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ABSTRACT

A probe based on 2-(2'-hydroxyphenyl) benzothiazole (HBT) has been synthesized and used for the ratiometric detection of hydrazine. The probe
is designed in such a way that the excited state intramolecular proton transfer (ESIPT) of the HBT moiety gets blocked. The chemodosimetric
approach of hydrazine to the probe results in the recovery of the ESIPT by removal of a free HBT moiety through subsequent substitution,
cyclization, and elimination processes. The probe is successfully demonstrated to enable the detection of hydrazine in live cells.

Hydrazine is well-known because of its flammable na-
ture, and it finds wide use in rocket fuels.! Tt has high
reactivity as a base and it can be used as a good reducing
agent.” It plays essential roles in the chemical, pharmaceu-
tical and agricultural industries as catalyst, corrosion inhibi-
tor, textile dye, and pharmaceutical intermediate etc.’

By several yeasts and anammox organisms (anaerobic
ammonia oxidizers) like Brocadia anammoxidans, hydra-
zine is formed in nature. Hydrazine is highly toxic and
may affect the lungs, liver, spleen, and thyroid of humans
and animals upon inhalation. It has been reported that
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hydrazine has mutagenic and carcinigenic effects.* Accord-
ing to the U.S. Environmental Protection Agency (EPA),
“Increased incidences of lung, nasal cavity, and liver tu-
mors have been observed in rodents exposed to hydra-
zine”.” In fact, it has been classified as a potential human
carcinogen by the EPA and the World Health Organiza-
tion and suggested a low threshold limit value (TLV) of
10 ppb.° Therefore, the selective and sensitive detection of
a trace amount of hydrazine has gained increasing atten-
tion. In recent years, the fluorometric method has been

(4) International Agency for Research on Cancer. Re-evaluation of
some organic chemicals, hydrazine, and hydrogen peroxide. /ARC
Monographs on the Evaluation of Carcinogenic Risk of Chemicals to
Humans; IARC: Lyon, 1999; Vol. 71, pp 991—1013; http://monographs.
iarc.fr/ENG/Monographs/vol71/mono71-43.pdf.

(5) U.S. Environmental Protection Agency. Integrated Risk Informa-
tion System (IRIS) on Hydrazine/ Hydrazine Sulfate; National Center for
Environmental Assessment, Office of Research and Development: Washing-
ton, D.C., 1999.

(6) (a) Choudhary, G.; Hansen, H. Chemosphere 1998, 37, 801-843.
(b) Umar, A.; Rahman, M. M.; Kim, S. H.; Hahn, Y.-B. Chem.
Commun. 2008, 166—168.



Scheme 1. Synthetic Procedure of the Probe (BTB)
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extensively used to detect diverse analytes because of its
selectivity, sensitivity, easy operation, economy, and real-
time detection.” In addition, ratiometric sensing is highly
recommended because this property makes it feasible to
evaluate the analytes more accurately with minimization of
the background signal. Despite the carcinogenic and en-
vironmental pollutant effect of hydrazine, however, small
molecule fluorescent probes for hydrazine detection
are still very limited.® There are many interesting sensors
reported for the chemodosimetric detection of various
analytes involving intelligent chemical transformations,
mainly the deprotection of a specific protecting group.’
2-(2'-Hydroxyphenyl) benzothiazole (HBT) is very famil-
iar because of its intramolecularly hydrogen-bonded prop-
erty, which exhibits excited state intramolecular proton
transfer (ESIPT)'° through tautomerization. The proton
transfer, i.e, tautomerization, affords a huge bathochromic
shift in the emission signal. There are a number of reactive
probes reported based on the HBT moiety for the selective
detection of different analytes via “protection—deprotec-
tion” sequence.'! Inspired by all of these works, we report
here a new bromo-ester derivative of 2-(2’-hydroxyphenyl)
benzothiazole compound that selectively gets depro-
tected by hydrazine through substantial substitution—
cyclization—elimination sequence to yield a deprotected
HBT moiety. After the hydrazinolysis, the original phe-
nolic form of the hidden probe becomes free again with the
recovery of its excited state intramolecular proton transfer
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(ESIPT) property. To the best of our knowledge, this is the
first example of a chemodosimetric detection of hydrazine
using ESIPT mechanism with subsequent substitution—
cyclization—elimination sequence. As shown in Scheme 1,
the probe (BTB) was synthesized from the coupling reac-
tion of 2-(2’-hydroxyphenyl) benzothiazole with 4-bromo-
butyric acid using DCC as coupling agent. This product
(BTB) was well characterized by "H NMR, '*C NMR, and
HRMS (Figures S14—S17, Supporting Information).
The photophysical properties of BTB were investigated
by monitoring the absorption and emission behavior upon
addition of several anions, cations, and neutral bases, viz.
Br, CI", F, CN7, HSO;, I, NO,", NO;~, N3,
HSO,4 ", SO,*, SO;*", PPi, PO,*>", $> (as their sodium
salts), NH,OH, NH;, N,H,, ethylene diamine, Mg*",
Cu’t, Hg?", Zn>", Cd*" and Mn*" (as their chloride
salts). Only hydrazine has been successful to perturb the
absorption and emission signal of BTB, but other analytes
cannot affect the absorption and emission profiles (Figure S5,
Supporting Information). They are almost nonresponsive.
The chromogenic signaling behavior of BTB (10 uM)
was investigated in CH;CN:H,O (2:3, v/v, pH = 74,
1 mM HEPES buffer, 25 °C) solution, where it revealed
a strong maximum at 285 nm. Upon incremental addition
of hydrazine (0—2 equiv), the peak at 285 nm evidently
decreased, and a new peak at 343 nm appeared with an
isosbestic point at 329 nm. A moderate absorption band at
343 nm, characteristic of HBT, was detected upon addition
of hydrazine (Figure 1). The change in the absorbance at
285 and 343 nm by hydrazine-assisted demasking process
was identified by ratiometric analysis for the conversion
of BTB to HBT moiety. Additionally, the absorbance
ratio (As43/A»gs) at the two characteristic wavelengths of

Absorbance

Wavelength (nm)

Figure 1. Change of UV—vis spectra of BTB (10 uM) with
incremental addition of hydrazine (0—2 equiv). Spectra were
recorded after 60 s of each mixing.

285 and 343 nm was measured after addition of 2 equiv of
hydrazine, and a linear relationship was observed between
(A343/Aogs) with [NoHy] in the range of 0—9 uM (Figure S4,
Supporting Information). We elaborated the fluorog-
enic signaling behavior of BTB (10 4uM) in CH3CN:H,O
(2:3, v/v, and pH = 7.4, 1 mM HEPES buffer, 25 °C)
solution toward the detection of hydrazine. In absence of
hydrazine, the fluorescence profile of BTB shows only a
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Figure 2. (a) Change of emission spectra of BTB (10 uM) with
incremental addition of hydrazine (0—2 equiv). Spectra were
recorded after 60 s of each mixing. (b) Fluorescence spectra of
BTB (10 uM) in the presence of hydrazine and other represen-
tative cations, anions, and organic bases (2 equiv each). Ao, =
300 nm.

strong signal at 368 nm (blue emission) upon excitation at
300 nm, which corresponds to the “enol-form” emission of
HBT. But upon interaction with hydrazine, a prominent
new emission band at 458 nm (greenish emission, corre-
ponds to “keto-form”) developed, and upon progressive
addition of hydrazine, the peak at 458 nm rapidly in-
creased, and a good ratomertic spectrum was obtained
with a well-defined isoemission point at 417 nm (Figure 2).
These changes in the fluorescence spectra stopped when
the amount of added hydrazine reached 1 equiv. At this
moment the ratio of the emission intensities at 368 and
458 nm (I4sg/l363) became as high as 88 times as in the
absence of hydrazine. The color of the fluorescence clearly
changed from blue to bluish-green, which was observed by
the naked eye after illumination under UV light. A linear
relationship was observed between the ratio of fluores-
cence intensities (I4sg/I363) and concentration of hydrazine
from 1-9.5 uM (Figure S3, Supporting Information).
From the concentration-dependent fluorescence emission
changes, the detection limit of BTB for the determination
of hydrazine was estimated to be 6.6 x 10~° M (2.2 ppb),
which was much lower than that of TLV (10 ppb) recom-
mended by the EPA and WHO.

The plausible mechanism behind the return of the
ESIPT through the chemical transformation of BTB to
HBT, induced by hydrazine, is shown in Scheme 2. The
reaction of BTB with N,H, was illustrated by involving
two steps, at first the nucleophilic substitution to the
bromo group and then the second nucleophilic addition
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Scheme 2. Possible Mechanism of the Response of BTB to
Hydrazine
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to the ester carbonyl with subsequent intramolecular
cyclization to release the HBT moiety. Thus was generated
the phenolic HBT, which rapidly transformed to the keto-
form upon excitation (ESIPT), and this is responsible for
the green emission at a longer wavelength (458 nm, Stokes
shift = 90 nm). The charge surface diagram supports the
reaction sequence (Figure S11, Supporting Information).
As shown in this diagram, the C-atom attached with
bromo group is slightly positively charged (may be because
of the —I effect of —Br group). Thus the first possible
nucleophilic attack of hydrazine occurs at that center. To
ensure the hydrazine induced chemical transformation of
BTB to HBT, we have compared the emission spectra of
free HBT with BTB after addition of hydrazine, and the
result agrees well with the proposed hydrazine induced
deprotection of BTB (Figure S7, Supporting Information).
The "H NMR titration spectra of BTB with hydrazine also
support the fact (Figure S19, Supporting Information).
ESI TOF mass spectra further confirm the sensing me-
chanism (Figure S18, Supporting Information).

Reaction time is an important factor for chemodosi-
metric approach; therefore, the time required for the reac-
tion of BTB with hydrazine was investigated in the same
experimental condition after addition of 2 equiv of hydra-
zine. As shown in Figure S1 (Supporting Information), the
fluorescence intensity increases with reaction time and then
levels off at reaction time less than about 15 min (900 s).
From this result, it is concluded that the probe is suitable
for the rapid detection of hydrazine. A good linear rela-
tionship was observed between fluorescence intensity ratio
(I458/1z63) and reaction time from 0 to 480 s (Figure S2,
Supporting Information). The time vs emission ratio (I4sg/
Lgg) plot was obtained by using first order rate equation.
We3get ;[he rate constant = k = (slope x 2.303) = 8.1 x
107" s .

To further understand the relationship between the
structural changes of BTB and after reaction with hydra-
zine and the optical response of BTB to hydrazine,
we carried out a density functional theory (DFT) and
time-dependent density functional theory (TD-DFT)
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calculations with the B3LYP/6-311+G (d,p) method basis
set using the Gaussian 03 program.'?> The HOMO and
LUMO of the optimized BTB molecule (Figure 3) showed
the expected extended conjugation in its HOMO and
electron drift from benzene to ester group. Its electronic
spectrum obtained from TD-DFT showed electronic tran-
sition (HOMO—-LUMO) at 298.27 nm (Figure S10, Sup-
porting Information, gas phase) close to the experimental
value in mixed aqueous solution (285.7 nm) (Figure 1).
The TD-DFT calculation on the electronic transition of
HBT showed transition from the enol form at 276.6 nm
and of the keto form at 312.45 nm; the average of both

LUMO (c)

(a) HOMO (b)

Figure 3. Optimized structure (a), HOMO (b), and LUMO (c)
orbitals of BTB calculated at the DFT level using a B3LYP/6-
3114G(d,p) basis set.

these transitions is close to the experimental transition. The
enol form of HBT is more stabilized (19.38 kcal/mol)
compared with its keto form. The HOMO—-LUMO orbi-
tals of enol and keto forms of HBT are shown in Figure S9
(Supporting Information).

We performed a biological study to test the ability of
BTB to image hydrazine in live cells. As shown in Figure 4,
the Candida cells incubated with the probe (10 uM) for
30 min showed a weak blue color emission from the intra-
cellular area, but no green emission was observed. How-
ever, the cells treated with the probe were further incubated
with hydrazine (20 uM), and the blue fluorescence changed
to green. From these cell experiments, it is concluded that
BTB could provide ratiometric detection for intracellular
hydrazine.

Figure 4. Fluorescence microscope images of (a) Candida
albicans cells, (b) cells treated with BTB (10 uM), (c) cells treated
with BTB (10 uM), further incubated with hydrazine (20 uM).
Scale bar: 5 um.

In order to investigate the practical application of this
sensor we performed a “dip-stick” experiment. We pre-
pared TLC plates immersed into acetonitrile solution of
BTB, evaporated the solvent to dryness, and then im-
mersed the plate to an N,Hy solution, when we observed
the color of the plates changing from blue to green under
UV light (Figure S8, Supporting Information).

Thus, in this letter, we have designed and synthesized a
reactive probe for hydrazine based on the HBT moiety.
The probe (BTB) exhibits sharp hydrazine promoting
changes in the intensity ratios of both absorption and
emission due to return of the ESIPT. DFT and TD-DFT
calculations support the phenomenon. Moreover, live-cell
imaging experiments establish the utility of this probe for
tracking hydrazine in live cells. Thus, this ligand can be
used to monitor hydrazine producing strains from natural
samples. It can also be used to accurately determine con-
centration of hydrazine in any sample.
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