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THE LATEST ADVANCES IN CHEMISTRY 
OF THIOPHENE 1-OXIDES AND 

SELENOPHENE 1-OXIDES* 
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Immediately after we had reviewed the chemistry of thiophene I-oxides in 1996 (Sulfur 
Reports, 16), very rapid and important progress was achieved in this field. The present 
article provides a supplement to the above review. The chemistry of thiophene sulfilimines 
(I-imino-1,l-dihydrothiophenes) as well as that of selenophene 1-oxides is also reviewed. 
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oxidation; cycloaddition 
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1. INTRODUCTION 

Immediately after we had written a review on the chemistry of thio- 
phene 1-oxides in 1996,"721 important synthetic methods for thiophene 
I-oxides were developed, thus resulting in the rapid progress of the 
chemistry of thiophene 1-oxides. This prompted the author to make a 
supplement to the above review. The chemistry of thiophene sulfili- 
mines (1 -imino- 1,l-dihydrothiophenes) as well as that of selenophene 
I-oxides is also reviewed. A Chemical Abstracts search was carried out 
in August, 1999. Literatures cited in the 1996 review were not included 
unless essentially important. 

2. SYNTHESIS OF STABLE THIOPHENE 1-OXIDES 

Oxidation of thiophenes to thiophene I-oxides, a process of the virtual 
loss of the aromaticity of thiophenes, is much slower than oxidation of 
thiophene 1-oxides to thiophene 1,l-dioxides. Accordingly, it is very 
difficult to quench the oxidation of thiophenes at the 1-oxide stage, and 
this renders preparation of thiophene 1 -oxides virtually impossible by 
oxidation of thiophenes, with one exception.r31 Recently, two methods, 
which overcame this difficulty, were developed. 

Furukawa et al. oxidized 2,5-bis(trimethylsilyl)thiophene (la) with 1.2 
equivalents of m-chloroperoxybenzoic acid (MCPBA) in the presence 
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THIOPHENE I-OXIDES 125 

of BF3. Et,O, which furnished the thiophene 1-oxide (2a) in 62% yield 
along with a small amount of the 1,l-dioxide (3).[4-61 In this case, 
electrophilic oxidation of 2a to 3 by MCPBA is impeded by decreased 
electron density on the sulfur atom due to the formation of the complex 
(4) with BF3. Actually, 4 was isolated and its structure was determined 
by X-ray crystallographic analysis.['l In similar ways, oxidation of (lb) 
and (lc) gave (2b) and (2c), respectively, in moderate 

On the other hand, the group of Dansette and Mansuy developed 
the oxidation of thiophenes with H202 in CF3C02H-CH2C12 (1 : 2).[8391 
The oxidation of 2,5diphenylthiophene by this procedure permitted 
preparation of thermally unstable 2,5-diphenylthiophene 1 -oxide (5). 
The oxidation of the same thiophene with dimethyldioxirane (DMD) or 
MCPBA afforded the 1,l-dioxide (6). Successful synthesis of 5 would 
be thus explained as a result of protonation of a strong acid, CF3C02H, 
to the oxygen atom of 5, which retards the oxidation of 5 to 6. 

Ph 4 5 

MCPBA ( 5  cquiv) 
207r 

0 2  
6 
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126 J.  NAKAYAMA 

Application of the Furukawa procedure to the sterically highly 
congested thiophene (7) resulted in the formation of thiophene 1-oxide 
(9a), with unexpected concomitant desilylation, in 97% yield."01 The 
1-oxide 9a is thermally highly stable; it was recovered in 90% yield 
with formation of thiophene (8a) in 8% yield when heated in boiling 
chlorobenzene for 24 h. This prompted the oxidation of the thiophene 
8a under the same conditions, which provided 9a in 74% yield. In 
similar ways, thermally stable thiophene 1-oxides (9b) and (11) were 
synthesized in good yields. 

7 

3? S 

8a 

L B F ~ E I ~ O  
CH2CI2 

97% 

MCPBA 1 
BF3*Et?O 
CH&I? 

748  

L MCPBA 

BF3*Et,O 
CH2CI2 10 
848 

7? 8 
9a 

7i 
9b 

11 

Application of the Furukawa procedure also permitted the prep- 
aration of tetrasubstituted thiophene 1-oxides (13a) and (13b) in good 
yields." 1v121 Oxidation of two-core thiophene (14) gave a mixture of 
1-oxides (Ma) and (15b). The yields of 15a and 15b depend on the 
number of equivalents of MCPBA used. 
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Me Me 

12a: R = Me 
12b: R = CHiPh 

Mr: Me 

MCPBA 

Me M; 
14 

B F1mEt 2 0  
CHZC12 
-20 "C 

Me 
0 

13a: R = Me, 757% 
13b: R = CH2Ph. 74%. 

0 

MCPBA 15a 

15b 

Oxidation of the corresponding thiophenophanes by MCPBA in the 
presence of BF3 Et20 provided tetrasubstituted thiophene 1 -oxides 
(16)-(18) in reasonable yields."31 However, when thiophenophane (19) 
was oxidized under the same conditions, an interesting reaction took 
place to give compounds (20) and (21). 

Br 6 
19 

Br mr 
2 L' 

20 (40%) 

i 

Br 

21 (4%) 
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128 J. NAKAYAMA 

Thiophene oxide (22), whose structure was determined by X-ray 
crystallographic analysis, was prepared by oxidation of the corre- 
sponding thiophene.[I4I The structure of 22, determined experimentally, 
was compared to the structure obtained by semiempirical MO cal- 
culations (AM l). Dinaphtho derivative (23) was also prepared by 
oxidation of the corresponding thiophene with MCPBA in 85% 
yield."'] 

22 23 24 

Dibenzothiophene was used as one of substrates in a number of 
chemical or photochemical oxidation studies of sulfides to sulf- 
oxides and sulfones.[I6] In these reactions, dibenzothiophene 5-oxide 
(24) was the major product or the intermediate leading to the final 
product. 

3. REACTIONS 

3.1. Reactions at the Double Bonds 

3.1.1, Cycloaddition 

The 1-oxide 2a underwent Diels-Alder reactions with maleic anhy- 
dride and cis-dibenzoylethylene to give adducts (25) and (27), respec- 
tively, in high yields.[61 The reaction of p-benzoquinone with an 
equivalent of 2a gave mono-adduct (26a) (94%) and bis-adduct 
(26b) (4%), while the reaction with a half-equivalent of 2a furnished 
26a (43%) and 26b (53%). The X-ray crystallographic analyses 
of 25, 26a, and 26b revealed that the stereochemical course of 
the reaction is exclusively endo-orientation and syn-direction with 
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THIOPHENE 1-OXIDES 129 

respect to the S - 0  bond. This stereochemistry agrees with the 
results obtained by RHF and MP2 MO calculations using the 6-31G(*) 
basis set. 

Me, 
Mc.Si' 

M: 
2a 

ii I 99% 

I 
26a: 94% 26b: 4 %  

2,5-Dimethylthiophene 1 -oxide (28) and some other thiophene 
1-oxides were prepared in situ by the Furukawa procedure and sub- 
jected to Diels- Alder reactions with a series of dienophiles." ','*I 
Typical examples with 28 are shown below. All cycloadditions 
gave only a single diastereoisomer as cycloadduct. The reactions 
showed a high r-facial selectivity, a fact that could be explained by the 
Cieplak-effect. 
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130 J. NAKAYAMA 

$Ph 

0 

28 

784 

srm 

634, 

5 2 4  

Thiophene 1-oxide 15b furnished the bis-arene (29) in 66% yield, 
with spontaneous elimination of SO of the primary cycloadduct, on 
reaction with dimethyl acetylenedicarboxylate (DMAD)."'] 
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THIOPHENE 1-OXIDES 131 

Halogenated thiophenes (30) were oxidized by the Furukawa pro- 
cedure and the resulting 1 -oxides were trapped with N-phenylmaleimide 
to provide adducts (31) in reasonable yields."'] 

30a: K' = CI, R' = H 
3 0 b : R ' = B r . R 2 = H  
Joc: R '  = R2 = Br 
30d: R '  = Me.  R' = Br 

31a: R' = CI, R' = H; 40% 
3lb: R '  = Br. R2 = H: 42% 
31c: K' = R2 = Br; 45% 
31d: R' = Me, R2 = Br: SS% 

Thiophenophanes (32) and (34) were oxidized by MCPBA/BF3. Et,O 
in the presence of N-methylmaleimide to furnish the 1-oxide adducts 
(33) and (35), respectively, in good yields."31 The same oxidation of 34 in 
the presence of DMAD gave a cyclophane (36) with spontaneous 
elimination of SO from the initial adduct. 

32 
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132 J.  NAKAYAMA 

3.1.2. Self-dimerization 

Direct evidence for the involvement of thiophene 1-oxide as a key 
intermediate in the metabolism of the parent thiophene in rats was 
obtained from the isolation of thiophene 1-oxide dimers both in vitro 
(isolation of the dimers 37a and 37b by oxidation of thiophene with rat 
liver microsomes) and in vivo (isolation of 37a from rat ~ r ine ) . [ ' ~ ' ' ~ ]  
In vivo compound (38), which was formed through Michael addition 
of glutathione to the thiophene 1-oxide, was also obtained. The struc- 
ture of these dimers was established after an original preparation of 
identical samples by oxidation of thiophene with H202 and CF3C02H. 
In fact, the H202/CF3C02H system appeared to be the best oxidizing 
agent for the selective transformation of thiophene to its 1-oxide. 
The complete determination of the structures of 37a and 37b was 
carried out for the first time by X-ray diffraction for the former 
and by a sequence of chemical reactions. The reported results indi- 
cate two fates for thiophene 1-oxide in vivo: (i) its dimerization via a 
Diels-Alder reaction and (ii) its reaction with nucleophiles such as 
glutathione leading virtually to mercapturates. These results together 
with recent literature data on thiophene derivatives suggest that 
thiophene 1-oxides could play a central role in the metabolism and 
toxic effects in mammals. This situation would be different from 
that observed in the metabolism of other aromatic compounds, 
such as benzene and furan, in which arene oxides are predominant 
intermediates. 

monooxy- 
genase 

in vivo 
(rats) 

in v i m  
(rat liver 

microsomes) 0"" b. 
0 

37a 87:13 37b 
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THIOPHENE 1-OXIDES 133 

0 dimerization 
- 37a + 31b -- 

8 60-708 (7892) 

chemical trapping with p-henzoquinone 
and N-phmylrnaleirnide 

Without added dienophiles, oxidation of 2-methylthiophene by 
MCPBA in the presence of BF3. EtzO gave a single dimer (40) as the 
dimerization product of 2-methylthiophene 1 -oxide (39), whereas that 
of 2,5-dimethylthiophene yielded three dimers (42a), (42b), and (42c).[I2] 
The adduct 42c results from the Diels-Alder reaction of the thiophene 
1-oxide 28 with 1,l-dioxide (41). 

Oxidation of aroyl-substituted thiophene (43) with 0.2 equivalent of 
Hz02 in CF3C02H gave the 1-oxide dimer (45a) in 6% yield in addition 
to the sesquioxide (46) in 4% yield, while the oxidation with an 
equivalent of H202 produced 46 in 19% yield.[z01 On the other hand, the 
oxidation with 0.5 equivalent of MCPBA in the presence of BF3 Et20 
provided 45a in 15% yield as the major dimer and a small amount of 45b 
(not fully characterized) as the minor dimer, in addition to the sesqui- 
oxide 46 in 2% yield. 
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CI 

- 
R 

43 

44 

S /O a 
v+41 

dimerization 45a 
+ 

45b 

R 
46 

Oxidation of 3,4-dineopentylthiophene (47) with MCPBA (slight 
excess) in the presence of Et20.  BF3 gave a 1 : 1 mixture of I-oxide (48) 
and I ,  1 -dioxide (49), which underwent [4 + 21 cycloaddition, during 
workup, to furnish the congested adduct (50) in 61 % 

R 
so 

3.1.3. Cis 1,4-bromine addition 

Thiophene 1 -oxide 2a underwent a stereospecific 1 ,Caddition of bromine 
to give 2,5-bis(trimethylsilyl)-2,5-cis-dibromodithiolene 1-oxide (51) 
q~antitatively.~~] The structure of 51 was determined by X-ray diffraction 
analysis. Compound 51 has a C, symmetry and the two bromine atoms 
are cis to each other andsyn to the S - 0  bond. This stereospecific bromine 
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THIOPHENE I-OXIDES 135 

addition mode is identical to that of the Diels-Alder reaction of 2a 
with p-benzoquinone.16] The authors proposed the structure (52) as the 
intermediate leading to 51. When 51 was allowed to stand as a CH2C12 
solution at room temperature for 24 h, it decomposed to produce 2,5- 
dibromothiophene and bis(trimethylsily1)ether in yields around 80%. 

Br2 ( I  I equiv) B r G B r  

M c ~ S I  CH,CI, Me$) h M e 3  CH,CI? 
+ 

l 2  h* RT M c S I O S I M ~ ~  8 I h, RT 
20 51 

52 

3.1.4. Michael addition 

As already mentioned in Section 3.1.2, glutathione underwent a 
Michael addition to the parent thiophene 1-oxide in vivo to produce 
compound 38 as the final product.['*] 

Tienilic acid (53), a diuretic drug, has been shown to act as a good 
substrate of cytochrome P450 2C29. Hydroxylation of 53 by P-450 2C29 
took place to give 5-hydroxytienilic acid (56) s e l e c t i ~ e l y . [ ~ ~ - ~ ~ I  A 
mechanism, involving Michael addition of water to the initial metab- 
olite 1-oxide (54) followed by Pummerer dehydration of the resulting 
(55), was proposed to this metabolism. 

cytac hrome 
P4502C29 [ s-& ] HzO 

u 
54 53 Ar 

L 56 55 
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95'' 

Oxidation of 2-aroyl-substituted benzo[blthiophene (57) by H202/ 

CF3C02H was examined as a model case study of the above metab- 
olisrn.[261 The oxidation provided the corresponding 1-oxide (58) in 85% 
yield. The reaction of 58 with HS(CH2)20H under basic conditions 
gave the Michael adduct (59) in 95% yieid. On the other hand, treat- 
ment of 58 with MeOH/CF3C02H and that with H*O/dioxane pro- 
vided thiophenes (60) and (61) in 95% and 50% yields, respectively, 
by a mechanism involving Michael adducts (62) and their dehydration. 

HS(CH2)zOH 
MeONa/MeOH 

59 

t 

60 OR 

62 (R =Me,  H) 

Oxidation of a tienilic acid isomer (63) by rat liver microsomes, in 
the presence of NADPH, led to metabolites most of which cova- 
lently bound to microsomal proteins (70°h), and some unknown 
minor metabolites (30%) were also formed.[27p291 In the presence of 
HS(CH&OH, thiophene (66), which was produced from the ini- 
tial metabolite (64) by a Michael addition-Pummerer dehydration 
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THIOPHENE 1-OXIDES 137 

mechanism, was isolated with a dramatic decrease of the covalent 
bonding to proteins. Similar oxidation of benzo[b]thiophene yielded 
dihydrothiophene 1 -oxide (68).[27x301 

microsomes ra'''ver [ d- 1 HSCH~CHZOH 

Ar 

0 0 

65 fxi 

67 MI 

Thiophene 1-oxide 9a gave the Michael adduct (69) in high yield 
on treatment with NaSMe.[311 

MeSNa&leOH/H?O vMe 
RT 

0 S 90% 
0 
98 69 

3.2. Reactions on the Sulfur Atom or Oxygen Atom 

3.2.1. Conversion to thiophene sulfoximines 

Treatment of the thiophene I-oxide 9a with TsN=IPh in the pres- 
ence of C U ( M ~ C N ) ~ P F ~  at room temperature gave the thiophene 
sulfoximine (70) in 67% The conventional method using 
TsN3 and an activated copper gave 70 in a less satisfactory yield. 
Hydrolysis of 70 with concentrated H2S04 furnished the parent sulf- 
oximine (71) in 95% yield. Methylation of 71 with Me30+BF, pro- 
vided compound (72). In a similar way, the parent sulfoximine (74) 
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138 J.  NAKAYAMA 

was derived from the unsymmetrically-substituted thiophene 1 -oxide 
11 in a good overall yield. The sulfur atom of 74 is chiral, and thus a 
pair of enantiomers of 74 was resolved by HPLC on a chiral column 
and the absolute configuration of the enantiomers was determined by 
X-ray crystallographic analysis. 

TsN=IPh 

5-F 0 S 

Cu(MeCN)dPFh 
MeCN 

RT 
67% 

TSN?/CU 
MeOH. rellux 

9a 35% 70 

71 72 

3.2.2. Pho t odeoxygenat ion 

A full account on the mechanism of the photodeoxygenation of 
dibenzothiophene 5-oxide (24) has appeared.[341 Photolysis of dibenzo- 
thiophene 5-oxide resulted in the formation of dibenzothiophene 
and oxidized solvent. Though quantum yields are low, chemical yields 
are quite high. Yields of the oxidized solvents can also be high. Typi- 
cal products were phenol from benzene, cyclohexanol and cyclo- 
hexene from cyclohexane, and Zcyclohexenoi and cyclohexene oxide 
from cyclohexene. A number of experiments designed to elucidate 
the mechanism of the hydroxylation were carried out, including mea- 
surements of quantum yields as a function of concentration, solvent, 
quenchers, and excitation wavelength. These data are inconsistent with 
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THIOPHENE 1-OXIDES 139 

a mechanism involving a sulfoxide dimer, which also does not prop- 
erly account for the solvent oxidations. It is suggested that the 
active oxidizing agent may be atomic oxygen O(3P) or a closely related 
noncovalent complex, based on the nature of the oxidization chem- 
istry, a comparison to known rate constants for O(3P) reactivity, and 
the quantum yield data. 

solvcni 
oxidation products 

o f  solvent\ 

4. BIOLOGICAL OXIDATION OF THIOPHENES 

A number of papers, which are concerned with thiophene I-oxides as 
metabolites of thiophenes and most of which have been already referred 
to, were reported by the group of Dansette and Mansuy. 

Substituted chiral thiophene 1 -oxides and their cycloadducts of 
variable enantiopurity have been isolated as products of dioxygenase- 
catalyzed sulfoxidation of the corresponding thiophenes using intact 
cells of Pseudomonasputida.[351 Thus, addition of 2-methylbenzo[b]thio- 
phene (75) as substrate to P.  pudia UV4 gave the corresponding 2,3- and 
4,5-dihydrodiols (76 and 77,27% combined yield) as major metabolites 
and 2-methylbenzo[h]thiophene 1 -oxide (78,2%) as a minor metabolite. 
This sample of the I-oxide 78 was found to be enantiopure (> 98% ee). 
Crystallographic analysis of the sample confirmed the pyramidal 
nature, the enantiopurity, and the (1 R)-configuration of the sulfoxide 
chiral center. The kinetic studies provided the AG#value of 25.1 kcal/mol 
for the thermal racemization of 78 at 50 "C in CHC13 solution. 

[18,22-25,27- 291 
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140 J. NAKAYAMA 

A large number of papers, including a review,[361 which dealt with 
the metabolism of dibenzothiophene and related compounds, have 
appeared mainly in connection with fossil fuel desulfurization and 
human carcinogens.[371 In a typical study, the metabolic pathway of 
dibenzothiophene to 2-hydroxybiphenyl(79) by Rhodococcus sp. strain 
IGT88 was elucidated as f o l l ~ w s . [ ~ ~ j ~  

W-Qp 0 S 0 2  

24 

so; 79 

5. METAL COMPLEXES 

It was reported that metal complex (80) reacted with 2 equivalents 
of Bu4NOH in MeOH-MeCN to give a complex (81) (23%), which 
contains 2,5-dimethylthiophene 1-oxide as a ligand, and a complex 
(82) (37%).[381 

Me 
*+ BuJNOH 

rrcp* \I Me 
K p *  82 ( 3 7 8 )  IrCp* 

80 
81 (23%) 

6. X-RAY CRYSTALLOGRAPHIC ANALYSIS 

Since thiophene 1 -oxides had become available in crystalline 
form, many X-ray crystallographic analysis studies on them have 

Figure 1 shows a calculated molecular structure (side view) of 
the parent thiophene 1-oxide obtained by using the STO-3G* basis 
set.[391 Figures 2-4 show molecular structures of thiophene 1 -oxides 

appeared.[6& 1 0 3 b l  
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I .782 A 

1 0.877 A 
10.196A 

FIGURE 1 
STO-3G* basis set. 

Molecular structure of the parent thiophene I-oxide obtained using the 

0.75 A 

S 
0 
9a 

C- 

I .740( I ) A 

FIGURE 2 Molecular structure of 3,4-di-t-butylthiophene 1-oxide (9a) (X-ray). 

0.74 A fiph 1.484(3) A 0 

C -  C -  <.'.-,/-- 1 Ph 
1.3434) A s .____..__.____ f 0 . 2 7 A  0 

1.781(2) A 5 

FIGURE 3 Molecular structure of 2,s-diphenylthiophene I-oxide (5) (X-ray). 

1.471(2)A 
Me, f i s i . v l e  

s---.-----.---- Me 0 Me 
c CA<< 13.6" __._. ,,/ _ - - - - . - - - -  Me'Si s \ Me 
1.341(3),& 

I .764(2) A 2a 

FIGURE 4 Molecular structure of 2,5-bis(trimethylsilyl)thiophene 1-oxide (2a) 
(X-ray). 

9a,"01 5,19] and 2a,[61 respectively, obtained by X-ray crystallographic 
analyses. These are suggestive of a good agreement of theory and 
experiments. Thiophene rings are not planar any longer. The S-0 
bonds are tilted ca. 9-14" out of the plane composed of the four carbon 
atoms of the thiophene ring, the sulfur atoms thus adopting a pyramidal 
configuration. The Cl(a)-C2(b) lengths are in the range of 1.34-1.35 A 
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142 J.  NAKAYAMA 

and comparable to the common carbon-carbon double bond length, 
revealing the occurrence of the bond alternation. 

7. THEORETICAL STUDY 

A semiempirical AM1 theoretical study was carried out to compare 
the reactivities of thiophene, thiophene 1 -oxide, and thiophene 1,l- 
dioxide as diene for Diels-Alder reactions.[401 The results obtained 
were compared with experimental data when available. Generally 
speaking, an excellent agreement of theory and experiment was 
obtained. Similar calculation studies were reported by the same 

8. THIOPHENE SULFILIMINES 

A 1-imino- 1,l -dihydrothiophene (sulfilimine derivative of thiophene), 
where the oxygen atom of the thiophene I-oxide is replaced by an 
imino group, is a rare class of compound. The first compounds (83) of 
this class were prepared in moderate yields by thermal decomposition 
of N3C02Me, N,CO,Et, and N3C02Ph and TsN3 in tetra- 
chlorothiophene at 130- 150 aC.[42,431 However, decomposition in 2,5- 
di-chloro-, 2,5-dibromo-, and tetrabromothiophenes gave products 
arising from attack at the a-position followed by rearrangement. 

83% R = COtMe, 16% ‘x;, 83b: R = CO?E[. 49‘ 
... . , 

The highly reactive sulfilimines 83 acted as dienes toward a range of 
a l k e n e ~ [ ~ ~ ]  in a similar fashion to tetrachlorothiophene 1 ,l-dioxide.[gl 
Thus, 83b-d reacted with acenaphthylene at room temperature for 
10min to give the adduct (84) in high yields by elimination of R-N=S. 
They also act as dienophiles; 83b reacted with anthracene to provide the 
[4+2] adduct (85) in 65% yield. Oxidation of 83b with MCPBA 
afforded the sulfoximine (86) in 84% yield. 
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20 “C 

83b-d + + R-N=S 
986 

84 

83b + - 

PhH. 68 reflux. h & 
6% I 

- --- 
85 

The reaction of the thiophene 8a with TsN=IPh took place at 
room temperature in the presence of a copper catalyst, Cu(MeCN)4PF6 
or Cu(OTf)2, to produce the sulfilimine (87), sulfone diimine (88), 
pyrrole (89), and some other products.[451 When 8a was used in excess 
(20 equivalents) and C U ( M ~ C N ) ~ P F ~  as the catalyst, 87-91 were 
obtained in 61%, 7%, 5 % ,  3%, and 4% yields, respectively. 

Treatment of the sulfilimine 87 with NaOH in boiling MeOH afforded 
an unexpected product (93a) in 75% yield.[311 The same reaction also took 
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144 J. NAKAYAMA 

place with MeSNa at room temperature to give (93b) in 62% yield. The 
reaction probably involves Michael addition of the nucleophiles to 87 
followed by elimination of TsNH2 from the resulting adducts (92). 

0 NaOHNrOH, reflux 

N~~ MrSNa/MeCN/H20 

87 

or 

RT 
s 

NTS 

92 (X = 0 or S )  

93a: X = 0; 75% 
93b. X = S: 62% 

9. SELENOPHENE 1-OXIDES 

Although a series of monocyclic selenophene 1 ,l-dioxides, which are 
stabilized electronically or sterically, had been prepared by oxidation of 
selenophenes with DMD,[461 selenophene l-oxides, the intermediate 
leading to the former dioxides, remained to be isolated in pure form and 
characterized. 2,4-Di-t-butylselenophene 1,l -dioxide (96) is the most 
thermally stable of the synthetically available selenophene 1,l -dioxides 
because of steric protection.[461 Since this should also be true for sele- 
nophene 1 -oxides, 2,4-di-t-butylselenophene (94) was chosen as the 
substrate of the oxidation study to obtain a selenophene 1-oxide stable 
enough to be isolated. Oxidation of 94 with an equimolar amount of 
DMD in acetone at -5O"C, which was followed by removal of the 
solvent under vacuum below -5O"C, provided, after washing of the 
residue with pentane, pure 2,4-di-t-butylselenophene 1 -oxide (95) nearly 
quantitatively as colorless crystals.[471 No formation of the 1,l-dioxide 
96 was observed. The l-oxide 95 is highly hygroscopic and deliquesced 
on exposure to moist air. The 'H NMR chemical shift values of 95 fall 
in between those of 94 and 96. The same trend is also observed with a 
thiophene series."'] The 77Se NMR spectrum showed only one signal at 
S 986 which is lower than chemical shift values of the common selen- 
oxides. The IR spectrum showed the Se-0 stretching vibration at 
798cm-'. This assignment was supported by the Raman spectrum in 
which a strong band appeared at  788 cm-'. 
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The I-oxide 95 is far less stable than the corresponding thiophene 
1 -oxide 11 and selenophene 1,l -dioxide 96 and decomposed at 20 "C 
with half-lives of 42 and 34min in 0.018 and 0.036 M CDC13 solutions, 
respectively.[471 A 0.05 M solution of 95 in CH2C12, standing at 30 "C for 
0.5 h, gave 94 (73%), furanone (97) (25%), and Se02 by an unknown 
process; kinetics of the decomposition fitted neither first- nor second- 
order in 95. As is expected from the formation of 94 and 95 func- 
tions as an oxidizing agent. Standing a 1 : 1 mixture of 95 and PhSMe 
in CH2C12 gave PhS(0)Me in 30% yield along with 94 (67%) and 97 
(8%).  Ph3P was also oxidized by an equivalent of 95 to give Ph,PO in 
80% yield. Surprisingly, 95 is readily soluble in water, despite the pres- 
ence of two hydrophobic t-butyl groups, to give an acidic solution 
(pH 6.6 for 5.7 x 10-2M solution) (also easily soluble in MeOH). In 
addition, it is stabilized by water and persisted in D20 without marked 
decomposition at least for 24 h at room temperature. These observa- 
tions indicate that the Se-0 bond is highly polarized, as supported by 
the foregoing deshielded 77Se chemical shift value, and is solvated in 
water. The acidity of 95 is suggestive of the presence of an equilibrium 
involving the selenurane (98), which lies to the selenoxide side. 

97 ' 
25% 

95 + PhSMt: --- 94 + Ph-S-Me(30%) 
0 

95 + PhTP - 94 + PhlPO(800k) 

98 

The 1-oxide 95 quantitatively forms a 1 : 1 adduct (99) with BF3 when 
treated with BF3. Et2O at -40 0C.[471 The 1-oxide 95 also quantitatively 
gave a 1 : 1 adduct (100) withp-toluenesulfonic acid at -40 "C, similar in 
structure to the adduct reportedly formed with dibenzyl selenoxide. 
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146 J. NAKAYAMA 

Since the selenium atom of 95 is chiral, optical resolution should be 
possible provided the inversion on the selenium atom and the well- 
known racemization process through hydration are slow. As an 
approach to this goal, 95 was treated with (1,s)-(+)-lo- 
camphorsulfonic acid. The 'H NMR of the resulting 1 : 1 adduct (101) 
showed a pair of signals of equal intensities due to the a- and p- 
hydrogens, revealing the formation of a pair of diastereomers. This 
conclusion was also supported by I3C- and 77Se-NMR (observations 
of two signals at 6 957 and 959) spectra, although separation of the 
diastereomers was impeded by instability of the adduct. Treatment of 
95 with malononitrile at -40 "C gave the selenonium ylide (102) quan- 
titatively, thus providing a new route to selenophenium ylides. 

99 100 101 102 

Similar oxidation of 2,4-di( l-adamanty1)selenophene (103) and tetra- 
phenyl-selenophene (106) also gave the corresponding l-oxides (104) 
and (107) nearly q~antitatively.~~~] The l-oxide 104, which deliquesces 
on exposure to air and is slightly soluble in water, quickly decomposed 
at 30°C in CH2C12 to give 103 (85%)  and furanone (105) (12%), while 
107 gave 106 (73%) and cis-butenedione (108) (25%) under the same 
conditions. 

106 107 108 
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10. A COMMENT ON THE OXIDATION RATE OF 
THIOPHENES AND SELENOPHENES[481 

The difference in oxidation rates of thiophenes and selenophenes is 
of much importance. Oxidation of thiophenes, including the parent 
thiophene, is difficult to stop at the 1-oxide stage because ofmuch faster 
oxidation of 1-oxides to 1,l-dioxides relative to the oxidation of thio- 
phenes to thiophene of 1-oxides. This would be explained by the fact 
that thiophenes, whose aromaticity is the greatest in the five-membered, 
one chalcogen atom-containing heteroaromatics, resist the oxidation 
that results in the virtual loss of the aromaticity, but, once they are 
oxidized, the oxidation of I-oxides to 1,l-dioxides takes place much 
easier. By contrast, the oxidation of selenophenes is easily quenched 
at the 1 -oxide stage because of much slower oxidation of 1 -oxides to I ,  1 - 
dioxides relative to the oxidation of selenophenes to selenophene 
1-oxides. This might be explained partly by smaller aromaticity of sele- 
nophenes relative to thiophenes and partly by decreased electron den- 
sity on the selenium atom of selenophene 1 -oxides because of the highly 
polarized Se-0 bond, which makes electrophilic oxidation slower. 
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