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Fluorescent Zn" Chemosensor Mediated by a 1,8-
Naphthyridine Derivative and It's Photophysical Properties

Wenxiu Luo,” Mengjiao Liu,”

One of the greatest challenges in using fluorescent chemosen-
sors for highly selective and sensitive transition-metal ions is
finding an efficient and simple method for its synthesis. In this
study, a highly efficient fluorescence chemosensor for Zn" was
developed from N-Boc-L-proline modified 1,8-naphthyridine.
The fluorescence intensity of the chemosensor was increased
significantly only in the presence of Zn" ion which provided a
perceived color change for rapid visual sensing, while other
metal ions showed fluorescence quenching or little changes. It

1. Introduction

Owing to the attractive properties of high sensitivity, low cost,
and straightforward operation, fluorescent chemosensors have
enjoyed popularity as an ideal tool to detect the presence of
transition-metal ions and anions." In this respect, exploitation
of chemical sensors for copper, iron, cobalt, and zinc ions are
especially important, because they are the fundamental ele-
ments of the biological systems.” Among them, the develop-
ment of methods to detect Zn" has received great attention,
owing to its environmental and biological significance.” zn" is
the second most abundant of transition-metal ions in living or-
ganisms after iron ions. Compounds of Zn play an important
role in numerous cellular metabolisms such as gene expres-
sion, regulation of metalloenzymes, apoptosis, and co-factors
of neurotransmission catalysis.”’ Disorder of Zn" metabolism is
not only offensive to environmental ecology, but can also
damage the human nervous system. Parkinson’s disease, Alz-
heimer’s disease, and epilepsy have been reportedly associated
with an imbalance of Zn" in the body.” For these reasons, a va-
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was worth noting that the chemosensor L distinguished Zn"
from Cd" commonly having similar properties. The solvent
effect and possible bonding mode for fluorescence enhance-
ment have been also discussed. Results of this study indicated
that the Boc-group in L-proline significantly improved the sen-
sitivity and selectivity for Zn" detection performance, as con-
firmed by comparison experiments and time dependent-densi-
ty functional theory (TD-DFT) calculations.

riety of fluorescent chemosensors, including di-2-picolylamine
(DPA), quinoline, bipyridine, acyclic polyamines, iminodiacetic
acid, triazole, and schiff-base, have been developed for the de-
tection of Zn"® However, most of them suffer from interfer-
ence of some transition-metal ions. For a Zn" chemosensor, Cd"
often exhibits similar fluorescence responses with Zn" and con-
sequently has a serious interference in Zn" detection. Thus, the
quest for novel Zn"-selective chemosensors, which are not af-
fected by other transition-metal ions, particularly Cd", are of
considerable significance.”

Although many commercial Zn" chemosensors have been
developed, the design and synthesis of new ones with high
sensitivity, selectivity, and reliability to satisfy various needs re-
mains challenging. 1,8-Naphthyridine is a well-known nitrogen
ligand. The nitrogen atom in 1,8-naphthyridine demonstrates a
strong affinity for many transition-metal ions and, thus, the
preparation and photophysical properties of many ligands and
complexes based on 1,8-naphthyridine have been reported.”
However, amino-acid-modified 1,8-naphthyridine compounds
are rarely reported, and there are only limited examples of 1,8-
naphthyridine derivatives for fluorescent metal-ion sensing
applications.”

In this paper, we report a simple, cost-efficient chemosensor
based on an N-Boc(tert-butyloxy carbonyl)-protected L-proline-
modified 1,8-naphthyridine derivative (L) for the trace detec-
tion of Zn" (Scheme 1). t-Proline derivatives have featured
during the last 10 years as readily available and cheap cata-
lysts, which have been used in various transformations with
good yields."” The introduction of an additional carbonyl bind-
ing site in L-proline would help to change the coordination
numbers of the 1,8-naphthyridine ligand edifice, which might
lead to a stronger coordination ability with particular metal
ions with high sensitivity and selectivity. To the best of our
knowledge, this observation has not been described. The se-
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Scheme 1. Proposed bonding mode of L and L+ Zn".

lective sensing capability of L for zinc ions over a wide range
of competing cations, with respect to bonding mode and che-
lation mechanism, has also been highlighted and discussed.

2. Results and Discussion
2.1. Effect of Solvents

It is well known that solvents play very important role in the
preparation of organometallic complexes. The binding ability
and sensing performance of a ligand with the same metal
cation can be diverse in different solvents. The UV/Vis absorp-
tion (Figure S1) and fluorescence spectra (Figure 1) of L (1x
107°m) changed obviously in the presence of various solvents.
The protic property and polarity of CH;OH have a significant
impact on the fluorescence enhancement and binding ability
of L with Zn". It was clear that a significant fluorescence en-
hancement was found in CH;OH solution upon addition of zZn".
Therefore, CH;OH was selected as an appropriate solvent to
study the performance of probe L with Zn".
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Figure 1. The fluorescence of L (10 um) in various solvents at A.,=349 nm.
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2.2. Effect of Metal lons

The binding and sensing ability of L with different metal ions,
including Li', K', Mn", Mg", Cu", zn", Cd", Hg", Pb", Fe", Fe", Cr",
Ni", Ag', and Co" were checked in CH,OH at room temperature.
As shown as Figure 2, fluorescence spectra of L demonstrated
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Figure 2. Fluorescence emission spectra of L (10 um) in the presence of dif-
ferent metal ions (300 um) in CH,OH. Excitation at A,, =349 nm.

drastic changes in the presence of different metal ions. As
soon as Zn" was added, the fluorescence peak red-shifted to
approximately 400 nm with a 2.5-fold enhancement of fluores-
cence intensity. Conversely, a large excess of other metal ions
induced fluorescence quenching or little change. Interestingly,
only upon addition of Zn" was a variation in emission colors
observed, from dark purple to light blue, which could even be
detected by the naked-eye (Figure 2). These results clearly indi-
cate that L showed a selective detection for Zn". The fluores-
cence enhancement may be attributed to the chelation-en-
hanced fluorescence phenomenon (CHEF),"" owing to the fact
that 1,8-naphthyridine in combination with carboxamide link-
ages —C(O)NH— could act as a chelation agent and could easily
form stable Zn" complexes. The addition of Zn" increased the
fluorescence intensity steadily at 388 nm. Therefore, it was be-
lieved that the existence of zinc ions in the solution promotes
the dissociation of protons, consequently resulting in the for-
mation of complexes.

The affinity toward one metal ion in solution is one of the
most important characteristics for a chemosensor. As shown as
Figure 3, the fluorescence intensity was enhanced with the ad-
dition of Zn". This effect was not observed with the addition of
other metal ions like alkali metals K' and Li', alkaline earth
metal Mg", and other transition-metal ions Mn", Cu", zn", Cd",
Hg", Pb", Fe", Fe", Cr", Ni", Ag', and Co'", even at very high con-
centrations (300 um). This indicated that L had good selectivity
toward Zn".

Next, to investigate the practicability of L as a selective fluo-
rescent chemosensor for Zn", the competitive experiments
were carried out in the absence or presence of different metal
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Figure 3. Fluorescence intensity profile changes of L (10 uM) in the absence
and presence of 300 um of various metal ions in CH;OH solution at room
temperature.

ions. The changes in fluorescence enhancement of L in the
presence of Zn" and other metal ions are shown in the histo-
gram in Figure 4. The results demonstrated that the response
of L to Zn" remained almost unaffected, even in the presence
of 1 equivalent of Zn" mixed with 30 equivalents of the other
metal ions. It was notable that the sensitivity of L for Zn" re-
mained unchanged without disturbances from Cd", despite the
fact that Zn" and Cd" are part of the IIB group and share analo-
gous chemical properties. Thus, when they appear together in
the solution, it is difficult for a chemosensor to distinguish be-
tween them. These results certified that L could be used as a
selective sensor for Zn", especially for resolution of Zn" from
Cd". Additional studies showed that the binding of L to Zn"
was not affected by high concentrations of Cu" and Ni', which
are generally known to be strong fluorescence inhibitors."?

IMn+/I Zn2+

No K™ ¢d™ Fe' Li” Mn™'Cu™ Cr* Pb" Mg  Fe ' Ni*" Co™ Ag” Hg™

Figure 4. Fluorescent response of L (10 uM) with 1 equivalent of Zn" +
30 equivalents of different other metal ions at 4., =388 nm.
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2.3. Binding Mode of L with Zn"

The fluorescence titration experiments were performed by
adding different quantities of zinc ions to a solution of L with
a constant concentration (10 um). The emission intensity in-
creased gradually upon the addition of Zn" (Figure 5). The fluo-
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Figure 5. Concentration-dependent fluorescence enhancement of L (10 um)
on the addition of various amounts of Zn" (0-100 equiv) in CH;OH.

rescence emission at 388 nm was saturated after 1 equivalent
of Zn" and no further distinct changes were subsequently ob-
served. This phenomenon indicated that the stoichiometry of
the L+2Zn" complex was 1:1. Fluorescence titration experi-
ments showed that the dissociation constant (K) of the L+Zn"
complex was 5.94x10*m™" (Figure S2). This value was compa-
rable to those of reported Zn'" chemosensors (10 to 107).29 The
detection limits of L for the analysis of Zn" was calculated to
be 3.4x107°m on the basis of 30/k (where o the is standard
deviation). It indicated that L was satisfactory for the detection
of Zn" to hygienic standards for drinking water, within the de-
fined limits (China, GB5749-2006, 1 mgL™"). Furthermore, the
fluorescence emission intensity was saturated when the Zn"
molar fraction reached 0.5. The Job's plots for the L+ Zn" com-
plex also revealed 1:1 complexation stoichiometry (Figure S3).

To elucidate the fluorescence behaviors of the chemosensor
L and its L+Zn" complex, IR experiments were carried out.
The IR spectrum of L showed a broad absorption peak in a
range of 3329-3670cm™' and a characteristic peak at
2976 cm™', which were assigned to the stretching vibrations of
N—H in the amide region and a C—H stretch. Sharp peaks at
1686 and 1604 cm™' were assigned to the stretching vibrations
of carboxyl functionality in the amide and ester in tert-butyl
carboxylate group (Boc) unit of L-proline, respectively. Addi-
tionally, a series of peaks at 1513-1124 cm™' implied the pres-
ence of C=N pyridyl groups in 1,8-naphthyridine (Figure S4).
Upon addition of one equivalent of Zn", the C=0 peak at
1604 cm ™" of the Boc unit disappeared, indicating the ester of
C=0 had coordinated with the Zn ion and converted to a C—
O—M bond (Figure S5). New peaks appeared at 629 and

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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1085 cm™' with strong signals, which were assigned to special
spectrum of O—M and CH;OH.I"® These variations in spectrum
signals showed the existence of CH;OH, which was likely to
bond with Zn" to yield a four-coordinated complex (Scheme 1).
Indeed, such a typical tetrahedral ONNO geometry is benefi-
cial for the stability of Zn" complexes."” "H NMR spectroscopy
in CD,0D was also studied (Figure S10). In the presence of Zn",
the protons of the carboxamide group at 8.91 ppm disap-
peared, owing to deprotonation. The protons of 1,8-naphthyri-
dine and the pyrrole moiety were shifted downfield. Thus, we
propose that the carboxamide N and the carboxyl O atoms
might coordinate to the Zn".

To further interpret the influence of the Boc unit of L-proline
in the reaction of L with Zn", we synthesized a similar L-pro-
line-modified 1,8-naphthyridine ligand (UNBoc-L, Scheme 1) to
investigate its fluorescence changes upon addition of a wide
range of metal ions under the same conditions as L (Fig-
ure S11). Conversely, adding many metal ions, including Pb',
Zn", and Ni', to UNBoc-L solution led to a significant enhance-
ment or decrease in the fluorescence intensity, which indicated
that UNBoc-L had an inferior selectivity than L. Therefore, the
Boc unit of L was proven to have an important role for the effi-
cient and selective detection of Zn".

2.4. Orbital Energy Calculations by TD-DFT

The binding properties of L and the importance of the carbox-
yl binding site of the Boc group toward Zn" were further veri-
fied by theoretical calculations. As shown in Figure 6, the natu-

At
o, e

Figure 6. Optimized structure and the NBO atomic charges of L.

ral bond orbital (NBO) negative charge density of N2, N3, and
02 were —0.403, —0.63, and —0.65 respectively, indicating a
strong coordination ability for positive metal ions. The coordi-
nating atoms of N2, N3, and O2 reacted with Zn" to yield a
seven-membered and a four-membered ring, respectively
(Scheme 1). Another coordinated oxygen atom came from the
solvent, CH;OH. According to the results above, we speculated
that a four-coordinated single-nuclear complex between L and
Zn" was a reasonable binding mode. Based on the experimen-
tal results and NBO charge density calculations, we proposed
that the high selectivity and sensitivity of the presently devel-
oped chemosensor L towards Zn" could be described as fol-
lows. Carboxamide derivatives have been employed as a che-
lating agent to form stable Zn" complexes, as investigated by
Amirnasr et al.""™ In chemosensor L, large electron density ac-
cumulation on the carboxyl oxygen adjacent to pyrrole facili-
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tates the formation of an enol conformer upon chelation with
Zn". Upon the formation of a stable cyclic four-coordinated
complex with Zn", the rigidity of the molecular edifice in-
creased, leading to fluorescence enhancement.

To understand more on the photophysical property of the
free host and its metal complex in this system, we calculated
possible spectral assignments of L and L+Zn" complexes in
the ground and excited states (Figure 7). In ligand L, the elec-

LUMO-3 LUMO

HOMO

L L+Zn

Figure 7. Frontier molecular orbitals of L and L+ Zn" relevant to the fluores-
cence enhancement.

tron density was primarily distributed over the naphthyridine
group, both in the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO). The
lowest-energy transition of L comes from the HOMO-3 to
LUMO orbital transitions (64%). In the L4+Zn" complex, the
electron density remained distributed over the naphthyridine
group in the HOMO, whereas the electron density was distrib-
uted over the Zn" in the LUMO. The lowest-energy transition
of L4+2Zn" comes from the HOMO to LUMO orbital transitions
(100%). The calculation results proved that ligand-to-metal
charge transfer (LMCT) process and CHEF phenomenon oc-
curred in the excited states of the L+2Zn" complex. This LMCT
from the excited naphthyridine moieties to the Zn" center
strongly support the proposed mechanism.

3. Conclusions

We have successfully exploited a novel N-Boc-L-proline-modi-
fied 1,8-naphthyridine fluorescent chemosensor L for the de-
tection of Zn" with high selectivity and sensitivity. The photo-
physical behaviors of L and L+2Zn" coordinated complexes
were characterized with a combined experimental and compu-
tational study. The remarkable fluorescence enhancement was
attributed to the complexation of L with Zn". The competition
experiments showed that the fluorescence response of L for

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Zn" was not affected by the presence of other metal ions. In
addition to the fluorescence titration and the Job’s plot analy-
ses, the binding events of L with Zn" was confirmed as 1:1
with a high binding constant value of 5.94x10*m ™' and a de-
tection limit of 3.4x10°° M. A new concept based on the 1,8-
naphthyridine molecular scaffold could be explored for the
simple detection of metal ions and specific Zn"-selective che-
mosensors for potential applications in environmental, biologi-
cal, and medical areas.

Experimental Section
Materials and Instrumentation

All reagents and solvents in the experiments were commercial and
used without further purification, unless stated otherwise. All solu-
tions of metal ions were in their chloride or nitrate salts (Li', K,
Mn", Mg", Cu", zn", Cd", Pb", Fe", Fe", Cr", Ni", Ag!, and Co" as a
chloride; Hg" as a nitrate).

Silica gel 60 (200-300 mesh) was used for flash chromatography.
Merck silica gel plates (60F-254) were used for thin layer chroma-
tography (TLC). 1,8-Naphthyridine ligands (L) were prepared by
using a modified method, according to the literature procedure."

'H and "*C NMR spectra were recorded on a Bruker Avance 500
spectrometer, Tetramethylsilane was an internal standard. IR spec-
troscopy was measured on a Nicolet 170SX FT-IR spectrophotome-
ter. HRMS was measured on Waters Xevo G2-XS QTof. UV/Vis ab-
sorption spectra were obtained on a Hitachi U-3010 spectrometer.
Fluorescence emission spectra were recorded by using a Hitachi F-
7000 fluorescence spectrometer.

DFT calculations at the B3LYP/6-31G* and 6-31G* +Lanl2dz level
were carried out bx using the Gaussian 09 program package."®
Frequency analysis was further carried out to confirm that the
structures obtained are really minimal.

Synthesis of tert-Butyl 2-(5,7-dimethyl-1,8-naphthyridin-2-yl-
carbamoyl)-pyrrolidine-1-carboxylate (L)

Ethyl chloroformate (0.220 mL, 0.232 mmol) was added dropwise
to a 50mL distilled THF solution of triethylamine (0.320 mL,
2.32 mmol) and N-Boc-L-proline (0.50 g, 2.32 mmol) at 0°C. The
mixture was continuously stirred at room temperature for 30 min.
2-Amino-5,7-dimethyl-1,8-naphthyridine (0.368 g, 2.20 mmol) was
dissolved in dry THF (50 mL), and was then added to the above so-
lution. After further vigorous stirring at room temperature for 24 h,
the solution was treated with 30 mL ice water and extracted with
3x%30 mL of ethyl acetate. The volatiles were concentrated under
vacuum and subjected to column chromatography to obtain a
white solid (ethyl acetate/methanol=70/1). Yield: 74%; mp =(162-
163) 'C; "H NMR (500 MHz, CDCl;) 6=8.91 (d, J=16 Hz, 1H), 8.51
(d, J=10Hz, 1H), 833 (s, 1H), 7.15 (s, 1H), 43 (d, J=9.5Hz, 1H),
3.54 (d, J=7.0Hz, 2H), 2.72 (s, 3H), 2.67 (s, 3H), 1.95-2.01 (m, 4H),
1.39-1.50 ppm (m, 9H). *CNMR (126 MHz, CDCl;) 6=172.40,
171.46, 162.96, 155.56, 154.42, 152.58, 145.17, 135.48, 122.23,
118.64, 113.48, 80.83, 77.41, 77.15, 76.90, 62.00, 60.30, 47.52, 31.43,
28.30, 25.40, 24.55, 23.90, 20.97, 17.96, 14.13 ppm. IR (KBr): 3462,
2976, 2929, 1696, 1604, 1513, 1405, 1312, 1281, 1167, 1089, 893,
805, 772. Calcd. for CyyH,N,O5: C, 64.84; H, 7.07; N, 15.12. Found:
C, 63.54; H, 7.18; N, 14.97. ESI HRMS m/z [M+H]": 371.45 gmol .
Exact Mass: 370.20 gmol .
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Synthesis of N-(5,7-Dimethyl-1,8-naphthyridin-2-yl)pyrroli-
dine-2-carboxamide (UNBoc-L)

Trifluoroacetic acid (228 mg, 2.0 mmol) was added to a 30 mL
CH,Cl, solution of L (270 mg, 1.0 mmol) at 0°C. After stirring at
room temperature for 2 h, the solution was treated with 20 mL ice
water and extracted with 3x20 mL of CH,Cl,. The organic solvents
were concentrated under vacuum and subjected to column chro-
matography to obtain a light yellow solid (ethyl acetate/metha-
nol=80/1). Yield: 90%; mp=(150-152) 'C; 'HNMR (500 MHz,
CDCl;) 6=10.62 (s, 1H), 8.47 (d, J=8.4 Hz, 1H), 8.27 (d, /=8.27 Hz,
1H), 7.08 (s, 1H), 3.92 (dd, J=9.3, 3.91 Hz, 1H), 3.00-3.09 (m, 2H),
2.67 (s, 3H), 2.62 (s, 3H), 2.17-2.25 (m, 2H), 2.02-2.07 (m, TH),
1.77-1.73 ppm (m, 2H). CNMR (126 MHz, CDCl,) &=172.40,
17146, 162.96, 155.56, 154.42, 152.58, 145.17, 135.48, 122.23,
118.64, 113.48, 80.83, 77.41, 77.15, 76.90, 62.00, 60.30, 47.52, 31.43,
28.30, 25.40, 24.55, 23.90, 20.97, 17.96, 14.13 ppm. IR (KBr): 3462,
2976, 2929, 1696, 1604, 1513, 1405, 1312, 1281, 1167, 1089, 893,
805, 772. Calcd. for C;sHgN,O: C, 66.64; H, 6.71; N, 20.73. Found: C,
66.58; H, 6.77; N, 20.70. ESI HRMS m/z [M+H]": 271.21 gmo|‘1.
Exact Mass: 270.15 gmol ™.
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