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Novel phenothiazine boranil dye was utilized for thiophenol fluorescent probe
development. Significantly, Probe 1 showed great potential for practical applications
in real water samples, in serum, on filter paper stripsaswell asin living cells.
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Abstract

A novel red-emitting dye?’B-NH,, was synthesized by incorporation of an electron
rich phenothiazine moiety to classical boranil d&B-NH, displayed excellent
photophysical properties, such as long emissioreleagth, large Stokes shift, strong
emission both in solution and in solid state. Basedhis attractive platfornirobe 1,
was constructed for selective detection of thiogherNotably, Probe 1 was
ultrasensitive in response to thiophenol, and tesponding detection limits for
thiophenol in theoretical and in experimental wdetermined to be 1.4 and 10 nM,
respectively. SignificantlyProbe 1 showed great potential for practical applications,
and the applications in real water samples, inraean filter paper strips and in living

cells were successfully demonstrated.
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1. Introduction

Thiophenols have broad synthetic utility and they avidely used in
chemical industry, such as the preparation of pielts, medicine and various
industrial productd® However, despite their great practical value, ghiEnols
have been listed as one of the prioritized polligany the United States
Environmental Protection Agency (USEPA) due to hiighly toxic property"
Long-term exposure of thiophenols liquid or vapoektremely detrimental to
human health, which may induce severe central msngystem damage and
other related system injuries, even deaffoxicological studies revealed that
thiophenols process the median lethal concentrgti@%0) values of 0.01-0.4
mM in fish and a median lethal dose (LD50) valuet6f2 mg/kg in mous&’
Therefore, the development of highly sensitive sealkéctive methodologies for
the detection of thiophenols is of considerableniicance in the fields of
chemical, biological and environmental science. @wio the advantages of
simplicity and high sensitivity as well as non-isixeeness and high
spatiotemporal resolution, fluorescent methods haeen recognized as the
effective tools that can help monitor and visuakaeious cations, anions, and
biomolecules botlin vitro andin vivo.? In the past decade, great efforts have
been devoted to the development of fluorescent eprfoln thiophenols over
aliphatic thiols. Pioneered by Wang's group, thdedere detection of
thiophenols was realized by taking advantage of ttiiephenols-mediated
cleavage of sulphonamideFrom then on, a variety of fluorescent probes
capable of detecting thiophenols selectively hadnbeeported based on the
extended version of the above-mentioned strat&tf/Despite the significant
advances have obtained so far, it is noteworthiyrtiast of the reported probes
suffer from short emission wavelength and relayive@all Stokes shift. It is
well known that fluorescent probes with emissionad or near-infrared range
are optimal for biological imaging applications due the deep tissue

penetration, decreased light scattering, reducéaflaarescence and minimum



photodamagé& Moreover, fluorophores with large Stokes shift areite
suitable for fluorescence microscopy studies, beeahe large Stokes shift
enables the clearly separated excitation and emnis®iands, which can
effectively minimize the interferences caused bylf-alesorption or
auto-fluorescenc¥. Unfortunately, red or near-infrared fluorescermbas for
thiophenol with large Stokes shift are rare up lumbw. Among the reported
thiophenol probes, three fluorescent probes emiethor near-infrared region
(Aem = 600 Nnm) as well as display large Stokes shiftt0 nm); they could
detect thiophenol in solutions, but not suitabletf@ophenol detection in solid
state due to the severe ACQ (aggregation-causeatthing) process (see Table
S1). Fluorophores that exhibit large Stokes shnft strong red or near-infrared
fluorescence both in solution and in solid state &ighly desirable for
thiophenol probes development, from the stand padipractical application.

In this work, we have exploited a unique amino mtkeiazine boranil dye
PB-NH,, which displays strong red emission not only ifusons but also in
solid state. More importantly, the Stokes shift BB-NH, could reach to
incredibly 172 nm in EtOH/PBS buffer (v/v=1:1) stvin. Thereby,PB-NH-
offers a robust platform upon which novel fluoreggerobe for thiophenol was
based. Herein, we synthesized a novel fluoresBealbe 1 for thiophenol by
incorporation of a dinitrobenzene sulfonate (DNBS®)iety toPB-NH», which

could detect thiophenol both in agueous solutionkia solid state.

2. Resultsand discussion

3.1 Design rational

In recent years, heteroatom-modified organic dgaesh as BODIPYs have
received considerable attention due to their ontstey optical characteristics,
such as relatively narrow absorption and emissemdphigh molar absorption
coefficient, intense fluorescence quantum yieldis&ectory photostability and
chemostability, and exceptional insensitivity te gholarity of solvents and to

pH3® However, classical BODIPYs suffered from severeioféscence
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quenching in solid state due to the tight interroolar n-n stacking. Moreover,
most BODIPYs exhibit very small Stokes shift (<r2@, in most cases), which
inevitably results in self-quenching and in measest errors by excitation
and scattering light: Therefore, the development of novel red emissiveib
difluoride complexes with large Stokes shift isgpgat importance. In fact, this
also represents the current state-of-art in tHd H& novel BODIPY analogues
exploitation.

Phenothiazine, which was first synthesized by Besan in 1883° has been
widely used in a variety of industries including tlmhanufacturing of dyes and
pigments, drugs, dye-sensitized solar cells andtgoopying materiald’®
Phenothiazine contains electron-rich nitrogen antdus heteroatoms in a
heterocyclic structure with strong electron-dongitability. We anticipate that
the introduction of a phenothiazine moiety to BODI&nhalogues may serve as
a robust strategy for developing red-emitting fesment dyes with large Stokes
shift. Moreover, the nonplanar butterfly-like maldar conformation of
phenothiazine can effectively preclude the inteenolar n-n stacking'®
thereby leading to strong solid fluorescence.

As a proof-of concept, we designed novel amino ptieazine boranil dye,
PB-NH,, by incorporation of a phenothazine moiety to sileel amino boranil
dye, and readily synthesized it from commercialilade compoundL in five
steps (Scheme 1). Condensation of compolndth n-bromobutane to form
compound?2, the subsequent Vilsmeier acylation with PgOMF obtained
phenothiazine-2-methoxy-3-aldehyde (compour®). Demethylation of
compound 3 by Allz (prepared in suit) afforded the key intermediate
phenothiazine salicylaldehyde4, which was then treated with
p-phenylenediamine formed Schiff baSe Finally, the BE complexation of
compound5 and BR-EtO in 1,2-dichloroethane generated the target dye
PB-NH,. The chemical structures of all compounds wereficoed by 'H

NMR, **C NMR and HRMS (see supporting information).
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Scheme 1. Synthetic route oPB-NH,. Reagents and conditions are as follows: (a) mbiutane,
NaOH, KI, DMSO, 100°C, Ar, 6 h; (b) POZDMF, 0°C, Ar, 15 min, then compound 2, DMF,
60°C, 4 h; (c) Aluminium powder, iodine, GEN, room temperature, Ar, 30 min, then compound
3, CHCN, 80°C, 6 h; (d) p-phenylenediamine, ethanolprdaemperature. (e) BFELO, DIEA, 1,

2-dichloroethane, reflux, 5 h.

With dyePB-NH, in hand, we were eager to investigate its oppcaperties
in different solvents. The absorption and emissgpectra of PB-NH, in
different solvents (dichloromethane, EtOH, pH 7BISFbuffer/EtOH (v/v=1:1)
and CHCN) are shown in Figure S1, and the correspondihigphysical data
are summarized in Table 1. As designed;NH displays emission peaks well
into the red region, with maximum at 605-626 infeliént solvents. Moreover,
PB-NH has the fluorescence quantum yields of 0.08-th28fferent solvents,
which are great values for red-emitting dyes witlrgé Stokes shift.
Remarkably,PB-NH, exhibits large Stokes shifts of 154-172 nm in etiint
solvents, which are much superior to those of @dat8ODIPYs (< 20 nm in
most cases). In additio®B-NH; is a new solid-emissive fluorophore, which
shows strong red fluorescence in powder state artdst paper strip (Figure 1)

Table 1. Photophysical data ¢1B-NH-, in different solvents

Solvent Aapdnim’ Aem/NMP Stokes @ ¥ns
shift
dichloromethane 460 621 161 0.28 3.68
CHsCN 453 613 160 0.20 2.81
EtOH 451 605 154 0.19 2.62
EtOH/PBS (1:1) 454 626 172 0.08 1.16

*The maximal absorption of theB-NH.. ®The maximal emission of thEB-NH,. ‘@ is the
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relative fluorescence quantum yield estimated bpgudluorescein @; = 0.79 in ethanol) as a
standard“Fluorescence lifetime.
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Figure 1. (a) Fluorescence spectrum of PB-Nbbwder. Insert: photograph of PB-Mplowder
under a UV 365 lamp; (b) Fluorescence spectrunBeNPI, coated filter paper strip. Insert:
photograph of PB-Nkcoated filter paper strip under a UV 365 lamp.

Inspired by these encouragine findings, we antteipaatPB-NH, could be
employed as an attractive platform upon which aehdwuorescent probe, that
allows thiophenol detection both in aqueous soh#i@nd in solid state, is
based. With all these in mind, we designed andh®gitedProbe 1 by
incorporation of a DNBS moiety td&*B-NH, (Scheme 2) The chemical
structure ofProbe 1 was fully confirmed by'H NMR, *C NMR and HRMS
(see supporting information). The design rationslalso depicted in Scheme 2
and illustrated as follows. The DNBS moiety wasstdd because it functions
not only as a recognition group for thiophenol, lalso as an effective
fluorescence quencher via the photo-induced eledtansfer (PET) process to
ensure a low fluorescence background. Upon additbrthiophenol, the
masked DNBS moiety can be removed smoothly thrabghsyAr process, to
release dyePB-NH,, thereby resulting in a strong, time-dependent red

fluorescence signal.
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Scheme 2. Synthesis oProbe 1 and the proposed response mechanisBratbe 1 to thiophenol

3.2 Sensing properties Bf obe 1 to thiophenol

The sensing ability oProbe 1 in response to thiophenol was investigated in
PBS buffer (10 mM, pH = 7.4, containing 1 mM CTABRBYs shown in Figure
S2, freeProbe 1 displayed an absorption band centered at 465 roweMer,
upon addition of the incremental amounts of thiomieto the solution of
Probe 1, theabsorption peak at 465 nm was shifted to 445 nmcandomitant
appearance of a new peak at 340 nm. The absonpdiaks at 445 nm and 340
nm could be assigned #B-NH, and compound, respectively, which were
supported by the corresponding absorption compaiiséigure S3. Moreover,
free Probe 1 was essentially non-fluorescent, addition of thiepol to the
solution of Probe 1 induced significant fluorescence enhancement atré6f
(Figure S4). ImportantlyProbe 1 displayed a large Stokes shift of about 158
nm in response to thiophenol which can effectiveljuce the interference from
self-absorption and therefore can greatly improwe sensitivity in the
fluorescence detection. To gain insight into thesgevity of Probe 1 in PBS
buffer (10 mM, pH = 7.4, containing 1 mM CTAB), tfleorescence intensity
of Probe 1 in response to the incremental amounts of thiophemas
investigated. As expected, the fluorescence integmscreased gradually with
incremental addition of thiophenol. When 1.4 eqléwa of thiophenol was
added to the solution d¥robe 1, the fluorescence intensity reached a plateau
and the enhancement was up to 104-fold (Figurén2addition, further study

suggested a plot of fluorescence intensity at @alvarsus the concentrations
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of thiophenol exhibited good linearity (R = 0.9948the range of 0-12 uM. In
addition, the theoretical detection limit was céied to be 1.4 nM (based on
S/N = 3) (Figure S5). Notably, the experimentakd&on limit is 10 nM, which
displays an approximately 1.2-fold increase of flnerescence intensity with
good reproducibility (Figure S6). To the best ofr danowledge, it was the
lowest experimental detection limit ever reportélli these traits suggested that
Probe 1 was indeed a sensitive detector for quantitativayesis of thiophenol

in aqueous media.
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Figure 2. Fluorescence spectra Bfobe 1 (10 uM) in the presence of thiophenol (0-16 uM) in

PBS buffer (10 mM, pH=7.4, containing 1 mM CTABXdied at 470 nm.

3.3 Kinetic studies

Time-dependent fluorescence arising from the icteya of agueou$robe
1 (10 uM) with 0.5 and 1.0 equivalent of thiophenatre investigated by
monitoring the fluorescence intensity changes at®2 as a function of time.

As shown in Figure 3, upon addition of thiophermthe solution oProbe 1,
9



the fluorescence intensity at 621 nm increased idiaely and reached a stable
signal plateau within 5 min, indicating thd&robe 1 could respond to
thiophenol rapidly. Moreover, this reaction obeys$ypical pseudo-first-order
with rate constantds determined to be 0.7727 mii{Figure S7). In addition,
in the absence of thiophenol, the solutionRsbbe 1 displayed negligible
changes in the fluorescence intensity at 621 nninguhe identical interval

suggesting that frelerobe 1 was highly stable in aqueous solution.
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Figure 3. Kinetics of fluorescence enhancement rate at 681far Probe 1 (10 uM) in the

absence (black line) and presence qf\b (red line) and 1QuM (blue line) thiophenol in PBS

buffer (10 mM, pH=7.4, containing 1 mM CTAB).

3.4 Mechanism studies

The optical changes dProbe 1 in response to thiophenol indicated the
releasing oPB-NH,. The proposed sensing mechanism is shown in ScBeme
To further confirm the sensing mechanisid, NMR titration was conducted
for a mixture ofProbe 1 and thiophenol in DMS@s. As shown in Figure 4,
With the addition of incremental amounts of thiopbleto Probe 1, the signal
peaks ofProbe 1, especially those marked withm)( disappeared gradually,
along with the concomitant appearance the signakgef PB-NH, (peaks

marked with (*), indicating the cleavage of 2,4dittiophenolate moiety in
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Probe 1 and leading to the release BB-NH.. It is worthy to note that no
obvious signal peak that assigned to the protonanuho group inPB-NH»
(peak marked with %)) was observed after addition of thiophenol to the
solution ofProbe 1. We reasoned that this phenomenon may explaingtdoy
substitution of hydrogen atoms on amino group hytelédum atoms in DMSO-
ds. Moreover, all signal hallmarks of the referenoenpound6 (peaks marked
with (¥)) can be observed in the mixtureRyfobe 1 and thiophenol, indicating
the formation of compoun@ during the reaction process. Similarly, the HRMS
spectrum of the reaction mixture Bfobe 1 and thiophenol displayed a main
peak at m/z=460.1439 (Figure S8) which was neatfntical to the exact
molecular weight of PB-NH, ([M+Na']=460.1437). Additionally, HPLC
analysis forProbe 1, PB-NH,; and the reaction mixture dProbe 1 with
thiophenol in PBS buffer (10 mM, pH 7.4, containibhgnM CTAB and 5%
DMF) was carried out (Figure S9Probe 1 displayed a single peak with a
retention time at 2.88 min. Upon addition of 1.@ieqof thiophenol, the peak
of Probe 1 decreased dramatically and a new peak was emesghda
retention time 2.24 min, which was assignedB>NH,. Taking together, all
these results provide strong support for the pregosensing mechanism in

Scheme 2.
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thiophenol PB-NH, and compouné. All spectra were obtained in DMS@-

3.5 Selectivity and effect of pH

Another important parameter to evaluate the perdmee of a fluorescent
probe is the selectivity. To gain insight into thelectivity of Probe 1 toward
thiophenol, the fluorescence behavioursRobbe 1 in response to various
potential interfering species, including aliphatiwols (2-aminoethanethiol,
DTT, Cys and Hcy, 0.1 mM for each, and 1 mM for GSkbme essential
amino acids (Lys, Gly, GIn, Phe, Met, Tyr, Thr, Sdis, lle, Pro, Ala, Asp Arg
and Val, 0.1 mM for each), representative anionds@0, S0:%, HSQy,
SO%, PQ*,NO,, NOs, and $, 0.1 mM for each) and biologically abundant
metal ions (K, C&*, Mg®" and zi*, 0.1 mM for each) as well as reactive
oxygen species (#, and CIO, 0.1 mM for each) were investigated. The result
showed in Figure 5 only thiophenol induced a dcastiuorescence
enhancement, no significant fluorescence changes aeserved upon addition
of other analytes, including the aliphatic thiolsniercaptopane, cysteamine,
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DTT, Cys, Hcy and GSH). The drastic differencesfluorescence spectra
allowed the naked eye differentiation of thiophefnon other analytes under a
UV 365 nm lamp irradiation (Figure 5). Moreover,nguetition experiments
were carried out by adding thiophenol (16 uM) te folution ofProbe 1 (10
KM) in the presence of 100 uM of other interferapgcies. As shown in Figure
S10, strong fluorescence was observed wiRepbe 1 was exposed to
thiophenol, which was not disturbed by other irggrfg species. Therefore, it

can be concluded thRtobe 1 exhibits high selectivity toward thiophenol.
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Figure 5. Selectivity of Probe 1 (10 uM) toward thiophenol and other analytes inSPB
buffer (10 mM, pH=7.4, containing 1 mM CTAB) for 3@in. Legend: (1) P, (2)
CHsCOO, (3) SO3%, (4) HSQ, (5) SQ?, (6) NO, (7) NGOy, (8) &, (9) K', (10) C&",
(11) Mg, (12) zrf*, (13) HO,, (14)CIO, (15) Lys, (16) Gly, (17) GIn, (18) Phe, (19)
Met, (20) Tyr, (21) Thr, (22) Ser, (23) His (24¢1(25) Pro, (26) Ala, (27) Asp, (28) Arg,
(29) Vval, (30) Cys, (31) Hcy, (32) 2-aminoethaneth{33) DTT, 0.1 mM for each, (34)
GSH, 1mM, (35) blank and (36) PhSH, 16 puM. InsErhission images dProbe 1 with

different analytes under UV 365 lamp.

To evaluate the limitations d¢frobe 1 in aqueous solution, the effect of pH
on the its fluorescence intensity in the absencemasence of thiophenol was
investigated (Figure S11). Fr@eobe 1 exhibited negligible fluorescence in the

pH range from 1 to 12, suggesting tHatobe 1 was pH insensitive. As
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expected, in the presence of 16 uM thiophenol, ftherescence intensity
increased with the pH range from 2.0 to 12.0, deddreferred pH range was
6.0-11.0. The weaker fluorescence response at p-0 may attributed to the
reduced nucleophilicity of thiophenol under thesmnditions. The obvious
fluorescence decrease at pH > 11.0 was presumaigytal the formation of
disulfide® thereby diminishing the concentration of thiopherthe above
studies demonstrated thatobe 1 can detect thiophenol in environmental and
biological studies.

3.6 Application potential of Prolie

Encouraged by the above-mentioned sensing perfa@nahProbe 1, its
practical applications including the detection dfiophenol in real-water
samples, in serum, and on filter paper strips al$ agein living cells were
further demonstrated.

Detection of thiophenol in real-water samples. To verify the practicality of
Probe 1 in the environmental science, we appli®dobe 1 to quantify
thiophenol concentrations in real water samples wite standard addition
method®’ The crude water samples form tap water and Soakie in Nanning
city were passed through a microfiltration membréh22 um) before use. The
pH value of the water samples were adjusted to gHirdtially, and then the
aliquots of the water samples were spiked witheddght concentrations of
thiophenol (0, 1, 5 and 12 uM). The results wenarsarized in Table 2, and
the resultant thiophenol recoveries were not leas ©6%. These data led us to
conclude thaProbe 1 has the potential for quantitative detection abphenol
in real water samples.

Table 2. Determination of thiophenol concentration in watemples

Sample Thiophenol spiked  Thiophenol recovered  Recovery
(M) (M) (%)
South 0 Not detected

Lake water

14



1 1.09+0.15 109

5 5.32+0.10 106

12 11.76+0.08 98
Tap water 0 Not detected

1 0.99+0.03 99

5 5.40+0.18 108

12 11.58+0.11 96

Detection of thiophenol by Probel coated filter paper strips. Motivated by the
strong fluorescence &fB-NH; in solid state, the detection of thiophenol using
Probe 1 coated filter paper was carried out. FRr®@be 1 coated filter paper
was essentially non-fluorescent. Upon additiomofemental concentrations of
thiophenol, strong red fluorescence can be obsearat the corresponding
fluorescence enhancement at 621 nm can reach ttld® when 1G M
thiophenol was added (Figure 6). Moreover, therfgoence intensity at 621
nm was fairly linear in the thiphenol concentraticenge of 0.01-10 mM
(Figure S12). To the best of our knowledge, this wee first paper strip that
could be used for thiophenol detection, and th&hnelogy may provide a

convenient method for large screening of envirortiadguollution samples.
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lamp; (b) Fluorescence spectra obtained in thatititn of Probe 1 with different equivalents of

thiophenol on the filter paper strip.

Detection of thiophenol in Serum. To validate the biological applicability of
Probe 1, the fluorescence titrations in the presence t#l fleovine serum (0.5
mL + 2.0 mL PBS buffer (10 mM, pH=7.4, containingniM CTAB)) was
carried out. Fre®robe 1 shows weak fluorescence in serum. Upon addition of
thiophenol, strong red fluorescence peaked at 80Zan be observed (Figure
7). TheProbe 1 shows a 225 fold enhancement of fluorescence siiteas a
function of the concentration of added thiophenad ahe corresponding
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detection limit was calculate to be 5.9 nM (Fig@8#&3). Thus,Probe 1 is
sensitive enough to detect thiophenol in biologfads. It is worth noting that
the fluorescence spectra induced by thiophenoéiarm is slightly blue shifted
(about 14 nm) when comparing the fluorescence spéactBS buffer (621 nm
in PBS buffer vs. 607 nm in serum). This phenomemaght be explained by
the accumulation oProbe 1 into the hydrophobic cavities of the folding
proteins in serum. Upon addition of thiophenol, tiedeased dyd’B-NH-
would stay in a relatively hydrophobic environmerdas a result the
non-radiative relaxation oPB-NH, should be suppressed in some degree,
thereby provoking an enhancement of the fluoressamensity and a blue shift
of the emission spectra. In addition, the abovetmead speculation was
further supported by the reaction kinetic studyPobbe 1 and thiophenol in
serum (Figure S14-S15). The corresponding pseudbdider rate constant
Kobs Was determined to be 0.0617 mijrwhich was much slower than the rate
constant in PBS buffer gk = 0.7727 mifl), presumably due to the fact that the
rigid barrel pocket of the protein in serum cancpude the effective collision

betweenProbe 1 and thiophenol.
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Probe 1 Pro:n-l g ::: / //%’
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Figure 7. Fluorescence spectra Bf obe 1 upon addition of incremental amounts of thiophenol

(0-40 pM) in the medium of fetal bovine serum ing°Buffer. Insert: photograph &robe 1 in

17



the absence and presence of thiophenol in the mediu serum in PBS buffer under the

illumination by a UV 365 lamp.

Detection of thiophenol in living cells. Inspired by the excellent performance in
aqueous solution, we sought out to investigate cdgeability of Probe 1 to
visualize thiophenol in living cells. Initially, weonducted MTT assays on
HeLa cells to evaluate the cytotoxicity Bfobe 1. The results suggested that
this probe exhibited low cytotoxicity for living ke (Figure S16). When HelLa
cells were pre-treated with 20 uM thiophenol forr@id at 37°C then incubated
with 10 uM Probe 1 and 1 mM CTAB for additional 10 min, strong red
fluorescence in the cell cytoplasm was observeduféi 8c). In contrast, cells
displayed non-noticeable fluorescence when cellg mtubated with 10 pM
Probe 1 and 1 mM CTAB for 10 min (Figure 8a). This resultlicated that
Probe 1 is cell-permeable and can be used for intracellulmophenol

detection.

Figure 8. Confocal microscopic images of living HelLa cella:i) HeLa cells incubated

with 10 pMProbe 1 and 1 mM CTAB for 15min; (c-d) HeLa cells pre-tred with 20 uM
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thiophenol for 10 min then 10 uMrobe 1 and 1 mM CTAB for additional 15 min. (a, ¢)
fluorescence images; (b, d) Bright field images.igSion was collectedt 600-650 nm

window upon excited at 488 nm. Scale bar: 10 um.

3. Experimental Section

2.1 Materials and Instruments

Unless otherwise noted, all reagents were obtaifrech commercial
suppliers and used without further purification.N@ots were purified by
standard methods prior to use. Twice-distilled watas used throughout all
experiments. NMR spectra were recorded on a BRUKIBR spectrometer
with TMS as an internal standard. All accurate nssesctrometric experiments
were performed on a Xevo G2 QTof MS (Waters, US4Y-Vis absorption
spectra were recorded on a TU-1901 (Puxi, P.R. &hapectrophotometer.
Fluorescence spectra were recorded at room termuperasing a HITACHI
F-4600 fluorescence spectrophotometer with bothettwtation and emission
slit widths set at 5.0 nm. TLC analysis was perfednon silica gel plates and
column chromatography was conducted using silida(rgesh 200-300), both
of which were obtained from Qingdao Ocean Chemjc@tsna. HPLC analysis
was performed on a Waters Acquity UPLC H-Class esys{Milford, MA,
USA) equipped with a quaternary solvent delivergtegn, a column oven, an

auto sampler, and a photodiode array detector.
2.2 General Procedure for Spectral Measurements

A stock solution ofProbe 1 was prepared at 1 mM in DMF. Solutions of
various testing species were prepared from Lys, Bhe, His, Ala, Asp, Gly,
Thr, Tyr, Met, Cys, Ser, lle, Arg, Pro, Val, GSH,TD, NaOAc, NaSQ,
NaS,03, NaHSQ, NaNG,, NaNG;, NasPQy, N&S, MgCb, ZnCh, CaC, KClI,
H,O,, NaClO in twice-distilled water. Hcy was prepanedPBS buffer (10
mM, pH =7.4). 2-aminoethanethiol was prepared imaebl. A typical test
solution (10.0 mL) was prepared by placing 0.05 oflProbe 1 (1 mM), 5.0
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mL of PBS buffer (20 mM, pH = 7.4, containing 2 n@&trimonium Bromide

(CTAB)), and an appropriate aliquot of each analstieck solution into an
appropriate amount of twice-distilled water. Theuléng solution was shaken
well and kept at room temperature (25°C) for 20 rbafore recording its

absorption and fluorescence spectra.
2.3 Determination of the fluorescence quantum yield

Fluorescence quantum yield BB-NH, was determined by using fluorescein
(®; = 0.79 in ethanoff as a fluorescence standard. The quantum yield was
calculated using the following formula (1):

Dr=DrsAsFx/AxFs)(Nx/Ns)? (1)

Where ®f is the fluorescence quantum yield, A is the absock at the
excitation wavelength, F is the area under theeobed emission curve, and n is
the refractive index of the solvents used. Subscgipndy refer to the standard

and the unknown, respectively.
2.4 Prepare the test paper strips

Probe 1 (2 mg) was dissolved in 10 mL dichloromethaneteFipaper was
immersed in the solution and then taken out toidrgir. Finally, the paper
coated withProbe 1 was cut into strips as the test paper for thiophen

detection.
2.5 Cell Culture and Fluorescence Imaging

HelLa cells were seeded in a 6-well plate in Dulbécenodified Eagle’s
medium (DMEM) supplemented with 10% fetal bovineruse and 1%
penicillin. The cells were incubated under an ahese of 5% C®and 95%
air at 37°C for 24 h. Cell imaging was performedhwa Zeiss LSM 710 laser
scanning confocal microscope. Before each expetinseils were washed with
PBS buffer 3 times. The cells were then incubatétl ®robe 1 (10 uM), or
pretreated with thiophenol (20 uM, 20 min) andHertincubated witlirr obe 1
(10 uM) at 37 °C (for 10 min). The samples wereitexicat 488 nm. Emission

was collected at 600-650 nm.
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2.6 Synthesis of compourd

In a 100 mL round-bottom flask, compourd (2.29 g, 10 mmol),
n-bromobutane (13.6 g, 100 mmol), NaOH (0.8g, 20athmnd a catalytic
amount of Kl were dissolved in anhydrous DMSO (2k).mrhe resulting
mixture was stirred at 100 °C for 6 h under an argttnosphere. After cooling
to room temperature, the reaction mixture was pbume 300 mL water and
extracted with dichloromethane (3x100 mL). The argdayer was separated
and washed successively with brine and water, amed dover anhydrous
NaSOy. After removal of the solvent, the residue wagher purified by silica
gel flash chromatography using dichloromethane ra®laent to afford pure
compound? (2.7g, 95% vyield) as a colorless dH NMR (300 MHz, CDCJ) &
7.25-7.12 (m, 2H), 7.06 (d, J = 8.2 Hz, 1H), 6.62J = 8.1 Hz, 2H), 6.54 (s,
2H), 3.81 (d, J = 4.4 Hz, 5H), 1.89-1.79 (m, 2H56E1.46 (m, 2H), 0.99 (t, J =
7.2 Hz, 3H).**C NMR (75 MHz, CDC})) & 159.8, 146.6, 145.0, 127.6, 127.3,
127.0,125.5, 122.4, 116.0, 115.6, 106.7, 103.4,5& .3, 29.0, 20.2, 13.8.

2.7 Synthesis of compourdd

Dimethylformamide (0.17 mL, 2.4 mmol) was added pghosphorous
oxychloride (0.2 mL, 2.4 mmol) at 0°C under argoma@sphere. The resulting
mixture was allowed to stirring at this temperatigeadditional 15 min. Then
a portion of compoun@ (570 mg, 2 mmol) (dissolved in 2 mL anhydrous
DMF) was added to the cooled reagent with stirriflge mixture warmed to
60°C and stirred for 4 h, then poured into ice wgtE0 mL). The clear
solution obtained was neutralized by NaHC$lution (10%). The resulting
sticky mass was extracted with dichloromethane (8xinL). The organic
layers were separated, combined and washed sugcslgssith brine and water,
dried over anhydrous N8O, and vacuum evaporated. The residue was further
purified by silica gel chromatography using petunteether/ethyl acetate (v/v,
4:1) as an eluent to give pure compound 3 (470 ne§p yield) as yellow
powder. Mp: 81-82°C*H NMR (300 MHz, CDCJ) § 10.20 (s, 1H), 7.53 (s,
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1H), 7.13 (dd, J = 16.8, 7.7 Hz, 2H), 7.01-6.85 BH), 6.37 (s, 1H), 3.90 (s,
5H), 1.84 (m, 2H), 1.48 (m, 2H), 0.97 (t, J = 7.2, BH).**C NMR (75 MHz,
CDClL) 5 187.2, 162.6, 152.4, 142.9, 127.4, 127.3, 12&24,5, 123.5, 119.5,
116.0, 115.9, 98.6, 55.7, 47.8, 28.9, 20.1, 13BMS (ESI) m/z: calcd for
C1eH10NO-SNa [M+NaJ, 336.1029; found 336.1028.

2.8 Synthesis of compourd

Aluminium powder (67.5 mg, 2.5 mmol) was addedribyairous acetonitrile
(5 mL) and stirred at room temperature for 5 mio. the slurry, iodine (394
mg, 1.55 mmol) was added in small portions andrestirunder nitrogen
atmosphere till the colour changed to yellow. Coomub3 (313 mg, 1 mmol)
was dissolved in anhydrous acetonitrile (4 mL) abled to the slurry
dropwise. The reaction mixture was then gently weftlifor 6 h, cooled to
room temperature and poured into ice water (80 nilh)e mixture was
extracted with ethyl acetate (3x60 mL). Combinddylketicetate extracts were
washed with water, dried over anhydrous sodiumbath After removal of the
solvent, the residue was further purified by silgpal chromatography using
petroleum ether/dichloromethane (v/v, 4:1) as arer to afford compound 4
(162 mg, 54% yield) as a yellow oil.'H NMR (300 MHz, CDC}) & 11.40 (s,
1H), 9.62 (s, 1H), 7.23-7.10 (m, 3H), 7.02-6.91 PH), 6.40 (s, 1H), 3.99-3.78
(m, 2H), 1.88-1.78 (m, 2H), 1.51-1.44 (m, 2H), 008J = 7.4 Hz, 3H)C
NMR (75 MHz, CDC}) 6 193.3, 163.1, 153.2, 142.5, 130.9, 127.4, 124.0,
123.7, 116.2, 115.9, 114.4, 103.0, 48.0, 28.8, ,20307. HRMS (ESI) m/z:
calcd for G/H1;NO,SNa [M+NaJ, 322.0872; found 322.0873.

2.9 Synthesis of compourd

P-phenylenediamine (173 mg, 1.6 mmol) was dissolved2 mL absolute
ethanol, and then a solution of compoufhd100 mg, 0.33 mmol) in 5 mL
ethanol was added dropwise. The resulting mixtui@s wgtirred at room
temperature under an argon atmosphere and TLC wead to monitor the
reaction. After completion, the precipitation wakrdted, washed by cool
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ethanol and dried to afford compoubd(95 mg, 74% yield) as red powder
solids. Mp: 194-195°CtH NMR (300 MHz, DMSOdg) § 8.78 (s, 1H), 7.56 (d,
J = 8.8 Hz, 1H), 7.28 (d, J = 8.5 Hz, 1H), 7.14Xsl), 7.22-7.14 (m, 2H),
7.07-6.96 (m, 2H), 6.79 (d, J = 8.8 Hz, 1H), 6.64J = 8.7 Hz, 1H), 5.53 (s,
1H), 3.93 (t, J = 6.9 Hz, 2H), 1.78-1.51 (m, 2H¥2L(dd, J = 14.9, 7.4 Hz,
2H),0.90 (t, J = 7.3 Hz,3H):°C NMR (75 MHz, DMSOdg) § 159.8, 152.8,
149.8, 142.9, 132.6, 131.2, 128.3, 127.8, 124.2.512117.1, 114.0, 109.5,
56.4, 47.5, 29.0, 19.6, 19.0, 14.0. HRMS (ESI) noAdcd for GsH23N3OSNa
[M+Na]*, 412.1460; found 412.1461.

2.10 Synthesis dPB-NH»

In a 25 mL round-bottom flask, compourkd(0.136g, 0.825 mmol) and
DIEA (0.208 mL, 1.65 mmol) were dissolved in 4 m2-Hichloroethane. The
mixture was stirred at 80°C for 10 min, and thens;-B®%O (0.208 mL, 1.65
mmol) was added and the reaction mixture was laftirgy at refluxing
condition for 5h. After cooling to room temperatutiee reaction mixture was
diluted with 30 mL dichloromethane. The organic g#gawas washed
successively with NaHCfO Oand brine water, dried over anhydrous sodium
sulfate. After removal of the solvent, the residvees further purified by silica
gel flash chromatography using petroleum etherledlogtate (v/v, 1:5) as an
eluent to give purePB-NH: (73 mg, 42% vyield) as yellow powder. Mp:
98-100°C.*H NMR (300 MHz, CRCN) § 8.33 (s, 1H),7.30-7.23 (m, 4H), 7.18
(dd, J = 7.6, 1.4 Hz, 1H),7.11-7.01 (m, 2H), 6.@3J = 8.8 Hz, 1H), 6.58 (s,
1H), 4.46 (s, 1H) ,3.98 (t, J =7.1 Hz, 2H), 1.90.71 (m, 2H) ,1.47 (dd, J =
15.0, 7.4 Hz, 2H), 0.95 (t, J=7.4 Hz, 3#)C NMR (75 MHz, CQCN) & 160.1,
159.2, 154.3, 148.6, 142.2, 132.6, 129.0, 127.7.112124.1, 123.8, 123.4,
115.1, 114.4, 103.8, 47.6, 28.3, 19.5, 12.9. HRNESIY m/z: calcd for
Co3H23BF2N30S [M+H]", 438.1617; found 438.1620.

2.11 Synthesis of Prolde

In a 10 mL round-bottom flasiEB-NH, (50 mg, 0.12 mmol), pyridine (0.018 mL,
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0.23 mmol) were dissolved in 2 mL dichloromethahee mixture was stirred at 0°C
for 5 minute under an argon atmosphere, and then saution of
2,4-dinitrobenzenesulfonyl chloride (61 mg, 0.23 ohmn 2 mL dichloromethane
was added. The resulting mixture was warmed to raemperature and stirred
overnight. The reaction mixture was poured into ematand extracted with
dichloromethane (2x30 mL). Organic layers were cowdb dried over anhydrous
sodium sulfate. After removal of the solvent, thsidue was further purified by silica
gel flash chromatography using petroleum etherldidmethane (v/v, 1:5) as an
eluent to give pure compouriérobe 1 (71 mg, 93% vyield) as red powder. Mp:
199-200°C*H NMR (300 MHz, DMSOds) & 11.38 (s, 1H), 8.90 (d, J = 2.2 Hz, 1H),
8.77 (s, 1H), 8.60 (dd, J = 8.7, 2.2 Hz, 1H), §@8J = 8.7 Hz, 1H), 7.51 (d, J = 8.7
Hz, 2H), 7.43 (s, 1H), 7.26-7.22(m, 3H), 7.16 (d& 18.6, 7.9 Hz, 2H), 7.03 (d, J =
7.5 Hz, 1H) ,6.63 (s, 1H), 3.98 (t, J = 7.0 Hz, 1H)}5-1.55 (m, 2H), 1.39 (dd, J =
14.9, 7.4 Hz, 2H), 0.87 (t, J = 7.4 Hz, 3H). 13C RNI'5 MHz, DMSO€g) 6 161.7,
159.9, 154.2, 150.0, 147.7, 141.3, 138.9, 136.6,943131.5, 129.7, 127.8, 127.2,
127.0, 124.2, 123.8, 122.3, 121.1, 120.3, 117.8,111110.9, 103.3, 47.0, 27.9, 19.1,
13.4. HRMS (ESI) m/z: calcd for sgH24BF2NsO;S,Na [M+Na]’, 692.1232; found
692.1237.

4. Conclusions

In summary, by introducing electron-rich phenotmazmoiety to the boranil
dye, we have successfully developed a novel boridluodde complex
PB-NH,. PB-NH, displays much superior photophysical propertieghtse of
classical BODIPYs, such as deep red emission, I8tgkes shift and strong
emission in solid state. By taking advantage o$ tlwbust platform, a novel
fluorescentprobe 1 was designed and synthesized. Notalftyobe 1 was
ultrasensitive in response to thiophenol, the tbecal detection limit was
calculated to be 1.4 nM and the experimental detedimit was 10 nM, to the

best of our knowledge, it was the lowest experimledeétection limit that has
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ever been reported. More importantRrobe 1 was successfully applied to
detect thiophenol in real-water samples, in seromfilter paper strip and in
living HelLa cells, suggesting th&robe 1 has great potential for practical

applications both in environmental and biologicatems.
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e Novel amino phenothiazine boranil based fluorescent probe (Probe 1) for
thiophenol was constructed.

e Probe 1 features significant red fluorescence enhancement and remarkable Stokes
shift in response to thiophenol in aqueous solution.

e Probe 1 was ultrasensitive in response to thiophenol with a detection limit of 1.4
nM.

e Probe 1 was successfully applied to detect thiophenol in real water samples, in
serum, on filter paper stripsand in living cells.



