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Fluorescent sensing of pyrophosphate and ATP in 100%
aqueous solution using a fluorescein derivative and Mn2+
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Abstract—A new fluorescein derivative has been synthesized for the detection of pyrophosphate (PPi) and ATP in 100% aqueous
solution. Chemosensor 1 in the presence of Mn2+ (2.5 equiv) displayed selective fluorescent enhancements with PPi and ATP at pH
7.4. among the anions examined. The association constant of 1 in the presence of Mn2+ with PPi and ATP was calculated as
4.2 · 104 and 3.5 · 104 M�1.
� 2007 Elsevier Ltd. All rights reserved.
Anions play a fundamental role in a wide range of chem-
ical and biological processes, and numerous efforts have
been devoted to the development of abiotic receptors for
anionic species.1 Anion-selective fluorescent sensors1

have attracted growing attention. Especially, adenosine
5 0-triphosphate (ATP) is known to be the universal
energy currency in all of the biological systems and
has been a significant target for the design of molecular
receptors. On the other hand, the detection of PPi is
considered to be an important issue in cancer research.2

Furthermore, patients with calcium pyrophosphate
dehydrate (CPPD) crystals and chondrocalcinosis have
been shown to have high synovial fluid PPi level.3

In this regard, the detection of PPi4,5 and ATP6 has been
the main focus of the efforts of several research groups.
However, fluorescent chemosensors for PPi working in
aqueous solution are still rare.4

Herein, we synthesized a new fluorescein derivative
bearing two (2-aminoethyl)bis(2-pyridylmethyl)amine
groups for the detection of metal ions and the solution
of 1 and Mn2+ (2.5 equiv) was further utilized as PPi
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and ATP selective fluorescent sensors in 100% aqueous
solution. As far as we are aware of, this is the first exam-
ple of fluorescent chemosensor for PPi or ATP, which
utilizes Mn2+ as a recognition site. Among the ATP,
ADP, and AMP series, this system displays selectivity
for ATP over ADP and AMP.

A mixture of N-(2-aminoethyl)-N-methylcarbamic acid
t-butyl ester 2 and 2-pyridylmethyl bromide in ethanol
gave Boc-protected ligand 37 in 78% yield, which was
then treated with trifluoroacetic acid (TFA) to remove
the Boc group and ligand 48 was obtained in 91% yield
(Scheme 1). Compound 19 was synthesized using the
Mannich reaction between 2 0,7 0-dichlorofluorescein
and the iminium ion condensation of product of formal-
dehyde and ligand 4 with a 21% yield.

The perchlorate salts of Ag+, Ca2+, Cd2+, Co2+, Cs+,
Cu2+, Hg2+, K+, Li+, Mg2+, Mn2+, Na+, Ni2+, Pb2+,
and Zn2+ ions were used to evaluate the metal ion bind-
ing properties of compound 1 in 100% aqueous solution.
The fluorescence spectra were obtained by excitation of
the fluorescein fluorophore at 505 nm. Both the excita-
tion and emission slits were 1.5 nm. Among these metal
ions (2 equiv), compound 1 showed large chelation
enhanced fluorescence quenching (CHEQ) effects
with Hg2+, Cu2+, Ni2+, Co2+, Ag+, and Mn2+ at pH
7.4 (Fig. 1). As shown, in Figure 1, compound 1 displayed
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Figure 1. Fluorescent emission changes of 1 (3 lM) upon addition of
various metal ions (2 equiv) at pH 7.4 (0.02 M HEPES) (excitation at
505 nm, excitation and emission slit: 1.5 nm).

Figure 2. Fluorescent titrations of 1 (3 lM) with Hg2+ at pH 7.4
(0.02 M HEPES) (excitation at 505 nm, excitation and emission slit:
1.5 nm).

Figure 3. Fluorescent titrations of 1 (3 lM) with Hg2+ at pH 7.4
(0.2 M HEPES) (excitation at 505 nm, excitation and emission slit:
1.5 nm).
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Scheme 1. Synthesis of compound 1.
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tight binding with these metal ions since the addition of
only 2 equiv of metal ions induced such large fluorescent
changes, which means (2-aminoethyl)bis(2-pyridylmeth-
yl)amine ligand along with phenolic oxygen can provide
an excellent binding site for metal ions. Figure 2 explains
the fluorescent titrations of 1 with Hg2+. 1:2 stoichiom-
etry was also confirmed by the Job plot using the fluore-
scence changes. The association constant for 1 with
Hg2+ was calculated as 6.3 · 107 M�2.10 Colorimetric
changes as well fluorescent changes upon the addition
of Hg2+ are shown in Figure 3.

Recently, a few rhodamine B derivatives have also been
used as fluorescent chemosensors for metal ions, in
which the spirolactam (nonfluorescent) to ring-opened
amide (fluorescent) process was utilized.11 This ring-
opening process can be also followed by the colorimetric
change usually from light yellow to pink color. On the
other hand, there have been only few reports in which
the ring-opening processes of fluorescein derivatives
were carefully examined.4e,12 Based on the colorimetric
changes, the following explanation can be proposed:
At pH 7.4, compound 1 exists as a closed lactone form
since the color of the solution was yellow. Upon the
addition of Mn2+ or other metal ions such as Hg2+,
Cu2+, Ni2+, Co2+, and Ag+, the color of the solution
turned pink, which can be attributed to the ring-opening
process of lactone moiety.

We then examined the fluorescent changes toward vari-
ous anions in the presence of metal ions. The fluorescent
changes of 1 with PPi or ATP (10 equiv or 100 equiv) in
the presence of Mn2+, Hg2+, Cu2+, Ni2+, Co2+, Zn2+,
and Ag+, were examined at pH 7.4 (0.02 M HEPES).
Among these metal ions, only Mn2+ gave a significant
fluorescent enhancement with PPi/ATP. As shown in
Figure 4, among the various anions such as PPi, ATP,
ADP, AMP, H2PO4

�, HSO4
�, and CH3CO2

�, only
PPi and ATP induced significant fluorescent enhance-
ments with this 1 and Mn2+ solution even though
there was a relatively smaller fluorescent enhancement
with ADP. From the fluorescent titrations, the associa-
tion constant for PPi (Fig. 5), ATP (S-Fig. 1), and
ADP (S-Fig. 2) were calculated as 4.2 · 104, 3.5 · 104,
and 1.3 · 104 M�1, respectively (errors <15%).10 On the
other hand, AMP and H2PO4

� did not induce any sig-
nificant fluorescent change when large excess (100 equiv)
of these anions were added. It is worth mentioning that
discrimination between PPi and H2PO4

� was excellent in
100% aqueous solution. In the presence of 50 equiv of
H2PO4

�, a similar association constant was observed



Figure 4. Fluorescent emission changes of 1 (3 lM) with Mn2+

(2.5 equiv) upon addition of PPi, ATP, ADP, AMP, CH3CO2�,
H2PO4

� and HSO4
� (10 equiv) at pH 7.4 (0.02 M HEPES) (excitation

at 505 nm, excitation and emission slit: 1.5 nm).

Figure 5. Fluorescent changes of 1 (3 lM) with pyrophosphate in the
presence of 2.5 equiv of Mn2+ at pH 7.4 (0.02 M HEPES) (excitation
at 505 nm, excitation and emission slit: 1.5 nm).

Figure 6. Fluorescent change and colorimetric change of 1 (15 lM)
with pyrophosphate in the presence of 2.5 equiv of Mn2+ at pH 7.4
(0.02 M HEPES). (a; 1 only, b; 1 + Mn2+, c; 1 + Mn2+ + PPi
(10 equiv), d; 1 + Mn2+ + PPi (50 equiv)).
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for 1 and Mn2+ solution with PPi. Figure 6 explains the
colorimetric changes and fluorescent changes of 1 in the
presence of Mn2+ with PPi at pH 7.4. Due to the lack
of X-ray structure of the 1-Mn2+-PPi and NMR data,
the exact reason for the color change as well as fluores-
cent changes of 1 and Mn2+ solution upon the addition
of PPi is not quite clear at this moment. However, we
believe that Mn2+ is not released from the DPA unit
since small fluorescent quenching effects were observed
when large excess of PPi (>150 equiv) was added and
the addition of PPi to compound 1 only (in the absence
of Mn2+) did not induce any fluorescent change.

In conclusion, a new fluorescein derivative bearing two
(2-aminoethyl)bis(2-pyridylmethyl)amine groups has
been synthesized for the detection of PPi and ATP in
100% aqueous solution. The solution of 1 and Mn2+

was utilized as a fluorescent chemosensor for PPi
and ATP for the first time. Chemosensor 1 in the pres-
ence of Mn2+ (2.5 equiv) displayed selective fluorescent
enhancements with PPi and ATP at pH 7.4 among
the anions examined. The association constant of 1
in the presence of Mn2+ with PPi was calculated
as 4.2 · 104 M�1. Excellent selectivity for PPi over
H2PO4

� was observed in 100% aqueous solution.
Among the ATP, ADP and AMP series, this system
displays selectivity for ATP over ADP and AMP.
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Martı́nez-Máñez, R.; Pardo, T.; Soto, J. Helv. Chim. Acta
2002, 85, 1505; (f) Ojida, A.; Park, S.-k.; Mito-oka, Y.;
Hamachi, I. Tetrahedron Lett. 2002, 43, 6193; (g) Sance-
nón, F.; Descalzo, A. B.; Martı́nez-Máñez, R.; Miranda,
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