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A new 1,3,4-oxadiazole-based fluorescence chemosensor 1, N-(2-ethoxy-2-oxoethyl)-N-(5-(2-hydroxy-
3,5-di-tert-butylphenyl)-[1,3,4]oxadiazol-2-yl)glycine ethyl ester, has been designed and synthesized. Its
fluorescence properties and selectivity for various metal ions were investigated in detail. A prominent

fluorescence enhancement only for Zn>" was found in aqueous acetonitrile solution and the response
mechanism of 1 was analyzed by time-resolved fluorescence decay and DFT calculations. Furthermore,
the fluorescence imaging of Zn”" in living cells was successfully applied.

Introduction

Selective detection or quantification of metal ions is an area of
growing interest in supramolecular chemistry due to its impor-
tance in a wide range of environmental, clinical, chemical, and
biological applications.' As the second-most abundant transition
metal ion in the human body for sustaining life, Zn>" is actively
involved in various biological processes in several organs, e.g.,
brain, pancreas, spermatozoa, vesicles of presynaptic neurons,
etc., and plays pivotal roles in controlling gene transcription and
metalloenzyme function in either a free state or a sequestered
form.? Disruption of Zn>" homeostasis may be implicated in a
number of severe neurological diseases such as Alzheimer’s
disease, amyotrophic lateral sclerosis, Guam ALS-Parkinsonism-
dementia Parkinson’s disease, hypoxia ischemia, and epilepsy.*~
Up to now, fluorescence detection has been regarded as the most
effective means to monitor Zn>" in biological systems because of
its special 3d'%4s” electronic configuration, which does not give
any spectroscopic or magnetic signals.*

In the last decades, considerable efforts have been made
towards the design and synthesis of various fluorescent chemo-
sensors for the in vitro and in vivo detection of Zn**> The
common probes are derivatives of quinoline,® fluorescein,” cou-
marin,® anthracene,’ dipicolylamine,10 macrocycle,ll Schiff-base
family,12 and so on.> However, some of them have characteristic
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poor water solubility, which inevitably hinders their applications.
Many of the available sensors have difficulty in distinguishing
Zn*" from Ca*", Mg®" or Cd**, which compete with Zn*>" for the
binding sites of the sensor molecule. Especially, Cd*" is in the
same group of the periodic table and has similar properties with
Zn**, which results in similar fluorescence changes when Zn**
and Cd>" are coordinated with fluorescent sensors.'> In addition,
it is necessary to control the chemosensors exhibiting fluor-
escence enhancement (OFF—ON) rather than fluorescence
quenching (ON-OFF) for sensitivity reasons, which could elim-
inate the attenuation of testing signals arising from some inter-
fering constituents in the environment as much as possible.'*
Therefore, there is a huge scope and potential for exploring
novel OFF—ON fluorescent chemosensors for highly selective
and sensitive determination of Zn>" in biological samples to
understand the physiological functions of Zn*".

Aromatic 1,3,4-oxadiazoles consisting of five-membered
heterocyclic not only exhibit relevant biological properties and a
wide variety of applications in the field of medicine and agricul-
ture,'> but also have been used as laser dyes, photographic
materials or scintillators during past decades.'® In recent years,
their use has grown rapidly in the application of some 1,3,4-oxa-
diazoles in coordination chemistry and structural studies of
supramolecule polymers.'” However, to the best of our knowl-
edge, the coordination properties of 1,3,4-oxadiazoles with metal
ions have been rarely introduced into fluorescent chemosensor
research so far.

In this paper, we present an aromatic 1,3,4-oxadiazole-based
chelation-enhanced fluorescence (CHEF) system 1 as a highly
selective fluorescent sensor for Zn>" in aqueous solution. The
chemosensor was designed to involve three parts: a 3,5-di-tert-
butylphenyl electron-rich unit, 2-hydroxy-phenyl-1,3,4-oxadia-
zole chelator (binding unit and potential fluorophore), and mem-
brane-permeable auxiliary. It is expected that suitable metal ion
could effectively act as an electrophile and attack the hydroxyl
oxygen atom with electron-rich property and torsional motions
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of the two aryl moieties in 2-hydroxy-phenyl-1,3,4-oxadiazole
group could be prevented, accompanied by the formation of a
rigid planar metal complex structure and simultaneous metal-
induced block of non-radiative transitions to turn on the fluor-
escence signal. Therefore, the fluorescence properties and highly
selectivity of 1 for Zn>" over other possible competitive cations
were investigated in detail, and in vivo fluorescence imaging of
Zn*" in living cells was also successfully applied and tested.

Results and discussion

The synthesis of 1 is shown in Scheme 1 (see the ESIf). Reac-
tion of 3,5-di-tert-butyl-2-hydroxybenzaldehyde with semicarba-
zide in refluxing ethanol affords 1-(3,5-di-tert-butyl-2-
hydroxybenzylidene)semicarbazide 3 with 89.3% yield, then
compound 2 was prepared by using Br, in acetic acid. 1 as a
pale yellow viscous liquid was synthesized via a simple one-step
reaction of 2 with 5 equiv of ethyl chloroacetate in good yield in
the presence of anhydrous potassium carbonate in refluxing
acetonitrile (75.0%). The purity of 1 was fully confirmed by 'H,
'3C NMR and ESI-MS analysis.

Sensor 1 exhibits a single emission band at 425 nm and
weaker fluorescence with quantum yield (@) ca. 0.123 in the
aprotic acetonitrile solvent, which is different from the fluor-
escence properties of those similar molecules, such as 2-(2'-
hydroxyphenyl)benzoxazole (HPBO) derivatives with dual
wavelength emission due to excited-state proton transfer (ESIPT)
processes.'*”"!® For 1, the presence of 3,5-di-tert-butylphenyl
leads to electron-rich properties and weak acidity for the pheno-
lic hydroxyl group, which seriously disrupts the ESIPT process
between the keto and enol tautomers so that only one higher
energy emission band assigned to the enol tautomer is found. On
the other hand, the rotation of the C—C bond between the two
aryl moieties in 2-hydroxy-phenyl-1,3,4-oxadiazole brings intra-
molecular radiationless transition, which weaken the emission of
phenyl-1,3,4-oxadiazole. Therefore, 1 appears to be a promising
candidate for enhancing fluorescence emission upon binding

Bry/AcOH

AcONa/AcOH

Ethyl chloroacetate
—_—

KoCO4

Scheme 1

Synthesis of fluorescent chemosensor 1.

suitable metal ions, if their radiationless channel could be well
blocked.

To gain insight into the chemosensing properties and coordi-
nation mechanism of 1 towards metal ions in the solution, the
spectrophotometric titration was investigated in aprotic aceto-
nitrile. Fig. la shows gradual changes in the absorption spectra
of 1 upon addition of Zn>". The absorbance of 1 at 209, 275 and
314 nm decreases markedly and two new absorption peaks at
245 and 364 nm gradually increase with increasing concentration
of Zn*", accompanied by the formation of four isosbestic points
at 216, 257, 296 and 333 nm. It is expected to correspond to the
coordination of 1 with Zn®", which extends the conjugated
system and results in the appearance of the new absorption in the
long wavelength region. In addition, the absorbance at 364 nm
with the increase of [Zn®"] shows a linear enhancement when
the ratio of [Zn®']/[1] is below 1: 1, but no longer change when
the ratio reaches higher than 5: 1. The intersection point of two
best-fit straight lines is at the ratio of 1: 1, assuming 1 : 1 stoichio-
metry between 1 and Zn>" (inset, Fig. la). Furthermore, the
association constant of 1-Zn** complex system was estimated to

(a) 14

1.2}

1.0
[Zn*1[1] = 111
0.8+

0.6

3 4 5 6 7 8
[zn™1I11]

Absorbance

0.4 1

0.2

0.0
T T T T T T T T T T T T T T T
200 250 300 350 400 450 500 550 600
Wavelength (nm)

(b) 200

180

3

160

140

0 — 5 equiv
2B 8 & g 3

120

Fluorescence Intensity, a.u.

3

o
0.0 01 02 03 0.4 05 05 07 08 09 1.
[zn®1/(1+[2n*])

100
80
60

40 4

Fluorescence Intensity, a.u.

T T T T T T T T T T T T T T T T T
375 400 425 450 475 500 525 550 575 600
Wavelength (nm)

Fig. 1 (a) Absorption spectra of 1 in acetonitrile with the increase of
Zn(ClOy),. Inset: The absorbance at 364 nm varied as a function of
[Zn*)/[1]. [1] = 5.0 x 107> M. (b) Fluorescence spectra of 1 in aceto-
nitrile in the presence of increasing concentration of Zn(ClO,),. [1] =
5.0 x 107> M. Inset: Job’s plot for determining the stoichiometry of 1
and Zn*". The total concentration ([1] + [Zn*']) was 5.0 x 107> M. A =
333 nm.
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be 1.7 x 10° M by nonlinear fitting of the data according to the
absorbance titration curve at 364 nm (R* = 0.9953, Fig. S17).

Fig. 1b shows gradual changes in the fluorescence spectra of 1
upon addition of Zn** under excitation at 333 nm, which is one
of the isosbestic points in the absorption spectra. The fluor-
escence intensity increases remarkably and a fluorescence
enhancement factor at 439 nm of approximately 65-fold is esti-
mated. These changes in the fluorescence spectra almost stopped
and the emission intensities became constant when the amount
of Zn** added reached 5 equiv, and an obvious red shift of the
Amaxe€m from 410 to 439 nm could be observed. The association
constant of 1-Zn®" complex system was also estimated to be
1.6 x 10° M', close to the value obtained by the absorbance
titration curve at 364 nm (Fig. S27). Job’s plot analysis of the
fluorescence for 1-Zn*" system exhibits a maximum at about
0.5 mole fraction, in accord with the proposed 1 : 1 stoichiometry
(Fig. 1b, inset).

Compared with a fluorescence titration with Zn>", it is noted
that in pure acetonitrile under excitation at 333 nm, the A,,cem
of 1 undergoes a 20 nm red-shift and fluorescence enhancement
about 2-fold with increasing concentration of Cd** (Fig. S31),
but a slight 10 nm red-shift and evident fluorescence enhance-
ment about 20-fold at 420 nm in the presence of Mg*"
(Fig. S67). Other metal ions cannot cause this fluorescent OFF—
ON change. The association constant for Cd** and Mg”" were
estimated to be 1.7 x 10* M~ and 4.8 x 10* M™" on the basis of
nonlinear fitting of the absorbance titration at ~365 nm with a
1:1 stoichiometry, respectively, which are smaller than that for
Zn** (Fig. S5 and S8%). The similarities of the absorbance
changes and fluorescence responses for the three metal ions
suggest that 1 could coordinate with Cd** and Mg®" to form
complex like 1-Zn?" as a result of the deprotonation of the phe-
nolic hydroxyl of 1 in aprotic solvent to some extent, but the
stabilities of different complex systems are obviously distinct.

Generally, one of the most practical applications for a fluor-
escent probe is the detection of metal ions in aqueous solution,
therefore the fluorescence recognition of 1 in a CH3CN-H,O
binary solvent mixture was carried out. More interestingly, the
increase of the water content in the mixed solvent led to the flu-
orescence quenching of 1-Zn”** complex to a certain extent, but
the fluorescence response signal of 1 for Zn>* was still obvious
compared with the probes own fluorescence. Moreover, the
higher water content could effectively exclude CHEF interfer-
ence of Cd*" and Mg®" so that the specificity of fluorescence
OFF-ON of 1 for Zn*" was significantly improved (Fig. 2,
Fig. S9 and S10t). This phenomenon may be attributed to the
formation of metal ion hydrate species or the presence of plenty
of intermolecular hydrogen bonding in the protic water-based
mixed solvent, which easily results in complete dissociation of
unstable 1-Cd*" or 1-Mg*" complexes and partial dissociation
of 1-Zn** complex accompanied with the quenching of fluor-
escence. The explanation could be confirmed clearly by the sig-
nificant absorbance changes of 1 between 340 nm and 400 nm
only while adding Zn** (Fig. S117).

Fluorescent sensors based on electron donors/acceptors are
usually disturbed by protons in the detection of metal ions, so
the fluorescence intensity of 1 at various pH values in the pres-
ence and absence of Zn>" were measured to search for the “turn-
off state” and find optimal application conditions in 50%
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Fig. 2 Effect of water content on the fluorescence intensity of 1
(50 uM) in the presence of Zn>*, Cd** and Mg®" ions (5 equiv) in
CH;3;CN-H,O binary solvent mixture. The A,.cem are 425 nm for 1,
437 nm for 1-Zn*", 425 nm for 1-Mg®>" and 430 nm for 1-Cd*",
respectively. A.xex = 363 nm.

CH3;CN-H,O mixed solvent (Fig. S12t). The results showed
that no dramatic fluorescence change for 1 and 1-Zn*" system
under acidic conditions because of protonation of the phenolic
hydroxyl and 1,3,4-oxadiazole nitrogen atom of 1, leading to a
weak coordinating ability of Zn?*. However, satisfactory Zn**-
sensing abilities were exhibited when the pH was at neutral and
under weakly alkaline conditions. Thus, 1 displayed good fluor-
escence sensing ability to Zn>", which makes it suitable for
application in physiological conditions.

Fig. 3a shows the fluorescence spectra of the sensor 1
(10 uM) when measured in a buffered CH;CN-H,O mixture
(1:1 v/v; HEPES 10 mM; pH 7.2) with respective metal cations.
Upon the addition of an excess of 10 equiv of various metal
ions, including Ca®", cd*", co*', ', cu?, Fe, Hg2+, K",
Li", Mg**, Mn?", Na**, Ni**, Pb*" and Zn*>" (as their ClO4~
salts), only a clear fluorescence enhancement (ca. 5-fold) was
observed for Zn?", but no increase of fluorescent emission in the
same conditions for other metal ions. There was partial fluor-
escence quenching for Cu®*, Cr**, Fe>" and Hg*", which may be
due to non-radiative energy transition in the process of electron
or energy transfer between the d orbital of the ions and the fluor-
ophore. Furthermore, tolerance of the fluorescence intensity for
Zn*" (10 puM) in the presence of an excess of human body
required metal ions (1 mM) like Na*, K¥, Ca®>" and Mg”" has
been successfully verified, with no effects on the fluorescence
intensity (Fig. 3b).

When 1 was employed at 50 uM and the slit was adjusted to
5.0 nm/5.0 nm, the linear dynamic response concentration range
for Zn*" covers from 5.0 x 107 to 5.0 x 107> M in HEPES
buffer (10 mM, pH = 7.2, CH;CN-H,O = 1:1, v/v)
(Fig. S137). The detection limit (LOD) and quantification limit
(LOQ) were measured to be 2.2 x 1077 M (3o/slope) and 7.3 x
107 M (100/slope), respectively. The association constant of the
1-Zn*" complex system was estimated to be 5.3 x 10° M™' by
nonlinear fitting of the fluorescence titration curve with 1 : 1 stoi-
chiometry (Fig. 4). In addition, the interaction of 1 with Zn>"
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Fig. 3 (a) Fluorescence spectra of 1 (10 uM) in the presence of differ-
ent metal ions (10 equiv, as their CI~ or ClO,~ salts) in HEPES buffer
(10 mM, pH = 7.2, CH;CN-H,0 = 1: 1, v/v). (b) Relative fluorescence
intensity change profile of 1 (10 uM) in the presence of various metal
ions in HEPES buffer (10 mM, pH = 7.2, CH3;CN-H,0 = 1:1, v/v).
The final concentration for Zn>", Cd**, Co*", Cr**, Cu**, F**, Hg*",
Li", Mn?**, Ni*" and Pb*" is 100 uM, for Na', K, Ca®" and Mg>" is
1 mM. A axex = 363 nm.

was completed in a few seconds, therefore 1 has the favorable
property required for intracellular Zn** imaging.

To understand the selectivity fluorescence enhancement of 1
for Zn>" and the configuration of 1-Zn** system, we carried out
studies on the time-resolved fluorescence decay of 1 and density
functional theory (DFT) calculations of 1-Zn*"

The decay curve of the fluorescence intensity of 1 and fitting
data were shown in Fig. 5. The result suggested that there were
three main isomer components (enol torsion tautomer, enol
rotamer, enol tautomer) of 1 to absorb the excitation light and
emit fluorescence photons of different lifetime about 0.33 ns,
2.24 ns and 6.77 ns, respectively. The average fluorescence life-
time (7) of 1 was estimated as 3.20 ns (Table S17). In the pres-
ence of Zn?" (1:Zn*" = 1:5), the time-resolved fluorescence
decay showed significant change according to the steady state
fluorescence spectra, which indicated that plenty of a new com-
ponent corresponding to Zn*"-complex at 4.19 ns was formed
and a small number of enol rotamer components of 1 at 2.52 ns
(~2.24 ns) still remained. A longer average fluorescence lifetime
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Fig. 4 (a) The linear dynamic response of 1 for Zn>" and the determi-
nation of the detection limit (LOD) for Zn*" in HEPES buffer (10 mM,
pH = 7.2, CH3;CN-H,0 = 1: 1, v/v). The LOD was calculated by multi-
plying the standard derivation of 11 blank measurements by three and
dividing by the slope of the linear calibration curve in lower concen-
tration. (b) Change in the fluorescence intensity at 437 nm. The red line
is the nonlinear fitting curve obtained assuming a 1:1 association
between 1 and Zn>". Anaxex = 363 nm, [1]=75.0 x 107> M.
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Fig. 5 Time-resolved fluorescence decay of 1 in the absence and pres-
ence of added Zn*". Aex = 350 nm.

(3.99 ns) was detected. According to the equations 7' = k, + kp,
and k, = @/, the radiative rate constant k, and the total non-
radiative rate constant k,, of 1 and Zn>"-bound species were
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Fig. 6 Chemical structures related with enol torsion tautomer, enol
rotamer, enol tautomer, complex, and calculated energy-minimized
structure of 1 with Zn?".

calculated and listed in Table S1.¥'° The data suggest that the
factor that induces fluorescent enhancement is mainly ascribed to
the formation of a new complex with rigid planar structure and
more than 3.5 times increase of k,, whereas the tautomerism and
rotational isomerization of 1 are wholly or partially blocked.

DFT calculations with B3LYP exchange functionals were per-
formed by using the Gaussian 09 package. The 6-31G basis sets
were used except for Zn®>', where LANL2DZ effective core
potential (ECP) was employed. The optimized configuration is
shown in Fig. 6, which shows that the Zn*" ion is well chelated
by the O atom of the phenolic hydroxyl group and N atom of the
1,3,4-oxadiazole of 1, and torsional motions of the two aryl moi-
eties could be effectively prevented, accompanied by the for-
mation of rigid planar structure. The Zn—N bond length is
2.07 A and Zn—O bond lengths are 2.07 A (Zn—O phenolic),
2.07 A, 2.01 A and 2.13 A (Zn—O solvents H,0), respectively.
These data indicate that Zn>" ions can effectively electrophilic
attack the hydroxyl oxygen atom with electron-rich property of 1
to simultaneously block the nonradiative transitions to turn on
the fluorescence signal.

The intracellular Zn®" imaging behavior of 1 was studied on
the Hep G2 (liver cancer) cells by fluorescence microscopy. As
shown in Fig. 7, after incubation with compound 1 (10 uM in
DMEM) at 25 °C for 30 min, the cells displayed very faint intra-
cellular fluorescence. However, cells exhibited intensive fluor-
escence when exogenous Zn>" was introduced into the cell via
incubation with a Zn(NO3), (10 uM in DMEM) under the same
conditions after 30 min. It is suggested that chemosensor 1 could
easily permeate the cell membrane and coordinate with Zn** ion
in living cell organizations so that the fluorescence showed
evident change. Hence, these results indicate that 1 is an efficient
candidate to monitor the important role of Zn** under biological
conditions and in aqueous solution.

Conclusions

In conclusion, an aromatic 1,3,4-oxadiazole-based fluorescence
chemosensor 1 was designed and synthesized. The chemosensor

Fig. 7 Bright field images of the Hep G2 cells loaded with 1 (10 uM
in DMEM) incubated for 30 min (a) without and (b) with the addition of
Zn*" (1 equiv); Fluorescence microscope images of the Hep G2 cells
loaded with 1 incubated for 30 min (c) without and (d) with the addition
of Zn** (1 equiv).

1 could coordinate with Zn>" via a 1:1 binding mode and only
display high selective and sensitive fluorescence response to
Zn*" over other metal ions in aqueous acetonitrile solution or
HEPES buffer. It was found that the process of OFF—ON fluor-
escence enhancement mostly is ascribed to stable electrophilic
attack of Zn”" ion to the phenolic oxygen atom with electron-
rich property and effective prevention of torsional motions of the
two aryl moieties in the 2-hydroxy-phenyl-1,3,4-oxadiazole
group, accompanying the formation of new complex with rigid
planar structure and blocking of non-radiative transitions. The
fluorescence imaging of Zn>" in living cells was successfully
applied by using fluorescence confocal microscopy, and the
results revealed that the chemosensor can be utilized in living
cells for monitoring Zn>".

Experimental section
Materials and general methods

All the materials for synthesis were purchased from commercial
suppliers and used without further purification. All of the sol-
vents used were of analytical reagent grade and deionized water
was used. All metal salts used were perchlorates of general
formula M(C10,),:xH,O formula, and NaCl, KCI, MgCl,-6H,O
and CaCl, were also used in the competition experiments in
HEPES buffer. HEPES buffer solutions (10 mM, pH = 7.2) were
prepared in CH;CN-H,O (1:1, v/v). 'H and "*C NMR spectra
were taken on a Varian mercury-300 spectrometer with TMS as
an internal standard and CDCl; as solvent. Mass spectra were
recorded on a Bruker Daltonics esquire6000 Mass spectrometer.
Quantum yields were determined by an absolute method using
an integrating sphere on an Edinburgh Instrument FLS920. The
fluorescence lifetimes were determined with an Edinburgh
Instrument FLS920 fluorescence spectrophotometer using a
nanosecond-pulsed flashlamp as the light source. Fluorescence
spectra measurements were performed on a Hitachi F-4500
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spectrofluorimeter equipped with quartz cuvettes of 1 cm path
length with a xenon lamp as the excitation source. Absorption
spectra were recorded on a Varian UV-Caryl00 spectropho-
tometer using quartz cells of 1.0 cm path length. IR spectra were
recorded on Nicolet FT-170SX instrument using KBr discs in
the 400-4000 cm™' region. All pH measurements were made
with a pH-10C digital pH meter. All spectra were recorded at
20 °C. Fluorescence microscopy experiments were performed on
a fluorescence microscope (DMI 4000 B, Leica Microsystem)
with excitation between 340-380 nm. The total magnification
was 400x.

Preparation of ligand

1-(3,5-Di-tert-butyl-2-hydroxybenzylidene)semicarbazide (3).
To a stirred solution of semicarbazide hydrochloride (3.06 g,
27.5 mmol) and NaOH (1.1 g, 27.5 mmol) in 10 mL water was
added dropwise a solution of 3,5-di-terz-butyl-2-hydroxybenz-
aldehyde (5.85 g, 25.0 mmol) in 40 mL ethanol at 65 °C. The
reaction mixture was refluxed for 8 h and then cooled to room
temperature. Yellow precipitates formed were filtered and
washed with water and ethanol, then dried under vacuum. Yield:
89.3% (6.5 g). Mp: 180.0-182.5 °C. FT-IR (KBr phase) (cm™"):
3425 s, 2960 s, 1676 vs, 1587 s, 1437 vs, 1363 m, 1246 m,
1206 w, 1174 w, 1103 w, 1031 w, 954 w, 828 w, 764 w, 644 w.

5-(2-Hydroxy-3,5-di-ter+-butylphenyl)-[1,3,4]oxadiazol-2-amine
(2). To a stirred suspension of 3 (5.82 g, 20.0 mmol) and anhy-
drous sodium acetate (6.58 g, 20.0 mmol) in 24 mL glacial
acetic acid was added dropwise slowly a solution of Br,
(1.14 mL, 22.0 mmol) in 4 mL glacial acetic acid at room temp-
erature. After further stirring for 4 h, the reaction mixture was
poured into 300 mL of ice water. The precipitates were filtered
and washed with lots of water. The pale yellow product was
dried under vacuum. Yield: 93.4% (5.4 g). Mp: 236.5-238.5 °C.
FT-IR (KBr phase) (cm™"): 3434 vs, 2961 m, 1656 vs, 1617 m,
1554 m, 1462 w, 1433 m, 1293 w, 1362 w, 1253 m, 1221 w,
1098 w, 986 w, 882 w, 770 w, 645 w. '"H NMR (200 MHz,
CDCls, ppm): 6 1.46 (9H, s, —C(CHs;)3), 1.58 (9H, s, —C(CH3)3),
5.15 (2H, s, -NH,), 7.44-7.45 (2H, Ar-H), 10.27 (1H, s, —OH).
3C NMR (50 MHz, CDCls, ppm): & 28.79, 30.83, 33.71, 34.62,
107.28, 119.26, 126.65, 136.51, 140.78, 153.20, 159.63, 161.15.
ESI-MS: m/z 290.3 (M + H").

N-(2-Ethoxy-2-oxoethyl)-V-(5-(2-hydroxy-3,5-di-fert-butylphe-
nyl)-[1,3,4]oxadiazol-2-yl)glycine ethyl ester (1). Anhydrous
potassium carbonate (0.69 g, 5 mmol) was added to a solution of
2 (0.289 g, 1 mmol) in acetonitrile (25 mL), and the mixture was
held at reflux. An hour later, a 5 mL acetonitrile solution con-
taining ethyl chloroacetate (0.61 g, 5 mmol) was added to the
mixture (excess of ethyl chloroacetate for improving the yield of
the ligand 1). The reaction mixture was held at reflux for another
5 h and then cooled to room temperature. The insoluble in-
organic carbonate was removed by vacuum filtering and washed
by acetonitrile. The filtrate was evaporated under reduced
pressure, and the mixture was purified by silica gel column
chromatography using 5:1 (v/v) petroleum ether—ethyl acetate
to afford 1 as pale yellow viscous liquid. Yield: 75.0% (0.35 g).
'"H NMR (200 MHz, CDCls, ppm): 6 1.27-1.34 (15H, m,

—C(CHj3); and ~CH3), 1.45 (9H, s, ~C(CH3)3), 4.20-4.31 (4H, q,
—CH,-), 4.37 (4H, s, -CH,-), 7.37 (1H, s, Ar-H), 7.41 (1H, s,
Ar-H), 10.24 (1H, s, -OH). '*C NMR (50 MHz, CDCl;, ppm):
5 14.14, 2938, 31.41, 34.25, 3523, 50.75, 61.74, 107.89,
119.57, 127.22, 137.13, 141.24, 153.80, 160.61, 162.31, 168.43.
ESI-MS: m/z 462.5 (M + H").
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