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a b s t r a c t

A coumarineindanedione conjugate as an activated Michael addition type probe was prepared for
cyanide ion detection. The colorimetric and ratiometric fluorescent response of the probe to cyanide ion
is due to the Michael addition of cyanide to the doubly activated Michael receptor of the probe which
blocks an intramolecular charge transfer process. The probe displays a fast response to cyanide ion at
room temperature, and a maximal ratiometric fluorescent signal is achieved in the presence of only 2
equivalents of cyanide ion. Moreover, competitive species did not induce any significant changes both in
color and emission intensity ratio (I485/I609), demonstrating the high selectivity of the probe to cyanide.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Anion recognition is an area of growing interest in supramo-
lecular chemistry due to its important role in a wide range of
environmental, clinical, chemical, and biological applications [1].
Among various anions, cyanide is one of the most concerned.
Cyanide is a basic component in the preparation of a wide variety
of products ranging from plastic, fibers, gold, dyes, chelating
agents for water treatment, to pharmaceuticals [2]. However, even
very small amounts of the cyanide anion are extremely toxic to
living creatures. Cyanide is a potent inhibitor of some metallo-
enzymes and non-metallo-enzymes. This leads to diseases of the
vascular, cardiac, visual, endocrine, central nervous and metabolic
systems [3]. Thus, the development of cyanide-selective colori-
metric or fluorescent probes is in high demand. A variety of
cyanide-selective colorimetric or fluorescent probes has been
developed over the past ten years by making use of the coordi-
nation ability and the nucleophilic reactivity of cyanide [4]; the
operation of such probes involves addition with metal complexes
[5e7], displacement method [8e12], as well as bond-forming
.
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reaction between the cyanide and either an electrophilic carbon
[13,14] or a boron center [15,16].

The Michael addition or Michael reaction, addition of stabilized
anions (e.g., enolate, cyanide) to a,b-unsaturated carbonyl and
related compounds, is a prototype for the conjugate addition
reactions of various nucleophiles that find wide utility in organic
syntheses [17]. In recent years, this powerful reaction has been
successfully used in the design of the colorimetric and fluorescent
probes for cyanide as well as other species [18e35]. Generally,
Michael addition type probes can be constructed by covalently
linking the Michael acceptor with signaling group. The reaction of
nucleophiles with the Michael acceptor will cause a change in color
or fluorescence of the signaling group.

Compared with the general Michael acceptors, the doubly acti-
vated acceptors, in which two electron-withdrawing groups are
attached to the C]C group [29e31], are more reactive [32e35], and
allow the Michael addition reaction to occur under mild condition.
However, it was noted that the probes with the doubly activated
acceptors usually exhibit low florescence quantum yield in solution
due to the rapid non-radioactive deactivation of the singlet exited
state through torsional relaxation around the single bond that
connects the Michael acceptor with fluorophore [36,37] (Fig. 1).
Thus, most of this type probes only show fluorescence OFFeON
effect upon interaction with analytes [20,31,34,35]. As the change
in fluorescence intensity is the only detection signal, factors such as
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Fig. 1. Schematic representation of Michael acceptor type probes.
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variabilities in excitation and emission efficiency, sample environ-
ments, and probe distribution can interfere with the signal output.
By contrast, ratiometric fluorescent probes can eliminatemost or all
ambiguities by self-calibration of two emission bands, and seem to
be more favorable for sensing target ions in comparison with
fluorescence intensity-based probes [38e40]. However, up to now,
only a limited number of Michael addition type probes for the
ratiometric fluorescent detection of cyanide have been reported in
literature [30,41].

Herein, we report a coumarineindanedione conjugate (1) as
doubly activated Michael addition type probe for the colorimetric
and ratiometric fluorescent detection of cyanide. The probe displays
high selectivity and sensitivity for CN� over other anions with a fast
response. In addition, as a control, a coumarineindanedione
conjugate (2) with a nitro group in the indanedione moiety was
also synthesized, and its capability to sense cyanide was tested.
2. Experiment

2.1. Materials and general methods

All reagents and solvents were purchased from commercial
sources and were of the highest grade. Solvents were dried
according to standard procedures. All reactions were magnetically
stirred and monitored by thin-layer chromatography (TLC). Flash
chromatography (FC) was performed using silica gel 60 (200e300
mesh). Absorption spectra were taken on a Varian 50 Bio spectro-
photometer. Fluorescence spectra were recorded on a Varian Cary
Eclipse fluorescence spectrometer. The 1H NMR and 13C NMR
spectra were recorded using Bruker Avance III 600 at 600 and
150 MHz, respectively. The following abbreviations were used to
explain the multiplicities: s ¼ singlet; d ¼ doublet; t ¼ triplet;
q ¼ quartet; m ¼ multiplet; br ¼ broad. High resolution mass
spectra were obtained on a Varian QFT-ESI mass spectrometer. 7-
Diethylaminocoumarin-3-carboxaldehyde 3 [42] and compound 1
[43] were synthesized according to the literature reported proce-
dures (Scheme 1).
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Scheme 1. Synthesis of c
2.2. Synthesis of compounds 1 and 2

2.2.1. Compound 1
To a solution of coumarin aldehyde 3 (245 mg, 1.00 mmol) and

1,3-indanedione 2 (175 mg, 1.20 mmol) in EtOH (5 mL) was added 2
drops of piperidine. The reaction mixture was stirred overnight at
room temperature, and then the solvent was removed under the
reduced pressure. The residue was purified by column chroma-
tography using CH2Cl2/EA (v/v 5:0.05, Rf ¼ 0.22) to give the desired
probe as a dark green solid (310 mg, yield 83%). Mp: 221e222 �C. 1H
NMR (600 MHz, DMSO-d6) d 9.92 (s, 1H), 7.99 (s, 1H), 7.90e7.94 (m,
4H), 7.63 (d, J ¼ 9.12, 1H), 6.87e6.89 (m, 1H), 6.66 (d, J ¼ 2.28, 1H),
3.55 (q, J ¼ 7.02, 4H), 1.16e1.19 (t, J ¼ 7.02, 6H); 13C NMR (150 MHz,
DMSO-d6) d 189.4,161.0,158.3,153.8,148.9,141.4,139.1,135.5,132.9,
125.8, 122.6, 111.0, 108.6, 96.7, 44.7, 30.6, 12.4 (17 carbon peaks).
HRMS [ESI]: m/z, calcd for [M þ H]þ 374.1387; Found 374.1384.

2.2.2. Compound 2
The compound can be synthesized according to a similar

procedure of 1. In fact, it was obtained as cis and trans isomer as
suggested by 1H NMR spectra. Presently, it is difficult for us to
separate them due to the almost same TLC performance.
However, as control compound, the isomer is usable for studying
the substituent effect. Yield: 48%. 1H NMR (600 MHz, DMSO-d6)
d 9.94 and 9.81 (2s, 1H), 8.27 and 8.23 (2d, J1 ¼ 8.4, J2 ¼ 7.8, 1H),
8.09 (m, 1H), 8.07 and 8.02 (2s, 1H), 7.70 and 7.67 (2d, J1 ¼ 9.0,
J2 ¼ 9.0, 1H), 6.92 (m, 1H), 6.70 (d, J ¼ 3.6, 1H), 3.58 (q, J ¼ 7.2, 4H),
1.18 (t, 6H). HRMS [ESI]: m/z, calcd for [M þ Na]þ 441.1063; Found
441.1061.

2.3. Procedures of anions sensing

Deionized water was used throughout all experiments. Cyanide
anion and the other anions were prepared from n-Bu4N salts. A
stock solution of 1 (10 mM) was prepared in DMF. The stock solu-
tion of 1 was then diluted to the corresponding concentration
(10 mM) with the solution of CH3CN. The tetrabutylammonium
cyanide stock solution of 1.0 � 10�1 M was diluted to 1.0 � 10�2 M
and 1.0 � 10�3 M with deionized water for spectra titration studies.
Spectral data were recorded in an indicated time after the addition.

3. Results and discussion

3.1. Design and synthesis of probe 1

Probe 1 could be conveniently synthesized via the condensation
of diethylaminocoumarin-aldehyde with 1,3-indanedione in
ethanol (see: Experimental section). Structural identification of the
compound was confirmed by 1H NMR, 13C NMR, and HRMS
piperidine
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O ON

H

O O

R

O2
1 R = H
2 R = NO2

ompounds 1 and 2.



O ON

CN
Ha

O ON
CN
Ha

O OO OICT ICT

11 -CN

Fig. 2. Sensing mechanism of 1 toward cyanide.

Fig. 4. Concentration-dependent changes in absorption spectra of probe 1 (10 mM)
upon gradual addition of CN� (0e3 equiv.) in CH3CN. Inset: Changes of absorption
intensity of probe 1 at 548 nm (-) and 390 nm (C in red) in the presence of different
equiv. of CN� (0e3 equiv.). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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spectroscopy. Note that the chemical shift of vinylic proton was
found in 9.92 ppm, probably due to the existence of an intra-
molecular CeH/O hydrogen-bonding interaction [44,45] between
the coumarin carbonyl O atom and the vinylic proton.

Probe 1 is composed of a diethylaminocoumarin fluorophore
and a 1,3-indanedione-containing doubly activated Michael
acceptor for cyanide anion (Fig. 2). Such a molecular design makes
probe 1 possess the expanded p-conjugation as well as the strong
ICT from the diethylaminocoumarin to the conjugated 1,3-
indanedione moiety, which will lead to the red absorption and
emission. It is expected that cyanide anion can add to the b-position
of the doubly activated Michael acceptor to generate the stabilized
anionic species 1eCN [29]. Importantly, the addition reaction will
block the intramolecular charge transfer (ICT) due to interruption of
the conjugation, by which a hypsochromic shift of absorption and
emission of diethylaminocoumarin should be induced. As a result,
a ratiometric fluorescence response as well as an obvious color
change could be expected. These could serve as the basis for the
cyanide sensing of probe 1.

3.2. Sensing mechanism of probe 1 toward cyanide

The binding pattern between 1 and CN� was first examined by
a 1H NMR titration experiment (Fig. 3). Upon addition of n-Bu4NCN
to a DMSO-d6 solution of 1, the signals attributed to 1 disappeared
with the appearance of a set of new signals. Moreover, the signal of
the vinylic proton (Ha) at around 9.92 ppmwas shifted to 4.71 ppm
upon the addition of cyanide, suggesting the formation of the
stabilized anionic species 1eCN [29]. Furthermore, this formation
of 1LCN adduct was also characterized by mass spectrometry
analysis, in which the peaks at m/z 399.1337 (calcd ¼ 399.1350)
corresponding to [1 þ CN]� were clearly observed.

3.3. Colorimetric response of probe 1 to cyanide

As shown in Fig. 4, free 1 shows a main absorption band at
548 nm in CH3CN, which can be assigned to the ICT bands. Upon
Fig. 3. 1H NMR spectral changes upon the addition of cyanide anion (2 equiv., as its
tetrabutylammonium salts) to 1 (10 mM) in DMSO-d6.
addition of CN�, the absorbance at 548 nmwas gradually decreased
with a new peak appearing at 390 nm. 2 Equiv. of cyanide is
sufficient to drive the reaction to completion. Concomitantly, an
obvious color change from purple to colorless was clearly observed,
suggesting the ICT is turned off due to the Michael addition of
cyanide to 1. The fact that only 2 equiv. of cyanide used in the assay
is impressive as many reported cyanide probes require high
equivalents of cyanide to reach a maximal spectra signal [5e16].

3.4. Ratiometric fluorescence response of probe 1 toward cyanide

Free probe 1 in CH3CN exhibits two main emission bands
centering at 609 and 485 nm (Fig. 5), which can be assigned to the
ICT and the local bands, respectively [41]. With the addition of CN�,
the emission at 609 nm decreased sharply, followed by the
increases of emission of the diethylaminocoumarin moiety at
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Fig. 5. Fluorescence titration spectra of probe 1 (10 mM) in CH3CN upon addition of
CN� (0e2 equiv.). lex ¼ 440 nm.



Fig. 6. Time-dependent UVevis spectra of 1 upon the addition of CN� (2 equiv.) in
CH3CN. Inset: Time-dependent absorption intensity of probe 1 at 548 nm (C in red)
and 390 nm (-) in the presence of CN� (2 equiv.). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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485 nm, indicating that the Michael addition reaction interrupted
the p-conjugation and blocked the ICT process, after which the
fluorescence of diethylaminocoumarin recovered. This is in good
agreement with the aforementioned design concept. In addition,
the emission changes also resulted in a well-defined isoemissive
point at 520 nm. In the presence of 2 equiv. of cyanide, the changes
of the emission intensities nearly became constant [46], and a ca.
6.5-fold enhancement in ratiometric value of I485/I609 (from 0.77 to
5.04) is achieved with respect to the cyanide-free solution. It is
noteworthy that the difference in the two emission wavelengths is
very large (emission shift: DF ¼ 124 nm), which contributes to the
Fig. 7. Absorption spectra of probe 1 (10 mM) in the presence of 5 equiv. of various anion s
CH3CN) (Top). Color change photograph of probe 1 in the absence or presence of various s
accurate measurement of the intensities of the two emission peaks.
The detection limit for cyanidewas determined as 0.18 mMbased on
S/N ¼ 3 (Fig. 5, inset), meaning that 1 is operable well below the
WHO cyanide standard in drinking water (1.9 mM) [47].

3.5. Response time

Time-dependent UVevis spectra of 1 were monitored in the
presence of 2 equiv. cyanide (Fig. 6). The result revealed that the
Michael addition reaction can be finished within 60 s, indicating
that 1 has rapid detection ability for cyanide.

3.6. Selectivity investigation

For the purpose of evaluating selectivity of 1 to cyanide, color
and fluorescence spectral changes upon addition of 5 equiv. of
various anion including F�, Cl�, Br�, I�, AcO�, SCN�, N3

�, NO3
�, SO4

2�,
H2PO4

�, OH� and S2� as n-Bu4N salts in CH3CN were studied. These
competitive species did not induce any significant changes both in
color and emission intensity ratio (I485/I609) at all (Figs. 7 and 8),
indicating the high selectivity of 1 to cyanide. Interestingly,
although some probes for S2� have been reported by taking
advantage of its nucleophilicity and coordination ability [48,49], in
our conditions, the Michael addition of this species with 1 did not
occur. Moreover, to the best of our knowledge, the probe for S2�

based on Michael addition reaction has not been previously
reported.

3.7. Substituent effect

To further improve the sensitivity, it is necessary to enhance the
reactivity of the Michael receptor in this type of probes. Thus,
a coumarineindanedione conjugate (2) with a strongly electron-
withdrawing nitro group in the indanedione moiety was synthe-
sized, and its capability to sense cyanide was tested. As suggested
pecies (CN�, F�, Cl�, Br�, I�, SCN�, N3
�, NO3

�, AcO�, SO4
2�, and H2PO4

� as n-Bu4N salts in
pecies (5 equiv.) as n-Bu4N salts in CH3CN (Bottom).
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Fig. 8. Emission ratio (I485/I609) of probe 1 in the absence or presence of various
species (5 equiv.) as n-Bu4N salts in CH3CN with excitation at 440 nm.
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by absorption titration (Fig. 9a), 1 equiv. of cyanide is sufficient to
drive the reaction to completion. Moreover, the reaction is very fast
relative to that of 1 with cyanide, and completed within 20 s. Thus,
compound 2 displays higher reactivity than compound 1. However,
signals acquired from absorption spectra are not as efficient as
those evaluated from fluorescence spectra. In fact, the compound
displayed very weak fluorescence at long wavelength (625 nm)
possibly due to the oxidative electron transfer from excited 2 to the
LUMO of the nitro groups upon photoexcitation. As a result, upon
addition of cyanide, only very small ratiometric changes were
observed (Fig. 9b).
4. Conclusions

In conclusion, we have developed a new colorimetric and
ratiometric fluorescent probe 1 for CN� based on a coumar-
ineindanedione conjugate. The probe displays remarkable dual
changes in absorption and emission spectrum for cyanide over
other anions in CH3CN with a fast response (less than 1 min).
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