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Reversible and turn-on type fluorescence behaviour for hydrogen 
sulfide via redox cycle between selenoxide and selenide†  
Tatsuro Annaka, Norio Nakata and Akihiko Ishii * 

A turn-on type fluorescence behaviour for H2S based on a reversible selenoxide/selenide redox system is reported. Very 
weakly fluorescent selenoxides of 1,4-diphenyl-1-seleno-1,3-butadiene derivatives, incorporated with dibenzobarrelene 
(Dbb)- or (mono)benzobarrelene (Mbb) (DbbSeO and MbbSeO, respectively), are reduced quickly with NaSH as the 
equivalent of H2S in a dilute solution of CH3CN/PBS at pH 7.4 to yield the respective intensely fluorescent selenides (DbbSe 
and MbbSe). The selenoxides are highly selective for H2S compared to other biothiols such as L-cysteine (Cys) and reduced 
gulthathione (GSH). On the other hand, the intense fluorescence of DbbSe is effectively quenched by oxidation with NaOCl 
as the equivalent of HOCl. The oxidation also showed high selectivity to HOCl against other oxidants such as H2O2, t-BuOOH, 
and ONOO–. This reversibility of the fluorescence behaviour suggests that this system could monitor H2S and HOCl generation 
in one-pot. The fluorescence properties of DbbSe and DbbSeO were discussed based on the results of TD-DFT calculations.

Introduction 
Hydrogen sulfide (H2S) is well known as the smell of rotten eggs and 
as a toxic gas. On the other hand, H2S has been shown to be the third 
gas transmitter like nitric oxide and carbon monoxide.1 H2S is 
produced from enzymatic processes in mammalian organs and 
tissues, including relaxation of vascular smooth muscles, mediating 
neurotransmission, inhibition of insulin signalling, and regulation of 
inflammation and O2 sensing.2–6 Previous studies have shown that 
H2S affects cardiovascular function, central nervous system and 
energy metabolism.7 Abnormal levels of H2S can cause disease such 
as gastric mucosal injury, liver cirrhosis and Alzheimer’s disease.8–10 

Current major detection methods for H2S are colorimetric and 
electrochemical assays,11 gas chromatography,11 polarographic 
sensing12 and nickel sulfide precipitation,13 but these give variable 
results due to the rapid catabolism of H2S. In contrast, fluorescence 
analysis offers advantages with high sensitivity, quantitativity and 
selectivity for in-situ observation. Recently, fluorescence probes for 
H2S utilizing reactions such as azide reduction,14,15 nucleophilic 
addition,14,16 copper sulfide precipitation17 and other reactions18 
have been reported. While these reaction-based probes 
demonstrate high detectability to H2S with “turn-on” type 
fluorescence, they do not have reversibility to non-fluorescent 
starting materials. 

Meanwhile, Han and co-workers have developed a reversible 
fluorescence redox system between H2S and hypochlorous acid 

(HOCl) using the interconversion between BODIPY-based selenoxide 
and selenide (see below);19 the intensely fluorescent selenoxide is 
reduced with H2S to yield the weakly fluorescent selenide, which is 
oxidized with HOCl back to the intensely fluorescent selenoxide. 
Endogenous HOCl, one of reactive oxygen species (ROS),20 has been 
reported to be essential for several biological functions.21,22 However, 
excess HOCl is a major oxidative stress.23 This reversible system is a 
turn-on system for HOCl, in other words, a “turn-off” system for H2S. 

We have previously reported the synthesis and photophysical 
properties of 1,2-bis(methoxycarbonyl)-1-seleno-1,3-butadiene 
derivative 1 and the selenoxide 2 which incorporate with 
dibenzobarrelene (Dbb).24 1 and 2 form a selenide-selenoxide redox 
cycle in the oxidation of 1 with m-chloroperoxybenzoic acid (MCPBA) 
and the reduction of 2 with PPh3 (Scheme 1). Interestingly, the 1/2 
system has characteristic fluorescence properties that are opposite 
to those of above-mentioned Han’s selenide-selenoxide system19; 
selenide 1 shows intense fluorescence and selenoxide 2 does very 
weak fluorescence [1: FF(CH2Cl2) = 0.86; 2: FF(CH2Cl2) = 0.03]. While 
the weak fluorescence of Han’s selenide has been interpreted in light 
of intramolecular photoinduced electron-transfer (PET) and the 
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Scheme 1 Redox cycle between 1,2-di(methoxycarbonyl)-1-seleno-
1,3-butadiene derivative 1 and its oxide 2. 
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heavy atom effect,19,25 selenide 1 is characterized by the intense 
fluorescence despite the presence of selenium, a heavy atom.26 This 
redox system, however, has a few problems, low reactivity of 1 to 
oxidation due to the two electron-withdrawing methoxycarbonyl 
groups and instability of selenoxide 2. After that, we also reported 
on 1,4-diphenyl-1-seleno-1,3-butadiene derivatives 3 and 4 
incorporating Dbb and (mono)benzobarrelene (Mbb), respectively 
(Chart 1).27 The selenides 3 and 4 show fluorescence with high 
efficiencies as well as 1, and in contrast, the fluorescence efficiencies 
of the corresponding selenoxides 5 and 6 decrease as much as 2. 
These fluorescence behaviours of 3–6 prompted us to investigate the 
possibility of using this selenide/selenoxide system as a fluorescence 
probe. As mentioned above, fluorescence probes for H2S with 
reaction-based irreversible/turn-on systems and those that are 
redox-reversible/turn-off types have been reported so far.28 
Therefore, our system has the possibility to present the redox-
reversible/turn-on type H2S fluorescence probe, which has not been 
established yet as far as we know. It would be also important to add 
a new member to the library of traditional fluorophores used to 
study fluorescence sensors.  

Here we report on the fluorescence behaviour of selenoxides 5 
and 6 in the reduction with H2S and other biothiols based on the 
dramatic changes of fluorescent intensity from 5 and 6 to selenides 
3 and 4 (Scheme 2). In addition, as selenides 3 and 4 have the 
potential to serve as turn-off type fluorescence probes for oxidants, 
this possibility was also examined with some oxidants including HOCl. 
Hereafter, dibenzobarrelene-based selenide 3 and selenoxide 5 are 
abbreviated as DbbSe 3 and DbbSeO 5, respectively, and similarly, 
(mono)benzobarrelene-based 4 and 6 as MbbSe 4 and MbbSeO 6, 
respectively. 

Results and discussion 
Synthesis and Photophysical Properties of selenides DbbSe 3 and 
MbbSe 4 and selenoxides DbbSeO 5 and MbbSeO 6 

DbbSeO 5 and MbbSeO 6 were prepared by the oxidation of the 
respective DbbSe 3 and MbbSe 427a with MCPBA in high yields 
(Scheme 3). The structures of DbbSeO 5 and MbbSeO 6 were 
determined by spectroscopic methods and X-ray crystallography 
unambiguously (Figs. S1–S6, ESI†). The O atom in MbbSeO 6 was 
confirmed to be syn to the etheno bridge.  

Photophysical data of 3–6 in CH3CN and CH3CN/H2O (1:1) are 
summarized in Table 1. Their optical absorption and emission spectra 
in CH3CN/H2O (1/1) are shown in Fig. 1. Long-wavelength absorptions 
(labs = 355, 359 nm) of DbbSeO 5 were blue-shifted by approximately 
25 nm compared to those (labs = 382, 383 nm) of DbbSe 3. A similar 
tendency was observed between MbbSe 4 (labs = 389, 389 nm) and 
MbbSeO 6 (labs = 360, 364 nm). Their solvent effects on labs are very 
small. The fluorescence maximum (lem) of DbbSeO 5 in CH3CN/H2O 
was observed at 480 nm, which is red-shifted by 23 nm compared to 
that in CH3CN (lem = 457). This is probably due to hydrogen-bonding 
interactions between the selenoxide group and H2O. DbbSe 3 
undergoes almost no solvent effect. Similar tendencies were 
observed for MbbSeO 6 and MbbSe 4. Fluorescence intensities of 
DbbSeO 5 and MbbSeO 6 were greatly reduced in each solvent as 
compared to those of DbbSe 3 and MbbSe 4; in CH3CN/H2O under air, 
fluorescence quantum yields (FF) of DbbSe 3 and DbbSe 4 are 0.89 
and 0.86, respectively, and those of DbbSeO 5 and MbbSeO 6 were 

 

 
 

Scheme 3 MCPBA oxidation of DbbSe 3 or MbbSe 4 in CH2Cl2. 
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Scheme 2 Reversible fluorescence behaviour for H2S/HOCl with 
dibenzobarrelene (Dbb)- and (mono)benzobarrelene (Mbb)-based 
selenides DbbSe 3 and MbbSe 4 and the respective selenoxides 
DbbSeO 5 and MbbSeO 6. 
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reduced to less than a tenth (FF = 0.07) and a hundredth (FF = 0.006), 
respectively. 

Fluorescence properties of DbbSe 3 and DbbSeO 5 were 
considered, based on the account reported by Escudero for 
fluorescence quenching,25c with TD-DFT calculations. The lowest 
singlet transition (S0→S1, 3.16 eV) of DbbSe 3 is the HOMO-LUMO 
transition (100%) with an oscillator strength (f) of 0.365; the HOMO 
spreads over the p system mainly on the 1,4-diphenyl-1-seleno-1,3-
butadiene (Se-C(Ph)=CH-C=C-Ph) moiety with a small contribution of 
the Dbb part (Fig. 2a), and the LUMO does mainly over the Se-
C(Ph)=CH-C=C-Ph moiety with less contribution of the lone pair 
orbital on the selenium atom compared to that in HOMO. Thus, the 
transition is clearly assigned as a p-p* transition. The exited state of 
DbbSe 3 was optimized by TD-DFT (PBE0) calculations (Fig. 2b). In the 
optimized (relaxed) structure (S1), although the torsion of two 
terminal phenyl groups with respect to the Se-C=CH-C=C plane 
become smaller, diagrams of (HOMO) and (LUMO) are basically 
similar to those of the S0 state of 3. The calculations showed that the 
lowest transition (2.20 eV) is mainly due to the (HOMO)-(LUMO) 
transition (96%) having p-p* character with a large f value of 0.449. 
There are no other singlet transitions like n-p* forbidden ones near 
this transition, indicating that the relaxed (S1) state of DbbSe 3 is not 
a dark state25c that should have a very small f value near zero. This 
would be the reason for the intense fluorescence of 3 as observed.  

The above calculations were also performed on DbbSeO 5. In the 
optimized S0 state, HOMO spreads mainly over the Ph-C=C-CH=C-Ph 
moiety with smaller contributions of the Dbb part and a lone pair 
orbital on the oxygen atom. In LUMO, the contribution of the Dbb 
part decreases considerably. HOMO–1 of 5 is the p– type of Se-O lone 
pairs, where the phases of the p-orbitals are opposite to one another. 
The lowest singlet transition (3.44 eV, f = 0.416) is a p-p* transition 
due to the HOMO-LUMO transition (100%). In the relaxed (S1) state, 
diagrams of (HOMO–1), (HOMO), and (LUMO) resemble those of the 
S0 state of 5. The lowest singlet transition (2.29 eV) is a p-p* 
transition mainly due to the (HOMO)-(LUMO) transition (96%) with a 
large f value (0.498) as in the case of 3, which is not consistent with 
the observed weak fluorescence (FF = 0.24 in MeCN) compared to 
DbbSe 3. Therefore, we should consider nonradiative pathways such 

Table 1 Photophysical data of DbbSe 3, DbbSeO 5, MbbSe 4 and MbbSeO 6.a  

Compound Solvent labs (e b) (nm) lem (nm) c FF under Ar d FF under air d 

DbbSe 3 CH3CN 382 (15300) 479 1.00 0.83 
 CH3CN/H2O (1/1) 383 (15200) 480 – e 0.89 
DbbSeO 5 CH3CN 355 (14800) 457 0.24 0.24 
 CH3CN/H2O (1/1) 359 (16300) 480 – e 0.07 
MbbSe 4 CH3CN 389 (15500) 485 1.00  0.74  
 CH3CN/H2O (1/1) 389 (15600) 484 – e 0.86  
MbbSeO 6 CH3CN 360 (22000) 451  0.007  0.006  
 CH3CN/H2O (1/1) 364 (22100) 463  – e 0.006  

a All solutions were adjusted at 1.0×10–5 M. b M–1 cm–1. c Excited at respective absorption maxima. d Absolute fluorescence 
quantum yields were determined by using a calibrated integrating sphere system. e Not measured. 
 

 
Fig. 1  Optical absorption (–––) and fluorescence (----) spectra of 3–
6 in CH3CN/H2O (50/50 v/v). 
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Fig. 2 (a) Optimized S0 state structure of DbbSe 3, diagrams of the 
frontier orbitals (HOMO and LUMO), and relevant transitions (eV) 
obtained by TD-DFT calculations. (b) Optimized S1 state structure of 
DbbSe 3 [(S1)], diagrams of the frontier orbitals [(HOMO) and 
(LUMO)] and relevant transitions (eV) obtained by TD-DFT 
calculations. TD-DFT calculations were performed at the PBE1PBE/6-
31G(d) level. 

S0

3.16
2.20

(S1)S1

S2

4.05 2.81

HOMO

LUMO (LUMO)

(HOMO)

S0 (S1)

a) S0 of DbbSe 3 b) (S1) of DbbSe 3

(Tn)

(S0)

Page 3 of 10 New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



ARTICLE Journal Name 

4  |  J. Name. , 2012, 00,  1-3  This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

as the conical intersection between the S2 and S1 states and/or the 
intersystem crossing (ISC) between the relaxed (S1) state and an 
energetically appropriate triplet state (Tn); Escudero has succeeded 
in the explanation of the low fluorescence quantum yield of butyl(9-
anthrylmethyl)amine by the ultrafast conical intersection between S1 

and S2 states with ADC(2) and CASPT2 calculations, where the 
calculated energy difference between the two states was 0.28 eV 
(ADC(2)).25c The above TD-DFT calculations for DbbSeO 5 showed the 
presence of the S2 state (3.47 eV, f = 0.0010) only 0.04 eV above the 
S1 state at the Frank-Condon region; in the case of DbbSe 3, the S2 
state is above 0.89 eV of the S1 state. The S0-S2 transition is due to 
the HOMO–1-LUMO transition (100%) and assigned as an n-p* 
transition with a small f value. Therefore, the conical intersection 
appears to be a possible pathway for the fluorescence decrease of 
DbbSeO 5. An alternative possibility is ISC. The TD-DFT optimization 
calculations on 5 shows the presence of a triplet state (2.54 eV, f = 
0.00) above 0.24 eV of the relaxed (S1) state, which is considerably 
small compared to 0.61 eV for the case of DbbSe 3. The triplet 
transition for 5 is related to (HOMO–1) and (LUMO) (100%). This 
small energy difference may make ISC possible. Thus, the low 
fluorescence quantum yield of DbbSeO 5 is considered to be due to 
the conical intersection between the S1 and S2 states and/or ISC from 
the relaxed (S1) state to a triplet state.   

Fluorescence in CH3CN/H2O. Because compounds 3–6 are 
sparsely soluble in water, we optimized the proportion of the mixed 

solvent of CH3CN and H2O. When the ratio of H2O increased, the 
fluorescence intensities of DbbSe 3 and MbbSe 4 were gradually 
enhanced until the ratio reached 50% v/v. Further increasing the 
ratio of H2O decreased the fluorescence intensity due to 
precipitation (Figs. 4a and 4b, respectively). In contrast, the 
fluorescence intensities of DbbSeO 5 and MbbSeO 6 decreased 
gradually with the increase of the ratio of H2O (Figs. 4c and 4d, 
respectively). Thus, we set the ratio of CH3CN/H2O as 50/50 v/v for 
following experiments to bring about the largest difference in 
fluorescence intensity for the of 3/5 and 4/6 pairs. 

 

Sensing Abilities 

Reduction of DbbSeO 5 and MbbSeO 6 with H2S, Cys and GSH. First, 
the efficiency of the reduction of DbbSeO 5 with H2S in a dilute 
solution was investigated. NaSH in phosphate buffer saline (PBS, pH 
7.4) was employed as the equivalent of H2S, and the NaSH is 
hereafter referred to as H2S. The reaction of DbbSeO 5 with 2 molar 
equivalents of H2S in CH3CN/PBS occurred rapidly, and the reaction 
mixture exhibited strong fluorescence immediately after the addition 
of H2S. The reduction completed within 30 min, and the 1H NMR 
analysis of the reaction mixture showed quantitative formation of 
DbbSe 3 (Table 2). The reduction with an equimolar amount of H2S 
was slow; the yield after 30 min was 60%. MbbSeO 6 was also 
quantitatively reduced with 2 molar equivalents of H2S. Next, we 
investigated the reduction of DbbSeO 5 and MbbSeO 6 with other 
biothiols, L-cysteine (Cys) and reduced gulthathione (GSH). As shown 
in Table 2, Cys and GSH showed low efficiencies compared to H2S; 
the reductions with 2 molar equivalents of Cys or GSH for 30 min at 
room temperature were slow and incomplete.  

The reactivity of the three reductants appears to decrease as the 
bulkiness around the sulfur atom increases in the order of H2S < Cys 

 

Fig. 3 (a) Optimized S0 state structure of DbbSeO 5, diagrams of 
the frontier orbitals (HOMO–1, HOMO and LUMO) and relevant 
transitions (eV) obtained by TD-DFT calculations. (b) Optimized S1 
state structure of DbbSeO 5 [(S1)], diagrams of the frontier orbitals 
[(HOMO–1), (HOMO) and (LUMO)] and relevant transitions (eV) 
obtained by TD-DFT calculations. TD-DFT calculations were 
performed at the PBE1PBE/6-31G(d) level. 

S0

3.44

S1

S2

3.47 2.29

(S1)

2.53

(Tn)

HOMO–1

HOMO

(HOMO–1)

(HOMO)

(LUMO)

a) S0 of DbbSeO 5 b) (S1) of DbbSeO 5

S0 (S1)

LUMO

(S0)

 
Fig. 4 Fluorescence spectra of (a) DbbSe 3, (b) MbbSe 4, (c) DbbSeO 
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100/0 to 10/90 v/v. 
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< GSH. Furthermore, in the case of Cys and GSH, the yields are higher 
for MbbSeO 6 than more sterically crowded DbbSeO 5. These 
observations suggest that this reduction is sensitive to the steric 
hindrance between the selenoxide groups in 5 and 6 and the sulfur 
groups in reductants in the transition states. Another factor for the 
low reactivity of Cys and GSH seems to be related to pKa values of 
their SH groups;29 H2S 7.0, Cys 8.3, and GSH 9.0.30 The molar fractions 
of the ionized forms (RS–) of Cys and GSH under the buffered 
conditions (pH 7.4) are much less than half based on the Henderson-
Hasselbalch equation, which are in stark contrast to that for H2S 
being estimated to be greater than half. With respect to the reaction 
mechanism of the reduction of selenoxides with thiols, hypervalent 
oxy(thio)selenuranes have been proposed as the intermediates to 
further react with thiols to form selenides, disulfides and H2O.31–34 
Scheme 4 shows a plausible reaction mechanism for the reduction of 
DbbSeO 5 and MbbSeO 6 with thiols based on the above discussion 
and previous papers31–34. The attack of RS–/RSH at the selenoxide 
selenium atom forms oxy(thio)selenurane intermediate 7, which has 
RS and OH groups at the apical positions that suffer steric hindrance 
from Dbb or Mbb frameworks to make this step rate-controlling.32 As 
the steric hindrance in Dbb 7 is greater than that in Mbb 7, the 
transition state energy to Dbb 7 would be greatly influenced by the 

steric bulkiness of thiolates compared to that to Mbb 7 to lead to a 
relatively high selectivity of DbbSeO 5 to reductants. Subsequently, 
the nucleophilic attack of another RS–/RSH on the RS group in 7 gives 
rise to selenides DbbSe 3 or MbbSe 4 together with disulfide (RSSR) 
and H2O.31–34 In the case of H2S, disulfane (HSSH) should form. 
Disulfane is known to tend to decompose into H2S and 1/8 S8.35 The 
regeneration of H2S would cause the reduction yield to exceed 50% 
(60%) when only an equimolar amount of H2S was used (see above). 

The reduction of DbbSeO 5 and MbbSeO 6 with H2S was 
performed in a more dilute solution. The reaction was monitored by 
optical absorption and fluorescence spectroscopies. As shown in Fig. 
3, when 1 to 6 equivalents of solutions of H2S (9–54×10–5 M) were 
added to an equal volume of a solution of 5 in CH3CN (9.08×10–5 M), 
the absorption due to DbbSe 3 was observed at labs = 383 nm in 
optical absorption spectra (Fig. 5a). An isosbestic point was observed 
at 376 nm indicating that the reduction proceeded cleanly. In the 
fluorescence spectra, the emission due to DbbSe 3 was observed at 
lem = 480 nm, and the intensities were enhanced as the equivalent 
of H2S was increased (Fig. 5b). A quite similar behaviour was 
observed for MbbSeO 6 (Fig. 4); in the optical absorption spectra, the 
isosbestic point was observed at 386 nm (Fig. 6a). Bright blue 
fluorescences due to DbbSe 3 and MbbSe 4 were observed with the 
naked eye. Figure 7 exhibits time profiles of fluorescence intensity; 

Table 2 Reduction of DbbSeO 5 and MbbSeO 6 to DbbSe 3 and 
MbbSe 4 with 2 molar equivs of H2S,a L-cysteine (Cys), or reduced 
gulthathione (GSH) in CH3CN/PBS.b 

Selenoxide Reductant Yield (%) c 

DbbSeO 5 NaSH 100 
 Cys 36 
 GSH 8 
MbbSeO 6 NaSH 100 
 Cys 54 
 GSH 18 

a A solution of NaSH in PBS. b In a 2.3×10–4 M solution of a mixed 
solvent of 50/50 v/v CH3CN/PBS (pH 7.4) for 30 min at room 
temperature. c Determined by 1H NMR of the reaction mixture. 
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(9.08×10–5 M). 
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Fig. 5 (a) Optical absorption and (b) fluorescence (lex = 383 nm) 
spectra after 30 min from additions of 1–6 equivs of H2S (NaSH in 
PBS) (9–54×10–5 M) to a solution of DbbSeO 5 in CH3CN (9.08×10–

5 M). 
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the fluorescence intensity reached a constant after around 15 min 
with any equivalents of H2S, and 4–5 equivalents of H2S are necessary 
to complete the reduction. 

The reductions of DbbSeO 5 and MbbSeO 6 with 5 molar 
equivalents of Cys and GSH were investigated under similar 
conditions. Figure 8a depicts the time profiles of the increase in 
fluorescence intensity at 480 nm together with those of H2S. As 
expected from the results shown in Table 2, the reductions with Cys 
and GSH were much slower than that with H2S. In addition, DbbSeO 
5 showed somewhat higher selectivity between H2S and others (Cys 
and GSH) in the early stage of the reaction compared to MbbSeO 6. 
Figure 8b shows a comparison of fluorescence intensities after 15 
min. 

According to the report from Han’s group, the reduction of 
fluorescent selenoxide 8-O at 1×10–5 M with 10 molar equivalents of 
H2S in CH3CN/PBS (30/70 v/v) was completed within 5 min to give 
selenide 8 (Chart 2).19a Under similar conditions, fluorescent 
bis(selenoxide) 9-O was reduced with H2S in CH3CN/PBS (20/80 v/v) 
to give bis(selenide) 9 within 10 min.19c  Both 8-O and 9-O show high 
selectivity for H2S against other reductants.19a,c Thus, the above 
results show that the reactivities of selenoxide 5 and 6 toward H2S 
are comparable to those of 8-O and 9-O.  

 

Oxidation of DbbSe 3 with HOCl, H2O2, t-BuOOH, and ONOO–.  The 
oxidation of DbbSe 3 with HOCl, H2O2, t-BuOOH and ONOO– in 
CH3CN/PBS (50/50 v/v) was examined. NaOCl in PBS was used as an 
equivalent of HOCl, and the NaOCl in PBS is referred to as HOCl 
hereafter. When 3 was treated with 4 molar equivalents of HOCl, the 
oxidation completed in a few minutes, and the fluorescence due to 
DbbSe 3 was completely quenched (Fig. 9a). On the other hand, the 
reaction mixture treated with 4 equivalents of H2O2, t-BuOOH or 
ONOO– continued to emit intensely even after 30 min (Fig. 9b), 
indicating that DbbSe 3 has better selectivity to HOCl among the 
examined oxidants. The reactivity of 3 toward oxidants is also 
comparable to those of selenides 8 and 9 (Chart 2) that showed high 
selectivity for HOCl or HOBr, respectively, against other oxidants; the 
oxidation of 8 (1×10–5 M, CH3CN/PBS 30/70 v/v) with 5 molar 
equivalents of HOCl was completed within 20 min to give 8-O, and 
that of 9 with 10 molar equivalents of HOBr under similar conditions 
(CH3CN/PBS 20/80 v/v) finished in 5 min.19a,c   

Finally, the cycle of reduction-oxidation of DbbSeO 5 in one pot 
was investigated. DbbSeO 5 was reduced to DbbSe 3 with 5 
equivalents of H2S, and then HOCl were added. As shown in Fig. 10, 
more than 10 equivalents of HOCl were required to decrease the 

 
Fig. 7 Time profiles of fluorescent intensity. (a) In the reaction of 
DbbSeO 5 (4.5×10–5 M) with 1–6 molar equivs of H2S in CH3CN/PBS 
(50/50 v/v) and (b) in the reaction of MbbSeO 6 (4.5×10–5 M) in with 
1–6 molar equivs of H2S in CH3CN/PBS (50/50 v/v). 
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Fig. 8 (a) Time profiles of fluorescent intensity at 480 nm in the 
reactions of DbbSeO 5 (red) or MbbSeO 6 (blue) in CH3CN (9.08×10–

5 M) with 5 molar equivs of H2S (■), Cys (▲), or GSH (●) in PBS 
(45×10–5 M). (b) Comparison of the fluorescence intensity of 5 (red) 
and 6 (blue) after 15 min from additions of the reductants. 
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Fig. 9 Time profiles of fluorescence intensity at 480 nm (a) in the 
reactions of DbbSe 3 (5.0×10–5 M) with 0.6–10 molar equivs of HOCl 
in CH3CN/PBS (50/50 v/v) and (b) in the reactions of DbbSe 3 
(5.0×10–5 M) with 4 molar equivs of HOCl (■), H2O2 (●), t-BuOOH (▲), 
or ONOO– (◆) in CH3CN/PBS (50/50 v/v). 
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fluorescence from DbbSe 3 to preferentially reduce the excess H2S 
used in the previous step. The fluorescence was quenched almost 
completely when 13 and more equivalents of HOCl were treated. 
Although an excess amount of HOCl was necessary to quench the 
fluorescence from DbbSe 3 under the present conditions, this result 
suggests the potential of DbbSe 3/DbbSeO 5 applied as a probe to 
monitor the redox cycle between H2S reduction and HOCl oxidation. 

Conclusions 
We reported redox-reversible/turn-on type fluorescence behaviour 
for H2S utilizing the interconversion between 1,4-diphenyl-1-seleno-
1,3-butadiene derivatives DbbSe 3 and MbbSe 4 and the respective 
selenoxides DbbSeO 5 and DbbSeO 6. This system presents a probe 
complementary to Han’s redox-reversible/turn-off type fluorescence 
probes for H2S. DbbSeO 5 and MbbSeO 6 can detect H2S more 
sensitively, quantitatively and selectively than Cys and GSH. When 
DbbSeO 5 and MbbSeO 6 are compared, 5 shows higher selectivity 
for reductants than 6, which seems to be due to steric repulsion 
between the bulky dibenzobarrelene skeleton in 5 and the 
reductants. The oxidation of DbbSe 3 with HOCl takes place 
immediately, quantitatively and selectively as compared to other 
oxidants examined. Thus, DbbSeO 5/DbbSe 3 has the potential to be 
applied as a fluorescent probe to monitor the redox cycle between 
H2S reduction and HOCl oxidation under simulated physiological 
conditions. TD-DFT calculations suggested the effective radiative 
pathway for DbbSeO 3 and the presence of nonradiative pathways 
for DbbSeO 5.  

Experimental 
General Procedure 

All melting points were determined on a Mel-Temp capillary tube 
apparatus and were uncorrected. 1H, 13C and 77Se NMR spectra were 
recorded on AVANCE-400 (400 MHz for 1H and 101 MHz for 13C) and 
AVANCE-500T (95.4 MHz for 77Se) spectrometers using CDCl3 as the 
solvent at room temperature. IR spectra were recorded on a Perkin 
Elmer System 2000 FT-IR spectrometer. UV-vis spectra were 
recorded on a JASCO V-560 spectrophotometer. Fluorescence 

spectra were recorded on a JASCO FP-6300 spectrofluorometer. 
Absolute photoluminescence quantum yields were measured by a 
calibrated integrating sphere system C10027 (Hamamatsu 
Photonics). LC-ESI-MS data were obtained by using a Hitachi 
NanoFrontier eLD. Elemental analyses were carried out at the 
Molecular Analysis and Life Science Center of Saitama University. X-
ray crystallography was performed with a Bruker AXS SMART 
diffractometer. The intensity data were collected at 100 K employing 
graphite-monochromated MoKa radiation (l = 0.71073 Å) and the 
structures were solved by direct methods and refined by full-matrix 
least-squares procedures on F2 for all reflections (SHELX-97).36 
Solvents were dried by standard methods and freshly distilled prior 
to use. Phosphate buffer saline (PBS, 1×10–2 M, pH 7.4) was 
purchased from Wako Pure Chemical Industries, Ltd. 

2,4-Diphenyl-5H-5,9b[1’,2’]-benzenonaphtho[1,2-b]selenophene 
1-Oxide (5) 

A mixture of DbbSe 3 (60 mg, 0.13 mmol) and MCPBA (95%) (36 
mg, 0.20 mmol) was dissolved in CH2Cl2 (5 mL), and the mixture was 
stirred for 1 h. The reaction was stopped by addition of aqueous 
Na2SO3 and then aqueous NaHCO3, and the mixture was extracted 
with CH2Cl2. The extract was washed with water and dried over 
anhydrous Na2SO4. After removal of the solvent under reduced 
pressure, the residue was purified by reprecipitation from a 
CH2Cl2/hexane solution to give DbbSeO 5 (54 mg, 87%): Pale yellow 
crystals, mp 192–193 °C decomp (hexane/CHCl3). 1H NMR (400 MHz) 
d 5.41 (s, 1H), 7.03–7.16 (m, 4H), 7.34–7.47 (m, 11H), 7.63–7.67 (m, 
1H), 7.73–7.77 (m, 2H), 8.89 (dd, J = 7, 1 Hz, 1H); 13C{1H} NMR (101 
MHz, CDCl3) d  57.0 (CH), 73.2 (C), 122.4 (CH), 123.2 (2CH), 123.4 (CH), 
125.3 (CH), 125.4 (CH), 125.5 (CH), 126.6 (CH), 127.1 (2CH), 127.2 
(2CH), 128.7 (CH), 128.9 (2CH), 129.2 (2CH+CH), 129.5 (CH), 133.1 (C), 
137.1 (C), 142.9 (2C), 143.1 (C), 147.3 (C), 148.3 (C), 150.4 (C), 150.9 
(C) (2CH: two equivalent o- or m-CH carbons of phenyl groups or two 
overlapped CH carbons); 77Se{1H} NMR (95.4 MHz, CDCl3) d 992.2; IR 
(KBr) n~ 818 cm–1 (Se=O). Found: C, 75.61; H, 4.15%. Anal. Calcd. for 
C30H20OSe: C, 75.79; H, 4.24%. 

2,4-Diphenyl-5H-5,9b[1’,2’]-ethenonaphtho[1,2-b]selenophene 1-
Oxide (6) 

A mixture of MbbSe 4 (511 mg, 1.25 mmol) and MCPBA (95%) 
(340 mg, 1.87 mmol) was dissolved in CH2Cl2 (20 mL), and the mixture 
was stirred for 1 h. To the mixture were added aqueous Na2SO3 and 
aqueous NaHCO3, and the mixture was extracted with CH2Cl2. The 
extract was washed with water and dried over anhydrous Na2SO4. 
After removal of the solvent under reduced pressure, the residue 
was purified by reprecipitation from a CH2Cl2/hexane solution to give 
MbbSeO 6 (483 mg, 91%): Orange crystals, mp 195–197 °C decomp 
(hexane/CHCl3). 1H NMR (400 MHz) d 5.35 (dd, J = 6, 1 Hz, 1H), 7.02–
7.13 (m, 2H), 7.15 (dd, J = 7, 6 Hz, 1H), 7.32–7.46 (m, 11H), 7.56 (dd, 
J = 7, 1 Hz, 1H), 7.72–7.77 (m, 2H); 13C{1H} NMR (101 MHz, CDCl3) 
d 55.6 (CH), 77.2 (C), 121.4 (CH), 122.8 (CH), 124.7 (CH), 125.9 (CH), 
126.92 (2CH), 126.94 (2CH), 128.5 (CH), 128.9 (2CH), 129.2 (2CH), 
129.3 (CH), 129.5 (CH), 133.3 (CH), 133.4 (C), 137.2 (C), 138.1 (CH), 
143.1 (C), 147.2 (C), 149.0 (C), 151.2 (C), 151.7 (C) (2CH: two 
equivalent o- or m-CH carbons of phenyl groups) ; 77Se{1H} NMR (95.4 
MHz, CDCl3) d 933.5; IR (KBr) n~ 817 cm–1 (Se=O). HRMS (ESI) Calcd. 
for C26H18OSe･H: M = 427.05956. Found 427.06342 (M++H+). 

 
Fig. 10 Fluorescence response at 480 nm after 15 min from 
additions of 7.5–14.5 molar equivs of HOCl (NaOCl in PBS) to a 
solution of DbbSeO 5 (5.0×10–5 M) pre-treated with 5 molar equivs 
of H2S in CH3CN/PBS (50/50 v/v). 
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Crystallographic data 

DbbSeO 5 (CCDC-1908243†): C30H20OSe•2(CHCl3), MW = 714.16, 
triclinic, space group P–1, Z = 2, a = 10.3946(6), b = 11.3394(7), c = 
12.8696(8) Å, a = 90.7040(10)°, b = 98.331(2)°, g = 92.8220(10)°, V = 
1498.80(16) Å3, Dcalcd. = 1.582 g cm–3, R1 [I > 2s(I)] = 0.0463, wR2 (all 
data) = 0.1196 for 6817 reflections, 361 parameters and GOF = 1.011. 

MbbSeO 6 (CCDC-1908242†): C26H18OSe•O, MW = 441.36, 
monoclinic, space group P21, Z = 2, a = 0.1234(6), b = 12.7495(8), c = 
9.6022(6) Å, b = 116.3210(10)°, V = 1001.12(11) Å3, Dcalcd. = 1.464 g 
cm–3, R1 [I > 2s(I)] = 0.0330, wR2 (all data) = 0.0745 for 3626 
reflections, 262 parameters, 1 restraint and GOF = 1.038. 

Reduction of DbbSeO 5 and MbbSeO 6 with RSH 

Typical procedure for 1NMR measurement. Reduction of DbbSeO 5 
with NaSH in CH3CN/PBS (50/50 v/v) (Table 2). 

A solution of DbbSeO 5 in CH3CN (9.25×10–3 M) was diluted with 
19 mL of CH3CN and 19 mL of PBS. To the solution, 1 mL of a solution 
of NaSH in PBS (2.03×10–2 M) was added. The mixture was stirred for 
30 min at room temperature, and then diluted with ethyl acetate. 
The organic layer was separated, washed with brine, dried over 
anhydrous Na2SO4 and evaporated to dryness. The 1H NMR spectrum 
of the residue showed the quantitative formation of DbbSe 3.  

In a similar manner, the reactions of other runs in Table 2 were 
carried out. The concentration of a solution of NaSH in PBS was 
determined before use by iodometric titration; to 10 mL of an 
aqueous solution of I2/KI (2.02×10–2 M) was added a 5 mL of a 
solution of NaSH in PBS. Under stirring, an aqueous solution of 
Na2S2O3 (1.99×10–2 M) was added dropwise to turn the colour of the 
solution from brown to colourless. It required 9.9 mL of the solution 
of Na2S2O3 to determine the concentration of the PBS solution of 
NaSH as 2.03×10–2 M.  

Procedure for optical absorption and fluorescence measurements. 
Reduction of DbbSeO 5 with NaSH in CH3CN/PBS (50/50 v/v) 

5 mL of a solution of DbbSeO 5 in CH3CN (9.08×10–5 M) and 5 
mL of a respective concentration of a solution of NaSH in PBS were 
mixed. The mixture was shaken vigorously, stood for 30 min, and 
then subjected to optical absorption and fluorescence 
measurements. 

Oxidation of DbbSe 3 for fluorescence measurement 

The concentrations of aqueous solutions of NaOCl and H2O2 
were determined before use by iodometric titration; I2 formed by 
the reaction of KI with NaOCl or H2O2 in the presence of sulfuric acid 
was titrated with an aqueous solution of Na2S2O3. PBS solutions of 
NaOCl and H2O2 were then prepared with the respective aqueous 
solutions. A solution of ONOO– was prepared by mixing a PBS 
solution of H2O2 and 1.1 equivs of isoamyl nitrite and NaOH.37 

Typical procedure: 2.5 mL of a solution of DbbSeO 5 in CH3CN 
(9.92×10–5 M) and 2.5 mL of a respective concentration of a solution 
of an oxidant in PBS were mixed. The mixture was shaken vigorously, 
stood for each time, and then subjected to fluorescence 
measurement. 

Computational details 

All calculations were performed on the Gaussian 09 program.38 
The PBE0 method39,40 was used as the DFT functional, which was 
employed for the evaluation of the dark-state mechanism for 
fluorescence quenching.25c Initial structures of DbbSe 3 and DbbSeO 
5 were taken from their structures obtained by X-ray crystallography. 
Their ground states were optimized at the PBE1PBE/6-31G(d) level, 
followed by TD-DFT calculation at the same level. Their excited states 
were optimized at the PBE1PB1/6-31G(d) level with the TD and OPT 
keywords; the initial structures were taken from the respective 
triplet state structures optimized from their optimized ground states 
structures.    
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Upon treatment with H2S in MeCN-PBS, the fluorescence dormant selenoxides of 

dibenzobarrelene- and benzobarrelene-based 1-seleno-1,3-butadiene derivatives are rapidly 

converted to the strongly fluorescent selenides.
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