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ABSTRACT: Spherical anions induce the dimerization of
calix[4]arene derivatives 3 and 4 bearing squaramide moieties
at the exo rim (p-squaramidocalixarenes). '"H NMR titration
experiments showed that unlike the distal isomer 3, proximal
p-squaramidocalixarene 4 is also able to form dimeric
complexes with trigonal-planar anions.

he development of efficient artificial receptors for the

selective binding of biologically or environmentally
important anionic species has been the object of an extensive
research effort in the past decade.' Among the possible artificial
anionic hosts, electroneutral species have been particularly
investigated because of their ability to recognize anions over a
large interval of pH.> The most common electroneutral anionic
hosts generally contain polarized N—H fragments of amide,’
urea/thiourea® (1a/1b; Chart 1) or pyrrole groups,® and very
often display remarkable host properties.
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In the last years, the squaramide subunit® 2 (Chart 1) has
been considered as a novel H-bond-donating group that can
coordinate anionic’ guests because of its ability to establish
bifurcated hydrogen bonds like urea/thiourea groups do. With
respect to urea/thiourea groups, recent reports have shown that
the squaramide ring presents structural and electronic
diversities that make it superior as a H-bond-donating group.®

The calix[4]arene macrocycle” is greatly used as a molecular
scaffold in the design of artificial anion receptors because of its
ready availability and easy chemical modification, which allows
the introduction of appropriate functional groups to create a
suitable complementarity with anionic'® guests. Thus, increas-
ing attention has been devoted to the synthesis of hybrid
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calixarene hosts bearing electroneutral H-bond-donor units
such as amide'' and urea groups,'> which often display
remarkable recognition properties. In regard to hybrid
calixarene—squaramide hosts, Jiang and co-workers'® very
recently reported the first examples of calix[4]arene-based
receptors in which two squaramide moieties were introduced at
the endo (or lower) rim. These hybrid hosts were able to
recognize and sense H,PO,”, AcO™, and F™ anions.

As an alternative to functionalization of the the endo rim, the
introduction of functionalities at the exo (or upper) rim of the
calixarene skeleton plays a special role because it is considered
the best way to exploit the preformed calixarene cavity in
recognition processes evocating the use of calixarenes as
enzyme mimics, as already precognized by Gutsche in his early
papers.'* Unexpectedly, no examples of hybrid exo-rim-linked
calix[4]arene—squaramide hosts have been reported to date.
This observation prompted us to investigate the introduction of
squaramide moieties at the exo rim of the calix[4]arene
macrocycle and to study the recognition properties of these
novel p-squaramidocalix[4]arene derivatives 3 and 4 (Scheme
1) toward anionic guests.

The synthesis of 3 and 4 is outlined in Scheme 1. In
particular, the known precursors S,17-diaminocalix[4]arene (5)
and §,11-diaminocalix[4]arene (6), obtained according to the
procedure of Reinhoudt and co-workers™ (see Scheme S1),'
were coupled with squaramido ester 7 in MeOH as the solvent
to give 3 and 4 in 30% and 35% yield, respectively.

The structures of regioisomeric p-squaramidocalix[4]arenes
3 and 4 were readily confirmed by spectral analysis.'® In
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Scheme 1. Synthesis of p-Squaramidocalix[4]arene
Derivatives 3 and 4
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particular, the presence of a pseudomolecular ion peak at m/z
1265 (MH"*) in their ESI(+) mass spectra confirmed the
molecular formula, while the 'H and *C NMR spectra (Figures
S1-S3) and the 2D COSY NMR spectra (Figures S4—S6)
confirmed the distal and proximal disubstitutions in 3 and 4,
respectively.'®”

The ability of p-squaramidocalix[4]arene 3 to bind anionic
guests was studied by standard 'H NMR titrations'® in which
the host concentration was kept constant while the guest
concentration was varied (Table 1). DMSO-d4 containing 0.5%
D,0O was used as the solvent in order to minimize the effect of
atmospheric water absorption during the titrations.

The addition of spherical bromide anions, in the form of the
tetrabutylammonium salt (TBABr), to the solution of receptor
3 caused downfield shifts of the NMR signals of both the NHy
and NH, squaramide protons. This indicated that these groups
were engaged in H-bonding interactions with the anionic guest
with a fast complexation equilibrium. Surprisingly, a Job plot for
3 and Br~ (Figure $7)"® showed a maximum at a mole fraction
of 0.67,"% thus indicating a 2:1 calixarene/bromide binding
stoichiometry. The formation of the dimeric Br™-(3), complex
was also evidenced by the ESI(—) mass spectrum (Figure 1),
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Figure 1. ESI(—) mass spectrum of a 1:1 mixture of 3 and Br~ in
CHCL,,

which evidenced a sharp isotope pattern centered at m/z
2609.17 [2M + Br]™ in good agreement with the dimeric
complex. The binding constants were estimated by NMR
titrations carried out with a 1 mM solution of 3 using 0.1—4.0
mM TBABr at 25 °C. Nonlinear least-squares fitting for the
NH, proton was performed using the EQNMR program."® The
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K,,; and K, values are 500 and 230 M, respectively, with K,
> K,,; (see Table 1).

An insight into the structure of the dimeric Br™-(3), complex
was obtained by molecular mechanics calculations using the
MacroModel 9.0 program® with the optimized potentials for
liquid simulations (OPLS) force field and H,O as the solvent.
In the structure with the lowest OPLS energy (Figure 2a), the
calixarene macrocycle is locked in the cone conformation by
the four propyl groups at the lower rim. The molecular model
suggests that the stabilization of the dimeric Br™-(3), complex
is obtained by H-bonding interactions between the squaramide
NHs and the bromide anion. In particular, two squaramidoca-
lixarene molecules (Figure 2b) can assume a relative orientation
that brings the two squaramide rings of two different
calixarenes into approximately the same plane, promoting
their square-planar coordination around the bromide anion. A
comparable dimerization induced by a spherical anion was
previously reported by Lhotik and co-workers®' for a
calix[4]arene derivative bearing proximally located ureido
moieties at the exo rim.

Similar results were obtained for the chloride anion. In
particular, the formation of the dimeric CI™+(3), complex was
evidenced by the ESI(—) mass spectrum and by Job plot
analysis, which showed a 2:1 binding stoichiometry. In this case
also, K;,; (325 M) was larger than K, (70 M™").

Thus, we can conclude here that spherical anions such as
chloride and bromide induce dimerization of calix[4]arene 3
1,3-difunctionalized at the exo rim with squaramide rings. It is
likely that the dimerization process is thermodynamically driven
by the favorable square-planar coordination of two squaramide
rings of different calixarenes around at the spherical anion.

Interestingly, to the best of our knowledge, these are the first
examples in the literature in which spherical anions induce a
dimerization of squaramide-based hosts. Previously, Costa and
co-workers* reported the dimerization of a squaramide-based
host in a protic solvent induced by the tetrahedral sulfate anion.

Unlike distal p-squaramidocalix[4]arene 3, the proximal
regioisomer 4 showed good solubility in CDCl;. Thus, its
binding properties (Figures $8—S10) were studied in CDCly
containing 1% DMSO-dg and 0.5% D,0.'® Interestingly, Job
plots of 4 and spherical guests such as Br~ and CI” showed
maxima at a mole fraction of 0.67 in each case (Figure S9b,c).*¢
These results indicate that host 4 also binds spherical anions
with a 2:1 stoichiometry, forming dimeric complexes. The
formation of the Br™-(4), complex was also evidenced by the
ESI(—) mass spectrum of 4 in the presence of 1 equiv of Br~
(Figure S11, top),'® which evidenced the presence of a sharp
pattern centered at m/z 2609 [2M + Br]~ corresponding to the
dimeric complex. Analogously, the ESI(—) mass spectrum
obtained for a mixture of 4 and Cl~ (Figure S11, bottom)*®
corroborated the presence of the dimeric complex CI™-(4),.
Titrations of 4 with bromide and chloride anions (Figures S8—
S10) gave binding isotherms for the squaramide NH, proton, in
which a downfield shift was observed until a plateau was
reached at about 1 equiv of anion (Figure S9a). The titration
chemical shift data were analyzed by nonlinear least-squares
fitting procedures using the EQNMR program' to give the
association constants reported in Table 1. In particular, a total
association constant K., = KK, = (9.1 + 0.2) X 10" M™*
(Table 1) was determined for the Cl™-(4), complex, a value
significantly higher than that observed for the bromide-induced
dimerization of 4 [K,,, = (2.2 + 0.2) X 10° M~2].
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Table 1. Complexation Constants (K;,; and K,,;) of Receptors 3“ and 4® toward Chloride, Bromide, Benzoate, and Nitrate
Anions As Determined by '"H NMR Titrations (400 MHz) at 298 K

cr- Br~ PhCOO™ NO;~
3¢ K, 325 + 20 500 + 65 - -
Ky, 70 + 30 230 + 40
4 Ky, (3.6 £ 04) x 10* (3.10 + 0.34) x 10° (247 £ 0.37) x 10° (125 £ 02) x 10°
Ky, (2.54 + 02) x 10° 720 + 30 102 + 12 78 + 10

“H NMR titrations were carried out in DMSO0-d,/0.5% D,O. bIIf NMR titrations were carried out in CDCl;/1% DMSO0-ds/0.5% D,0. “No
changes in the '"H NMR spectra were observed.

(a) \t’ _;w (b) s

(b)

Figure 3. (a) Model of the energy-minimized structure of the

Figure 2. (a) CPK model of the energy-minimized structure of the PhCOO™(4), complex. (b) View of the NH, disposition above the
Br™+(3), complex (OPLS force field, H,0, GB/SA solvent model). (b) aromatic 3,5-trifluoromethylphenyl ring.

View of the square-planar coordination of the two squaramide rings
around the Br~ anion (green).

squaramide units of two different calixarene caps. Close
inspection of the lowest-energy structure of the PhCOO™-

The addition of trigonal-planar anions such as nitrate and (4), complex (Figure 3b) revealed that the NH, squaramide
benzoate, in the form of their tetrabutylammonium salts, to protons lie directly above the aromatic ring of the
solutions of 1,3-disubstitued p-squaramidocalix[4]arene recep- triftuoromethylphenyl moieties (Figure 3b). This accounts for
tor 3 did not cause significant shifts of the "H NMR signals of the previously mentioned initial upfield shift of the NH,
the host, indicating that no appreciable interactions were protons in the titration of 4 with PhCOO™ (Figure SI12 top).
established between distal regioisomer 3 and the benzoate or The surprising differences in the binding behavior toward
nitrate anion. In contrast to 3, the proximal regioisomer 4 trigonal-planar anions of the seemingly similar regioisomeric
exhibited good binding abilities toward trigonal-planar anionic receptors 3 and 4 can be explained in terms of a balance
guests. In fact, the addition of benzoate (Figure S12, top) or between inter- and intramolecular H-bonds.*® In fact, the more
nitrate (Figure S12, bottom),16 in the form of the TBA salt, to symmetrical distal isomer 3 has a strong tendency to give
the solution of 4 caused a shift of both squaramide NH,, and intermolecular H-bonding interactions, as evidenced by its
NH, signals in the '"H NMR spectrum. In particular, a close aggregating tendency in the less polar CDCl; solvent, which
inspection of the binding isotherms in Figure S126 revealed an reduces its binding affinities. On the other hand, the less
initial upfield shift of the NH, proton up to the addition of 0.5 symmetrical proximal isomer 4 is less prone to give
equiv of anionic substrate. Above 0.5 equiv, the direction of the intermolecular H-bonding interactions, as evidenced by its
shift changed to downfield. As previously reported by higher solubility in CDCl;, leading to intramolecular H-bonds
Hamilton,*® these type of complexation induced shifts (CISs) (Figure $13),"%** which favor both the 1:1 and 2:1 complex-
are due to two complexation equilibria. In the first one, at the ation with trigonal-planar anions. This indicates that intra-
beginning of the titration, the macrocycle is in excess with molecular H-bonding interactions can be advantageous for
respect to the anion and the prevalent species is the dimeric receptor efficiency.”
complex X-(4),. In the second one, as the anion concentration In conclusion, we have here reported the anion-induced
increases, the equilibrium shifts to the monomeric X -4 dimerization of p-squaramidocalix[4]arene derivatives 3 and 4.
complex and reaches the saturation point toward the end of The stabilization of the dimeric architectures was brought by
the titration. Also in these cases, nonlinear fitting of the the square-planar coordination of two squaramide rings around
titration data using the EQNMR prograrn19 gave the following the anionic guests to give H-bonding interactions between
association constants (Table 1): K;,; = (2.47 + 0.37) X 10* and squaramide NH protons and the anion. 'H NMR titration
K, = 102 =+ 12 for benzoate; K;,; = (1.25 + 0.17) X 10* and experiments showed that both distal and proximal p-
K,,; = 78 + 10 for nitrate. Regarding the dimeric PhCOO™-(4), squaramidocalixarenes 3 and 4, respectively, are able to form
complex, molecular mechanics calculations (MacroModel 9.0 dimeric capsules in the presence of spherical anions such as
program, AMBER force field, CHCl; as the solvent) revealed a chloride and bromide. However, significant complexation of
structure (Figure 3a) that is slightly different with respect to trigonal-planar benzoate and nitrate anions was observed only
that observed for the dimeric Br™-(3), complex. In particular, with the proximal isomer 4, which also forms stable dimeric X"
the benzoate ring is almost perpendicular to the two (4), complexes, probably because of favorable intramolecular
squaramide planes, with the oxygen atoms of the carboxylate H-bonding interactions and greater complementarity with
group engaged in four H-bonds with the NH groups of two respect to the distal isomer 3. To the best of our knowledge,
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the above cases are the first examples in which a spherical anion
induces dimerization of a squaramide-based receptor. The
above-mentioned favorable intramolecular H-bonding inter-
actions can be considered a new and interesting approach to
optimize and tune the recognition properties of molecular
receptors.

B EXPERIMENTAL SECTION

General Information. High-resolution ESI-MS spectra were
performed on a Q-ToF mass spectrometer equipped with an
electrospray ion source. Each compound was analyzed by direct
infusion using 80:18:2 CH,Cl,/CH;OH/HCOOH as the solvent. The
instrument was calibrated using [Glul]-Fibrinopeptide B. All of the
chemicals were reagent-grade and used without further purification.
Anhydrous solvents were used as purchased from the supplier. When
necessary, compounds were dried in vacuo over CaCl,. Reaction
temperatures were measured externally. Derivatives 5,'> 6, and 7°°
were synthesized according to literature procedures. NMR spectra
were recorded on a 400 MHz spectrometer; chemical shifts are
reported relative to the residual solvent peak. One-dimensional "H and
BC spectra, COSY-45, and NOESY were used for NMR peak
assignment. COSY-4S spectra were recorded using a relaxation delay
of 2 s with 30 scans and 170 increments of 2048 points each. NOESY
spectra were recorded in phase-sensitive mode using a mixing time
(t.) of 200 ms. Monte Carlo conformational searches (10 000 steps)
were performed with the MacroModel 9.0/Maestro 4.1 program’
using the OPLS force field and H,O or CHCI; solvent (GB/SA
model). The starting structures were built on the basis of the cone
conformation adopted by the tetrapropoxycalix[4]arene skeleton.

General Procedure for the Synthesis of p-Squaramidocalix-
[4]arene Derivatives 3 and 4. The appropriate aminocalix[4]arene
derivative 5 or 6'° (0.10 g, 0.16 mmol) was dissolved in dry methanol
(5 mL), and then derivative 7>° (0.25 g. 0.71 mmol) was added. The
reaction mixture was stirred at room temperature for 48 h, filtered, and
concentrated under reduced pressure. The residue was dissolved in
CH,Cl, and washed with 1 N HCI and H,O. The organic phase was
dried on Na,SO, and filtered, and the solvent was removed under
reduced pressure. The crude product was purified by column
chromatography on silica gel.

Derivative 3. CH,Cl,/MeOH (9:1 v/v), white solid, 0.061 g, 30%
yield. ESI(+) MS: m/z 1265 (MH*). '"H NMR (DMSO-d, 400 MHz,
298 K): 6 094 (t, OCH,CH,CH,, | = 69 Hz, 6H), 1.02 (t,
OCH,CH,CH,, ] = 6.9 Hz, 6H), 1.85—1.92 (m, OCH,CH,CH,, 8H),
3.12 and 432 (AX, ArCHAr, ] = 12.8 Hz, 8H), 3.69 (br t,
OCH,CH,CH;, 4H), 3.84 (br t, OCH,CH,CHj;, 4H), 4.97 (s, OCH,,
4H), 6.40 (br t, ArH, 2H), 6.48 (br d, ArH, 4H), 6.96 (br s, ArH, 4H),
7.94 (br s, NH, 2H), 8.05 (s, ArH, 2H), 8.11 (s, ArH, 4H), 9.45 (s,
NH, 2H). 3C NMR (DMSO-d,, 100 MHz, 298 K): 6 10.1, 10.5, 22.7,
229, 304, 462, 764, 76.6, 118.7, 121.5, 122.0, 124.7, 127.8, 128.7,
130.4, 130.7, 132.8, 133.6, 136.3, 142.6, 152.8, 155.3, 164.3, 168.3,
180.7, 183.9. Anal. Caled for CeHeoF,N,Og: C, 62.66; H, 4.78.
Found: C, 62.75; H, 4.69.

Derivative 4. CH,Cl,/MeOH (9:1 v/v), white solid, 0.071 g, 35%
yield. ESI(+) MS: m/z 1265 (MH'). '"H NMR (CDCl,/DMSO-dj,
99:1 v/v, 400 MHz, 298 K): 6 0.93 (overlapped, OCH,CH,CH,, 6H),
1.83 (overlapped, OCH,CH,CHj, 8H), 3.06 and 4.29 (AX, ArCH,Ar,
J = 12.8 Hz, 2H), 3.10 and 4.32 (AX, ArCH,Ar, ] = 13.6 Hz, 4H), 3.16
and 4.33 (AX, ArCH,Ar, ] = 12.8 Hz, 2H), 3.75 (overlapped,
OCH,CH,CH,, 4H), 498 (s, OCH,, 4H), 6.37 (broad, ArH, 2H),
6.51 (broad, ArH, 2H), 6.66 (broad, ArH, 2H), 7.73 (broad, ArH,
2H), 7.77 (broad, ArH, 2H), 7.79 (overlapped, ArH, 6H), 8.06 (br s,
NH, 2H), 9.11 (s, NH, 2H). *C NMR (DMSO-d, 100 MHz, 298 K):
6 10.2, 22.7, 22.8, 30.2, 30.4, 30.6, 46.0, 76.2, 76.3, 79.1, 121.2, 121.5,
121.6, 121.9, 124.6, 127.8, 127.9, 128.5, 130.3, 130.6, 132.6, 134.1,
134.3, 134.6, 134.9, 1354, 142.3, 152.3, 156.1, 164.2, 168.2, 180.9,
183.4. Anal. Calcd for C¢sHgoF,N,Oq: C, 62.66; H, 4.78. Found: C,
62.78; H, 4.68.

Determination of Association Constants by 'H NMR
Titrations. '"H NMR titrations were performed at 298 K. The host
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concentration was kept constant while the guest concentration was
varied [e.g, 1 mM host (3 or 4) using 0.1-2.5 mM TBAX]. In all
cases, the signals of the host were followed and the data were analyzed
by nonlinear regression analysis.'®

Job Plot Experiments. Complexation stoichiometries were
determined from Job plots using '"H NMR spectroscopy.'® Stock
solutions of host (S mM) and guest (S mM) in CDCI; were prepared.
Ten NMR spectra were obtained in the following volume ratios (host/
guest): 100:400, 150:350, 200:300, 250:250, 300:200, 350:150,
40:100, 450:50, 500:0 (uL/uL). The chemical shift of NH squaramide
protons was recorded for each sample, and the corresponding
concentration of the complex was determined for each sample. The
Job plot was obtained by plotting the complex concentration as a
function of the mole fraction of the host.

B ASSOCIATED CONTENT

© Supporting Information

'H and *C NMR and 2D COSY spectra of derivatives 3 and 4,
NMR titration data, and detailed results of the molecular
mechanics calculations. This material is available free of charge
via the Internet at http://pubs.acs.org.
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