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Evidence of anion-induced dimerization of a squaramide-based host in

protic solventsT
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The combination of squaramide units with tetraalkylammo-
nium groups leads two hosts that bind distinctively dianions in
water—ethanol mixtures. The formation of complexes of 2 : 1
stoichiometry with host 2 was supported by ITC, fluorescence,
and 'H NMR data.

The important role of anions in environmental and biochemical
processes together with recent advances in anion-templated
syntheses and directed self-assembly have stimulated the rise of
numerous hosts for these species, many of them incorporated into
sensing devices.! In aprotic solvents a number of molecular hosts
have been shown to bind oxoanions by weak interactions such as
hydrogen bonding? In contrast, the binding in polar protic
solvents, or in water, the natural solvent for anions, is difficult due
to strong solvation. In these solvents, anion recognition is usually
achieved via metal complexes® or via nitrogen charged groups
involved in salt bridges with anions.*

In protic media it still remains a challenge to build hosts that
display both high affinity and selectivity for their targets. In this
contribution, we focus on two isomeric squaramide-based hosts to
investigate the influence in the complexation produced by
changing the relative position of a squaramide unit with that of
an ammonium group. The hosts are composed of two tetra-
alkylammonium groups joined through covalent bonds that
incorporate two squaramide modules (Chart 1). The squaramides
not only offer two efficient hydrogen bond donors as well as two

NMe,

Chart 1 Structures of squaramide-based hosts 1 and 2.
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hydrogen bond acceptors, but also impart some rigidity to the
hosts. Thus, the quasi-flexible squaramide-based hosts 1 and 2
are intended for binding oxodianions in an adaptive way by
establishing multiple attractive interactions to satisfy the double
valence concept recently introduced by Bowman-James.’

Squaramide hosts 1 and 2 were obtained in good yields as the
diiodide salts by a sequence of condensation and methylation
reactions as shown in Schemes S1 and S2 (ESIt). The structure of
1 and 2 also includes a tertiary amine that is important for
solubility considerations.® They are soluble in DMSO, MeOH,
EtOH, H,0 and in hydroalcoholic mixtures. Based upon literature
precedents, ion pairing with the iodide contra-ions in protic
solutions is considered negligible in the range of concentrations
used in this work (107%-107% M).”

The binding properties of the diiodide salts of 1 and 2 with
tetramethylammonium  sulfate (TMA)»(SO,%”) and with the
sodium salt of Erythrosin B (ErB) were investigated by isothermal
titration calorimetry (ITC), and by fluorescence and '"H NMR
spectroscopy, when possible under the same experimental condi-
tions. Under these circumstances a comparison of the results for 1
and 2 must give insightful information of the influence of their
structural differences in the complexation events.

Inspection of Table 1 shows that for all equilibria involving
hosts 1 or 2, AH" values are close to zero and AS® are positive.
These data emphasized the importance of the solvent in the
formation and organization of the ion-paired species. In all cases,
the small magnitude of AH® and the favourable AS°® suggests the
formation of more or less structured complexes incorporating
a variable number of solvent molecules. At the same time, a
significant proportion of solvent molecules are released into bulk
solution resulting in a reorganization of the solvent which is in
agreement with the observed favourable entropic term.® The
strength of the binding was estimated from the ITC data with
some difficulty due to the low thermicities observed with these
equilibriums. Thus, while integrated heat data of 1 with

Table 1 Apparent association constants and thermodynamic para-
meters” from ITC titrations for complexation of squaramide hosts 1
and 2 with sulfate and Erythrosin B in EtOH-H,O at 293 K®

Complex KIM™! AH® TAS®  AG® n

1:(S047) 1.0 +£02 x 10° —0.1 +6.6 -6.7 1.0
1-ErB 74 + 0.1 x 10* +1.0  +74 -6.5 0.9
2:(S04%7) 7.0 + 2.4 x 10° 0.0  +92 -92 1.0
2,:(8S04%7) 39 405 x 104  —0.1 +6.6 -67 0.9
2-ErB 24 + 03 x 10 +0.3 +6.2 -59 09
2,-ErB 48 + 1.1 x 10° +1.0  +8.6 -76 09

“In kecal mol™!. ?(96%) EtOH-H,O (9 : 1 viv), pH 8.9, TRIS
bufffer 1072 M.
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(TMA),SO4 or ErB were fitted to 1 : 1 models, those of 2 could
only be satisfactorily fitted taking into account the existence of 2 : 1
stoichiometries.” These results are noticeable because the forma-
tion of a high order complex involves the addition of a second
molecule of 2 on an already existing ion pair. This consecutive
equilibrium, although not totally discarded, has not been observed
with host 1.

To gain more insight into the mode of complexation of 1 and
2 we carried out additional titrations with Erythrosin B by
fluorescence in the same solvent mixture. ErB is a well known dye
that is pink-red in the dianionic state. The ErB absorption
is linearly dependent on concentration over the range from
0.1 x 107°to 5 x 107> M, the conditions of this study, thereby
excluding self-aggregation effects.

The decrease in the intensity of the fluorescence emission band
of ErB recorded at 552 nm (Ao = 535 nm) was used to determine
ligand association (Fig. 1). Note that at the end of a titration
the squaramide hosts are in excess and will tend to shift the
equilibrium towards the formation of higher aggregates of
type 2,-ErB (n > 1). Analysis of the fluorescent titration data of
ErB with 1 and 2 to both 1 : land 2 : 1 models'® was performed by
non-linear curve fitting.'" In this way, the association constant
of 1 with ErB calculated with a 1 : 1 complexation model is
74 x 10* M~!, while those with host 2 with a 2 : 1 model are
1.1 x 10* M™" and 62 x 10° M for 2-ErB and 2,-ErB,
respectively. It is relevant to note that these association constants
compare well with those obtained by ITC at a different range of
concentrations and that 2 shows 2 : 1 stoichiometry as above.

The complexation of 1 and 2 with dianions was also investigated
by 'H NMR in MeOH-d,. Although in MeOH-d; the NH
squaramide resonances are obscured due to fast exchange, the 'H
NMR spectra of 1 and 2 still show distinctive features. Upon
titration with (TMA),SO, the chemical shift changes of both
compounds were analyzed by the molar ratio method,'? Fig. 2. In
host 1, the resonances of NMe and NCH, initially at 2.30 and
2.56 ppm move gradually downfield, Fig. 2(a). In a parallel
experiment, host 2 shows initially two sets of observable signals
centered at around 2.39 (NMe) and 2.57 ppm (NCH,), consistent
with the presence of anti-syn conformers typical of squaramides
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Fig. 1 (a) Left y-axis, absorption spectra of ErB (3.60 x 107° M) in
EtOH-H,O0 (9 : 1 v/v) before and after addition of 10 equiv. of 2 (broken
line). (b) Right y-axis, from the top down, fluorescence emission spectra of
ErB (Zexc = 535 nm) and the effect produced by the addition of 2: 0, 0.195;
0.378; 0.550; 0.712; 1.01; 1.27; 1.73; 2.27; 3.46; 69.1 (x 107°) M,
respectively.
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Fig. 2 Chemical shift changes observed for 1 (a) and 2 (b) (ca. 4.5 x
107> M) in MeOH-dy: (a) NMe (4), NCH, (®); (b) NMe(1) (4), NMe(2)
(@), NCHx(1) ([7), NCHx(2) (O).

substituted with dimethylaminopropyl groups.® Upon addition of
(TMA),SO, a pair of NMe and NCH, signals moved downfield
by 0.04 and 0.09 ppm, respectively, while a second pair moved
initially downfield around 0.03 ppm and then, at 0.5 equiv. of
sulfate shifted upfield by 0.03 ppm, Fig. 2(b). The observation of
two inflections at ratios [SO4> J/[2] around 0.5 and 1, respectively,
indicates formation of 2,<(SO,>”) and 2:(SO4#") complexes.
Furthermore, this also indicates that the association constants K
and K, are larger compared to 1/[2], and, with a small ratio
between constants (K»/K; < 0.1).13 In both compounds, the
resonances of NMej initially at 3.24 ppm moved upfield 0.02 ppm
as a consequence of the anion binding."*

The formation of the complexes was confirmed by electrospray
mass spectra (ESMS). A solution of host 1 (100-200 pM) in
MeOH gives ion signals at m/z 520.7 and 662.3 (base peak) that are
assigned to [1 — 217 — H']"and [1 — 17]", respectively. A sample
of 1 containing (TMA),SO, exhibits new ion signals for [1 — 2™ +
SO +HT and [1 — 21" + SO,2~ + TMA']" at m/z 632.3 and
705.4, respectively, which are indicative of the presence of a 1 : 1
complex in solution. On the other hand, the ESMS of 2 besides ion
peaks at 632.3 and 705.4 ppm, shows a weak ion signal assigned
to [2 — IMe — 31" + SO,> T" at m/z 1151.7 that supports the
formation of a 2 : 1 complex.

Considering the charged nature of hosts 1 and 2, the observation
of dimeric complexes in solutions of 2 (1073-107% M) with
dianions of different sizes and shapes is quite remarkable. It
implies that dimerization proceeds due to interactions on an
already ion-paired neutral complex. If one recalls that the
formation of both 1 : 1 and 2 : 1 complexes is characterized by
a favourable entropic term, the most probable driving force of
dimerization arises from the entropically favoured partial desolva-
tion of a second molecule of 2 that interacts with the already
existing ion pair. This consecutive process involves an added bonus
to the favourable overall energy of a system heavily dominated by
electrostatic interactions. However, electrostatic interactions per se
are unable to explain the observed anion-induced dimerization of
host 2, because parallel experiments performed with 1 lead only to
the detection of 1 : 1 complexes.

Taken together our results confirm that the interaction of
solvent with hosts and guests as well as solvent reorganization
plays a crucial role in the complexation events. Also, observation
of a uniform response of the two anions investigated, sulfate and
ErB, which have very different geometric requirements, suggests

964 | Chem. Commun., 2007, 963-965

This journal is © The Royal Society of Chemistry 2007



:’ | o}
o, 0 .
; 3 N N
N N/\,:/\N(F—_/\ H B
Me,N i H H L Mey NMe;
3 : AZ(nS)
Lo, O
i ; }NMea
: - : Me. H H
L ~N N/\:\_*/ N* N N—/"
1 H :
Me,N o Y%

Chart 2 Schematic representation of an anion-induced dimer of 2. In
this illustration A%~ +(nS) represents a generic, partially solvated guest,
although the host actually is also partially solvated.

that the actual size and the area of contact between hosts and
guests are significantly bigger than assumed. A situation that is
probable is if complexation takes place by interaction of the host
with an anionic guest included in a solvation cluster.'” In that case,
a variable number of solvent molecules of the first solvation shells
also participate in the interaction event, thus modifying the actual
size and shape of host and guest. From the thermodynamic side,
numerous populated states of similar energies are likely to exist in
solution for such a system.® In this scenario, a plausible
explanation for the anion-induced dimerization of 2 (Chart 2)
involves the formation of an initial 2 : 1 complex held by
electrostatic interactions with the tetraalkylammonium groups and
two squaramides, which trigger new host-host favourable C=0O to
NH interactions through the squaramide ends. This event liberates
more solvent molecules from the solvation cage to the bulk, thus
providing an extra stabilization to the dimeric complex. Under
these circumstances the dimeric state becomes populated and can
be experimentally detected.

In summary, in this work, we have demonstrated that subtle
changes in the structural arrangement of flexible hosts can lead to
unexpected changes in the stoichiometry of the complexes in protic
solvents. Anion-induced dimerization modifies the affinity and/or
the selectivity of a host for a given guest and can be used
advantageously in the design of more effective hosts. Further
studies with other squaramide-based hosts and with anions such as
oxalate and phosphate are currently being investigated in our
laboratories.
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