each cycle. Nevertheless, it
proved possible to repeat the interconversion between
[TxSB-CO, ], and TxSB-CO,H a number of times (cf.
Figure 7).22

In addition to modulating the aggregation behavior of
TxSB-CO,~ through changes in temperature, pH, and
concentration, we considered it likely that disassociation
could be promoted via the addition of a competitive ani-
on. Support for this postulate came from recent studies by
Gong et al.,>® wherein it was found that the formate and
benzoate anions formed complexes with the parent (un-
functionalized) macrocycle 1#*. In the present instance, it
was found that addition of 1 molar equiv of tetrabu-
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tylammonium acetate (TBAOACc) to a 20 mM solution of
the anionic forms of TxSB-CO,™ in DMSO-d¢ led to dis-
cernible changes in the 'H and 'H-'H NOESY NMR spec-
tra (Figure S39a). A similar addition led to changes in the
'H-'"H NOESY NMR spectrum of as-prepared samples of
TxSB-CO,H, as would be expected given the weakly basic
nature of the OAc™ anion (Figure S39b). No such spectral
changes were seen when acetic acid was added to a 20
mM DMSO-d solution of TxSB-CO,H.

In the case of TxSB-CO, and the acetate anion, a 'H
NMR spectroscopic Job plot was constructed. On this
basis, a 1:3 (host-guest) complex stoichiometry was in-
ferred (Figure S40).# This stoichiometry is consistent
with the presence of multiple interactions between the
acetate anions and the Texas box receptor. Support for
this latter inferences came from the observation of 'H-'H
couplings between the acetate anion and various TxSB-
CO, protons in the NOESY spectrum (cf. Figure S39a).

Further support for the suggestion that the acetate ani-
on can be used to dissemble the self-associated form of
TxSB-CO,™ came from DLS analyses. As can be seen from
an inspection of Figure 6¢, a mean particle diameter of ca.
342 nm was deduced for DMSO solutions of TxSB-CO,™ at
a concentration of 20 mM on the basis of DLS analyses. In
contrast, mixed solutions containing 1:1 TBAOAc-TxSB-
CO,™ at 20 mM in both species produced particles with a
relatively small average diameter of 18 nm as judged from
analogous DLS studies.

The ability of the acetate anion to induce deaggregation
was also probed by means of scanning electron microsco-
py (SEM).>° Consistent with the crystallographic analyses
and what was inferred from the DLS studies, rod-like
nanostructures were seen for the solid-phase aggregates
obtained from TxSB-CO," (c¢f. Figure 8a). In contrast, rel-
atively small sized granular assemblies were found in the
SEM samples made up from a 1:1 mixture of TBAOAc and
TxSB-CO," (c¢f. Figure 8b). On the basis, we propose that
the acetate anion provides an external stimulus that can
be used to control the self-association features of TxSB-
CO,". The acetate anion could thus provide a potential
complement to other modulators, such as temperature,
pH, and concentration.

(c
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18 nm
20 mM TxSB-CO;z~ +20 mM OAc~

Percentage (%)
o
g

[

T T | L

100 1000 10000 1 10
Diameter (nm)

-
=
o

Diameter (nm)

r - ) T T B et
100 1000 10000 1 10 100 1000 10000
Diameter (nm)

Figure 6. DLS size distributions of 20 mM DMSO solutions of (a) TxSB-CO,H in the presence of 1% TFA by weight, (b) TxSB-
CO,", and (c) an equimolar mixture of TxSB-CO,~ and TBAOAc. All analyses were carried out at room temperature.
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Figure 7. (a) pH-dependent 400 MHz 'H NMR spectroscopic studies of TxSB-CO,H carried out at a receptor concentra-
tion of 20 mM in DMSO-ds at 298 K. (b) Changes in resonance frequencies of selected macrocycle protons as specified in
the inset were used to monitor the pH-switchable interconversion between [TxSB-CO,H], and [TxSB-CO, ..

Figure 8. SEM images of the granular and rod-like assemblies obtained from separate solution samples prepared from (a)
TxSB-CO, and (b) an equimolar mixture of TxSB-CO, and TBAOAC (scale bars = 500 or 200 nm).

CONCLUSIONS

In summary, a carboxylic acid-functionalized Texas-
sized molecular box TxSB-CO,H was designed and syn-
thesized. While this new derivative was seen to self-
associate to produce an extended array of dimers in the
solid state, concentration-dependent ‘H NMR spectro-
scopic studies revealed little evidence of aggregation ex-
cept possibly at the highest concentrations accessible in
DMSO-d; as long as the acid moiety was in its fully pro-
tonated form. The appended carboxylic acid group (tail
unit) present in TxSB-CO,H can be effectively converted

into its conjugate base, TxSB-CO,", by treatment with
TEA in DMSO or DMSO-d¢. Such an alteration in the tail
functionality leads to the production of self-
complementary monomers, TxSB-CO,~. These anion-
containing monomers associate into a higher-order head-
to-tail oligomers [TxSB-CO, ], in solution and in the solid
state. These self-assembled structures were characterized
on the basis of one- and two-dimensional ‘H NMR spec-
troscopic studies carried out in DMSO-ds, single crystal
X-ray diffraction analyses, DLS measurements, and SEM
imaging. The ensembles produced from TxSB-CO,-
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proved to be environmentally responsive, with the extent
of assembly being readily modulated via changes in tem-
perature, pH, and concentration, as well as via the addi-
tion of the acetate anion as a competitive guest. The pre-
sent work shows how ostensibly similar receptors can be
used to create very different kinds of solution phase and
solid state structures. As such, it could set the stage for
the design and synthesis of more sophisticated supramo-
lecular systems, such as so-called smart materials?®33 and
molecular level switches,'>7 that would benefit from the
availability of large cationic macrocyclic building blocks.
The present work also serves to underscore how struc-
tures inferred from solid state structural analyses are not
necessarily reflective of the forms that dominate in com-
petitive solution phase media.
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