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Abstract—Cholic acid-based fluorescent PET sensor probe 1, bearing a pair of dithiocarbamate pendants as the receptive site and anthracene
moiety as the signal displaying unit, was designed and synthesized. The sensor probe not only shows high selectivity and sensitivity to Hg** in
aqueous acetonitrile solution, but also responds moderately to MeHg*. A distinctive OFF-ON type signaling of up to 10-fold enhancement

was observed for this new sensor probe toward Hg>".
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Fluoroionophore design based on ‘fluorophore—spacer—
receptor’ motif has been demonstrated to be an effective
way of developing both cation and anion chemosensors.
With proper incorporation of a receptive site responsible
for selectively binding ions and a fluorophore responsible
for signal transduction, fluorescent chemosensors are partic-
ularly attractive systems for detecting environmentally or
biologically significant ions because of their low cost, ability
on real time monitoring, and high throughput capability.
Upon complexation with a target ion, the built-in transduc-
tion mechanisms including photo-induced transfer (PET),>
photo-induced charge transfer (P-ICT),? and excimer/exci-
plex formation* are operative to trigger the chemosensor to
undergo photo-physical changes in signifying the binding
event. In particular, one area of environmental monitoring
is the detection of low levels of heavy metals in aqueous
solutions.” In this connection, mercury chemosensing has
recently attracted considerable interests from the scientific
community because of its high toxicity.® Bacteria in the sedi-
ments of aqueous environments can transform inorganic
Hg?* into methylmercury, a potent neurotoxin.” However,
to our knowledge, most of the literatures on mercury sensing
are only confined to the detection of inorganic mercury, the
detection of methyl mercury is seldom reported.

To continue our interests in chemosensor development, in
this study, we have identified cholic acid as the molecular

Keywords: Cholic acid; Mercury chemosensor; Fluorescence; OFF-ON

type signaling.

* Corresponding author. Tel.: +852 3411 7076; fax: +852 3411 7348,
e-mail: whchan@hkbu.edu.hk

0040-4020/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2007.06.026

platform to prepare supramolecular system for mercury
ion and methyl mercury detection. The semi-rigid structure
and multifunctional nature of cholic acid enable it to be an
ideal building block for sensor design. Davis and co-workers
reported that the three axially oriented functional groups at
the C3, C7, and C12 of cholic acid after proper transforma-
tions could be assembled in such a way to confer cooperative
binding interactions to chloride ion.® We have recently dis-
covered for the first time that the flexible C17 side chain
of cholic acid can be exploited to introduce a ligating group
onto the C24 as an additional binding site for binding
anions.” Interestingly, the use of cholic acid as a molecular
scaffold for cation chemosensor development is very rare
in literature.'®

In this paper, we report the synthesis and the fluorometric
properties of cholic acid-based sensors 1 and 2 (Fig. 1)
toward mercuric and organomercuric ions in aqueous
solutions.

2. Results and discussion

In our approach, we envisioned that the two axial hydroxyl
groups at C7 and C12 could be utilized to append suitable
ligating groups so as to create a selective receptive site for
binding a cation while the C3 hydroxyl group can provide
a handle for the appendage of a fluorophore. To bind soft
metals like mercury, we call for the incorporation of a pair
of dithiocarbamate pendants onto the C7 and C12. Anthra-
cene moiety chosen as the signal display unit in the sensor
design will be connected to the C3 of cholic acid via a suit-
able spacer group. By manipulating the length of the spacer,
the communication between the receptive site and the
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Figure 1. Structures of fluorescent sensors 1 and 2.

fluorophore can be modulated. Starting from literature
known cholic acid derivatives 3a and 3b,'"!? sensors 1
and 2 were assembled in a sequence of high yield reactions
outlined in Scheme 1. Condensation of 3a and 3b with bro-
moacetyl bromide followed by substitution with ammonium
morpholinyl dithiocarbamate in DMSO afforded Sa and Sb
in 91% and 89% yield, respectively. Compounds Sa and
5b are the precursors for making sensors 1 and 2. Hydrolysis
of acetate 5a with K,COs in methanol followed by treatment
with bromoacetyl bromide gave 6 in 73% yield. To complete
the construction of sensor 1 by introducing the signal display
unit, 6 was condensed with 9-aminomethylanthracene in

O
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OCH,

OCH,

chloroform at room temperature. To prepare sensor 2 for
comparative studies, zinc dust reduction of azide 5b in acetic
acid gave 92% yield of the corresponding amine 7, which
underwent facile substitution reaction with 9-chloromethyl-
anthracene to give rise to sensor 2 in 72% yield.

It is noteworthy that the only difference between sensors 1
and 2 is the length of the spacer groups connecting the cholic
acid scaffold and the fluorophore. The low quantum yield
(QY) discovered for both sensors indicated that photo-
induced electron transfer (PET) process took place between
the dithiocarbamate pendants and the fluorophore upon
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Scheme 1. Synthetic routes for fluorescent chemosensors 1 and 2.
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irradiation at 366 nm. Furthermore, the lower QY observable
for sensor 1 (i.e., 0.058) in comparison to that observed for
sensor 2 (i.e., 0.092) implicated that the distance between
the receptor and the proximate fluorophore is shorter in 1
than that in 2. Thus, the length of the spacer connecting
the C3 of cholic acid scaffold and the fluorophore contrib-
utes a significant factor for the sensitivity of the resulting
sensors (vide infra).

When 1 and 2 were titrated with mercuric ion in 1:1 aqueous
acetonitrile solution, the emission spectra of both sensors
were greatly enhanced (Fig. 2). Presumably, the preorgan-
ized pair of dithiocarbamate pending groups in the host
creates a well-defined binding site for mercury ion. Upon
complexation, the electron-donating dithiocarbamate groups
were tied up with mercuric ion, the PET process was
retarded and this causes the emission of the fluorophore to
be switched on from its off-state. The fluorescence of both
sensors increased abruptly until the ratio of the host and
the guest ion reached 1:1. At the steady state, sensor 1
recorded a 6.62-fold signal enhancement while sensor 2
recorded a 4.00-fold enhancement.

The 1:1 stoichiometric relation between sensor 1 and mercu-
ric ion was confirmed by the Job’s method of continuous
variation. The non-linear fitting based on the titration data
allowed the computation of the binding constant between
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Figure 2. (a) Fluorescence spectra of 1 (1.0 uM) upon addition of Hg2+ in
CH;CN/H,0=1:1. Excitation wavelength was 366 nm and (b) fluorescence
spectra of 2 (1.0 pM) upon addition of Hg2+ in CH;CN/H,0=1:1. Excita-
tion wavelength was 366 nm. Inset is the titration data point and the non-
linear least-squares fitting curve.

mercury and sensors 1 and 2 to be 5.27x10°M~! and
1.54x10° M~!, respectively. Apparently, sensor 1 in com-
parison with sensor 2 is a better mercury sensor. Under
optimal conditions, the detection limit for mercuric ion
was found to be 5.0x 1078 M.

Metal ion chemosensors are usually sensitive to the pH
changes of the system. However, pH fluorescent titration
experiments on sensor 1 indicated that there is no cross-
response of the sensor to the pH change of the sensor solu-
tion. According to Figure 3, emission intensity of the sensor
remains constant over a wide pH range from 3 to 13. And this
wide working pH range enables our sensor 1 to detect
mercury in real samples.

On the other hand, the sensor exhibits an excellent selectiv-
ity among common metal ions. With the addition of other
metal ions such as Li*, Na*, Ca®*, Mg?*, Ag*, Zn?*, Cd**,
and Pb?* under similar conditions, as shown in Figure 4,
we observed negligible changes in fluorescence, indicating
thereby their weak interactions with sensor 1. The lack of
interference caused by Cd?* and Pb**, both are common
toxic metals, is particularly noteworthy.

The seemingly perfect selectivity exhibited by sensor 1
could be arising from a combination of both electronic and
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Figure 3. Effect of pH on the emission intensity of sensor 1 in CH;CN/
H,0=1:1.
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Figure 4. Fluorescence response of 1 to various cations in CH3;CN/
H,0=1:1. The bars represent the emission of 1 in the presence of 30 equiv
of the interacting cation.
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spatial characteristics of the binding site. The appended
dithiocarbamate functionalities can preorganize in such a
manner to create a three dimensional semi-rigid cavity
with the size matching very well with mercury ion (Fig. 5).

To rule out that the possibility of the fluorescence enhance-
ment observed is not due to a chemical reaction (i.e., chemo-
dosimeter),!? the reversible binding of Hg?* and the sensor
must be established. The reversibility experiment revealed
that the 6.62-fold fluorescence enhancement of sensor 1
caused by the addition of 2 equiv of mercuric ion can be re-
moved completely by adding 2 equiv of a mercury chelating
agent, ammonium morpholinyl dithiocarbamate.

In a great contrast to many reports on mercury fluorescent
sensor development, sensor 1 was found to be also respon-
sive to methyl mercuric ion. A more elaborated study dem-
onstrated that the sensor response to mercuric and methyl
mercuric is highly solvent dependent. In general, decreasing
the water content in aqueous acetonitrile solution, the pres-
ence of mercuric ion/methyl mercuric ion can trigger
a greater signal enhancement from the sensor (Fig. 6).
When acetonitrile was used as the solvent, MeHg* as low

Figure 5. Binding mode of sensor 1 toward Hg2+.
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Figure 6. Fluorescence response of 1 to Hg2+ and MeHg" in different
solvent systems.

as 1077 M can be detected by the sensor probe. To shed
more light on the nature of binding interaction between
methyl mercuric ion and sensor 1, the 'H NMR spectrum
of sensor 1 was recorded in the absence and presence of
MeHg". In the complex, a clear downfield shift of 0.5 ppm
of the methylene group connecting to anthracene moiety
was observed.

3. Conclusion

In conclusion, we have designed and demonstrated the use of
cholic acid-based sensor 1 as a novel fluorescent sensor for
the detection of both Hg?* and MeHg" in aqueous solutions.
Sensor 1 exhibits outstanding selectivity toward mercuric
ion due to the complementary charge and size factor
between the receptive site of the host and the guest ion. A
distinctive OFF-ON type signaling of up to 10-fold enhance-
ment was observed for this new sensor probe.

4. Experimental
4.1. General methods

Melting point was determined with a MEL-TEMPII melting
point apparatus (uncorrected). 'H and '*C NMR spectra
were recorded on a JOEL AL 270 spectrometer (at 270
and 67.8 MHz, respectively) or VARIAN INOVA 400 spec-
trometer (at 400 and 100 MHz, respectively) in CDCls;.
High-resolution mass spectra were recorded on a Bruker
Autoflex mass spectrometer (MALDI TOF) or electrospray
ionization high-resolution mass spectra on an API Qstar Pul-
sari mass spectrometer. Fluorescent emission spectra were
collected on a PTI Luminescence Lifetime spectrometer.
Unless specified, all fine chemicals were used as received.

4.2. General procedure for the synthesis of compounds
4a and 4b

Bromoacetyl bromide (0.78 ml, 9 mmol) was added to a so-
lution of 3a (1.40 g, 3 mmol) in 20 ml freshly distilled dry
CH,Cl, at room temperature. The reaction mixture was
stirred for 5 h. The organic solution was then washed with
dilute NaOH solution and dried over MgSO,. After the evap-
oration of the solvent, the residue was then purified by col-
umn chromatography on silica gel using PE/EA
(petroleum ether/ethyl acetate)=3:1 as the eluent. Evapora-
tion of the eluent afforded the final product 4a (1.8 g, 85%
yield) as a yellow oil. '"H NMR (270 MHz, CDCls): 6 0.70
(s, 3H), 0.78 (d, 3H, J=6.2 Hz), 0.88 (s, 3H), 0.90-2.35
(m, 24H), 1.96 (s, 3H), 3.60 (s, 3H), 3.73-3.88 (m, 4H),
4.51 (s, 1H), 494 (s, 1H), 5.11 (s, 1H); 3C NMR
(67.8 MHz, CDCl;): 6 12.0, 17.5, 21.4, 22.3, 22.9, 25.0,
26.0, 26.2, 26.3, 26.3, 26.6, 27.2, 28.5, 30.7, 30.9, 31.2,
34.3, 34.6, 34.8, 37.9, 40.6, 42.7, 45.1, 47.1, 51.5, 73.0,
73.7,166.0, 166.2, 170.3, 174.2. MALDI TOF HRMS: calcd
for C5,Hy6Br,OgNa, 727.1584; found, 727.1528.

Starting with 3b (450 mg, 1 mmol), using the above men-
tioned procedure, 4b was obtained as a yellow oil in 84%
yield. '"H NMR (400 MHz, CDCl5): 6 0.73 (s, 3H), 0.81 (d,
3H, J=6.4 Hz), 0.92 (s, 3H), 0.98-2.37 (m, 24H), 3.08 (s,
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1H), 3.63 (s, 3H), 3.79-3.88 (m, 4H), 5.00 (s, 1H), 5.14 (s,
1H); '3C NMR (100 MHz, CDCl;): 6 12.0, 17.4, 22.4,
22.9, 249, 25.8, 26.1, 26.6, 27.1, 28.4, 30.6, 30.8, 31.0,
31.2, 34.3, 34.7, 34.7, 35.1, 37.9, 41.1, 42.7, 45.1, 47.1,
51.5, 60.6, 72.9, 166.4, 166.6, 174.4. MALDI TOF HRMS:
calcd for Co9H43Br,N3OgNa, 710.1497; found, 710.1521.

4.3. General procedure for the synthesis of compounds
5a and Sb

Ammonium  morpholinyl dithiocarbamate (388 mg,
2.34 mmol) was added to a solution of 4a (550 mg,
0.78 mmol) in 10 ml DMSO. After being stirred at room
temperature for 2 days, the reaction mixture was poured
into 50 ml of H,O. White precipitate was then filtered out
as the crude product. The crude product was then purified
by column chromatography eluted using PE/EA=3:2 afford-
ing 5a as a yellow oil (618 mg, 91% yield). 'H NMR
(270 MHz, DMSO): ¢ 0.71 (s, 3H), 0.81 (d, 3H,
J=6.0 Hz), 0.89 (s, 3H), 0.90-2.40 (m, 24H), 2.01 (s, 3H),
3.62 (s, 3H), 3.74-3.77 (s, 8H), 3.80-4.38 (m, 12H), 4.54
(s, 1H), 4.98 (s, 1H), 5.15 (s, 1H); '3C NMR (100 MHz,
CDCly): 6 12.1, 17.5, 21.5, 22.5, 23.0, 25.4, 26.9, 27.3,
28.7, 30.7, 30.9, 31.2, 34.3, 34.6, 34.9, 34.9, 37.9, 39.1,
39.2, 40.8, 40.9, 43.1, 45.1, 47.1, 50.1, 51.4, 66.04, 72.6,
74.1, 167.7, 167.8, 170.6, 174.5, 195.2, 195.4. MALDI
TOF HRMS: calcd for C4;Hg>N»01¢S4Na, 893.3190; found,
893.3202.

Starting with 4b (1.03 g, 1.50 mmol), using the above
mentioned procedure, Sb was obtained as a yellow oil in
89% yield. 'H NMR (270 MHz, CDCls): 6 0.71 (s, 3H),
0.81 (d, 3H, J=6.2 Hz), 0.90 (s, 3H), 0.95-2.36 (m, 24H),
3.16 (s, 1H), 3.63 (s, 3H), 3.75 (s, 8H), 3.80-4.30 (m,
12H), 5.01 (s, 1H), 5.15 (s, 1H); '*C NMR (100 MHz,
CDCl3): 6 12.4, 17.7, 22.8, 23.2, 25.5, 27.6, 29.0, 29.7,
31.0, 31.4, 33.6, 34.3, 35.1, 37.8, 38.3, 39.3, 41.5, 43.3,
435, 44.0, 454, 46.2, 47.3, 50.8, 51.7, 52.9, 66.42, 72.6,
167.9, 168.2, 174.8, 195.4, 195.7. ESI HRMS: calcd for
C39Hs59N505S,, [M+H]*=854.1038; found, 854.1021.

4.3.1. Compound 6. To a solution of Sa (435 mg,
0.50 mmol) in MeOH (10 ml) was added K,CO3 (69 mg,
0.50 mmol) and stirred for 5 h at room temperature. The
reaction was quenched by adding dilute HCI solution. The
product was extracted by CH,Cl, (310 ml). The combined
organic layers were dried over MgSO,. The crude product
was dissolved in dry CH,Cl, followed by addition of
bromoacetyl bromide (0.13 ml, 1.50 mmol). After stirring
for 5h at room temperature, solvent was removed under
reduced pressure. The crude product was purified by column
chromatography using PE/EA=1:2 as the eluent to afford
product 6 as a yellow oil (355mg, 73%). 'H NMR
(400 MHz, CDCl3): ¢ 0.64 (s, 3H), 0.74 (d, 3H, J=
6.2 Hz), 0.84 (s, 3H), 0.94-2.37 (m, 24H), 3.55 (s, 3H),
3.62-3.82 (m, 10H), 3.85-4.24 (m, 12H), 4.54 (s, 1H),
4.91 (s, 1H), 5.08 (s, 1H); '*C NMR (100 MHz, CDCl5):
0 11.8, 13.9, 17.2, 20.8, 22.2, 22.7, 25.1, 26.3, 26.5, 27.1,
28.4, 30.5, 30.6, 30.9, 34.0, 34.2, 34.5, 37.6, 38.8,
38.9, 40.4, 42.8, 44.8, 46.8, 51.2, 60.0, 65.8, 72.3, 75.9,
166.5, 167.4, 167.5, 174.2, 194.9, 195.0. MALDI TOF
HRMS: calcd for C4]H6]BI'N201()S4N3, 9712427, fOU.Ild,
971.2438.

4.3.2. Compound 7. Activated zinc powder (400 mg,
6.20 mmol) was added to a solution of 5b (256 mg,
0.30 mmol) in glacial acetic acid (10 ml). The mixture was
stirred vigorously for 24 h. Acetic acid was then completely
removed under reduced pressure by adding toluene several
times. The residue, acetate ammonium salt of 7, was dis-
solved in saturated sodium chloride solution (10 ml). Basifi-
cation of the solution by excessive triethylamine and
extraction of the product by ethyl acetate gave amine 7 as
the pure product. After being dried by sodium sulfate and
removal of organic solvent, compound 7 was obtained as
a yellow solid (228 mg, 92% yield). Mp: 93-97 °C; 'H
NMR (270 MHz, CDCls): 6 0.72 (s, 3H), 0.85 (d, 3H,
J=6.0 Hz), 0.92 (s, 3H), 0.94-2.38 (m, 26H), 2.94 (s, 1H),
3.64 (s, 3H), 3.74 (s, 8H), 3.82-4.53 (m, 12H), 5.02 (s,
1H), 5.10 (s, 1H); >C NMR (100 MHz, CDCl3): 6 11.9,
17.5, 22.4, 23.1, 23.2, 23.7, 24.9, 27.4, 28.3, 30.8, 30.9,
31.0, 31.2, 34.3, 34.9, 35.1, 35.5, 35.6, 37.9, 38.9, 41.0,
427, 45.1, 47.0, 51.0, 51.4, 66.1, 72.4, 167.9, 168.0,
174.5, 195.6, 195.7. ESI HRMS: calcd for C30Hg1N3OgS4,
[M+H]*=828.2216; found, 828.2224.

4.3.3. Sensor 1. A mixture of 6 (190 mg, 0.20 mmol), 9-ami-
nomethylanthracene (41 mg, 0.20 mmol), and K,COs3
(55 mg, 0.40 mmol) was stirred in CH,Cl, (15 ml) at room
temperature for 1 day. The mixture was then washed with
dilute HCI solution and dried over MgSO,. The organic
solvent was then removed by rotary evaporation under
vacuum. Column chromatography (SiO,) eluted using PE/
EA=1:2 gave the final pure product as a yellow solid
(140 mg, 65% yield. Mp: 170-172°C; 'H NMR
(270 MHz, CDCl3): 6 0.73 (s, 3H), 0.81-0.94 (m, 6H),
1.00-2.40 (m, 25H), 3.63-3.76 (m, 15H), 3.80-4.21 (m,
10H), 4.74 (s, 3H), 5.01 (s, 1H), 5.18 (s, 1H), 7.44-7.55
(m, 4H), 7.97 (d, 2H, J=8.1 Hz), 8.39-8.46 (m, 3H); 1°C
NMR (67.8 MHz, CDCl3): 6 12.2, 14.2, 17.6, 19.2, 19.4,
194, 19.9, 21.1, 22.6, 23.1, 25.6, 27.1, 27.4, 28.9, 30.8,
31.0, 31.3, 34.4, 34.7, 34.9, 37.9, 39.1, 39.2, 41.0, 43.2,
45.2, 45.4, 47.2, 51.2, 51.5, 60.3, 66.0, 66.0, 72.6, 74.9,
76.5, 124.1, 124.8, 126.1, 127.3, 128.9, 130.3, 130.5,
131.3, 167.6, 167.6, 172.1, 174.3, 195.0, 195.0. MALDI
TOF HRMS: caled for Cs¢H7;3N3019S4Na, 1098.4082;
found, 1098.4101.

4.3.4. Sensor 2. To a mixture of 7 (120 mg, 0.15 mmol) and
9-chloromethyl anthracene (33 mg, 0.15 mmol) in THF
(15 ml) were added K,COj3; (41 mg, 0.30 mmol) and KI
(50 mg, 0.30 mmol). The reaction was stirred at reflux tem-
perature overnight. The mixture was then washed with dilute
HCI solution and dried over MgSO,. The organic solvent
was then removed by rotary evaporation under vacuum. Col-
umn chromatography (SiO,) eluted using PE/EA=1:1 gave
the final pure product as a yellow solid (106 mg, 72% yield).
Mp: 106-110 °C; "H NMR (400 MHz, CDCls): 6 0.70 (s,
3H), 0.81-0.96 (m, 6H), 1.00-2.60 (m, 25H), 2.94 (s, 1H),
3.62 (s, 3H), 3.74 (s, 8H), 3.82-4.39 (m, 12H), 4.99 (s,
2H), 5.11 (s, 1H), 5.15 (s, 1H), 7.40-7.60 (m, 4H), 8.00 (d,
2H, J=8.4 Hz), 8.30-8.38 (m, 3H); '*C NMR (100 MHz,
CDCly): 6 11.9, 17.4, 22.4, 23.0, 24.0, 24.9, 27.3, 28.3,
28.7, 30.7, 30.9, 31.2, 34.2, 34.6, 34.9, 35.3, 37.0, 37.7,
37.9, 39.0, 41.1, 42.7, 45.1, 47.0, 50.4, 51.2, 51.4, 66.1,
72.5, 123.6, 1249, 126.2, 127.1, 129.2, 129.3, 131.5,
133.5, 167.8, 170.0, 174.5, 195.6, 195.7. MALDI TOF



8830 H. Wang, W.-H. Chan / Tetrahedron 63 (2007) 8825-8830

HRMS: calcd for Cs4H71N3OgS4Na, 1040.4237; found,
1040.4245.
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