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ABSTRACT

The small size and high cohesiveness of water means that water-mediated interactions are strongly
context dependent.As a result, there is still much to learn about how non-polar solutes and ions
interact with themselves or each other.To help address this issue, we report here on a cavitand
host, TMAX-CI (2). Possessing two different binding sites, a shallow non-polar dish that binds
hydrophobes, and a crown of ammoniums that bind anions, TMAX-CI (2) provides insight into the
hydrophobic and Hofmeister effects.We find that binding to the non-polar site is weak, suggesting
that a larger surface area is needed for substantial binding.In contrast, binding to the crown of
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ammoniums is relatively strong, despite the high dielectric of water.These findings provide a better
understanding of water-mediated interactions, and define the supramolecular properties of TMAX-
Cl 2 as we continue our studies of this host and related water-soluble cavitands.
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Introduction

Cavitands such as 1 (Figure 1) are well-established hosts
that, in the presence of hydrophobic guests, form
dimeric capsular complexes assembled via the hydro-
phobic effect 1 By internalising guests in their inner-
spaces, these capsules can control their physical [2]
and photophysical [3-5] properties, as well as their che-
mical [6,7] and photochemical [4,8,9] reactivity[10]. The
range of guests that can bind to the pocket of hosts such
as 1is large; ranging from hydrocarbon gases to steroids,
and even 'hydrophobic’ anions such as I, CIO, ~and PF4~
. Host 1 has another trick up its sleeve, namely it can
bind anions to its crown of four ammonium groups at its
base [11,12]. Although located on the exterior of the
host, anion binding to this site can affect the reactivity
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of internalised guests by changing the effective charge
and electrostatic potential field (EPF) of a cavitand/cap-
sule [6,7].

This much stated, there is still much we do not know
about the physico-chemical properties of these hosts.
For example, although in the most general of terms we
can state that the desolvation of the non-polar surface of
the guest and that of the cavity and rim of the host, are
key to hydrophobe binding and assembly, the context
dependency of the hydrophobic effect makes more spe-
cific information difficult to obtain [13-18]. Similarly,
although we have some understanding of the differ-
ences in anion selectivity displayed by the pocket and
the crown, simultaneous binding can make it difficult to
separate these two events and gain a detailed picture.
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Figure 1. Structures of cavitand hosts 1 and 2, and theoretical dimeric 2:1 complex of 2 with benzene. Examples of the benzal

hydrogens and acetal hydrogens of structures 1 and 2 are circled.

To improve our understanding of the properties of
molecules such as 1, we recently reported on the synth-
esis of a new water-soluble cavitand, TMAX-Cl, 2
(Figure 1) [19]. With this host in hand, we hypothesised
that its shallow pocket may be able to bind non-polar
guests, whilst the crown of the host would bind anions
in essentially the same way as the crown of 1. We report
on this dual-mode binding here, using a combination of
[1ITH NMR spectroscopy titrations to examine non-polar
guest binding, and Isothermal Titration Calorimetry (ITC)
titration experiments to assess anion complexation.

Non-polar guest binding to TMAX-CI (2)

TMAX-Cl 2 was readily synthesised in three steps:
namely, formation of the corresponding chloropropyl-
footed resorcinarene, bridging this resorcinol with bro-
mochloromethane to add the four acetal groups, and
a fourfold Menshutkin reaction with trimethyl amine to
replace the pendant halide groups. lon exchange to
remove any bromide counter-ions arising from the brid-
ging of the resorcinol gave the tetra-chloride salt TMAX-
Cl, 2. For reference, the synthesis is shown in Scheme S1
(Supporting Information).

We were interested to determine if the minimal non-
polar surface of TMAX-Cl 2 could bind suitable guests,
and if so, whether or not such 1:1 complexes could also
form 2:1 capsular complexes such as the theoretical
benzene complex (3) shown in Figure 1. To investigate
this we considered a broad range of guests: benzene,
toluene, anisole, pyridine, tetrahydrofuran, 1,4-dioxane,
cyclopentane, isopropyl alcohol, 1,2-dichloroethane,
dichloromethane, chloroform-d, bromochloromethane,
dibromomethane, iodomethane, bromoethane, 1-bro-
mopropane and methane. This list was based on two
general criteria. First, prior work from the Sherman
group revealed that guests such as benzene, pyridine,
and 1,4-dioxane, can be entrapment within carceplexes
[20,21], and that these carceplexes are themselves

formed from the non-covalent dimerisation of cavitands
akin to host 2 around a guest molecule. With this litera-
ture noted, it was anticipated that such guests may be
close to the ideal size to trigger dimerisation of host 2
and the formation of 2:1 ‘sandwich’ complexes (3,
Figure 1). Second, we selected a number of small halo-
genated guests because the four benzal hydrogen
atoms of deep-cavity cavitands such as 1 (circled in
Figure 1) form strong C-H--X-R hydrogen bonds with
halogenated guests [22,23]. Thus, it was assumed that
the presence of halogen atoms would help promote the
formation of 1:1 and/or 2:1 host-guest complexes of 2.

Probing for host-guest complex formation relied on
[1JH NMR spectroscopic titration experiments, utilising
the two distinctive signals from the acetal protons of 2
as the reporter atoms. We anticipated that H;, would be
particularly responsive to changes in the local electronic
environment arising from guest binding, whereas Hg;
would be responsive to host dimerisation. Because of
the low solubility of most of the guests, and the corre-
sponding difficulty in controlling the concentration of
their aqueous solutions, we opted for titrations using the
pure guest. Whilst this strategy adds uncertainty in terms
to the binding constants obtained being absolute, we
assumed that at least internally the affinity determina-
tions would be consistent.

Preliminary investigations identified select guest
binding using a 10 mM solution of 2 in pure D,0. As
there was no pH change between the beginning and
end of the titrations (no ionisable groups on the host or
guests), buffer was not used. Guest binding was identi-
fied by the downfield shifting of the H;, [1]H NMR signal
with select guests. In no case did we observe significant
shifting of other signals. Thus, there was no evidence of
host dimerisation from significant movement of the Hy;
signal. Similarly, there were no significant shifts in the
signals from the methylene groups of the pendant (tri-
methyl)lammonium propyl groups that would be
expected if the guest bound to the host by nestling



within these chains. For the aforementioned guests, we
found no affinity to TMAX-Cl 2 for: benzene, toluene,
anisole, pyridine, tetrahydrofuran, 1,4-dioxane, cyclo-
pentane, isopropyl alcohol, and methane. Additionally,
1,2-dichloroethane, dichloromethane, and bromoethane
associated with only the weakest of affinities. In contrast,
chloroform-d, bromochloromethane, dibromomethane,
iodomethane, and 1-bromopropane were observed to
associate with sufficient affinity that association con-
stants could be reliably obtained. In each case binding
was fast on the [1]JH NMR timescale (300 MHz), and as
aresult we carried out (14 point) titration experiments to
obtain binding isotherms revealing the shift in H, as
a function of the host—-guest ratio. Figure 2 shows
a representative example for the complexation of iodo-
methane to 2. In this particular case, the growing high-
field signal from the methyl of the guest could also be
used to track complexation.
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We used Bindfit [24,25] to determine the affinity con-
stants of these five most strongly associating guests
(Table 1). All isotherms fitted the 1:1 binding model,
with residual errors from the non-linear fitting of between
2% and 10% (Supporting Information). Not unexpectedly,
the larger residual errors were obtained for the weaker
binding guests, and to maximise reliability of the data the
weaker affinity constants were determined from five titra-
tion experiments, whilst the stronger affinities were
obtained using three to four titrations. Full details of
these titration experiments are given in the Supporting
Information. The obtained average binding constants and
their standard deviations are shown in Table 1.

Considering the nature of the binding and non-binding
guests suggests that one or more halogen atom is key to
complexation. CPK models reveal that the larger the halo-
gen atom of the guest, the greater the number of simulta-
neous C-H;,~-X-R hydrogen bonds it can form with the
acetal groups of TMAX-CI 2. An iodine atom can form four
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Figure 2. Representative titration data for the binding of iodomethane to TMAX-Cl 2. The reporter proton H;, is indicated.
[Host] = 1 mM. Spectra 1-14 are for 1) free host; and the following equivalents of guests: 2) 0.48; 3) 0.96; 4) 1.45; 5) 1.93; 6)
2.41;7)2.89; 8) 3.53;9) 4.5; 10) 5.94; 11) 8.03; 12) 9.96; 13) 11.88; 14) 14.94. The growing, high-field signal arises from the methyl group

of the guest.
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Table 1. Summary of association constants (K,) for halogenated
guests binding to host 2 at 298 K2

Guest K, (M) Std. dev. AG (kJ mol™)®
Dibromomethane 45 +10 9.43
1-Bromopropane 31 +7 8.51
Chloroform-d 20 +6 7.42
Bromochloromethane 15 +4 6.71
lodomethane 25 +4 7.97

“Reported (average) K, values and standard deviations are derived from
titration experiments ran in at least triplicate.

PCalculated value based on reported K, value. Errors in AG < 10%, eg, for
dibromomethane, 8.81 < AG < 9.93 kJ mol™".

simultaneous hydrogen bonds, a bromine atom three, and
a chlorine atom 2 [22]. In the case of deep-cavity cavitands
such as 1, this increase in simultaneous hydrogen bonding
leads to an increase in guest affinity: R-I > R-Br > R-Cl
[22,23], and with this in mind it is perhaps not surprising
that iodomethane and dibromomethane are two of the
strongest binding guests. The other strong binder, 1-bro-
mopropane, is more complicated because of its flexibility.
Prior work involving a combination of Raman multivariate
curve resolution vibrational spectroscopy and X-ray crys-
tallography has revealed that the gauche-trans equilibrium
of this guest is shifted towards the latter upon binding to
a-cyclodextrin [26]. Analogously, we surmise that the
guest binds to TMAX-Cl 2 with its bromine atom in the
crown of acetal hydrogens, and its propyl group nestled
on the side rim of the host. An overall gauche conforma-
tion of the guest would maximise host-guest interactions
and minimise exposure of non-polar surface to the aqu-
eous bulk.

In cases where the residual errors were relatively large,
systematic rather than random deviations from the 1:1
model were occasionally observed at low equivalents of
guest (e.g. Figure S17 in Supporting Information). We
envisioned two possibilities for these deviations: host
dimerisation or counter-ion binding. Regarding the for-
mer, DOSY [1]H NMR analysis (Supporting Information)
revealed that the apparent hydrodynamic volume of the
host did not change in the presence of varying equiva-
lents of guest. At all stages of the titration, DOSY [1]H NMR
indicated a monomeric host. Counter-ion binding is
a second possibility. Certainly, deep-cavity cavitands
have measurable affinities for charge diffuse anions
[11,27]; however, even the larger cavities of these hosts
had no measurable affinity for chloride ions, and we saw
no direct evidence of bowl-anion affinity is recent
work[19].

The affinity constants of 1:1 complexes with deep-
cavity cavitands such as 1 can easily be as high as
1 x 10° M. Hence, our studies here reveal the pre-
cipitous drop-off in affinity when the size of the
pocket of a host is reduced. Is this drop-off tied to
the hydrophobic effect? Simulations frequently imply

that water-mediated hydrophobic interactions
between small non-polar molecules are repulsive[18];
at least for convex surfaces. Perhaps this is true here,
and the affinities in Table 1 arise purely because of
C-Hj,~X-R hydrogen bonding. A study of homolo-
gues from iodomethane through 1-iodopentane may
reveal the degree to which non-polar surfaces lead to
attractive water-mediated hydrophobic interactions in
TMAX-CI 2. Regardless, the data here points to inter-
mediately sized hosts - larger than 2 but not as large
as 1 - as possessing the minimum requirements for
sufficiently strong guest complexation for utilisation.

Anion binding to TMAX-CI (2)

In studies with host 1, we had determined the affinity of
a range of anions to both the crown and pocket of the host.
We had observed some fascinating selectivities of anion
affinity to the two different pockets; in the most general of
terms, larger, polarisable anions preferentially bound to the
pocket of the host, whereas small more hydrated anions
bound to its crown. However, simultaneous binding to
both pockets limited the depth of analysis.

TMAX-CI 2 offered the ideal opportunity to gain
more information regarding anion binding to the
crown of these hosts. Consequently, we turned to
Isothermal Titration Calorimetry (ITC) to obtain the
thermodynamic data for halide binding to the host. In
all complexations studied, the Wiseman parameters
¢ (c = [Host] x K,) was relatively small, and conse-
quently we utilised standard protocols to ensure high-
quality data [28,29]. In preliminary studies, we observed
changes in the pH upon titrating salts into solutions of
host 2, and although these were small, we opted to
study the affinity of the halides under buffered condi-
tions. Specifically, we examined halide affinity in 10 mM
sodium phosphate buffer at pH = 3 and pH = 7.3 [30].
To account for the heating of salt dilution during titra-
tion, in each experiment, we subtracted from the raw
data the data for the addition of salt to a host-free
solution. In repeated attempts, we did not observe
any affinity of fluoride for TMAX-Cl 2. However, excel-
lent data were obtained for the other halides.
A representative example, the binding of bromide at
pH = 7.3, is shown in Figure 3.

Within each series of halide guests, the order of affi-
nity (weakest to strongest) was as follows: Cl < Br ™ < I".
We attribute the sizeable range in affinity, eg.,
AG =9.1 kJ mol™ for CI ~and | ~ at pH 7.3, to differences
in the hydration free energies of each anion. lodide has
a relatively low hydration free energy of — 283 kJ mol ™',
and as a result, we surmise that its solvation shell can
readily adjust or partially move aside to allow the
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Figure 3. Representative ITC data for anion binding to TMAX-Cl (2) ([host] = 0.25 mM, 10 mM sodium phosphate buffer, pH = 7.3).
Data are for the complexation of Br: (a) Raw data for the titration of NaBr into a solution of TMAX-CI (2); (b) reference titration of NaBr
into the host-free solution; (c) Combined binding isotherms showing raw data (a) in black and reference titration data (b) in grey; (d)

ITC titration data after subtraction of reference.

formation of direct I™-MesN*R interactions involving
Coulombic, C-H--I = hydrogen bonding, and van der
Waals interactions with the pendant groups of the
host. In contrast, chloride is too strongly solvated to
form direct interactions with the host (=347 kJ mol™).
As a result, we surmise it primarily forms rather long and
weak Coulombic interactions with TMAX-C| 2.

All complexations were strongly exothermic, and the
larger the halide the greater the exothermicity. Thus, at
pH = 7.3 iodide binding released 11.5 kJ mol™" more heat
than chloride binding. Entropy changes for guest binding
were small, but there was a significant difference between
the pH solutions: (—TAS)= 1.3 and - 2.1 kJ mol™' at pH 7.3
and 3.0, respectively. In other words, whereas in general
complexation is more favourable at lower pH, the enthal-
pic benefit to anion binding is smaller, but this is com-
pensated for by a favourable change in — TAS.

We had previously used [1]JH NMR spectroscopy to
measure halide binding to the crown of host 1in 10 mM
phosphate at pH = 7.3[11]. A comparison of these data
(120, 740 and 3,200 M~" for CI~, Br “and | ~ respectively)
with those in Table 2 reveals gratifying similarities, sug-
gesting that despite the complication of the second
pocket in host 1, our earlier K, determinations were
accurate.

Conclusions

We have shown that TMAX-Cl 2 possesses two very
different binding sites: the first, a shallow non-polar
dish of a pocket that binds hydrophobic guests with
the assistance of hydrogen bonding to its acetal groups,
the second, a crown of ammonium groups that bind
anions. Binding to the non-polar site is weak, suggesting
that a larger surface area is needed for substantial

Table 2. ITC-derived binding constants and thermodynamic data
for halides binding to TMAX-Cl (2).*

Ky (M~ AG (k)/ AH (kJ/  TAS (kJ/

Guest B mol) mol) mol)

10 mM sodium phosphate I~ 3677 -203 -22.7 2.4
buffer, pH = 7.3 Br~ 652 -161 =177 1.6
a 92  -112 -1.2 0.0

10 mM sodium phosphate I~ 5827 -215 -187 -2.8
buffer, pH = 3.0 Br~ 978 =172 -179 0.7
a- 132 -121 -8.6 -35

At 298 K. Errors in AH, K, and AG were obtained by performing at least three
titrations and averaging. The obtained average AH and AG values were then
used to calculate the average — TAS value. All errors were less than 10%.

binding. In contrast, binding to the crown of ammonium
groups is relatively strong, despite the high dielectric of
water which is often thought of as an effective screen for
Coulombic interactions. These findings provide a better
understanding of cavitands such as 1 and define the
supramolecular properties of TMAX-Cl 2 as we continue
our studies of this host and related water-soluble
cavitands.
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obviously an approximation; at any instant the four
intrinsic counter-ions, or the three counter ions and
the guest anion, are likely to be distributed within the
Stern layer (where they may be considered guests) and
outwith the Stern layer (where they can be considered
as free counterions)
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