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ABSTRACT

Two anion probes 1 and 2 featuring the dipyrrole carboxamide moiety for anion recognition have been prepared. These structurally simple
anion probes display great selectivity for the cyanide anion over other common inorganic anions in semiaqueous environment via the formation
of cyanohydrin derivatives.

The recognition and sensing of anions have received
considerable attention for their important roles in biological,
industrial, and environmental processes.1 In particular,
cyanide is a detrimental anion causing poisoning in biology
and the environment.2 Despite its toxic nature, its application
in various areas as raw materials for synthetic fibers, resins,
herbicides, and the gold-extraction process is inevitable,3

which releases cyanide into the environment as a toxic
contaminant. Thus, there exists a need for an efficient sensing
system for cyanide to monitor cyanide concentration from

contaminant sources. While a number of synthetic receptors
for anions have been designed, relatively few have been
developed for the selective sensing of cyanide.4

A colorimetric and ratiometric fluorescent chemosensor
is of particular interest due to its simplicity.1,5 In particular,
ratiometric sensing provides a way of avoiding any misin-
terpretation of analyte-induced fluorescence quenching or
enhancement due to photobleaching, sensor concentration,
and medium effects.6 Although the design of colorimetric
and fluorescent anion chemosensors has recently attracted
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attention, there are only a few examples of ratiometric
fluorescent chemosensors for anions.7

Amide and pyrrole groups represent the two most common
anion recognition moieties, which usually form N-H‚‚‚A-

hydrogen bonds with selective anions.1,5 In our search for
selective and sensitive sensors of biologically important
anions, we recently developed a structurally simple chemical
sensing system integrating both pyrrole and amide function-
ality, which are expected to act as hydrogen bond donors
collectively.8 Herein we report the design and synthesis of
these anion probes and their unique interaction mode with
cyanide.

The structures and synthesis of1 and 2 are shown in
Scheme 1. They are synthesized by condensation of 1-pyr-

role-2-carbonyl chloride with corresponding aryldiamine in
the presence of triethylamine to afford1 and 2 in low to
moderate yields. Compound1 shows absorption at 290 and
379 nm and an emission at 427 nm (Φf ) 0.26) with a
lifetime of 0.89 ns. Compound2 shows an absorption band
at 282 nm and a shoulder at 355 nm but showed no detectable
fluorescence in solution possibly due to the oxidative electron
transfer from excited2 to the LUMO of the nitro groups
upon photoexcitation.

The ability of1 and2 to complex with anions was explored
with UV-vis absorption and fluorescence spectrometry.
Among the 12 anions tested in solution (CH3CN:H2O, 90:
10, v/v), namely, CN-, F-, Cl-, Br-, I-, NO3

-, OAc-,
PhCO2

-, HP2O7
3-, H2PO4

-, HSO4
-, and ClO4

-, both1 and
2 responded to only CN- resulting in a color change from
colorless to yellow and the fluorescence change for1 from

blue to green. Figure 1 illustrates the absorption and emission
spectral changes for1 on addition of CN-. The absorption
bands at 291 and 378 nm decreased while three new bands
at 299, 372, and 428 nm appeared. The three isosbestic points
at 293, 360, and 391 nm indicated a clean conversion
throughout the titration process. Concomitantly, the fluores-
cence maximum of1 at 425 nm showed a bathochromic shift
to 554 nm (∆Eem ) 5479 cm-1) with an isoemissive point
at 476 nm. The resultant Job plot indicated a 1:2 receptor-
cyanide binding stoichiometry.9 The binding constant cal-
culated from a 1:2 stoichiometry with global multivariate
factor analysis,10 based on absorption spectral changes, yields
log K ) 5.91 ( 0.07 M-2.

The absorption spectral changes of2 on addition of
cyanide in CH3CN/H2O (9/1, v/v) solution are illustrated in
Figure 2. A new absorption band appeared at 465 nm. The
resultant Job plot also indicated a 1:2 binding stoichiometry
for 2. The calculated binding constant gives logK ) 9.20
( 0.05 M-2. The colorimetric response of2 to cyanide
persists up to 50% water content.11 The selectivity of CN-

over other anions, in particular fluoride, is important because
most of the chemosensors reported for cyanide sensing suffer
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Scheme 1. Synthesis of Chemosensors1 and2

Figure 1. Changes observed in the absorption (top) and fluores-
cence (bottom) spectra of1 (10 µM) upon addition of CN- (0-
5.17× 10-4 M) in CH3CN/H2O (9:1, v/v) solution. Excitation is
at 363 nm.
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the deleterious interference of other anions.12 The superior
selectivity of2 for cyanide in H2O/CH3CN (1/1, v/v) solution
is evident from the absorbance response of the anions, as
illustrated in Figure 3.13 Such a selectivity in the semiaqueous

environment is promising for aqueous samples.

Further insights into the nature of chemosensor-cyanide
interactions were investigated by1H NMR titration experi-
ments. Figure 4 shows the1H NMR spectra of2 upon
addition of tetrabutylammonium cyanide in DMSO-d6 solu-
tion. To account for the1H NMR spectral changes on
addition of cyanide, we propose the formation of a cyanide
adduct (cyanohydrin).4a,14 Scheme 2 outlines the possible

mechanism for the formation of cyanohydrin derivative. The
potential hydrogen-bonding pocket, defined by the two amide
protons and two pyrrole protons, tends to bring the cyanide

to the vicinity of amide carbonyl groups, and this along with
the strong electron-withdrawing nature of NO2 groups renders
the amide groups highly electron deficient and susceptible
to the nucleophilic addition of cyanide to carbonyl groups.
The addition of cyanide resulted in a slow disappearance of
amide proton signal while the pyrrole protons shifted upfield.
The phenyl protons also exhibited a downfield shift due to
the electrostatic through-space effect.15 The spectral shift is
virtually stopped after addition of 2 equiv of cyanide. The
solution became colorless again on addition of excess acid.
The formation of cyanide adduct was further confirmed by
mass spectrometry and the13C NMR spectrum (see the
Supporting Information). The electrospray ionization mass
spectrum of the precipitated orange solid showed a molecular
mass of 948.60, which corresponds to the formula of
[5+2Bu4N++CN-]+ (calculatedm/z 948.68, see the Sup-
porting Information).16

On the other hand, addition of cyanide anion into DMSO-
d6 solution of1 resulted in slightly different1H NMR spectral
changes compared to2 (see Figure 5) although the final
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Figure 2. Absorption spectra changes of2 (20 µM) upon addition
of CN- (0-1.67× 10-3 M) in CH3CN/H2O (9/1, v/v) solution.

Figure 3. Absorbance response at 454 nm (A/A0) of 2 (18 µM) in
the presence of 10 equiv of selected anions in CH3CN/H2O (1/1,
v/v) solution.

Figure 4. Plots of 1H NMR spectra of2 on addition of CN- in
DMSO-d6.

Scheme 2. Proposed Cyanohydrin Formation from Reaction
of Receptor2 and Cyanide
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product is also confirmed by mass spectrometry to be the
cyanide adduct (see Figure S2 in the Supporting Informa-
tion).17 The most significant differences come from the
gradual disappearance of the pyrrole NH proton signal and
downfield shift of theâ proton signal of pyrrole on addition
of cyanide anion. This observation confirms the interaction

of pyrrole moieties with the cyanide anion in the receptor-
cyanide complex. The amide protons in1 are expected to
be less acidic compared to those in2. Thus, the proton
exchange is expected to involve not only the amide protons
but also possibly the pyrrole NH protons as well.

In summary, we have successfully developed a highly
selective receptor for the sensing of cyanide in a semiaqueous
environment. A unique colorimetric and ratiometric fluores-
cent response to cyanide is realized through the new mode
of receptor-cyanide interaction by formation of the cyano-
hydrin derivative via a highly electron-deficient amide moiety
in a semiaqueous environment. Although these two anion
probes are not soluble in water, the facile synthesis and
modification of the structural framework of these pyrrole
carboxamide compounds reveal the potential development
of a family of ratiometric chemosensors for detecting cyanide
in aqueous solution.
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Figure 5. Plots of 1H NMR spectra of1 on addition of CN- in
DMSO-d6.
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