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The design and synthesis of fluorescent sensors for metal ions are
interesting due to their high sensitivity, high selectivity and imaging capability
desirable for analysis of biological and environmental systems. Herein, amide
derivatives of 8-aminoquinoline with three types of amino acid pendants, i.e. glycine,
B—alanine and glycylglycine, are evaluated as turn-on fluorecent sensors for metal
ions to explore their effects on metal ion binding selectivity. In Tris-HCl aqueous
buffer solution, only the derivative of 8-aminoquinoline containing glycine (1) exhibits
selective fluorescence enhancement, a remarkable 24-fold increase of the
fluorescence quantum yield, with Zn”". The fluorescence enhancement is a result of
the strong binding with 7n’ (K = 8.03 x 105) which is promoted by the depronation
of the amide proton as confirmed by 1H NMR, MS, absorption and emission
spectroscopy. In ethanol and on filter paper, 1 exhibited dual fluorescence turn on
signals and stronger binding to Zn”" (K = 1.20 x 10% and Cd”" (K = 4.61 x 10°) that
allows simultaneous detection of both metal ions using a simple paper
chromatographic technique. Sensor 1 also allows fluorescence imaging to locate
either zn~" or Cd™" in plant tissue depending on either water or ethanol treatments.
The results demonstrate that the simple structure of 1 is very effective for turn-on
fluorescent sensors for Zn'" and Cd”" and it may be used as a core structure for

further development of other effective metal sensing ligands.
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CHAPTER |
INTRODUCTION

1.1 Fluorescence

One form of a quantum mechanical process (photoluminescence) is the term
of fluorescence occurring between the ground and excited states of a molecule that
can be basically described by the Jablonski energy diagram (Figure 1.1). The
molecule (usually an aromatic compound or highly conjugated molecule) is in
ground electronic state (Sp) which is a singlet state at normal condition. Upon the
absorption of light with appropriate energy, an electron, usually one of the valence
electrons, of the molecule is excited to a higher energy level and the molecule
assumes excited electronic states (e.g. S; or S, excited state). Absorption of light
occurs extremely fast, approximately a femtosecond that the time necessary for the
electron to travel within the molecule.The electronic transition occurs without
geometry change which is normally called vertical transition. This can be explained
from the Franck-Condon principle that a nucleus is much heavier than an electron.
Thus, the motions of nuclear are much slower than the motions of electron.
However, if the geometry in excited state is not the same from the ground state, the
initial electronic excitation occurs geometrically relaxed to the most stable
vibrational state of S; via vibration and rotation without light emitting. This non-
radiative decay is also very fast, between 10_14 and 10-10 s. If the initial excited state is
higher than S;, the molecule may relax to the most stable vibrational state of S; via
the coupling of geometrical and electronic relaxation which is termed as internal
conversion. Then, the most stable vibrational state of S; may return to Sy by two
possible radiative pathways. First, the excited molecules may reduce its energy by
emitting a photon which is termed fluorescence. The time required for this process
typically in nano-second scale which is slower than most geometrical relaxation and
competitive with some other nonradiative pathways. With part of the energy already
lost via nonradiative geometrical relaxation and internal conversion, fluorescence

spectrum is observed at longer wavelength than the corresponding absorption



spectrum. The energy of a fluorescent photon is thus always less than that of the
exciting photon. The difference in wavelengths of the maximum emission and
maximum absorption is called Strokes shift; AL = Aoy, - Ay > 0. The molecules with
many possible geometry changes will have larger Stokes shift. However, in rigid
molecules for which S; and Sy have very similar geometries, and the solvation, the
Stokes shift will be small. Another pathway that a molecule may take in the
dissipation of energy is called intersystem crossing (ISC). The electron changes spin
multiplicity from an excited singlet state to an excited triplet state (T;). Usually, the
transitions between S; to T, in common organic molecule are forbidden by the spin
conservation rule. However, the ISC is allowed with spin-orbit coupling which is
usually observed for a molecule containing heavy atoms like bromine or iodine. After
the ISC process, radiative relaxation from T, back to Sy is known as phosphorescence.
This is the slowest process in the Jablonski diagram, several orders of magnitude
slower than fluorescence, typically in the scale of ms to several minutes. It can

continue to glow even after the excitation source is turned off.
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Figure 1.1 Jablonski energy diagram, waved lines mark non-radiative transitions.

(IC = internal conversion, ISC=intersystem crossing) [1].



1.2 Fluorescence sensors

Recently, fluorescent sensors have been developed for easy to use, short
response time and no sample destruction. They were designed for detection of
several analytes. Fluorescent technique has several special features such as high
sensitivity and high selectivity with ability to allow visual detection and optical

imaging.
1.2.1  Sensing modes

Mainly, fluorescent chemosensor contains two main components: one is a
selective binding site (receptor) another is the signal source (fluorophore) which
provides the means of signaling this binding, whether by fluorescence turn-on, turn-
off and wavelength shift. Fluorescent turn-on mode is fluorescent sensor that gives
enhanced fluorescence signal upon interaction with an analyte (Figure 1.2a). In
contrast, turn-off mode must have fluorophore unit which is high emission intensity
and low emission intensity upon interaction with an analyte (Figure 1.2b). For the
wavelength shift mode, the sensing molecule may change its electronic structure or
at least its geometry upon the interaction with analyte that leads to a new
fluorescence signal at different wavelength (Figure 1.2c). The ideal sesors should not
be affected by environmental interference (signal-selectivity), such as photochemical

reactions, concentration and matrixes (pH, polarity, temperature, etc.).
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Figure 1.2 Modes of fluorescence responses.

1.2.2  Sensing mechanisms
The sensing compounds in this thesis have been designed based on PET and ICT.

The changes of fluorescence signals of the fluorescent sensors upon the
interaction with analytes have been described by theories involving the following
photophysical processes: photoinduced electron transfer (PET) [2-7], intramolecular
charge transfer (ICT) [3-6], Forster resonance energy transfer (FRET) [8, 9] and excited-
state intramolecular proton transfer (ESIPT) [10, 11]. A chemo sensor may transduce
the chemical interaction event into fluorescent signals based on one or more of
these processes. A design of sensing system having more than one processes working
synergistically to enhance the fluorescence responses are challenging and required

good understanding of the system.



1.2.2.1 Photoinduced electron transfer (PET)

PET process occurs when receptor or analyte has either its highest occupied
molecular orbital (HOMO) or the lowest unoccupied molecular orbital (LUMO)
between HOMO and LUMO energy cap of the fluorophore which acts as either a
photo-excited electron acceptor or donor, respectively. In the first case, the excited
fluorophore of acceptor will have its half-filled HOMO accepting an electron
transferred from the HOMO level of the other unit (Figure 1.3a). The other case, the
excited electron in the LUMO of the fluorophore, the donor, will transfer to the
LUMO level of the acceptor unit (Figure 1.3b). The electron transfer process is a
non-radiative process which results in quenching of the fluorescence. So, the
fluorescent sensor in turn-off and turn-on mode can be designed based on

promoting or inhibiting of the PET process.

(a) Casel (b) Case2

LUMO _T_\‘ HOMO _T_\‘

—ﬁ— HOMO /_ LUMO
HOMO |‘/. LUMO _l_ ’

Fluorophore Donor Fluorophore Acceptor

Figure 1.3 Schematic simplification of PET process [12].



1.2.2.2 Internal charge transfer (ICT)

The locally excited (LE) state is the initial most stable excited state of S;. In
some cases, a molecule in LE state may undergoes another geometrical relaxation

along with restructuring of electron density, specifically when the molecule contains

both electron withdrawing and donating groups connected via Tt-conjugated system.
The relaxation process produces a new lower energy excited state called internal
charge transfer (ICT) state having significantly different geometry and dipole moment
from the LE state (Figure 1.4). Then The ICT state relaxes to the ground state either
by non-radiative or radiative decay. Depending on the energy band gap, this
relaxation may give light within or outside the visible light spectrum [13-15]. If
detectable, this emission from the ICT state is at a longer wavelength and enhanced
by polar solvent as the ICT excited state more populated by the solvent
stabilization. Due to multi-step process, ICT emission usually has lower fluorescence
quantum yield compared with LE state. The fluorescent sensor can be designed
based on the degree of the ICT process to be turn-off or turn-on or wavelength shift

mode.

i Radiative or
inon radiative decay
0

Energy
Absorption
ddudISAIoN|

Reaction Coordinate
Figure 1.4 Potential energy surfaces of the ground state (S,) is excited to S1 then

relaxed to LE, and ICT state [16].



1.2.2.3 FOrster resonance energy transfer (FRET)

FOrster resonance energy transfer (FRET) is a dynamic quenching mechanism
that the process can occur when emission spectrum of the energy donor (D) overlaps
with the absorption spectrum (A) of the acceptor (Figure 1.5) [17, 18]. FRET drops
quickly with the distance of donor and acceptor and increase with the spectral
overlap between the donor emission and acceptor absorption, and the relative
orientation of the donor and acceptor dipole moment. The idea of an oscillating
dipole is supported this theory that can get an energy exchange with a second dipole
which has a similar resonance frequency. So, resonance energy transfer is similar
behavior of coupled oscillators. Measurements of FRET efficiency can be used as a
research tool in biology and chemistry, both in vitro and in vivo to determine the
distance between two fluorophores [19]. The sensing application in the term of turn-

off and wavelength shift mode can be designed based on FRET process.

D
0=<+0 —
Fluorecence Absorption a
of donor  of acceptor S
D A

(e 7 coupled transition
——— radiative transition
raditionless transition

Overlap wavelength

Figure 1.5 Forster resonance energy transfer (FRET) [20].



1.2.2.4 Excited state intramolecular proton transfer ESIPT

The ESIPT process commonly associates with the transfer of a proton from a
hydroxyl (or amino) group to a carbonyl oxygen (or imine nitrogen) with a six- or five-
membered ring hydrogen bonding configuration intermediate [21]. The 2-(20-
hydroxyphenyl)-benzoxazole (HBO) used as an example of the ESIPT photophysical
process in Figure 1.6 After irradiation, the excited HBO in enol form (E*) is converted
to the excited keto form (K*) in the sub picosecond time scale resulting in
significantly red-shift emission compared with the absorption and unusually large
Stoke shift. A large Stoke shift is beneficial in fluorescence sensing to avoid the self-
absorption or the inner filter effect. The fluorescent sensor that designed with a large

wavelength shift can be achieved with ESIPT process.

H.,
z Q
N ESIPT HQ
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|
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320 nir 500 nm
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@ﬂ o i
E K

HBO
Figure 1.6 Principal photophysics of ESIPT illustrated with 2-(20-hydroxyphenyl)-
benzoxazole (HBO) [22].



1.3 Quinoline-Based Fluorescence Sensors

Quinolines are one of the most interesting classes of heterocyclic compounds
forming fluorescent complex with metal ions. The prime example is tris-(8-hydroxy
quinoline) aluminium AlQ; which is highly fluorescent in both solution and solid
states that it has been used as a standard green emissive material for organic light-
emitting diodes (OLEDs) [23-28]. Quinoline and its derivatives, mainly 8-
hydroxyquinoline and 8-aminoquinoline, are important fluorescence sensor for
detecting metal ions [29]. Derivatives of 8-aminoquinoline with an aryl sulfonamide
[30] (Figure 1.7) are the first and most widely applied fluorescent chemosensors for
zn”"in biological samples. They are highly selective sensors for 7n”" in the presence
of high concentrations of ca” and Mg2+, which is very important for in vivo

application. However, their poor water solubility has limited their applications [31].

9 ¢

0,S.
0,S. NH S NH
NH N N
N N ~
= HO P o P
~
~o = \ﬂ/\o 7(\0
o) o)
1 2 3

Figure 1.7 Derivatives of 8-aminoquinoline with an aryl sulfonamide [29].

In 2008, Zhang et al. [32] reported a water-soluble and ratiometric
chemosensor AQZ, based on 8-aminoquinoline for Zn2+ jon, which showed 8-fold
increase in fluorescence quantum vyield (Figure 1.8) and a 75 nm red-shift of the
emission peak from 440 to 515 nm. The association constant (K,) was determined as
= 6.7 x 10" in methanol/water 1:9 (V/v). AQZ was applied for sensing of zn” in yeast

cells.
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Figure 1.8 Proposed of AQZ—Zn2+ complexation resulting in fluorescence

enhancement [32].

In 2011, Xiaobo et al. [33] designed and synthesized a pair of
carboxamido quinoline pendants onto trans-1,2-diaminocyclohexane scaffold via N-
alkylation, multifunctionalized (ACAQ in Figure 1.9). In 50% methanol/aqueous buffer
pH 7.4 solution, ACAQ displayed a selective ratiometric fluorescence changes with a
shift from 410 to 490 nm upon excitation at 316 nm in response to the complexation
with Zn~". The enhancement ratio of laoo/la1p recorded of 12-fold. The limit of
detection (LOD) of ACAQ with Zn’" was 283 nM. The K, determined in
methanol/water 50:50 (v/v) was 1.8 x 10°. Two stoichiometric complexes were
observed by "H NMR spectroscopy at different ACAQ:Zn2+ ratios. ACAQ was applied

for zn”" sensing in HK-1 cells.

Figure 1.9 Proposed two complexes observed by "H NMR spectroscopy at different

ACAQ:Zn2+ ratios [33].
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In the same year, Parul et al. [34] designed and synthesized N-(quinolin-8-yl)-
2-[3-(triethoxysilyDpropylaminolacetamide on ordered mesoporous silica material,
MCM-41, for 7n”" fluorescent sensing application (Figure 1.10). The QTEPA-modified
MCM-41 showed 3-fold fluorescence emission enhancement and about a 55 nm red
shift. The association constant K, value was determined to be 5.7 x 103 M in

aqueous buffer solution with the limit of detection (LOD) of 0.1 pM.

RS S
| »
N Zn(ll) N
HN —_— ‘' _.N__O
o T o Mazn :f
B~ s~y
0 H o H

Figure 1.10 Proposed binding of QTEPA-modified MCM-41 and 7’ [34].

In 2012, Zhang et al. [35] synthesized a series of carboxamidoquinoline based
fluorescent sensors, the AQZ family (Figure 1.11a). The substituents and their
positions on the quinoline ring were varied for tuning its fluorescence sensing
properties. All synthesized AQZ derivatives showed high fluorescence enhancement
sensitivity for zn” in aqueous buffer solution. The derivatives containing morpholine
(AQZ4AMP and AQZ2MP) also showed very high selectivity (Figure 1.11b). The

apparent dissociation constants (Ky) of the n’ complexes were 10°-10"° M.

(a) (b)
Z ~Z ©
N N £
Oy NH Oy -NH 5
.,’T;
\I\: . T :
N/\/ \/\OH R, =
H 8
c
Ry = (AQZACI) 4-C|, (AQZ) 4-H, (AQZ4MO) 4-OCH3, &
[
(AQZ4MP) 4-morpholino, (AQZ4PP) 4-piperidinyl, 'g
o

(AQZ2MP) 2-morpholino, (AQZ5MP) 5-morpholino
R, = (AQZ8BA) NHC,Hg, (AQZ8MO) OCH3

Figure 1.11 (a) Structure of AQZ derivatives and (b) normalize selectivity graph of
AQZ family with various metal ions [35].
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In 2013, Zhengping et al. [36] developed (N-Quinolin-8-yl-2-[(quinolin-8-
ylcarbamoylmethyl)-amino]-acetamide, NQA) as a novel fluorescent sensor for zn’".
NQA showed selectivity for 7n”" in the presence of other metal ions in aqueous
solution (Figure 1.12) with the K, of 8.69 x 10° M" and the LOD of 0.2 nM.
Furthermore, the fluorescent changes of NQA upon the addition of cations (Cu”"and
Zn2+) are utilized to construct an Inhibit logic gate at the molecular level, using

Cu”"and Zn""as chemical inputs and the fluorescence intensity as output.

N
Z
N
O.__NH
T Zn**,-H
NH
NH
o
N\
%
NQA

Figure 1.12 Proposed binding between NQA and zn’* resulting in fluorescence

enhancement [36].

In the same year, Yang et al. [37] synthesized a quinolone based
acetamidoquinoline bearing picolylamine (R-1) for the dual detection of zn”" and
cd”™ in aqueous solution. Upon binding to both metal ions, fluorescence
enhancement at 497 nm, corresponding to the 77 nm red-shift, was observed. The
binding constants between sensor and metal ions were calculated to be 1.64 x 10°
M~ for Zn”" and 6.30 x 10° M for Cd”". The detection limits were calculated to be
3.2 uM for 7n”" and 170 UM for Cd2+, respectively. Addition of excess cysteine, the
fluorescence of R-1/Cd”" complex reduced. However, the fluorescence of R-1/Zn""
complex unchanged with the addition of cysteine. Thus, by using R-1 and cysteine,

Zn”" and Cd”" could be readily distinguished (Figure 1.13).
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Figure 1.13 Proposed complexation of Zn*" and Cd”* with R-1 and cysteine [37].

In the same year, Shyamaprosad et al. [38] designed and synthesized a new
sensor, TAQ as see in Figure 1.14. TAQ showed good water solubility and high
selectivity for zn’’ sensing; about a 15-fold increase in fluorescence quantum yield
and a 100 nm red-shift of fluorescence emission upon binding Zn”" i aqueous
HEPES buffer solution are observed. The K, value between TAQ and 7n’ was 4 x 1OL1
M" and the LOD was 3.2 M. The Zn2+—TAQ complex can also be used in killing

human lung cancer cells (A549).

rex =310 nm iex= 310 nm

rem=406 nm Aem=506nm

Figure 1.14 Probable host-guest binding between TAQ and 7n’* [38].
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1.4 Objectives of this research

The objectives of this work is to synthesize and evaluate a series of amide
derivatives of 8-aminoquinoline having different amino acid pendants i.e. glycine, B-

alanine and glycylglycine (

Figure 1.15) as turn-on fluorescent sensors for Zn”". The variation of amino
acid pendants is incorporated to investigate essential binding N-atoms and their
positions in these type quinoline ligands. The sensing study is aimed to optimize the
sensing applications in aqueous media, fluorescence imaging, naked eye detection

and multiple metal ion detection.

\
7 N o 7 N o 7 N o
- h — NH,
NH  NH, NH NH, NH HN{
o)
1 2

Figure 1.15 Target molecules 1, 2, 3.



CHAPTER Il
EXPERIMENT

2.1 Reagents and materials

8-Aminoquinoline, Boc-Glycine, Boc-B-Alanine, triethanolamine (TEA) and 4-
dimethylaminopyridine (DMAP) were purchased from Merck® (Germany). N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC-HCL) 98%, di-tert-
butyl dicarbonate (Boc,0), ammonium chloride (NH,CL), trifluoroacetic acid (TFA) and
sodium bicarbonate (NaHCO;) were purchased from Sigma Aldrich (USA).
Glycylglycine was purchased from TCl Tokyo Chemical Industry (Japan). In anhydrous
reactions, solvent such as dichloromethane was dried before use and stored over
molecular sieves. All column chromatography were operated using Merck silica gel
60 (70-230 mesh). Thin layer chromatography (TLC) was performed on silica gel
plates (Merck F,45). Visualization was performed with a 254 nm ultraviolet lamp.
Solvents used for extraction and chromatography such as dichloromethane, hexane
and ethyl acetate were commercial grade and distilled before use. Milli-Q water was

used in all aqueous experiments unless specified otherwise.

2.2 Analytical instruments

'H-NMR and “C-NMR spectra were acquired from sample solution in CDCls,
CD;0OD and (CDs),SO on Varian Mercury and Bruker AVANCE NMR spectrometers at
400 MHz and 100 MHz, respectively. Mass spectra were recorded on electrospray
ionization (ESI) Micro mass Quattro Micro API. The absorption and emission spectra
were acquired from solution of the fluorophore in quart cuvette with 1 cm light path.
Absorption  spectra were measured by using Varian Cary 50 UV-vis
spectrophotometer. Fluorescence spectra were recorded on a Varian Cary Eclipse
spectrofluorometer. Fourier transform infrared spectra were acquired on Nicolet 6700
FT-IR spectrometer equipped with a mercury-cadmium telluride (MCT) detector

(Nicolet, USA).


http://www.google.co.th/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCsQFjAA&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigma%2F90279&ei=E2IbVdmzIc6gugTHjICICw&usg=AFQjCNEfaFYfVqBvOfLnj-1r7g9uPmcOrw&sig2=1wWxs6b7jDWq4bnCxBJpQQ&bvm=bv.89744112,d.c2E
http://en.wikipedia.org/wiki/4-Dimethylaminopyridine
http://en.wikipedia.org/wiki/4-Dimethylaminopyridine
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2.3 Synthesis of fluorophores

2.3.1  Synthesis of compound 4: tert-butyl-2-oxo-2-[(quinolin-8-yl)aminoJethyl

carbamate
0y
N (0] \

HO)]\/ \n/ \’< / N O
A 0 \S o g
N/ 1. DMAP, EDC, TEA NH HN~<

NH2 CHZCLZ’ rt, O/N (@]
2. sat. NH,Cl 92% yield

8-Aminoquinoline (200 mg, 1.39 mmol), DMAP (8.47 mg, 0.07 mmol) and
triethylamine (0.19 ml, 0.14 mmol) were dissolved in dry dichloromethane (20 mL).
Boc-Glycine (729 mg, 4.16 mmol) was added to the mixture and chilled to 0 °c
followed by the addition of EDC (798 mg, 4.16 mmol). The reaction mixture was
stirred at 0 °C for 2 hours and stirred overnight at room temperature. The reaction
mixture was extracted with NH,Cl. The combined organic layer was dried over MgSQOy,
filtered and concentrated under vacuum. The crude product was purified on a silica
gel column chromatography using 40% ethyl acetate in hexane as an eluent to
afford compound 4 as a white solid (385 mg, 92%). 'H NMR (400 MHz, CDCl;) 6 10.27
(s, 1H), 8.80 (d, J = 3.0 Hz, 1H), 8.74 (br dd, J = 5.5, 2.7 Hz, 1H), 8.20 (d, J = 8.2 Hz, 1H),
7.57 = 7.51 (m, 2H), 7.48 (dd, J = 8.2, 4.0 Hz, 1H), 5.39 (s, 1H), 4.14 (d, J = 4.0 Hz, 2H),
1.51 (s, 9H). MS (ESI): m/z calculated for [C16H20N3O3]+ is 302.15; found 302.17 [M + H]".

2.3.2 Synthesis of compound 5: tert-butyl-3-oxo-3-[(quinolin-8-ylamino]propyl

carbamate
HO
A
NG 1. DMAP, EDC, TEA NH 7<
NH, CH,CL,, rt, O/N

2. sat. NH,Cl 85% yield
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Using a similar procedure in the synthesis of compound 4 but replacing Boc-
Glycine with Boc-B-Alanine, compound 5 was obtained as a yellow solid (373 mg,
85%). 1H NMR (400 MHz, CDCl;) 6 9.86 (s, 1H), 8.81 (dd, J = 4.2, 1.5 Hz, 1H), 8.74 (dd, J
= 6.7, 20 Hz, 1H), 8.19 (d, J = 7.9 Hz, 1H), 7.58 — 7.51 (m, 2H), 7.48 (dd, J = 8.2, 4.2 Hz,
1H), 5.28 (br s, 1H), 3.57 (br g, J = 5.8 Hz, 2H), 2.81 (t, J = 5.8 Hz, 2H), 1.43 (s, 9H). MS
(ESN): m/z calculated for [C,7H,,N505] is 316.17; found 316.20 [M + H].

2.3.3  Synthesis of compound 6: tert-butyl-2-oxo-2-(2-oxo-2-[(quinolin-8-yl)amino]

ethylamino)ethylcarbamate

2.3.3.1 Preparation of Boc-Glycylglycine

o O
o Hohodok v Ak
b io? oy
HO \([)]/\NHZ 1. TEA, dioxane, H,0, 16 Hr (0] H

2. KHSO, 98% yield

TEA (1.58 mL, 11.35 mmol) and Boc,O (1.98 g, 9.08 mmol) were added
dropwise to a solution of glycylglycine (1.00 g, 7.57 mmol) in a mixture of dioxane
(20 mL) and H,O (5 mL) at 0°C. The mixture was stirred at room temperature for 16
hours. Then the reaction mixture was diluted with H,O (50 mL), acidified to pH 3 by
an addition of solid KHSO, and extracted with ethyl acetate (5 times x 50 mL). After
that the combined organic phases were dried over Na,SO4 and all solvents were
removed under high vacuum to give a white solid (1.72 g, 98% yield). "H NMR (400
MHz, (CD5),SO) 6 12.58 (s, 1H), 8.06 (t, J = 5.8 Hz, 1H), 7.01 (t, J = 6.1 Hz, 1H), 3.75 (d, J
= 5.8 Hz, 2H), 3.56 (d, J = 6.1 Hz, 2H), 1.38 (s, 9H).

~ NH
B — e
NG 1. DMAP, EDC, TEA NH HN‘( >_O
OO0
NH2 CHZClz, rt, O/N

2. sat. NH,CL T7% yield
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Using a similar procedure in the synthesis of compound 4 but replacing Boc-
Glycine with Boc-Glycylglycine, compound 6 was obtained as a yellow solid (383 mg,
77%).1H NMR (400 MHz, CDCls) 6 10.07 (br s, 1H), 8.81 (br dd, J = 4.3, 1.2 Hz, 1H), 8.67
(brt, J=4.5Hz, 1H), 8.16 (d, J = 8.2 Hz, 1H), 7.55 - 7.49 (m, 2H), 7.46 (dd, J = 8.2, 4.3
Hz, 1H), 7.11 (s, 1H), 5.32 (br s, 1H), 4.31 (d, J = 5.2 Hz, 2H), 3.97 (br d, J = 5.6 Hz, 2H),
1.45 (s, 9H). MS (ESI):: m/z calculated for [CygHsN,Oa] s 359.22; found 316.20 [M + H]'.

2.3.4  Synthesis of compound 1: 2-amino-N-(quinolin-8-yl)acetamide

\ 7/ N
4 1 TFA, CH.CL, , 3Hr N O\S
NH HN—< E 2. satNaHCO, NH NH,
82% yield

The deprotection of the N-tert-Boc group of compound 4 (200 mg, 0.66
mmol) was achieved by using TFA (1.0 mL, 13.3 mmol) in dichloromethane (10 mL).
The stirring was continued at room temperature for 3 hours. Solvent and excess TFA
were removed under high vacuum and then the reaction mixture was neutralized by
saturated NaHCO; solution followed by an addition of dichloromethane (10 mL). The
organic layer was separated and dried over MgSQ,, filtered and concentrated under
high vacuum. Compound 1 was obtained as a yellow solid (110 mg, 82%). "H NMR
(400 MHz, CD50D) ¢ 8.90 (dd, J = 4.2, 1.6 Hz, 1H), 8.66 (dd, J = 7.6, 0.9 Hz, 1H), 8.33
(dd, J = 8.3, 1.6 Hz, 1H), 7.68 (dd, J = 8.3, 0.9 Hz, 1H), 7.57 (dd, J = 8.3, 4.2 Hz, 1H),
7.57 (brt, J = 7.9 Hz, 1H), 4.11 (s, 2H). "H NMR (400 MHz, (CD5),SO) 6 11.64 (s, 1H),
8.93 (dd, J = 4.1, 1.6 Hz, 1H), 8.75 (dd, J = 7.5, 1.2 Hz, 1H), 8.40 (dd, J = 8.3, 1.6 Hz,
1H), 7.68 — 7.54 (m, 3H), 3.40 (s, 2H), 2.2 (s, 2H). "C NMR (100 MHz, CD,OD) & 174.3,
150.0, 140.3, 137.5, 135.3, 129.6, 127.9, 123.4, 123.0, 117.9, 46.5. IR(ATR) V. 3382,
3363, 3291, 1650 cmfl. MS (ESI): m/z calculated for [C11H11N3O]+ is 201.09; found
202.10 [M + HI".
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2.3.5 Synthesis of compound 2: 3-amino-N-(quinolin-8-yl)propanamide

[ No Oy 1. TFA, CH,CL, , 3H
h O r
NH NH 2. sat.NaHCO, 8 \>_\;
82% yield

Using a similar procedure in the synthesis of compound 1 but replacing
compound 4 with compound 5, compound 2 was obtained as a yellow solid (112
mg, 82% vyield). "H NMR (400 MHz, CDsOD) 6 8.89 (dd, J = 4.2, 1.5 Hz, 1H), 8.64 (d, J =
7.6 Hz, 1H), 8.33 (dd, J = 8.2, 1.5 Hz, 1H), 7.66 (d, J = 8.2 Hz, 1H), 7.57 (dd, J = 8.2, 4.2
Hz, 1H), 7.56 (br t, J = 7.9 Hz, 1H), 3.35 (t, J = 6.2 Hz, 2H), 3.05 (t, J = 6.2 Hz, 2H). e
NMR (100 MHz, CDsOD) ¢ 170.6, 150.1, 140.2, 137.8, 135.3, 129.7, 127.9, 124.0, 123.1,
119.1, 36.9, 34.3. IR(ATR) Vqa 3335, 3165 1667 cm. MS (ES): m/z calculated for
[Cy,H1aN5O]  is 216.11; found: 216.12 [M + HI".

2.3.6  Synthesis of compound 3: 2-amino-N-2-oxo-2-[(quinolin-8-yl)amino]ethyl

acetamide

/ N 2
N Q 1. TFA, CH,CL , 3Hr N Q

> NH >< — > M NH,
NH HN{ )0 2. satNaHCO, NH HN{
00 o)
70% yield

Using a similar procedure in the synthesis of compound 1 but replacing
compound 4 with compound 6, compound 3 was obtained as a yellow solid (101
mg, 70% yield). 'H NMR (400 MHz, CD5OD) 8 8.89 (dd, J = 4.3, 1.7 Hz, 1H), 8.62 (dd, J
= 7.6, 1.1 Hz, 1H), 8.33 (dd, J = 8.4, 1.7 Hz, 1H), 7.66 (dd, J = 8.1, 1.1 Hz, 1H), 7.60 -
7.53 (m, 2H), 4.30 (s, 2H), 3.86 (s, 2H). "C NMR (100 MHz, CDs0D) 5169.4, 168.2,
150.2, 140.1, 137.8, 135.1, 129.7, 128.0, 123.9, 123.2, 118.5, 44.6, 41.61. IR(ATR) Vax
3326, 285, 1711 1670 e’ MS (ESD): m/z calculated for [C13H14N402] is 258.11; found
259.16 [M + HI .
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2.4 Photophysical property study
2.4.1 UV-Visible spectroscopy

The stock solutions of 1, 2 and 3 (10 mM) in methanol were prepared. The
absorption spectra of all fluorophores were recorded from 250 nm to 600 nm at

ambient temperature.

2.4.1.1. Molar Absorption Coefficients (&)

Molar Absorption Coefficients (€) of all fluorophores were estimated
from UV absorption spectra of analytical for 8-aminoquinoline derivatives at various
concentrations in Tris-HCl aqueous buffer pH 7.4 solution containing methanol (1%
v/v). The intensities at maximum absorption wavelength (A,.,) of each compound

were plotted against the concentrations. Each plot should be a straight line goes

through origin. Molar Absorption Coefficients (E€) can be obtained from the slopes of

these plots according to the following equation:

A = EbC
*b is the cell path length.

2.4.2  Fluorescence spectroscopy

The stock solutions of 1, 2 and 3 were dilute to 10 pM in Tris-HCl aqueous
buffer pH 7.4 solution containing methanol (1% v/v). The emission spectra of
fluorophores were recorded from 300 nm to 700 nm at ambient temperature using

an excitation wavelength at 300 nm.

2.4.3  Fluorophore quantum yields

The fluorescence quantum yields of 1, 2, 3 and complex between 1 and Zn2+
were performed in Tris-HCl aqueous buffer pH 7.4 solution containing methanol (1%
v/v). Each sample used quinine sulphate (@s; = 0.54: Ao, 336 nm) in 0.5 M H,SO, or
fluorescein (@ = 0.95: Ao, 496 nm) in 0.1 M NaOH as a reference [39-42].
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The UV-Vis absorption spectra of ten analytical samples and ten reference samples
at varied concentrations were recorded. The maximum absorbance of all samples
should never exceed 0.1. The fluorescence emission spectra of the same solution
using appropriate excitation wavelengths selected were recorded based on the
absorption maximum wavelength (A,) of each compound. Graphs of integrated
fluorescence intensities were plotted against the absorbance at the respective
excitation wavelengths. Each plot should be a straight line with O interception and

gradient m.

In addition, the fluorescence quantum yield (®,) was obtained from plotting
of integrated fluorescence intensity vs absorbance represented into the following

equation:

Grad N\ [ M,
(Dx: CDST (_)
Gradg,/ \M’;
The subscripts @s; denote the fluorescence quantum yield of a standard

reference Dy is the fluorescence quantum yield of sample and 1 is the refractive

index of the solvent.

2.5 Fluorescent sensor study
25.1 Selectivity study

The 10 mM stock solutions of the cation tested were prepared by dissolving
their salts LiCl, NaOAc, KCl, Mg(NOs),, Ca(OAC),, Ba(NOs),, AU(NO3)s, Cr(NOs)s, FeSQ,,
Fe(NOs)s, Co(NO3),, Ni(NO3),, Cu(OAC),, Zn(OAC),, AgNO;, Cd(OAC),, HeCl, and Pb(OAC),
in Milli-Q water. The cation stock solution (10 pL) was added to the fluorophore
stock solution in methanol (1 mM, 10 ulL). The volume of the mixture was adjusted
by Tris-HCl buffer solution or ethanol to 1 mL to afford the final concentration of 10

WM for the fluorophore and 100 pM for the cation. All final aqueous solutions used

for fluorescence measurement contain ~1% methanol. The emission spectra were

recorded starting from 10 nm longer than the excitation wavelength to 700 nm.
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2.5.2  Fluorescence titration

The stock solution of the sensing compound in methanol (10 mM, 10 pL) was
diluted with Tris-HCl buffer solution (900 pL) in a 1 mL quartz cuvette. Designated
volumes (0-100 pL) of the Zn(OAc), stock solution (10 mM) in Milli-Q water was
added into the sensor solution. The final volumes were adjusted to 1 mL by adding
Tris-HCl buffer solution. The final concentration of each fluorophore is 10 pM in Tris-
HCl aqueous buffer pH 7.4 solution containing methanol (1% v/v). The emission
spectra were recorded from 300 nm to 700 nm at ambient temperature using an

excitation wavelength at 300 nm.

2.5.3 The association constant (K,)

The association constant (K,) could be determined from the slope of the

straight line of the plot of 1/(I — Iy) against 1/[er2+]n as shown in Figure 3.10 K, was

calculated following the equation stated below.

intercept
K==
slope

2.5.4 Competition with other metal ions

The mixture of each compound 1/Zn” /other metal ions in concentration of
10/100/100 uM with ratio 1/10/10 were used to investigate the interference of other

metal ions to Zn”" binding with sensor.

2.5.5 Limit of detection for turn-on sensing

In fluorescent sensing, limit of detection (LOD) is the lowest concentration of
analyte in a sample that is required to produce a signal greater than three times the
standard deviation of the blank sample. However the value is not necessarily
quantitated as an exact value. For turn-on sensing, the limit of detection can be

calculated according to the equation:

LOD = [(Io+3SD)/1, - Interceptl/K
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The variables were similar to those in turn-on sensing. Except K is the slope
of the straight line of the plot of I/l, against the concentration of an analyte [A].

Example of the calibration curve is shown in Figure 2.1

10 -

I,

y = Kx + Intercept

R? = 0.9999

0 20 40 60 80 100 120 140 160
[AIM

Figure 2.1 the calibration curve for turn-on sensing.

2.6 NMR titration

A solution of 1 (10.0 mg, 0.05 mmol) in (CD;),SO (0.4 mL) and a solution of
Zn(OAc), (0.1 mmol) in (CD5),SO (0.2 mL) were prepared. For "H NMR titration of, the
calculated volume of Zn(OAc), solution, at designated equivalent, was added to the

solution of 1. After thorough mixing, "H NMR spectra were recorded.
2.7 Fluorescence images of zn”* and cd” in plant samples

A sprout (5 mm) closest to the root of 4-day old Chinese cabbage (Brassica
rapa.) seedling was cut longitudinal-section into two half. The samples were
incubated with Zn(OAc), aqueous solution (100 uM) for 40 minutes, and then placed
in ethanol for 40 minutes to remove chlorophyll. For comparison, one sample was
left in distilled water and the other sample was left in fresh ethanol for 10 minutes.
These two samples were placed side by side (5 mm apart) on a microscope slide (25
x 75 mm”) and separately closed with two cover slides (22 x 22 mm’). The prepared
sample slide was mounted on a confocal laser scanning fluorescence microscope

(Nikon, Eclipse-C1 Ti series). The fluorescence image was acquired by using the


http://en.wikipedia.org/wiki/Brassica_rapa
http://en.wikipedia.org/wiki/Brassica_rapa
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excitation and detection wavelengths of 488 and 525 nm, respectively. A solution of
1 in methanol (100 pM, 10 pL) was allowed to be drawn into each sample via the
cover slide edge and the fluorescence image was then acquired again. For detecting
of Cd2+, the similar procedure was performed but the samples were incubated in

Cd(OAC), aqueous solution (100 uM) instead of the Zn(OAc), solution.
2.8 Naked eye detection of zn”* and cd”* on paper-based sensors

A microwell plate style array of circular hydrophilic detection area with 3.0
mm diameter and 1.0 cm center-to-center distance (Figure 3.21) was created on a
filter paper sheet (Whatman No. 1, 21 x 29.7 cm’) by a wax-printing technique (Xerox

Phaser 8860) and a common graphic software to create hydrophobic pattern of black

wax ink. The printing pattern was heated at 200 °C for 120 s on a hot plate to define
the hydrophobic barriers and hydrophilic detection area [43]. For selectivity test,
various metal ions (0.1 mM, 1.0 uL) were pipetted into the detection circles. After air
drying, the solution of 1 in methanol (1.0 mM, 1.0 uL) was added on top of the
metal ion area and allowed for air dry. The fluorescence images of the samples were
photographically recorded by a digital camera under black light illumination.

The simultaneous detection of Zn”' and Cd*' , was performed with
chromatographic separation on filter paper strip (Whatman No. 1, 9.5 x 3.0 cm’) with
multi-channelled hydrophilic/hydrophobic pattern (Figure — 3.22) created on a filter
paper by the wax-printing technique. Each hydrophilic channel was 1.0 mm wide and
9.5 cm long having a circular reservoir (3.0 mm diameter) at 2.0 cm from the bottom
of the filter paper. The channels were 5.0 mm separated from each other with the
hydrophobic wax barrier generated by the heating technique described above. Each
of Zn(OAc), and Cd(OAc), aqueous solution (1 mM, 1 plL) was separately pipetted
onto the surface of the reservoir area. For the third spot, both solutions were
spotted on top of each other. Then, the strip was placed in a closed chamber
containing CHsNH, 4% (v/v) in Milli-Q water as the mobile phase. After the
development and an air dry, the methanol solution of 1 (1 mM) was sprayed on the
developed strip for visualization. The fluorescence images of the samples were

photographically recorded by a digital camera under black light illumination.



CHAPTER IlI
RESULTS AND DISCUSSION

3.1 Synthesis and characterization of 1, 2 and 3

The synthesis of ligands 1-3 were achieved according to Scheme 3.1. The
coupling of 8-aminoquinoline with an N-BOC protected amino acid (glycine, B-alanine
and g¢lycylglycine) in the presence of TEA, DMAP and EDC gave BOC-protected
precursors (4-6). Upon the Boc deprotection, compounds 1-3 were obtained in
satisfactory yields. The structures and purity of compounds 1-3 were confirmed by 'H

NMR, °C NMR, IR, and MS.

0 N\ \/
A Ho/u\/R1 N”  LTFAIn CHCL / 3Hr N
Z E— HN_ _O — > HN__O
N™ 1. DMAP, EDC, TEA j 2.5at.NaHCO, j
NHz CH,CL, 1t, ON R; Rs
2. sat. NH,Cl 4; R,=NHBOC (92%) 1; R,= NH, (82%)
5; R,=CH,NHBOC (85%) 2; R,= CH, NH, (82%)
6; R,=NHCOCH,NHBOC (77%) 3; R,=NHCOCH,NH, (70%)

Scheme 3.1 Synthesis of 8-aminoquinoline ligands modified with amino acids.

For the NMR characterization, 1H NMR spectrum of fluorophores 1-3 is shown
in Figure 3.1. AWl fluorophores 1-3 showed the quinoline proton signals around 7.5-9.0
ppm, the (C-H) peaks for compound 1 at 4.11 ppm, for compound 2 at 3.35, 3.05
ppm and for compound 3 at 4.26, 3.66.
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Figure 3.1 "H NMR spectra of compound 1-3.

3.2.  Photophysical properties of 1-3

The normalized electronic absorption and emission spectra of 1-3 in aqueous
solutions are shown in Figure 3.2 and their photophysical data are summarized in

Table 3.1. The UV-vis absorption spectrum of each fluorophore showed a broad

absorption band with A, around 300 nm related with the TI-Tt* electronic
transition. The similar A, values of these compounds indicate their comparable
HOMO and LUMO energy levels. The emission spectra of 2 appeared at lower energy
representing a larger Stokes shifts in comparison with that of 1 and 3. This larger
Stokes shift of 2 suggested the greater difference in the most stable geometry
between the ground and excited states that likely associates with the change in six-
membered ring intramolecular hydrogen bonding between the amide O and B-amino
N-H. Like most other 8-aminoquinoline derivatives, 1-3 possessed very low
fluorescence quantum efficiency (< 0.5%) due to photoinduced electron transfer

(PET) [44].


https://en.wikipedia.org/wiki/Photoinduced_electron_transfer
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Figure 3.2 Normalized absorption (solid line) and emission (dash line) spectra of the

fluorophores 1, 2 and 3 in Tris-HCl aqueous buffer solution pH7.4 containing 1%

methanol, v/v. The A, of each fluorophore was used as the excitation wavelength

in the corresponding emission spectrum.

Table 3.1 Photophysical data of 1, 2 and 3 in Tris-HCl aqueous buffer pH 7.4

solution containing methanol (1% v/v)

Absorption Emission
Compound
1 301 3.58 425 <0.005
2 301 3.47 458 <0.005
3 301 3.50 425 <0.005
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3.3 Metal ions sensing study

The fluorescence enchantment ratios (I/1) of 1, 2 and 3 determined from the
fluorescence intensity in the presence (I) and absence (ly) of various metal ions are
shown in Figure 3.3. In aqueous buffer solution, 1 displayed strong fluorescence
enhancement selectively in the presence of Zn”" while the fluorescence of 2 and 3
were insignificantly affected by any metal ions under the same condition (Figure 3.3a
derived from spectra in Figure 3.4). For a similar sensing study in ethanol, 1 however
showed fluorescence enhancement for both Zn"" and Cd”" (Figure 3.3 derived from

the spectra in Figure 3.5) whereas 2 and 3 still gave insignificant response to the

metal ions tested. The results suggested that the amino group at Ol-position of the

amino acid pendant was essential for metal ion binding. The shift of amino group to

B-position such as in 2 or the modification of the Ot-amino group to the amide group
such as in 3 may adversely affect the binding of the ligands to the metal ions. The
additional amino group from the second glycine unit in 3 also could not improve the
sensitivity. Interestingly, many ligands based on 8-aminoquinoline reported for high
sensitivity and selectivity toward Zn”" have a core structure similar to 1 [45-50]. The
fluorescence quantum efficiency enhancement of 1 by zn”" in aqueous buffer
solution was found to be as high as 24-fold (= 0.0809/0.0034). This is one of the
highest values for all of the Zn”" sensors based on 8-aminoquinoline derivatives
reported to date (Error! Reference source not found.). Ligand 1, which has a very
imple structure, turns out to be one of the most sensitive ligand for 7n”" . Its binding
properties and sensing applications, especially in agqueous solution, is thus worth for

detail investigation.
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Figure 3.3 Fluorescence enchantment ratios of ligands (10 pM) in (a) Tris-HCl

aqueous buffer pH 7.4 solution containing methanol (1% v/v) upon addition of
various metal ions (100 uM); Ao, = 300 nm (A, = 502, 510 and 502 for 1, 2 and 3,
respectively) (b) ethanol; Ao, = 310 nm (A, = 502, 510 and 502 for 1, 2 and 3,

respectively)
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Figure 3.4 Fluorescence spectra of ligands (10 uM) in Tris-HCl aqueous buffer pH 7.4

solution containing methanol (1% v/v) upon addition of various metal ions (100 uM);

Aoy = 300 NM
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3.4 Metal binding properties of 1

The binding property of 1 with 7n” in aqueous solution was first investicated
by UV-vis absorption titration in Tris-HCl aqueous buffer solution at room
temperature. The absorption peak of 1 at 300 nm decreased while a new peak at
344 nm increased with increasing concentration of 7n’ (Figure 3.6a). The large
bathochromic shift of the absorption band upon the addition of 7n”" indicated
greater electron delocalization in accordance to the deprotonation of the amide
proton upon binding with 7n”". This deprotonation likely increases the binding ability
of ligand 1 with the positively charged 7n”" (Figure 3.7). The addition of 7n”" also
resulted in enhancement and shift of fluorescence signal of 1 from a very weak
emission band at 420 nm to strong emission at 504 nm, a considerable red-shift
(Figure 3.6b). The strong chelation enhanced fluorescence (CHEF) signal was probably
the result of the suppression of the PET from the amino group to quinoline ring,
ESIPT between the amidic proton and N atom in quinoline ring and geometrical
relaxation, posed upon the complexation with Zn”". This bathochromic shift of the
fluorescence peak was also accompanied by larger Stokes shift (from 120 nm to 160
nm) that implied a greater involvement of the ICT process in the excited state of the
complex.
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Figure 3.6 (a) UV-vis absorption spectra of 1 (100 uM) upon the addition of varied
concentrations of Zn and (b) fluorescence spectra of 1 (10 uM) before and after
addition of Zn”" (100 UM) (Aey = 300nm) in Tris-HCl aqueous buffer pH 7.4 solution

containing methanol (1% v/v).
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Figure 3.7 Proposed mechanism of complex between 1 and a metal ion.

The fluorescence responses of 1 toward 7n”" and cd”in aqueous media at
various pHs were investigated. The results gave more insight understanding about the
binding properties of the ligands with both metal ions. For Zn2+, the fluorescence
turn on signal was observed starting from pH 6 and reached the maximum at pH 7.4
(Figure 3.8). The fluorescence intensity was then gradually dropped as the pH
increased beyond 7.4 probably due to the formation of Zn(OH), precipitate. For Cd2+,
the fluorescence turn on signal was observed at higher pH (pH 8) and the
fluorescence intensity increased more gradually in comparison with that was
observed for Zn”". The complexation between 1 and the metal ion is probably
involved the ligand association to the metal ion followed by deprotonation of the
initially formed [!\/l-l]2+ complex to give the final [M-(1-H)]" complex as proposed in
Figure 3.7 The fact that the fluorescence turns fluorescence enhancement of 1 by
both Zn”" and Cd”" in ethanol (Figure 3.3). It is important to point out here that the
association and deprotonation processes may occur either in a step-wise, as

proposed, or concerted fashions.
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Figure 3.8 Fluorescence intensity (Aey = 300 NM; Aoy = 504 nm) of 1 (10 uM) at
various pHs in Tris-HCl aqueous buffer pH 7.4 solution containing methanol (1% v/v)

in the absence and presence of 7n”" and cd” (10 equivalent).

The Job plots of UV-vis absorption on by cd” appeared at higher pH and
gave significantly lower enhancement ratio suggested its lower K; in comparison with
zn”". The lower polarity and acidity of ethanol, in comparison with water, can
increase both K; and K, that is supported by the observation of greater and emission
titrations revealed a 1:1 binding ratio of the complexation between 1 and 7n”" in the
aqueous buffer solution (Figure 3.9). The complexation constant (K) of this 1:1
complex was 8.03 x 10° M as obtained from the Benesi-Hildebrand plot using data
from the emission intensity (Figure 3.10). In ethanol solution, the complexation
constant increased to 1.20 x 10° M (Table 3.2) which supported the binding
mechanism described above. The complexation constants of 1 with cd” were also
determined in aqueous and ethanol solutions and found to be lower than those of
Zn”" that somewhat explained the lower fluorescence responses described earlier.
The complexation constant of 1 with 7n’* is relatively high comparing with other
ligands with similar 8-aminoquinoline core (Error! Reference source not found.). The
result confirms that only three N atoms, as in ligand 1, are essential for the zn’*

binding.
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Figure 3.9 Job plots of UV-vis absorption (at 344 nm) and emission (at 504 nm)

titration between compound 1 and Zn”" in Tris-HCL aqueous buffer pH 7.4 solution

containing methanol (1% v/v) ([1]+[Zn2+] = 10 uM), (B = absorption, A - emission).

Table 3.2 Associationconstantsof 1withZn" and Cd " in aqueousandethanol

solutions
Metal ion Solvent Concentration Ka (I\/\_l)
of 1 (um)°
7’ Tris-HCL buffer pH 7.4 10 8.03 x 10°
Ethanol 5 1.20 x 10°
cd” Tris-HC buffer pH 8.0° 50 238 x 10°
Ethanol 5 4.61x 10°

’ Slightly higher pH was used for Cd” because the fluorescence response was too
low at pH 7.4.
" Different concentrations of 1 were used to obtain high linear correlation coefficient

(R") for Benesi-Hildebrand plots under similar instrumentation set up.
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Figure 3.10 Benesi-Hildebrand plot for determination of K, of 1with 7n”" and Cd”" in

aqueous and ethanol solutions.

Mass spectrum of 1 with 0.5 equivalents of Zn”" showed important peaks at
m/z = 264.01 and 465.10 corresponding to [Zn*(1-H)]" and [Zn*(1-H),+H],
respectively, that revealed the co-existence of both 1:1 and 2:1 complexes under
this condition (Figure 3.11). However, with 1.0 equivalent of Zn2+, the peak of 2:1
complex at m/z = 465.10 disappeared while the peak of 1:1 complex at m/z =
264.01 remained (Figure 3.12). The results confirmed the deprotonation of 1 upon
the coordination with Zn"* and implied that the binding of the second ligand to 7n”

is much weaker than the first one.
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The evidence of 2:1 and 1:1 complexes between 1 and Zn”" were also
observed in 'H NMR titration in (CD5),SO. The proton chemical shifts of 1 and its
complexes were assigned based on J coupling constants in 'H NMR spectrum and
COSY correlation in comparison with 8-aminoquinoline (Figure 3.13, Figure 3.14 and
Figure 3.15) The "H NMR spectrum of 1 displayed a secondary amide peak at 11.64
ppm and three signals of aromatic protons H,, Hf and H. at 8.93, 8.75, and 8.40
(Figure 3.16). Upon the addition of 0.25 equivalent of 7n”" to the solution of 1, a new
set of proton signals appeared. Notably, three doublet signals at 9.21, 8.23 and 8.09

ppm assigned to Hy, He and Hy of the 2:1 complex. At this low equivalent of Zn2+,
there remained H,, Hr and H signals of the free ligand. The aromatic signals of both
free ligand and 2:1 complex totally disappeared when the addition of Zn”" was over
1.0 equivalent. At this high equivalent of Zn2+, another set of aromatic signals
appeared at 8.92, 8.71 and 8.45 ppm which assigned as Her, Hyr and Her of the 1:1
complex. The other aromatic signals (Hg, Hp and He) in the range of 7.7-7.5 ppm were
also significantly shifted upon the complexation. The spectra at 0.50 and 0.75
equivalent of zn’* suggested the conditions where all three species i.e. free ligand,
2:1 complex and 1:1 complex were coexisted. Whereas the spectra at 0.25 and 1.50
equivalent of Zn"" were the conditions where there was only either the 2:1 complex
or 1:1 complex, respectively. Moreover, the absence of secondary amide signal of

the 1:1 complex also confirmed that the amide group of 1 was deprotonated upon
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binding with Zzn- . € NVDb

JdJa f
f N™ a
O NH
[ : 7.2
NH J ; F7.4
o ‘
o2 —= iifniii@rioonond e e e et ol 76
; ; t7.8
! ! 8.0
: : 8.2 E
u§ 77777 : 777777777777777 (Ot@\)' 8.4 =
j 3 *
e .
o . @@. ) .
W 9.2

90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 75 74
2 (ppm)

Figure 3.13 COSY correlation spectra of compound 1 in (CD5),SO.
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The interference test showed that most cations tested, except C02+, NI and
Cu2+, did not interfere the fluorescence response of 1 to Zn”" (Figure 3.17). These
three interfering ions quenched the emission of 170" complex, probably due to the
competitive binding of form non-fluorescent high spin metal complexes. The
fluorescence turn-on signal of 1 can thus be a strong positive prove for the presence
of Zn"" in aqueous solution but a lack of turn-on signal can be fault negative due to
the quenching effect of Coz+, Ni”" and Cu”". Since these metal ions are not common

in water and biological samples, their interference should be lesser concern.
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Figure 3.17 Fluorescence responses of 1 (10 uM) to the addition of solution of 7’
(10 equivalent) mixed with various metal ions (10 equivalent) in Tris-HCl aqueous
buffer pH 7.4 solution containing methanol (1% v/v); (Ae, = 300 nm and A, = 504

nm).
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For quantitative analysis, the fluorescence signals of the solutions of 1 was
measured in the presence of Zn(OAc), at various concentrations and the results are

shown in Figure 3.18
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Figure 3.18 Fluorescence spectra (Ae, = 300 nm) of 1 (10 uM) in Tris-HCl aqueous

buffer pH 7.4 solution containing methanol (1% v/v) in the presence of 7n”" at

various concentrations.

The fluorescence intensity ratio (I/lp) increased almost linearly in the low
concentration range (0-10 pM) of 7n”" and reached saturation around 100 uM (10
equivalent) of 7n’* (Figure 3.19). A plot of (I/1p) at the low concentration range gave a
linear calibration line (R = 0.9918) for quantitative determination of 7n”" with a

detection limit of 1.6 uM (Fig. 7b inset; LOD = 3SD/slope).
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Figure 3.19 Fluorescence intensity ratio as a function of 7n’* concentration; inset:

linear calibration line for quantitative determination of 7n”" concentration.

Plants serve as a major entry point for 7n”" into the food chain.[51]
Therefore, a quick and simple method for detection of 7n”"in plants can be useful in
the fields of biology and food nutrition. Although several fluorescent probes have
been used for detection of Zn"" in mammal cells, [52-55] a fluorescent imaging of
zn” in plants has not been demonstrated. We therefore would like to apply 1 for
detection of Zn"" and Cd”" in plant tissue. Chinese cabbage (Brassica rapa.) sprout
was chosen as a model sample for fluorescence imaging. The longitudinal-section of
root tissue samples were treated separately with 7n”" and Cd”" solution (100 uM)
and finally washed with either Milli-Q water or ethanol just prior to the imaging under
a microscope. For the samples washed with Milli-Q water, only the one treated with
7n”" showed green fluorescence after the addition of 1 (Figure 3.20a). However, the
strong fluorescence was apparent in both 7n”" and Cd”" treated samples washed
with ethanol (Figure 3.20b). The results indicated that probe 1 may be used for

detection of Zn"* or Cd2+, depending on the sample preparation, in plant tissue.
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Figure 3.20 Fluorescence images of Chinese cabbage (Brassica rapa.) sprout tissue
samples treated with zn”* (100 M) and cd” (100uM), (@) washed with Milli-Q water
and (b) washed with ethanol, before and after addition of 1 (100 uM, 10 pL).
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Another interesting application of fluorescent sensing probe is to apply it as a
litmus-type paper indicator for detection of specific metal ions. To develop the
application of 1 for naked eye detection of metal ions on filter paper, the selectivity
of 1 was tested by visual observation and recorded by a digital camera under black
light illumination. Unlike in aqueous solution, both 7n”" and cd” gave bright green-
blue emission in the detection areas on filter paper substrate. The other metal ions

tested gave negative result (Figure 3.21).

Blank Li+ \F

Figure 3.21 Photographic image of metal ion (0.1 mM) detection by 1 (1 mM) on wax
patterned filter paper tested by simple drop and dry. The sample was illuminated by
black light (wavelength 365 + 50 nm).

Therefore, 1 may be useful for specific and simultaneous detection of zn’
and Cd”’ provided that both ions can be separated from each other. We therefor
investigated a chromatographic separation of these ions on a filter paper strip. With
multiple attempts using various eluent systems, we found that an aqueous solution
containing 4% (v/v) CHsNH, gave the most satisfactory results. After elution, spraying
the solution of 1 on the test zone of the filter paper revealed two well separated
fluorescent streaks corresponding to zn”" and cd” ions (Figure 3.22). The results
clearly demonstrate that 1 can be visualization agent for selective detection of 7n’
and Cd”" that allows simultaneous detection of both metal ions with a simple paper

chromatographic technique.
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cd 2+

1 Zn?* Cd?* Mix

Figure 3.22 Photographic image for dual detection of 7n”" and Cd”™ (1 nmol) by 1 (1
mM) using paper chromatography for separation after elution with CH;NH, 4% (v/v).
The sample was irradiated by black light (wavelength 365 + 50 nm).



CHAPTER IV
CONCLUSION

Three amide derivertives (1, 2, and 3) of 8-aminoquinoline were synthesized.
In ethanol, the derivative containing glycine pendant (1) gave selective turn-on
fluorescence responses to both Zn”" and Cd™". In Tris-HCL aqueous buffer pH 7.4
solution, the fluorescence signal of 1 responded only to Zn”". The fluorescence
enhancement associates with the strong complexation between the ligand and
metal ions that involves the deprotonation of the amide group within 1. Upon
complexation, several non-radiative decay pathways such as PET, ESIPT and
geometrical relaxation are probably suppressed. Compound 1 can be readily applied
for fluorescent imaging to locate zn”" and cd” in plant as well as simultaneous
detection of Zn"" and Cd”" in paper chromatography. Most importantly, lisand 1 has
a very simple structure but yet is a very effective turn-on fluorescent sensor for zn’

and Cd2+.
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Figure A.1 "H-NMR (400 MH2) of Boc-glycylglycine in (CD3),SO.
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Figure A.11 MS (ESI) of 1 in Methanol.
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Table A.1 The Zn"" sensors based on 8-aminoquinoline derivatives reported to date

Reference Selectivity Media Ky (M B LOD D/ interferences” Cell
(M) o, study
2
[32] 7’ (MeOH/water 6.7 x 10° - 79 Fe N yeast
3+ A
= ) 6 Fe N cells
- 2+
. 1:9, V/v, o
O “zn* OH Ni NI
h&mq ‘~OI tris-HCL 2|
N Cu
pH =7.22
[33] zn’", HEPES, 18x10° 00283 12 Fe  NA prgq
2 Fe" NI
/W.Cd MeOH:water N cells
H., Ao /3 .
ﬁ&” H:__} = 5:5 (V/V), N
Mo O, pH = 7.4 c’t NI
“Zn 2+
c T Li !
N M 24
e 2+ |
FI Mg2+
Ca |
[34] zn’" Tris-HCL 57x100 01 331 Fe | .
TONA
O pH 7.22 Fe
N//\K Co l
- ] 2+
m}zﬁ:j_"N“‘&O Ni |
0 sl'”\/“‘n/ c’to
[35] 70" MeOHwaterl:9, - 110 163 Fe NVA yeast
N
- VAV, Fe2+ cells
N7 Co |
HN. O tris-HCl pH NiZT NI

)l -7.22 |
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N/A  : No data support

Compounds Selectivity Media Ky (M LoD @/ inteferences® eyl
(UM) . study
[36] ", Tris-HCL 869x10° 002 - Fe NA -
v od” (pH 7.22) Fe” NI
OTN«__‘ CO2+ [
L NN
° A 2+
@L) Cu I
[37] zn”", HEPES buffer 1.6ax 10" 1-10 88 Fe ' | -
N o pH=7.4 Fe”" |
N
0 N= inz C02+ |
Z +
TN/ - N
\ V Cu2+ |
[38] 7n” HEPES buffer 4x10° 32 15 FeT | A549
" ) pH=7.4 Fe” N/A cells
N N
8 U’_'f 'S Co NI
T N N/A
A NI
Thiswork  Zn~"  (MeOH/water) 8.03x10° 015 24 Fe'' NI Chinese
N bb
7 N\ o 1:99, v/v, Fe’ e
3 2+
NH  NH, tris-HCl pH Co2 |
-7.4 NI
Cu2+ |
a
NI - Non-interfere
| . Interfere
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