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Abstract

A new colorimetric sensor for fluoride is described. Compound 1 shows an open structure and its
behaviour is compared with that of two related closed compounds 2 and 3. In all cases, the red
colour developed in the presence of fluoride can be related to deprotonation processes, however
ligand 1 gives rise to a faster colour change than 2 or 3 because of its higher flexibility. Other
halides as well as carboxylates have been studied and the stoichiometry and complexation
constants for the corresponding ligands have been determined.
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Introduction

Construction of colorimetric sensors for specific anions is a particularly attractive research area.
This type of sensor can be built following the binding site-signaling unit approach by attaching
an appropriate photoactive group to a specific anion receptor.' Many of the ligands designed for
anion recognition are based on amide® groups as binding site in the sensor, even though other
functional groups such as urea, thiourea or their amido derivatives have also received attention
especially for recognizing carboxylate.’

Our research group has been working on the preparation of sensors containing substituted
biphenyl moieties able to act as signaling unit and pyridine amide derivatives as anion
receptors.” The sensors previously described were cyclic systems where the cavity size
determines the complexation capacity (Figure 1). For this reason the new related open compound
1 has been prepared in order to study its complexation ability for halides and several
carboxylates.
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Figure 1

Results and Discussion
Ligand 1 was easily prepared as shown in Scheme 1. The anhydride of the 4,4’-dinitro-2,2’-
diphenic acid was transformed in the corresponding monomethyl ester by reaction with

methanol. This compound was converted into the corresponding acyl chloride by treatment with
thionyl chloride.” Diamide 1 was obtained after reaction with compound 4.°

MeOH COOH 1) CLSO ;
T Me0OC
© 2) 4, CHLCN, Et;N
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Scheme 1
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Colorimetric recognition of F" has been a topic of interest during the last years and there
are many systems able to act as sensors for this anion.” The sensing mechanism for most of these
systems is a deprotonation reaction due to the strong basicity of the fluoride anion in organic
solvents.® Taking into account that ligand 1 contains two amido groups in its structure, we
decided to explore its ability in anion complexation and sensing. Firstly, the complexation
studies were carried out with TBAF in both acetonitrile and DMSO. Thus, the addition of 5
equiv. of this salts to the ligand solution gives rise to an instantaneously and strong change in the
colour of the solution from yellow to dark red (A= 476 nm, Figure 2).

p
25 | — 1+ 5 equiv. TBAF
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Figure 2. UV spectra of ligand 1 (2.79 x 10” M in acetonitrile) and ligand 1 (2.79 x 10 M in
acetonitrile) + 5 equiv. of TBAF at 25°C.

This colour change should be produced by the corresponding deprotonation reaction as
was previously described for ligands 2 and 3.* However, whereas with these two ligands the
deprotonation reaction was very slow (36 h. to a naked-eye detection), ligand 1 develops the
colour immediately after fluoride addition. This kinetic difference seems to be related to the
larger flexibility of ligand 1 that allows the anion to access easily the amide hydrogens. In
addition, the sensitivity of ligand 1 (0.001 M) was studied both under naked eye and UV
conditions and it was of 1.5 mM and 100 uM respectively. These values agree with those
obtained with ligands 2 and 3 but whereas ligand 1 gives the response at room temperature, 2
and 3 need higher temperatures to develop the red colour. The detection limit observed with
ligand 1 is in accordance with the results showed by some chromogenic or fluorogenic F
chemosensors described in the literature.’

Additional complexation studies were carried out with Br, I (both as their
tetrabutylammonium salts) also in acetonitrile and by the addition of 5 equiv. of the
corresponding anion, but no colour was developed in any case (Figure 3).
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Figure 3. (from left to right) ligand 1+TBAF (5 equiv.), ligand 1+ TBABr (5 equiv.), free ligand
1 (the solvent was DMSO)

Proton NMR experiments were performed in order to assess the affinity of receptor 1 for
the studied anions. As can be seen in Figure 4, after the addition of the anions clear differences
were observed in the NMR spectra. Thus, complexation with Br’, I', as their tetrabutylammonium
salts induce clear changes in the biphenyl system making both aromatic rings more different than
they are in the free ligand. The strongest influence is exerted on Hg: and H¢'. As it was expected,
also strong shifts were observed for the NH signals (Table 1). On the other hand, a clear
symmetry was observed in the formed complexes where both biphenyl systems are almost
equivalent.

However, a different behaviour was observed in the presence of TBAF because the NMR
spectrum shows that several different species are immediately generated in the solution. One of
these species, the main one, seems to be the deprotonated system similar to these observed with
ligands 2 and 3. This suggestion agrees with the following observations: (a) the red colour
developed in the solution, (b) the absence of the HN signals in the '"H NMR spectrum (c) the
signal at 146.85 ppm corresponding to the F.H™ species that appears in the '’F NMR spectrum. In
addition to the deprotonated ligand, different species generated through hydrolysis process, are
present in the solution. These types of species are similar to those observed when TBAOH was
added to the ligand under the same conditions.

Complexation with different carboxylates (CH3;COO", C¢HsCOO", 4-NO,C¢H4COO™ and 4-
CH;0C¢H4COQ', all of them as their tetrabutylammonium salts) has also been explored. The
modifications observed with these anions in the "H NMR spectra were similar to those induced
by TBABr and TBAI (Table 1).
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Figure 4. Aromatic zone of "H NMR spectrum in CD;CN of (from bottom to top): free ligand 1,
ligand 1+ TBABTr (5 equiv), ligand 1+ TBAF (5 equiv).

Table 1. Shifts of the aromatic hydrogens of ligand 1 and ligand 1 in the presence of different

TBA salts

8(Hy) | A8 3(Hp) | A8 3(He) | A8 3(H, | A8 | 3(NH) | A8
8(Ha) 3(Hp) 8(He) )
3(H,
)
1 8.70 8.35 7.39 8.11 8.22
8.64 8.34 7.39 7.98
1"TBA'F 8.62 0.08 | 829 0.06 |7.42 -0.03 | 8.06 |0.05 |-
8.63 0.01 | 8.08 026 |721 0.18 |7.94 |0.04
1+TBABr 8.64 0.06 | 832 0.03 |7.37 002 | 797 |0.14 |9.68 | 146
8.53 0.11 | 855 -0.20 | 7.53 -0.14 | 7.88 |0.10
1+TBAI 8.69 0.01 |833 0.02 |7.39 0 8.07 |0.04 | 879 |0.57
8.60 0.04 | 8.46 -0.12 | 7.48 -0.09 |7.94 |0.05
1+TBAACO 8.70 0 8.32 0.03 |7.39 0 7.96 | 0.15 |9.15 | 093
8.61 0.03 | 8.50 016 | 7.55 -0.16 | 7.85 |0.13
1+TBAPhCO, 8.74 -0.04 | 8.35 0 7.42 -0.02 [ 809 [0.02 |950 |1.28
8.67 -0.03 | 8.45 011 | 7.53 -0.14 | 7.95 |0.03
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Figure 5. (a) Molar ratio titration by using "H NMR for ligand 1 and tetrabutylammonium
benzoate in CD3;CN, (b) Job plot (X = Xanion/Xiigand)-

Different 'H NMR experiments in CD;CN or in de-DMSO, depending on the solubility of
the salts, were carried out in order to determine both stoichiometry and complexation constants.
Firstly, the stoichiometry of the complexes was studied by using the molar ratio method.’ In
this method, varying amounts of anion are added to a constant amount of ligand and the chemical
shift value of a determined proton in the "H NMR spectrum of each solution is measured and
plotted against the ration moles ligand/anion. The change of the slope observed around 2
suggested a 1:2 stoichiometry for all the complexes formed (see figure 5a for
tetrabutylammonium benzoate; for the other salts see the supplementary material). However in
order to confirm the proposed stoichiometries, the method of continuous variations introduced
by Job was also used. This method is performed by preparing several solutions consisting of
varying amounts of the ligand and anion, with the sum of the anion concentration and ligand
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concentration constant for each solution. Thus, the 'H NMR spectrum of each solution was
registered and the chemical shift of a proton was plotted against the mole fraction of the anion
(see figure 5b for tetrabutylammonium benzoate; for the other salts see the supplementary
material). The presence of a maximum around X=0.66 confirms the 1:2 stoichiometry. Data
obtained in the titration experiments were suitable for determining the corresponding
complexation constants. The values were obtaining by using SPECFIT/32™
are listed in Table 2.

11
programme  and

Table 2. Complexation constants. for ligand 1 determined by 'H NMR tritiations

Br I CH;CO, | CiHsCOO | 4- 4-
) NO,CcH4,COO CH;0C.H,CO0O
Solven | CD;CN | CD;CN | CDsCN | CDsCN DMSO-dg DMSO-dg
t
LogK | 3.6+0.1 | 3.3+0.1 | 3.240.1 | 3.44+0.2 3.4+0.2 3.4+0.2

The 1:2 stoichiometry supposes that each carboxylate forms a hydrogen bond with one NH
group and also interacts with Hg>- and Hc in the ortho position to the nitro group as it was
accepted for ligands 2 and 3 and several other ligands.'*(Figure 6).

Figure 6

Complexation constant values are very similar for all the anions studied and are
independent of the anion basicity. Thus, similar values were observed for both 4-nitro and 4-
methoxybenzoate (3.4+0.2 for both anions).

Finally, the influence of the counter ion on the complexation was also studied. Thus,
complexation experiments were carried out with acetate both as tetrabutylammonium and
ammonium salts using 'H NMR. It was observed that ammonium acetate did not induce any
change in the spectrum, which can be related to the lower lipophilic character of the ammonium
cation.
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Conclusions

Ligand 1 can be used as a colorimetric F~ sensor in a similar way than ligands 2 and 3 through a
deprotonation reaction. However, ligand 1 gives rise to an instantaneous change in colour
whereas 2 and 3 require longer times. This quick response should be related to the higher
flexibility of ligand 1. On the other hand, the other anions studied give rise to the corresponding
1:2 complexes, but no deprotonation was observed. The strong shift of some of the byphenyl
aromatic signals observed in the "H NMR spectra of the complexes suggests some contributions
of C-H:--anion interactions.

Experimental Section

General Procedures. All commercially available reagents were used without further
purification. Water sensitive reactions were performed under argon. Column chromatography
was carried out on SDS activated neutral aluminium oxide (0.05-0.2 mm; activity degree 1). IR
spectra were recorded on a Perkin-Elmer 1750 FT-IR and a Bruker Equinox 55 FT-IR. NMR
spectra were recorded with Bruker Avance 300/500 and Varian Unity-300/400 spectrometers.
Chemical shifts are reported in parts per million downfield from TMS. Spectra were referenced
to residual undeuterated solvent. High resolution mass spectra were taken with a Fisons VG-
AUTOSPEC and those using the eletrospray ionizing technique were recorded on an HPLC-MS
with ion trap Bruker 3000-Esquire Plus. UV spectra were run at 20°C (thermostated) on a
Shimadzu UV-2102 PC

Synthesis of N,N’-bis[3-oxa-pentyl-5-(5-nitro-2-(4-nitro-2-methyl benzoate) benzoate)]-2,6-
pyridine dicarboxamide (1). 2-(2-methyloxycarbonyl-4-nitrophenyl)-5-nitrobenzoic acid’
(0.5050 g, 1.46 mmol) was added to an excess of thionyl chloride (30 ml). The suspension was
refluxed under magnetic stirring until it became a clear solution (2 h). Then, the excess of thionyl
chloride was distilled, dry benzene was added and the solution was re-distilled. The solid
obtained was dissolved in dry CH,Cl, (25 ml) and added dropwise and under argon atmosphere
to a stirred mixture of 4° (0.3000 g, 0.88 mmol) and dry triethylamine (99%) (0.1797 g, 1.76
mmol) in dry CH,Cl, (20 ml), at 0°C. When the addition was finished, the stirring was continued
at a room temperature. After completion of the reaction (TLC, 12 hours) the solution was
concentrated under reduced pressure. The crude reaction product was purified by
chromatography through a neutral alumina column using CH,Cl,:EtAcO (6:4) as eluents to give
the desired compound as a pale yellow powder (0.2451 g, 0.25 mmol). (28% yield). '"H-NMR
(300 MHz, CDCls) &g (ppm): 8.87 (2H, d, J=2.5Hz, Ar-H), 8.84 (2H, d, J=2.3Hz, Ar-H), 8.39
(4H, m, Ar-H), 8.29 (2Hy, d, J=7.5Hz, Ar-H), 8.13 (2H, bb, 2-CO-NH), 8.00 (1H,, t, J=7.5Hz,
Ar-H), 7.36 (2H, d, J=8.3Hz, Ar-H), 7.34 (2H, d, J=8.3Hz, Ar-H), 4.28 (4H, bb, 2Ar-COO-CH,-
), 3.72 (6H, s, 2-COOCHj3), 3.55 (12H, bb, 2-NH-CH,CH,-O-CH,- ). "C-NMR (75 MHz,
CDCl3) &¢ (ppm): 164.98 (2-Ar-CO-NH), 164.65 (2-Ar-CO-CH;-), 163.97 (2-COOCH3), 148.98
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(2Car), 148.37 (2Car), 148.20 (4Cay), 147.69 (2Cay), 139.32 (Cay), 131.26 (2Cayr), 131.23 (2Cay),
130.45 (2Car), 130.34 (2Car), 126.88 (2Cay), 126.79 (2Car), 125.74 (4C4r), 125.35 (2Cay), 70.01
(2-OCH,CH,NHCO-), 68.87 (2-COOCH,CH,0-), 64.82 (2-COOCH,CH;0-), 39.54 (2-
OCH,CH,NHCO-), 53.14 (2-COOCH}3). IR (KBr) Vpay (cm™): 3391 (N-H), 3094 (Ar-H), 1731 (-
(C=0)-0OCHj3), 1634 (-(C=0)-N-H)), 1608 (C=C)ar, 1525 (-NO2)asym, 1349 (-NO2)sym, 1124 (-
(0O=C)-OCHj3). HRMS (FAB"): (M+1)" found 998.231874. C45sH4oN;02 calculated 998.232812.
m. p.: 83-85°C.

'"H-NMR titrations experiments. NMR titrations were carried out placing in a NMR tube the
ligand (1.1 x 10”M) in the appropriate deuterated solvent (0.6 ml of DMSO or CH3CN) and
recording its 'H-NMR spectrum. After addition of the corresponding carboxylic salt (0.358 M)
in aliquots of 0.2 equivalents each time, 'H-NMR spectrum was recorded. This process was
repeated until 3.0 equivalents of carboxylic salt were added in respect to the ligand. In order to
determine the complexing constants, the SPECFIT programme was used."’
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nitrobenzoate in d6-DMSO (determined by both molar ratio titration and Job plot using 'H
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