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Ratiometric and Highly Selective Fluorescent fluorescent sensors that can discriminate*’Cétom Zr?*.
Sensor for Cadmium under Physiological pH Because cadmium and zinc are in the same group of the Periodic

Range: A New Strategy to Discriminate Table and have similar properties, they usually cause similar
. . spectral changes after interactions with fluorescent sensors
Cadmium from Zinc

(including the change of intensity and the shift of wavelengths).
In other words, the existence of one of the cation pair will

Chunliang Lu! Zhaochao Xu, Jingnan Cui,# provide false positive signals mimicking the presence of the
Rong Zhand, and Xuhong Qian* other cation.

State Key Laboratory of Fine Chemicals, DUTKTH Joint Two major approaches have proved helpful in solving this
Education and Research Center on Molecularv@es, Dalian discrimination problem for the development ofdluorescent
University of Technology, Dalian 116012, China, and Shanghai sensors. One approach is based on the formation of an
Key Laboratory of Chemical Biology, East China Weisity of anthracene Cd(ll) -complex3>49Though it results in the red-

Science and Technology, Shanghai 200237, China shifted emission, its performance suffers from the low affinity

of the anthraceneCd(ll) complex, and hence, its sensitivity is
expected to improve. The other one, involving exciton-coupled
Receied January 7, 2007 circular dichroism signals to assist fluorescence, has achieved
the differentiation of the multiple analytésyut its expensive
and inconvenient nature block it from practical use. Herein, we
developed a new strategy for discrimination of cadmium and
I zinc based on the simple internal charge transfer (ICT) mech-
anism.

The ICT mechanism has been widely exploited for cation
< . sensing If the electron-donating character of the electron-
Cd?* “ Zn donating group is reduced, blue shifts of both the absorption
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and fluorescence spectra are expected. Conversely, if a cation
promotes the electron-donating character of the electron-
donating group, the absorption and fluorescence spectra should

‘““/ f--f'\l N}--?, be red-shifted. In previous research, we have successfully
N s designed and synthesized two ratiometric fluorescent sensors
1a for Ci2" based on the above two different ICT processes

separately. Therefore, it is reasonable to predict that, if the
receptor moiety is properly designed, only one sensor molecule
could realize two above-mentioned reverse ICT processes to

+ . . .
IromonZICpry undergoing tv(\j/c;hdlf;‘]grﬁnt 'Intet.m.?l cfharge sense two different analytes. In addition, our recently reported
ransfer (ICT) processes, an € nigh seleclivity of SeNSOT 7 o+ atiometric fluorescent sensbryhich was based on the

la to Cd" over some other meta_lls was also_ observed. deprotonation mechanism of the same system, inspired us for
Moreover, through structure derivation and a series of NMR ¢,rther exploration.

studies, the unique role of the 2-picolyl group (the part in
red in the abstract graphic) in the sengar-CcP™ complex-
ation was disclosed.

In a neutral aqueous environment, a new ratiometrié"Cd
fluorescent sensota can successfully discriminate &d

Bearing this conception in mind, we designed and synthesized
a series of fluorescent sensdr¢Figure 1) for Cd" and Zr#*
based on the 4,5-diamino-1,8-naphthalimide as the fluorophore.
Di-2-picolylamine (DPA) was introduced as part of the receptor,
which has a higher affinity to Z# than group | and group I
cation$ but usually shows similar selectivity and affinity to
CcP*. To distinguish between 2h and Cd*, another pyridine

Cadmium, whose half-life in humans is estimated to be
between 15 and 20 yeatss listed by the U.S. Environmental
Protection Agency as one of 126 priority pollutants. Excessive
exposure to cadmium will lead to pulmonary cancer and
probably cause some nonpulmonary cancers, such as prostatic (3) (&) Bronson, R. T.; Michaelis, D. J.; Lamb, R. D.; Husseini, G. A,;
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ridine, heated; (b) CECN, 2-aminoethanol, reflux; (c) Gi€l,, PBmr, rt;
(d) CHsCN, DPA, KI, K,CO;, reflux.
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moiety was involved as the supplemental group. The result
showed that sensdra, whose receptor was composed of the
2-picolyl group and DPA, successfully underwent the reverse
ICT processes in sensing &dand Zr#™. This sensing process
not only results in ratiometric measurement, which can reduce
the influence of the environments (such as temperature, polarity,
and probe concentration), but also causes two different shifts
of wavelength, which is more conspicuous and convenient for
discrimination.

As shown in Scheme 1, the synthesis of seiisawas started
from compound?2, which was prepared according to the
published procedur®. In the first step, compoun®a was
obtained by a two-step substitution reaction of compd2ndth
2-(aminomethyl)pyridine and 2-aminoethanol. Then, compound
4awas synthesized via bromination reaction in the presence of
PBrs, which further reacted with DPA to yieltla.

The influence of pH on the fluorescence b& was first
determined by fluorescence titration in ethanefater (1:9, v/v)
solutions (Supporting Information, Figure S1). The fluorescence
of free 1la at 531 nm remained unaffected between pH 10.0
and 6.8 and then gradually decreased from pH 6.6 to 1.8 with
a K value of 4.0 due to a photoinduced electron transfer (PET)
from the fluorophore to the protonated 2-picolyl grdiig.
Therefore, further fluorescence studies were carried out at pH
7.2 maintained with HEPES buffer (50 mM).

Figure 2 displays the absorption spectra of serdsotaken
in the course of titration with Cd and Zri#+. The absorption
spectrum of fredla exhibited a maximum centered at 460 nm.
When 1.0 equiv of C# was added, the absorption maxima
did not shift, whereas the intensity of the maxima exhibited a
little decrease with an isosbestic point at 420 nm (Figure 2a).

(8) (a) Lim, N. C.; Brickner, C.Chem. Commur004 1094. (b) Fan,
J.; Wu, Y.; Peng, X.Chem. Lett.2004 33, 1392. (c) Burdette, S. C.;
Frederickson, C. J.; Bu, W.; Lippard, S.J.Am. Chem. So2003 125,
1778. (d) Maruyama, S.; Kikuchi, K.; Hirano, T.; Urano, Y.; NaganoJ.T.
Am. Chem. So002 124, 10650. (e) Kim, T. W.; Park, J.; Hong, J.
Chem. Soc., Perkin Trang 2002 923.
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FIGURE 2. (a) Changes in the absorption spectrdaf10xM) upon
titration of Cd*, [Cd?**] = 0—10 uM; (b) Changes in the absorption
spectra ofLa (10 uM) upon titration of Z#*, [Zn?*] = 0—10uM. All
data were obtained in etharelater solutions (1:9, v/iv, 50 mM HEPES
buffer, pH= 7.2).
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FIGURE 3. (a) Changes in the fluorescence emission spectrkaof
(10 uM) upon titration of C@" (lex = 420 nm). Inset: Ratiometric
calibration curvelsgdlss; as a function of C# concentration. (b)
Changes in the fluorescence emission spectrdao{10 uM) upon
titration of Zr** (lex = 470 nm). Inset: Ratiometric calibration curve
14571531 @s a function of Z#™ concentration. All data were obtained in
ethanot-water solutions (1:9, v/v, 50 mM HEPES buffer, pH7.2).

On the other hand, upon the addition of 1 equiv ofZrthe
intensity of the absorption maxima at 460 nm dropped promi-
nently and simultaneously a red-shifted absorption peak centered
at 492 nm was developed, illustrating that?Zrcoordination

led to the increase of the electron-donating ability of the
fluorophore’s nitrogen moiety (Figure 2b).

When excitation was at the isosbestic point of 420 nm, the
emission maxima ola blue-shifted from 531 to 487 nm with
the sequential addition of Gd (Figure 3a). Such a prominent
blue shift suggested the reduction of the electron-donating ability
of the NH moiety upon the coordination with &€d and a clear
isoemission point at 542 nm indicated the coexistence of the
free sensofla and thela + Cd?™ complex. The interaction of
lawith Zn?* also showed ratiometric fluorescent signals. The
emission maxima were red-shifted 27 nm from 531 to 558 nm
with an isoemission point at 610 nm, and the fluorescence color
changed from blue to yellow. The insets of fluorescence titration
spectra (Figure 3) demonstrated thatcan form a 1:1 adduct
with CP* or Zr?™. When thela+ Cd?* complex was formed,
the ®¢ value increased from 0.27 to 0.60, and it decreased to
0.23 with saturated Z1.° The associate constait; (1a +
Zn2"), derived from the titration curve, was 1.6510° M1,

On the other hand, the inserted titration curve witi?Cdias

too steep to be used for the determination of a reliable constant.
So, a further titration experiment was carried out with a more
dilute solution (2¢M) (Supporting Information, Figure S2), and
the associate constaKt (1a + C#") was determined to be

(9) The quantum yield ®¢) was determined by usindN-butyl-4-
butylamino-1,8-naphthalimide in absolute etharit & 0.81) as a standard.
Alexiou, M. S.; Tychopoulos, V.; Ghorbanian, S.; Tyman, J. H. P.; Brown,
R. G.; Brittain, P. I.J. Chem. Soc., Perkin Trans.1®9Q 837.
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FIGURE 4. (a) Influence of pH on the fluorescence of the+ C?+
adduct (1:3 = [Cd?*'] = 10 uM) in ethanolwater solutions (1:9,
VIV) (lex = 420 nm). Inset: Changes in the relative intensity at 487
nm as a function of pH. (b) Influence of pH on the fluorescence of the
la+ Zr?" adduct (1:33= [Zn?"] = 10uM) in ethanot-water solutions
(1:9, vIV) (lex = 470 nm). Inset: Changes in the relative intensity at
531 nm as a function of pH. pH value was adjusted by HCi@d
tetramethylammonium hydroxide.

5.75 x 10° ML Furthermore, it can be predicted that®Cd
could be detected at least down to x@0 7 M when lawas
employed at 2«M in 50 mM HEPES buffer aqueous solution.

Consistent with our previous research, senkarchelated
Zr?* through a deprotonation process of the NH moiety of the
naphthalimid€,which was reflected by the pH titration profile
of sensorlain the presence of 2m (Figure 4b). When the pH
value decreased from 6.9 to 6.1, a gradual blue shift of the
emission maxima was observed, much like the reverse proces
of sequential addition of Zi. At pH 6.1, the emission
maximum centered at 558 nm, which stood for fleet+ Zn?*+
adduct, vanished, and the fréa emission peak at 531 nm as
well as the quantum yieldIr returned to 0.27) were recovered,
suggesting the entire dissociation of the+ Zn?" adduct at a
low pH value. A K2 value (La + Zn?") of 6.5 was derived
from the process. On the contrary, the decrease of the pH valu
from 10.0 to 2.0 did not result in significant wavelength shifts
to the 1a + Cd*" adduct (Figure 4a). Derived from the
fluorescence enhancement process from pH 10.0 to 7.0Kihe p
value of thela + C?" adduct was determined to be 8.2,
implying the protonation of the tertiary amine of DPAEven
though the fluorescence df + C#" was influenced by pH,
its intensity at 487 nm and the ratio of fluorescence intensity
(I4871531) were almost constant at the pH range from 5.0 to 7.8
(Supporting Information, Figure S3), indicating senda’s
potential for physiological use.

The deprotonation process induced byZ2?Znwas then
confirmed by HRMS using ESI as the ion source (Figure 5).
Peakm/z 600.1649 and 622.1346 values correspondedléo [
+ H]™ and [la + NaJ", respectively (Figure 5a). When 1.0
equiv of Zr#™ was added, the peaks dfd + H]" and [la +

€

o, e221348
f: %] 8231404
@ 00,1849
[ J' T
o es20725
6640841
(b) %
B6T.07Te6
022222
100
rd
© 0672222
ol—, fomrp ey e iz
800 620 = 640 660 680

FIGURE 5. (a) HRMS spectrum of freéa (10 uM) in ethanol. (b)
HRMS spectrum of thda + Zn** complex (10uM) in ethanol. (c)
Calculated pattern of thga + Zn?" complext*

of the physiologically abundant cations, including N&™,
Ca&", and Mg". Furthermore, it was also silent to Pband

Fe*t and particularly exhibited high selectivity to &dover
Zn2*, Even though the addition of 2h decreased the intensity

of the emission maxima to some extent, the ratio of fluorescence
intensity at 487 nm to that at 531 nm was little disturbed, from
1.86 (without ZA@*) to 1.67 (with Zi#*) (Supporting Informa-
tion, Figure S5). Some other metals, such agHli2", and
Ag™, quenched the fluorescence to some extent, but the intensity
of the emission maxima and the ratio of fluorescence intensity
S(I487’I531) were enhanced upon addition of an equivalent 6f'Cd
Unfortunately, when the heavy quenchers?Cand Cd+
existed, the enhancement was not observed.

Di-2-picolylamine (DPA) has been extensively used if'Zn
selective sensors for its high affinity and excellent selectitty.
However, it is still difficult for fluorescent sensors with DPA
as receptors to differentiate betweer?Cdnd Zr#*. Previously
reported sensdr,,%° with a structure similar to sensaa, only
showed fluorescence enhancement both férfzmd Cd* with
nominal wavelength shifts. To have deeper insight into the
selectivity—structure relationships of sensba, derivativeslb
and 1c (Figure 1) were synthesized and the following NMR
studies were carried out for the underlying reasons.

As shown in Figure 6, the pyridine group of DPA and the
2-picolyl group played different roles in coordination. Upon the
interaction with Z&* or Cc#t, the protons 1 and’ 1the ortho-
positioned protons of DPA, experienced the proximately 0.3
ppm downfield shift to 8.6. These identical shifts were caused
by the deshielding effect of the metal ion through the direct
N-metal interaction$? which demonstrated the same role of
DPA upon Cd*'/zZn?* chelation. On the other hand, whéa

(11) The data presented here were the original ones without the mass

Na]* disappeared and the new peak at 662.0725 correspondingzalibration. Commonly, the acceptable accuracy range of the HRMS spectra

to [1la+ Zn — H]™" (the calculated value was 662.2222) was
formed (Figure 5b), indicating that the deprotonation process
did proceed in the ground state.

The fluorescence titration dfa with various metal ions was
conducted to examine its selectivity (Supporting Information,
Figure S4). Inheriting the merit of DPA appended sensors,
sensorlawas exempt from the influence of a high concentration

(10) See selected references for the influence of pH on the fluorescence

of DPA-containing sensors: (a) Lim, N. C.; Schuster, J. V.; Porto, M. C;
Tanudra, M. A;; Yao, L.; Freake, H. C.; Belner, C.Inorg. Chem2005

44, 2018. (b) Nolan, E. M.; Lippard, S. thorg. Chem2004 43, 8310. (c)
Burdette, S. C.; Walkup, G. K.; Spingler, B.; Tsien, R. Y.; Lippard, S.J.
Am. Chem. So001, 123 7831.
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to characterize the compound structure should be under 10 mmu (millimass
units). However, under the test concentration (i), the signal was
comparatively weak and easily disturbed by the environment, which caused
it to be hard to calibrate, and consequently, the acceptable error increased
to as high as 200 mmu. In addition, the HRMS test was also tried under a
fluorescence spectra test situatioethanot-water solutions (1:9, v/v, 50
mM HEPES buffer, pH= 7.2) and La] = [Zn?'] = 10 uM—but it failed
to get satisfactory results due to the great impact of the high concentration
of HEPES. The data were measured on Q-Tof Micro (Micromass Inc.,
Manchester, England), using ESI as the ion source. In addition, HRMS did
not detect the existence afd + C?* — H]* species.

(12) Jiang, P.; Guo, ZCoord. Chem. Re 2004 248 205.

(13) The peaks were assigned to the protons according to-th& EOSY
spectra (see Supporting Information).

(14) The ZA@* coordination that promoted the deshielding effect of DPA
was observed in the recent paper: McDonough, M. J.; Reynolds, A. J.;
Lee, W. Y. G.; Jolliffe, K. A.Chem. CommurR006 2971.
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(¢ Experimental Section

o1, J
____JUML_/LUL,.‘A_W_JW\_JJLU\JM ULJALJM____JWL* 4a. To an ice cold solution oBa (250 mg, 0.60 mmol) in
dichloromethane (20 mL) was added dropwise ca. 5 mL of;PBr
After that, the reaction mixture was further stirred at room
temperature for an additional period of 3 h. The reaction was
quenched with ice-cold water, and the pH was adjusted-t8.7
The organic portion was extracted with dichloromethane, and the
solvent was removed under a vacuum. The crude product was

T T T
ppm (P50 8.00 7.50 7.00

FIGURE 6. Partial'*H NMR spectra (500 MHz) ofla (10 mM) in
DMSO (top): (a)la+ 1.0 equiv of ZA™; (b) 1a+ 1.0 equiv of Cd™;
(c) freelal®

SCHEME 2. Proposed Binding Mechanisms for 1a with chromatographed on silica gel (16200 mesh). Elution of the
Cd2* in the Ground State column with a mixture of methanol and dichloromethane (1:20)
gave 124 mg (43%) ofa. Mp: 183.7~184.9°C.*H NMR (DMSO,
400 MHz)  0.91 (t,J = 7.2 Hz, 3H), 1.30 (m]J = 7.2 Hz, 2H),
1.56 (m,J = 7.2 Hz, 2H), 3.74 (t) = 6.0 Hz, 2H), 3.83 (t) =
0Oy, N._O 6.0 Hz, 2H), 3.98 () = 7.2, 2H), 4.69 (s, 2H), 6.79 (d,= 8.8
o0 N. .0 Hz, 1H), 6.96 (dJ = 8.8 Hz, 1H), 7.36 (tJ = 7.6 Hz, 1H), 7.40
OG @ (d,J=8.4 Hz, 1H), 7.53 (dJ = 8.0 Hz, 1H), 7.84 (t] = 8.0 Hz,
OG 1H), 8.18 (d,J = 8.4 Hz, 1H), 8.19 (s, NH), 8.25 (d,J = 8.8 Hz,
NH HN - 1H), 8.61 (d,J = 4.4 Hz, 1H).23C NMR (DMSO, 100 MHz)d
- j NH HN 13.66, 19.73, 29.79, 31.66, 38.58, 45.53, 48.23, 122.13, 122.69,
A ’Nz N Nesl 7 \ 131.74, 132.95, 133.12, 137.51, 148.37, 151.84, 151.91, 156.47,
- 7\ 7N ))D 163.16, 163.21. IR (KBr, cnt) 3336, 2955, 2931, 2871, 1675,
S ﬁ: :._ =/ 1632, 1594, 1433, 1406, 1360, 810, 751. MS (APCI) fvH] "
) 481.
1a

la.To a solution of4a (50 mg, 0.10 mmol) in acetonitrile were
added 2 equiv of KI (35 mg), 2 equiv of XO; (29 mg), and 2
interacted with Z&" or CcPt, the proton 2, which was in the  equiv of DPA (37 uL). After the reaction mixture had been
ortho position of the nitrogen atom of the 2-picolyl group, moderately heated and refluxed for over 6 h, all the volatile
experienced a clear 0.34 ppm upfield shift from 8.46 to 8.12 components were evaporated and the residue was partitioned
(Figure 6). It possibly resulted from pyridirenetalz-d orbital between dichloromethane and water. The organic phase was washed
interactions indicating the indirect pyridinenetal interactions ~ With water (3x 50 mL), then dried in Ng8Q,. Flash chromato-

through space. Meanwhile, both the absorption and ﬂuorescenceg;a&*gcrﬁ“”;‘j;f‘°?el(g';c?}IO“F’ng‘/gfgz‘ijt‘gqgﬁ\lﬁ’g)(gg"édgd
spectra of sensordb and 1c showed almost no changes ,,q MHZ% 0 97y(t J= 7%‘ Hz éH) 1.40 ('mJ =76 H232H5
(including the intensity and wavelength) toward?Zror Cc#* 164 (m,J = 7.6 Hz, 2H),.3.04‘(tJ Z 6.0 Hz, 2H), 337 (’t,J 2

(Supporting Information, Figures S6 and S7). Consistent with 6.0 Hz, 2H), 3.80 (s, 4H), 4.06 (§,= 7.2, 2H), 4.63 (s, 2H), 6.58

their photophysical performance, the upfield shifts of the proton (d, J = 8.5 Hz, 2H), 6.73 (dJ = 8.5 Hz, 2H), 7.04 (tJ = 6 Hz,

2 of sensorslb and 1c were much smaller, suggesting their 2H), 7.27 (t,J = 6 Hz, 1H), 7.35 (dJ = 7.6 Hz, 2H), 7.45 (t) =

invalid interactions with C& or Zré™. 8.0 Hz, 3H), 7.73 (tJ = 7.6 Hz, 1H), 8.13 (dJ = 8.5 Hz, 1H),
Therefore, the supplemental pyridine group played an im- 8.24 (tJ = 4.5 Hz, 3H), 8.51 (dJ = 4.8 Hz, 2H)."*C NMR

portant part in the sensing process. As shown in Scheme 2, alPMSO, 100 MHz)6 13.81, 19.87, 29.94, 41.39, 48.35, 52.03,

cavity was constructed for sensing Tdby DPA and the 59.47, 106.28, 106.49, 109.50, 109.62, 110.08, 121.72, 122.07,

- - . - 122.46, 122.84, 131.84, 133.13, 136.88, 137.58, 148.72, 152.12,
supplemental pyridine moiety. Although the main function of 152.85, 156.65, 158.74, 163.33. IR (KBr, Cn3322, 2954, 2924,

DPA was to grasp the metal cation through direct N-metal 5g53 5816 1673, 1631, 1587, 1405, 1355, 1310, 1145, 1089, 995,
interactions, the additional pyridine moiety contributed more ggg 832 811, 750. MS (APCI) [MH]* 600. HRMS (ES-), calcd

to the construction of the cavity in space promising the right for C;gHs7N;0, [M + H]* 600.3087, found 600.3080.
size and suitable conformation. The 2-picolyl moiety (sensor

1a) was demonstrated to be the most suitable one for the cavity,
and any change to this moiety, including twist (sen%by,
flexibility (sensorlc), or omission (sensdro), would lead to
ineffective interactions of the analytes with the fluorophore in
the excited state, subsequently resulting in failure to discriminate
C®+ from Zre+. ~ Supporting Information Available: Synthesis and character-

In summary, on the basis of undergoing two reverse ICT iZation of compoundda—3a NMR, and spectroscopic data. This
processes in sensing &dand Zr¥*, sensoflahas demonstrated materialis available free of charge via the Internetat http:/pubs.acs.org.

a new strategy to discriminate between this cation pair in a more JO070033Y
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