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An indole-azadiene conjugate (1), synthesized by facile one-step condensation, behaves as a highly
selective probe for detection of fluoride ion both in colorimetric and fluorometric analyses. The probe 1
shows F--selective color change from colorless to yellow and appearance of green fluorescence. '"H
NMR analysis and ab initio calculation reveal that the F--induced colorimetric and fluorometric
responses of 1 are simply driven by hydrogen bonding interaction between the indolic NH protons

and F~.

Introduction

Anions play a fundamental and important role in a wide range of
chemical, biological, medical, and environmental processes. De-
sign and development of efficient anion probes, capable of sensing
the targeted anion highly selectively, has therefore attracted a great
deal of attention.! Of particular interest is the design of probes for
selective fluoride ion (F~) detection due to pivotal roles of F~ in
dental care? and in the treatment of osteoporosis.* Various kinds
of colorimetric* or fluorometric® probes for selective F- detection
have been synthesized so far. For practical application, probes that
can detect F~ by both colorimetric and fluorometric analyses are
favorable due to their ease of use. Several dual mode F~ probes have
been proposed;® however, all of these probes require complicated
synthesis steps (at least two steps). Easily preparable dual mode
F~ probes are therefore necessary for practical application.
Herein, we report that a simple-structured molecule (1), 1,4-
bis(3-indolyl)-2,3-diaza-1,3-buthadiene, synthesized by facile one-
step condensation (Scheme 1), behaves as a highly selective F~
probe in both colorimetric and fluorometric analyses. The probe
1 shows F-induced color change from colorless to yellow and
appearance of green fluorescence. We describe that the F--induced
colorimetric and fluorometric responses of 1 are simply driven
by hydrogen bonding interaction between indolic NH protons

and F~.
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Scheme 1 Synthesis of the probe, 1.
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Results and discussion

The symmetrical probe 1 is easily obtained by stirring an ethanol
solution containing indole-3-carbaldehyde and hydrazine mono-
hydrate at room temperature for 36 h,” as a yellow-white powder,
with 80% yield (Scheme 1). The purity of 1 was fully confirmed by
"H and "C NMR and EI-MS analyzes (sec ESIT, Fig. S2-S4).
Fig. 1 shows changes in absorption and fluorescence spectra
of 1 (25 uM) measured in DMSO upon addition of 50 equiv of
respective anions (F-, CI", Br, I, AcO~, ClO,~, H,PO,~, HSO,",
NO;~, and SCN") as a n-tetrabutylammonium (n-bu,N*) salt.
As shown in Fig. la, without anions, 1 exhibits a characteristic
absorption band centered at 352 nm. F~ addition leads to a
decrease in this absorption, along with an appearance of red-
shifted absorption centered at 409 nm. As shown in Fig. 2, the
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Fig. 1 Changes in (a) absorption and (b) fluorescence (A, = 420 nm)
spectra of 1 (25 uM) measured in DMSO upon addition of 50 equiv of
respective anions (as a n-bu,N* salt).
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L 1
Fig. 2 Change in (a) color and (b) fluorescence color of 1 upon addition
of F~ (as a n-bu,N* salt) in DMSO.

solution color changes from colorless to yellow upon addition
of F~. In contrast, addition of other anions does not show any
spectral change. As shown in Fig. 1b, without anions, 1 does
not show any fluorescence (A, = 420 nm). F~ addition, however,
leads to an appearance of fluorescence at 420-600 nm. As shown
in Fig. 2, bright green fluorescence is observed upon addition
of F~. In contrast, addition of other anions does not show any
fluorescence. These data clearly suggest that the probe 1 behaves
as a colorimetric and fluorometric probe for selective F~ sensing.
It must be noted that the F--induced changes in absorption and
fluorescence spectra are unaffected by other anions (see ESIf,
Fig. S5), indicating that the simple probe 1 can detect F~ selectively
even in the presence of other anions. It must also be noted that
indole itself shows F--selective fluorescence enhancement, but
the absorption spectrum scarcely changes. In contrast, indole-3-
carbardehyde, the starting material, shows F-selective red-shift of
the absorption band, but does not show fluorescence enhancement
(see ESIf, Fig. S6 and S7).

Fig. 3 shows the results of absorption titration of 1 with F-.
The F- addition leads to a decrease in 352 nm absorption, along
with an increase in the 409 nm band. The spectral change almost
stops upon addition of 30 equiv of F~. The clear isosbestic points
at 304 and 376 nm indicate that a single component is produced
in response to the interaction between 1 and F-. Fig. 4 shows
the results of fluorescence titration (A, = 420 nm) of 1 with F-.
Addition of F~ leads to continuous increase in the 420-600 nm
fluorescence. The intensity increase is saturated upon addition of
30 equiv of F~, which is similar to the results of absorption titration
(Fig. 3). Although the fluorescence quantum yield of 1 is low (¢ =
0.0017 with 30 equiv of F-),? the fluorescence enhancement upon
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Fig. 3 Absorption titration of 1 (25 uM) with F~ (as a n-bu,N* salt) in
DMSO. Inset: change in absorbance monitored at 409 nm.

o ® 9
[
€
c
210 °
20~ = o
[ ]
0 . ,
0 20 40
[F1o/[1]
3
10
T
0 =

450 560 550 600
Wavelength / nm

Fig. 4 Fluorescence (A, = 420 nm) titration of 1 (25 uM) with F~ (as a
n-bu,N* salt) in DMSO. Inset: change in fluorescence intensity monitored
at 455 nm.

F~ addition is much higher than that of early-reported fluorescent
F- probes.*?

The probe 1 associates with F~ in a 1:2 stoichiometry. This is
confirmed by the Benesi-Hildebrand analysis.’® When assuming a
1:2 association between 1 and F~, the Benesi-Hildebrand equation
is given as follows:

1 1 1
= — +1 (1)
FI-FI, FI_—FI,| K[F

FI, is the fluorescence intensity of 1, FI. is the intensity
measured with excess amount of F-, FI is the intensity measured
with F~, K is the association constant (M), and [F], is the
concentration of F~ added (M). As shown in Fig. 5, plot of 1/(FI-
FI,) against 1/[F],> shows a liner relationship, indicating that 1
actually associates with F~ in a 1:2 stoichiometry. The association
constant, K, between 1 and two F-, is determined from the ratio
of intercept/slope to be 1.1 x 10° M.
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Fig.5 Benesi-Hildebrand plots (A, =455 nm) of 1 using eqn 1, assuming
1:2 stoichiometry for association between 1 and F~. The plots assuming
1:1 association is shown in Fig. S8 (ESIf).

The association of 1 and F~ occurs through a hydrogen bonding
interaction between the NH protons of 1 and F-. Several F-
probes driven by F-induced removal of NH protons have been
proposed.' In these cases, '"H NMR titration with F~ detects a
formation of FHF- dimer at ca. 15-17 ppm.'** However, in the
present case, '"H NMR titration of 1 with F- (DMSO-d;, 303 K)
reveals that FHF~ dimer does not form by the reaction of 1 with
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F~ (see ESIf, evidence for no FHF~ dimer formation), indicating
that removal of NH protons does not occur. The interaction
between the NH protons of 1 and F- is confirmed by '"H NMR
analysis. As shown in Fig. 6, the indolic NH protons of 1 (§ =
11.7 ppm) disappear completely upon F~ addition, indicating that
F~ indeed interacts with indolic NH protons.**f In this case, other
protons of 1 shift upfield, suggesting that this interaction affects
n-electrons of 1 and, hence, may lead to the change in absorption
and fluorescence spectra.

Fig. 6 Change in partial '"H NMR spectra of 1 in DMSO-d, upon
addition of (a) 0, (b) 5, (c) 30, and (d) 50 equiv of F~ (as a n-bu,N*
salt).

To clarify the mechanism for the changes in absorption and fluo-
rescence spectra of 1, electronic properties of ground state and ex-
cited state of 1 and 1-2F~ complex were studied by ab initio molecu-
lar orbital calculation. The calculation was performed on the time-
dependent density functional theory (TDDFT) using a B3LYP/
6-31G* basis set within the Gaussian 03 programs. As shown in
Table S1 (see ESIT), the lowest singlet electronic transition for both
1 and 1-2F complex is HOMO-LUMO transition. The lowest
singlet transition energy of 1 is determined to be 374 nm, which is
similar to that of the observed absorption maximum of 1 (352 nm,
Fig. 3). In contrast, the transition energy of the 1-2F~ complex
(414 nm) is much lower than that of 1 (374 nm) and is similar to
the absorption maximum of 1 obtained with F~ (409 nm).

Fig. 7 shows the HOMO and LUMO orbitals of 1 and 1-2F-
complex, respectively. Electronic transition of both compounds
has a mm* character; however, the LUMO orbital of each
compound is different. The m-electrons of LUMO orbital of 1
are localized on the azadiene moiety and the electron density on
the indole moieties is poor. This is probably due to the inherent
electron donating property of the indole moieties.”* The less
populated m-electron density on the indole moieties of 1, therefore,
results in no fluorescence of 1 (Fig. 4). In contrast, as shown in
Fig. 7, n-electrons of LUMO orbital of the 1-2F~ complex are
extended to the indole moieties (see red circle). This is because the
hydrogen bonding interaction between the indolic NH protons
and F~ promotes a negative charge transfer from the azadiene
moiety to the indole moieties.”® The population of w-electrons on
the indole moieties, therefore, probably allows an appearance of
420-600 nm fluorescence (Fig. 4).

The 1-2F- complex formation generates a dipolar situation,
with a partial negative charge on the indole nitrogen and a partial

(1
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Fig. 7 HOMO and LUMO orbitals of 1 and 1-2F~ complex calculated
on the DFT level using a B3LYP/6-31G* basis set.

positive charge on the indolic NH proton interacting with F-
(Fig. 7). Therefore, solvents with higher dielectric constants would
stabilize the dipole and, hence, cause a red-shift of the charge-
transfer transition. As shown in Fig. S9 (ESIt), a roughly linear
relationship exists between the A, of the absorption band of the
1-2F" complex and the dielectric constant of the medium. The data
clearly indicates that the 1-2F~ complex has a charge-transferred
electronic configuration, as shown in Fig. 7.

The interaction between the indolic NH protons and F~ also
affects the electronic configuration of HOMO orbitals. As shown
in Fig. 7, upon F~ interaction, m-electrons of the HOMO orbitals
of 1 are extended to the indole moieties (see pink circle) due to
the negative charge transfer.”® As summarized in Fig. 8, upon
F~ interaction, the HOMO energy level increases significantly
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Fig. 8 Energy diagrams of HOMO and LUMO orbitals of 1 and 1-2F~
complex calculated on the DFT level using a B3LYP/6-31G* basis set.

(A1.08 eV), although the increase in LUMO energy level is not
so large (A0.76 eV). As a result of this, the HOMO-LUMO
gap decreases (3.67 — 3.35 eV). This may therefore lead to
red shift of the absorption spectrum (Fig. 3). The above DFT
calculation results fully support the change in absorption spectra
upon association of the indolic NH protons of 1 with two F-.1*

Several colorimetric and fluorometric cation probes with aza-
diene moiety have been proposed,”® where the azadiene moiety
behaves as a cation binding site. In the present case, m-electrons
on HOMO and LUMO orbitals of 1 are localized on the azadiene
moiety and the electron density on the indole moieties is poor.
However, upon interaction with F-, m-electrons are extended to
the indole moieties, leading to dynamic changes in absorption and
fluorescence spectra. This suggests that the azadiene moiety of
1 acts as a “controller” that tunes m-electron population on the
indole moieties upon interaction with F~.

Conclusions

We found that an indole-azadiene conjugate, 1, synthesized by
one-step facile condensation, behaves as a highly sensitive F~
probe in both colorimetric and fluorometric analyses. The changes
in absorption and fluorescence spectra are simply driven by
interaction between indolic NH protons and F~. The simple probe
design presented here may contribute to the development of more
efficient and more useful dual mode anion probes.

Experimental

All of the reagents used were of the highest commercial quality
and used without further purification. Fluorescence spectra were
measured on a JASCO FP-6500 fluorescence spectrophotometer
(A = 420 nm).'® Absorption spectra were measured on an UV-
vis photodiode-array spectrophotometer (Shimadzu; Multispec-
1500). All of the spectroscopic measurements were carried out at
298 £0.1 K under dry N,. '"H and *C NMR spectra were recorded
by a JEOL INM-GSX270 Excalibur. EI-MS chart was obtained
by a JEOL JMS 700 mass spectrometer.

Synthesis of probe 1

Indole-3-carbaldehyde (0.20 g, 1.35 mmol) and hydrazine mono-
hydrate (0.03 g, 0.67 mmol) were dissolved in ethanol (15 mL)
and stirred at room temperature for 36 h under dry N,. The
precipitate formed was recovered by filtration, washed thoroughly
with ethanol, and dried in vacuo, affording 1 as a yellow-white
powder (0.153 g, 0.53 mol, yield 79.6%). '"H NMR (270 MHz,

DMSO-d,, TMS): 6 (ppm) = 7.14-7.24 (m, 4H, ArH), 7.45-7.48
(d, 2H, ArH), 7.89-7.90 (d, 2H, ArH), 8.32-8.35 (d, 2H, ArH),
8.89 (s, 2H, -CH=N-), 11.64 (s, 2H, -NH-). *C NMR (68 MHz,
DMSO-d;, TMS): 6 (ppm) = 111.6, 111.9, 120.2, 121.8, 122.3,
124.5, 131.4, 136.9, 154.6. EI-MS: Calcd for C,sH,N,: 286.1,
found: m/z 286.2 (M). Elemental Anal.: Calcd: C, 75.50; H, 4.93;
N, 19.57. Found: C, 75.28; H, 4.58; N, 19.46.

Computational details

Preliminary geometry optimizations were performed using the
WinMOPAC version 3.0 software (Fujitsu Inc.) at the semiem-
pirical PM3 level,’” where the optimization of 1-F~ and 1-2F-
complexes was done using a bound structure, in which F atoms are
directly bound to the NH protons. The obtained structures were
fully refined in the gas-phase with tight convergence criteria at the
DFT level with the Gaussian 03 package,' using the B3LYP/6-
31G* basis set for all atoms. The excitation energies and the
oscillator strengths of the compounds were calculated with the
TD-DFT calculation.
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