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A bis(triazole)benzamide receptor for the complexation of halide anions
and neutral carboxylic acid guests. Guest-controlled topicity and self-
assembly
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Bis(triazole)benzamide 1 has been readily synthesized by means of Cu-catalyzed 1,3-dipolar
cycloaddition and its ability to bind halide anions and neutral gallic acid derivative 12GA has been
theoretically and experimentally investigated. The cavity defined by the N—H amide group and the vicinal
aromatic hydrogens is suitable to form H-bonding arrays with halide guests. The stability of complexes

S

1Cl™ and 1+Br  is very similar, as DFT calculations predict and "H NMR titration experiments confirm.
The zig-zag “anti” conformation of the molecule generates two regions with complementary positive and
negative potentials that favors the statistical complexation of two molecules of the neutral carboxylic acid
12GA. This guest-controlled topicity demonstrates the versatility of this class of receptor to bind species
of different nature. The amide group determines the complexation of both anionic and neutral species by
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primary acid-base interactions.

Introduction

Enzymes, hormones, and proteins are biological systems that
exert a specific function in response to complexation of species of
different nature. These biomolecules are endowed with functional
groups able to interact with anions and carboxylic acids in natural
processes such as the collapse of actin filaments by iodine or the
citric acid cycle.! To emulate some of these natural processes, a
variety of neutral receptors has been reported to bind anions by
the interaction with polarized O—H or N-H groups.>® The
complexation of carboxylic acids occurs via an acid-base
equilibrium between the carboxylic acid group and typical H-
bonding donors and acceptors such as amines, carbonyls, or
pyridines.* In the quest of new receptors for anions, 1,4-
substituted-1,2,3-triazole-based macrocycles5 and foldamers® are
being investigated. These triazole-based receptors exhibit an
array of neutral but sufficiently polarized C—H groups capable of
interacting with different anions.” In addition to the
electropositive C—H group, the triazole ring possesses two sp’
nitrogen atoms that can interact with typical H-bonding donors.
The H-bonding donor and acceptor moieties of the triazole rings
have been recently combined with a derivative of gallic acid to
form columnar liquid-crystalline supramolecular assemblies.®

We have recently described the self-assembly of amphiphilic,
open aryl triazoles, whose aggregates are disrupted upon bromide
complexation. The addition of bromide to those open receptors
provokes a conformational change that impedes the formation of
organized supramolecular structures.” In this communication, we
have replaced the peripheral triethylene glycol chain of our
previous reported receptor by an amide functional group. The
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presence of the amide group in bis(triazole)benzamide 1 (Scheme
1) renders a versatile receptor that binds halide anions with a 1:1
stoichiometry and the gallic carboxylic acid derivative 12GA
with a 1:2 ratio in a non-cooperative fashion. Additionally, the
complexation of anionic or neutral guests by 1 is accompanied by
no remarkable conformational change of the triazole units. The
neutral receptor 1, the complexes formed by 1 and bromide anion
and by 1 and the neutral carboxylic acid, are able to aggregate
into highly organized supramolecular structures.

Results and Discussion
Synthesis.

Bis(triazole)benzamide 1 has been readily prepared in only
five synthetic steps from commercially available 3,5-
dibromobenzoic acid (2) (Scheme 1). Carboxylic acid 2 was
reacted with n-decylamine in the presence of N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC)
and 4-(dimethylamino)-pyridine (DMAP) to yield amide 3 in
61%. The Sonogashira cross-coupling reaction between amide 3
and trimethylsilyl-acetylene and further deprotection of the silyl
group with K,COj3 afforded N-decyl-3,5-diethynylbenzamide (5).
Receptor 1 was straightforwardly synthesized with a 78% yield
by following the Cu(I)-catalyzed Huisgen 1,3-dipolar
cycloaddition'® between 5 and 4-biphenyl azide (6), which was
prepared by slightly modifying a previously reported
procedure.”'' 'H and '*C NMR, FT-IR spectroscopy, and mass
spectrometry have been used to confirm the chemical structure of
all new reported compounds. The '"H NMR spectrum of receptor
1 is rather simple showing seven well-defined aromatic
resonances, a triplet corresponding to the N—H of the amide
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functionality at & ~ 6.7, and all the paraffinic resonances (see the
Supporting Information). To achieve an antiparallel alignment of
the internal electric dipoles of the triazole rings, compound 1
adopts a zig-zag ‘‘anti’’ conformation of these heterocyclic
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6

s moieties as it is inferred from the NOE effects observed between
the triazole proton (H,) with the two protons of the central
aromatic ring (H, and H,) (Scheme 1 and Figure S1).
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Scheme 1 Synthesis of receptor 1 and chemical structure of the complexes formed upon binding bromide (1-Br TBA™) and the gallic
10 acid derivative (1¢(12GA),).

Self-assembly and complexation in solution.

Prior to the investigation of the complexation of any guest by
15 1, we have studied its self-assembly in CDCl; to discard any
effect from the aggregation of the receptor in the complexation
process (Figure S2). Compound 1 self-assembles with a low
association constant of ~7 M. The slight upfield shift of the
aromatic resonances and the deshielding of the amide proton
20 upon increasing concentration suggests that the self-assembly of
receptor 1 results from a combination of TeTt stacking and H-
bonding interactions.
The capability of the bis(triazole)benzamide receptor 1 to bind
halide guests has been initially investigated by performing
»s density  functional theory (DFT) calculations. Geometry
optimizations of 1 and its respective complexes 1°X™ (where X~
is F, CI', Br, and ') have been carried out at the M06-2X/6-
311G** level to estimate the binding energy of the complex and
to analyze the structural changes associated with the
30 complexation process. In compound 1, the alkyl chain attached to
the nitrogen of the amide group has been substituted by a methyl
group to reduce the computational cost.
The structural and electronic properties calculated for receptor
1 are first discussed. According to the orientation of the amide
35 group, two minimum-energy conformations (A and B, Figure 1a)
are obtained for 1. Conformation A is predicted to be slightly
more stable than conformation B by 2.45 kcal mol™.
Nevertheless, the amide functional group in conformation A can
easily rotate 180° to generate conformation B that binds anion
40 guests more efficiently. Conformation B defines a cavity with the
N-H group and the three hydrogens Hy, H,, and H,, (Scheme 1
and Figure 1a) that can form H-bonding arrays upon binding the
halide guests. The molecular electrostatic potential (MEP)
computed for conformation B of receptor 1 (Figure 1b) clearly
45 shows that the four hydrogens form a positively polarized cavity

that favours the hosting of the anion guests.

a)

conformation A conformation B

Fig. 1 (a) Minimum-energy conformations A and B computed for
receptor 1. (b) Molecular electrostatic potential calculated for

so conformation B of receptor 1 (red and blue are negative and positive
potentials, respectively). (c) M06-2X/6-311G** optimized structure of
complex 1-Br .

The optimized structure of complex 1+Br , which is selected as

a representative example of complexes 1+X, is shown in Figure
ss 1c. In all optimized complexes, the halide ion is accommodated
in the centre of the cavity surrounded by the four polarized
hydrogens (see Figure 1). Table 1 collects the values of selected
bond distances calculated for complexes 1X at the M06-2X
level. The H---X" distances (H being the amide H, Hy, H, and Hy)

60 are all shorter than the sum of the van der Waals radii of the
hydrogen atom and the corresponding X~ ion (Table 1). This is
the structural signature that supports the formation of complexes
1-X". The H-bonding interactions between the halide anion X~
and the surrounding protons depend on the proton, and the
os distances computed for the N—H--X" and H, X contacts are
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significantly shorter than those obtained for the H.X and
especially the H,- X" contact.

Table 1. Selected bond lengths (in A) calculated for receptor 1 and complexes 1+X~
at the M06-2X/6-311G** level.

Bond 1 1-F 1-CI” 1-Br- 1
N-H 1.007 1.048 1.018 1.017 1.014
H-X" - 1.645 2.346 2.508 2.741
C-H, 1.076 1.103 1.086 1.085 1.083
Hy X - 1.716 2.357 2.512 2.787
C—H, 1.085 1.087 1.085 1.086 1.086
He X - 1.911 2.573 2.778 3.058
C-H, 1.083 1.089 1.087 1.087 1.086
Hy X~ - 2.469 2.885 2.952 3.136

S (vdW radii)® 2.670 2.950 3.050 3.180

[a] Sum of the van der Waals radii of the hydrogen atom and the corresponding

X ion.

To investigate the stability of complexes 12X, counterpoise
(CP) corrected binding energies were computed on the previously
optimized M06-2X/6-311G** structures. M06-2X predicts stable
molecular complexes with binding energies of —72.03, —43.26, —
40.40, and —34.73 kcal mol™! for complexes 1<F, 1-Cl, 1-Br,
and 1T, respectively. According to the computed binding
energies, F~ ions would interact very strongly with receptor 1, CI”
and Br~ anions would form complexes with 1 of similar stability
(the difference is less than 3.00 kcal mol™), and the voluminous
I ions would form the less stable complexes.

The experimental evidence of the complexation of halide
anions by receptor 1 was obtained by 'H NMR titrations in
CDCl;. Titration of 1 with tetrabutylammonium (TBA™) salts of
F, CI', Br, and I shows the deshielding of the resonances of the
amide N—H proton and of the C—H groups corresponding to the
proton in orto to the amide functionality (H, in Scheme 1) and to
the proton of the triazole ring (H, in Scheme 1) (Figure S3). The
variation of these chemical shifts confirms that the geometry of
receptor 1 matches conformation B predicted by the theoretical
calculations. The magnitude of the deshielding is different for the
four halide complexes. Titration of receptor 1 with TBAF
provides the smallest deshielding shifts for the N-H and C—H,
proton resonances, which suggests the formation of weak 1+F"
complexes (Figure S3). This contrasts with theoretical
calculations, which predict 1°F " as the most stable complex. The
discrepancy between theoretical and experimental results has
been already reported for related complexes,''® and it was
attributed to the difficulty of finding “free” F  ions under
common experimental conditions. The spectral shifts observed in
the resonances of 1 upon adding CI" and Br anions are the most
significant, whereas the titration of receptor 1 with the TBAI salt
causes a smaller deshielding of the resonances of the N—-H, C-H,,
and C—H, protons (Figure S3). This is in concordance with
theoretical calculations that obtain complex 1+I to be less stable.
The NMR experimental findings are therefore supported, except
for complex 1<F~, by DFT calculations, which predict stable 14X~
complexes stabilized by strong H-bonding interactions.

Taking into account the theoretical and experimental evidence,

the complexation process of chloride and bromide anions by
receptor 1 was studied in further detail. The 1:1 stoichiometry of
complexes 1¢Cl" and 1<Br was confirmed by a Job’s plot
50 anal¥51s (Figure S.4). The complexathn of.these lﬁlldeAarﬂlc gﬁgﬁine
relatively weak since a poor saturation is observed upon the
addition of 50 equivalents of the corresponding TBAX salt
(Figure S5 and S6). To determine the binding features of receptor
1, we have utilized the fitting program recently reported by P.
ss Thordarson that performs a global analysis of multiple datasets to
a single binding model."** This program allows determining the
binding constant K, by fitting the variation of the chemical shifts
(Ad) of the host (H), directly related to the concentration of the
free and bound species, upon increasing the concentration of the
o guest (G). The K, value is calculated from Equation 1 that
combines this binding constant and the mass balance equations
for the total concentrations of the host [H]y, guest [G]y, and the
concentration of the final complex HG. The calculated values for
K, by using the fitting program are 29.0 (+ 5%) and 37.4 (+ 4%)
s M! for complexes 1+CI™ and 1+Br, respectively (Figure 2).

[HG]=1/2{((H], +[G], +1/K,)
-J(H], +[G], +1/K,)* -4 H1,[G],}

Eq.1

a

2 1Ka=29.0M (x5 %)

A chemical shift (ppm)
-
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o
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anion equivalents
Fig. 2 Isotherms resulting from the titration of receptor 1 with TBACI (a)
and TBABTr (b). The binding isotherms correspond to a 1:1 complexation
70 model by using the using the amide N-H (square), Hc (diamond), H,
(triangle) and H,, (circle) protons.

The participation of the polarized N—H proton as well as the
aromatic protons Hy, H,, and H,, in the complexation of the halide
guests is confirmed by the downfield shield experienced by these

7s resonances (Figures 2, S5 and S6) and also by the NOE effects
observed upon irradiation of the triazole proton Hy, in the complex
formed by 1 and the Br  anion (Figure S7). Unlike some other
triazole-based receptors,””’ compound 1 possesses an acidic
N—H proton that competes with the C—H groups to bind the

so halide anion, and no conformational changes in the 1,2,3-triazole
rings occur after halide binding (Scheme 1 and Figure S7).

Considering the zig-zag “anti” conformation of the
bis(triazole)benzamide receptor, we have envisioned the
possibility of forming complexes by mixing 1 with a neutral guest

ss possessing H-bonding donor and acceptor moieties. 3,4,5-
tris(dodecyloxy)gallic acid'® (12GA in Scheme 1) was selected as
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neutral guest because the carboxylic acid functional group meets
these requirements. The molecular electrostatic potential
computed for receptor 1 in conformation A shows the presence of
two regions with complementary positive and negative potentials
(Figure S8). The negative area is determined by the amide
carbonyl group and the two sp’ nitrogens of one of the triazole
rings, whereas the positive zone is determined by the polarized
N-H, Hy, and H, protons. This electronic distribution suggests
that receptor 1 could behave as a ditopic host for the
complexation of up two molecules of 12GA as guest. An
appealing feature of receptors with more than one binding site is
the possible appearance of cooperative effects, which can be
positive, like the binding of oxygen to haemoglobin,'®® or
negative, like the binding of tyrosine kinase to the EGF
receptor.'® The complexation of 12GA by receptor 1 and the
possible cooperative effects derived from this complexation have
been studied both theoretically and experimentally.

Figure 3 displays the minimum-energy optimized structure
calculated for complex 1¢(12GA), at the M06-2X/6-311G**
level. Table 2 compares the values calculated for selected bond
lengths of receptor 1 and complex 1¢(12GA),. The complexes
formed by receptor 1 and only one 12GA molecule placed on the
left (1°12GA-I) and right (1°12GA-r) sides of the amide group
(Figure S10) were also computed for comparison purposes. In
Figure 3, the 12GA molecule placed on the left side of complex
1°(12GA), is bound to receptor 1 by the primary acid-base
N-H:-O=C and O—H-‘N=N interactions with calculated bond
distances of 1.952 and 1.783 A, respectively (bonds 7 and 9,
Figure 3b and Table 2). Calculations also predict short C=0---H,
and O—H--N=N contacts of 2.277 A (bond 8) and 2.491 A (bond
10), respectively, which reinforce the interaction between the
12GA guest and receptor 1. The binding of the 12GA molecule
placed on the right side of receptor 1 (Figure 3) is dominated by
the strong C=0--H—O interaction (1.688 A, bond 11) and
strengthened by the short C—H.--O=C and C—H,,+O=C contacts
(2.458 and 2.048 A, respectively; bonds 12 and 13). The
computed H-bonding distances are in good agreement with those
found in related complexes of triazole derivates with carboxylic
acids.® Upon binding, the N—H, C=0O, N=N, and C—H, bonds
undergo a significant elongation to accommodate the hydrogen
bonds (Table 2). Theoretical calculations therefore corroborate
that the 12GA guests are stabilized in host 1 by means of an array
of H-bonding interactions.

The CP-corrected binding energies for complex 1¢(12GA),
(Figure 3) and for complexes 1°12GA-/ and 1°12GA-r (Figure
S9) that incorporate only one 12GA molecule were computed at
the M06-2X/6-311G** level. The theoretical calculations predict
a dissimilar affinity of the two possible binding sites of receptor 1
to bind the 12GA guest. Thus, the binding energy computed for
complex 1412GA-r (Figure S9, right), formed upon binding the
gallic acid guest by the C=0 group of the amide and the C—H unit
of the triazol ring, is —20.96 kcal mol™'. However, the binding
energy calculated for complex 112GA-I (Figure S9, left), in
which the gallic acid is bound to receptor 1 by the N—H unit of
the amide and the N=N group of the triazole ring, is —17.77 kcal
mol ™. Interestingly, the sum of the binding energies computed
for the single complexes 1°12GA-/ and 1412GA-r is practically
equal to the binding energy calculated for complex 1¢(12GA), (-

39.24 kcal mol™). This is indicative of a non-cooperative

6 complexation process, in which the binding of the first 12GA

guest does not affect the complexation of the second 12GA guest.

Fig. 3 (a) M06-2X/6-311G** optimized structure for complex 14(12GA),.
(b) Chemical structure of complex 1¢(12GA), along with the bond

65 numbering used in Table 2.

Table 2. Sclected bond lengths (in A) calculated for receptor 1 and complex
1+(12GA); at the M06-2X/6-311G** level.

Bond 1 1+(12GA),
1 1.006 1.012
2 1216 1232
3 1.083 1.082
4 1.084 1.085
5 1.286 1.292
6 1.076 1.078
7 - 1.952
8 - 2277
9 - 1.783
10 - 2491
11 - 1.688
12 - 2458
13 - 2.048

The formation of the complex 1¢(12GA), has been

70 experimentally demonstrated by performing a Job’s plot analysis.

In good agreement with theoretical calculations, the Job’s plot
shows a maximum at 0.63 diagnostic of a 1:2 stoichiometry
(Figure 4a). The 'H NMR titration of receptor 1 with carboxylic
acid 12GA (Figures 4b and S10) reveals that both the N—H donor

ss and the C=0 acceptor H-bonding units of the amide group

participate in the formation of the complex thus supporting the
1:2 stoichiometry. The primary acid-base interactions are
reinforced by an array of H-bonds between the carboxylic group
of 12GA with the aromatic protons Hy, and H.. As theoretical
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calculations predict, the two triazole rings are involved in binding
the 12GA guest: one of them participates as a hydrogen-donating
unit by establishing H-bonds between Hy, and the carbonyl group
of the carboxylic acid, whereas the other acts as a hydrogen-

s accepting moiety by forming H-bonds between the two sp’
nitrogen atoms of the heterocycle and the acidic O—H group of
the carboxylic acid (see Scheme 1 and Figure 3). However, the
benzene proton H, located in orto relative to the triazole rings
does not deshield in the titration experiment, which indicates that

o this C—H group is not participating in the complexation of the
12GA guests (Figure S11 and Scheme 1).

a) po10

0.008 -

0.006

Ad*X12GA

0.004 - e

0.002+

0.000+
T T T T T

0.0 0.2 0.4 0.6 0.8 1.0
X12GA

Lo

Ki=4Kz=4263M " (£22 %)

04 1

0.2 4

A chemical shift {ppm)

T T T T T T
0 0.5 1 15 2 25

12GA equivalents

Fig. 4 (a) Job plot showing the 1:2 stoichiometry of complex 1¢(12GA),.
(b) Hyperbolic binding isotherms for the binding of 12GA to receptor 1
5 fitted to a 1:2 statistical association process.

The titration experiment of 1 with 12GA did not shed
sigmoidal curves but hyperbolic binding isotherms (Figure 4b),
which suggests that the complexation of 12GA by receptor 1 is
non-cooperative.!” As in the case of the complexes formed by
receptor 1 and halide anions, we have fitted the experimental data

S

by using the fitting program reported by P. Thodarson but using a
1:2 model based on cubic equation 2.'** '¥ In this equation, K
and K, are the first and second stepwise association constants,
respectively and [G] is the concentration of the unbound guest.

5 [GT (KK, +[GT{(K,(2K,[H], = K,[G],) +1} +
[GHK\([(H], - [G])+1}-[G], =0

Eq.2

In 1:2 complexes, it is necessary to consider two possibilities:
i) a cooperative scenario in which the complexation of the first
guest influences the complexation of the second one, and ii) a

non-cooperative scenario in which the complexation of the first
14b

S

guest does not influence the complexation of the second one.
In the first case, there must be two different values for the
binding constants K; and K, but the equality K; = 4K, is not
fulfilled. In the second case, K; and K, are different but this
equality K; = 4K, must be fulfilled. This sequential binding
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implies that the two binding sites of the receptor are identical and
independent of each other."® Fitting the variation of the chemical
shifts involved in the complexation process of receptor 1 with
12GA to a 1:2 cooperative model shed incoherentyalugs; ¥ dKine
and K, with errors higher than #400 %. However, a significant
improvement is achieved by performing a global fitting of the
experimental data to a statistical binding model. In this model,
only one binding constant (K;) and a global AJ for the two
possible HG and HG, complexes are averaged. The calculated K,
and K, values obtained by performing the global fitting are of
426.3 and 106.5 M, respectively, with an error of + 22 % that
allows establishing that the complexation of the neutral
carboxylic acid 12GA by receptor 1 proceeds by a statistical non-
cooperative process.

Self-assembly on surfaces.

The upfield shift of some aromatic resonances observed in the
titration of 1 with 12GA (Figure S10) and with CI" and Br
anions (Figure S5 and S6) and also in the self-assembly of 1
(Figure S2) suggests an aggregation phenomenon directed by T&Tt
interactions. This aggregation was utilized to create organized
supramolecular structures by slow diffusion of acetonitrile
vapours into a chloroform solution of pristine 1 and also in the
presence of TBABr and 12GA. The aggregates formed have been
visualized by scanning electron microscopy (SEM).

Free receptor 1 self-assembles into star-like objects composed
of well-defined needle-like structures with an average thickness
of ~1 pm (Figure Sa, Sb, and S11). The presence of bromide
anions also gives rise to pseudo-monodimensional structures that
resemble cactus prickles (Figures Sc, and S12). The anisotropic
growth of the microcrystals formed from 1 in the absence or in
the presence of bromide anions could be accounted for by the
generation of an active plane of several molecules interacting by
the paraffinic chains with a high surface free energy. These active
plains grow fast in the direction perpendicular to the plane by
means of Testacking aromatic interactions.

Fig. 5 SEM images of the aggregates formed by the self-assembly of 1 (a
and b). The aggregation of receptor 1 in the presence of bromide anions
(c) or in the presence of the gallic acid derivative 12GA (d) results in the
formation of aggregates of different morphology.

The self-assembly of 1 in the presence of the gallic acid
derivative 12GA produces flower-like structures by the

This journal is © The Royal Society of Chemistry [year]
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interaction of flat ribbons (Figure 5d and S13). The complexation
of 12GA by receptor 1 observed in solution could gives rise to
supramolecular platforms with a larger Tesurface endowed with
many paraffinic chains. The interdigitation of the chains and the
TETtstacking between the aromatic cages would form the lamellae
constitutive of the flat ribbons.

Experimental

3,5-dibromo-N-decylbenzamide (3). 3,5-dibromobenzoic acid
(1.78 g, 6.36 mmol), 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (1.34 g, 6.99 mmol) and 4-
dimethylaminopyridine (0.85 g, 6.99 mmol) were dissolved in
dry dichloromethane (80 mL) under argon atmosphere at 0 °C.
The mixture was stirred for 15 minutes and then 1-decylamine
(1.3 mL, 6.36 mmol) was added dropwise. The reaction mixture
was allowed to warm up to room temperature and was stirred for
3 hours. The organic layer was washed with HCI 1M and water,
dried with MgSQO,, filtered, and the solvent was removed under
reduced pressure. The residue was purified by column
chromatography (silica gel, hexane:ethyl acetate 5:1) affording 3
as a white solid (1.63 g, 61%). Mp: 82.4-84.3 °C; 'H NMR
(CDCl3, 300 MHz): & ppm 7.74 (d, J= 1.7 Hz, 2H, Hy), 7.71 (t, J
= 1.7 Hz; 1H, H,), 5.91 (br, 1H, H,), 3.36 (m, 2H, Hy), 1.54 (m,
2H, H,), 1.27-1.20 (br, 14H, Heginsisjexrn), 0.81 (8, J = 6.5 Hz, 3H,
H,,); *C NMR (CDCl;, 75Mz): & ppm 165.2, 138.4, 136.9, 129.2,
123.5,40.8,32.2, 29.8, 29.6, 27.3, 23.0, 14.4; FTIR (neat): v 674,
717, 739, 767, 866, 899, 1107, 1158, 1284, 1310, 1371, 1411,
1462, 1550, 1590, 1639, 2854, 2925, 3286 cm™'. HRMS (ESI-FT)
m/z: caled. for C;H,4Br,NO [M-H]', 416.022461; found,
416.02301.

N-decyl-3,5-bis(2-(trimethylsilyl) ethynyl) benzamide ~ (4).  3,5-
dibromo-N-decyl-benzamide (3) (770 mg, 1.93 mmol), bis-
(triphenylphosphine)-palladium(II)-chloride (133 mg, 0.19
mmol), copper (I) iodide (19 mg, 0.10 mmol) and triethylamine
(1.1 mL, 7.72 mmol) were dissolved in dry THF (4 mL). The
mixture was subjected to several vacuum/argon cycles and
trimethylsilylacetylene (0.8 mL, 5.80 mmol) was added. The
mixture was heated at 70 °C and stirred overnight. After
evaporation of the solvent under reduced pressure, the crude was
washed with HC1 1M, NH,CI1 saturated solution, water, extracted
with methylenechloride, and filtered with celite. The residue was
purified by column chromatography (silica gel, hexane:ethyl
acetate 20:1) affording 4 as a brownish oil (490 mg, 56%). 'H
NMR (CDCl;, 300 MHz): & ppm 7.79 (d, J = 1.5 Hz, 2H, Hy),
6.69 (t, J= 1.5 Hz; 1H, H,), 6.17 (br, 1H, Hy), 3.45 (m, 2H, H,),
1.61 (q, J = 6.8 Hz, 2H, Hy), 1.36-1.30 (br, 14H, Hginiisjrkcrivm),
0.91 (t,J = 6.5 Hz, 3H, Hn), 0.27 (s, 18H, Hc); *C NMR (CDCl,
75Mz): & ppm 166.1, 137.7, 135.4, 130.2, 124.1, 103.3, 96.4,
404, 32.1, 29.8, 29.7, 29.5, 27.2, 22.9; FTIR (neat): v 640, 674,
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potassium carbonate was added (3.11 g, 22.50 mmol). The
reaction mixture was stirred for three hours. After evaporation of
the solvent under reduced pressure, the residue was washed with

water, extracted with methylene chloride, dried overmgﬂi&ggn“ne

the solvent evaporated to yield compound 5 that was used without
further purification (310 mg, 73%). Mp: 114.5-115.6 °C; 'H
NMR (CDCl;, 300 MHz): & ppm 7.83 (d, J = 1.4 Hz; 2H, H,),
7.70 (t, J= 1.4 Hz, 1H, H,), 6.12 (br, 1H, Hy), 3.45 (m, 2H, H,),
3.14 (s, 2H, H,), 1.60 (m, 2H, Hp, 1.34-1.27 (br, 14H,
Hyipsijrieirm)s 089 (t, J = 6.8 Hz; 3H, H,); °C NMR (CDCls,
75Mz): 6 ppm 165.7, 137.8, 135.6, 130.7, 123.1, 81.8, 78.9; FTIR
(neat): v 653, 692, 759, 845, 891, 982, 1075, 1167, 1251, 1329,
1425, 1461, 1545, 1585, 1640, 1814, 2159, 2856, 2926, 3073,
3310 cm'. HRMS (ESI-FT) m/z caled. for C, HpsNO [M+H],
310.217089; found, 310.21654.
N-decyl-3,5-bis(1-biphenyl-1H-1,2,3-triazol-4-yl)benzamide (1).
Compound 5 (126 mg, 0.41 mmol), 4-biphenyl azide (4) (228 mg,
1.22 mmol), copper sulphate pentahydrate (2 mg, 0.008 mmol)
and sodium ascorbate (4 mg, 0.02 mmol) were dissolved in 4 mL
of a dichloromethane:water mixture (1:1) and metallic copper
was added to the mixture under Argon atmosphere. The reaction
mixture was stirred for 72 hours and then, the organic layer was
separate, dried over MgSQ,, and filtered. After evaporation of the
solvent under reduced pressure, the residue was purified by
column chromatography (silica gel, chloroform:methanol 100:1)
affording 1 as a light yellow solid (223 mg, 78%). Mp: 201.7-
202.7 °C; '"H NMR (CDCls, 300 MHz): & ppm 8.58 (br, 1H, H,),
8.38 (s, 2H, H,), 8.31 (d, J =1.3 Hz, 2H, H,), 7.85 (d, J = 8.6Hz,
4H, Hy), 7.75 (d, J = 8.6 Hz 4H, H,), 7.63 (m, 4H, Hy), 7.51-7.38
(m, 6H, Hg.y), 6.71 (t, J= 5.7 Hz 1H, H;), 3.53 (m, 2H, H;), 1.70
(q, J = 6.8 Hz, 2H, H,), 1.46-1.28 (br, 14H, Hyminrorprqr)> 0.89
(t, J = 6.7 Hz, 3H, H,); °*C NMR (CDCl;, 75Mz): & ppm 166.7,
147.2, 1419, 139.5, 136.2, 135.9, 131.3, 129.0, 128.4, 128.0,
127.1, 125.3, 123.9, 120.7, 118.3, 40.4, 31.9, 29.7, 29.6, 29.4,
29.3, 27.1, 22.7, 14.1; FTIR (neat): v 626, 647, 658, 695, 722,
763, 841, 892, 991, 1042, 1117, 1234, 1296, 1402, 1459, 1491,
1527, 1610, 1643, 2363, 2854, 2924, 3062, 3138, 3291 cm;
HRMS (ESI-FT) m/z calcd. for [C4sHugN;0]": 700.37584; found,
700.37608.

Computational details.

All theoretical calculations were carried out within the density
functional theory (DFT) approach by using the C.01 revision of
the Gaussian 09 program package.” DFT calculations were
performed using the hybrid meta exchange-correlation M06-2X
functional, which has been specially designed to account for
noncovalent interactions.?’ Geometry optimizations were carried
out with the M06-2X functional in combination with the standard
6-311G** basis set.”? The alkyl chains attached to the nitrogen of
the amide group in receptor 1 and forming the alkoxy groups of
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712, 767, 891, 936, 989, 1067, 1155, 1247, 1326, 1373, 1466, ,
s0 1538, 1586, 1634, 1817, 2853, 2921, 2955, 3067, 3288 cm.

HRMS (ESI-FT) m/z caled. for C,;HyuNOSi,  [M-H]Y,

452.280495; found, 452.28079.

N-decyl-3,5-diethynylbenzamide (5). N-decyl-3,5-bis(2-

(trimethylsilyl)ethynyl)-benzamide (4) (639 mg, 1.39 mmol) was
ss dissolved in 20 mL of a THF:methanol mixture (1:1) and

12GA were substituted by methyl groups to reduce the
computational cost. On the previously optimized structures,
single-energy calculations at the M06-2X/6-311G** level were
performed to compute the binding energies. The basis set
superposition error (BSSE) affecting the binding energies was
1o corrected by using the standard counterpoise method.”® The
BSSE is estimated to be almost negliglible for 1¢X™ complexes

b
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(1-2 keal mol™ for CI", Br, and I'). For complex 1¢(12GA),, the
BSSE increases to 6.4 kcal mol™ that only represents a 15 % of
the total binding energy. These results suggest that the calculation
of binding energies for this kind of supramolecular complexes,
for which the association is determined by strong electrostatic
and H-bonding interactions, can be quite accurately estimated
without taken into account the BSSE correction.**

Conclusions

The synergy between experimental evidences and theoretical
calculations has demonstrated the versatility of the
bis(triazole)benzamide receptor 1 to bind species of different
nature and, hence, an interesting guest-controlled topicity.
Compound 1 binds halide anions forming complexes with a 1:1
stoichiometry with similar binding constants of 29.0 (+ 5%) and
37.4 (+ 4%) M for chloride and bromide anions, respectively.
However, receptor 1 is able to bind a neutral carboxylic acid
forming the corresponding 1:2 complexes in a non-cooperative
statistical fashion, that is, the binding of the first guest does not
influence the interaction with the second guest. The calculated
binding constants for the formation of the complex 1:[12GA], are
K, = 426 M and K, = 106 M"". The presence of the amide
functionality plays a pivotal role in the complexation of both
anionic and neutral species, which are bound by means of H-
bonding arrays involving N-H, O—H, and C—H groups. The
initial zig-zag “anti” conformation of the receptor is not altered
upon the complexation. The aromatic surface of the free receptor,
of complex 1-BrTBA", and of complex 1+(12GA), allows the
generation of organized supramolecular structures.
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The cavity defined by the N—H amide group and the vicinal aromatic hydrogens of
bis(triazole)benzamide 1 is suitable to form H-bonding arrays with halide guests and
neutral gallic acid derivative 12GA with 1:1 and 1:2 stoichiometries, respectively.
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