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ABSTRACT

A new thiol-containing colorimetric probe has been developed by using a chromene derivative, 7-nitro-2,3-dihydro-1H-cyclopenta[b]chromen-
1-one (1). The molecule exhibited high selectivity and sensitivity for detecting thiol species as cysteine, homocysteine, and glutathione in
aqueous solution through a rapid visual color change from colorless to yellow.

Thiol-containing amino acids and peptides play crucial roles
in many physiological processses. For example, cysteine
(Cys) and homocysteine (Hcy) are considered to be related
to a number of health disorders such as renal failure,1 AIDS,2

Alzheimer’s and Parkinson’s diseases,3 atherosclerotic car-
diovascular diseases,4 neutral tube defects, and coronary heart
disease.5 Glutathione (GSH), an important tripeptide with a
thiol group, performs vital biological functions that are
involved in combating oxidative stress and maintaining redox
homeostasis.6 Thus, the rapid, sensitive, and selective detec-
tion of thiols is of considerable importance and significant
interest. Many assays have been carried out, including high

performance liquid chromatography,7 capillary electrophore-
sis,8 UV-vis detection,9 electrochemical detection,10 fluo-
rescence detection,11 mass spectrometry identification,12

colorimetric assays,13 and others.14 Most recently, several
coumarin derivatives were reported to detect biological
thiols.15 These results stimulated us to explore whether
chromene (which is similar to coumarin in structure) deriva-
tives might act as a probe to detect thiol-containing mol-
ecules. Herein, we report a novel colorimetric probe for thiol-
containing amino acids and peptides in aqueous solution by
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employing a chromene derivative, 7-nitro-2,3-dihydro-1H-
cyclopenta[b]chromen-1-one (1)16 (Scheme 1, as well as

Figure S1 in the Supporting Information), which was
prepared by the reaction of 5-nitrosalicylaldehyde and

2-cyclohexen-1-one via Baylis-Hillman and intramolecular
Michael addition in the presence of imidazole.

Figure 1 shows the change in the UV/visible spectrum
when the cysteine solution is added to HEPES buffer (10

mM, pH 7.0) containing probe 1 (25 µM). With increasing
Cys concentration, the probe 1 absorption peak at 292 nm
is gradually decreased and a new peak appears at 405 nm
(red-shifted 113 nm) with an isosbestic point at 368 nm,
indicating the formation of a new compound. The stoichio-
metric ratio between probe 1 and Cys was found to be 1:1
based on the change of the absorbance at 405 nm (inset in
Figure 1) to concentration of Cys.

Figure 2 shows the kinetic study of the response of
cysteine to probe 1 under pseudo-first-order conditions (50
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Scheme 1

Figure 1. Absorption spectral changes of 1 (25 µM) in HEPES 10
mM containing 0.1% EtOH, pH 7.0 aqueous buffer upon addition of
cysteine; cysteine was added gradually with [Cys] ) 0, 5, 10, 15, 20,
25, 50, 75, and 100 µM. Each spectrum is recorded 2 min after cysteine
addition. Inset: Absorbance at 405 nm as a function of Cys concentra-
tion, indicating a 1:1 ratio for cysteine and probe 1.

Figure 2. The kinetic study of the response of the probe 1 to Cys at 25
°C under pseudo-first-order condition ([1] ) 50 µM, [Cys] ) 500 µM).

Org. Lett., Vol. 11, No. 21, 2009 4919



µM probe 1 and 500 µM cysteine). The reaction was finished
within 10 s. Rate constants were obtained by fitting the initial
concentration change (5-90%) according to a pseudo-first-
order kinetics equation. The observed rate constant at pH
7.0 and 25 °C was kobs ) 0.62 s-1, t1/2 ) 1.0 s, indicating
that probe 1 can react rapidly with cysteine under these
experimental conditions.

The pH range (5.0-10.0) for determination of cysteine
was also studied and the result showed that the system had
the above-mentioned UV/visible light absorption with no
significant difference within the pH range 7.0-10.0 (Figure
S2, see Supporting Information). We therefore selected the
physiological condition of a HEPES 10 mM, pH 7.0 buffer
aqueous solution. Systems with pH < 7.0 will not exhibit a
notable change in either color or UV/visible spectrum.

The system exhibited higher selectivity toward Cys than
other amino acids, including L-alanine, L-arginine, L-aspar-
agine, L-aspartic acid, L-glutamine, L-glutamic acid, L-glycine,
L-histidine, L-isoleucine, L-leucine, L-lysine, L-methionine,
L-phenylalanine, L-proline, L-serine, L-threonine, L-tryp-
tophan, L-tyrosine, and L-valine.

Figure 3 left displays a series of UV/visible spectra
changes when common amino acids (in large excess, 10

equiv to Cys) were added into a 10 mM HEPES buffer
solution containing 25 µM of probe 1. Only Cys caused an
apparent red shift from 292 to 405 nm. When changes at
405 nm were monitored, good selectivity was observed for
Cys with a more than 10-fold intensity increase in absorbance
(Figure 3 right). The effect caused by Cys was very
significant and a distinct color change from colorless to
yellow could be detected by the naked eye, while the color
of the solutions containing the other amino acids remained
relatively unchanged (Figure 3 right inset). This indicates
that the addition of other amino acids to the probe 1 system
altered neither the color nor the UV-vis spectra in the
system, nor did their presence interfere with the detection
of Cys. The above results are very useful for biological
analysis due to the method’s simplicity, speed, and use of
uncomplicated apparatus.

Simultaneously, anions with physiological functions were
excluded, including fluoride (F-), chloride (Cl-), bromide
(Br-), iodide (I-), acetate (AcO-), thiocyanate (SCN-),
nitrate (NO3

-), sulfate (SO4
2-), carbonate (CO3

2-), oxalate
(-OOCCOO-), and phosphate (PO4

3-) which did not inter-
fere with the determination of thiols (Figure S3, see the
Supporting Information). This is very positive for the
detection of thiols in biological samples such as urine or
serum.

The effect of a wide range of environmentally and
physiologically important metal ions on the UV-vis spec-
trum was investigated by preparing solutions containing 1
(25 µM) and the ion (25 µM). The result showed that
different metal ions have different inhibition effects. The
common metal ions such as Na+, K+, Mg2+, Ca2+, Ba2+,
V4+, Cr3+, Mn2+, Fe3+, Al3+, Ga3+, Sn2+, Zr4+, Ce3+, Nd3+,
Sm3+, Eu3+, Er3+, Tb3+, Ho3+, and Yb3+ did not affect the
detection, whereas the probe system could be partly or
completely inhibited by equivalent molar concentrations of
Co2+, Ni2+, Zn2+, Cd2+, Pb2+, Cu2+, or Hg2+ due to the
formation of coordinate complexes between these ions and
cysteine. For these metal ions, when a strong chelator, EDTA
(1:1 to M2+), was hired to shield them, the probe system
could resume its probing thiol performance with the excep-
tion only of Hg2+ ions (Figure S4, Supporting Information).
Therefore, these would not hinder the reported chromene
molecule in use as a successful thiol probe.

Under the same conditions, probe 1 exihibits a similar
response to other thiol-containing compounds such as Hcy
and GSH (Figure S5, Supporting Information). The time-
dependent reaction of probe 1 for Hcy and GSH gave
observed rate constants at pH 7.0 and 25 °C of kobs ) 0.065
s-1 with t1/2 ) 10.7 s for Hcy and kobs ) 0.082 s-1 with t1/2

) 8.5 s-1 for GSH (Figures S6 and S7, Supporting Informa-
tion).

It was found during experiments that the new maximum
absorption appeared at 405 nm (assigned to that of nitro-
phenolate, which is often used as a product in enzyme model
cleavage experiments17) and we speculate that this may be
a result of the release of the 4-nitrophenolate group (Scheme
2) through chromene ring-opening, based on a nucleophilic
attack on the sulfhydryl group by probe 1 (Michael
addition).11c,13a,15c,d,e The excision of the 4-nitrophenolate
group should be responsible for the yellow color change.
To verify this particular hypothesis, the response to mer-
captopropionic acid (MPA) by probe 1 was investigated by
1D 1H NMR spectroscopic analysis (DMSO-d6, 25 °C, TMS
as an internal reference) in the absence and presence of MPA
(Scheme 2, bottom). With addition of MPA (2 equiv) to
probe 1 in DMSO-d6, the signals of the aromatic protons
shifted upfield to (δ 6.75, 7.93, 8.09) from their original
resonances (δ 7.14, 8.18, and 8.43, respectively) due to the
electron-rich phenolate oxygen atom. The resonance of the
original chiral proton (H3) at 5.51 ppm disappeared and a

(17) (a) Wu, C. S.; Wu, C. T.; Yang, Y. S.; Ko, F. H. Chem. Commun.
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Figure 3. (Left) UV/vis absorption spectra of the probe 1 (25 µM)
in pH 7.0 aqueous buffer (HEPES 10 mM containing 0.1% EtOH)
solution in the presence of 250 µM other amino acids including
Ala, Arg, Asn, Asp, Gln, Glu, Gly, His, Ile, Leu, Lys, Met, Phe,
Pro, Ser, Thr, Trp, Tyr, and Val. [Cys] ) 25 µM. (Right) Optical
density of the probe 1 (25 µM) at 405 nm upon addition of amino
acids. Inset: A color change photograph for Cys and other amino
acids.
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peak at 7.67 ppm ()CHcyclopent-2-enone) appeared. The signal
of the chromene proton H7 changed to 5.18 ppm (assigned
as a chiral proton) from the original 7.41 ppm. These implied
the formation of the new proposed compound 2 as described
in Scheme 2 by reacting MPA with 1. The 2D COSY of 2
correlation experiments provided direct evidence for the
above statement and proposed mechanism. As shown in
Figure 4, the COSY spectrum of 2 exhibits clear cross-peaks
between H3 ()CHcyclopent-2-enone) and H2 (the alkyl protons)
indicated by a red square, with the blue square showing the
interrelation of H4 and H5. The proton H7 (red circle) was
isolated and did not relate to any other protons.

In summary, the current study has successfully developed
a new, highly sensitive and selective thiol-reactive colori-
metric probe, using a chromene molecule for the first time
on the basis of a novel mechanism in low micromolar level
in an aqueous environment. The probe is easy to prepare
via the Baylis-Hillman reaction and intramolecular Michael
addition in the presence of imidazole. The whole recognition
process brought evident color changes from colorless to

yellow that are clearly visible to the naked eye. This is
perhaps a model for developing new colorimeric or fluores-
cent thiol probes, based on a number of chromene deriva-
tives.18 We believe this approach could be extended to many
more receptors and may result in a new generation of optical
sensors due to its merits, according to Zacharis.14b Further
thiol probe designs are actively being researched in our
laboratory.
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Scheme 2. (Top) The Proposed Detection Mechanism for Probe
1 and (Bottom) 1H NMR Spectral Change of the Probe

1 (1 mM) upon Addition of MPA (2 mM) in the Precence of
Et3N in DMSO-d6

Figure 4. 2D 1H-1H COSY (300 MHz) correlation experiment of
the proposed compound 2 in DMSO-d6.
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