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1−1 Introduction 

 

Luminescent organic compounds have attracted considerable attention in the fields of 

biochemistry1 and materials science as exemplified by organic light-emitting devices 

(OLEDs).2 Organic compounds possess higher solubility to organic solvents than 

inorganic ones, leading to application for probes in the body and devices prepared by 

printing3 and spin-coating4 process. Although extended π-conjugative aromatic 

hydrocarbons, for example, anthracene, pyrene, pentacene, and their π-extended 

derivatives,5 played a central role as organic fluorophore, they have several problems such 

as difficulties of tuning photophysical properties, low solubility, and instability. 

 

 

 

Figure 1−1. Hydrocarbon fluorophores. 
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1−2 Fluorescent Compounds Containing Heteroatom 

 

In recent years, several types of fluorescent compounds containing heteroatom, such 

as boron,6 silicon,7 and phosphorus,8 incorporated in a conjugated system have been 

reported. The heteroatom provide crucial perturbations to the electronic nature of the 

HOMO and/or the LUMO of the corresponding carbon counterparts.9 A significant 

characteristic of these compounds is the drastic change in photophysical properties given 

by the chemical modification of heteroatom as shown in Figure 1−2−1. 

 

 

 

Figure 1−2−1. Calculated electronic structure of parent polyheteroles. 

 

Boron compounds have acceptor character, leading to high reactivity with electrophilic 

species. Introduction of a silicon atom into π-conjugative compound reduces LUMO 

energy level due to the σ*(Si−C)−π∗ interaction and can increase fluorescence quantum 



10 
 

yield empirically. A donor character of phosphorus atom can control physical properties 

by the reaction with Lewis acid and transition metal. 
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Figure 1−2−2. Fluorescent compounds containing heteroatom. 

 

 

 

 

 

 

 

 

 

 

 

 

 



11 
 

1−3 Organochalcogen Compounds 

 

Organochalcogen compounds, especially thiophene derivatives, have been studied as 

organic semiconductor.10 In contrast, fluorescent organochalcogen compounds are still 

less known than other heteroatom compounds as mentioned above.11 An acceptor 

character of chalcogen can be significantly increased by oxidation on chalcogen atom, 

changing electronic structure of the compound.12 For example, oxidation of 

pentathienoacene working as p-type semiconductor gave corresponding oxide, which 

shows n-type semiconducting character.12d Fluorescence wavelength of poly(phenylene 

ethnylene) containing four sulfur atoms is shifted bathochromically as increasing 

oxidation number of sulfur.12e 
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Figure 1−3. Exchange of properties before and after oxidation. 
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1−4 Heavy-atom Effect 

 

 Heavy-atom effect often plays a crucial role for nonradiative deactivation in a series of 

luminescent organic compounds or phosphorescence emission of transition metal 

complexes.13 The effect induces the intersystem crossing from a exited singlet state to a 

triplet state caused by spin-orbit interaction of heavy atoms. It has been documented that 

chalcogen-containing heteroaromatics such as benzo[b]chalcogenophenes,14 

dibenzo[b,d]chalcogenophenes,15 benzo[1,2-b:5,4-b’]dichalcogenophenes,16 and 

chalcogenorhodamine derivatives17 exhibit remarkable decrease of fluorescent quantum 

yields by changing oxygen to sulfur, selenium, and tellurium. 

 

 

 

Figure 1−4−1. Heavy-atom effect in chalcogen-containing heteroaromatics. 
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On the other hand, heavy-atom effect is not always effective when the energy difference 

between S1 and the accepting triplet state is not small enough for intersystem crossing;18 

perylene and the 3-bromo- and 3,9-dibromo derivatives show fluorescent quantum yields 

more than 0.95 at 295 K.19 

 

 

 

Figure 1−4−2. Energy diagram of aromatic compounds including bromine atom. 
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1−5 Chalcogenaplatinacycles and 1-Chalcogeno-1,3-butadienes 

 

 In our laboratory, chalcogenaplatinacycles incorporated in a dibenzobarrelene and a 

triptycence skeleton have been synthesized by the cyclization of corresponding 

hydrido(chalcogenolate) platinum(II) complexes or the reaction of corresponding 

dichalcogenides with platinum(0) complexes.20 The cycles showed strong solid-state 

phosphorescence by the prevention of intermolecular interaction owing to the bulky 

dibenzobarrelene and triptycene skeleton [λP = 493−659 nm, ΦP = 0.01−0.81 in the solid 

state]. The intermolecular interaction often leads to luminescence quenching by the 

Dexter type energy transfer,21 
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Scheme 1−5−1. Synthesis of chalcogenaplatinacycles. 
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 The reaction of chalcogenaplatinacycles with dimethyl acetylenedicarboxylate 

(DMAD) or corresponding dichalcogenides with DMAD and stoichiometric palladium(0) 

complex gave 1,2-bis(methoxycarbonyl)-1-chalcogeno-1,3-butadiene derivatives.20,22 

Interestingly, sulfur and selenium analogues revealed strong fluorescence in spite of 

heavy-atom effect [E = S: ΦF(CH2Cl2) = 1.00, ΦF(solid) = 0.30, E = Se: ΦF(CH2Cl2) = 

0.86, ΦF(solid) = 0.03], in which the 1-chalcogeno-1,3-butadiene conjugated system 

behaves as the main contributor to the fluorescence. 

 

E Pt

PPh3

PPh3

toluene, reflux

E CO2Me

CO2Me

EE
toluene, reflux

E = S, Se, Te

DMAD

Pd(PPh3)4

DMAD

 

 

Scheme 1−5−2. Synthesis of 1,2-bis(methoxycarbonyl)-1-chalcogeno-1,3-butadiene 

derivatives. 
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1−6 Studies in the Master Thesis 

 

1−6−1  Fluorescent 1-Thio- and 1-Seleno-1,3-butadienes synthesized via an 

Intramolecular Cycloaddition 

 1-Chalcogeno-1,3-butadiene derivatives showed unprecedented strong fluorescence, 

however their syntheses were inefficient and low versatility. To develop effective 

synthesis and expand the substitution versatility of the 1-chalcogeno-1,3-butadiene 

derivative, the author worked out an alternative synthetic strategy, an intramolecular 

cycloaddition of (9-anthrylchalcogeno)enyne between a 9-anthryl and an alkynyl 

moieties, in which it is straightforward path to construct the dibenzobarrelene scaffold 

accompanying an additional ring system in one process.23 

 

E

R1

R3

[4+2] Cycloaddition

E

R1 R2

R3

R2

 

 

Scheme 1−6−1. Intramolecular cycloaddition of (9-anthrylchalcogeno)enyne. 

 

For the preparation of (9-anthrylchalcogeno)enyne, 9-anthrylchalcogenolate which 

was generated by the reduction of di-9-anthryl dichalcogenide with NaBH4 in EtOH and 

THF, was allowed to react with 1,4-diphenyl-1,3-butadiyne at reflux (Scheme 1−6−2).24 

Unexpectedly, the reaction proceeded directly to the desired final products, 1,4-diphenyl-

1-chalcogeno-1,3-butadiene derivatives in good yields, indicating that the enyne readily 
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underwent an intramolecular cycloaddition under the stated conditions.25 Dipheny 

derivatives showed blue strong fluorescence both in solution and in the solid state as 

expected [λem(CH2Cl2) = 479−509 nm, ΦF(CH2Cl2) = 0.98−1.00, ΦF(solid) = 0.22−0.81]. 

Oxidations of sulfur analogue by m-chloroperoxybenzoic acid (MCPBA) gave 

corresponding sulfoxide and sulfone, whose fluorescent wavelength shifted 

hypsochromically in comparison with those of starting material without drastic 

fluorescence quenching [λem(CH2Cl2) = 459 and 509 nm, ΦF(CH2Cl2) = 0.81 and 0.79, 

ΦF(solid) = 0.39 and 0.67, respectively]. 
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Scheme 1−6−2. Synthesis and oxidation of 1,4-diaryl-1-chalcogeno-1,3-butadiene. 
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1−6−2 Developed Intramolecular Cycloaddition 

 Para substituted diaryl derivatives (R = F, Br, I, OMe, and CF3) could be synthesized 

conveniently by similar manner described in Scheme 1−6−2, and they also showed blue 

to green strong fluorescence. Particularly, fluorescence of sulfur analogue containing 

trifluoromethyl groups is strongest in the solid state among all derivatives.25 In addition, 

[3,2-b]- and [2,3-b]thiophene-fused derivatives were obtained quantatively by 

intramolecular cyclizations of corresponding 2-alkynyl-3-(9-anthrylchalcogeno)- 

thiophenes and the geometrical isomer, respectively.26 

 In general, a naphthyl group as ynophile and a cyano group as dienophile exhibit 

intrinsically poor reactivity in Diels-Alder reaction, resulting in the requirement of high 

reaction temperature.27,28 In contrast, intramolecular cycloadditions of (1-

naphtylchalcogeno)enyne gave desired cycloadducts.25 To drive the cyano-Diels-Alder 

reaction forward, we added boranes as Lewis acid to cyano-precursors and got borane 

adducted 4-chalcogeno-1-aza-1,3-butadiene derivatives.29 
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Figure 1−6−3. A series of 1-chalcogeno-1,3-butadiene derivatives. 
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1−7 This Work 

 

 As mentioned in this chapter, novel fluorescent 1-chalcogeno-1,3-butadiene 

derivatives have great potential to develop a new field in photoluminescence chemistry. 

The author believes that it is important to evince basic properties deeply and apply as an 

industrial fluorescent candidate for the development in this field. In this doctor’s thesis, 

the author investigated elucidation of photophysical properties of 1-chalcogeno-1,3- 

butadiene derivatives and application to a hydrogen sulfide sensor. 

 In chapter 2, synthesis, structure, and photophysical properties of push-pull type 1-thio-

1,3-butadienes containing diphenylamino groups as electronic donating group and 

sulfoxide or sulfone unit as electronic withdrawing group were described. Push-pull type 

compounds are often focused on achievement of red-shifted fluorescence which could be 

applied for bioimaging, night vision devices, and optical communications. 

 

S
OnS

NPh2

NPh2

 

 

 In chapter 3, synthesis, structure, and photophysical properties of 1-telluro-1,3-

butadiene derivatives were examined to elucidate heavy-atom effect. Additionally, 

derivation utilizing tellurium atom as leaving group was carried out to create new 
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fluorophore. Herein, the author tried introduction of silicon atom into 1,3-butadiene 

moiety. 
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 In chapter 4, the author applied 1-seleno-1,3-butadiene oxide for a reversible and turn-

on type fluorescent probe for hydrogen sulfide via redox cycle between selenide and 

selenoxide. Moreover, a generation mechanism of selectivity for thiols was elucidated by 

a comparison of dibenzobarrelene derivative with benzobarrelene derivative. Reversible 

and turn-on probe for hydrogen sulfide with good reactivity, quantitatively, and selectivity 

could be achieved with only this cycle. 
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Chapter 2 

 

Syntheses, Structures, and Photophysical 

Properties of Extended π-Conjugative and 

Push-pull Type 1,4-Diaryl-1-thio-1,3-butadienes 

 

 

 

 

 

 

 

 



30 
 

2−1 Introduction 

 

Strong red emission is important for applications in bioimaging, night vision devices, 

and optical communications.1 In general, red-shifted emission has been achieved by the 

elongation of π-conjugation.2 Solid-state strong emission is required for the device 

application, however, the emission quenching is often induced in extended π-conjugative 

compounds by the Dexter type energy transfer in the solid state.3 Recently, we have 

developed a series of strong fluorescent 1,4-diaryl-1-chalcogeno-1,3-butadienes 1 

incorporated in a rigid and bulky dibenzobarrelene skeleton.4 However, their fluorescence 

colors are from blue to green and not extended to the region of orange and red 

[λem(CH2Cl2) = 479−505 nm, λem(solid) = 466−514 nm]. The aim of this study is 

achievement of a largely red-shifted emission maintaining high fluorescent quantum 

yields by utilizing a derivation of sulfur analogue 1. A donor-acceptor system is effective 

to elongate fluorescent wavelength, due to a large Stokes shift resulting from the 

intramolecular charge transfer (ICT) transition from the electron-donating group to 

electron-accepting group, as observed for 3-boryl-2,2’-bithiophenes 2 having donor aryl 

groups and acceptor boryl group.5 The acceptor character of a sulfide can be significantly 

increased by oxidation leading to sulfoxide and sulfone groups.6 In this chapter, we 

investigated push-pull type derivatives 3 and 4 having diphenylamino groups as the donor 

and a sulfoxide or a sulfone moiety as the acceptor. 
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S

R

R

1: R = H, F, Br, I, OMe, CF3, C≡CR'
    R' = H, SiMe3, Ph

S
S ArAr
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Mes

Mes

2: Ar = H, Mes, Ph, p-carbazolylC6H4,
           p-Ph2NC6H4, 5-Ph2N-2-thienyl

OnS

NPh2

NPh2

3: n = 1
4: n = 2

 

Figure 1. 1-Thio-1,3-butadiene derivatives 1, 3-boryl-2,2’-bithiophenes 2, and push-pull 

type derivatives 3 and 4. 
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2−2 Syntheses and Structures of Push-pull Type 1-Thio-1,3-butadienes 

 

As shown in Scheme 1, we carried out the synthesis and oxidations of diphenylamino 

derivative 5. The Buchwald-Hartwig reactions of 1a (R = Br) and 1b (R = I) with 

diphenylamine afforded 5 in good yields as orange crystals. Oxidations of 5 with 1 or 2 

molar equivalents of MCPBA smoothly proceeded in CH2Cl2 at room temperature to 

produce sulfoxide 3 (99%) and sulfone 4 (29%), respectively. 

 

S

Ar

Ar

5: Ar = p-Ph2NC6H4

(70% from 1a; 71% from 1b)

OnS

Ar

Ar

3: n = 1 (99%)
4: n = 2 (29%)

1a: R = Br
1b: R = I

diphenylamine
Pd2(dba)3・CHCl3 (2.5%)

SPhos (10 mol%)
t-BuOK

toluene, reflux

MCPBA (1.0 or 2.0 equiv.)

CH2Cl2, RT

Sphos = POMe

OMe  

 

Scheme 1. Synthesis and oxidations of diphenylamino derivative 5. 

 

The structures of 3−5 were determined by spectroscopic methods and X-ray analysis 

for sulfoxide 3 (Figure 2). The 1,3-butadiene moiety in 3 is twisted (C2−C3−C4−C5: 

168.4(3) Å) in contrast to the unsubstituted derivative 1c (R = H) having planar 1-thio-

1,3-butadiene moiety. As shown in Figure 3, 3 forms a close packing among three 

molecules in the crystal owing to a hydrogen-bonding between oxygen and H8, and 

several CH−π interactions such as H20−benzene ring (yellow), H26−benzene ring (green), 

H45−benzene ring (red), and H46−benzene ring (blue). 
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Figure 2. ORTEP drawing of sulfoxide 3 with 50% probability ellipsoids. Selected bond 

length (Å) and torsion angles (°): C1−S1: 1.848(3), S1−C2: 1.805(3), C2−C3: 1.341(4), 

C3−C4: 1.426(4), C1−C4: 1.536(3), C4−C5: 1.348(4), C2−C3−C4−C5: 168.4(3), 

C3−C2−C19−C24: 27.5(4), C4−C5−C25−C26: 33.7(4). Crystal data: C54H38N2OS•C7H7, 

MW = 854.05, monoclinic, space group P21/n, Z = 4, a = 14.9342(7), b = 12.9929(5), c 

= 23.7805(10) Å, β = 101.8670(10)°, V = 4515.7(3) Å3, Dcalcd. = 1.256 g cm–3, R1 [I > 

2σ(I)] = 0.0637, wR2 (all data) = 0.1805 for 8394 reflections, 597 parameters, and 89 

restraints for C7H7, GOF = 1.055. 
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Figure 3. Crystal packing of sulfoxide 3; O1−H8: 2.715 Å, H20−benzene ring A (yellow): 

2.825 Å, H26−benzene ring B (green): 2.852 Å, H45−benzene ring C (red): 2.637 Å, 

H46−benzene ring (blue): 2.535 Å. 
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2−3  Properties of Push-pull Type 1-Thio-1,3-butadienes 

 

Photophysical properties of 3−5 were studied in dilute CH2Cl2 solution (10−5 M) and 

in the solid state. The results are listed in Table 1, Figure 4, and 5 together with the data 

for unsubstituted derivative 1c (R = H, in Figure 1). 3−5 showed yellow and/or orange 

fluorescence, and their absorption and emission maxima shifted bathochromically 

[λabs(CH2Cl2) = 430−439 nm, λem(CH2Cl2) = 522−562 nm] in comparison with 1c. 

Interestingly, the fluorescence maxima of sulfoxide 3 and sulfone 4 in the solid state were 

more red-shifted than those in CH2Cl2 solution [3: λem(solid) = 559 nm, 4: λem(solid) = 

580 nm], which seems to be due to the intermolecular interactions in the solid state as 

shown in Figure 3. 

 In CH2Cl2, 3−5 exhibited strong fluorescence with almost quantitative quantum yields. 

Solid-state fluorescence quantum yields of 3−5 were from 0.13 to 0.48. The quantum 

yields of sulfoxide 3 and sulfone 4 were lower than those in solution owing to the strong 

intermolecular interactions as mentioned above. 3 and 4 showed most red-shifted orange 

fluorescence centered at 580 nm among reported 1,4-diaryl-1-chalcogeno-1,3-butadiene 

derivatives. The quantum yield of 4 was still high (0.48), although it is known that long-

wavelength fluorophores usually tend to undergo severe luminescence quenching due to 

aggregation.7 
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Table 1. Photophysical and electrochemical properties of 1c and 3−5.a 

 
λabs 

[nm] 

εmax 

[M −1 cm−1] 

λem 

[nm]b 

Stokes shift 

[cm−1] 
ΦF

b,c,d 
λem(solid) 

[nm]b,e 

ΦF 

(solid)b,c,e 

+E1/2 

[V] f 

1c 378 23000 491 6100 1.00 483 0.47 0.56 

5 430 31400 522 4400 1.0 559 0.15 
0.13 

0.46 

3 439 34900 554 5100 0.92 580 0.13 0.32 

4 437 16300 562 5700 0.95 580 0.48 0.39 

a) In CH2Cl2, unless otherwise noted. b) Exited at respective absorption maxima in CH2Cl2. 

c) Absolute fluorescence quantum yields were determined by using a calibrated integrating sphere 

system. d) Under argon. e) In the dried solid state. f) In CH2Cl2 vs Fc/Fc+. 

 

 

Figure 4. UV/Vis spectra of 1c and 3−5 in CH2Cl2. 

 

  

Figure 5. Fluorescence spectra of 1c and 3−5 in CH2Cl2 (left) and in the solid state (right). 

Stokes shifts of sulfoxide 3 (5100 cm−1) and sulfone 4 (5700 cm−1) in CH2Cl2 were 
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larger than sulfide 5 (4400 cm−1), indicating that fluorescence of 3 and 4 are based on ICT. 

To consider the suitability of a conjugate system for CT process, the elucidation of 

solvatochromism is a simple and effective method.8 As shown in Figure 6−8, positive 

solvatofluorescence was observed in the cases of 3 and 4. While the longest absorption 

maxima of 3 and 4 barely changed in six solvents [3: λabs(CH2Cl2) = 428−439 nm, 4: 

λabs(CH2Cl2) = 427−437 nm], their emission maxima shifted from 500 nm (C6H6) to 580 

nm (CH3CN) for 3 and from 510 nm (C6H6) to 600 nm (CH3CN) for 4. The Stokes shift 

of sulfoxide 3 were in the range from 3800 cm−1 in C6H6 (ET
N: 0.111) to 5500 cm−1 in 

CH3CN (ET
N: 0.460), and those of sulfone 4 were from 4100 cm−1 in C6H6 to 6100 cm−1 

in CH3CN. For the reference, the Stokes shifts of sulfide 5 are in the range of 3900−4100 

cm−1 under the same conditions. As shown in Figure 9, linear relationships are obtained 

between ET
N values and the Stokes shift of 3 and 4 (3: R2 = 0.9577, 4: R2 = 0.9241), 

supporting the CT process in 3 and 4. 

 

 

Figure 6. UV-vis (left) and fluorescence (right) spectra of 5 in various solvents. 
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Figure 7. UV-vis (left) and fluorescence (right) spectra of 3 in various solvents. 

 

 

Figure 8. UV-vis (left) and fluorescence (right) spectra of 4 in various solvents. 

 

 

Figure 9. Relationship between ET
N and Stokes shift of 3 and 4. 
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We next carried out time-dependent (TD)-DFT calculations9 at B3LYP/6−31G(d) level 

for sulfide 5 and sulfoxide 3 to consider excitation energies and their diagrams of HOMO 

and LUMO (Figure 10). LUMOs of 5 and 3 are localized in the central 1,4-diphenyl-1,3-

butadiene moiety. HOMO of 5 is delocalized widely over the 4-[p-

(diphenylamino)phenyl]-1,3-butadiene and the sulfur atom. HOMO of 3 is spread more 

widely around the 1,4-bis[p-(diphenylamino)phenyl]-1,3-butadiene moiety due to the 

electron-withdrawing character of sulfone unit. TD-DFT calculations indicate that the 

longest wavelengths of 5 and 3 are mainly due to the HOMO−LUMO transition. These 

contributions confirm a concomitant increase in charge separation and charge transfer 

ability in 5 comparing with 3. The calculated excitation energy of 5 (2.92 eV, 424 nm) is 

close to that of 3 (2.93 eV, 423 nm), resembling the close longest absorption maxima of 

5 (λem = 430 nm) and 3 (λem = 437 nm). The energy levels of HOMO and LUMO of 3 are 

lowered by the increase of the oxidation number of sulfur. 

 

 

 

Figure 10. LUMO and HOMO of 5 (left) and 3 (right) obtained by TD-DFT calculations 

at the B3LYP/6−31G(d) level. 
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To study the electrochemistry of newly synthesized compounds 3−5 together with 

unsubstitued derivative 1c, cyclic voltammetry was conducted in CH2Cl2 at room 

temperature (Table 1 and Figure 11). 1c revealed reversible oxidation potential at E1/2 of 

+0.56 V vs. Fc/Fc+. Moreover, reversible cyclic voltammogram was observed for 5 (E1/2 

= +0.13, 0.46 V vs. Fc/Fc+), which was shifted cathodically in comparison with 1c and 

triphenylamine (E1/2 = +1.13 V vs DMFc/DMFc+).10 Sulfoxide 3 and sulfone 4 also 

showed reversible cyclic voltammograms with E1/2 of +0.32 and 0.39 V vs. Fc/Fc+, 

respectively. Their values are shifted anodically with the increase of the oxidation number 

of sulfur in comparison with sulfide 5, which are in good agreement with the TD-DFT 

calculations. 

 

    

    

 

Figure 11. Cyclic voltammograms of a) 1c, b) 5, c) 3, and d) 4 in CH2Cl2 solution with 

Bu4NClO4 as the electrolyte, potential E referenced vs. Fc/Fc+. 
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2−4 Conclusion 

 

 We have demonstrated the synthesis of diphenylamino derivative 5 in high yield by 

cross coupling reactions of halo derivatives 1a and 1b and push-pull type derivatives 3 

and 4 by the oxidation of 5. Compounds 3−5 have red-shifted yellow and/or orange 

fluorescence in CH2Cl2 due to the π-elongation and/or intramolecular charge transfer. A 

close packing structure of sulfoxide 3 was in the crystalline state, leading to a more red-

shifted fluorescence in the solid state than that in CH2Cl2 with decreasing fluorescence 

quantum yields. Push-pull type derivatives 3 and 4 showed solvatofluorescence with good 

correlations between the Stokes shifts and ET
N values of solvent. Diphenylamino 

derivatives 3−5 exhibited reversible cyclic voltammograms with lower half-wave 

potentials than that of unsubstituted derivative 1c, and those potentials shifted anodically 

with increase of the oxidation number of sulfur. This study shows promise of 1,4-diaryl-

1-thio-1,3-butadienes incorporated in a rigid and bulky dibenzobarrelene skeleton as a 

material having controlled photo- and electrochemical properties with maintaining strong 

fluorescence. 
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2−5 Experimental Section 

 

General Procedure 

All melting points were determined on a Mel-Temp capillary tube apparatus and were 

uncorrected. 1H and 13C{1H} NMR spectra were recorded on AVANCE-400 (400 MHz 

for 1H and 101 MHz for 13C) spectrometer 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). 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 103 K 

employing graphite-monochromated MoKα radiation (λ = 0.71073 Å) and the structures 

were solved by direct methods and refine by full-matrix least-squares procedures on F2 

for all reflections (SHELX-97).11 Solvents were dried by standard methods and freshly 

distilled prior to use. Dehydrated toluene was purchased from Kanto Chemical Co., Inc. 

and used without further purification. Column chromatography was performed with silica 

gel (70−230 mesh) and the eluent is shown in parentheses. 
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2,4-Di[p-(diphenylamino)phenyl]-5H-5,9b[1’,2’]-benzenonaphto[1,2-b]thiophene 

(5) 

 From bromo derivative 1a A solution of 1a (362 mg, 0.63 mmol), diphenylamine (213 

mg, 1.26 mmol), Pd2(dba)3･CHCl3 (15 mg, 0.017 mmol), SPhos (2-Dicyclohexyl- 

phosphino-2',6'-dimethoxybiphenyl) (25 mg, 0.062 mmol), t-BuOK (213 mg, 1.89 mmol) 

in toluene (30 mL) was heated under reflux for 18 h under argon. Then, the solvent was 

removed under reduced pressure, and the mixture was extracted with CH2Cl2. The organic 

layer was washed with water and dried over anhydrous Na2SO4. After evaporation, the 

crude product was subjected to column chromatography (hexane/CH2Cl2 = 4/1) to give 5 

(332 mg, 70%). From iodo derivative 1b A solution of 1b (73 mg, 0.11 mmol), 

diphenylamine (37 mg, 0.22 mmol), Pd2(dba)3･CHCl3 (5.1 mg, 0.0056 mmol), SPhos (9.7 

mg, 0.024 mmol), t-BuOK (37 mg, 0.33 mmol) in toluene (10 mL) was heated under 

reflux for 16 h under argon. Then, the solvent was removed under reduced pressure, and 

the mixture was extracted with CH2Cl2. The organic layer was washed with water and 

dried over anhydrous Na2SO4. After evaporation, the crude product was subjected to 

column chromatography (hexane/CH2Cl2 = 4/1) to give 5 (58 mg, 71%): orange crystals, 

mp 172−173 ˚C decomp (CH2Cl2/hexane). 1H NMR (400 MHz) δ 5.53 (s, 1H), 6.75 (s, 

1H), 6.96−7.13 (m, 18H), 7.17−7.29 (m, 12H), 7.36−7.39 (m, 2H), 7.49 (d, 3J(H,H) = 8 

Hz, 2H), 7.54−7.57 (m, 2H); 13C{1H} NMR (101 MHz) δ 56.2 (CH), 72.3 (C), 112.7 (CH), 

122.5 (CH), 122.9 (CH), 123.0 (CH), 123.48 (CH), 123.52 (CH), 124.4 (CH), 124.9 (CH), 

125.2 (CH), 126.0 (CH), 127.2 (CH), 127.3 (CH), 127.9 (C), 129.3 (CH), 129.4 (CH), 

132.4 (C), 137.1 (C), 143.0 (C), 146.3 (C), 146.6 (C), 147.2 (C), 147.5 (C), 147.6 (C), 

148.4 (C), 153.3 (C). Found: C, 86.29; H, 5.08; N, 3.66%. Anal. Calcd. for C54H38N2S: 

C, 86.83; H, 5.13; N, 3.75%. 
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2,4-Di[p-(diphenylamino)phenyl]-5H-5,9b[1’,2’]-benzenonaphto[1,2-b]thiophene 1-

Oxide (3) 

 A mixture of 5 (51 mg, 0.068 mmol) and MCPBA (95%) (13 mg, 0.072 mmol) was 

dissolved in CH2Cl2 (15 mL), and the mixture was stirred for 4.5 h. To the mixture were 

added aqueous Na2SO3 and aqueous NaHCO3, and the mixture was extracted with CH2Cl2. 

The organic layer was washed with water and dried over anhydrous Na2SO4. After 

evaporation, the crude product was subjected to column chromatography (CH2Cl2) to give 

3 (53 mg, 99%): Orange crystals, mp 185−187 ˚C decomp (hexane/CH2Cl2). 1H NMR 

(400 MHz) δ 5.40 (s, 1H), 7.03−7.15 (m, 21H), 7.24−7.31 (m, 10H), 7.36−7.41 (m, 2H), 

7.64−7.68 (m, 2H), 7.74−7.80 (m, 1H), 8.63−8.69 (m, 1H); 13C{1H} NMR (101 MHz) δ 

56.4 (CH), 72.6 (C), 122.4 (CH), 122.5 (CH), 122.7 (CH), 123.0 (CH), 123.1 (CH), 123.2 

(CH), 123.6 (CH), 123.8 (CH), 123.9 (CH), 124.9 (CH), 125.1 (3CH), 125.3 (CH), 126.2 

(CH), 127.8 (CH), 127.9 (CH), 129.4 (2CH), 130.04 (C), 142.4 (C), 142.7 (C), 143.4 (C), 

144.1 (C), 146.9 (C), 147.0 (2C), 147.2 (C), 148.2 (C), 148.8 (C), 149.7 (C) (one of 

quaternary carbon was not observed probably due to overlapping); IR (KBr) ν 1056 cm−1 

(S=O). HRMS (ESI) Calcd. for C54H38NO2S･Na: M = 785.25971. Found 785.25947 (M+ 

+ Na+). 

 

2,4-Di[p-(diphenylamino)phenyl]-5H-5,9b[1’,2’]-benzenonaphto[1,2-b]thiophene 

1,1-Dioxide (4) 

 A mixture of 5 (36 mg, 0.049 mmol) and MCPBA (95%) (10 mg, 0.112 mmol) was 

dissolved in CH2Cl2 (7 mL), and the mixture was stirred for 12.5 h. To the mixture were 

added aqueous Na2SO3 and aqueous NaHCO3, and the mixture was extracted with CH2Cl2. 

The organic layer was washed with water and dried over anhydrous Na2SO4. After 



45 
 

evaporation, the crude product was subjected to column chromatography (CH2Cl2) to give 

4 (11 mg, 29%): Orange crystals, mp 185−186 ˚C decomp (hexane/CH2Cl2). 1H NMR 

(400 MHz) δ 5.35 (s, 1H), 7.03−7.15 (m, 18H), 7.18 (s, 1H), 7.23−7.31 (m, 12H), 7.36 

(d, 3J(H,H) = 7 Hz, 2H), 7.63 (d, 3J(H,H) = 8 Hz, 2H), 8.53 (d, 3J(H,H) = 8 Hz, 2H); 

13C{1H} NMR (101 MHz) δ 56.9 (CH), 70.7 (C), 120.8 (C), 122.2 (CH), 122.4 (CH), 

123.0 (CH), 123.4 (CH), 123.6 (CH), 123.8 (CH), 123.9 (CH), 125.1 (CH), 125.3 (2CH), 

125.7 (CH), 127.6 (CH), 128.2 (CH), 128.4 (C), 129.5 (2CH), 137.2 (C), 140.8 (C), 142.8 

(C), 145.3 (C), 146.0 (C), 146.9 (C), 147.1 (C), 148.7 (C), 149.2 (C); IR (KBr) ν 1310, 

1138 cm−1 (O=S=O). Found: C, 83.04; H, 4.83; N, 3.57%. Anal. Calcd. for C54H38N2O2S: 

C, 83.26; H, 4.92; N, 3.60%. 
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Chapter 3 

 

Synthesis, Structures, Photophysical 

 Properties, and Derivations of 1,4-Diphenyl-1-

telluro-1,3-butadienes 
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3−1 Introduction 

 

The metalloid tellurium is a versatile element that forms the basis for several important 

materials, including catalysts, dyes, and optoelectronic compounds.1 Tellurophene, the 

heavier analog of thiophene, has certain advantages, such as red-shifted optical absorption 

properties,2 unique solid-state supramolecular structures through tellurium−tellurium 

interactions,3 and high polarizability, relative to their lighter analogues due to the unique 

chemistry of tellurium. Organotellurium compounds can be derived from postsynthesis 

modification including oxidation and bromination at tellurium atom. Seferos reported a 

dramatic shift in optical properties of π-conjugated tellurophenes exposed to Br2, which 

appears to be the result of coordination of Br atoms at their tellurium centers.4 

 

R R

E
E

n

E = Te, TeBr2, R = n-C6H13

E

R R R R

 

 

Figure 1. π-Conjugated tellurophenes. 

 

Vinylic tellurides can be derived from the tellurium-lithium exchange and the 

following reaction with electrophiles, providing functionalized alkenes.5 Tokitoh and 

Mizuhata reported a synthesis of 1,2-dihydro-2-stannanaphthalenes as a precursor of 2-

stannanaphthalene by the reaction of cyclic telluride with butyllithium and 

trihalostannanes.6 
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Scheme 1. Transformation of cyclic telluride to stannane. 

 

The heavy-atom effect often plays a crucial role in nonradiative deactivation in a series 

of luminescent organic compounds, and in phosphorescence emission from transition 

metal complexes.7 The effect induces an intersystem crossing from an exited singlet state 

to the exited triplet state caused by spin-orbit interaction of heavy atom.8 As written in 

chapter 1, it has been reported that chalcogen-containing heteroaromatics such as 

benzo[b]chalcogenophenes,9 dibenzo[b,d]chalcogenophenes,10 benzo-[1,2-b:4,5-

b’]dicalcogenophenes,11 and chalcogenorhodamine derivatives12 suffer drastic decreases 

in fluorescent quantum yields by changing the chalcogen atom from oxygen to sulfur, 

selenium, or tellurium. However, heavy-atom effect is not always effective when the 

energy difference between S1 and the accepting triplet state is not small enough for 

intersystem crossing;13 perylene, 3-bromo-, and 3,9-dibromo derivatives show 

fluorescence quantum yields of more than 0.95 at 295 K.14 A recent topic of research is 

the photoluminescence of oxides of organotellurium compounds, and some Te-oxides of 

tellurorhodamine derivatives12,15 and 1,1-dioxides of 2,5-diaryltellurophenes16 have been 

reported to emit fluorescence with quantum yields of up to ~0.3 in buffered aqueous 

solutions at room temperature. 

We have synthesized strong fluorescent 1-chalcogeno-1,3-butadienes 1−5.17−19 When 

a series of diesters measured in CH2Cl2 at room temperature, it was found that the 

fluorescence quantum yield (ΦF) of 1 is quantitative, and that that of 2 is still high (ΦF = 
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0.88), but that the tellurium derivative 3 is substantially non-fluorescent.16,17 In contrast, 

both of diphenyl derivatives 4 and 5 emit blue fluorescence with almost quantitative 

quantum yield in CH2Cl2 at room temperature, even through 5 contains a selenium atom.18 

In 5, the heavy-atom effect of selenium is ineffective for fluorescence quenching. These 

results prompted us to investigate the photophysical properties of the corresponding 

tellurium derivative 6. In this chapter, the author reports the synthesis of 6, following 

derivations, such as oxidation, bromination, and introduction of silicon atom to create of 

new emissive compounds, and the elucidation of their photophysical properties. 

 

E

Ph

Ph

4: E = S (ΦF = 1.00)
5: E = Se (ΦF = 1.00)

E

CO2Me

CO2Me

1: E = S (ΦF = 1.00)
2: E = Se (ΦF = 0.88)
3: E = Te (ΦF = 0.004)  

 

Figure 2. 1-Chalcogeno-1,3-butadienes with fluorescence quantum yields. 
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Scheme 2. Synthesis and Derivation of 1,4-dipheyl-1-telluro-1,3-butadienes. 
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3−2 Syntheses and Structures of 1,4-Diphenyl-1-telluro-1,3-butadienes 

 

As shown in Scheme 3, telluride 6 was synthesized by a series of reactions similar to 

those for sulfur and selenium analogues 4 and 5. Di(9-anthryl) ditelluride was reduced 

with NaBH4 in bis(2-methoxyethyl)ether (diglyme) and 1-butanol, and the resulting 

tellurolate was allowed to react with diphenylbutadiyne, producing 6 in 62% yield. 

Oxidation of 6 with MCPBA in CH2Cl2 gave telluroxide 7 in 93% yield. The reaction of 

6 with Br2 in CH2Cl2 at room temperature yielded Te,Te-dibromide 8 almost quantitatively 

(94%) (Scheme 3). 

 

1) NaBH4

Te Te
2) Ph

Te

Ph

Ph
Ph

diglyme/BuOH, reflux
62%

6  

 

CH2Cl2
94% Te

Ph

Ph

8

Br

Br
Te

Ph

Ph

7

O

Br2

CH2Cl2
93%

MCPBA
6

 

 

Scheme 3. Synthesis, oxidation, and bromination of 1-telluro-1,3-butadiene derivative 6 

 

The structures of 6−8 were determined by spectroscopic methods and X-ray 

crystallography (Figure 3−5). The 1-telluro-1,3-butadiene moieties (C2−C3−C4−C5) in 
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6−8 are almost planar and the bond lengths are in similar ranges in comparison with those 

of sulfur and selenium analogues 4 and 5. 

Several CH−π interactions are observed in a crystalline structure of telluride 6 (Figure 

6) in contrast to the dimeric structure in telluroxide 7 and dibromide 8 induced by 

intermolecular n(O)−σ*(Te−C) or n(Br)−σ*(Te−C) orbital interactions, respectively 

(Figure 7 and 8). The interatomic Te–O (2.590 Å) and Te–Br2 (3.641 Å) distances are 

28% (0.99 Å) and 7% (0.27 Å) shorter than the sum of their van der Waals radii of Te 

(2.06 Å), O (1.52 Å), and Br (1.85 Å), respectively. In dibromide 8, the n(Br)−σ*(Te−C) 

orbital interaction shortens intramolecular Te–Br2 bond in comparison with Te–Br1 bond 

[Te1–Br1: 2.6627(4), Te–Br2: 2.7434(4)]. This intermolecular interaction is weaker than 

that in 2,5-diphenyltellurophene Te,Te-dibromide, in which the interatomic distance 

between Te and Br is 2.673 Å with 175.33(5)° of the Br–Te–Br bond angle forming a 

polymeric structure.4b The bulky dibenzobarrelene skeleton prevents the formation of 

polymeric structure. The steric repulsion between Br atoms and benzene ring in 

dibenzobarrelene pushes the Br atoms to the opposite side leading to the bending 

[Br1−Te–Br2: 158.53(1)°]. 
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Figure 3. ORTEP drawing of 6 with 50% probability ellipsoids. Selected bond length (Å) 

and torsion angles (°): Te1–C2: 2.109(2), Te1–C1: 2.153(2), C1–C4: 1.549(3), C2–C3: 

1.344(3), C3–C4: 1.438(3), C4–C5: 1.354(3), C2–C3–C4–C5, 176.2(2), 

C3−C2−C19−C24: 36.8(3), C4−C5−C25−C26: 36.6(2). Crystal data: C30H20Te, Mr = 

508.06, monoclinic, P21/c, a = 13.5929(7), b = 12.1552(6), c = 13.0873(6) Å, β = 

99.7420(10)°, V = 2131.16(18) Å3, Z = 4, μ = 1.411 mm–1, dcalcd = 1.583 g cm–3, R1 (I > 

2σ(I)) = 0.0299, wR2 = 0.0726 (all data) for 5061 reflections, 280 parameters, GOF = 

1.073. 
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Figure 4. ORTEP drawing of 7 with 50% probability ellipsoids. Selected bond length (Å) 

and torsion angles (°): C1–Te1: 2.180(5), C2–C3: 1.354(6), C2–Te1: 2.137(4), C3–C4: 

1.424(6), C4–C5: 1.353(7), Te1–O1, 1.860(3), C2–C3–C4–C5: 179.4(5), C3–C2–C19–

C24: 12.6(7), C4–C5–C25–C26: 43.4(7). Crystal data: C30H20OTe•2CHCl3, Mr =762.80, 

triclinic, P–1, a = 11.0309(7), b = 11.3923(8), c = 13.0052(9) Å, α = 89.426(2), β = 

67.896(2), γ = 88.106(2)°, V = 1513.38(18) Å3, Z = 2, μ = 1.539 mm–1, dcalcd = 1.674 g 

cm–3, R1 (I > 2σ(I)) = 0.0479, wR2 = 0.1197 (all data) for 5591 reflections, 361 parameters, 

GOF = 1.055. 
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Figure 5. ORTEP drawing of 8 with 50% probability ellipsoids. Selected bond length (Å) 

and torsion angles (°): Te1–C2: 2.099(2), Te1–C1: 2.198(2), Te1–Br1: 2.6627(4), Te–Br2: 

2.7434(4), C5–C4: 1.355(3), C4–C3: 1.435(3), C4–C1: 1.551(3), C2–C3: 1.340(3), Br1–

Te1–Br2: 158.526(11), C5–C4–C3–C2: 179.3(3), C3–C2–C19–C24: 17.1(4), C4–C5–

C25–C26: 39.8(4). Crystal data: C30H20Br2Te•C7H8, Mr = 760.01, triclinic, P–1, a = 

11.1893(16), b = 11.4445(16), c = 12.9179(18) Å, α = 107.919(2), β = 105.3030(10), γ = 

95.348(2)°, V = 1490.5(4) Å3, Z = 2, μ = 3.704 mm–1, dcalcd = 1.693 g cm–3, R1 (I > 2σ(I)) 

= 0.0225, wR2 = 0.0420 (all data) for 5443 reflections, 425 parameters (242 restraints for 

C7H8), GOF = 1.015. 
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Figure 6. Crystal packing of 6; H10−benzene ring (yellow): 2.728 Å, H24−benzene ring 

(red): 2738 Å, H26−benzene ring (green): 2.710 Å. 

 

 

Figure 7. Crystal packing of 7. 



61 
 

 

 

Figure 8. Crystal packing of 8. 
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3−3 Silylations of 1,4-Diphenyl-1-telluro-1,3-butadienes 

 

 At first, we carried out lithiations of telluride 6 with n- or t-butyllithium, however the 

both reactions didn’t undergo. Considering low reactivity came from too stable 6, we next 

examined a lithiation of telluroxide 7, having longer tellurium−carbon bonds than 6, with 

t-butyllithium. This reaction gave silicon analogue 9 in trace (Scheme 3). The crude 

product included 6 mainly and unknown byproducts. We concluded the reduction of 

telluroxide 7 for telluride 6 and unstable dilithium compound as intermediate owing to 

the electronic repulsion between lithium atoms suffer inefficiency in this reaction. The 

silicon analogue 9 was identified only by 1H-NMR spectroscopy and bright blue emission 

was observed in CH2Cl2. 
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Scheme 3. Examination to synthsize silicon analogue 10. 

 

 



63 
 

3−4 Photophysical Properties of 1,4-Diphenyl-1-telluro-1,3-butadienes 

 

UV-vis spectra of 4−8 in 2-methyltetrahydrofuran (2-MeTHF) are shown in Figure 9, 

and their data are summarized in Table 1. Telluride 6 shows two absorption maxima at 

406 and 377 nm, unlike the sulfur and selenium congeners 4 and 5, which are monomodal. 

The longest absorption maximum of 6 is somewhat red-shifted compared with those of 4 

(λmax = 385 nm) and 5 (λmax = 383 nm). Telluroxide 7 and dibromide 8 have the longest 

absorption maxima at 353 nm and 326 nm with a shoulder around 380 nm, respectively. 

 

 

Figure 9. UV-vis spectra of a) chalcogenides 4−6 and b) tellurium derivatives 6−8 in 2-

MeTHF. 

 

TD-DFT calculations at the B3LYP/6-31G(d), LANL2DZ for Se, Te, and Br level 

were carried out to analyze the electronic spectra.20–23 As shown in Teble 1 and Figure 10, 

two absorptions are calculated at 417 nm (2.98 eV) and 404 nm (3.07 eV) in telluride 6, 

which are mainly due to HOMO–LUMO (f = 0.1521) and HOMO–LUMO+1 (f = 0.1020) 

transitions, respectively. The HOMO of 6 extends on the π-conjugated system comprising 

the lone pair on tellurium atom and the 1,3-butadiene moiety with small contributions 
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from benzene rings, and the LUMO is based on the anti-bonding π* orbital of the 1,4-

diphenyl-1,3-butadiene moiety. Similar HOMO–LUMO transitions were calculated for 

the sulfur and selenium analogues 4 and 5. Characteristic for 6 is the second low-energy 

excitation, in which the σ* orbital of Te–C bond participate generously in LUMO+1. It 

can be concluded that the low-lying LUMO+1 resulted in the bimodal absorption of 6. 

In the TD-DFT calculations of telluroxide 7, the lowest excitation are observed at 3.22 

eV (f = 0.1695) corresponding to 385 nm, which is mainly due to the HOMO–LUMO 

transition. This excitation is followed by the excitation mainly due to the HOMO−1–

LUMO transition (3.29 eV, f = 0.1519). The diagram of LUMO+1 of 7 resembled that of 

6. In the case of dibromide 8, the lowest-energy excitation is due to the HOMO–LUMO 

transition (f = 0.0859) with the energy of 2.73 eV (453 nm). This excitation is followed 

by two major excitations due to mainly HOMO−3–LUMO (f = 0.1250, 3.40 eV, 364 nm) 

and HOMO−1–LUMO (f = 0.1566, 3.53 eV, 351 nm) transitions. These excitations will 

lead to the broad absorption of 8 ranging from 300 to 500 nm. The HOMO, HOMO−1, 

and HOMO−3 are contributed from π-bonds of 1,3-butadiene and benzene rings, and the 

lone pairs on bromine. The LUMO consists of typical hypervalent three-center-four-

electron σ* orbital.20 
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Figure 10. Diagram of frontier orbitals of 6−8 obtained by TD-DFT calculations at 

B3LYP/6-31G(d), LANL2DZ for Te and Br. 
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Fluorescence spectra in 2-MeTHF at room temperature and in glass state of 2-MeTHF 

at 77 K are shown in Figure 11 and 12, and their properties are summarized in Table 2. 

Telluride 6 has the shorter emission maximum at 459 nm with quite small quantum yield 

(ΦPL < 0.01) in 2-MeTHF comparing with sulfide 4 and selenide 5 (4: λem = 488 nm, ΦPL 

= 0.91, 5: λem = 477 nm, ΦPL = 0.90) in 2-MeTHF at room temperature. This low 

luminescence quantum yield of 6 will be explained in terms of the heavy-atom effect of 

tellurium. Interestingly, 6 exhibited temperature dependent luminescence and emitted 

blue light with moderate quantum yield (ΦF = 0.42) in glass state. In contrast to telluride 

6, the luminescence of telluroxide 7 and dibromide 8, which contains a small amount of 

6, were none or very weak even in the glass state. To assign the luminescence of 6, its 

emission life time was measured. The emission life time is in the nanosecond order, 

strongly suggesting that its emission is fluorescence and not phosphorescence. 

Temperature dependent quantum yields of fluorescence have been reported;7,13,24 for 

example, the quantum yield of 9-bromoanthracene changed from 0.018 at 295 K to almost 

unity at 110 K.7,25 And the phenomena have been explained by the presence of the 

thermally activated intersystem crossing from a lowest excited singlet stale (S1) to an 

adjusted higher excited triplet state (Tn).7,13,25c,26 This will be the case for the remarkable 

increase of the quantum yield of 6 at 77 K, while its moderate quantum yield suggests 

that the temperature independent intersystem crossing is competitively operative there.26a 
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Figure 11. Fluorescence spectra of chalcogenide 4−6 at a) room temperature and b) 77 K 

in 2-MeTHF. 

 

 

Figure 12. Fluorescence spectra of telluride 6 and telluroxide 7 at a) room temperature 

and b) 77 K in 2-MeTHF. 
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3−5 Conclusion 

 

1,4-Diphenyl-1-telluro-1,3-butadiene derivative 6 incorporated in a dibenzobarrelene 

skeleton was successfully synthesized by intramolecular Diels-Alder reaction as key 

reaction. Telluroxide 7 and Te,Te-dibromide 8 were prepared by oxidation and 

bromination of 6, respectively. The lithiation and the following reaction with 

dichlorosilane didn’t undergo well, giving silicon analogue 9 in trace only from 7. We 

found that telluride 6 reveals temperature-dependent fluorescence; it is fluorescent with 

moderate quantum yield in the glass state of 2-MeTHF at 77 K, whereas it is barely 

fluorescent at room temperature, unlike the sulfur and selenium congeners 4 and 5, due 

to the heavy-atom effect of tellurium. Although further detailed photophysical studies on 

their exited states, it can be considered that the temperature-dependent fluorescence 

character is attributed to the thermally activated intersystem crossing from a lowest 

excited singlet state to an adjusted higher excited triplet state. 
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3−6 Experimental Section 

 

General Procedures 

All melting points were determined on a Mel-Temp capillary tube apparatus and were 

uncorrected. 1H and 13C were recorded on a Bruker Avance-400 spectrometer (400 MHz 

and 101 MHz, respectively) and 77Te NMR spectra were obtained on a Bruker AVANCE-

500 (158 MHz) spectrometer 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 HITACHI U-1900 spectrophotometer. Fluorescence spectra were recorded 

on a JASCO FP-6300 spectrofluorometer. Absolute photoluminescence quantum yields 

were measured on a calibrated integrating sphere system C10027 (Hamamatsu Photonics). 

Emission lifetimes were measured on a Hamamatsu Photonics Quantaurus-Tau. 

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 103 K employing graphite-

monochromated MoKα radiation (λ = 0.71073 Å) and the structures were solved by direct 

methods and refine by full-matrix least-squares procedures on F2 for all reflections 

(SHELX-97).27 Solvents were dried by standard methods and freshly distilled prior to use. 

Dehydrated THF was purchased from Kanto Chemical Co., Inc. and 2-

methyltetrahydrofuran was purchased from Sigma-Aldrich Co. LLC and used without 

further purification. Column chromatography was performed with silica gel (70−230 

mesh) and the eluent is shown in parentheses. Preparative gel permeation liquid 

chromatography (GPC) was performed on an LC-918 (Japan Analytical Industry Co., 

Ltd.) equipped with JAIGEL 1H and 2H columns (eluent: CHCl3).  
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Synthesis of Di(9-anthryl) Ditelluride 

To a solution of 9-bromoanthracene (1.00 g, 3.89 mmol) in THF (10 mL) at −78 °C 

was added t-BuLi (1.65 M in pentane, 4.6 mL, 7.58 mmol) under argon. The mixture was 

stirred for 30 min at −78 °C, and tellurium powder (471 mg, 7.58 mmol) was added. The 

mixture was stirred for 11.5 h at room temperature. After stirring for 1 h at room 

temperature in the air for oxidation, the mixture was filtered through a pad of Celite® with 

CH2Cl2. The extract was washed with water, dried over anhydrous Na2SO4, and 

evaporated to dryness. The residue was purified by reprecipitation from CH2Cl2/hexane 

to give di(9-anthryl) ditelluride (920 mg, 78%): Brown crystals, mp 196 °C decomp 1H 

NMR (400 MHz) δ 6.92–7.02 (m, 4H), 7.24–7.35 (m, 4H), 7.82 (d, 3J(H,H) = 8.4 Hz, 

4H), 8.21 (d, 3J(H,H) = 8.4 Hz, 4H), 8.34 (s, 1H); 13C NMR (100.7 MHz) δ 115.5 (C), 

125.1 (CH), 126.2 (CH), 128.7 (CH), 130.6 (CH), 130.9 (C), 135.3 (CH), 137.4 (C); 125Te 

NMR (158 MHz, CDCl3) δ 176.8. Found: C, 55.34; H, 2.92%. Anal. Calcd. for C28H18Te2: 

C, 55.16; H, 2.98%. 

 

Synthesis of 2,4-Diphenyl-5H-5,9b[1’,2’]-benzenonaphto[1,2-b]tellurophene (6) 

A solution of di(9-anthryl) ditelluride (116 mg, 0.19 mmol) and 1,4-diphenyl-1,3-

butadiyne (78 mg, 0.38 mmol) in diglyme (14 mL) was added slowly to a solution of 

NaBH4 (22 mg, 0.59 mmol) in BuOH (7 mL) at 0 °C under argon. After stirring for 30 

min at 0 °C, the mixture was heated under reflux for 20 h, and then the reaction was 

quenched by addition of saturated ammonium chloride solution. The mixture was 

extracted with CH2Cl2, and the extract was washed with water, dried over anhydrous 

Na2SO4, and evaporated to dryness. The residue was subjected to column 

chromatography (hexane/CH2Cl2 = 4/1) to give 6 (121 mg, 62%): Yellow crystals, mp 
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145 °C (CH2Cl2/hexane). 1H NMR (400 MHz) δ 5.46 (s, 1H), 7.02–7.10 (m, 4H), 7.22–

7.41 (m, 13H), 7.46–7.52 (m, 2H); 13C NMR (101 MHz) δ 57.6 (CH), 63.2 (C), 123.1 

(CH), 125.6 (CH), 126.3 (CH), 126.5 (CH), 127.2 (CH), 127.4 (CH), 127.5 (CH), 128.3 

(CH), 128.5 (CH), 128.7 (CH), 129.0 (CH), 131.6 (C), 139.25 (C), 139.29 (C), 144.4 (C), 

146.5 (C), 148.0 (C), 158.1 (C); 125Te NMR (158 MHz) δ 496.9. Found: C, 71.03; H, 4.14. 

Anal. Calcd. for C30H20Te: C, 70.92; H, 3.97. 

 

Oxidation of telluride 6 with MCPBA 

A mixture of telluride 6 (60 mg, 0.12 mmol) and MCPBA (95%) (32 mg, 0.18 mmol) 

was dissolved in CH2Cl2 (5 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, dried over anhydrous Na2SO4, and evaporated to 

dryness. The residue was washed with Et2O (10 mL) and dried to give 2,4-diphenyl-5H-

5,9b[1’,2’]-benzenonaphto[1,2-b]tellurophene 1-oxide (7) (57 mg, 93%): Pale yellow 

crystals, mp 209 °C decomp (ether). 1H NMR (400 MHz) δ 5.35 (s, 1H), 6.93–7.16 (m, 

4H), 7.28–7.46 (m, 10H), 7.57–7.66 (m, 3H), 7.71 (s, 1H), 8.53 (d, 3J(H,H) = 7.2 Hz, 

1H); 13C NMR (101 MHz) δ 57.3 (CH), 69.2 (C), 123.9 (CH), 123.5 (CH), 124.0 (2CH), 

125.1 (CH), 125.3 (CH), 125.4 (CH), 126.3 (CH), 127.5 (CH), 127.6 (CH), 128.4 (CH), 

128.6 (CH), 128.7 (CH), 128.9 (CH), 136.8 (C), 137.8 (C), 138.1 (CH), 143.7 (C), 144.9 

(C), 145.0 (C), 147.9 (C), 148.1 (C), 150.5 (C), 153.5 (C); IR (KBr) ν 696 cm–1 (Te=O). 

Found: C, 68.37; H, 3.75. Anal. Calcd. for C30H20OTe: C, 68.75; H, 3.85. 

 

Bromination of telluride 6 with Br 2 

A solution of Br2 in CH2Cl2 (0.39 M, 0.5 mL, 0.20 mmol) was added to a solution of 
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telluride 6 (93 mg, 0.18 mmol) in CH2Cl2 (7 mL) at room temperature, and the mixture 

was stirred for 1 h in the dark. Hexane was added to the mixture to precipitate the product, 

and the resulting precipitates were washed with hexane and dried to give 2,4-diphenyl-

5H-5,9b[1’,2’]-benzenonaphto[1,2-b]-tellurophene 1,1-dibromide (8) (115 mg, 94%): 

Orange crystals, mp 165 °C decomp (purified by GPC). 1H NMR (400 MHz) δ 5.36 (s, 

1H), 7.02–7.10 (m, 4H), 7.32–7.51 (m, 10H), 7.60–7.66 (m, 2H), 8.00–8.07 (m, 2H); 13C 

NMR (101 MHz) δ 57.5 (CH), 79.0 (C), 123.1 (CH), 124.9 (CH), 126.2 (CH), 127.7 (CH), 

127.8 (CH), 128.6 (CH), 128.9 (CH), 129.1 (CH), 129.3 (CH), 129.8 (CH), 132.9 (C), 

133.0 (CH), 137.8 (C), 143.2 (C), 145.6 (C), 151.1 (C), 151.6 (C), 153.4 (C); 125Te NMR 

(158 MHz) δ 1029.5. Found: C, 54.42; H, 3.04. Anal. Calcd for C30H20Br2Te: C, 53.95; 

H, 3.02. 

 

Synthesis of 2,4-Diphenyl-5H-5,9b[1’,2’]-benzenonaphto[1,2-b]dimethylsilole (9) 

To a solution of 7 (25 mg, 0.048 mmol) in THF (3 mL) at −78 °C was added t-BuLi 

(1.77 M in pentane, 0.16 mL, 0.28 mmol) under argon. The mixture was stirred for 1 h at 

−78 °C, and dimethyldichlorosilane (0.03 mL, 0.31 mmol) was added. The mixture was 

stirred for 1.5 h at room temperature, and then the reaction was quenched by addition of 

saturated ammonium chloride solution. The mixture was extracted with CH2Cl2, and the 

extract was washed with water, dried over anhydrous Na2SO4, and evaporated to dryness. 

The residue was subjected to column chromatography (hexane/CH2Cl2 = 4/1) and 

following gel permeation chromatography to give 9 in trace: yellow crystals, 1H NMR 

(400 MHz) δ 1.00 (s, 6H), 5.31 (s, 1H), 6.93–7.03 (m, 4H), 7.18–7.43 (m, 13H) , 7.51–

7.58 (m, 2H). 
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Chapter 4 

 

Reversible and Turn-on Fluorescent Probes 

for Hydrogen Sulfide via redox cycle 

between Selenide and Selenoxide 
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4−1 Introduction 

 

Hydrogen sulfide (H2S) is well-known for repugnant rotten egg smell and as a toxic 

gas. On the other hand, H2S has been discovered as the third gaseous transmitter such as 

nitric oxide and carbon monoxide.1 H2S is generated from enzymatic processes in 

mammalian organs and tissues, including relaxation of vascular smooth muscles, 

mediation of neurotransmission, inhibition of insulin signaling, and regulation of 

inflammation and O2 sensing.3−6 Previous studies have shown that H2S affects the 

cardiovascular functions, central nervous systems, and energy metabolism.7 Abnormal 

levels of H2S can cause disease such as gastric mucosal injury, liver cirrhosis, and 

Alzheimer’s disease.8−10 

Currently, the major detections for H2S were colorimetric and electrochemical analysis, 

gas chromatography, and sulfide precipitation.11−14 However, these methods gave variable 

results owing to the rapid catabolism of H2S. In contrast to these detection technologies, 

the nondestructive fluorescent analysis offers advantages with higher sensitivity, 

quantitativity, and selectivity in situ observation. Recently, fluorescent probes for H2S 

have been reported, utilizing the reactions such as a) reduction of azide, b) nucleophilic 

reaction, and c) precipitation of copper sulfide (Scheme 1).15−17 These reaction-based 

probes reveal good sensing abilities for H2S with turn-on fluorescence, but do not have 

reversibility to non-fluorescence. On the other hand, fluorescent on-off redox systems 

(selenide/selenoxide) were developed between hypochlorous acid (HClO) and H2S.18 

Non-fluorescent selenide is oxidized with HClO selectively, and following selective 

reduction with H2S underwent. 
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Scheme 1. Fluorescent probes for H2S based on a) reduction of azide, b) nucleophilic 

reaction, and c) precipitation of copper sulfide. 
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Scheme 2. Selenide/selenoxide redox cycle between HClO oxidation and H2S repair. 
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Endogenous HClO is an important member of reactive oxygen species (ROS), which 

has been known to be essential for several biological functions, and produced from H2O2 

and Cl− by the enzyme myeloperoxidase.19−21 In cells, HClO works as an antibacterial 

species killing a wide range of pathogens, however, excess HClO causes critical oxidative 

stress to cholesterol, fatty acid groups, proteins, DNA, and RNA.22 

A few reversible fluorescent probes for redox process and turn-on fluorescent probes 

for H2S have been reported individually,23 but fluorescent probe possessing both 

properties has not been established yet. We have already discovered selenide/selenoxide 

redox cycle between MCPBA oxidation of 1,2-bis(methoxycarbonyl)-1-seleno-1,3- 

butadiene derivative 1 and PPh3 reduction of corresponding selenoxide 2 (Scheme 3).24 1 

showed strong fluorescence in contrast to weak fluorescence of 2 [1: ΦF(CH2Cl2) = 0.86, 

2: ΦF(CH2Cl2) = 0.03]. However, this redox cycle has a few problems; low reactivity in 

the oxidation of 1 owing to the two electrophilic methoxycarbonyl groups, and instability 

of selenoxide 2. 

 

1 2
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CO2Me CO2Me
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Scheme 3. Redox cycle between 1,2-di(methoxycarbonyl)-1-seleno-1,3-butadiene 

derivative 1 and its oxide 2. 
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Meanwhile, we also developed the convenient synthesis of 1,4-diphenyl-1-seleno- 

1,3-butadiene derivatives 3 and 4 incorporated in a dibenzobarrelene (Dbb) and 

benzobarrelene (Bb), respectively.25 Herein, we report turn-on type fluorescent probes for 

H2S induced by redox cycles between selenides, 3 and 4, and corresponding selenoxides, 

5 and 6, which also possess high sensitivity, quantitativity, and selectivity, and 

reversibility by the oxidation with HClO (Scheme 4). 
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Scheme 4. Fluorescent probes for H2S/HClO induced by the redox cycles between 1,4-

diphenyl-1-seleno-1,3-butadiene derivatives, 3 and 4, and their oxides, 5 and 6. 
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4−2 Syntheses and Structures of 1,4-Diphenyl-1-seleno-1,3-butadiene 1-Oxides 

 

First of all, we examined the synthesis of selenoxides 5 and 6 by the oxidation of 

selenides 3 and 4 with MCPBA to give 5 and 6 in high yields (Scheme 5). Both 

fluorescences of 5 and 6 were diminished in comparison with those of 3 and 4. 

 

DbbSe 3
or BbSe 4

DbbSeO 5 (87%)
or BbSeO 6 (91%)

MCPBA

CH2Cl2, 1 h, RT
 

 

Scheme 5. Oxidation of selenides 3 and 4 with the pictures of 1:1 CH3CN/H2O solution 

of DbbSe 3 and DbbSeO 5 under irradiation of 365 nm light. 

 

The structures of 5 and 6 were determined by spectroscopic methods and X-ray 

crystallography (Figure 1 and 2). The 1,3-butadiene moieties (C2−C3−C4−C5) in 5 and 

6 are almost planar and the bond lengths are in similar ranges except for those of 

carbon−selenium bonds in comparison with those of 3 [5: C1−Se1: 1.988(3), Se1−C2: 

1.942(3), 3: C1−Se1: 1.9613(18), Se1−C2: 1.9226(19)]. 
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Figure 1. ORTEP drawing of DbbSeO 5 with 50% probability ellipsoids. Selected bond 

length (Å) and torsion angles (°): O1−Se1: 1.672(2), C1−Se1: 1.988(3), Se1−C2: 1.942(3), 

C2−C3: 1.339(4), C3−C4: 1.440(4), C1−C4: 1.536(4), C4−C5: 1.346(4), C2−C3−C4−C5: 

173.2(3), C3−C2−C19−C24: 19.6(5), C4−C5−C33−C38: 36.8(5). Crystal data: 

C30H20OSe•C2H2Cl6, MW = 714.16, monoclinic, space group P21/c, Z = 2, a = 10.3946(6), 

b = 11.3394(7), c = 12.8696(8) Å, α = 90.7040(10)°, β = 98.331(2)°, γ = 92.8220(10)°, V 

= 1498.80(16) Å3, Dcalcd. = 1.582 g cm–3, R1 [I > 2σ(I)] = 0.0463, wR2 (all data) = 0.1196 

for 10230 reflections, 597 parameters, GOF = 1.011. 
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Figure 2. ORTEP drawing of BbSeO 6 with 50% probability ellipsoids. Selected bond 

length (Å) and torsion angles (°): O1−Se1: 1.675(2), C1−Se1: 1.979(3), Se1−C2: 1.945(3), 

C2−C3: 1.345(5), C3−C4: 1.437(5), C1−C4: 1.527(5), C4−C5: 1.334(5), C2−C3−C4−C5: 

179.0(4), C3−C2−C15−C20: 27.4(6), C4−C5−C21−C26: 41.8(5). Crystal data: 

C26H18OSe•O, MW = 441.36, monoclinic, space group P21, Z = 2, a = 0.1234(6), b = 

12.7495(8), c = 9.6022(6) Å, β = 116.3210(10)°, V = 1001.12(11) Å3, Dcalcd. = 1.464 g 

cm–3, R1 [I > 2σ(I)] = 0.0330, wR2 (all data) = 0.0745 for 5806 reflections, 597 parameters, 

and 1 restraints for O, GOF = 1.038. 
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 As shown in Figure 3 of DbbSe 3 and Figure 4 of DbbSeO 5, 5 formed dimeric 

structure in crystalline owing to two intermolecular n(O)−σ*(Se−C) orbital interactions 

in contrast to the observation of several CH−π interactions in 3.26 A close packing 

structure of BbSeO 6 was formed in the crystal through a CH−π interaction of 

H3−benzene ring painted in yellow, and three hydrogen-bondings between oxygen and 

H12, H14, and H26, respectively (Figure 5). 

 

 

 

Figure 3. Crystal packing of DbbSe 3: H7−C30: 2.834 Å, H16−benzene ring A (green): 

2.823 Å, H24−benzene ring B (yellow): 2.763 Å, H26−benzene ring C (blue): 2.758 Å. 
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Figure 4. Crystal packing of DbbSeO 5: O1−Se1*: 2.968 Å. 

 

 

 

Figure 5. Crystal packing of BbSeO 6: O1−H12: 2.663 Å, O1−H14: 2.596 Å, O1−H26: 

2.627 Å, H6−benzene ring (yellow): 2.728 Å. 



91 
 

4−3 Photophysical Properties of 1,4-Diphenyl-1-seleno-1,3-butadienes 

 

Photophysical properties of 3−6 were studied in dilute CH2Cl2, CH3CN, 1:1 

CH3CN/H2O solutions (10−5 M), and in the solid state, listed in Table 1, 2, and Figure 6. 

Absorption maxima of selenoxides 5 and 6 were shifted hypsochromically with drastic 

fluorescent quenching in solution. Fluorescence wavelengths of selenoxides 5 and 6 in 

CH3CN/H2O were red-shifted in comparison with those in CH3CN owing to hydrogen-

bonding interactions to H2O. In CH3CN/H2O, fluorescence quantum yields of DbbSe 3 

and BbSe 4 are 13- and 143-folds higher than those of corresponding selenoxides 5 and 

6, respectively, indicating that these redox cycles revealed large fluorescent on-off 

character. Solid-state fluorescence quantum yields of 3−5 were lower than those in 

solution owing to the strong intermolecular interactions as shown in Figure 3 and 4. In 

contrast, fluorescence of BbSeO 6 in the solid state was enhanced to 0.21 comparing to 

those in organic solvents. These results were attributed to a crystallization-induced 

emission (CIE)27 as observed in BbSO, sulfur analogue of 6.25 

 

 

Figure 6. a) UV-vis and fluorescence spectra of 3−6 in 1:1 CH3CN/H2O and b) in the 

solid state. 
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Table 1. Photophysical Properties of DbbSe 3 and DbbSeO 5.a 

Compound 
λabs 
[nm] 

ε [M −1cm−1] 
λem 

 [nm]b 
ΦF

b,d,f ΦF
b,e,f 

3 

CH2Cl2 384 16000 479 1.00 − 

CH3CN 382 15300 479 1.00 0.83 

CH3CN/H2O (1:1) 383 15200 480 − 0.89 

solid − − 472 − 0.22c 

5 

CH2Cl2 357 16900 457 0.34 − 

CH3CN 355 14800 457 0.24 0.24 

CH3CN/H2O (1:1) 359 16300 480 − 0.07 

solid − − 469 − 0.03c 

a) All solutions were adjusted at 10−5 M. b) Exited at respective absorption maxima.
c) Exited at respective excited maxima. d) Under argon. e) Under air. f) Absolute 
fluorescence quantum yields were determined by using a calibrated integrating sphere 
system.. 

 

Table 2. Photophysical Properties of BbSe 4 and BbSeO 6.a 

Compound 
λabs 
[nm] 

ε [M −1cm−1] 
λem 

[nm]b 
ΦF

b,d,f ΦF
b,e,f 

4 

CH2Cl2 391 15700 475 1.00 − 

CH3CN 389 15500 485 1.00  0.74  

CH3CN/H2O (1:1) 389 15600 484 − 0.86  

solid − − 475 − 0.27c 

6 

CH2Cl2 362 22000 455  0.017  − 

CH3CN 360 22000 451  0.007  0.006  

CH3CN/H2O (1:1) 364 22100 463  − 0.006  

solid − − 458  − 0.21c  

a) All solutions were adjusted at 10−5 M. b) Exited at respective absorption maxima. 
c) Exited at respective excited maxima. d) Under argon. e) Under air. f) Absolute 
fluorescence quantum yields were determined by using a calibrated integrating sphere 
system. 
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Since there are large difference between fluorescence of selenides and selenoxides, we 

next carried out the adjustment of the ratio of mixed solvents (Figure 6). In the case of 

selenides 3 and 4, fluorescent intensities were increased slightly as addition of H2O by 

50%, following continuous addition lowered intensities owing to aggregation. In contrast, 

the intensities of selenoxides 5 and 6 decreased immediately after addition of H2O, 

resulting that 1:1 ratio leads largest fluorescent difference between selenide and 

selenoxide (Figure 7). 

 

  

 

Figure 7. Fluorescence spectra of a) DbbSe 3, b) BbSe 4, c) DbbSeO 5, and d) BbSeO 6 

in CH3CN/H2O 
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Figure 8. The titration curves of fluorescent intensity of 3 and 5 (left) and 4 and 6 (right) 

plotted against the solvent composition at fluorescence maxima. 
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4−4 Sensing Abilities 

 

The probe for H2S demands sensitivity, and selectivity for other biothiols especially for 

L-cysteine (Cys) and reduced gulthathione (GSH). To elucidate both characters, we 

examined the reductions of 5 and 6 with reductants such as H2S (using NaHS as an 

equivalent), Cys, and GSH in 10 mM pH 7.4 phosphate buffer saline (PBS) including 

50% CH3CN under several conditions (Scheme 6). 
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Scheme 6. Reductions of selenoxides 5 and 6. 

 

Plausible reduction of selenoxide requires the use of 2 equivalents thiol.28 As displayed 

in Table 3, the reductions of DbbSeO 5 underwent immediately and quantitatively under 

using 2 equivalents NaHS (Run 1), and the solutions of reaction mixture showed strong 

fluorescence after addition of NaHS quite quickly. However, the yields of reduction using 

equilibrium NaHS were 60% and 80% in Run 2 and 3, respectively, indicating that the 

rest of selenoxide was reduced by sulfur byproducts. On the other hand, reduction was 

not affected by the concentration of selenoxide, solvent ratio, and temperature (Run 4−6). 
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Table 3. Reaction screenings in the reaction of BbSeO 5 and BbSeO 6 with NaHS. 

Run Conc. [M] NaHS [eq.] PBS [%] Temp. Time [h] Yield [%] 

1 2.3×10−4 2 50 RT 0.5 100 

2 2.3×10−4 1 50 RT 0.5 60 

3 2.3×10−4 1 50 RT 16 80 

4 2.7×10−4 1 50 40 ºC 0.5 62 

5 2.3×10−4 1 25 RT 0.5 74 

6 2.3×10−3 1 25 RT 0.5 75 

 

The reaction yields using Cys and GSH deceased in comparison with the rapid 

reduction by NaHS as shown in Table 4. There are two reasons to generate selectivity. 

The first one is pKa of thiol group in reductants (Cys: 8.3, GSH: 9.0).28,29 They are hard 

to ionize under neutral condition, leading to lower reactivity than that of NaHS. The other 

is the bulkiness of selenoxides and thiols. Their reactivity were lowered as the bulkiness 

around sulfur in reductant become larger, and the selectivity of BbSeO 6 also decreased 

comparing with bulkier DbbSeO 5. As considering reactivity and selectivity are 

dependent on bulkiness of thiols and selenoxides, we presumed the reaction mechanism 

of reduction of selenoxide shown in scheme 5. An intermediate in the reaction of 

dibenzobarrelene derivative has two steric hindrances between o-position proton of 

benzene rings in dibenzobarrelene skeleton and substituents, -SR and -OH, on selenium 

atom, leading to decrease reactivity and generate following selectivity. 
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Table 4. NMR yields of 230 µM selenides 3 and 4 in the reactions of 

selenoxides 5 and 6 with 2 equivalents biothiols  

 Reductant  Yield [%]   Reductant  Yield [%]  

DbbSeO 5  
NaHS  100  

BbSeO 6  
NaHS  100  

Cys  36  Cys  54  
GSH  8  GSH  18  

*The reactions were carried out in 10 mM pH 7.4 PBS containing 50% 

CH3CN within 30 min at room temperature  
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Scheme 5. Plausible mechanism of redox cycles between selenoxide and selenide. 

 

We measured spectroscopy to study sensing ability of selenoxides 5 and 6. As shown 

in Figure 9 and 10, additions of 50−300 µM NaHS to the 50 µM CH3CN/PBS (1:1) 

solution of 5 and 6 led to increase the longest wavelength absorbance of selenides 3 (383 

nm) and 4 (389 nm) in UV-vis spectra and the intensities in fluorescence spectra at 480 

nm and 483 nm, respectively, with [NaHS] being dense. 
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Figure 9. a) UV-vis and b) fluorescence spectra monitoring the reactions of 50 µM 

DbbSeO 5 with 50−300 µM NaHS in 10 mM pH 7.4 PBS containing 50% CH3CN with 

excitation at 383 nm at 30 min 

 

  

 

Figure 10. a) UV-vis and b) fluorescence spectra monitoring the reactions of 50 µM 

BbSeO 6 with 50−300 µM NaHS in 10 mM pH 7.4 PBS containing 50% CH3CN with 

excitation at 389 nm at 30 min. 

 

 Fluorescence intensity was observed with naked eyes brightly and acquired a constant 

value in approximately 15 min for each concentration of NaHS (Figure 11a and 12a). In 
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addition, there was good linearity of fluorescent intensity against [NaHS] among 1−4 

equivalent at 30 min, and regression equations were Fmax = 1.42 × [NaHS] – 1.40 (R2 = 

0.97) for DbbSeO 5 and Fmax = 1.41 × [NaHS] – 1.43 (R2 = 0.99) for BbSeO 6 (Figure 

11b and 12b). The selectivity of DbbSeO 5 was tested within 15 min, resulting weak or 

no fluorescence in the reactions with Cys and GSH, respectively (Figure 13a). In contrast, 

the fluorescent intensities in the reaction of BbSeO 6 with Cys and GSH increased earlier 

than that of 5, demonstrating that higher selectivity of 5 is induced by the bulkiness of the 

selenoxide and thiol. These results showed good sensitivity, quantitativity, and selectivity 

of DbbSeO 5 as fluorescent probe for H2S under simulated physiological conditions. 

 

   

 

Figure 11. a) Kinetic profiles of the reaction of 50 µM DbbSeO 5 with 50−300 µM NaHS, 

observed by fluorescent intensity at 480 nm. b) The titration curve plotted by fluorescent 

intensity at 480 nm after 30 min. 
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Figure 12. a) Kinetic profiles of the reaction of 50 µM BbSeO 6 with 50−300 µM NaHS, 

observed by fluorescent intensity at 483 nm. b) The titration curve plotted by fluorescent 

intensity at 483 nm after 30 min. 

 

  

 

Figure 13. a) Kinetic profiles of the reaction of 50 µM selenoxides 5 (red) and 6 (blue) 

with 250 µM NaHS (■), Cys (▲), and GSH (●) observed by fluorescent intensity at 480 

nm. b) Comparison of the fluorescence intensity of 5 (red) and 6 (blue) with the addition 

of different reductants after 15 min. 
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To construct the redox cycle, we examined oxidation of 50 µM DbbSe 3 with HClO 

(using NaClO as the equivalent), H2O2, t-BuO2H, and ONOO− (prepared by the reaction 

of isoamylnitrite with H2O2 under basic condition)30 in 10 mM pH 7.4 PBS containing 

50% CH3CN. The NaClO oxidations underwent immediately and quantitatively [Fmax = 

−1.18 × [NaClO] + 4.97 (R2 = 0.997)] with fluorescent disappearing shown in Figure 14. 

In the cases of H2O2, t-BuO2H, and ONOO−, solutions kept emitting strongly without 

fluorescent quenching within 15 min (Figure 15), indicating good selectivity in oxidation 

pathway. Addition of NaClO after the reduction of DbbSeO 5 with 250 µM H2S also gave 

a linear relationship [Fmax = −1.11 × [NaClO] + 14.6 (R2 = 0.990)] between fluorescent 

intensity and NaHS equivalence (Figure 16). These results suggested that the probe 

DbbSeO 5 could be applied to monitor the redox cycle between H2S reduction and HClO 

oxidation.  

 

  

 

Figure 14. a) Kinetic profiles of the reaction of 50 µM DbbSe 3 with 30−500 µM NaClO, 

observed by fluorescent intensity at 480 nm. b) The titration curve plotted by fluorescent 

intensity at 480 nm after 15 min. 
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Figure 15. a) Kinetic profiles of the reaction of 50 µM DbbSe 3 with 200 µM NaClO (■), 

H2O2 (●), tBuO2H (▲), and ONOO− (◆) observed by fluorescent intensity at 480 nm. b) 

Comparison of the fluorescence intensity of DbbSe 3 with the addition of different 

oxidant after 15 min. 

 

 

 

Figure 16. Fluorescence response at 480 nm in addition of NaClO at 15 min to the 

mixture of 50 µM DbbSeO 5 with 250 µM H2S. 
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4−5 Conclusion 

 

 In summary, we have reported new reversible and turn-on fluorescent probes for H2S 

induced a redox cycle between 1,4-diphenyl-1-seleno-1,3-butadines 3 and 4 incorporated 

in a dibenzo- or benzobarrelene skeletons and corresponding selenoxides 5 and 6. 

DbbSeO 5 can detect hydrogen sulfide sensitively, quantitatively, and selectively among 

biothiols such as H2S, Cys, and GSH. This selectivity could be increased by the steric 

repulsion between bulky dibenzobarrelene skeleton and thiol. In addition, oxidation 

pathway is constructed immediately, quantitatively, and selectively by the addition of 

HClO. The author believes that DbbSeO 5 could be applied to monitor the redox cycle 

between H2S reduction and HClO oxidation under simulated physiological conditions, 

and are going to develop fluorescent probe having water-solubility, near infrared emission, 

and perfect selectivity. 
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4−6 Experimental Section 

 

General Procedure 

All melting points were determined on a Mel-Temp capillary tube apparatus and were 

uncorrected. 1H, 13C{1H}, 77Se{1H} NMR spectra were recorded on AVANCE-400 (400 

MHz for 1H and 101 MHz for 13C) and AVANCE-500T (95.4 MHz for 77Se) spectrometer 

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). 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 103 K employing graphite-monochromated MoKα 

radiation (λ = 0.71073 Å) and the structures were solved by direct methods and refine by 

full-matrix least-squares procedures on F2 for all reflections (SHELX-97).31 Solvents 

were dried by standard methods and freshly distilled prior to use. Phosphate buffer saline 

was purchased from Wako Pure Chemical Industries, Ltd. 
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2,4-Diphenyl-5H-5,9b[1’,2’]-benzenonaphto[1,2-b]selenophene 1-Oxide (5) 

 A mixture of 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. To the mixture were 

added aqueous Na2SO3 and aqueous NaHCO3, and the mixture was extracted with CH2Cl2. 

The organic layer was washed with water and dried over anhydrous Na2SO4. After 

removal of the solvent of the filtrate in vacuo, the residue was purified by reprecipitation 

from CH2Cl2 and hexane solution to give 5 (54 mg, 87%): Pale yellow crystals, mp 

192−193 ˚C decomp (hexane/CHCl3). 1H NMR (400 MHz) δ 5.41 (s, 1H), 7.02–7.17 (m, 

4H), 7.33–7.49 (m, 11H), 7.62–7.67 (m, 1H), 7.71–7.78 (m, 2H), 8.89 (d, 3J(H,H) = 6.8 

Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 57.0 (CH), 73.2 (C), 122.4 (CH), 123.2 (CH), 

125.3 (CH), 125.4 (CH), 125.5 (CH), 126.6 (CH), 127.0 (CH), 127.2 (CH), 128.7 (CH), 

128.9 (2CH), 129.2 (2CH), 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); 77Se NMR (95.4 MHz, CDCl3) δ 992.2; IR (KBr) ν 

818 cm−1 (Se=O). Found: C, 75.61; H, 4.15%. Anal. Calcd. for C30H20OSe: C, 75.79; H, 

4.24%. 
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2,4-Diphenyl-5H-5,9b[1’,2’]-ethenonaphto[1,2-b]selenophene 1-Oxide (6) 

 A mixture of 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 organic layer was washed with water and dried over anhydrous Na2SO4. After 

removal of the solvent of the filtrate in vacuo, the residue was purified by reprecipitation 

from CH2Cl2 and hexane solution to give 6 (483 mg, 91%): Orange crystals, mp 195−197 

˚C decomp (hexane/CHCl3). 1H NMR (400 MHz) δ 5.35 (dd, 3J(H,H) = 5.6 Hz, 4J(H,H) 

= 1.6 Hz, 1H), 7.02–7.14 (m, 2H), 7.15 (dd, 3J(H,H) = 7.2 Hz, 3J(H,H) = 5.6 Hz, 1H), 

7.32–7.46 (m, 11H), 7.56 (dd, 3J(H,H) = 1.6 Hz, 3J(H,H) = 7.56 Hz, 1H), 7.72–7.78 (m, 

2H); 13C NMR (101 MHz, CDCl3) δ 55.5 (CH), 77.2 (C), 121.3 (CH), 122.8 (CH), 124.7 

(CH), 125.8 (CH), 126.90 (CH), 126.91 (CH), 128.5 (CH), 128.9 (CH), 129.2 (CH), 129.3 

(CH), 129.5 (CH), 133.3 (CH), 133.4 (C), 137.2 (C), 138.1 (CH), 143.1 (C), 147.1 (C), 

149.0 (C), 151.2 (C), 151.7 (C); 77Se NMR (95.4 MHz, CDCl3) δ 933.5; IR (KBr) ν 817 

cm−1 (Se=O). HRMS (ESI) Calcd. for C26H18OSe･H: M = 427.05956. Found 427.06342 

(M+ + H+). 
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Chapter 5 

 

Conclusion and Outlook 
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 The author succeeded in the syntheses and applications of novel fluorescent 1-

chalcogeno-1,3-butadiene derivatives, and opened a new field in photoluminescence 

chemistry. 

 

OnS

NPh2

NPh2

Te

Chapter 3
Tellurium Analogues (Te = Te, TeO, TeBr2)

Temperature-dependent Fluorescence

Chapter 2
Push-pull Type Derivatives (n = 1, 2)

Orange Fluorescence Based on CT Transition

Chapter 4
Seleoxide/Selenide Redox Cycles

Reversible and Turn-on Type Fluorescent Probe for H2S

SeSe
O

H2S

HClO

 

 

 We have demonstrated the synthesis of push-pull type derivatives including 

diphenylamino groups as electron-donating group and sulfoxide or sulfone unit as 

electon-withdrawing group by the oxidation of corresponding sulfide analogue. These 

oxides showed red-shifted, comparing with sulfide analogue, orange fluorescence and 
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solvatofluorescence. An elucidation of solvatofluorescence and TD-DFT calculations 

supported fluorescence of push-pull type derivatives are based on the intramolecular 

charge transfer transition. However, the red and near infrared emission has not be 

established yet in our compounds. We have already started to create more red-shifted 

emission by utilizing other push-pull type derivatives. 

We got successful to synthesize 1-telluro-1,3-butadienes and to elucidate their 

photophysical properties. Telluride analogue showed temperature-dependent fluorescence; it is 

fluorescent with moderate quantum yield in the glass state of 2-MeTHF at 77 K, whereas it is 

barely fluorescent at room temperature, unlike the sulfide and selenide analogues, due to the 

heavy-atom effect of tellurium. Although further detailed photophysical studies on their exited 

states, it can be considered that the temperature-dependent fluorescence character is attributed to 

the thermally activated intersystem crossing from a lowest excited singlet state to an adjusted 

higher excited triplet state. 

The reversible and turn-on type fluorescent probes for H2S could be constructed in redox 

cycle between reduction of selenoxide and oxidation of selenide with HClO. These probes 

also showed the high sensitivity, quantitativity, and selectivity for other biothiols, L-

cysteine and glutathione. Their selectivity was induced by the steric repulsion between 

bulky dibenzobarrelene skeleton and thiols, supported by the comparison between 

dibenzobarrelene and benzobarrelene derivatives. Oxidation of NaClO was underwent 

immediately, quantitatively, and selectively. The author believes our system could be 

applied to monitor the redox cycle between H2S reduction and HClO oxidation under 

simulated physiological conditions, and are going to develop fluorescent probe having 

water-solubility, near infrared emission, and perfect selectivity. 
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