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RECEPTOR 1

1X=0, 2X=5
A= Free Receptor, B = Fluenide, C = Chloride,
D = Bromide, E= lodide
Novel colorimetric receptors for selective fluoride ion sensing containing anthraquinone as chromogenic signaling subunit and urea ( NN~
(9,10-dihydro-9,10-dioxo-1,2-anthracenediyl)bis[ ~ N'-phenyl])/thiourea ( N,N''-(9,10-dihydro-9,10-dihydro-9,10-dioxo-1,2-antrhacenediyl)bis]  N-phenyl])
binding sites have been reported. These receptors have shown no affinity for other halide ions (Cl ~, Br7, and |~ ions). Well-defined color
change in the visible region of the spectrum was observed upon addition of fluoride ion in DMSO/CH 3CN solution of the receptors 1 and 2.

The search of a chemosensor for recognition and sensing oftransfer (PET) receptor molecules for fluoride fhTrhere
specific anionic analytes is emerging as a research area ofs paucity of reports that describe the change in color in the
considerable importanddn particular, the development of  visible region of the spectrum and thereby allow the naked
colorimetric anion sensing is even more important and eye detection for fluoride iof.Reports in this regard are
increasingly appreciated since naked eye detection can offemostly restricted to the use of calix[4]pyrrole or its derivative,
qualitative and quantitative informatidi. However, ex- dipyrrolylquinoxalines and 1,2-diaminoanthraquindrie.
amples in general, for the sensitive and simple-to-use The binding constant reported for the fluoride ion with di-
colorimetric anion sensors are rather limited compared to pyrrolylquinoxalines is relatively larger; however, for other
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receptors it is generally moderate and is of the order éf 10 ion with receptorl did not show any color change even when
Despite considerable efforts, attempts to increase the recepallowed to stand at room temperature for more than 24 h.
tor's inherent affinity along with its specificity for fluoride  However, the color of the DMSO/GEN (1:9, v/v) solution
ion has generally led to complexity of design and synthesis. changes, in the presence of fluoride ion, to pale red when
Thus, a challenge remains for chemists to make a colori- the temperature of the mixture was systematically raised from
metric sensor that is specific and sensitive and has a highrt to 60 °C; Amax at 422 nm forl disappears, while a new
association constant for fluoride ion, crucial factors for the Amax at 530 nm (e= 8500 Mt cm™?) with two isosbestic
design of a simple-to-use detection tool. points at 369 and 460 nm appears. Similar experiments with
One of the reports on the bis-urea functionality based corresponding Cl, Br~, and I salts were repeated, and no
fluorosensor (1,8-bid-phenylureido)naphthalene) for fluo-  significant change in spectra was observed, suggesting no
ride ion describes a shift iAmax (from 315 to 370 nm) in binding or very weak binding of those ions to the receptor
the UV region of the electronic spectra on fluoride ion molecules.
binding>**The association constant valug)for this anion, To examine this behavior of recepthrab initio quantum
is found to be~1CP, and more importantly the selectivity chemical calculations were performed. The structuré. of
for F~ has been found to be 340 times greater than that for and 1F-, 1CI-, and 1Br~ were optimized at the Hartree
CI™. Similar studies with an analogous derivative derived Fock RHF/6-31G* level of theor§. For computational
from 1,8-anthracenedimethylamine reveal t#gfor fluoride simplicity, the anthraquinone moiety was modeled with
ion binding is 7.12x 10°, while the selectivity compared to  naphthaquinone. The conformation predicted for the receptor
Cl- is only 120%" Closer examination into the structural 1 has been found to be intram0|ecu|ar|y hydrogen bonded
aspect of these two derivatives led us to presume that the(Figure 1a). The urea functional groups are not properly
larger separation distance between the two urea functionalityaligned for binding the guest anions. The intramolecular
accounts for the observed decrease in selectivity in the latterN—H---O hydrogen bonded distances calculated at HF/6-
case. One earlier report describes the use of 1,5-diaminoan31G* are 1.893 and 1.918A, respectively—B---O type
thraquinone for synthesis of corresponding urea and thioureajnteractions have also been observed between the benzene
derivatives for use as a colorimetric sensor for various anions, hydrogen and the amide carbonyl group (Figure 1a). There-
including fluoride ion’® However, no details such as as- fore, it appears that such a preferred conformation of receptor
sociation constant and comparison with the existing sensors1 does not allow the fluoride ion to complex with the-M
are provided. With this information available in the literature, donor atoms; hence, energy is required to proper|y orient
we decided to design a new sensor having an anthraquinonghe amido functionality for complexation with the former
moiety as the colorimetric reporter group and with an anion. For further examination, we decided to model a
appropriate distance between the two urea functionalities tothjiourea functionality instead of a urea group and optimized
achieve a higher association constant. the structure of recept@at the HF/6-31G* level. It is known
Chromogenic sensot (urea, N,N"-(9,10-dihydro-9,10-  that sulfur atom forms weaker hydrogen bonds, and hénce
dioxo-1,2-anthracenediyl)bis[N'-phenyl]) was synthesized should act as a better receptor for & room temperature.
following the methodology shown in (Scheme 1) and isolated The HF/6-31G*-calculated results suggest that the N5
hydrogen bond (ca. 2.473 A) is much longer than that of
NH---O bonds inl and the thiourea groups are significantly
Scheme 1 deviated from the phenyl and naphthaquinone ring planes
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Figure 1. RHF/6-31G*-optimized geometries for the free receftdr) and its complexes with halides Fc), CI~ (d), and Br (e) and
for receptor2 (b) and its complexes with halides Ff), Cl~ (g), and Br (h) (color key: red= oxygen; blue= nitrogen; yellow= sulfur;
greenish-yellow= fluoride; green= chloride; brown= bromide).

(Figure 1b). Consequently, the intramolecular-N---O 2 at rt with F as a guest in a DMSO/GEN (1:9, v/v)
hydrogen bond between the naphthaquinone carbonyl groupsolution show maxima at a mole fraction of 0.5 in each case,
and the donor NH group becomes longer (2.112 A) in this  which signifies that the host binds the anionic guestin a 1:1
case. Therefore, it will be much easier for the receptto ratio. This also indicates that two urea/thiourea groups act
align the thiourea functionality for complex formation with as cooperative binding sites.

fluoride ion in comparison to receptdr This prompted us

to synthesize recept@ To our delight, preliminary titration ||| | |
experiment in a DMSO/CECN (1:9, v/v) solution of receptor

2 with externally added fluoride ion shows an immediate 12
change in color at rt: the color changes from yellow to
purple, and the change could be detected by the naked eye. 08
Change in UV-vis spectra for the precise titration of receptor § \

1 at 60°C and 2 at rt are shown in Figure 2. Similar o4 \ A /\
experiments performed with receptdrand corresponding 0oL 2 £ 0.0 =
Cl, Br, and I salts were repeated. For externally added 300 400 500 600 700 800 300 400 500 600 700

Cl- and I salts, spectra almost remain unchanged, though wavelength(nm) wavelength(nm)
a little variation was observed with the Bisalt. These  Figure 2. Change in UV—vis spectra for recept@rat rt (2.5 x

. . . . . 5 ° 5 i —
suggest no binding and very little binding of @ and B é‘; C'\ﬁ) ((:ELi:)Qar\]/(/jv;euCpec?rtmotigta%%i‘ﬁ:m('lso)f( 71(; 1@;{2 'S“XDEA(;Q’PM
1ons, respe_ctlvgly, to the receptor mglecgle of fluoride ion. No further change was observed on addition of
As seen in Figure 2, a bathochromic shift of 108 and 102 eyen higher concentration of fluoride ion.

nm was observed on complexation with for receptorsl
and?2, respectivelyimax 0f 422 nm for receptoll and 459
nm for receptor2 bleaches on complexation with fluoride The association constant values for receptbrand 2

ion, and new absorption maxima develop at 530 nm and 561calculated from the UV—uvis titration data are summarized
nm, respectively. Simultaneous growth in absorbance at 310in Table 1. Experimental results suggest that recepitarsd

and 380 nm occurred, while two isobestic points 380 and 2 can be termed selective colorimetric sensors for F

500 nm were observed, respectively, for recepfioesid 2 The relative preference in binding ability éfand 2 for
(Figure 2). Significant bathochromic shift for absorption F~is also evident ifHNMR titration experiments in DMSO-
maxima in the visible region on fluoride ion complexation ds. A partial *H NMR spectrum of recepto? is shown in

is presumably due to the charge-transfer interaction between(Figure 3), which shows the complete disappearance of the
the electron-rich urea/thiourea-bound fluoride ion and the signals for the amide-NH protons upon addition of 5 mol
electron-deficient anthraquinone moieties. This also suggestsequiv of fluoride ion. A similar observation was reported
that the excited state would be more stabilized by fluoride earlier and is presumably due to strong hydrogen bonding
ion binding#922Job plots for receptdt at 60°C and receptor  with the fluoride ion>? Signals for—NH protons at 9.719
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Table 1.
anion? Ki® (M) Kz? (M~1)
F- (4.4 £ 0.2)108 (8.2 £ 0.5)10°
Cl-
Br- 34+£1.0

-
aTertiary butyl salt of the respective anions were used for the studies.

bK value reported (Kfor receptorl andK; for receptor?) is the average

of the 11 independent data evaluated from each individuatid¥'titration

data for the respective receptor and anion. Confidence limits for the

respectiveK values are also shown.

(1H,S) and 9.795 (1H,S) fat at 60°C and 12.721 (2H,S)

and 13.30 (2H,S) for2 at rt, respectively, disappear on
association with the fluoride ion. Such shifts were not
observed for Cl and I, and a small shift was observed when

(b)

(@)

T T T T T T T T T T T T T
14 13 12 11 10 9 8 7

Figure 3. Partial'H NMR (200 MHz) spectra of receptd in

during complexation, one of the thioamide unit moves toward
planarity, however, the other one remains perpendicular to
the phenyl ring plane. Being smaller in size, fluoride ion
approaches much closer to the cavity and interacts much
more strongly with the amide/thioamide protons. It is
interesting to note that the interatomic distances between the
complexed chloride ion and the four amide/thioamide protons
are smaller than those of the corresponding bromide ions;
however, the binding energy has been found to be marginally
preferred for Br over CI in receptorsl and 2 (Figure
1d,e,g,h). The association constant obtained for the com-
plexation of Br with receptor2 supports our calculated
results (Table 1). The overall energetic preference for the
complexation of Br over CI arises presumably due to the
lesser electrostatic repulsion between the amido/thioamido
group and the naphthaquinone carbonyl! group. The calculated
torsions at RHF/6-31G* suggest that in the case of Bne

of the thioamido groups is oriented more perpendicular with
respect to phenyl ring (52°Pthan that of Ct (55.0°) and
hence experiences less electrostatic repulsion in the former
case. However, the other thioamido groups are positioned
in a similar manner in both cases. Furthermore, the calculated
binding energy for the recept@ with halides is relatively
larger than that of receptdr. This result is qualitatively in
agreement with the observed association constant for recep-
tors1 and?2 with fluoride ion (Table 1). It is known that the
degree of charge transfer from nitrogen to sulfur in thioamide
is significantly greater than that of nitrogen to oxygen in
amides, and hence the-NH bonds are better acceptors in
the former casé® Thus, the anthraguinone moiety acts not

DMSO-d; at rt in (a) the absence and (b) the presence of 5.0 equiv Only as a spectroscopy receptor group but also as an effective

of [(But)N]F.

receptor2 was titrated with Br salt solution. The small
change in UV—vis spectra for recept®dmwhen titrated with
different [Br ] allowed us to evaluate the association constant
for Br~ and is summarized in Table 1.

The observed selectivity of receptdtsand2 for F~ can
be explained on the basis of the RHF/6-31G*-optimized
structures for the complexes of receptbi@nd2 with halides
(F~, CI7, Br) represented in Figure 1. Single-point interac-
tion energies calculated at the B3LYP/6-31G* level using
RHF/6-31G*-optimized geometries without basis set super-
position error correction are120.2,—49.0, and-52.9 kcal/
mol for F~, CI~, and Br, respectively, with receptdr and
—127.8,—53.1, and—58.1 kcal/mol with recepto2 &> The
large binding energy difference betweendnd CH/Br~ may
result in preferential binding for Fover CIH/Br~ in both

cases as observed in the titration experiment. The halide ion%

sit asymmetrically in receptdt and2, and all four amide/
thioamide protons participate in hydrogen bonding with
anions (Figure 1eh). The amido groups prefer to be in the
plane of the phenyl rings in receptdr, however, the
thioamide groups in recept@ orient almost perpendicular
to the phenyl rings. Upon complexation of halides with
receptorl, one of the amide units lies in the plane of the
phenyl ring, but the other amide group deviates from
planarity by~18.0°. Interestingly, in the case of recep®or

3448

template with an appropriate distance of separation between
the urea/thiourea groups for selective binding of the fluoride
ion.

In conclusion, we have succeeded in preparing anion
sensors that not only allow for the facile colorimetric
detection of F ion but also are amenable to “color tuning”.

It has been shown that urea and thiourea binding sites
anchored to anthraquinone signaling subunits are suitable
colorimetric reagents for Fsensing. The effect of subtle
changes in the structure of the receptor (from urea to
thiourea) has been observed. Recepiaaad?2 have shown
little or no affinity for CI~, Br~, and I" ions. Accordingly,

it is possible to conceive the use of these systems in various
sensing applications as well as in other situations such as
anion transport and purification, where the availability of
cheap and easy-to-make anion receptors would be advanta-
geous.
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