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We have developed a Cd2+ fluorescent chemosensor with high selectivity as well as sensitivity by tether-
ing a 4,7-bis(2-hydroxyethyl)-9-hydroxy-1,4,7-triazanonyl chelator to anthracene. This sensor features
the ability to discriminate Cd2+ from Zn2+ to a high degree (KdZn/KdCd = 560) in a pH 7.2 buffer.

� 2013 Elsevier Ltd. All rights reserved.
Although cadmium (Cd) has been recognized as a highly toxic
heavy metal,1 human and environmental health is still threatened
by Cd discharged through production activity such as industry and
agriculture.2 Therefore, much effort has been made on designing
high sensitive and selective fluorescent sensors for Cd2+ based on
coordination chemistry, leading to recent development of the sen-
sors.3 However, in aqueous solutions, most of them can provide re-
sponse toward Zn2+ as well. This is because both Cd2+ and Zn2+

have similar chemical and physical properties, making it difficult
to distinguish between them.3,4 One of the highest Cd2+-selective
sensors reported so far is the BODIPY derivative with a tetraamide
group as a chelator for Cd2+.3e With this sensor, marked reduction
in response toward Zn2+ is realized. And yet the association con-
stants K11 and K21 for the 1:1 and 2:1 complexes with Cd2+ are as
low as 1.3 � 105 and 7.2 � 103 M–1, respectively. Thus it could be
accepted that the higher affinity to Cd2+ a chemosensor has, the
less selectivity to Cd2+ over Zn2+ the sensor exhibits. Meanwhile,
it has been described that design to make a difference between
binding modes against Cd2+ and Zn2+ allowed chemosenors to pro-
vide fluorescent responses at different emission wavelengths to-
ward these metal ions.5 They are superior to sensors working at
a single emission wavelength, due to their utility as dual sensors
for Cd2+ and Zn2+. However, in the presence of Zn2+, Cd2+ is likely
to compete with Zn2+ in chelation with those dual sensors. This
is because the differences in dissociation constants for Cd2+ (KdCd)
and Zn2+ (KdZn) are not sufficiently large in many cases. With these
facts for a background, it is still a challenge to develop a fluorescent
sensor for Cd2+ with a high selectivity over Zn2+ as well as
sensitivity.

Herein, we report a novel anthracene-based Cd2+ sensor 1
(Scheme 1), which allows highly selective detection of Cd2+ even
in the presence of Zn2+ in a pH 7.2 buffer. The sensor features a
1,4,7-triazanonyl group, which functions as a Cd2+-selective chela-
tor with three hydroxy groups as ligands, and confers high water-
solubility on 1. In addition, we describe that N-methylated 1, that
is, 2 exhibited very low responsiveness toward Cd2+, which was
informative to elucidate the origin of the performance of 1 as a
Cd2+ sensor.

Sensor 1 was prepared by reductive amination of anthracene-9-
carbaldehyde with 6-(2-aminoethyl)-3-(2-hydroxyethyl)-3,6-dia-
zaoctan-1,8-diol in 75% yield (see Supplementary data). It should
be mentioned here that 1 is water-soluble, and can be handled as
aqueous working solutions without any organic solvents. Com-
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Figure 1. (a) Fluorescence spectra of 1 (5 lM) upon the addition of Cd2+. (b) A plot
of the difference between the fluorescence intensities (F – F0) at kem = 416 nm
obtained before and after the addition of Cd2+ into a solution of 1 (5 lM) as a
function of equiv of Cd2+. CdCl2 was used as a Cd2+ reagent. All measurements were
taken in a pH 7.2 HEPES buffer (50 mM, ionic strength (I) = 0.1 M (KNO3)) and
kex = 370 nm. Error bars represent standard deviations (n = 4).

Figure 2. Effects of metal ions (5 mM of Ca2+ and Mg2+, and 5 lM of Zn2+, Cr3+,
Mn2+, Fe3+, Co2+, Ni2+, Ag+, Pb2+, Cu2+ and Hg2+) on the fluorescence intensity ratio
(F/F0) from the addition of 1 equiv of Cd2+ into 1 (5 lM). F0: fluorescence intensity of
1 (5 lM) without any metal ions. As metal reagents, CdCl2, Zn(NO3)2, CaCl2, MgCl2,
CrCl3, MnCl2, FeCl3, CoCl2, NiCl2, AgNO3, Pb(NO3)2, CuCl2, and HgCl2 were used. All
measurements were taken in a pH 7.2 HEPES buffer (50 mM, I = 0.1 M (KNO3)),
kex = 370 nm, and kem = 416 nm. Error bars represent standard deviations (n = 4).

Figure 3. 1H NMR spectra (400 MHz) of 1 and 2 (10 mM) in the absence or presence
of 1 equiv of Cd2+ measured in D2O: (a) 1; (b) 1 with CdCl2 (10 mM); (c) 2 with CdCl2

(10 mM); (d) 2.

5972 K. Tsukamoto et al. / Tetrahedron Letters 54 (2013) 5971–5973
pound 1 exhibited a suppressed fluorescent spectrum in a pH 7.2
HEPES buffer (50 mM, I = 0.1 M (KNO3)), and its quantum yield
(a) was estimated to be as low as 0.24 at kex = 370 nm (Fig. 1).6 This
would be ascribed to photo-induced electron transfer (PET) from
the N atom adjacent to the anthracene moiety of 1 (Scheme 2).7

Upon the addition of Cd2+, the fluorescent response from 1 was en-
hanced, and a linear relationship was observed between the re-
sponses and the concentration of Cd2+ up to 0.5 equiv (2.5 lM)
(Fig. 1b). By further addition of Cd2+, the fluorescence intensity in-
creased nonlinearly, and reached a plateau. When 1.0 or 2.0 equiv
of Cd2+ was added, the quantum yield of 1 was recovered to 0.43 or
0.47, respectively (Table S1). A Job’s plot of an increase in the fluo-
rescence intensity due to the reaction of 1 with Cd2+ showed a
maximum at a mole fraction ([1]/([1] + [Cd2+])) of 0.5, which
clearly indicated the formation of a 1:1 complex (Fig. S2). The
apparent dissociation constant of 1 for Cd2+ (KdCd) was estimated
to be 1.0 � 10–7 M, which is so small as to realize highly sensitive
detection for Cd2+ (Fig. S3).8

In contrast with the case of Cd2+, 1 equiv of Zn2+ was added to a
solution of 1, bringing about negligible increment in the fluores-
cence intensity (Fig. 2 and Fig. S5). The apparent dissociation con-
stant of 1 for Zn2+ (KdZn) was estimated by fluorometry to be
5.6 � 10–5 M (Fig. S3). This value was 560 times larger than the
KdCd, demonstrating that 1 can distinguish Cd2+ from Zn2+ with
high selectivity. The effects by other metal ions (5 mM of Ca2+

and Mg2+, and 5 lM of Cr3+, Mn2+, Fe3+, Co2+, Ni2+, Ag+, Pb2+, Cu2+

and Hg2+) were also examined. The fluorescence response induced
by the reaction of 1 with Cd2+ was not disturbed by the examined
metal ions, except for Cu2+ and Hg2+ (Fig. 2 and Fig. S5). The pres-
ence of Cu2+ or Hg2+ quenched the fluorescence response of 1 to-
ward Cd2+. Since practical samples might include Cu2+, the effect
by Cu2+ must be solved.

Next, the effect of pH on the fluorescence intensity of 1 itself
was examined (Fig. S7). The intensity was decreased from pH 6.0
to 9.2, probably due to an increase in the PET quenching effect
through the deprotonation of the N atom adjacent to the anthra-
cene in 1. Although the background signal was significantly low
in these basic conditions, the fluorescent response for the reaction
of 1 not only with Cd2+ but also with Zn2+ increased greatly
(Fig. S7), that is, the selectivity of 1 for Cd2+ over Zn2+ became
poorer with an increase in basicity. Under acidic conditions less
than pH 6, the background response became high, that would be
attributed to protonation of the N atom in 1, to prevent the PET ef-
fect in 1 from working. With these results in hands, it was con-
cluded that a buffer around pH 7.2 is a solvent of choice for high
selective detection of Cd2+ over Zn2+ using 1.

To investigate the detailed mechanism of the reaction of 1 with
Cd2+, N-methylated derivative 2 was prepared and subjected to
fluorometry in the absence or presence of Cd2+ (Figs. S8 and S9).
To our surprise, addition of 1 equiv of Cd2+ to a solution of 2 in
any pH conditions gave rise to little or no enhancement in the fluo-
rescence intensity. The apparent KdCd of 2 at pH 7.2 was estimated
to be 2.1 � 10–4 M, which was larger by three orders of magnitude
than that of 1 (Fig. S3). On 1H NMR spectra in D2O, all signals for 1
or 2 were shifted downfield in the same manner by the addition of
Cd2+ (Fig. 3). The downfield shift in all the region would be caused
by the shielding effect of Cd2+ chelated with the 1,4,7-triazanonyl
group in 1 or 2.9 Moreover, 8-(anthracen-9-yl)-1,4,7-triazaoctane
8, lacking three 2-hydroxyethyl groups on 1, showed a lower fluo-
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Scheme 2. Proposed mechanism for coordination of 1 and 2 to Cd2+.
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rometric response to Cd2+ than 1, which confirmed the necessity of
the three 2-hydroxyethyl groups for high reactivity of 1 to Cd2+

(Fig. S10). Based on these results, 1 would bind Cd2+ tightly to can-
cel the PET quenching, whereas 2 might also coordinate Cd2+, and
yet some steric hindrance around the N atom adjacent to the
anthracene could prevent the N atom from contacting the chelated
Cd2+ (Scheme 2).

In conclusion, we have demonstrated that 1 functions as a fluo-
rescent sensor for Cd2+ with high selectivity as well as high sensi-
tivity in a pH 7.2 buffer. Especially, 1 can distinguish Cd2+ from
Zn2+ to a remarkably high degree (KdZn/KdCd = 560). The difference
between 1 and 2 in fluorescent responses toward Cd2+ suggests the
important factor of the steric hindrance around the N atom adja-
cent to the anthracene. This finding is believed to provide useful
structural information for designing more practical Cd2+ sensors.
We are currently working on decreasing the blank signal in the ab-
sence of Cd2+, and on increasing the selectivity for Cd2+ over Cu2+

and Hg2+ as well as Zn2+.
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