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Dichlorofluorescein derivatives with two aza-crown ether binding units were prepared by the Mannich
reaction and their chemosensing behaviors toward transition metal ions were investigated. An
18-crown-6 ether derivative exhibited pronounced Cu?*-selective fluorescence signaling, with selectivity
over other common physiologically important alkali, alkaline earth and transition metal ions. The
compound also displayed 1:1 complex formation with Cu** ion, with a detection limit of 2.9 x 1076 M in

an aqueous 50% DMSO solution at pH 7, showing that it may offer potential as a chemosensor for the
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crown-6 counterpart.

detection of submillimolar Cu®" ions in physiological environments. A 15-Crown-5 ether analogue also
revealed selective Cu?* signaling, although with somewhat diminished selectivity compared with its 18-

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The development of chemosensors for the sensing of transition
metal ions is one of the most active research fields with great
potential for environmental and physiological applications [1]. In
particular, Cu®*-sensitive systems have attracted much interest
because of their biological and environmental importance [2].
During last decade, various well-functioning Cu®"-selective
signaling systems have been investigated utilizing unique molec-
ular frameworks, such as 2-aza-1,3-butadiene [3], bichromophoric
azine [4], naphthylimide [5,6], iminoacetate moiety [7,8], redox
active thiadiazole [9], cyclam [10], and calix[4]arene [11,12]. In
addition to these, Cu?** complex of chromone-dipicolylamine
derivative was utilized for the construction of a highly selective
turn-on type sensor for pyrophosphate [13] and 2,6-bis(piper-
azinylmethyl)pyridine derivative was devised as an interesting
molecular keyboard for the crossword puzzles and logic memory
[14]. On the other hand, molecular visualization systems for
imaging Cu®* ions in living cells and smart magnetic resonance
contrast agents based on the BODIPY-azathioether [15] and DO3A-
iminodiacetate-Gd(IIl) complex [16] have been reported.

Particularly interesting in the design of Cu?*-selective signaling
systems is that a number of valuable compounds have been
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developed based on the versatile fluorophores of fluorescein and
rhodamine. Czarnik reported a unique chemodosimeter system of
rhodamine hydrazide which functions by the Cu?*-induced
hydrolysis of a lactam moiety [17]. Following this, many attractive
fluorogenic and chromogenic probes have been reported with
pronounced Cu®* selectivity utilizing the binding or signaling
subunits of rhodamine hydrazone and a rhodamine-diacetic acid
conjugate [18,19].

A number of well-known binding sites, such as dipicolylamine,
8-hydroxyquinoline, and crown ethers suitably conjugated with
fluorescein or rhodamine moieties as signaling units have been
prepared [20]. In particular, a series of dipicolylamine-tethered
fluoresceins have been designed and their sensitive Zn?* signaling
and visualization in cells were systematically investigated [21-24].
More recently, a rhodamine-monoaza-crown ether conjugate
utilizing the lactam moiety with dual channel fluorescence for two
different metal ions (Fe3* and Hg?*) was reported [25]. In this
paper we report new crown ether-appended fluorescein deriva-
tives that exhibit Cu®*-selective chromogenic and fluorogenic
signaling behavior over other common physiologically important
metal ions.

2. Experimental section

General. 2',7'-Dichlorofluorescein (DCF), 1-aza-18-crown-6
ether, and 1-aza-15-crown-5 ether were purchased from Aldrich
Chemical Co. and used without further purification. '"H NMR
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(300 MHz) and 3C NMR (75 MHz) spectra were obtained on
a Varian Gemini-2000 spectrometer. UV-vis spectra were recorded
with a Jasco V-550 spectrophotometer. Fluorescence spectra were
measured on an Aminco-Bowman Series 2 Spectrophotometer.
Mass spectral data were obtained with a Micromass Autospec mass
spectrometer in FAB mode. All solvents used for the measurements
of UV-vis and fluorescence spectra were purchased from Aldrich
Chemical Co. as ‘spectroscopic grade’. Flash chromatography was
performed by using silica gel column packages purchased from
Biotage.

Synthesis of 1. 1-Aza-18-crown-6 ether (0.98 g, 3.73 mmol) and
paraformaldehyde (0.8 g, 26.4 mmol) were dissolved in CH3CN
(5ml) and refluxed for 30 min. 2’,7’-Dichlorofluorescein (0.5 g,
1.25 mmol) in 30 ml of CH3CN/H0 (1:1) was added to the above
solution and the mixture was refluxed for 1 day. The organic
solvent was removed under reduced pressure and the residue was
purified by column chromatography (silica gel, CH,Cl,-CH30H) to
yield 52% of the pure product. '"H NMR (300 MHz, DMSO-dg) ¢ 8.04
(d, J=7.5Hz, 1H), 7.5-7.4 (m, 2H), 7.10 (d, J=7.2 Hz, 1H), 6.84 (s,
2H), 3.76 (s, 4H), 3.6-3.4 (m, 40H), 2.67 (m, 8H). 3C NMR (75 MHz,
DMSO-dg) 6 178.5,169.9, 154.9,141.2,133.7,130.7,128.8,128.1,127.8,
126.3,110.9,109.9, 70.2, 69.1, 68.9, 68.7, 67.2, 53.1, 47.7. MS (FAB, m-
NBA), calcd for [M + H] ", C46Hg1CIoN2015, m/z =951.3449. Found,
951.3453.

Synthesis of 2. Compound 2 was prepared by the same procedure
for the compound 1 by using 1-aza-15-crown-5 ether and purified
by the column chromatography. Yield = 48%. 'H NMR (300 MHz,
DMSO-dg) 6 8.05 (d, J=7.4Hz, 1H), 7.5-7.45 (m, 2H), 7.08 (d,
J=73Hz,1H), 6.84 (s, 2H), 3.76 (s, 4H), 3.6-3.45 (m, 32H), 2.68 (m,
8H). 13C NMR (75 MHz, DMSO-ds) 6 174.1, 168.4, 155.0, 141.9, 133.5,
130.6, 128.9, 128.6, 128.0, 127.0, 111.3, 109.1, 69.9, 68.8, 68.3, 67.3,
541, 49.3. MS (FAB, m—NBA), calcd for [M + H]+, C42H53C12N2013, m/
z=863.2925. Found, 863.2928.

Measurements of UV-vis and fluorescence spectra. The UV-vis and
fluorescence spectra were obtained in solvent systems of 50%
aqueous DMSO solution. For UV-vis measurements, sample solu-
tions were obtained by mixing appropriate amount of stock solu-
tion of 1 or 2 (1.0 x 10~ M in DMSO) with stock solution containing
metal perchlorate and buffer (20 mM) in water and finally diluted
with DMSO to make the solution having desired concentrations of
chemosensor, metal ions, and buffer in 50% aqueous DMSO solu-
tion. Fluorescence measurements were carried out with a slit width
of 10 nm. Detection limit was calculated from a plot of the fluo-
rescence changes as a function of log[Cu®*]. A linear regression
curve was fitted to the intermediate values of the sigmoidal plot.
The point at which this line crossed the ordinate axis was taken as
the detection limit [26]. For the Job plot analyses, a 1.0 x 107> M
solution of Cu®* in 20 mM hepes and 1.0 x 107> M in DMSO of 1
was prepared, and a titration was performed under the condition of
[1]+[Cu?*]=1.0%x10">M in final solution (3 ml). Fluorescence
intensity was measured for each solution and the values of
(Io — I) x X7 (mole fraction of 1) were calculated and plotted against
the Xj in final solution [27].

3. Results and discussion

DCF fluorophores have been readily derivatized via the Mannich
reaction to yield various supramolecular systems having unique
functions [28,29]. Mannich reaction of DCF [30] with monoaza-
crown ethers afforded bis-crown derivatives 1 (52%) and 2 (48%) in
moderate yields (Fig. 1). The chemosensing behaviors of the DCF-
crown derivatives 1 and 2 were investigated by UV-vis and fluo-
rescence measurements. The optimization for the selective
signaling of targeting transition metal ions in common organic
solvents suggested that a significant chromogenic and fluorescence
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Fig. 1. Synthesis of crown appended dichlorofluoresceins 1 and 2.

signaling toward Cu®* ions could be realized in 50% aqueous DMSO
solution.

Compound 1 exhibited an intense absorption band at 509 nm
with a shoulder around 480 nm in an aqueous 50% DMSO solution.
Upon interaction with Cu?* ions, 1 exhibited a significantly
diminished absorption around 501 nm (Fig. 2). The ratio A/A, of
absorbance in the presence (A) and in the absence (A,) of metal ions
measured at 509nm was 0.17 for Cu?* ions. The decreased
absorption and slight blue-shift from 509 to 501 nm resulted in
a change of solution color from yellow to almost colorless. With
Pb?* ions, the absorption also decreased significantly (A/A, = 0.37),
and the solution color changed from yellow to light pink. The other
metal ions tested including physiologically relevant metal ions did
not induce meaningful changes in the absorption spectrum: A/A, at
509 nm ranged between 0.94 (Mg?") and 1.06 (Ba?*). These
chromogenic behaviors of 1 allowed for convenient naked-eye
detection of Cu?* and Pb* ions.

Compound 1 exhibited a strong emission around 530 nm in an
aqueous 50% DMSO solution at pH 7.0. The fluorescence spectra of
1 in the presence of representative physiologically important
metal ions are shown in Fig. 3. As can be seen in Fig. 3, compound
1 revealed a marked Cu®*-selective fluorescence quenching as
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Fig. 2. UV-vis spectra of 1 in the presence of various metal ions. [1]=5.0 x 1075 M.
[M™]=5.0x10"*M. In 1:1 mixture of DMSO and hepes-buffered H,0 (pH 7.0,
20 mM).
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Fig. 3. Fluorescence spectra of 1 in the presence of representative physiologically
important metal ions. [1]=5.0 x 107 M. [M™]=5.0x10"*M. In 1:1 mixture of
DMSO and hepes-buffered H,0 (pH 7.0, 20 mM). Aex =470 nm.

compared with other surveyed metal ions. The prominent fluo-
rescence was almost completely quenched by Cu?* ions. Binding
of paramagnetic Cu®** jons in many chemosensing systems is
known to commonly result in fluorescence quenching [31]. On the
other hand, the fluorescence emission profile did not significantly
change in terms of maximum intensity or general peak shape in
the presence of other physiologically important metal ions (Na™,
K*, Mg?*, Ca?*, Co?*, and Zn?*). The efficiency of the quenching of
1 as expressed by the ratio (I/I) of fluorescence intensity in the
absence (I,) and presence (I) of metal ions at 530 nm was 77.9 for
Cu?*, and the ratios for common physiologically relevant metal
jons varied in a relatively limited range from 0.94 (Cd**) to 1.08
(Co®"). In fact, in view of selective Cu?* sensing with 1 in real
samples, considerable interferences were observed with transition
metal ions of Ni?* (1.24), Hg?* (1.64), and Pb?* (2.58), as well as
with alkaline-earth Ba®>* ions (1.24) (Fig. 4). However, these ions
have no significant distribution in physiological environments [32]
and selective Cu?* signaling using 1 in physiologically relevant
samples is possible. To have an insight into the effects of pH on
the chemosensing behavior of 1, we measured signaling behaviors
of 1 in other representative pH-buffered solutions. Contrary to the
pronounced Cu®* selectivity in hepes-buffered solution at pH 7.0
(Fig. 4), compound 1 exhibited somewhat reduced selectivity
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Fig. 4. Changes in fluorescence intensity ratio (Io/I) at 530 nm of 1 in the presence of
various metal ions. [1]=5.0 x 1076 M. [M"*] =5.0 x 10~* M. In 1:1 mixture of DMSO
and hepes-buffered H,0 (pH 7.0, 20 mM). Aex =470 nm.

toward Cu®* ions. For example, the Io/I values for the represen-
tative transition metal ions are 15.1 (Cu?*), 0.96 (Zn?*), 0.94
(Cd?*), and 6.25 (Hg>") for acetate buffered solution at pH 4.8 and
2.75 (Cu**), 0.93 (zn®*), 1.01 (Cd**), and 1.03 (Hg*") for tris
buffered solution at pH 8.1, which are much inferior to the results
obtained in hepes-buffered solution.

The Cu®*-selective signaling of 1 was not affected by the back-
ground presence of other physiologically important metal ions
(Fig. 5). The effects of coexisting metal ions on the fluorescence
change of the 1-Cu®* system were assessed using the ratio (I, — I)/
(Io — Icum), where Iy, Icyqr), and I represent the fluorescence inten-
sity of 1 in the absence of any metal ions, in the presence of Cu®*
ions, and the fluorescence intensity of 1 in the presence of Cu?** and
coexisting metal ions, respectively. Ratios were within a relatively
limited range of 0.96 (Fe?*) to 1.02 (Co**) for common physiolog-
ically coexisting metal ions. Interferences from Ba** (0.53), Hg?*
(0.75), and Pb?* (0.72) were significant; however, possibility of
interference from these metal ions might be negligible in common
physiological samples.

The quantitative nature of 1 in Cu®* sensing was investigated by
fluorescence titration. The titration resulted in a smooth decrease
in fluorescence intensity of 1 as the concentration of Cu** increased
(Fig. 6). The stoichiometry of the complex formation of 1 with Cu®*
was determined to be 1:1 using a Job’s plot (Fig. 7) [27]. The
association constant, Kassoc, €stimated by nonlinear curve fitting of
the titration data, was 1.9 x 10° M~ [33].

In the present case, Cu>* sensing by 1 is reversible. For example,
the fluorescence of 1 was significantly quenched in the presence of
10 equiv of Cu?* ions. Subsequent addition of EDTA (50 equiv)
resulted in almost full recovery of fluorescence. Upon further
addition of Cu?* ions to this solution, the recovered fluorescence
was effectively quenched again.

The signaling seems to be due to selective complexation of
inherent fluorescence quenching Cu®* ions with the crown moie-
ties of 1. Generally, the functional ionophores derived from aza-
crown ethers have been designed for the alkali and alkaline-earth
cations. However, the presence of one or two nitrogen atoms in the
binding site of aza-crown ethers as in compounds 1 and 2 allowed
possibility for the recognition of transition metal cations of Ni*™,
Cu®*, or Zn?". In fact, complexing properties of an aza-crown ether
derivative having coumarin moiety toward Cu®* ions were reported
[34]. The compound seems to form a sandwich type complex
consisting of two crown ether moieties and a Cu?* ion as has been
reported in a supramolecular sandwich system consisting of two
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Fig. 5. Selective signaling of Cu®* by 1 in the presence of various metal ions as
background. [1]=5.0x107%M, [Cu*"]=50%x10">M, [M™]=50x10"*M. In 1:1
mixture of DMSO and hepes-buffered H,0 (pH 7.0, 20 mM). Aex = 470 nm.
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Fig. 6. Fluorescence titration of 1 with Cu?*. Inset shows the Stern-Volmer plot of 1-
Cu?* system. [1] =5.0 x 107% M. In 1:1 mixture of DMSO and hepes-buffered H,0 (pH
7.0, 20 mM). Aex = 470 nm.

crown ether molecules and a trigonal-bipyramidal [Cu(H»0)5]%*
complex [35].

The role of crown moieties in selective signaling of Cu?* ions
of 1 was evidenced by the responses toward various metal ions
of DCF itself under the same condition. Treatment with
100 equiv of various metal ions resulted in significant changes in
absorption behavior of DCF exclusively with Cu?* and Hg?* ions
(Fig. 8), and concomitantly the solution color changed from
fluorescent yellow to pink with Cu®* ions. Similarly, the fluo-
rescence emission of DCF in the presence of various metal ions
resulted in significant quenching with Cu** and Hg?* ions (left
bar, Fig. 9). In fact, the fluorescence emission at 533 nm of DCF
was almost completely quenched with Cu®® ions, which is
comparable to the behavior of the crown appended DCF 1. These
observations seem to be feasible for DCF as a Cu?*-selective
signaling system, however, DCF itself could not tolerate the
interference from other commonly existing metal ions. In
competition experiments of 1 in the presence of 100 equiv of
various coexisting metal ions as background, treatment of Cu®*
ions (10 equiv) induced rather insignificant responses (right bar,
Fig. 9), that is unfavorable for DCF to be act as a Cu®>*-selective
sensor in real system.

The quenching nature of the complexed Cu®* jons resulted in
efficient reduction of the fluorescence. A remarkable fluorescence
quenching of crowned fluorescein was observed in the case of Cu®*
ion, which was caused by the specific interaction between the
chemosensor and Cu®* ion. We tentatively ascribed this quenching
process as a static quenching mechanism that involves the
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Fig. 7. Job’s plot of 1-Cu?* system in an aqueous 50% DMSO solution.
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Fig. 8. UV-vis spectra of DCF in the presence of various metal ions.
[DCF] =5.0 x 10" M. [M™"] =5.0 x 104 M. In 1:1 mixture of DMSO and hepes-buff-
ered H,O (pH 7.0, 20 mM).

interaction between the fluorescence molecule and the metal ion to
form a nonfluorescent complex. The linear Stern-Volmer plot also
suggested the static quenching process of 1-Cu?* system (inset of
Fig. 6) [36]. Complexation of 1 with Cu®* ions was further
confirmed by mass spectral evidence. A characteristic peak for
[1+ Cu+H]" at m/z 1014.0 was observed in FAB-MS. Attempts to
obtain NMR evidences of the complex formation were not
successful due to the presence of paramagnetic Cu®* ions in the
samples.

The applicability of 1 in the analysis of Cu®>* ions in physiological
samples was investigated by fluorescence titration in the presence
of physiologically abundant metal ions as background
([Na*]=138 mM, [K']=4mM, [Mg?]=1mM, [Ca®*]=3mM,
[Fe?*] = 0.02 mM, [Zn?**] = 0.02 mM, and [Co®*] = 0.002 mM) [32].
The titration demonstrated a clear Cu®>* concentration-dependent
behavior (Fig. 10). From this plot, the detection limit of 1 for Cu®*
ions in a physiological environment was calculated to be
2.9 x10°%M [26]. Although there were somewhat undesirable
interferences from Ba?*, Pb%>* and Hg?", these observations imply
that crown-appended derivative 1 could be used as a selective
chemosensor for the analysis of submillimolar Cu?* ions in physi-
ological environments.

Fig.9. Changes in fluorescence intensity ratio (I/l,) at 533 nm of DCF in the presence of
various metal ions. [DCF]=5.0x 10" M. For each of the metal ions, left bar:
[M™]=5.0 x 10~* M. Right bar: [M""]=5.0 x 107 M, [Cu®**]=5.0x 10> M. In 1:1
mixture of DMSO and hepes-buffered H,0 (pH 7.0, 20 mM). Aex =470 nm.
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Fig. 10. Fluorescence titration of 1 with Cu?* ions in the presence of physiologically
important metal ions as background in an aqueous 50% DMSO solution
([Na*]=138 mM, [K*]=4mM, [Mg?']=1mM, [Ca*’]=3mM, [Fe’*]=0.02mM,
[Zn?*]=0.02 mM, and [Co?*] = 0.002 mM).

The chemosensing behaviors of compound 2, which has
15-crown ether moieties, were also investigated. Generally, the
fluorescence behavior of 2 toward various metal ions was similar to
that of 1. Compound 2 exhibited effective fluorescence quenching
down to the baseline in the presence of Cu?* ions (Io/I =145.5),
while other physiologically important metal ions did not induce
notable responses (Fig. 11). However, the Cu* selectivity of 2 was
less pronounced compared with 1. Although the changes in the
fluorescence intensity ratio Io/I for most metal ions were minor
(0.87 for Na™ - 1.06 for Mg?*), in addition to Ag™* (0.76), Cd** (0.83),
Pb%* (2.82), Hg* (3.03), and especially Co?* (3.49) also signifi-
cantly interfered the selective sensing of Cu?* ions. The binding
stoichiometry was found to be 1:1 and Kjssoc of 2-Cu?t system was
12 x10° ML

All these observations manifest that the DCF derivatives having
two aza-crown ether moieties exhibited a pronounced Cu?*-
selective chemosensing behavior in aqueous environments. The
chemosensing behavior was not significantly affected by the pres-
ence of common possibly interfering metal ions as background.
Although the prepared crown-dyes have limitations in sensor
characteristics including selectivity, detection limit, and especially
turn-off type nature compared with other leading Cu®*-signaling
systems, the fluorescein-crown conjugate could be used as a new
Cu®*-selective chemosensing or basic signaling platform for the
construction of other supramolecular systems.
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Fig. 11. Changes in fluorescence intensity of 2 in the presence of representative
physiologically important metal ions. [2] =5.0 x 1075 M. [M"*]=5.0 x 107 M. In 1:1
mixture of DMSO and hepes-buffered H,0 (pH 7.0, 20 mM). Aex =470 nm.

4. Conclusion

Two new crown-appended fluorescein derivatives were
prepared and their transition metal ion-selective chemosensing
behaviors were investigated by UV-vis and fluorescence
measurements. The 18-crown-6 ether derivative showed a prom-
inent Cu®*-selectivity in samples containing other common phys-
iologically abundant metal ions. Crown appended compound
exhibited fluorogenic and chromogenic responses that facilitate
Cu®* sensing. The 15-crown-5 ether derivative also revealed similar
Cu®*-selectivity, however, with somewhat inferior signaling
selectivity. The 18-crown-6 ether-appended dichlorofluorescein
might be able to be used as a new Cu®*-sensing probe in aqueous
media containing common physiologically important metal ions.
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