A Rhodamine—Cyclen Conjugate as a Highly
Sensitive and Selective Fluorescent Chemosensor
for Hg(II)

Yasuhiro Shiraishi,* Shigehiro Sumiya, Yoshiko Kohno, and
Takayuki Hirai

Research Center for Solar Energy Chemistry, and Division

of Chemical Engineering, Graduate School of Engineering
Science, Osaka University, Toyonaka 560-8531, Japan

shiraish@cheng.es.osaka-u.ac.jp

Received June 09, 2008

’5 [ -
N

1 1+Hg>

A rhodamine—cyclen conjugate (1) behaves as a highly
sensitive and selective fluorescent chemosensor for Hg?*
The high emission selectivity is due to the formation of
1—Hg>" 1:2 complex leading to spirocycle opening of 1.

The design and development of fluorescent chemosensors for
detection of biologically and environmentally important metal
cations is currently of great importance, since they allow
nondestructive and prompt detection of metal cations by a simple
fluorescence enhancement (turn-on) or quenching (turn-off)
response.! Hg?* is one of the most hazardous components in
the environment.” A large number of fluorescent chemosensors
for Hg?* have therefore been proposed so far. Most of these
sensors, however, show fluorescence quenching (turn-off)
response,3 and the sensors with fluorescence enhancement (turn-
on) response are still rare.*
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Rhodamine is a dye used extensively as a fluorescence
labeling reagent due to its excellent photophysical properties,
such as long absorption and emission wavelengths, large
absorption coefficient, and high fluorescence quantum yield.’
Recently, various rhodamine-based turn-on fluorescent Hg>*
sensors have been proposed.® The Hg>" sensing mechanism of
these sensors is based on the change in structure between the
spirocyclic and open-cycle forms. Without Hg?", these sensors
exist in a nonemissive spirocyclic form. Addition of Hg?* leads
to reversible coordination with the ligand groups, resulting in
spirocycle opening along with an appearance of orange fluo-
rescence and a clear color change from colorless to pink. These
Hg?" sensors, however, show insufficient sensitivity (emission
enhancement factor is <1000) and insufficient emission selec-
tivity to Hg?" (emission intensity obtained with Hg>" is less
than 20 times of that obtained with other metal cation).

Cyclen (1,4,7,10-tetraazacyclododecane) is one of the most
extensively studied ligands and can coordinate strongly with
many transition metal cations.” Herein we report arhodamine—cyclen
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FIGURE 1. (a) Fluorescence spectra (Aex = 530 nm) of 1 (50 uM)
measured in CH3CN with respective metal cations (10 equiv). (b)
Fluorescence enhancement factor of 1, where FI and FI, are the
fluorescence intensity at 580 nm measured with and without metal
cations (10 equiv). Absorption spectra of 1 obtained with respective
metal cations are shown in Figure S1 (Supporting Information).
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FIGURE 2. (a) Change in fluorescence spectra (Aex = 530 nm) of 1 (5
uM) measured in CH;CN upon addition of Hg?>". (b) Change in
fluorescence intensity at 580 nm. Fluorescence titration result of
compound 2 is shown in Figure S2 (Supporting Information), where
almost no emission enhancement is observed.

conjugate (1, Scheme 1) that behaves as a fluorescent Hg?"
sensor with high emission sensitivity and selectivity. We
describe here that the high emission selectivity of 1 to Hg?" is
due to the selective formation of 1—Hg?" 1:2 complex.

The synthesis of 1 is shown in Scheme 1 (see the Experi-
mental Section). Reaction of rhodamine B hydrochloride with
POCI; followed by 2-bromoethylamine hydrobromide affords
the compound 2 with 21% yield. Reaction of compound 2 with
cyclen affords 1 with 86% yield.

Figure la shows fluorescence spectra (Aex = 530 nm) of 1
(50 uM) measured in CH3CN with respective metal cations (10
equiv). Without cations, 1 shows very weak fluorescence.
Addition of Hg?>™, however, creates strong orange fluorescence
at 540—670 nm (see the abstract graphic). As shown in Figure
1b, the fluorescence enhancement factor measured at 580 nm
with 10 equiv of Hg?" is determined to be 1700, which is the
highest value among the early reported rhodamine-based Hg>"
sensors.® In contrast, addition of other metal cations scarcely
shows fluorescence enhancement. The fluorescence enhancement
factor of Hg?" is more than 50 times of that obtained with other
metal cations and is much higher than that obtained with the
early reported rhodamine-based Hg2* sensors (<20 times).®
These findings indicate that 1 behaves as a highly sensitive and
selective fluorescent Hg?* sensor.

Figure 2 shows the result of fluorescence titration of 1 with
Hg?". The Hg?' addition leads to increase in the 580 nm
fluorescence and the increase is saturated upon addition of 15
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FIGURE 3. (a) Change in absorption spectra of 1 (5 uM) measured
in CH3CN upon addition of Hg>". (b) Change in 558 nm absorbance.

equiv of Hg?*.® The fluorescence increase occurs immediately
upon Hg?" addition and is saturated within 1 min. Figure 3a
shows change in absorption spectra of 1. Without Hg?", 1
scarcely shows absorption at 450—600 nm, indicating that 1
exists as a spirocyclic form.® Addition of Hg?*, however, shows
a distinctive absorption at 450—600 nm, along with a clear color
change from colorless to pink. As shown in Figure 3b, the
absorption increase is saturated upon addition of 15 equiv of
Hg?", which is similar to the fluorescence titration result (Figure
2b).

Addition of triethylenetetramine to a solution containing 1
and Hg?" leads to immediate disappearance of both pink color
and orange fluorescence. This indicates that 1 reversibly
coordinates with Hg?". The Hg?*-induced coloration and
emission of 1 are therefore explained by the reversible coordina-
tion of 1 with Hg?" leading to spirocycle opening of 1, as is
the case for related rhodamine-based sensors.®

1 coordinates with Hg?" in a 1:2 stoichiometry. This is
confirmed by the Benesi—Hildebrand method.® When assuming
a 1:2 association between 1 and Hg?*, the Benesi—Hildebrand
equation is given as follows (see the Supporting Information):

1 1 L1
A=Ay KA, —AJHZT  Ama Ao

ey
max

A is the absorbance of 1, A is the absorbance obtained with
Hg?", Amax is the absorbance obtained with excess amount of
Hg?", K is the association constant (M~2), and [Hg**] is the
concentration of Hg?t added (M). As shown in Figure 4, the
plot of 1/(A—Ap) against 1/[Hg?>*]o? shows a liner relationship,
indicating that 1 indeed associates with Hg>" in a 1:2 stoichi-
ometry. The association constant, K, between 1 and two Hg?",
is determined from the slope to be 2.3 x 108 M2 The 1:2
complex formation is also confirmed by ESI-MS analysis: a
CH3CN solution containing 1 and 6 equiv of Hg(CF3SOs),
(Figure S5, Supporting Information) shows a strong peak at m/z
1487.3, assigned to [2Hg?>" + 1 + 3CF3SO3~]" ion, indicating
that 1 actually forms 1:2 complex.

It is well-known that cyclen coordinates with one metal
cation;” however, the above experimental results indicate that
the spirocycle opening of 1 requires two Hg?". This means that
coordination of one Hg?* does not lead to spirocycle opening,

(8) The fluorescence quantum yield (Pg) of 1 with 15 equiv of Hg?>" is
determined to be 0.19, based on rhodamine B standard (®r = 0.69 in ethanol):
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FIGURE 4. Benesi—Hildebrand plot (558 nm absorbance) of 1 using
eq. 1, assuming 1:2 stoichiometry for association between 1 and Hg?".

The plot assuming 1:1 stoichiometry is shown in Figure S3 (Supporting
Information) for comparison.
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FIGURE 5. Calculated structures of (a) 1:1 and (b) 1:2 1—Hg>"
complexes (B3LYP/6-31G* with the Stuttgart Relativistic Small-Core
basis set for Hg atom with effective core potential). Gray, blue, red,
and black atoms denote C, N, O, and Hg atoms, respectively, where H
atoms are omitted for clarity.

and coordination of second Hg?" does. To clarify the coordina-
tion geometry of 1 and Hg?", ab initio calculations were
performed with the Gaussian 03 program,**'®!" at the DFT level
with B3BLYP/6-31G¥*, with the Stuttgart Relativistic Small-Core
basis set for Hg with effective core potential.'> Figure 5a shows
optimized geometry of nonemissive 1—Hg?* 1:1 complex. Hg?*
is coordinated with four cyclen nitrogens and carbonyl oxygen
of 1. In the case of related rhodamine-based Hg>* sensors,’
nucleophilic coordination of carbonyl oxygen to Hg?* leads to
spirocycle opening. No spirocycle opening of the 1:1 complex
is probably due to the weak coordination of the carbonyl oxygen
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Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.;
Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
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with Hg?*. The positive charge of the Hg?" atom is significantly
decreased by strong coordination with the cyclen nitrogens.'?
This probably leads to weak coordination of the carbonyl oxygen
with Hg?", resulting in no spirocycle opening.

Figure 5b shows optimized geometry of the emissive 1:2
1—Hg?" complex. The first Hg>" atom remains within the cyclen
moiety, but the carbonyl oxygen is detached and coordinates
with second Hg?*. The coordination of the carbonyl oxygen
with the second Hg?*, therefore, leads to spirocycle opening of
1. The distance between the second Hg?™ and the xanthene plane
of 1 is determined to be <2.5 A, which is much shorter than
the sum of the van der Waals radii of Hg and C (3.43 A).M
This indicates that the second Hg?' is stabilized by the
coordination with the carbonyl oxygen and the cation—m
interaction with the xanthene moiety.**'>'¢

The high emission selectivity of 1 to Hg?>" (Figure 1) is due
to the formation of 1:2 complex, where other metal cations forms
nonemissive 1:1 complexes. This is confirmed by ESI mass
analysis of 1 with other cations. It is well-known that Cu?* and
Pb?* also coordinate strongly with cyclen, although the binding
constant is lower than that of Hg?*.!” The mass charts of 1
measured with these cations show a distinctive peak assigned
to the 1:1 complexes (Figures S6 and S7, Supporting Informa-
tion).'® These cations coordinate with cyclen nitrogens more
weakly than does Hg”;'7 therefore, the positive charge on these
cations is higher. This may allow stronger coordination of the
carbonyl oxygen with these cations and, hence, suppresses the
1:2 complex formation, resulting in no spirocycle opening. The
high emission selectivity of 1 to Hg?t (Figure 1) is therefore
due to the strong Hg?"—cyclen binding, allowing coordination
of the carbonyl oxygen with second Hg?".

IR titration of 1 in CH3CN confirm the proposed mechanism.
As shown in Figure 6b, i and ii, carbonyl absorption of 1 (1686.9
cm™!) shifts to lower frequency (1632.5 cm™!) upon addition
of 1 equiv of Cu?*, indicating that carbonyl oxygen indeed
coordinates with Cu?*."® In contrast, as shown in Figure 6a, i
and ii, addition of 1 equiv of Hg>" scarcely changes the
absorption. This indicates that coordination of carbonyl oxygen
with the first Hg?" is weaker than that with Cu?*. As shown in

(13) (a) Nakamoto, K. Infrared and Raman Spectra of Inorganic and
Coordination Compounds; John Wiley & Sons: New York, 1962; p 261. (b)
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Soc., Dalton Trans. 1978, 1081-1085.
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FIGURE 6. IR spectra of 1 (10 mM) measured in CH3CN with (a)
Hg?" and (b) Cu?*: (i) without cations, (ii) with 1 equiv of cation, and
(iii) with 4 equiv of cation.
Figure 6a, iii, addition of 4 equiv of Hg>" leads to shift of the
carbonyl absorption to lower frequency (1633.9 cm™!).5>*
These findings clearly supports the ring-opening mechanism:
the carbonyl oxygen of 1 binds very weakly with the first Hg>",
but coordinates strongly with second Hg?*, leading to spirocycle
opening.

In summary, we found that a rhodamine—cyclen conjugate
(1) behaves as a highly sensitive and selective fluorescent Hg?*
sensor. The high emission selectivity of 1 to Hg>" is simply
driven by the selective formation of 1:2 complex. Although 1
works only in organic media®' and the detailed mechanism of
the Hg?"-selective emission remains to be clarified, the molec-
ular design presented here may contribute to the development
of more efficient and more useful chemosensors based on the
rhodamine platform.

Experimental Section

General Methods. Perchlorate (Hg?", Cu?*, Zn?>*, Cd>*, Pb**,
Cr3T, Mn?t, Fe2™, Fe™), nitrate (Ni2T, Co?™), and tetrafluoroborate
salts (Ag™) were used as the metal cation source. Apparatus and
instruments were described elsewhere.>> The measurements were
carried out with 10-mm path length Pyrex cell under air.

(20) Zhang, X.; Shiraishi, Y.; Hirai, T. Tetrahedron Lett. 2007, 48, 5455—
5459.

(21) The fluorescence intensity of 1, when measured with 10 equiv of Hg?>"
in CH3CN containing water up to 0.2%, is similar to that obtained without water;
however, 30% and 100% intensity reductions occur in the presence of 0.3% and
0.4% water, respectively.

(22) (a) Nishimura, G.; Maehara, H.; Shiraishi, Y.; Hirai, T. Chem.—Eur. J.
2008, 74, 259-271. (b) Shiraishi, Y.; Miyamoto, R.; Zhang, X.; Hirai, T. Org.
Lert. 2007, 9, 3921-3924. (c) Shiraishi, Y.; Miyamoto, R.; Hirai, T. Langmuir
2008, 24, 4273-4279.
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Compound 2. Rhodamine B hydrochloride (1.0 g, 2 mmol) was
refluxed in POCl; (5 mL) for 18 h and concentrated by evaporation.
The obtained crude acid chloride was dissolved in CH3;CN (10 mL)
together with 2-bromoethylamine hydrobromide (1.0 g, 5 mmol)
and triethylamine (1 mL) and stirred at room temperature for 24 h
under N,. The resultant was concentrated by evaporation. Water
was added to the residue, and the aqueous phase was extracted
with CH,Cl, (20 mL x 2). The organic layer was washed with
water, dried over Na,SOy4, and concentrated by evaporation. The
crude product was purified by silica gel column chromatography
with CH,Cl,/CH30H (100/1 v/v), affording 2 as a pale pink solid
(0.24 g, 21%). '"H NMR (CDCl3, 270 MHz, TMS): 6 (ppm) = 1.17
(t, 12H, J = 7.01 Hz), 3.00 (t, 2H, J = 8.17 Hz), 3.34 (q, 8H, J =
7.04 Hz), 3.52 (t, 2H, J = 8.25 Hz), 6.25—6.44 (m, 6H), 7.05—7.08
(m, 1H), 7.42—7.45 (m, 2H), 7.88—7.92 (m, 1H). 13*C NMR (CDCl;,
100 MHz): 6 (ppm) = 16.1,29.2,31.7, 52.1, 85.2,92.5,95.5, 110.2,
111.1,115.3,115.9, 117.9, 119.9, 136.2, 140.5, 140.8, 155.2. FAB-
MS: calcd for C3oH34N30,Br 548.5, found m/z 548.2 (M™). 'H,
13C NMR and FAB-MS charts are shown in Figure S9—S11
(Supporting Information).

Compound 1. Compound 2 (0.24 g, 0.4 mmol) and cyclen (0.50
g, 2.91 mmol) were refluxed in toluene (40 mL) for 48 h under
dry N,. The resulting solution was concentrated by evaporation and
dissolved in ethanol (5 mL). Concentrated HCl was added to the
solution, and the precipitated HCI salt of the unreacted cyclen was
removed by filtration. The residue was concentrated by evaporation,
dissolved in water (10 mL), and washed with CHCls. An aqueous
NaOH solution (5 M, 15 mL) was added to the solution and
extracted with CH,Cl, (10 mL x 5). The organic layer was dried
over Na,SOy4 and concentrated by evaporation. The residue was
dried in vacuo at 353 K for 8 h, affording 1 as a yellow powder
(0.58 g, 86%). '"H NMR (CDCl3, 270 MHz, TMS): 0 (ppm) = 1.16
(t, 12H, J = 7.01 Hz), 2.23—2.29 (m, 2H), 2.40—2.73 (m, 16H),
3.19-3.25 (m, 2H), 3.34 (q, 8H, J = 7.04 Hz), 6.24—6.43 (m,
6H), 7.04—7.07 (m, 1H), 7.37—7.42 (m, 2H), 7.85—7.88 (m, 1H).
3C NMR (CDCl3;, 68 MHz): 6 (ppm) = 12.6, 37.9, 44.3, 45.4,
46.3,47.2,51.3,52.2,64.8,97.8, 105.7, 108.0, 122.4, 123.6, 127.7,
128.7, 131.3, 132.0, 148.6, 153.2, 167.4. FAB-MS: calcd for
C3sHs3N70, 639.8, found m/z 640.7 (M + HY). Anal. Caled: C,
71.32; H, 8.35; N, 15.32. Found: C, 70.74; H, 8.03; N, 14.75. 'H,
13C NMR and FAB-MS charts are shown in Figures S12—S14
(Supporting Information).
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