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Abstract—The triphenylamine-based chemosensors 1 and 2 have been designed and synthesized, for the first time, for the selective
recognition of dicarboxylic acids. Carboxylic acid binding takes place through charge neutral pyridyl amide receptor sites with con-
comitant quenching of fluorescence of the triphenylamine moiety. The bindings were examined using "H NMR, fluorescence and
UV-vis spectroscopic methods. The receptor 1 was found to be selective for glutaric and adipic acids and the macrocycle 2 was spe-

cific for 2,2-dimethylmalonic acid.
© 2006 Elsevier Ltd. All rights reserved.

Interest in the selective recognition and sensing of neu-
tral species by synthetic receptors continues to attract
the attention of the supramolecular chemistry commu-
nity.! Given the important role of dicarboxylic acids in
biology,” the need for their selective recognition by syn-
thetic fluorescent sensors utilizing weak hydrogen bond-
ing interactions is of great importance in molecular
recognition research.® During the last decade, consider-
able progress has been made for the recognition of
dicarboxylic acids by a number of synthetic receptors
of various architectures.* Despite the development of
dicarboxylic acid receptors with signalling informa-
tion,>? there is continued interest in the search for
new fluorescent based molecular sensors for selective
recognition of dicarboxylic acids because of the many
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advantages including multiple modes of detection (such
as quenching, enhancing, life time), extremely high sen-
sitivity, relatively low cost and easy availability. We are
interested in developing chromophores where the recog-
nition takes place at charge neutral recognition sites
with concomitant changes in the photophysical proper-
ties of a lumophore by modulation of the photoinduced
electron transfer (PET) mechanism.®*¢ In this context,
we herein report the design and synthesis of triphenyl-
amine-based PET chemosensors 1 and 2, for the first
time, for size selective recognition of aliphatic dicarboxy-
lic acids. Although a number of receptors with a range
of spacer groups for neutral dicarboxylic acids of differ-
ent chain lengths are reported in the literature,*’ triphen-
ylamine has not been used in this capacity until now.
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The triphenylamine moiety has been employed inten-
sely because of its structural rigidity® and strong
fluorescence property. The peripherally substituted
binding sites are expected to modulate the electron den-
sity. The hydrogen bonding perturbation of the binding
sites alters the excited state properties of the receptor.
Considering these points, we placed the pyridine amide,
a known carboxylic acid binding moiety,” onto the
periphery of the rigid triphenylamine (1 and 2) unit,
which provides a conformationally well-defined V-shape
geometry for size selective complexation of dicarboxylic
acids.

The syntheses of 1 and 2 were accomplished according
to Scheme 1. Triphenylamine was initially formylated
using POCI;/DMF to yield mono-, di- and tri-formyl-
ated products. The desired 4,4’-diformyltriphenylamine
3, isolated in 57% yield, was next oxidized to the diacid,
which on treatment with thionyl chloride gave diacid
chloride 4 in an overall 80% yield. Coupling of 2-amino-
6-methylpyridine with 4 in dry THF afforded the sensor
1 in 78% yield as yellowish solid,'® which was soluble in
common organic solvents such as CH,Cl,, CHCI; and
CH;CN. The macrocycle 2 was synthesized by high
dilution coupling of diacid chloride 4 with diamine 5,
which was obtained by reaction of 2-pivaloylamino-6-
bromomethyl pyridine (obtained via NBS reaction of
2-pivaloylamino-6-methylpyridine in dry carbon tetra-
chloride) with 1,3-propanediol followed by alkaline
hydrolysis. This method gave 2 in 10-12% yield as
brownish solid. All the compounds were fully character-
ized by conventional methods.!°

In 1, the hydrogen bonding groups are conveniently
arranged in a concave face to bind dicarboxylic acids,
and can have three conformations of comparable energy
values (in—in, in—out and out-out) in the solution
phase. MMX calculations!! on the ‘in-in’ conformation
of 1 (Emin = 61.99 kcal/mol) indicates a separation of
10.83 A between the two-pyridine ring nitrogens and
7.92 A between two amide NH’s. The phenyl rings of
the triphenylamine moiety are slightly twisted from the
plane containing the central nitrogen atom. In 2 (Ey, =
84.06 kcal/mol), the pyridine ring nitrogens and amide
NH’s are 8.80 and 7.54 A apart, respectively. Thus both
open and macrocyclic cavities can accommodate dicar-
boxylic acids of various chain lengths, and selective

binding occurs only when the cavity dimension matches
the chain length of the dicarboxylic acids.

The sensitivity and selectivity of these ditopic receptors
towards a series of aliphatic dicarboxylic acids of vari-
ous chain lengths was evaluated by observing the change
in the fluorescence emission spectra in CHCl; and the
'"H NMR upon dicarboxylic acid titration in CDCls.
The fluorescence emission spectra of 1 and 2 consisted
of bands at 417 and 430 nm, respectively, when excited
at 360 nm. Upon addition of dicarboxylic acids of differ-
ent chain lengths (prepared in CHCl; containing 0.02%
DMSO) the emission was drastically quenched due to
the formation of receptor—diacid complexes. During
the course of titration there was no other spectral
change in the emission spectra. Concurrently, the
changes in the absorption spectra (peaks at 360, 328
and 290 nm in the case of 1 and at 360, 323 and
291 nm in the case of 2) of both the sensors were only
minor during titration with dicarboxylic acids thus
indicating typical PET behaviour. This typical PET
behaviour is attributed due to separation of the triphen-
ylamine unit from the receptor sites by rigid amide
spacers; the only interaction between the two moieties
is through electron transfer. Once binding has occurred,
fluorescence quenching is therefore caused by electron
transfer between the pyridine amide-carboxylic acid
complexes and the chromophore triphenylamine units
in both 1 and 2.

Upon addition of increasing concentrations of dicarboxy-
lic acids of various chain lengths, the fluorescence of
the open receptor 1 was essentially quenched to different
extents. The greater quenching for glutaric acid (ca.
39%) as revealed in the Stern—Volmer plot (Fig. 3; inset)
at 417 nm, is considerable due to its ability to form a
tight and stable hydrogen bonded complex (Fig. 1) with
the ditopic receptor 1 compared to its higher and lower
homologues (quenching ca. 18-30%). The significant red
shift (A4 = 21 nm) along with the presence of an isobas-
tic point during the titration with glutaric acid (Fig. 5)
clearly indicates the formation of a 1:1 hydrogen bonded
complex. This is attributed to the complementary size of
the binding space of 1 with the chain length of glutaric
acid. A slightly greater quenching for 2,2-dimethyl-
malonic acid than adipic acid as observed in Figure 3
(inset), is possibly due to its higher acidity. In the case
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Scheme 1. The syntheses of receptors 1 and 2.
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Figure 1. Hydrogen bonded complex of 1 with dicarboxylic acids.

n=1,R=Me;n=3,4 R=H

Figure 2. Hydrogen bonded complex of 2 with dicarboxylic acids.
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Figure 3. Fluorescence titration curve for 1 (measured at 417 nm): 2,2-
dimethyl malonic acid (M), glutaric acid (@), adipic acid (A), suberic
acid (¥); inset: Stern—Volmer plot at 417 nm.

of long chain suberic acid, the quenching was nearly
similar in magnitude to that of monocarboxylic myristic
acid. This underlines the fact that the long chain diacid
binds only one pyridine amide instead of bridging both
sites and the binding is thus 2:1 (diacid: sensor 1). This is
indeed found to be the case as can be seen in Figure 3 for
the change in fluorescence at 417 nm as a function of the
receptor 1 to the concentrations of dicarboxylic acids.

Similar experiments were performed on the macrocyclic
ditopic receptor 2, which showed a high specificity for
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Figure 4. Fluorescence titration curve for 2 (measured at 430 nm): 2,2-
dimethyl malonic acid (M), glutaric acid (@), adipic acid (A), suberic
acid (¥); inset: Stern—Volmer plot at 430 nm.
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Figure 5. Fluorescence spectra of 1 (¢ = 0.775 x 107° M) in CHCl5; and
the change in the UV-vis spectra of 1 (1.55x 107> M) (inset) upon
addition of glutaric acid.

the shorter chain 2,2-dimethylmalonic acid. This was
evident from the Stern—Volmer plot (Fig. 4; inset) at
430 nm. Upon addition of 2,2-dimethylmalonic acid
the emission of 2 was ca. 84% ‘switched off’ or quenched
(Fig. 6) due to the formation of a strong 1:1 complex
analogous to that shown in Figure 2. In comparison,
for higher homologues, the fluorescence emission of 2
was ‘switched off by ca. 17-20% (Fig. 4; inset). Figure
4 shows the change in the fluorescence intensity profile
as a function of the concentrations of dicarboxylic acids
to the ditopic receptor 2 and presents the different bind-
ing potencies of the dicarboxylic acids studied. How-
ever, in both cases of 1 and 2, 1:1 stoichiometric
binding with size selective glutaric and 2,2-dimethyl-
malonic acids, respectively, is attributed from the break
of the titration curves (see Figs. 3 and 4).

To investigate further the binding interactions and stoi-
chiometries of the complexes, we carried out NMR titra-
tions on both 1 and 2. 1H NMR studies in CDCl,
revealed a considerable downfield shift of the pyridine
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Figure 6. Fluorescence spectra of 2 (¢ = 0.360 x 10~°> M) in CHCl; and
the change in the UV-vis spectra of 2 (1.36 x 107> M) (inset) upon
addition of 2,2-dimethylmalonic acid.

amide protons of 1 (Ad = 1.80-2.61 ppm) upon addition
of dicarboxylic acids (dissolved in CDCIl; containing
3-4% DMSO-ds in each case due to only the partial
solubility of the diacids in pure CDCl;), suggesting that
amido pyridyl moieties serve as binding sites for the
dicarboxylic acid. The dicarboxylic acid-receptor stoi-
chiometry was confirmed from the break of the titration
curve'? (Ad vs Cayest/ Chost) in Figure 7.

Titration of 1 with a series of dicarboxylic acids showed
appreciable binding constants (Table 1).!3 It should be
mentioned that a higher association constant with 1:1
stoichiometry was observed for glutaric acid as com-
pared with 2,2-dimethylmalonic (1:1) and suberic acids,
which showed 2:1 (diacid:receptor) binding stoichio-
metry. The association constant for glutaric acid is only
slightly higher than its close homologue adipic acid.
The precise selectivity between two purely aliphatic
dicarboxylic acids is difficult to predict due to their free
bond rotation in open chain form. On the other hand,
the macrocyclic receptor 2 is specific for 2,2-di-
methylmalonic acid in preference to its higher homo-
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Figure 7. NMR titration curve for 1: 2,2-dimethylmalonic acid (H),
glutaric acid (@), adipic acid (A), suberic acid (V).

Table 1. Binding constants (k,) based on 'H NMR
Sensor 1 (M)

Dicarboxylic acids Sensor 2 (M)

2,2-Dimethylmalonic 43.9 >10°
Glutaric 3.31%x10° 1.80 x 102
Adipic 2.19x 10 a

Suberic 1.18 x 10% a

#Not determined due to their overlong nature in respect of cavity
dimension.
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Figure 8. NMR titration curve for 2: 2,2-dimethylmalonic acid (H),
glutaric acid (@).

logues. During titration with 2,2-dimethylmalonic acid
the amide protons of 2 showed a large downfield shift
(A0 =1.63 ppm) in the 1:1 complex (Fig. 8), which on
further dilution did not exhibit practically any change,
suggesting an association constant of >10°M~'. This
is due to the perfect match of the cavity with the chain
length of 2,2-dimethylmalonic acid. It is obvious that
the presence of DMSO-dg as a competitive binding part-
ner will reduce the binding to some extent in each case.
In contrast, the higher homologue glutaric acid showed
very weak binding, indicating an impressive steric mis-
match, therefore, we did not study the other higher
homologues further.

In conclusion, we have used triphenylamine as a PET
sensor, for the first time, in reporting the size selective
recognition of aliphatic dicarboxylic acids within the
concave cavity. The recognition events indicate that it
is possible to regulate the signal output of the triphenyl-
amine fluorophore with dicarboxylic acids of different
chain lengths. The macrocyclic sensor 2 shows a greater
quenching response for 2,2-dimethylmalonic acid
(specific fit) than the open form 1 with size selective
glutaric acid. Further work along this direction is in
progress in our laboratory.
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