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A series of 5-N-arylaminothiazoles were synthesized with facile diversity-oriented synthesis from readily
available starting materials via the reaction of thioamide dianions and thioformamides. The introduction
of various substituents at the 2-position of a thiazole ring (i.e., 2-pyridyl, 4-methylpyridyl, and phenyl
groups) and on the nitrogen atom (i.e., p-tolyl and phenyl groups) significantly influenced the absorption
and emission spectra of the isolated compounds. X-ray analysis confirmed that the substituents at the
amino site were twisted from a thiazole ring, while the formation of its nickel complex showed dinuclear
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showed enhanced emission properties in solution and noticeable emission in a solid state. In addition,
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Introduction

Thiazoles are five-membered heteroaromatics that contain
sulfur and nitrogen atoms in a cyclic ring system (Fig. 1). One of
the distinctive features of thiazoles is that they have a sulfur
atom, which is a soft base, and a nitrogen atom, which is a hard
base. This implies that thiazoles can coordinate to a range of
soft and hard metals. Moreover, the calculated -electron
densities of thiazoles suggest that Cs is the most favorable site
for electrophilic substitutions, followed by C,, while C, is
a preferable site for nucleophilic substitutions.*

Many thiazole-based compounds are now in clinical use,
such as the anticancer drug dasatinib,” and the anti-HIV drug
ritonavir.® Additionally, thiazoles have three carbon atoms at
the 2-, 4-, and 5-positions, to which a wide variety of substitu-
ents can be principally introduced. Therefore, a wide range of
thiazole derivatives have been developed. On the other hand,
the chemistry of thiazoles has been extended to the develop-
ment of thiazole-based fluorescent materials. These fluorescent
compounds exhibit unique photophysical properties such as
aggregation induced emission (AIE),** thermochromism,*
mechanochromism,® and large Stokes shifts,” and some of them
are acid-responsive fluorescent compounds (Fig. 2).*
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Thiazole can connect to several electron donor-containing
fragments which exhibit coordination ability such as a pyridyl
group. Due to this modification, several thiazoles coordinated
to a boron atom have been reported to show acid-responsive
properties® and aggregation induced emission (AIE) with high
quantum yields of up to 95% in the solid state.® Moreover,
thiazoles are also suitable as organic ligands to various metal.
In fact, the presence of a metal surface closest to the fluorescent
molecule can manipulate the decay rate of the fluorophore and
produce drastic spectral changes.'* Moreover, interactions
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Fig. 1 Thiazole structure.

Fig. 2 Selected examples of thiazole fluorescent compounds.
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between a metallic surface with fluorophores have a beneficial
effect on photophysical properties such as an increased
quantum yield, improved photostability and a reduced lifetime
of fluorophores.™

Intense studies on thiazole-based ligands coordinated to
a transition metal have increased over the past several years. A
considerable number of metal-thiazole complexes have been
discovered to be catalytically™'* and biologically active
compounds for medical applications.*>'® In addition, the most
commonly reported thiazoles coordinated to transition metals
that show luminescence properties are complexes with ruthe-
nium,"”** iridium,** rhenium,* platinum,* and lanthanoid
elements (Fig. 3).2*2°

Those works have mainly focused on the second- and third-
row transition metals, while the uses of the first-row transition
metals (Fe, Co, Ni, Co, and Zn) are less favorable due to their
exceptionally short CT lifetimes arising from deactivation
through low-lying ligand-field excited states.>® Nevertheless, the
coexistence of nitrogen and sulfur atoms in a thiazole ring
could promote the stabilization of Ni(u) complexes.?”” Some of
the first-row transition metals such as nickel and zinc are widely
used as complexing agents for various purposes. For example,
zinc metal complexes with thiazole pyridine-based ligands are
biologically active as anti-microbial and anti-tumor agents.®
Meanwhile, nickel coordinated to thiazole-4-carboxylic acid
exhibited polymorphism properties.”® However, there have been
only a few reports on first-row transition metal-thiazole
complexes.?** (Fig. 4).

Recently, several fluorescent molecules have been used for
the molecular recognition of zinc ions. However, due to its
closed shell electron configuration (3d"°), zinc ion is silent with
respect to spectroscopic or magnetic signals.*** Therefore,
a reliable technique for the detection of zinc ion is highly
desirable. The most promising method for detecting zinc ion is
by using fluorescence. Besides, fluorescence detection is fast,
efficient, and simple.*®** For example, imidazole-based

compounds showed an increase in emission intensity in the
presence of zinc ions.** Meanwhile, zinc sensing based on
thiazole compounds showed turn on-off emission properties®*
and a strong emission response and a high quantum yield on
addition of zinc ions (Fig. 5).*
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Fig. 4 First-transition thiazole metal complexes.
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Fig. 5 Fluorescent molecules for zinc sensing.

Our group has been interested in the chemistry of 5-N-ary-
laminothizoles for many years. Therefore, a considerable
number of these compounds have been developed.**** 5-N-
Arylaminothiazoles are a class of fluorescent compounds
bearing a flexible conformational geometry with non-planar
carbon skeletons.”® These compounds are synthesized by
reacting secondary thioamide and thioformamides via thio-
amide dianions and thiazolines. This synthetic protocol allows
us to access a wide range of unprecedented 5-N-arylamino-
thiazoles with various substituents at the 2- and 4-positions of
a thiazole ring.

Herein we report a series of 5-N-arylaminothiazole having
pyridyl groups and their first-row transition metal complexes.
The synthesis, structural elucidation, and photophysical prop-
erties both in a solid state and in solution are discussed.

Results and discussion
Synthesis of 5-aminothiazolines and 5-N-arylaminothiazoles

The synthesis of ligands is depicted in Scheme 1. The new
thiazole ligands were synthesized by deprotonation of
secondary thioamides 1 with 2 equivalents of organolithium (n-
BuLi) at low temperature to generate thioamide dianions 1a.
Addition of thioformamides 2 and iodine to the reaction
mixture gave 5-aminothiazolines 3 as major products.** Further
oxidation of 5-aminothiazolines 3 with 2 equivalents of iodine
resulted in the formation of the corresponding 5-aminothiazole
ligand 4 in low to good yields. Following this reaction, a wide
range of substituents possessing electron-donating and -with-
drawing properties could be introduced to the 2-, 4-, and 5-
positions of the thiazole ring.

As a result, the introduction of pyridyl groups at the 2- and 4-
positions gave 4a in 23% yield. Replacement of a methyl group
with other functional groups at the 5-position of a thiazole ring
led to an increase in the yield of the product. Incorporation of
a tolyl group significantly improved the yield of the product 4b
to 58%. In addition, the introduction of a methyl group at the
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arylaminothiazoles.
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5-aminothiazolines and 5-N-
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para position of a pyridyl moiety gave 4c in 57% yield.
Furthermore, the incorporation of pyridyl groups only at the 2-
or 4-positions of a thiazole ring afforded thiazole products 4d,
4e, and 4f in yields of 59%, 82% and 90%, respectively (Fig. 6).

In addition, we also synthesized dipyrromethene-type
ligands 6 following the protocol reported previously by our
group.’ Initially, the 5-H thiazoles 5 undergo bromination
reaction followed by Buchwald-Hartwig amination to give the
corresponding thiazole ligands 6a and 6b in yields of 60% and
49%, respectively (Scheme 2).

Synthesis of first-row transition metal-thiazole complexes

A series of nickel-thiazole complexes 7 were prepared in two
steps: (i) reflux of the metal source in ethanol under an inert
atmosphere, (ii) synthesis of the desired final products by
reacting the corresponding ligand 4 with nickel chlorides under
reflux. As a result, all of the metal complexes were isolated in
moderate to high yields (Fig. 7). ESI-mass analysis suggested two
sets of nickel complex formations such as [Ni(L)X,] for nickel
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Fig. 6 A series of isolated 5-N-arylaminothiazoles.
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Scheme 2 Synthesis of dipyrromethene-type ligands 6.
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Solution of NiCl, * 6 H20 (1.0 equiv) in ethanol (7 mL) was stirred at reflux. To this was added thiazole 4 (1.0 equiv) in THF or

ethanol (5 mL), and the mixture was stirred at reflux for another 1 h. Percentages represent isolated yields.

Fig. 7 A series of isolated nickel-thiazole complexes.
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complex having a tridentate ligand (7a, 7b, and 7¢) and [Ni(L,)X,]
for nickel complex having a bidentate ligand (7d, 7e, and 7f).

Having succeeded in the synthesis of nickel-thiazole
complexes, we then turned our attention to the synthesis of
metal-thiazole complexes using other first-row transition metal
atoms such as zinc. A series of zinc-thiazole metal complexes
were synthesized by simply mixing the corresponding thiazoles
4f with zinc halides at room temperature. Following this
procedure, new zinc thiazole complexes 7 with different halides
were synthesized in moderate to high yields (Fig. 8). To our
delight, these complexes showed good solubility in most
organic solvents. ESI-mass analysis suggested that the zinc
atom is coordinated to two bidentate thiazole ligands to form
2 : 1 metal complexes [Zn(L,)X,].**

Solutions of these zinc complexes in deuterated chloroform
were prepared for NMR analyses. With the addition of 1
equivalent of zinc ion, the signals of protons of the thiazole
ligand at 8.57 ppm and 7.83 ppm were shifted downfield to at
8.75 ppm and 8.04 ppm, respectively. Furthermore, in the
formation of zinc complexes, two new doublet peaks integrated
for 8 protons assigned to phenyl rings in the tolyl groups
appeared at 7.00 ppm and 6.90 ppm, respectively. However, the
proton signal and chemical shift of the complexes are almost
identical despite having different halogens at the zinc center
(Fig. 9). These results indicate the zinc-thiazole complexes 8 are
formed on the addition of zinc halides.

X-ray crystallography analyses

High-quality single green crystals of thiazoles 4c were isolated
in the triclinic space group P1 (Fig. 10). X-ray crystallography of

Fig. 8 A series of isolated zinc—thiazole complexes.
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Fig. 9 H NMR (500 MHz, CDCls) charts of ligand 4f and zinc thiazole
complexes 6a—c.
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Fig. 10 X-ray structure of thiazole 4c (left) and nickel-thiazole
complex 7c (right). Hydrogen atoms are omitted for clarity.

4c confirmed the twisted conformation geometry of amino
groups at the 5-position of a thiazole ring with torsion of 108.0°
(S1-C3-N2-C11). Meanwhile, two pyridyl groups attached at the
thiazole ring were located almost in the same plane as the
thiazole ring. Moreover, a green crystal of 7c showed the
formation of dinuclear nickel complexes with a trans configu-
ration in a distorted octahedral geometry (Fig. 9). Two bridging
Cl atoms connect two central nickel atoms between two dimers
with a distance of 3.620 A between Ni1-Ni2 (inset: Fig. 10). The
distance of bridging Ni1-Cl2 was 2.600 A, which is longer than
that of Ni1-CI3 2.363 A. The atoms Cl1-Ni1-CI2 were oriented
almost linearly with a bond angle of 177.55 (4)°, while the atoms
Cl2-Ni1-N2 were oriented almost perpendicularly with a bond
angle of 89.15°. The torsion angle of the amino groups in
complex 7¢ (S1-C2-N4-C15) were 43.31°. Moreover, the
distances of Ni1-N1 (thiazole ring) and Ni1-N3 (pyridyl group)
was found to be 1.970 and 2.198 A, respectively.

Photophysical properties of 5-N-arylaminothiazoles and their
complexes in solution

The absorption and emission spectra of isolated 5-amino-
thiazole derivatives in chloroform are shown in Fig. 11 and
Table 1. The absorption maxima range from 349 to 398 nm.
That of thiazole 4a was in the shortest absorption region, and
gradually shifted to longer wavelengths with introduction of
a tolyl group to the nitrogen atom at the 5-position of a thiazole
ring, such as 4b. Interestingly, the incorporation of a methyl
group at the para position of a pyridyl group slightly shifted the
absorption maxima to a shorter wavelength, such as in 4ec.
Further blue-shift absorption was observed by replacing a tolyl
group with a phenyl group at the 2-position of the thiazole ring

42 (268, 349 nm)
ab (288, 398 nm)
4¢ (289, 391 nm)

——ad (287,381 nm)

——de (288, 374 nm)

——af (287, 396 nm)

~——6a (264, 371 nm)

——6b (278, 372 nm)

—— 43 (439, 467 nm)
b (525 nm)
4c (514 nm)
4 (486 nm)
\ ~——ae (476 nm)
\ = 4f(505 nm}

° ° °
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250 300 350 400 450 500 350 400
Wavelength (nm)
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Fig. 11 Absorption (right) and emission spectra of 5-N-arylamino-
thiazoles in chloroform [107> M].
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Table 1 Spectroscopic data of a series of 5-N-arylaminothiazoles®

A-abs Aex
Thiazole (nm) loge (nM) Aep” (M)  vg [em™*] (nm)  @Ff
4a 349 414 359 467 [7240] (118) 0.04
b 398  3.90 397 525 [60781] (127) 0.13
4c 391 4.05 395 514 [61201] (123) 0.16
ad 381  4.03 377 486 [56701] (113) 0.2
4e 374 392 376 476 [5729] (102) 0.31
af 396 3.72 392 505 5450] (109) 0.42
6a 371 4.44 — — — —
6b 372 4.50 — — — —

“ In chloroform [conc. = 10° M]. b Excited in Amay. ¢ Absolute quantum
yield of fluorescence.

of 4d. In addition, when a phenyl group was placed at the 2-
position and the nitrogen atom at the 5-position of a thiazole
ring for 4e, the absorption maxima shifted to 374 nm, while the
introduction of a phenyl group at the 4-position of a thiazole
ring for 4f shifted the absorption maxima to 396 nm. Further-
more, the emission maxima of 5-N-arylaminothiazoles varied
from 467-525 nm depending on the substituents. These results
showed that the photophysical properties of 5-N-arylamino-
thiazoles could be finely tuned simply by introducing different
substituents at the thiazole ring. In addition, the emission
maxima of 6a and 6b were observed at 371 nm and 372 nm,
respectively. However, these dipyrromethene-type ligands did
not show emission properties.

We next examined the spectroscopic properties of nickel-
thiazole complexes 7 in dilute chloroform (Fig. 12 and Table 2).
The longest absorption spectra of nickel complexes 5 ranged
from 278 to 424 nm. The absorption maxima of 7a were
observed at 388 nm and were significantly red-shifted for

——7a (345, 388 nm)
7b (259, 294, 419 nm)
7¢ (268, 413 nm)
74 {279, 370 am)
——7e (275,364 nm)
——7(288, 424 nm)

~——74 (487 nm)

3
&

—7e (474 nm)

°
&

——7§(507 nm)

Absorbance
°

Normalized intensity
°
4

°

400 a50 650

350 450 500 550 600
Wavelength (nm) Wavelength (nm)

Fig. 12 Absorption (right) and emission spectra of nickel-thiazole
complexes in chloroform [107° M].

Table 2 Spectroscopic data of nickel-thiazole complexes”

Aabs Aex
Thiazole (nm) loge (nm) Aew” (Mm) vg [em™'] (nm)  @f°
7a 388 4.06 359 — — —
7b 419 3.85 397 — — —
7c 413 396 395 — — —
7d 370 3.91 377 487 [6493] (117) 0.04
7e 364  4.07 376 474 [6375] (110) 0.03
7t 424 379 392 507 [3861] (83) 0.02

“ In chloroform [conc. = 10" M]. b Excited in Amayx. © Absolute quantum
yield of fluorescence.
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a thiazole complex having a tolyl group on the nitrogen atom at
the 5-position of a thiazole ring such as 7b. The presence of
a methyl group at the para position of the pyridyl group slightly
shifted the absorption maxima to a shorter wavelength of 7c.
The absorption maxima of 7d were blue-shifted to 370 nm with
the introduction of a phenyl substituent at the 2-position of
a thiazole ring. Meanwhile, replacement of a tolyl group by
adding a phenyl group at the 2-position and on the nitrogen
atom attached to a thiazole ring shifted the absorption maxima
to 364 nm, such as in 7e. Moreover, a nickel-thiazole complex
having a phenyl group at the 4-position instead of pyridyl and
tolyl groups on the nitrogen atom 7f was observed at 424 nm. In
addition, the formation of a nickel-thiazole complex turned the
emission properties off, as in 7a, 7b, and 7¢. No emission was
observed in either in a solid state or in solution. In contrast, the
formation of nickel complexes 7d, 7e and 7f had no effect on
emission, and they are still emissive in a solution to some extent
under UV illumination.

The photophysical properties of a series of zinc-thiazole
complexes investigated in a THF solution are shown in Fig. 13.
The absorption maxima of zinc complexes 8a-c¢ in THF were
observed at 390 nm in all cases, while that of zinc thiazole
having an iodine 8c was slightly blue-shifted to 384 nm.
Meanwhile, their emission maxima showed no significant
change even when we introduced different halogens on the zinc
center. Interestingly, zinc-thiazole complex containing
a bromide 8b showed a high quantum yield of up to 75%.
Fluorescence lifetime decay of thiazole ligand 4f and zinc-
complexes 8 in THF was in the range 4.43-4.94 ns. The thia-
zole 4f exhibited fluorescence lifetimes about 4.93 ns. Intro-
duction of dichloride and zinc dibromide to the zinc center
shortened the fluorescence lifetime such as 8a and 8b. Inter-
estingly, zinc-thiazole complex having an iodine atom in the
metal center 8c possessed the longest average fluorescence
lifetimes (Table 3).

——8a (497 nm) @, = 0.08
0.8 / \ 8b (495 nm) &, = 0.75
\\ e8¢ (494 nm) @, = 0.43

y / \
02 / \\\

250 300 30 400 450 500 550 00 as0 500 550 600 650
Wavelength (nm) Wavelength (nm)

w82 (282, 390 nm)

8b (284, 390 nm)

Absorbance

~8¢ (288, 384 nm)

Normalized intensity

Fig. 13 Absorption (right) and emission spectra of zinc—thiazole
complexes 8a—c in THF [107> M].
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Solvatochromism properties of 5-N-arylaminothiazoles and
their complexes

The emission color of the isolated 5-N-arylaminothiazoles
varied with the solution polarity exhibited a tunable emission
wavelength in the range of 397-505 nm.** The emission maxima
of 4f strongly depended on the solvent polarity, and thus their
peak emissions were greatly affected. Large red shifts in the
emission maxima (Fig. 14) were observed upon changing from
a nonpolar (cyclohexane) to a polar (MeOH) solvent and cover
blue to green color with low quantum yield. In addition, zinc-
thiazole complex 8a also showed solvatochromism properties
and transitioned from a blue to green color. Uniquely, the
emission maxima of 8a in halogenated solvents (dichloro-
methane and chloroform) were more red-shifted compared to
its emission maxima in non-halogenated (THF and MeOH)
solvents (Fig. 14). To our delight, zinc-thiazole complex 8a
showed comparable quantum yields with the free ligand 4f.

Photophysical properties of 5-N-arylaminothiazoles and their
complexes in a solid state

In addition to showing bright emission in solution, 5-N-aryla-
minothiazoles 4 and their zinc-thiazole complexes 8 also
exhibited emission in a solid state. However, thiazole 4a and the
formation of nickel-thiazole complexes 7 did not show any
noticeable emission properties in a solid state. Thiazoles 4b-f
showed emission in a solid state with a quantum yield (¢g)
reaching up to 52%. The absorption maxima of 4b-d were
observed in almost the same absorption region, while of those
4e and 4f were slightly blue-shifted to 427 nm and 404 nm,
respectively. Their longest emission maxima appeared from
469 nm to 542 nm with low to moderate quantum yields.

The absorption and emission maxima of zinc-thiazole
complexes 8 in a solid state were significantly different than
those of the free ligands (Table 4). While the longest absorption
maxima ranged from 440 nm to 452 nm, while their emission
maxima varied depending on the halogens on the zinc center.
The zinc thiazole complex with chlorine atoms at the zinc center
8a showed a significant red-shift to 611 nm compared to that of
the free ligand 4f at 475 nm. Furthermore, the introduction of
bromine (8b) and iodine atoms (8¢) to the zinc center shifted
the emission maxima to a shorter emission wavelength at
550 nm and 548 nm, respectively. The emission decay analysis
showed significant decreasing of fluorescence lifetimes of zinc-
thiazole complexes 8 compared to its free ligand 4f (Table 4).
Moreover, the quantum yield of the complexes dropped

Table 3 Spectroscopic data of 5-N-arylaminothiazole 4f and zinc—thiazole complexes in THF 107> M]¢

Aabs )‘ex
Thiazole (nm) log ¢ (nm) Jem” (nm) vss [em '] (nm) or° x* 7 (ns)
af 390 3.92 385 495 [5504] (105) 0.5 1.8 4.93
8a 390 3.64 384 497 [5520] (107) 0.4 2.7 4.86
8b 390 4.1 384 495 [5504] (105) 0.8 2.1 4.43
8¢ 384 4.22 386 494 [5798] (110) 0.4 2 4.94

@ Measured in THF. ? Excited in Ay ¢ Absolute quantum yield of fluorescence. 4 Excited at 365 nm.
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8a

Fig. 14 Emission spectra of 5-aminothiazole 4f (A) and zinc—thiazole
complex 8a (B) [10~> M]. Change in the color of emission for 8a in
solvent with different polarities (C).

Table 4 Spectroscopic data of 5-N-arylaminothiazoles and zinc—
thiazole complexes in a solid state

AaI:As Aex
Thiazole (nm) (nm) Aep® (hm) vg [em™'] (nm) @Ff x*  1°(ns)
b 442 439 495 [2411] (53) 021 1.66 2.53
4c 444 437 542 [3438] (80) 0.06 3.5 247
ad 444 437 475 [1469] (31) 021 1.56 2.77
4e 427 428 469 [2097] (42) 015 1.36 1.91
el 404 431 475 [3609] (71) 0.52 1.54 3.03
8a 440 370 611 [6360] (171)  0.02 3.21 121
8b 440 365 550 [4545] (110) 0.05 2.41 1.99
8c 452 492 548 [3875] (96) 0.02 2.66 0.23

@ Excited in Apay. ” Absolute fluorescence of quantum yield. ¢ Excited at
365 nm.

significantly in a solid state. However, the difference in emis-
sion color under UV irradiation at 365 nm was still easily visible
with the naked eye (Fig. 15).

Use of 5-N-arylaminothiazoles as a fluorescence probe for
detection of zinc ion

Coordination of Zn** with dipyrromethene-type ligands 6
turned on the emission properties for 6b. Considering this
unexpected result, we then investigated the possibility of
using 6b for Zn>" sensing. We initially titrated of various
metal cations such as Cu®*, Ca®*, Fe**, and Zn?" into a THF
solution of dipyrromethene-type ligand 6b. As a result,
compound 6b showed high selectivity for Zn*>* ions. With the

Fig.15 Emission color in a solid state of 5-aminothiazole 4f and zinc—
thiazole complexes 8a—c under UV radiation at 365 nm.
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Fig. 16 Fluorescence titration of 6b with different amounts of zinc
ions in THF solution [107° M].
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Cu?*, Ca?*, Fe*

450 500 550 600 650 700
Wavelength(nm)

Fig. 17 Fluorescence titration of 6b with different cations in THF
solution [107° M].

addition of Zn**, the emission intensity at 533 nm continued
to increase with the appearance of a green emission with a low
quantum yield (¢g) of 0.02 under UV irradiation at 365 nm
(Fig. 16).

In contrast, the emission properties of 6b towards cations
other than Zn>* did not show any change in emission intensity
even after the addition of 1 equivalent of cation. These results
imply that 6b has excellent potential as a candidate for Zn>*
fluorescence sensing (Fig. 17).

Conclusions

In summary, a series of 5-N-arylaminothiazole derivatives
having pyridyl groups were successfully synthesized and
systematically characterized. The absorption and emission
properties of isolated 5-N-arylaminothiazoles were finely
tuned simply by varying the substituents attached to the
thiazole ring and the nitrogen atom at the 5-position. The
longest absorption spectra ranged from 349 to 396 nm. They
also showed solvatochromism properties in solvent with
different solvent polarities. X-ray analyses revealed that the
isolated 5-N-arylaminothiazole adopts a highly twisted
conformation, wherein the diarylamino group deviates from
the thiazole ring. The crystal structure of nickel-thiazole
complex 7c¢ confirmed the formation of dinuclear metal
complexes with chlorine atom acting as a bridge between two
nickel complexes. However, the formation of nickel
complexes turned off the emission properties of some
complexes. In contrast, the formation of zinc-thiazole
complexes showed emission both in solution and in a solid
state. Moreover, dipyrromethene-type ligands showed
consistent enhancement of emission intensity upon the
addition of Zn**. Therefore, these ligands can be used for zinc
sensing. Further applications of 5-N-arylaminothiazoles as
chemosensors and biosensors will be reported in due course.
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Experimental section
General procedure A: preparation of thiazoles

To a solution of thiazolines (1 equiv.) in THF was added iodine
(2 equiv.) at room temperature, and the mixture was stirred for
24 h. The resulting mixture was poured into a saturated
aqueous solution of Na,S,0; and extracted with Et,O. The
organic layer was dried over MgSO, and concentrated in vacuo.
The residue was purified by column chromatography (SiO,) to
give the corresponding thiazoles.

General procedure B: preparation of dipyrromethene type
ligands

Pd(OAc), (10 mol%) and xantphos (20 mol%) were weighted
into Schlenk tube that was sealed with a septum and purged
with argon (3 times). Toluene (6 mL) then injected, and the
reaction was continued for 15 min at 130 °C. 5-Bromothiazole (1
equiv.) in 4 mL toluene was then injected via syringe followed by
the amine (10 equiv.) and LiHMDS (2 equiv.). The reaction
mixture was filtered through a bed of Celite and washed with
CH,Cl,. The filtrate was concentrated in vacuo and purified via
silica gel flash column chromatography (SiO,, hexane : EtOAc)
to give the corresponding thiazoles.

General procedure C: preparation of nickel thiazole complexes

NiCl,-6H,0 (1 equiv.) was taken in ethanol and was heated to
reflux. The 5-N-arylaminothiazoles (1 equiv.) in a EtOH solution
was added dropwise to the refluxing solution and was further
refluxed for another 1 h. The final mixture was concentrated in
vacuo. The obtained participate product was then washed by
ethanol and diethyl ether. To give pure nickel-thiazole
complexes.

General procedure D: preparation of zinc thiazole complexes

To a solution of thiazoles (1 equiv.) in THF was added zinc
halides (1 equiv.) at room temperature, and the mixture was
stirred for 24 h. The precipitate was then washed with hexane
and Et,O to give pure zinc-thiazole complexes.

Fluorescence lifetime analysis

All zinc complexes were analyzed in dilute THF [10~> M] using
the Fluorescence Lifetime Spectrometer Quantaurus-Tau®
C16361 Series with a measurement time range of 50 ns and
frequencies at 5 MHz.

N,N-Dimethyl-2,4-di(pyridin-2-yl)thiazol-5-amine (4a)

General procedure A. 4a (0.193 g, 23%) as a yellow solid (mp:
64-65 °C); IR (KBr) 3420, 2923, 1586, 1564, 1501, 1472, 1433,
1413, 1366, 1145, 1001, 783, 741 cm '; "H NMR (400 MHz,
CDCl;) 6 2.94 (s, 6H) 7.21-7.22 (m, 1H) 7.23 (t, 1H) 7.74 (td, 1H)
7.79 (td, 1H) 8.12 (d, J = 8.24 Hz, 1H) 8.27 (d, J = 8.24 Hz, 1H)
8.53 (d,J = 4.58 Hz, 1H) 8.75 (d, 1H); "*C NMR (400 MHz, CDCl;)
0 46.41, 118.91, 121.13, 123.43, 123.51, 136.65, 136.79, 148.82,
149.21, 151.95, 154.11, 154.82, 157.13, 135.57; (EI) m/z 282 (M");
HRMS (EI) caled for C;5H,4N,S, 282.0939; found, 282.0938.
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2,4-Di(pyridin-2-yl)-N,N-di-p-tolylthiazol-5-amine (4b)

General procedure A. 4b (0.23 g, 76%) as a greenish yellow
solid (mp: 171-172 °C); IR (KBr) 3053, 3021, 2917, 2856, 2359,
1882, 1784, 1505, 1292, 811 cm ™ ; "H NMR (400 MHz, CDCl;)
6 2.22 (s, 6H), 6.95-7.04 (m, 9H), 7.24-7.27 (m, 1H), 7.50 (td,
1H), 7.73-7.79 (m, 2H), 8.32-8.35 (m, 1H), 8.50-8.51 (m, 1H),
8.53-8.55 (m, 1H); “*C NMR (500 MHz, CDCIl;) 6 20.8, 119.7,
112.1, 112.2, 122.7, 124.4, 129.8, 133.0, 136.1, 136.9, 144.7,
146.3,147.5, 149.32, 149.39, 151.5, 151.8, 162.8; MS (EI) m/z 434
(M"); HRMS (EI) caled for C,,H,,N,S, 434.1565; found,
434.1549.

2-(5-Methylpyridin-2-yl)-4-(pyridin-2-yl)-N,N-di-p-tolylthiazol-
5-amine (4c)

General procedure A. 4c¢ (0.077 g, 59%) as a yellow solid (mp:
116-117 °C); IR (KBr) 1686, 1605, 1383, 1314, 1287, 1002,
810 cm™'; "H NMR (400 MHz, CDCl;) 6 2.23 (s, 6H) 2.36 (s, 3H)
6.95-6.95 (m, 1H) 6.98 (m, 6H) 7.01 (t, 1H) 7.04-7.07 (m, 1H)
7.51-7.53 (m, 1H) 7.57 (dd, 1H) 7.78 (d, J = 7.79 Hz, 1H) 8.26-
8.27 (m, 1H) 8.33 (d, J = 1.83 Hz, 1H) 8.58 (s, 1H); *>*C NMR (400
MHz, CDCl;) 6 18.6, 20.8, 119.0, 119.2, 121.2, 122.1, 122.7,
129.7, 132.8, 134.4, 136.0, 137.3, 144.6, 149.1, 149.51, 149.6,
151.9, 161.8, 163.3; MS (EI) m/z 434 (M"); HRMS (EI) calcd for
C,gH,,N,S, 448.1722; found, 448.1716.

2-Phenyl-4-(pyridin-2-yl)-N,N-di-p-tolylthiazol-5-amine (4d)

General procedure A. 4d (0.171 g, 59%) as a yellow solid (mp:
135-136 OC); IR (KBr) 3420, 1507, 1475, 1426, 1314, 1290, 814,
761, 686 cm™'; "H NMR (400 MHz, CDCl3) 6 2.29 (s, 6H), 7.03-
7.05 (m, 4H), 7.07-7.09 (m, 4H), 7.42-7.45 (m, 2H), 7.47-7.48
(m, 2H), 8.02-8.03 (d, J = 3.7 Hz, 2H), 8.22 (d, J = 6.4, 2H), 9.09-
9.10 (d,J = 3.7 Hz, 1H); *C NMR (400 MHz, CDCl) § 20.8, 102.3,
118.1, 122.1, 122.4, 122.8, 126.6, 127.7, 128.8, 129.9, 130.2,
133.4, 144.4, 150.4, 156.3, 162.8; MS (EI) m/z 433 (M"); HRMS
(EI) caled for C,5H,3N3S, 433.1613; found, 433.1612.

N,N,2-Triphenyl-4-(pyridin-2-yl)thiazol-5-amine (4e)

General procedure A. 4e (0.064 g, 32%) as a yellow ocher
solid (mp: 174-175 °C); IR (KBr) 2359, 2334, 1734, 1716, 1698,
1684, 1653, 1583, 1541, 1519, 1490, 1422, 1352, 1312, 1284,
1233, 846, 729, 757, 698 cm™ *; "H NMR (400 MHz, CDCl;) 6 6.89
(t, 2H), 6.94-6.98 (m, 1H), 7.06-7.14 (m, 9H), 7.32-7.34 (m, 2H),
7.45 (td, 1H), 7.74 (d, J = 7.8, 1H), 7.89-7.92 (m, 2H), 8.42-8.44
(m, 1H) cm ™ *; **C NMR (400 MHz, CDCl;) 6 121.9, 122.1, 122.6,
123.0, 126.4, 128.7, 129.0, 120.0, 133.7, 135.9, 143.6, 146.6,
147.4,149.4, 151.9, 163.0; MS (EI) m/z 433 (M"); HRMS (EI) caled
for C,6H,oN5S, 405.1300; found, 405.1281.

4-Phenyl-2-(pyridin-2-yl)-N,N-di-p-tolylthiazol-5-amine (4f)

General procedure A. 4f 4(0.0219 g, 90%) as a greenish yellow
solid (mp: 192-193 °C); IR (KBr) 3421, 2921, 1586, 1569, 1506,
1470, 1424, 12 990, 1002, 811, 508 cm™'; 'H NMR (400 MHz,
CDCl;) 6 2.24 (s, 6H), 6.96-7.04 (m, 8H), 7.18-7.22 (tt, 1H), 7.24-
7.25 (m, 1H), 7.26-7.28, (dd, 1H), 7.31-7.34 (td, 1H), 7.81-7.85
(td, 1H), 7.93-7.96 (dd, 2H), 8.29 (d, ] = 7.79 Hz, 1H) 8.56 (d, ] =

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4.58 Hz, 1H); >C NMR (400 MHz, CDCI;) 6 20.7, 119.6, 121.75,
124.4, 127.4, 127.9, 128.2, 129.8, 132.7, 133.5, 137.5, 143.8,
144.54, 148.4, 148.8, 151.2; MS (EI) m/z 433 (M"); HRMS (EI)
caled for C,5H,3N3S, 433.1613; found, 433.1621.

2-(4-Methoxyphenyl)-4-(pyridin-2-yl)-N-(p-tolyl)thiazol-5-
amine (6a)

General procedure B. 6a (0.66 g, 60%) as a pale yellow solid
(mp: 136 °C); IR (ATR) 2996, 1589, 1565, 1547, 1513, 1395, 1320,
1294, 1240, 1167, 1146, 1025, 971, 827, 782, 703, 493 cm ™ *; 'H
NMR (400 MHz, CDCl;) 6 2.33 (s, 3H), 3.84 (s, 3H) 6.93 (d, ] =
8.53 Hz, 2H), 7.07-7.24 (m, 5H), 7.74 (t, 1H), 7.82-7.85 (m, 2H),
8.23 (s, 1H), 8.52 (d, J = 4.49 Hz, 1H), 11.5 (s, 1H); ">C NMR (400
MHz, CDCl;) 6 20.8, 55.4, 114.3, 117.8, 119.7, 120.8, 127.0,
130.0, 136.8, 139.9, 146.8, 147.1, 160.3; MS (EI) m/z 373(M");
HRMS (EI) caled for C,,H;oN308S, 373.1249; found, 373.1245.

N-(4-(Tert-butyl)phenyl)-2-(4-methoxyphenyl)-4-(pyridin-2-yl)
thiazol-5-amine (6b)

General procedure B. 6b (0.42 g, 49%) as a pale-yellow solid
(mp: 120 °C); IR (ATR) 2956, 1587, 1563, 1535, 1471, 1387, 1245,
1170, 1032, 825, 782, 705, 541, 513 cm™"; "H NMR (400 MHz,
CDCl;) 6 1.35 (s, 9H), 3.83 (s, 3H) 6.93 (d, J = 8.98 Hz, 2H), 7.04-
7.07 (m, 1H), 7.24-7.28 (m, 2H), 7.40 (d, J = 8.08 Hz, 2H), 7.72 (t,
1H), 7.84 (d, J = 8.53 Hz, 2H), 8.12-8.28 (m, 1H), 8.51 (d, J =
4.94 Hz, 1H), 11.6 (s, 1H); *C NMR (400 MHz, CDCl;) 6 31.5,
34.0, 55.4, 111.9, 112.3, 114.3, 117.2, 117.3, 119.6, 120.7, 125.7,
126.3, 127.0, 130.3, 130.7, 136.6, 139.7, 145.0, 145.4, 147.1,
149.0, 155.8, 160.3; MS (EI) m/z 415(M*); HRMS (EI) calcd for
C,5H,5N,08S, 415.1718; found, 415.1705.

Complex [Ni(4a)Cl] (7a)

General procedure C. 5a (0.0355 g, 86%) as a green solid (mp:
264-265 °C); IR (KBr) 3274, 1597, 1545, 1507, 1463, 1374, 1078,
786 cm™'; ESI-MS caled for C;5H,,CL,N,NiS, 374.9981; found
375.8088.

Complex [Ni(4b)CI] (7b)

General procedure C. 7b (0.05 g, 85%) (mp: 193-194 °C); IR
(KBr) 3421, 2921, 2852, 1597, 1506, 1455, 1262, 811, 778,
676 cm ™ *; ESI-MS caled for C,,H,,Cl,N,NiS, 562.0607; found
562.0301.

Complex [Ni(4¢c)CI] (7¢)

General procedure C. 7¢ (0.024 g, 88%) (mp: 306-307 °C); IR
(KBr) 3370, 1600, 1506, 1455, 1267, 813 cm ™ *; ESI-MS calcd for
C23H24C12N4Nis, 541.0764; found 542.2366.

Complex [Ni(4d)ClI] (7d)

General procedure C. 7d (0.066 g, 83%) (mp: 292-293 °C); IR
(KBr) 3383, 2921, 1707, 1603, 1473, 1361, 1238, 813, 682,
566 cm ™ *; ESI-MS caled for CsqH,sCINgNiS,, 959.2267; found
959.0425.
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Complex [Ni(4e)Cl] (7e)

General procedure C. 7e (0.035 g, 97%) (mp: 177-178 °C); IR
(KBr) 3384, 1602, 1489, 1360, 1237, 753, 694 cm ™ ; ESI-MS caled
for Cs,H34CLNGNIS,, 903.1641; found 903.0425.

Complex [Ni(4f)Cl] (7f)

General procedure C. 7f (0.05 g, 97%) (mp: 292-293 °C); IR
(KBr) 3370, 1600, 1506, 1455, 1267, 813 cm™'; ESI-MS calcd for
Cs6H,6CINGNiS,, 959.2267; found 961.1050.

Complex [Zn(4f),Cl,] (8a)

General procedure D. 8a (0.079 g, 93%) as a red solid (mp:
230-233 OC); IR (ATR) 1600, 1505, 1474, 1454, 1357, 1259, 811,
780, 753, 698, 501 cm™*; 'H NMR (500 MHz, CDCl;) 6 2.25 (s,
6H), 6.90 (d, ] = 8.53 Hz, 4H), 7.00 (d, / = 8.08 Hz, 4H), 7.26-7.26
(m, 3H) 7.63-7.66 (m, 1H), 7.69-7.71 (m, 1H), 7.74 (dd, 2H), 8.04
(td, 1H), 8.74 (d, J = 4.94 Hz, 1H); "*C NMR (400 MHz, CDCl;)
620.9, 25.6, 68.2, 121.5, 122.8, 126.9, 128.5, 128.8, 129.6, 129.8,
130.2, 134.8, 141.1, 143.3, 145.3, 145.6, 147.1, 148.8, 154.7; ESI-
MS caled for CsgH,6CINgS,Zn", 965.2205; found 965.2498.

Complex [Zn(4f),Br,] (8b)

General procedure D. 8b (0.072 g, 73%) as a yellow solid (mp:
>250 °C); IR (ATR) 3027, 2969, 1738, 1602, 1539, 1506, 1476,
1455, 1364, 1228, 1216, 1011, 807, 776, 700, 556, 510, 408 cm ™ ;
'H NMR (500 MHz, CDCl;) 6 2.25 (s, 6H), 6.90 (d, J = 8.53 Hz,
4H), 7.00 (d, J = 8.08 Hz, 4H), 7.26-7.26 (m, 3H) 7.63-7.66 (m,
1H), 7.69-7.71 (m, 1H), 7.74 (dd, 2H), 8.04 (td, 1H), 8.74 (d, ] =
4.94 Hz, 1H); >C NMR (400 MHz, CDCl;) 6 20.8, 121.5, 122.8,
126.9, 128.5, 128.8, 129.6, 129.8, 130.2, 134.8, 141.1, 143.3,
145.3, 145.6, 147.1, 148.8, 154.7; ESI-MS calcd for CsgH,BrNg-
S,Zn*, 1012.4300; found 1012.2454.

Complex [Zn(4f),I,] (8c)

General procedure D. 8¢ (0.076 g, 67%) as a yellow solid (mp:
>250 °C); IR (ATR) 3026, 2969, 1738, 1597, 1506, 1472, 1449,
1369, 1228, 1216, 1159, 1012, 810, 771, 700, 573, 513, 411 cm ™ };
'"H NMR (500 MHz, CDCl3) 6 2.25 (s, 6H), 6.90 (d, J = 8.53 Hz,
4H), 7.00 (d, J = 8.08 Hz, 4H), 7.26-7.26 (m, 3H) 7.63-7.66 (m,
1H), 7.69-7.71 (m, 1H), 7.74 (dd, 2H), 8.04 (td, 1H), 8.74 (d, ] =
4.94 Hz, 1H); >C NMR (400 MHz, CDCl;) 6 20.8, 121.5, 122.8,
126.9, 128.5, 128.8, 129.6, 129.8, 130.2, 134.8, 141.1, 143.3,
145.3, 145.6, 147.1, 148.8, 154.7; ESI-MS caled for CsgH,6INg-
S,Zn", 1057.1562; found 1057.2929.
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