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Abstract: 4,5-Dimethylthio-4'-[2-(9-anthryloxy)ethylthio]tetrathiafulvalene has been designed and synthe-
sized as a highly selective and sensitive chemiluminescence (CL) probe for singlet oxygen (*O). The design
strategy for the probe is directed by the idea of photoinduced electron-transfer process and carried out
through the incorporation of electron-rich tetrathiafulvalene unit into a reactive luminophore of anthracene
specific for 1O,. Upon reaction with reactive oxygen species (ROS), such as hydrogen peroxide, hypochlorite,
superoxide, hydroxyl radical, or *O,, the probe exhibits both strong CL response to and high selectivity for
10, only, rather than the other ROS. This remarkable CL property permits 1O, to be distinguished easily
from the other ROS and makes the probe possible to be used widely for 'O, detection in many chemical
and biological systems and even in light water (H,O) environments. This applicability has been demonstrated
by monitoring the O, generation in a metal-catalyzed decomposition system of tert-butyl hydroperoxide.
Moreover, the CL reaction mechanism of the present system is also discussed, clearly confirming that the
introduction of electron-rich tetrathiafulvalene into the 9-position of anthracene can greatly activate its
reactivity toward *O,.

Introduction a technique with high selectivity is required; on the other hand,
Singlet oxygen 0»), a nonradical reactive oxygen species, the technique should also_po_ssess high sensit?vity due to low
is an excited state of molecular oxygen that is generated by 94Production and the short lifetime-@ us) of 'O, in aqueous
kJ of energy transfer to ground-state triplet oxyg#®,].! The environments.
chemical reactivity ofO; is well characterized because of its ~ Monitoring the direct emission 6D, at 1270 nm is a specific
extensive use in organic synthe3Like other ROS (reactive and noninvasive method, but its use in biological reactions is
oxygen species), such as superoxide ion, hydroxyl radical, andSometimes problematic because of the low efficiency@y
hydrogen peroxidelO, is also believed to be an important €missior: Chemical trapping by spectroscopic probes is also
species for oxidation in biological procesgeSeveral enzyme found to be specific and much more sensitive than the detection
systems (e.g., lipoxygenase, peroxidase, and even eosinophin the 1270 nm luminescence; therefore, most investigators
peroxidase) have been identified as biochemical sourck,Sf employ chemical singlet oxygen traps to corroborate the involve-
and evidence has accumulated indicating ¥atis implicated ~ Ment of0; in chemical and biological reactioit. The com-
in the genotoxic effect of the ultra violet A (320100 nm) ~ monly used'O; trap is 9,10-diphenylanthracene, which reacts
component of solar radiation and likely plays an important role SPecifically with*O, to form an endoperoxide accompanied by
in the cell signaling cascade and in the induction of gene the decrease in absorbance at 355 nm as a sig@-gfroduc-
expressioft.However, some results are still controversial, mainly tion. However, such detection is not very sensitive because it
because of the lack of a reliable detection method!@;y27 is based on the measurement of absorbance. To improve the

On one hand, to distinguist©, from a variety of other ROS,  Sensitivity, Nagano et al. developed fluorescent probes by
incorporating the reactive anthracene moiety into a xanthene

(1) Foote, C. SSciencel968 162, 963-970. i i ; i
2) Schweiter G.: Schmidt. Fehem. Re. 2003 103 1685-1757, and  'ING- These probes react wifid; to yield the corresponding
references therein. endoperoxides giving a sensitive fluorescence resptnse.

(3) (a) Frimer, A. A.Singlet OxygenCRC Press: Boca Raton, FL, 1997. (b)

Prein, M.; Adam, WAngew. Chem., Int. EA.996 35, 477-494. Alternatively, chemiluminescent traps f&®,, not requiring

(4) (a) Kang, P.; Foote, C. S. Am. Chem. So@002 124, 4865-4873. (b) excitation light sources, can be applied in certain cases (e.g.,
Cadet, J.; Douki, T.; Pouget, J. P.; Ravanat, Methods EnzymoR00Q
319 143-153.
(5) (a) Kanofsky, J. R.; Axelrod, BJ. Biol. Chem.1986 261, 1099-1104. (7) Martinez, G. R.; Mascio, P. D.; Bonini, M. G.; Augusto, O.; Briviba, K;
(b) Kanofsky, J. R.; Hoogland, H.; Wever, R.; Weiss, S1.Biol. Chem. Sies, H.; Maurer, P.; Rblisberger, U.; Herold, S.; Koppenol, W. Rroc.
1988 263 9692-9696. (c) Kanofsky, J. RChem. Biol. Interact1989 Natl. Acad. Sci. U.S.A200Q 97, 1030710312.
70, 1-28. (8) Thompson, A.; Seliger, H. H.; Posner, G.Methods Enzymol986 133
(6) (a) Klotz, L. O.; Briviba, K.; Sies, HMethods EnzymoR00Q 319, 130— 569-584.
143. (b) Ryter, S. W.; Tyrrell, R. MFree Radical Biol. Med199§ 24, (9) Steinbeck, M. J.; Khan, A. U.; Karnovsky, M.Jl.Biol. Chem1992 267,
1520-1534. 13425-13433.
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Figure 1. Syntheses of compoun@sand5, and the structures of reference compounds. Reagents: (a)-BsOfB-(2-bromoethoxy)anthracene, THF; (b)

Hg(CH:COOY, CHyCla.

eliminating background fluorescence and various light scattering extremely high selectivity fotO,. The probe’s applicability to

to improve signal-to-noise ratio). Furthermore, due to the high
sensitivity of chemiluminescence (CL) detection, only relatively

the detection ofO, has been demonstrated by analyzi@y
production during the metal-catalyzed decompositiorieof

low probe concentrations are necessary, thereby decreasing théutyl hydroperoxide. The CL reaction mechanisn2efith'O,

likelihood of artifactual interference of secondary reactidns.
Nevertheless, only limited CL probes are available so far for
10, assayt 13 particularly forlO, selective detectiok Herein
we report 4,5-dimethylthio‘42-(9-anthryloxy)ethylthio]tetra-
thiafulvalene2 (Figure 1) as a highly selective and sensitive
CL trap for this purpose.

Compound? is designed by incorporating a strong electron
donor of tetrathiafulvalene (TTE6into a reactive luminophore
of anthracene specific f30,.21%17The strong electron-releasing
ability of TTF would facilitate the photoinduced electron
transfet® between TTF and anthracene uriftégading to weak
fluorescence, which is desired for a low background signal.
Moreover, the electron-rich character of TTF would also
promote the reactivity of anthracene unit towai@,,8141°
benefiting thelO, trapping. Thus, we expect the designed
molecule2 might have some special properties upon reacting
with 10,. In this paper, the results of detailed studies on the
synthesis of the prob2 and its CL properties for trappin,
are presented. Strong CL is found upon the reactio2 wfth
10, only, but not with the other ROS such as hydrogen peroxide,
hypochlorite, superoxide, and hydroxyl radical, showing an

(10) (a) Umezawa, N.; Tanaka, K.; Urano, Y.; Kikuchi, K.; Higuchi, T.; Nagano,
T. Angew. Chem., Int. Ed. Engl999 38, 2899-2901. (b) Tanaka, K.;
Miura, T.; Umezawa, N.; Urano, Y.; Kikuchi, K.; Higuchi, T.; Nagano, T.
J. Am. Chem. So2001,123 2530-2536.

(11) Nakano, MMethods Enzymoll99Q 186, 585-591.

(12) Takahama, UPhotochem. Photobioll993 57, 376—-379.

(13) Nakano, M.; Sugioka, K.; Ushijima, Y.; Goto, Anal. Biochem1986
159, 363-369.

(14) Thompson, A.; Lever, J. R.; Canella, K. A.; Miura, K.; Posner, G. H.;
Seliger, H. HJ. Am. Chem. S0d.986 108 4498-4504.

(15) zhang, G. X.; Zhang, D. Q.; Guo, X. F.; Zhu, D. B8rg. Lett. 2004 6,
1209-1212.

(16) (a) Segura, J. L.; Martin, NAngew. Chem., Int. EQ2001, 40, 1372~
1409, and references therein. (b) Gautier, N.; Dumur, F.; Lloveras, V.;
Vidal-Gancedo, J.; Veciana, J.; Rovira, C.; Hudhommeigew. Chem.,
Int. Ed. 2003 42, 2765-2768. (c) Herranz, M. A.; Maf, N.; Ramey, J.;
Guldi, D. M. Chem. Commur2002 2968-2969.

(17) Nardello, V.; Aubry, J.-MTetrahedron Lett1997, 38, 7361-7364.

(18) (a) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, A. J.
M.; McCoy, C. P.; Rademacher, J. T.; Rice, T.Ghem. Re. 1997, 97,
1515-1566. (b) Ma, H.; Jarzak, U.; Thiemann, \Mew J. Chem2001,

25, 872-874. (c) Su, M.; Liu, Y.; Ma, H.; Ma, Q.; Wang, Z.; Yang, J.;
Wang, M.Chem. Commur2001, 960—-961.
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is also explored.
Experimental Section

Reagents and Materials Anthrone and CsOHH,O were purchased
from Acros (Belgium). Hydrogen peroxide, sodium hypochlotiéet-
butyl hydroperoxide, ferrous ammonium sulfate, deuterium oxide, and
tetrahydrofuran (THF) were obtained from Beijing Chemical Company.
Syntheses and characterization of compouhs and7 are presented
in the Supporting Information. Prior to use, hydrogen peroxide was
diluted immediately from a stabilized 30% solution, and was assayed
by using 43.6 M! cm! as the molar absorptivity at 240 rih.
Hypochlorous acid was prepared by distillation from the 5% commercial
sodium hypochlorite solution and stored, for periods less than one week,
at 4°C as a 300 mM solution with a pH of 11 adjusted by the addition
of sodium hydroxide. Before use, sodium hypochlorite was assayed
using a molar absorptivity of 391 Mcm™t at 292 nn?! tert-Butyl
hydroperoxide (70% in water) was assayed by oxidation of iodide ion
in acetic acid using hydrogen peroxide as a stanéfddeéuterium oxide
(99.8% purity) was used without further purification. THF was distilled
from sodium/benzophenone. The stock solution of pr2l§200 xM)
was prepared in THF. All other chemicals were local products of
analytical grade. Deionized and distilled water was used throughout.

Instruments. Lumat LB 9507 (B> & G BERTHOLD, Bad Wildbad,
Germany) was used for CL measurements. This apparatus equipped
with a variable automatic volume injector has a function of monitoring
kinetic behavior of light emission; the emitted light is measured with
a selected high sensitivity, low noise photo multiplier. Its spectral
sensitivity covers a range of 3920 nm. CL and fluorescence spectra
were recorded with a Hitachi F-2500 spectrofluorimeter; in the
measurement of CL spectrum, the excitation light source was switched
off. Absorption spectra were obtained with Techcomp UV-8500
spectrophotometer (Shanghai, China). A model 25 pH-meter was used
for pH measurements.

CL Reaction and Detection.All experiments were run at 25C in
50 mM sodium phosphate buffer (pH 7) containing 50% (v/v) THF as

(19) (a) Aubry, J.-M.; Pierlot, C.; Rigaudy, J.; Schmidt, Rcc. Chem. Res.
2003 36, 668-675. (b) Cotey, E. J.; Taylor, W. Cl. Am. Chem. Soc.
1964 86, 3881-3882.

(20) Lei, B.; Adachi, N.; Arai, T.Brain Res. Protoc1998 3, 33—36.

(21) Chen, TAnal. Chem1967, 39, 804-813.

(22) Kanofsky, J. RJ. Org. Chem1986 51, 3386-3388.
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a cosolvent unless otherwise noted. Typica#lyl mL portion of the
phosphate buffer containing 20M of the probe2 and an appropriate
concentration of the reactant (e.g., 1 mM hydrogen peroxide or other
ROS) was placed in a test tube in the CL detector. The reaction was
initiated by rapid automatic injection of 0.1 mL sodium hypochlorite,
and CL was measured as the integral of the CL intensity in RLU
(relative light units) over the total reaction period (typically 5 s) with
Lumat LB 9507 luminometer. Each of the data was expressed as the ;
mean of three determinations with a relative error of less th&%o. 350 400 450 500

ROS Production and 10, Detection. Superoxide solution (£ Wavelength (nm)
was prepared by adding k@1 mg) to dry dimethyl sulfoxide (1 mL)
and stirring vigorously for 10 mi& Hydroxyl radical (OH) was
generated through the Fenton reaction of ferrous ammonium sulfate
and hydrogen peroxid.10, was chemically generated from the®/
MoO~ system in alkaline medi&or from the HO,/NaOCI system
in neutral and alkaline medf.

Quantitative measurements . generated were made according
to the Kanofsky’s methotl Briefly, the HO,/NaOCI reaction at pH 7 0.0k -
was used as standard, since the yield of singlet oxygen is near 100% 350 400 450 5
under this condition. In our experiment, the calibration curve*@y Wavelength (nm)
was derived from the integrated emission intensity of tt@FNaOCI2 Figure 2. Fluorescence (a) and absorption (b) spectra of the [Rdiedore
reaction in phosphate buffers with 201 of 2, 10 mM of NaOCI and (—) and after {--) reaction with’O,. Fluorescence spectraefem= 370/

a series of KO, concentrations of 1 mM or less. The production of 4t2>0 ”T_ before treaction, a”‘”exlemd:_ 3598/42& ”’E, afterhreacr:iotn) ba?fd .
1 : ~ g _ " apsorption spectra were measured In miVl sodium phosphate butier o
02 n da metal catalt)_/fz_ eéj thIecompOS|_t 'on tﬁys:[[_emte_mtbutyll h)]idtrr? cL pH 7 (50% THF as a cosolvent, v/v) with a final concentration ofu®0
peroxide was quanufied by comparing e ‘ime integral of the of 2. 10, was produced by the reaction of 10 mM NaOCI with 1 miyCH
intensity from this system with the above calibration curve. Effects of

Fluorescence Intensity

0.2

0.1f

Absorbance

D,0O and sodium azide on this CL reaction were also examined. 0 oo 2
Results and Discussion ~ é
. . . 5 18} IS
Design of Probe 2 and Its Spectroscopic PropertieJhere > 8
are two separate basic reaction processes to be considered for 2 120 f 130 2
designing a CL probe fotO,. One is the chemically selective § old 115 g
trapping and the other is the efficient CL generation. As is © N 5

known, 10, manifests substantial reactivity toward electron- 025 0 0 w0 Yo
rich organic molecule$,and the anthracene skeleton reacts Wavelength (nm)
specifically with*O, producing CL®1%*Therefore, the intro- Figure 3. CL spectrum {-) from 2 and its fluorescence spectrum-§

duction of electron-donating groups into the anthracene moiety after reaction witHO,. The concentrations of reactants were 200 of 2,
may enhance its reactivity towat®,, and a stronger CL might 10 mM of H,0, and 30 mM of NaOCI. After oxidation and an appropriate
be expected to occur during oxidation. Toward this end, we dilution the reaction solution was then used to measure the fluorescence
take advantage of the strong electron donating property of TTF spectrum.
in making a probe molecule fo'O,, and such a probe was the oxidation of TTF unit into a cation specteshat prohibits
synthesized by coupling a TTF motif to the well-known the photoinduced electron-transfer action, is however desirable
luminophore of anthracene, as shown in Figure 1. for strong CL production. Figure 3 depicts they-initiated CL

The probe2 has a fluorescence excitation maximum at 370 spectrum of2 along with its fluorescence spectrum after
nm and an emission one at 420 nm (Figure 2a) with a low reaction. The CL spectrum is identical not only with the
quantum yield of® = 0.0039 (quinine sulfate as a reference, fluorescence spectrum of the reaction product but also with that
® = 0.55in 0.05 M HSO;29). This largely decreased quantum of the unreacte@, implying that the emitting species should
yield, compared to that® = 0.25) of anthracene under the hold a complete anthracene core.
same condition, may be ascribed to the effective photoinduced CL Reaction of 2 with ROS. The CL reaction of2 with
electron transfer between TTF and anthracene dhisyhich different ROS (@, H20,, *OH, OCI", and!0,) was investi-
is favorable to affording a low background signal. Upon reaction gated to examine its selectivity. As shown in Table 1, the
with 10,, the excitation maximum was changed to 390 nm, and reaction of2 with either HO,, OCI~, *OH, or G, does not
a 54-fold increase in fluorescenc® & 0.21) and a strong CL  give noticeable CL, whereas a very strong CL is produced upon
(vide infra) were observed, concomitant with a dramatic decreaseaddition of OCI or MoO42 in the presence of ¥#D., indicating
of the three absorption bands characteristic of its anthracenethat the probe exhibits a highly selective CL responséCo
core (Figure 2b). This fluorescence enhancement, resulting frominstead of the other ROS. This may be attributed to the specific
reactivity of anthracene unit towartD,, %1017 as expected.

(23) Zhao, H.; Kalivendi, S.; Zhang, H.; Joseph, J.; Nithipatikom, K.; Vasquez- i i i
Vivar, 3 Kalyanaraman, Beise Radical Biol. Med2003 34 1350 Although a stronger CL was observed in more basic solutions

1368. (Table 1), a neutral medium of pH 7 was chosen for the present
(24) Setsukinai, K.; Urano, Y.; Kakinuma, K.; Majima, H. J.; NaganoJT. H i ; H

Biol. Chem.2003 278 3170-3175. H>0,/NaOCI2 system and malr.1ta|ned. with 50 mM sodium
(25) Held, A. M.; Halko, D. J.; Hurst, J. KI. Am. Chem. So&978 100, 5732~ phosphate buffer because the yield©f is about 100% under

5740 this condition® The CL intensity was increased with increasing

(26) LakoWicz, J. RPrinciples of Fluorescence Spectroscoppd ed.; Kluwer X . i -
Academic/Plenum: New York, 1999. the probe concentration. Considering the rather low solubility

J. AM. CHEM. SOC. = VOL. 126, NO. 37, 2004 11545
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Table 1. Comparison of Relative CL Intensities from the Reaction of 2 with Different ROS?

reagent blank (control) 10,0 10,°¢ H,0,¢ ocCl-¢ ‘OHf 0,9
pH7 1.7x 10°° 1.0 3.0x 10°° 0.0054 2.9< 104 1.1x 104
pH 10 2.0x 105 1.3 1.6 2.6x 104 0.0037 6.0x 104 45x 104

aThe CL intensity (1.15x 10° RLU) from the reaction of with 10, at pH 7 was defined as 1.0. CL reaction was initiated by injecting appropriate
amount of ROS into 50 mM sodium phosphate buffer of pH 7 or pH 10 containing20f 2 and 50% (v/v) THF as a cosolvent at 26.° 1 mM H,O;
+ 10 mM NaOCL¢1 mM HxO; + 1 mM MoOs2~ (working only in basic solutionsfl1 mM H,O,. €10 mM NaOCLf1 mM H,O, + 0.1 mM ferrous
ammonium sulfated 0.1 mL of superoxide solution (1 mg KfnL dimethyl sulfoxide).
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Figure 4. (a) CL kinetic curve of the system with 1 mM of,8,, 10 mM

of NaOCI, and 2QquM of 2, and (b) the dependence of CL intensity2f
(20 uM) on 10, generated from the reaction of 10 mM of NaOCI with a
series of HO, concentrations of 1 mM or less. The calibration curve was
derived from the integrated CL signal of the®/NaOCI2 system over a

5 s period minus that of the corresponding reagent blank (N&P@ithout
H20,. The reaction was carried out in 50 mM sodium phosphate buffer
(pH 7) containing 50% (v/v) THF as a cosolvent.

of 2 in water, however, a concentration of 2M of the probe

Table 2. Relative CL Intensities from Different Reaction Systems?

system relative CL intensity
1. probe2 + Fe2+ 1.0
2.tert-butyl hydroperoxidet Fe™ 0.57
3. probe2 + tert-butyl hydroperoxidet- Fe2™ 8.5 (210%
4. system 3 containing 50%,D (v/v) 18
5. system 3 containing 5 mM sodium azide 5.9

a2The CL intensity (214 RLU) from the reagent blank of system 1 was
defined as 1.0. All reactions were initiated by injecting appropriate amount
of FeSQ solution into 50 mM sodium phosphate buffer (pH 7) containing
50% THF (v/v) at 25°C. The integrated CL intensity was measured in
RLU over a 5 speriod. Each of the data was expressed as the mean of
three determinations with a relative error of less theBP0. The reactant
concentration was 2@M of 2, 1 mM of F&*, and 1 mM oftert-butyl
hydroperoxide, respectively.This value was obtained with a measuring
time of 200 s.

as solvent to lengthen th¥O, lifetime, Kanofsky obtained
unequivocal evidence féO, production from this alkylhydro-
peroxide?? In view of the high sensitivity and high specificity
of 2 for 10; in light water (HO) environments, here using the
probe 2 as a CL trap, we made an attempt to monitor the
generation of'O, during the decomposition ofert-butyl
hydroperoxide in the presence ofFe

When Fé" was introduced into the solution & or tert-
butyl hydroperoxide, only a rather low level of CL was detected
(Table 2), and no CL signal was produced upon mix2ngith
tert-butyl hydroperoxide (data not shown). As shown in Table
2, however, a much more intense CL signal is produced from

producing sufficient CL was used, and the presence of 50% the system 3 compared to the reagent blank syster@s @hich

THF (v/v) in the phosphate buffer was required to avoid its
precipitation.
Detection of0,. We used the reaction of @, with NaOCI

should be ascribed to the reactionofvith 'O, generated from
the metal-catalyzed decompositionteft-butyl hydroperoxide.
Large enhancement (200%) of the CL intensity from system 3

at pH 7 as a standard. As shown in Figure 4a, the CL rate of by deuterium oxide (system 4) and significant quenching (30%)

the present BD,/NaOCIR system is very quick, and a measuring
time o 5 s for recording the CL signal of this system may be
used. Figure 4b depicts the dependence of CL intensigyauf
10, generated from KD,/NaOCI system, and a good linearity
between the CL intensity and the amount!@% produced is
observed. The detection limit fdO; is 76 nM based on 11
blank determinationsk(= 3), also showing a highly sensitive
character.

Recently, much interest has been shown in alkylhydroper-
oxide decomposition as a potential sourcé®f in biological
systemg’ and the generation 3, from the metal-catalyzed
decomposition of several alkylhydroperoxides into peroxy
radicals has been confirm@dput it was unsuccessful in the
case oftert-butyl hydroperoxidé® By using deuterium oxide

(27) (a) Mendenhall, G. D.; Sheng, X.XAm. Chem. S0d.991, 113 8976~
8977. (b) Koga, S.; Nakano, M.; Uehara, Arch. Biochem. Biophy4991,
289 223-229. (c) Miyamoto, S.; Martinez, G. R.; Medeiros, M. H. G.; Di
Mascio, P.J. Am. Chem. SoQ003 125 6172-6179.

(28) (a) Howard, J. A.; Ingold, K. WJ. Am. Chem. Sod.968 90, 1056-1058.
(b) Noguchi, N.; Nakada, A.; Itoh, Y.; Watanabe, A.; Niki, Krch.
Biochem. Biophys2002 397, 440-447.
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by azide ion (system 5) provided strong evidence for the
production and involvement ofO,. After subtracting the
background signal (system 1)1@, yield of 1.54uM was thus
obtained for the system 3 over a 5-s reaction period based on
the above calibration curve constructed with th®©pNaOCI2
system. Consistent with the previous observation of Kancfsky,
the metal-catalyzed decompositionteft-butyl hydroperoxide

is a slow reaction. Even with a measuring time of 200 s, which
gave a0, yield of 45uM, considerable CL signal still remained
(Figure S1, Supporting Information), suggesting that the reaction
has not yet ceased completely. These results indicate that the
generation oflO, during the decomposition of an alkylhydro-
peroxide could be effectively traced with the present CL system.

CL Reaction Mechanism.To investigate the CL mechanism
of the present system, the reactions 2fand its reference
compounds I and6) with 1O, were first compared. As shown
in Table 3, the introduction of D, into the solution of any
compound scarcely generates CL, while a much stronger CL
signal can be yielded upon reacting with OCAnd particularly
with 10,. Instead of its reference compounds, the pr@e
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Table 3. Comparison of CL Reactions and Fluorescence

8
Quantum Yields of Compounds 1, 2, 6, and 7 in the H,02/NaOCI : reaction system
System?@ - control
3 compd 6
relative CL intensity® quantum yield® % compd 6 +'0,
compounds H,0, ocCI- 10, without !0,  with 10, % i compd 7
1 3.7x 1075  0.0018 0.068 rdl nd ;ﬂ i compd 7410
2 3.0x 105  0.0054 1.0  0.0039 0.21 o P : ‘
6 3.0x 1075 8.7x 1074 0.011 0.25 0.10 — -M:ag;'— — il probe2
1+6 42x 105 0.0019 0.072 0.22 0.10 R ST probe 25* o,
7 50x 105  0.0023 0.031 0.36 0.25 5 é p I ‘_1-2“’”“’“

. A L . . Retention Time (min)
a All reactions were initiated by injecting appropriate amount of oxidant

into 50 mM sodium phosphate buffer (pH 7) containing 50% THF (v/v) at Figure 5. HPLC chromatograms of compoun@s6, and 7 before and

25 °C. The concentration of the tested compounds was eaghVRGand after reaction with'O,. The compound in the absence ofO; was also

the final concentrations of 4D, and OCI were 1 and 10 mM, respectively. tested. The peaks eluting from the column were monitored by the UV at

10, was produced with the #D,/NaOCI systemP The CL intensity (1.15 220 nm. The assignment of the peaks: (1) 2.04 min, reaction prod@ct of

x 10° RLU) from the reaction of2 with 'O, was defined as 1.0. (2) 2.172.85 min (unstable peaks).8,/OCI~ from control; (3) 3.17 min,

¢ Fluorescence quantum yield was determined by using quinine sulfate asreaction product of7; (4) 3.33 min, THF from control; (5) 3.80 min,

a standard withP = 0.55 in 0.05 M HSQ, (ref 26).9 Not determined. compound6 (anthracene); (6) 4.04 min, compouril (7) 6.40 min,
compound?; (8) 10.62 min, probe.

reacting with1O, produces the strongest CL, about 185-fold

stronger CL than that from the blank (in the case of Ol however, the absorption spectrum in the same wavelength range
Table 3) and 91-fold stronger than that from the reaction of showed a much larger decrease (Figure 2b), which may result
anthracene withO,. Moreover, this oxidation also led to a large  from the sum of the decreased absorbances caused by the
increase in the probe’s fluorescence quantum yield as mentionedeaction of both the TTF and anthracene units. Control experi-
above, which is very conducive to the generation of strong CL. ment with1 under the same condition (Figure S2, Supporting
In contrast, however, such an electron transfer process did notinformation) showed that can react with'O,. Therefore, it

take place effectively in the simple donor/acceptor mixture can be concluded that the observed strong CL may be associated
system of the reference compountdand6, and the quantum  with the reaction of the two units. Analogues @&f were

yield of anthracene6) was markedly lowered in the presence investigated, and it was found that the usage of a much longer
of 10, (Table 3), presumably resulting from the fluorescence linker such as hendecylthio between these two units led to a
guenching byl0,.2 This behavior of2 in the change of 7-fold weaker CL (data not shown) under the same conditions.
fluorescence property is quite different from that of anthracene, In addition, it was noted that the substitution of anthracene at
suggesting that the electron-rich TTF unit 2nmust play an the 9 position by the investigated alkoxyl or TTF unit gave rise

unusually important role in the CL reaction. to a considerable redshift of its longest absorption band from
To get an insight into the role of TTF moiety in activating 376 to 390 nm, similar to the known observatigfs. _
the anthracene reactivity towat@,, the CL reaction witHO, To further confirm the above postulations, the reaction

of compound? that has an electron-donating alkoxyl group in Products with'O, of compounds, 6, and7 were also studied

the 9 position was then examined under the same condition.through HPLC analysis. As shown in Figure 5, upon addition
The CL intensity from this molecule was far weaker than that of 'O, the peak at 3.80 min corresponding to anthracée (
from 2 by a factor of about 32 (Table 3), and the CL intensities Was unaltered and no new product peak was detected, consistent
from the tested compounds containing anthracene skeleton werévith the above result that anthracene is unreactive under the

increased in the following order: compouB@d> compound? present condition. In contrast, however, the peak at 6.40 min
> compound6 (Table 3), clearly reflecting that the presence fo.r compound? decreased markedly after reactlorl, congomltant
of TTF unit in 2 is crucial for the production of strong CL. with the emergence of a new one at 3.17 min, which was

The comparison of the absorption spectra before and afterconfirmed to be the predicted corresponding endoperoxide
oxidation also clearly revealed the unequivocal action of TTF (M+H]"=nVz311, and [M+Na]" = m/z333) by MS analysis
unit on promoting the probe’s trapping ability fd0,. For (Figure S3, Supporting Information). This result shows that the
example, upon addition ofO,, the absorption spectrum of electron-donating group introduced into the 9 position of
anthracene was hardly altered (Figure S2, Supporting Informa- anthracene does activate the trapping ability of anthracene core
tion), showing that its activi&? is not high enough to react with ~ for Oz. For probe2, its chromatographic peak at 10.62 min
10, under the present condition. In contrast, a noticeable almost vanished after reacting wit,, and a new one at 2.04
decrease in the absorption representing anthracene moiety didnin (Figure 5) accompanying occasionally a small and rather
occur for the compound that bears an electron-donating Unstable one (probably being the corresponding endoperoxide)
alkoxyl group in the 9 position. It is apparent tHatacks any at 3.44 min (data not shown) appeared. Efforts to isolate the
reactive unit except the anthracene core. Based on previousPredicted endoperoxide by varying temperature and reactant
studiest?in this molecule the most active sites f@, addition concentration were unsuccessful. Obviously, this unstability of
are the electron-rich carbons in the 9,10-positions; therefore, the endoperoxide o2, different from that of7, is associated
the decrease of the absorption bands indicative of the anthracendVith the presence of TTF unit and is responsible for the strong
unit can be explained by the possible formation of endoperox- CL production. The reaction product with the retention time of
ides, which consumes some anthracene core or reduces thé-04 min was stable, which however, when subjected to MS
conjugation of the polycyclic aromatic molecule. For préhe

(30) (a) Marsh, N. D.; Mikolajczak, C. J.; Wornat, M. Spectrochim. Acta
Part A200Q 56, 1499-1511. (b) Shin, E. J.; Lee, S. Bull. Korean Chem.
(29) Foote, C. SAcc. Chem. Red.968 1, 104-110. Soc 2002 23, 1309-1314.
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Scheme 1. Possible CL Mechanism of Probe 2 in the Presence of 10,
e
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analysis, surprisingly gave the same molecular ion peak (  then emits light, but this pathway, if existed, would be a minor
548) as the probe (Figure S4, Supporting Information). one since the probe displayed a specific CL response only to
Moreover, this product retains the characteristic absorption bands'O, rather than to the other ROS investigated here (Table 1).
of anthracene (Figure S5, Supporting Information), indicating Otherwise, unselective reactions would be produced and stronger
that it may be the cation form of the prol2e which can be CL would be observed with stronger oxidants such@id .32
generated from the decomposition of the formed unstable

endoperoxide accompanying the €3 Compared ta2, the Conclusions

reaction product with the retention time of 2.04 min has stronger
polarity because its retention time becomes much shorter, also
supporting the assumption that the final product exists as a cation
spggies. gCyclic voltafnmetry analysis shows that the p@be molegular scaffold for designing a CL probe f@,. The rgsults
has three oxidation waves (Figure S6, Supporting Information) des.crllbed here.clearly demonstrate thgt the syrythgsmeditrap
located at about 0.47, 0.80, and 1.3 V (vs SCE), respectively, exhibits both high selectivity for and high sensitivity 1@,,

and10;, has the ability to oxidize the TTF unit probably to be  Which makes it possible to be used widely @ detection in
a cation radical because its oxidation potential (about 0.5 V) is Many chemical and biological systems and even in light water

higher than the first one but lower than the second one of the Environments. The application of this kind has been exemplified
probe32 Besides, although the decomposition of a dioxetane PY monitoring the'O, generation in a metal-catalyzed decom-
intermediate generated by cycloadditior® to C=C double ~ POsition system oftert-butyl hydroperoxide. Moreover, the
bonds is also a common CL mechanikisuch a reaction in ~ Nighly selective CL response of the present system alf@ys

the present system (e.g., cycloadditio® to the G=C double to be determined in the presence of other RQS, gnd the proposed
bond of TTF unit) may be ruled out because the corresponding €= mechanism may be useful to developing highly chemilu-
degraded product (compour) was not found (Figure 5). minescent traps fotO, based on anthracene.

Based on the above results, we propose that the CL reaction
in the present system might proceed through the following way
(Scheme 1): the anthracene moiety activated by TTF unit
predominantly trapsO, to yield an unstable endoperoxide,
whose decomposition causes not only the excitation of the
anthracene core which in turn emits light through radiative
deactivation, but also the oxidation of the electron-rich TTF
moiety to turn into a cation species. In such a tandem reaction,

the formation of the fi_nal cation species ﬁfpr_omotes_ the Supporting Information Available: Syntheses and charac-
proceeding of CL reaction forward and meanwhile prohibits the .- -0 of compoundsl—5 and 7; analysis of reaction

photoinduced electron-transfer process between TTF and EXCitEdproducts; measurement of oxidation potential; CL kinetic curve

ar}th(;acenehunltsﬁ thus_denhanmrf]g_rc_:rll_:. In _adgmon, It cz?\;not b€ from thetert-butyl hydroperoxide/F&/2 system,; fluorescence
rule .OUt that the oxi _atlor_1 0 unit bjO, provides ., and absorption spectra of compourids$, and7 in the absence
chemical energy to excite directly the anthracene core which and presence di,; mass spectrum of reaction product from
(31) (a) Turro, N. J.; Chow M. F.: Rigaudy, 3. Am. Chem. Sod.981, 103 7; mass spectrum and absorption spectrum of reaction product

7218-7224, and references therein. (b) Aubry, J. M.; Cazin, B.; Duprat, from 2; cyclic voltammogram oR. This material is available
F.J. Org. Chem1989 54, 726-728. (c) Donkers, R. L.; Workentin, M.

weak fluorescence

In summary, the unique feature of the electron-rich TTF
moiety has been utilized for the first time as an important
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