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Abstract—The design, synthesis, and photophysical evaluation of a new naphthalimide-based fluorescent chemosensor, N-butyl-4-[di-(2-
picolyl)amino]-5-(2-picolyl)amino-1,8-naphthalimide (1), were described for the detection of Zn** in aqueous acetonitrile solution at
pH 7.0. Probe 1 showed absorption at 451 nm and a strong fluorescence emission at 537 nm (®r=0.33). The capture of Zn** by the receptor
resulted in the deprotonation of the secondary amine conjugated to 1,8-naphthalimide so that the electron-donating ability of the N atom
would be greatly enhanced; thus probe 1 showed a 56 nm red-shift in absorption (507 nm) and fluorescence spectra (593 nm, ®r=0.14),
respectively, from which one could sense Zn>* ratiometrically and colorimetrically. The deprotonated complex, [(1-H)/Zn]*, was calculated
at m/z 619.1800 and measured at m/z 618.9890. In contrast to these results, the emission of 1 was thoroughly quenched by Cu**, Co?*, and
Ni?*. The addition of other metal ions such as Li*, Na*, K*, Mg?*, Ca>*, Fe**, Mn>*, AI**, Cd**, Hg**, Ag*, and Pb** produced a nominal
change in the optical properties of 1 due to their low affinity to probe 1. This means that probe 1 has a very high fluorescent imaging selectivity

to Zn** among metal ions.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Chemosensors that convert molecular recognition into highly
sensitive and easily detected signals have been actively in-
vestigated in recent years. A ratiometric and colorimetric
fluorescent probes combine the sensitivity of fluorescence
with the convenience and aesthetic appeal of a colorimetric
assay.! In particular, ratiometric measurements have the
important features that they permit signal rationing, and thus
increase the dynamic range and provide built-in correction
for environmental effects.”

The design of fluorescent probes for Zn>* is actively investi-
gated,’ as this metal ion is a critical trace element, playing
significant roles in biological processes such as regulators
of enzymes,* structural cofactors in metalloproteins, neural
signal transmission, and gene expression.® It is also known
that a disorder of zinc metabolism is closely associated with
many severe neurological diseases such as Alzheimer’s
disease (AD), amyotrophic lateral sclerosis (ALS), Guam
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ALS-Parkinsonism dementia, Parkinson’s disease, hypoxia-
ischemia, and epilepsy.” However, up to now, most of the
Zn** fluorescent probes are intensity-responsive based on
PET quenching mechanism.® Only a few ratiometric and col-
orimetric fluorescent probes for Zn>* have been found in the
literature. And still many efforts for a Zn?* fluorescent probe
should be made among the issues, such as easy synthesis, vis-
ible light excitation, large red-shift in emission for Zn>* sens-
ing, and no pH interference in the physiological pH range.

To carry out ratiometric measurements of Zn>* and get quan-
titative readouts, various mechanisms, which can cause a
large shift in emission or excitation spectra have been intro-
duced into Zn?* sensors such as excimer,” FRET,'? ICT,!!
ESIPT,'? two fluorophore approach,'® conformational re-
striction,' time-resolved fluorescence techniques,'® and
self-assembly strategy.'® Herein, we represent another new
mechanism to design a ratiometric fluorescent probe for
Zn?* based on deprotonation mechanism.

The secondary amines conjugated to 1,8-naphthalimide
could be deprotonated by Cu(I)! or F~,'” and as a result,
large red shifts in both absorption and fluorescence spectra
were obtained, from which one could sense Cu?* or
F~ colorimetrically and ratiometrically. In addition, the
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deprotonation of NH in amide or thiourea was believed to be
the basis of F~ sensing in recent research.!® Based on
the same deprotonation mechanism, which should not be
a privilege confined to Cu®* or F~, we introduced the well-
known Zn?* receptor tris(2-pyridylmethyl)-amine (TPA)
into 1,8-naphthalimide fluorophore and easily obtained fluo-
rescent probe 1, N-butyl-4-[di-(2-picolyl)amino]-5-(2-pico-
lyl)amino-1,8-naphthalimide. The capture of Zn>* by the
receptor resulted in the deprotonation of the secondary
amine of 1, which caused the ratiometric UV and fluores-
cence changes.

2. Results and discussions
2.1. Synthesis

The synthesis of 1 is shown in Scheme 1. The intermediate,
compound 5, was synthesized from acenaphthene following
a literature procedure.'® Compound 6 was prepared in 40.2%
yield by the condensation of § with butylamine and was
subsequently converted into compound 7, which we have
reported as a ratiometric Cu?* fluorescent sensor,'® through
reaction with 2-aminomethylpyridine. Probe 1 was easily
synthesized by conjugating picolyl chloride and compound
7 in 56.5% yield.
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Scheme 1. Synthesis of 1. (a) NBS, DMF, room temperature, 82.4%; (b)
fuming HNO3;, AcOH, 10-15°C, 53.1%; (c) Na,Cr,0;-2H,0, AcOH,
reflux, 51.7%; (d) n-C4HoNH,, C,HsOH, reflux, 40.2%; (e) 2-aminomethyl-
pyridine, CH;0C,H,OH, CH;CN, reflux, 85%; (f) picolyl chloride, CH;CN,
K2C03, Nz, reﬂux, 56.5%.

2.2. ESIMS analysis

Probe 1 showed absorption at 451 nm and a strong fluores-
cence emission at 537 nm in acetonitrile—water (80:20)
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Figure 1. Electrospray mass spectrum of 1-Zn sample in acetonitrile—water
(80:20) solution at pH 7.0 maintained with HEPES buffer (50 mM).
[1]=10 pM, [Zn2+]:30 UM. (a) The calculated pattern of the most abundant
complex [(1-H)/Zn]*, C34H3NgO»Zn, m/z=619.1800. (b) The measured
pattern of the most abundant complex [(1-H)/Zn]*, Cs4H3NgO,Zn,
mlz=618.9890.

solution. The capture of Zn>* by the receptor resulted
in the deprotonation of the secondary amine so that the
electron-donating ability of the N atom conjugated to the
naphthalene ring would be greatly enhanced; thus probe 1
showed large red shifts in absorption and fluorescence spec-
tra. The ESIMS analysis revealed single-charged complex
[(1-H)/Zn]* that is formed due to the interaction of 1 with
1 equiv of Zn?* (Fig. 1). The [(1-H)/Zn]* complex was
calculated at m/z 619.1800 and measured at m/z 618.9890.
This indicated the formation of a 1/Zn** adduct of 1:1
stoichiometry.

2.3. The effect of pH

The influence of pH on the fluorescence of 1 was first deter-
mined by fluorescence titration in acetonitrile—water (80:20)
solution (Fig. 2). The fluorescence of 1 at 537 nm remained
unaffected between pH 13 and 4.21, and then gradually
decreased from pH 4.21 to 1.77; below pH 1.77, no change
in fluorescence was observed, leading to a sigmoid curve. Its
pK, value was 3.0. The fluorescence quenching was most
likely caused by the photo-induced electron transfer (PET)
from the fluorophore to protonated pyridine.?° de Silva
had found the similar phenomenon in the design of an
‘off-on-off” fluorescent PET sensor.?! The influence of pH
on the deprotonation of 1 induced by Zn>* was then
investigated by means of the absorption and fluorescence
measurements for a solution of 1 equiv of 1 and 2 equiv of
Zn**. When 2 equiv of Zn** was added to an acidic solution
of 1 (pH=2), the absorbance at 451 nm steadily decreased,



Z. Xu et al. / Tetrahedron 62 (2006) 10117-10122 10119

160
00—0—0—0—00—0—0—0—0
140 )

120 A
100

80

I (a.u.)

[ ]
4
60 Py
[ 3
40 + s
[
(]

20

pH

Figure 2. Influence of pH on the fluorescence of 1 in acetonitrile-water
(80:20, v/v). Excitation wavelength is 470 nm. [1]=10 uM. The pH was
modified by adding 75% HCIO, or 10% N*(CH3),0H".

and a longer absorption band at 507 nm developed on titra-
tion with N*(CH3)4,OH ™ from pH 4.34 to 5.58 (Fig. 3a). The
absorption A reached its limiting value between pH 5.58 and
8.3 after neutralization with the excess acid and on further
addition of 1 equiv of base. The solution changed from prim-
rose yellow to pink, in which [(1-H)/Zn]* became the dom-
inant species. It was supposed that the three nitrogen atoms
in pyridine rings and the deprotonated N~ played the role of
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Figure 3. (a) Dependence of the absorbance of the band at 451 nm (¥ ) and
507 nm (V) on pH for a solution of 1 equiv of 1 and 2 equiv of Zn*" in
acetonitrile-water (80:20, v/v). [1]=10 uM. (b) Dependence of the fluores-
cence intensity of the band centered at 537 nm (A ) and 593 nm (A ) on pH
for a solution of 1 equiv of 1 and 2 equiv of Zn** in acetonitrile—water
(80:20, v/v). [1]=10 uM.

ligands to coordinate Zn?**. On addition of more bases, the
absorbance at 507 nm lessened and the absorption band at
451 nm restored from pH 8.3 to 10.34. This response may
be due to the stronger complexation of OH™ with Zn>*
than the complexation of the deprotonated N~ with Zn?*.
That means in strong basic conditions counter-reaction of
deprotonation occurs, and OH™ becomes one ligand instead
of N™. Simultaneously, a native emission band of 1 centered
at 537 nm and a red-shifted fluorescence emission band cen-
tered at 593 nm attributed to [(1-H)/Zn]* were in the ascen-
dant alternately according to the above three pH windows
similar to absorption spectra (Fig. 3b). The four plots of A
versus pH and /g versus pH all showed symmetrical bell-
shaped curves centered at the same pH 7. Therefore, further
and detailed studies were carried out in acetonitrile—water
(80:20) solution at pH 7.0 maintained with HEPES buffer
(50 mM). In our previous work,'© OH~ played the role
of base to cooperate with Cu®* to deprotonate the NH group
conjugated to 1,8-naphthalimide, and then strong base would
facilitate the deprotonation reaction much more. But in this
case, OH™ primarily played the role of ligand, which, on the
contrary, speeded the reverse reaction of deprotonation.
Thus these four plots in Figure 3 show symmetrical shapes.

2.4. Recognition of metal cations

The changes in absorption spectra during the Zn>* titration
are shown in Figure 4. On addition of zinc ion to the solution
of 1, the absorption band at 451 nm decreased, and the other
two bands at 309 and 507 nm occurred and increased prom-
inently to their limiting values with isosbestic points at 382
and 470 nm, respectively. The emission spectra of 1 and its
fluorescence titration with Zn?* are displayed in Figure 5.
When Zn?* was added to the solution of 1, a significant
decrease in the 537 nm emission (Pr=0.33) and a large red-
shifted emission band centered at 593 nm (AE.,,=56 nm,
®=0.14) were observed with a clear isoemissive point
at 630 nm. The binding constant was calculated to be
6.76 x 10° using the method reported in our previous work.'®
The absorption and fluorescence spectra of 1 titrated with
Zn?*, after adding 0.1 equiv of Zn>* to the solution of 1 every
time, were recorded in less than 30 s. If the interval was pro-
longed to 1 h, then the solution of 1 with 1 equiv of Zn**
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Figure 4. Dependence of the UV-vis absorption spectra of 1 on the con-
centration of Zn>" in acetonitrile—water (80:20) solution at pH 7.0 main-
tained with HEPES buffer (50 mM). [1]=10 uM, [Zn2+]:0730 uM. Inset:
ratiometric calibration curve Asy7/A4s1 as a function of Zn** concentration.
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Figure 5. Fluorescent emission spectra of 1 in the presence of different
concentrations of Zn>* in acetonitrile-water (80:20) solution at pH 7.0
maintained with HEPES buffer (50 mM). Excitation wavelength was
470 nm. [1]=10 uM, [Zn2+]:0730 UM. Inset: ratiometric calibration curve
Is93/1537 as a function of Zn** concentration.

displayed the same absorption and fluorescence spectra as
the solution of 1 with 2 equiv of Zn?*. The insets in Figures 4
and 5 indicated that 2 equiv of Zn** cooperating to react
with 1 equiv of 1 could quickly reach the equilibrium in the
formation of a (1-H)/Zn** complex of 1:1 stoichiometry on
comparison with 1 equiv of Zn** with 1 equiv of 1.

The titration of 1 with various metal ions was conducted to
examine the selectivity. The addition of metal ions such as
Li+, Na*, K+, Mg2+, Ca2+’ FC3+, Mn2+, A13+, Cd2+, Hg2+,
Ag*, and Pb%** produced a nominal change in the optical
properties of 1 due to their low affinity to probe 1. The addi-
tion of Cu?*, Co?*, and Ni?** to the solution of 1 also can
deprotonate probe 1 and change the solution color from
primrose yellow to pink. However, in contrast with red-
shifted emission induced by 7Zn%*, the emission of 1 was
thoroughly quenched by Cu?*, Co?*, and Ni** (Fig. 6).
This means that probe 1 has a very high fluorescent imaging
selectivity to Zn* (Fig. 7), although 1 does not show obvi-
ous binding discrimination among these four metal ions.
This visible emission allows 1+Zn>* to be readily distin-
guished by naked eye (Fig. 8), and sensor 1 thus combines
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Figure 6. Fluorescent emission spectra of 1, 1+Zn”*, and 1+Cu?* (or Co*,
or Ni*%). [1]=10 uM, [Zn**]=[Cu**]=[Co*"]=[Ni**]=30 uM.
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Figure 7. Fluorescence response of 1 to various metal ions in acetonitrile—

water (80:20) solution at pH 7.0 maintained with HEPES buffer (50 mM).
[1]=10 uM, and the concentration of each metal ion was 30 uM.
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Figure 8. (a) Color change of compound 1 on addition of different metal
ions. [1]=10 uM, [M]=30 uM. (b) Fluorescent emission observed from
the solutions of 1 on addition of different metal ions. M"* represents other
metal ions including Li*, Na*, K*, Mg?*, Ca®*, Fe**, Mn**, AI**, Cd**,
Hg>*, Ag*, and Pb>*. Excitation wavelength is 365 nm emitted from a
portable fluorescent lamp.

the sensitivity of fluorescence with the convenience and
aesthetic appeal of a colorimetric assay.*®

Additionally, to explore the effects of anionic counterions
on the sensing behavior of 1 to metal ions, fluorescence
responses of 1 to perchlorate, chloride, and nitrate salts with
different cations were examined. The results were similar
to that shown in Figures 4 and 5. There were no obvious
changes in the fluorescence responses of 1 to Zn(ClOy),,
7ZnCl,, and Zn(NO3),.

3. Conclusion

We have demonstrated that probe 1 displayed a colorimetric
response with a large red-shift emission that was useful
for the easy detection of Zn**. The change in solution
color from primrose yellow to pink and the red-shifted
fluorescence spectra from green to red were attributed to the
deprotonation of the secondary amine conjugated to the
naphthalene ring. Probe 1 for Zn?** was developed from
our former sensor'® for Cu®* on the base of the same depro-
tonation mechanism. With the improvement of selectivity
for HTM ion receptors, we believe that this design strategy
would help to extend the development of ratiometric fluores-
cent probes for other HTM ions.
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4. Experimental
4.1. General

All the solvents were of analytic grade and used as received.
The solutions of metal ions were prepared from LiClO, - 3H,0,
NaClO4, KC104, MgC12 . 6H20, CaClz, FC(NO3)3,
MH(CIO4)2 . 6H20, AI(CIO4)3, COC12 . 6H20, NIC12 . 6H20,
chlz, CdC12 . 21/2H20, CUC12 . 2H20, chlz, AgN03,
Pb(NO;),, respectively, and were dissolved in distilled water.
'"H NMR were measured on a Bruker AV-400 spectrometer
with chemical shifts reported as parts per million (in
CDCl3/DMSO-dg, TMS as internal standard). Mass spectra
were measured on an HP 1100 LC-MS spectrometer. Melting
points were determined by an X-6 micro-melting point appa-
ratus and are uncorrected. IR spectra were recorded on
a Nicolet Nexus 770 spectrometer. All pH measurements
were made with a Sartorius basic pH-Meter PB-20. Fluores-
cence spectra were determined on a Hitachi F-4500. Absorp-
tion spectra were determined on a PGENERAL TU-1901
UV-vis spectrophotometer. The fluorescence quantum
yields (Pg) were estimated with N-butyl-4-butylamino-1,8-
naphthalimide in absolute ethanol as a standard (®z=0.81).2

4.2. Synthesis

4.2.1. N-Butyl-4-bromo-5-nitro-1,8-naphthalimide (6).
To a solution of 200 mg (0.62 mmol) 4-bromo-5-nitro-1,8-
naphthalic anhydride (5) in 20 mL ethanol was added drop-
wise 45 mg (0.62 mmol) butylamine in 6 mL ethanol. The
mixture was then heated at reflux for 40 min and monitored
by TLC. After the reaction was completed, the solvent was
removed under reduced pressure. The crude product was
then purified by column chromatography (SiO,, CHCl3) to
give (6) as a white solid in 40.2% yield (94 mg). Mp:
175.8-176.2 °C. 'H NMR (CDCls, 400 MHz) 6 0.99 (t,
J=7.2Hz, 3H), 1.42-1.48 (m, J=7.2 Hz, 2H), 1.68-1.74
(m, J=7.2Hz, 2H), 4.18 (t, J=7.2Hz, 2H), 7.93 (d,
J=8.0 Hz, 1H), 8.21 (d, J/=8.0 Hz, 1H), 8.51 (d, J/=8.0 Hz,
1H), 8.71 (d, J=8.0 Hz, 1H). *C NMR (CDCl;, 100 MHz)
o 13.95, 20.49, 30.21, 40.92, 122.69, 123.72, 124.26,
125.99, 131.37, 132.49, 136.14, 162.21, 162.98. IR (KBr,
cm™): 3057, 2963, 2935, 2912, 2860, 1706, 1568, 1541,
1230, 658, 586. HRMS (EI) calcd for C16H13BI'N204
[M*]: 376.0059, found: 376.0075.

4.2.2. N-Butyl-4,5-di[(2-picolyl)amino]-1,8-naphthalimide
(7). 2-(Aminomethyl)pyridine (0.3 mL, 2.89 mmol) was
added dropwise to a solution of 53 mg (0.141 mmol)
N-butyl-4-bromo-5-nitro-1,8-naphthalimide (6) in 1.0 mL
2-methoxyethanol, and then the mixture was heated to reflux
for 3h and monitored by TLC. After the reaction was
completed, the solution was cooled at room temperature to
give yellow needle crystals. The product was filtered off,
washed with 2-methoxyethanol, and then dried in air. The
product was then purified by column chromatography
(8i0,, CH,Cl,/EtOAC, 2:1, v/v) to give 7 as a yellow powder
in 85% yield (56 mg). Mp: 179.5-179.9 °C. 'H NMR
(CDCl3, 400 MHz) 6 0.95 (t, J=7.6 Hz, 3H), 1.41-1.47
(m, J=7.6 Hz, 2H), 1.66-1.72 (m, J=7.6 Hz, 2H), 4.14 (t,
J=7.6 Hz, 2H), 4.66 (s, 4H), 6.78 (d, /=8.4 Hz, 2H), 7.19
(t, J=7.2 Hz, 2H), 7.40 (d, J/=7.6 Hz, 2H), 7.62 (S, N-H),
7.69 (t, J=7.2Hz, 2H), 832 (d, /=8.4Hz, 2H), 8.42

(d, J=8.4 Hz, 2H). '3C NMR (CDCls, 100 MHz) 6 14.09,
20.65, 30.55, 39.97, 49.36, 10598, 107.24, 112.38,
122.16, 122.77, 133.87, 137.24, 147.75, 149.06, 151.93,
156.31, 164.83. IR (KBr, cm™!): 3328, 3043, 2953, 2869,
1673, 1633, 1592, 1541, 1508, 1310, 996. HRMS (ESI)
calced for CogHo5NsO, [MH™]: 466.2243, found: 466.2247.

4.2.3. N-Butyl-4-[di-(2-picolyl)amino]-5-(2-picolyl)-
amino-1,8-naphthalimide (1). To a solution of 200 mg
(0.43 mmol)  N-butyl-4,5-di[(pyridin-2-ylmethyl)amino]-
1,8-naphthalimide (7) in 5 mL dry acetonitrile were added
57 mg (0.46 mmol) picolyl chloride and 150 mg K,COj;.
The mixture was then heated at reflux for 2 h under nitrogen
and monitored by TLC. After the reaction was completed,
the solvent was removed under reduced pressure. The crude
product was then purified by alumina column chromato-
graphy (CH,Cl,:MeOH=100:5) to give 1 as a yellow solid
in 56.5% yield (135 mg). Mp: 133.6-134.9 °C. 'H NMR
(CDCl3, 400 MHz) 6 0.95 (t, J=7.2 Hz, 3H), 1.39-1.45
(m, J=7.2 Hz, 2H), 1.64-1.70 (m, J=7.2 Hz, 2H), 4.12 (t,
J=T72Hz, 2H), 454 (s, 4H), 493 (s, 2H), 6.61 (d,
J=8.4Hz, 1H), 7.09 (d, J/=8.0 Hz, 2H), 7.12-7.17 (m,
3H), 7.22 (t, J=7.2 Hz, 1H), 7.36 (d, /=8.0 Hz, 1H), 7.55
(t, J=7.6Hz, 2H), 7.61 (d, J=7.6Hz, 1H), 835 (d,
J=8.4 Hz, 1H), 8.38 (d, /=8.4 Hz, 1H), 8.50 (d, J=4.8 Hz,
2H), 8.62 (d, J=4.4 Hz, 1H), 11.58 (s, 1H, NH). '3*C NMR
(CDCl;3, 100 MHz) 6 14.08, 20.63, 30.46, 40.01, 49.24,
59.64, 105.39, 109.17, 115.65, 119.24, 119.65, 121.16,
122.46, 122.78, 123.85, 131.52, 132.88, 134.75, 136.77,
137.03, 149.65, 152.65, 154.56, 156.33, 158.33, 164.48,
164.75. IR (KBr, cm™!): 3435, 3182, 2954, 2869, 1679,
1638, 1578, 1541, 1433, 1397, 1356, 1317, 1240, 817,
750, 612. HRMS (ESI) calcd for C34H32N602 [MH+]
557.2665, found: 557.2662.
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