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工ntroduction

General Introduc七ion

When we look at the chemical phenomena of the various 

reactions on sulfur atom， we not工ce 七hat subst工七ution，oxidation， 

and reduction react工ons are very 工mportant. Among them， 

substi tu七ionreaction has been studied in rather extensively 

and systematically from 1950's;par七icularly，the stereochemical 

research by Oae， Johnson， Crarn， Andersen， Mon七anari，and 

Mikolaj czyk e七 al，the stereo-electronic effect on reac七ion

rate， the mechanism and product analyses of the cleavage 

工8
reactions of S-S， S-O， S-N bonds by use of ~WO tracer by Kice， 

Kobayashi， Fava， and Oae et al， have led to understand 

considerably the whole nature of nucleophilic substitution 

工)
reaction on the sulfur atom 

Meanwhile， a systematic study on the oxidation have been carried 

out extensively by Oae et al for these several years， and the 

2，3，4) 
rnain features of 七heoxida七ionhave been reviewed in detail. 

Perhaps，七hese studies on oxidation may becorne qui七e important 

as a chemical reaction bu七 obviouslybe more important in 

connection wi七h biochemical oxidation of sulfur compounds with 

enzymes including me七abolism. 工fwe assume 七ha七七heoxidation 

lS opposi七e of reduc七ion，we could understand the na七ureof 

reduction， as we understand the oxidation reaction more in 

detail. Bu七七hereduction reac七ion is no七 so simple. The 

reduction reac七ionof organosulfur compounds is qui七e importan七

not only in organic syntheses but also in biochemical 

transformation， bu七 upto date， no systema七ic investigation 

has evolved except isolated several individual studies. The 

oxidation of thiols and disulfides has been known 七oproceed 

(1 ) 



successive1y via the fo11owing pathways as shown in Scherne 1. 
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Scherne 1. 

The reduc七ionof oxidized su1fur cornpounds wou1d fo11ow the 

opposite pa七h to 七his Scherne 1; narne1y the reduction wou1d 

proceed frorn righ七七o 1eft side. However the individua1 steps 

in the reduction reac七ionhave no七 been s七udied in detai1 

except七hat of su1foxide. 工n genera1 oxidized organosu1fur 

compounds of 10w s七a七es such as su1foxide， disu1fide， su1finic 

acid are known to be readi1y reduced， whi1e those of 七he

high oxida七ion states such as su1furic acid， su1fonic acid， 

sulfone， and disu1fone are difficu1七七o be reduced. 

The higher 七heoxidative state of the sulfur cornpound， the 

more difficult it becornes to oxidize the cen七ra1 su1fur. 

Therefore it is re1ative1y easy七o iso1a七e or detec七七he

individua1 reaction in七errnediates in 七heoxidation usua11y. 

However， it is not easy to iso1ate the individua1 reaction 

工nterrnedia七es in七hereduction reac七ion，since the cornpounds 

of the lower oxidative sta七es are so readi1y reduced. 

Meanwhi1e， rnany p1ants， fungi， rnicroorganisrns are known 

to take in sulfa七ewhich i5 a七七hehighes七 oxida七ivesta七e

and difficu1七七o be reduced， into their bodies by forrning 



APS or PAPS， mixed-anhydrides， each of which has an electrophilic 

central sulfur， using ATP(AdenosエneTriphosphate) as shown 

5) 
in scheme 2.~' The mixed-anhydride APS or PAPS 七hus forrned 

was reduced by protein-thiols to give pro七ein-bound thiosulfates 

of which七he sulfenyl sulfur can be easily displaced by other 

thiol groups in the enzyrnes to give sulfite which is ultirna七ely

reduced to hydrogen sulfide， or of which the sulfur group is 

reduced by七hiosulfa七e reductase七o form R~SS or R-SS 

ーー-Mytarget is 七he followings ・ The research of the reduction 

of high oxidative sta七e sulfur cornpounds has not been studied， 

meanwhile， in nature， many plants， fungi， and microorganisms 

reduce sulfate， which is in the highest oxidative s七a七e among sulfur 

compounds， to sulfide which is 七he source of sulfur-containing 

amino-acids in 七heir assirnilatory metabolisrns. 工n 七hisprocess 

七hereare two important key s七eps. The firs七 one is the format工on

of P-o-s linkage which sulfur is ac七ivated，and in the second step， 

protein-七hiolplays a very importan七 roleas a reducing 

agent. Therefore， from chemical and biological points of 

Vlew，工 tried to use thiol or 七hiol analogous as a reducing 

agent in the reduction of rnany oxida七ive sulfur compounds in order 

to examine 七hereducing ability of thiol func七ion，and 七O

mimic the biological reduc七ionmethod( for key s七eps) to the 

reduction of high oxidative sulfur compounds， and finally 

to find a successful simple chemical model reaction for 

the assirnilatory reduc七ionof inorganic sulfate and sulfonic 

acid----_ー

At firs七，工 will introduce the individual researchs ror 七he

reduction of oxidative organosulfur compounds hitherto studied for a 

long time in the past in Outline，七hen1 will mention the results of 

my research works ・
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Scheme 2. Pathways of Assimilatory Sulfate Reduction 



out1工ne

1. Su1foxide， Su1fi1irnine， and Su1foniurn Y1ide 

In genera1， the su1foxide is obtained by the oxidation 

of the su1fide. The su1foxide is thermodynamica11y quite 

stab1e， and can be a1so obtained by heating the su1fena七e

+ 
ester， RS-O-R'， a structura1 isomer， where R' Or R. group is 

stabilized七hroughresonance as shown in eq. 
f
b
 

1
ム

.CH
2
。

う CH30icH3 ーー一一ーーー一一ーーー(1) 

The su1foxide has a serni-po1ar s-o bond which is rernarkab1y 

different from the s-o bond of the su1fone. As evidence， 

the su1foxide has a 1arge dipo1e momen t ((=-3 .0)， high1y 

nuc1eophi1ic oxygen as is exhibi七ed in the Kornb1um reac七ion，

and the bond dissociation energy of s-o bond is about 25 kca1/ 

mo1 10wer than 七ha七 of the su1fone. The su1foxide has a chira1 

centra1 su1fur. For exarnp1e， optica1 active S-a1ky1-L-cys七eine

7) 
su1foxides 1，2，3 were iso1ated from onion 

25 
1. R=CH.... [ぴ]:~ 1210 (-94.80

) 

3 L- ~ D 
25 

2. R=CH~CH~CH.... [~]:~ 250 (-30.90
) 

2......4~2........3 LV .J D 
25 

3. R=-CH~-CH=-CH~ [弘]:~ 930 (-650
) 

:3 
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Many other optica1 active su1foxides are a1so known. The energy 

required for pyrarnida1 inversion of su1foxide is abou七 20.-v30

kca1/mo1.8) 
The su1fi1imine is an iso-e1ect:ronic ni七rogen

lSomer of su1foxide and has also a rnore serni-polar S-N bond. 

Hence the su1f i工irnineis rnore reac七ive 七han .ヒhe su1foxide 

genera11y. Op七ica1 ac七ive su1fi1irnines can a1so be synthesized 

because of i七s pyrarnidal struc七ure. For exmnp1e， optica1 



active A斗一円 is stab1e at roorn ternperature， but easi1y 
NTs - 。 9)

racemizes over 80
oC.

J ， 
The su1foniurn y1ide has a1so a 

pyramidal structure. The re1ative ratio of the rates 

of thermodynarn工c racern工zation，pyramida1 inversion， of these three 

coordina七ed su1fur cornpounds is エn the fo11owing oder; su1foxide: 1， 

6 ~~14 
su1fi1irnine: 10~ ， and su1foniurn y1工de: 10-.. Since七he

reduc七ionof 七he su1foxide invo1ves the c1eavage of s-o bond， 

the bond dissociation energy of the s-o bond is very irnportant 

in the reduction. The bond dissoc工a七工onenergy of su1foxide 

is known to be srna11er than that of su1fone(115 kca1jrno1). 

This a10ne rnay sugges七 that七hes-o bond of su1foxide is serni-

po1ar and of sing1e bond character， whi1e that of 七he su1fone 

has a doub1e bond character. Because of the weaker s-o bond， 
10) 

the su1foxide can be considerab1e easi1y reduced. 

11) 
Tab1e 1. The Bond Dissociation Energy of Su1foxide 

S-O (kca1jrno1) 
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Table 2~ The Force Cons七an七 of S-X Bond 
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The bond dissocia七ionenergy of S-N bond in su1fi1irnine is 

not known， however the force cons七an七 canbe ca1cu1a七ed frorn 

the absorption of 工R spectra as 1isted in Tab1e 2. These 

data reveal七ha七七hebond energy 0壬 sulfilimine is smaller 

than that of su1foxide. 



l-i Hydride Reduction 

Sulfoxide can be easi1y reduced by treatrnent with various 

12) 
aluminium hydride agen七s such as LiA1H

4・ Oneattractive 

example is a part工a1 asymrnetric reduction of racernic su1foxide 

with opticalactiveLiAlH4-n(OR安 )n[R安=(+)-quinidine] . Thus 

the recovered su1foxide was found to retain O.2~2.7 毛 op七ica1

工3)
act工V工ty.~-/ No boron hydride agent can reduce the su1foxide 

except B2H6' bu七 the su1fonium cornpound can be reduced no七

工4) .... _ ，..， TT  ，-，....15) 
only with NaBH

4
--' but a1so NaBH

3
CN--' wh工ch is a weak reducing 

agen七 Both free su1fi1irnine and the N-tosy1su1fi1irnine can 

16) 
be reduced easi1y by LiA1H4 ， -~1 but not with NaBH

4・ The

su1foxide can be reduced under rni1der conditこions by these 

17) 
hydride agents in the presence of Lewis acid 1ike TiC1

4 
18 ) 

or Co (工工)C1
2・ 8ince si1icone has a strong oxygen affinity， 

工9)
C1

3
SiH-

J

， can a1so reduce the su1foxide via the mechanisrn as 

shown in eq. 2. 
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l-ii Carbene 

Sulfoxide can be deoxygena七edby carbene species which is 

electron deficient. This was shown by Oda20) and also Di1anjan21) 

; せlereac七ivityof su1foxide decreases in 七he fo11owing order， 

(t-Bu) 28す0>(i-Pr) 28今o> Ph
2
8今o>Me

2
8今0.

22
) The sterica11y 

hindered su1foxide can be reduced rnore readily. Both 

sulfilirnine and N-七osy1sulfilirninecan be reduced unde工 rnild

conditions. The reaction proceeds undoub七edlyby 七heattack of carbene 

on the ni七rogenof sulfilirnine in a sirni1ar rnanner as in七he

reaction of su1foxide. Therefore free sulfilirnine can be 

reduced rnore easily than the N一七osylsu1fi1むnine.16)



l-iii Metal 

23) 
Though AI-Hg~~' desulfinylizes the sulfoxide， following other 

2 4 ) u ~ .r r. r-¥ 2 5 ) ，.. _ ~ ， I n __ 2 6 ) 
transition metal comp1exes， Fe(CO)S-.'， MO(CO)6-~~ MOC1

3
/zn-

V

/ 

26) TT T.l 01  27) fl¥"Tu' M r- 01  l¥"TU f"'" 27) ，..，~ U~ ，....， TT27) VC1
2

4-U
J， K

3
W
2
C1

9
4-' 1 ， (NH

4
) 4M02C18・NH

4
C1-" ，CS3M02C18H~I' ， 

ザOC16~7) ， TiC工328)，TiCl4/Zn29)， snC1230)， and Rh(工工工)/H231)

can a1so reduce the su1foxide to 七he sulfide in high yie1ds 

under inert a七mosphere. As an 工nterest工ng example， the 

32，33) su1foxide can be reduced by Grignard reagents ~~ ' ~~/ ， 

particular the Grignard reagen七 reducesvinyl su1foxides 七O

the corresponding vinyl sulfides without isomerization in 七he

33) 
presence of Cu (工). 

工-ivTricoordina七edPhosphorus Compounds 

The mechanism of the reduction of 七he sulfoxide wi七h

tricoordinated phosphorus compound， PR
3
， changes from 七ha七

34，36) 
of eq. 3 to 七hat 0 f eq. 4 a s 七he change of the R group 

〆(\ご~+
R3P: + O~SMe ー舟-7R....P-O-SMe ，... ~R.....PO + Me，...S 2川 - ~'3- ~\.・~--~2 .'3 ー一ーー一一ー一一一ー (3 ) 

R=Cl， OPh 
/ー¥、十

R勺 P: + SMe.....-;十今 R....P~SMe ，... > R.....P-SMe...:-ーテR.....PO3-- ~---2 ハ . ""3 人一 2 ' ""3\ 1~-'~2 ' .'3 + Me2s -ー(4 ) 

ー ー O
R=NEt

2
， Bu 

Ph3P is a weak reducing agen七， but the reaction is acce1erated 

by addition of Lewis acid.
3S

) P(OR)~ cannot reduce the 
3 

sulfoxide since it isomerizes to R-P(O) (OR) 2 upon heating， 

while P(OSiMe
3
)3 can opperate as a strong reducing agent 

37) 
because of 七hehigh七hermal s七abili七Y・ Other system s ， 

Ph3P/CCl438)，2-chloro-l ，3，2-benzodioxaphosphole39)， 

2-Phenoxy-l，3，2-benzodioxaphosphole40) ， P(NE七2)3/工2/NaZ4l)， 

Ph3P/工2/Na工
42)

，andP2工
443) can also reduce the su1foxide 

readi1y. All 七hesereactions proceed via nucleophi1ic attack 

of Oxygen of sulfoxide on the phosphorus atom. 



エーvHa1ide 

As is we11 known， optical active su工foxidesreadi1y undergo 

racemization in the reaction with acids ・ In七hereaction of 

sulfoxides with hydrogen ha1ides HX(H工， HBr， HC1)， the 

reduction takes p1ace faster than the racem工zat工onespecia11y 

in the case of H工 However，HCl or HBr only gives rise to 

44，45) 
racemiza七ionbut not reduction. --， --， The ra七e of the reaction， 

1
rTTT

，2 46，48) 
V， can be expressed as V=k[su1foxide]~[H工]

47) 
effected much by steric bu1kiness of subs七ituent.

The rate of reduc七ionof cyc1ic sulfoxides by H工 depends on 

キ 49)As'.-X./
' 

For examp1e， 4 or 5-membered cyclic su1foxide can be 

reduced more easi1y than 6 or 7-mernbered cyclic sulfoxioe. 

The sulfoxide canno七 bereduced by 工 alone，but the reac七ion

requ ires H+. 
，..，..- 50) ___ ，._ .-.-' ..，..51) コ

Me
3
SiCl/工 ， or Me

3
S工工 can reduce 

.+ 
sulfoxide， because Me

3
S工 p1ays 七he same ro1e as H'. 

52) I r.~ ，-，r-，¥ ，....53) _ _， r.TT  '-'~r.' 54) Acylating agents such as (COC1)~~~/ ， (CF~CO)~O~~/ ， and CH~C αコ2 \~.L. 3'-"-"/2 

can also reduce the sulfoxide in the presence of 工 under

QOC instantly. 工n addition， the inter-oxidoreduc七ionof 

su1foxide in the presence of a cata1ytic anoun七 ofBr
2 

or 

HBr is known. This reac七ionof sulfoxide is composed of 

bromination of枠 H，reduc七ionby HBr， and the Kornblum 

55) 
reaction. 

工-viSu1fur Compounds 

The Kornblum reaction is a reduc七ionof sulfoxide， but is 

lirnited only to DMSO.56) The reduction of sulfoxide wi七h

CHiSOCl， or O~NCcHASOCl is interesting and known七o proceed .j -- ~2~'~6444 

by the fo工工owinqscheme .57) 
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R-S-R' R-S-R' R-S-R' 。-S-R" 一一今と1 一一→ + 

+ 
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一ーーーー(5) 

R"すCl Cl R"SO 2cl RHso 2 

Acety1 chloride can a1so reduce su1foxides or su1fi1irnines 

58) 
under rni1d conditions by sirnilar pathway.--- Though the 

59 ) _ __ ".. _ r"' ，..， 60) 
reduction of su1foxide with 工 2/S02/Py~~' or Na2s205 

very convenient，七hereac七ionmechanism is not known. While 

it is known in detai1 七hatthe reduc七ionby NaHS0
3 

proceeds 

2-
by the nuc1eophi1ic attack of SO; on the su1fur of the 

61) 
sulfoxide. ~~， Diphosphorus pen七asu1fide，which is usua11y 

62) 
used as a thianating agent， can a1so reduce 七he su1foxide 

The reaction proceeds by the nuc1eophi1ic attack of oxygen 

of 七he sulfoxide on the phosphorus atorn via a trans工七lon

state which invo1ves both the 1eaving and attacking groups a七

63) 
apical posi七ions. ~ ~ ' Su1fi1imine and N-tosy1 su1fi1irnine can be 

64) 
also reduced by a simi1ar reac七ionpathway.-4' Phosphorus 

thiobrornide SPBr~ has a stronger reducing abi1ity than 
3 

diphosphorus pentasu1fide， though SPC1
3 

has no reducing 

65) 
ability. 工n these reactions，七hedriving force of these 

reductions is the forma tion of p=o 1inkage ，~hich has a 1arger 

(about 10 kcal/mo工) bond energy七hanthat of P=S linkage. 

Although elemental su1fur has no reducing ability，七he

sulfoxide can be reduced by e1ementa1 su1fur. The reduction 

66 ) 
proceeds by s-o c1eavage of the sulfoxide by七hiyl radica1s. 

Thiols are known 七o be oxidized by DMS0
67

) i thus thio1s are 

good reducing agents. Actually， cysteamine or glutathione 

are irnportan七 biologicalreducing agen七s. Sulfoxides and 

sulfilimines can be reduced to sulfides by various kinds of 

thiols
68

，69) 七herelative reac七ivi七Y is as shown below
70

) ， 



whi1e the re1ative reducing abi1i七Y of thiol is in七he

fo11owing order， aryl-SH >ara1kyl-SH > alkyl-SH. 

H3~CH3 。
S
ち

(C円 )2CH~CH(CH3)2 > (CH3)ぺC(CH
3
)3> 

In七hisreact工on，both the acidity of thiol and the basicity 

of su1foxide are very important because the addition of both 

base71)and ac id 72)accelerates 七hisreduction. Therefore， 
S 
件 -73)574，77)high1y acidic RC-SH (pKa=2. 5) ， -' " (RO) 2P-SH (pKa=l. 8) 

reduce su1foxide， N-tosylsu1filirnine， or su1foniurn y1ide very 

rapid1y. Since the selenol is in the sirnilar farni1y of 

compound and is rnore acidic， it can reduce sulfoxides or 

75，76) 
su1fi1imines readily. B 2) 

[(CH ，)， Si]~S ~~I can also reduce 
3/3~~J2 

su1foxides and sulfilirnines because (CH3)3Si+ is a synthon of 

79) .L 'L. .:. _ ， 80) _~ _， r.TT  ，.. "'TT  8工)
H". Though H2S'~/ ， thiol

VV/， and CH3SCH3u~ ， are rnild reducing 

agents， the reduction 工5 accelerated rernarkably by the presence 

of (CF3CO)2
0 which is a s七rong acylating agen七 Thereduction 

of N-tosy1 sulfilirnine with elernen七al sulfur or diaryl 

disulfide is an interesting exarnple， the reaction proceeds by a 

radical mechar1i Sm .83)AS another in七erestingrnethod， 
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Though a few exarnples of reduction of sulfoxides and 

sulfilimines by hydrogenation are known87，88) 七hismethod 

generally can not be used because of the ca七alytic poisoning 

of divalen七 sulfurcompounds. Single七 oxygen，producedin-si七u，

undergoes photochemical deoxygena七ion89)F however reduc七ion

工slimited only to a certain sulfoxide. N-Tosy1sulfilirnines 

and free sulfilimines can be reduced by CN- 90)， also t-BUSN0
2 

and p-TOlsozN09工) which are powerfu工 nitrosatingagen七s，



espectively. The electroly七icreduction has no七 beenwell 

92) 
studied. 

2. 5ulfone and Sulfoximine 

5ulfones which can be obtained by oxidation of sulfides and 

sulfoxides are the most s七ablecompounds among oxidized 

organosulfur compounds ・

[O] ，心 [019MO
R-S-R' l~~) Rーミ '1R一、

R' R' 

For example， even upon reflux工ng at its boiling poin七 3790C，

diphenyl sulfone does no七 decompose. The facile 

isomeriza七ionof 七hebenzylic or allyl工c sulfina七e

ester七o the sulfone also stems from七hisunusual stability 

of the sulfone. 

051;o式〉CH3d 〉021;K〉CH3-

The 5-0 linkage of the sulfone， which is structually 

七etrahedral， has a highly double bond character，七herefore

the oxygen terrninals of the sulfone are poor nucleophiles 

and does not react with organic halide RX. Actually，七he
。

bond length of S-O linkage in dime七hyl sulfone is 1.42A which 
o 

lS considerably shorter than that of S-O bond of (FSS-O十2，1.66A，due

rna工nlyto 七hedouble bond character. The bond dissociation 

energy of S-O linkage(Table) is very large as compared wi七h

those of the sulfoxide or the phosphine oxide of which P-O 

bond energy is abou七工OSkca工jmoland is believed七o have a 

consideどablyhigh bond energy. Since the C-S bond 

dissociation energy of sulfone is remarkably srnall， the 

reductive cleavage of C-S bond七akesplace readily in various 



Tab1e. 
93) 

The Bond Dissociation Energy of Sulfone(kca1/mo1) 

Su1fone CH~SO~CH~ CH~CH~SO~CH~CH~ CrHrSO~CrH 32  --~~ 3 --~~ 3 --~~ 2 -~ 2 --~~ 2 .~~~ 3 '-6 ~~ 5.... '"' 2 '-6 u 5 

S-O 112 112 113 

C-S 68 68 70 

reactions. Therefore， the react工ons in which 七he s02 function 

of su1fone is direct1y invo1ved are rather 1imited， however， 

the reac七ion invo1ving active ~-methy1ene group have been 

studied and app1ied in organic syn七heses. 工n genera1， the 

sulfone is very inert and it is very dエff工cul七七o be reduced 

by a mixture of me七aland acid， phosphorus pen七ach1oride，

phosphorus， phosphine， Ph
3
SnH， R

3
SiH， B2H6， and A1C13-NaBH4・

Meanwhi1e， su1foximine which is prepared by .ヒhereac七ionof 

sulfoxide and Ch1oramine-T and is ana1ogous ・ヒO 七he su1fone， 

is not symme七rica1 and has a considerably semi-po1ar S-N 

linkage as compared 七0 七he s-o 1inkage of 七he sulfone. 

Therefore， it is no七 difficu1七七o reduce su1foximine and 七he

reduc七ionproduct is sulfoxide but not su1filimine. 

2-i Transition Me七a1and Acid 

The conjugated sulfone as shown in eq. 7 is the on1y su1fone 

94) 
which can be reduced by Zn-日C1 system. 

CQ Zn-AcOH 、lケγ1
conc. HC1 /、/¥s

46毛

2-ii carbanion，Si lylanion95) 

ーー一一ーーー一ーー一ー一一一 (7) 

Genera11y， a strong base， such as carbanion， abstrac七s the r:t 

-proton of alkyl sulfone and o-hydrogen of diary工 sulfone，

respectively. Whi1e， triphenylsi1yl anion attacks 七hecentra1 

sulfur atom of clipheny1 su1fone to form 1i thium benzenesu1finate 

Vla an intermediate[工]. 



凶-O~二E母国V+ 。由一一一(8 ) 

.ー.+ PhSO~Ph 杢
(叫i) 2 Lラ 2 Ph3Si: L工 2→ Ph3S寸Ph + PhLi 

-350C 0 
5h. 工]

叩+門::PEレ/↓;;::;
Ph

3
SiOH 56も

PhS0
2
H(+) ーーー一ー(9 ) 

PhC0
2
H 44毛

2-iii Me七a1(Na，A1， Ni， A1-Hg) 

The su1fone which has a carboxy or carbony1 group a七c(-posi七ion

easi1y gives rise to reductive c1eavage of C-S bond by rne七a1

96) 
to give a hydrocarbon and the su1finate.J~ ， For examp1e， the 

reductive cleavage products of 七he fo11owing su1fone with 

.97) 
Raney-Ni;" vary wi七h the ÇH~ CH 

structure of 七he su工fone

and solven七 used. So，七he

reductive c1eavage product 

of 工工 is the inversion 

product in e七hano1bu七七he

retention product工vin 

acetone as solven七，

respectively ・ Theproduct 

ln the reduction of 工工工 is 

r~3 i 
Ph-C-CONH~ Ph-C-CONH~ 

L L 

S02Ph S02CH2Ph 
2~~~2 

[工工工工工]

¥》

/ H 

fH3 
Ph-c-CONH2 

SPh 

[VJ 

〆
[工v]

K¥ 円

of retention 工V bo七h in e七hano1 and acetone as solven七S・ However，

stereose1ectivi七y is no七 high. Whi1e， the reduc七ive c1eavage 

compounds 工V frorn the sulfides V， V工 areracemic. The 

re1ative reactivity of reductive c1eavage is in the fo11owing 



P hS02Ph > 工工〉PhCH"SO，...CH"Ph 2~~2~~~2 〉工工工

cornpounds benzylic W工t:hfacile 工Sreduction the Clearly， order. 

stereoselectivity The reaction. the accelerate rnedia and po1ar 

conforrnation the ()f difference 七heupon depends product the of 

fo11owing 七he

R 
R Z 干1--:1""0/工 3

T~ 

~イシsillPh 
平-9Q

TTT777/ Ni// /// 

Retention 

工nshown as rneta1 on su1fone 

R_ ....Ph 
、.4"3¥け/

/う C-S:
Hf Rい〆"' ，\:~/O 

lR2?; 
11 1 7 7 77 / N i ，. / / / / / I I 

工nvers工on

absorbed 

figures. 

七heof 

Wa1den 

98) 
cleavage. reductive 七heto rlse q工vesa1so Na-Hg Ana1ogous 

syn七heses.

一ー一ーー一一ーー一一 (10)
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99) 
fo11owing. 

c1eavage reductive The 
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su1fone ary1 A1ky工groups. a1ky1 

two are there and arenesu1finate， forrn 七oc1eavage reductive 

hydrocarbons of kinds 七woforrn to pOSl七工onsc1eavage possib1e 

R' and R both when arenesu1finates of kinds two and groups 

groups. ary1 are 

of mode 七he
100 ) 

Na/NH3) ， 工~educ七ion(Li ，Birch of case the In 

Name1y~ differen七.are reac七工Vl七y七heand c1eavage reductive 

reductive 

Moreover， 

of 

OppOS1.七e.

site 七he

工s

and 

su1fone 

reduced 

ary1 

be can 

a1ky1 

su1fones 

the of 

dia1ky1 

cleavage 



once arenesu1finate is formed in the reaction of diary1 

sulfone， i七 is readi1y reduced further to the corresponding 

arenethio1 with th工s system. Probab1y， since the Li-O 

linkage of 1ithium arenesu1finate produced has a considerab1e 

covalent bond character， it may be reduced to arenethio1. 

Actua11y， in 七hereaction with七heNa/NH3 system， the reductive 

cleavage product of the.diary1 su1fone is the sodium 

arenesu1fina七e. Thus 七hemode of reductive c1eavage of the 

sulfone with Li/NH
3 

and Na/NH
3 

respective1y are summarized 

as in the fo11owing. 

Na/NH-， 

Q -フ凸ー

R-S-R -=』j- no reaction 
ろ
?っ。ー勺 -Ar二→ ArS0

2
Na+ ArH 

Li/NH勺

9 - フρ一
R-~-R -- ) RS0

2
L工+RH 

ち
o 
Aトノρ

Ar-S-R -=』~ ArH + RSO~Li 
O L 

4AJ2 h r - S H + M  
O 

Sulfoxirnines(V工工~工X) a1so give rise 七o the reduc七iVec1eavage 

of the c-s bond 七o form the su1finarnide(X， X工 wi七h the A1-Hg 

systern. But， oxysu1fonium sa1t， X工工， which is the N-a1ky1a七ion

compound，can give the norma1 reduction produc七 X工工工 which 

工5 the retention product in the reduction wi七h this 

101) system. 
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102 ) 
2-iv E1ectrode Reduction 

The sulfone a1so gives rise 七o the reduc七ivec1eavage of C-S 

bond in the e1ec七rodereduction to form the su1finate and 

hydrocarbon. 
CH30H 

+ 5OC 
2[N(CH

3
)4]' + 2e + nHg O.5h~ 2[N(CH3)4]H9n=TMA 

+ー.
RS0

2
R' + 2 TMA + H' ) RS02 + R'H + 2 TMA' ---一 (13)

Sulfones bearing ha10gens give deha10genated reductive 

cleavage products ・ Themode of reductive c1eavage and the 

reactivity are qui七e simi1ar to 七hatwith me七a1(Na， A1)ー

amalgam. 

2-v Sulfur 

The reaction of dipheny1 su1fone wi七h e1emen七a1 su1fur to 

to give dipheny1 su工fide is an interes七l.ng reac七ion. A1七hough

it appears 七o be a reduc七ionreac七ion， Oae e七 alhave made 

clear 七ha七七his reaction was no七 a reduction reaction by 

carrying out a tracer experiment wi七h dipheny1 sulfone labe1ed 

3 5，... _ _ _ '-_ _ ___ ~ __ ， A 1 0 3 ) 
ith ~~S as shown in eq. 14. 
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N出nely，七he ini七ia1 step is 七hedecomposition of S8 to form 

a po1ysu1fur radica1 S3 or S4 which a七tacks 七he ipso-posi七ion

of diphenyl sulfone as shown in Scheme 3. Once PhS0
2
・ is

formed，七his can be readi1y decomposed 七o Ph. and S02 gas. 

Thus diphenyl sulfide is formed by 七hereaction of Ph. and 

benzenethiy1 radical. Diphenyl disulfide and dipheny1 

POlysulfide are a1so obtained in this reaction. This reaction 

ls different from七hereac七ionof diphenyl sulfoxide and 



。め+…→a~.+…。
~O. +いs-o→Q-s{)，Q-s-s-Q抗C

Scheme 3. 

e1ementa1 su1fur which is essen七ia11ya reduc七ion invo1ving 

the s-o bond c1eavage. 工n the reaction of dibenzy1 su1fone 

104) 
with e1ementa1 su1fur， 
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ぞう H
2
S + PhCH=CHPh + H

2
0 ーー (15) 

32毛 68毛 trace
(conversion 70毛)

dibenzy1 su1f工dewas not obtained. The products are shown in 

eq. 15 and are formed via the abstrac七ionof ば-hydrogenof 

the su1fone by po1ysu1fur radica1，・S_.，subsequent rearrangemen七
n 

and e1imination reaction. Meanwhi1e， the sulfoximine is 

105) 
reduced to the su1foxide in a good yie1d by e1emen七a1 su1fur 

Moreover， the deimina七ionreaction proceeds wi七h completely 

106 ) retention of configuration The reaction proceeds via 

the nuc1eophi1ic a七七ackof nitrogen of the su1fi1imine to 

su1fur， S8 or (ArS)2' 七o give a comp1ex X工V which decomposes 

to the su1foxide as shown in Scheme 4r 

も， + S8(Ph…合rg
三S~S

~ミ

X工V

Scheme 4. 

2-vi A1uminium Hydride 

The reduction of the su1fone with LiA1HA has been studied in 
4 

detail. The reactivi七y remarkab1y depends upon七hestructure 

(18) 



of the su1fone. The order of the reactivities is shown in 

__ 107) 
the fol1owing manner 

口02，Q，G;♂ (22FQ2F P円 E七，

n-BuSO"Bu-n， PhSO"Ph>> t-BuSO内 Bu-t.L. .l.J."""''-'2.L. J..J. "，"/ J-Iuuv
2 

Namely， the strained su1fone， i. e. 4- or 5-'membered cyc1ic 

108) 
sulfone， can be readi1y reduced.~~~1 The reactivity and the 

bond strength of O-S bond is we11 corre1ated. Whi1e， highly 

steric-hindered di-t-buty1 su1fone which has no d-hydrogen 

atorn can not ne reduced. 

In 1970， Crarn reported that 七hereduction of optica11y active 

5-rnembered cyc1ic su1fone which has deuterium in ぱ-position，

XV， with LiA1H
4 

gave 七he corresponding optica1 ac七ive su1fide， 

XVI which retained 七heconfiguration of ~-carbon. Upon 

oxidation七he su1fide gave the starting ma七eria1XV '. 
109) 

Thus the resu1七s sugges七七ha七 hydride species of LiA1H
4 

direct1y attacks the cen七ra1 su1fur a七omof the su1fone. 

GptH3  ;:;jH4+な弐H3 詑70:ユ;H3 一一ーーベ工6)
........ O

2 

ベ:。-13250C 州立0+87.0 州立。 -13.23

XV (一)-2-D XV工 (+)-2-D XV' (ー)ー2-D

After a few years， name1y in 1974 七his resu1t was a1so 

110) supported by Weber et a1.~~vl The reaction was 七he reduc七ion

of thiacyc10pen七ane-2，2，5，5-d
4
-1，1-dioxidewith LiA1H

4 
to give 

thiacyclopen七ane-2，2，5，5-cl4・

Dλ'-.. Jr.D 
/¥ャ/¥LiA1HA ¥

¥‘宝/

D O
2 

D Et20 350C 

Dρ
べ

D
ーーー一一ー一一一ーーーー一一一 (17) 

quan七. of d
4
-conten七

(工9)



工n七hereduction of open-chained su1fones or a non-strained 

6-membered cyc1ic su1fone， reduction does not proceed 

easily as in the case of strained su1fones， i.e. 4-， 5-

membered cyc1ic su1fones， though the evo1ution of hydrogen 

gas can be detected. 
， ./ 

When r::J.，ザ，~， ~~d4-dibuty1 su1fone was used in this system， 

Weber e七 a1 obtained the mixture of d
2
- and d

3
-dibuty1 

110 ) sulfides bu七 notd
4
-dibu七y1 su1fide~~vl So，七he initia1 

step is the abs七ractionof ~-proton of the su1fone by hydride 

species as shown in Scheme 5. 

dd;V日;;i;;;;主d!→d叩円
L叩ip主主JL主i昔}jふ〉λ入、、H山1..，

Scheme 5. 
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In the reac七ionof the 6-membered cyc1ic su1fone wi七h

NaAIH2(OCH
2
CH

2
0CH

3
)2' hydrogen gas a工so evo1ves and the 

cメーdeuterated su1fone is recovered when D~O was added to this 
2 

111) ___.c，____.!__ _..!__.L_____ ~.c Î .1 /.，' reaction mix七ure.~~~1 Upon ref1uxing the mixture of ~，~~，~-

d4-thiacyc1ohexane-工， l-dioxideand NaAIH
2
(OCH

2
CH

2
0CH

3
) 2，110) 

the reaction product was the mixture of 七hecorresponding 

sulfide and vinyl su1fide which are rninor and rnajor produc七S

respective1y. The d-conten七S of七herespective produc七sare 

shown in eq. 18. These results sugges七 七ha七 dianionXV工工 is

the first interrnediate， while XV工工工 is the final interrnediate. 

(20) 



107) 
Though Bordwe11 et a1--" obtained the thiacyc10hexane in 

七hereduction of thiacyc1ohexane-1，1-dioxide with LiA1H
4
， 

日

2
2
0
s
%
+

S
O
S
合ふ↓

叩

争c句J ょ:¥-
xv工工 xv工工工

。一一一一一

there is a possibi1i七Y 七hat it was formed by further reduc七ion

of the intermed工a七e，v工ny1 su1f工de. A11 these data can be 

summarized in the fo11owing manner. In the reaction of a 

strained su1fone， i.e. 4-， 5-membered cyc1ic su1fones， the 

central su1fur 工s a七七ackeddirec七工Y by hydride species to 

give sulfide， whi1e， in that of a non-strained su1fone， i.e. 

6-membered cyclic su1fone or open-chained su1fone，ぱ-pro七on

is abs七rac七edat firs七 byhydride species 七o give an anion 

of which oxygen can coordina七e to a1uminiwTI， then 七his

complex is reduced to the su1fide. 

Di-iso-buty1 a1uminium hydride， (i-BU)2A1H， can also reduce 

112，工工3)various kinds of su1fones 七o su1fides.~~~'~~~' The 

reactivity of (i-Bu)~A1H is simi1ar 七0 七ha七 withLiA1H
4・2 

Though no detai1ed study has been repor七ed，the reaction 

lS presumed to proceed via a cyc1ic 七ransiヒions七a七e as 

shown in X工X，because 七hea1uminium atom of (i-BU)2A1H 

functions as a Lewis acid. 

，Ii-Bu 
- 喧0 ・ー--A~~ ・ ー

RジfH/ 司 日

X工X

(21) 



2-vii ArenediazoniurnjReducing Agent 

Theどeduc七ionof su1fony1 group with arenediazoniurn 

compound is a good rnethod which invo1ves at first the 

arylation of oxygen of the su1fone by arenediazoniurn salt， 

and then the ary1oxysulfoniurn sa1t XX， of which central 

sulfur has high e1ectrophi1icity， is reduced by sorne rnild 
114) 

reducing agen七s. 工n 工970，........ .. 1 ， Whi七ing reported the reac七ion

of the su1fone with arenediazoniurn sa1t to give aryloxysulfoniurn 

sal七 ina 10w yie1d and the subsequent reaction with sorne 

115) 
nucleophi1es. Oishi et al........~' could ob七ain 七hesu1foxide 

from XX by addition of thio1s in good yie1ds. 

PhiCH+ 
λnea七ふph3; 」

XX BF 

Ph123 す~ [Ph:!:ドH3j yC H i  
-一一一一ー(工9)

BF
4 -PhOH 

once such an ary1oxysulfoniurn sa1t XX is forrned， the su1foxide 

is七heproduc七 not the su1fide in the subsequent reaction with 

the rnild reducing agent. However， it is difficul七七o obtain 

aryloxysulfoniurns in rnoderate yie1ds， because there is no 

good so1vent which can be used for七hepreparation of 

aryloxysu1foniurn sa1t due to the very strong e1ectrophi1icity 

of the diazoniurn sa1t. Meanwhi1e， the rnelting point of the 

sulfone is usua11y rather high. Therefore，七heyield of 

ary1oxysu1foniurn sa1t is 1ow(lO~30 毛 since the reaction is 

a solid phase reaction. 工f alkoxysu1fonium sa1t is used， 

the nucleophi1e usually a七七acks 七hecarbon of O-C bond bu七

not the centra1 su1fur atorn to give七heoriginal sulfone， 

the starting rna七eria工.
+ -

When p-CIC
6
H
4
N2BF

4 
is used ins七ead

(22) 



of C6H5N;BF;Fthe yield of 七he 町 1oxysu1foniurn sa1t 

increases to 40~60%. Ary1oxysu1foniurn sa1t can a1so be 

工工6)
reducedto the sulfox ide by NaBH4・

2-viii Ni七rosoAgents 

117) __ ~~+~~- 118) 
The su1foxirnine can be deirninated by NaN02~~11 or NO'PF

6 

to give the su1fox工de 工n a good yie1d. The stereochemistry 

is retention. This deエm工nationreact工on can be carried 

out in non-aqueous media when p-to1uenesu1fony1ni七rite，

119) 
p-CH

3
C
6
H
4
S0

2
NO， instead of the pr~vious age~七s ， i 

The N-substituted su1foxirnine， R-$-R' or R-$-R'， canno七 be
NR" NTs 

deiminated because nitrosation is d工fficu1t. The reaction 

proceeds as shown in Scheme 7. Though七his reac七ionis 

also a re七entionprocess， the su1foxide produced is par七ia11y

racemized by p-七oluenesu1finic acid(pKa=2) which is formed 

as a by-product(o.p.~70 毛) . 

o 0 
R-5-R'+p-CH3C6H4S02NO一→R-i-R'+ p-CH3C6H4S02Hー→NH ~ - - N 

向。

(p-CH~CcHASO~)~NOH + (p-CH~CcHASO~)~N-OSO~CcHACH~-p + 3~66~4~~21 2.-~~~ ， ¥1:' ~4~3~64~4~'-"21 2-- '-"""'-"2'-"64~4~H3 

N，、o+ R-S-R' 
L ち

Scheme 7. 

The racemiza七iondoes not occur when t-buty1 thionitrate， 

t-BUSN0
2
， instead of p-toluenesu1fony1nitrite is used， since 

there is no genera七ionof acid species ・119)

2-iv Carbene 

Though the su1fone does not reac七 withcarbene，七he

su1foximine can be reduced七0 七hesulfide by carbene via 

the SIllfoxide.12O ) 

( 23) 



h
 

pι -
H
 

ハ￥
S
ψ
N

h
 

p& 

• 

1
J
-
q
J
+し

・一
1

ム

・

q」

e
r

e
-
H
 

ー

ム

一

円

し

，

二

一

H

ハU
一

勺

乙

nu

(一

l

k

C
一
C

T
一

2
0
6

P

一
H

O

C

5

 

-7 Ph-S-Ph 
82も

ーーーーーー一ーーーーーーーー (20)

The reduction of the su1foxirnine with dirnethy1 diazoma1onate 

(DDT) main1y gives 七heoxosu1foniurn y1ide in the presence of 

a ca七a1ytic amount of Cu-sa1t. The su1foxide is the intermediate 

and the oxosu1foniurn y1ide is forrned by the reaction between 

121) 
the su1foxide and Cu-carbenoid(or carbene) ~~~I The 

reaction mechanisrn is shown in Scherne 8. The initia1 step 

is the nuc1eophi1ic attack of irnino-nitrogen of the 

su1foximine on carbene， fo11owed by decornposition to the 

su1foxide and the irnine derivative. Therefore， this 

deimination is a1so a retention process. 
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Scherne 8. 

(24) 



3. Thiol 

Thiols， such as glutathione and cysteamine are good bio1ogica1 

reducing agents. The 七hio1has a 10w oxidative sta七e of -2， 

and moreover 七hereduction by hydrogena七ionor decomposition 

in the presence of Ni or A1-Hg etc gives rise to the reductive 

cleavage of C-S bond to yie1d a1kane or a1kene. These 

122 ) 
procedures have been summarized in many good r 

already have been app1工ed to organ工c syntheses and petrochemica1 

industries. Thio1s are quite acidic and a1so possess 

nucleophi1icity. The bond d工ssoc工ationenergy and pKa constant 

are lis七edin Tab1es. 

Table. 
123) 

The Bond Dissociation 
Energies of S-H， O-H， C-S， 
and C-O(kca工jrno1) 
HS-H 89 
CH~S-H 89 
HOニH 116 

100 
67 

n-C
4
H
9
SH pKa 

C
6
H
5
SH pKa 

H
2
0 pKa 

n-C
4
H
9
0H pKa 

C
6
H
5
0H pKa 

Tab1e. 
123) 

The pKa Constant Da七a
of Thio1 and A1coho1 
H
2
S pK

1 
7.24 

pK
2 

14.92 

11.51 

7.47(8.3) 

工4

工6
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工24)

pKa Constan七 for
Substi七U七edBenzene-
thio1 at 250C 
x xペt--SH
Fて)H 8 .30 
p-CHっ 8.03
p-CH~O 7.99 
H 7.76 
p-C1 6.96 
p-NO') 5.11 
p-CH3S02 

5.57 

Tab1e. 
As shown in 七heseTab1es， the 

bond dissociation energies of 

both S-H and C-S bonds are 

sma11 as compared wi七h 七hose

of both H-O and c-o bonds， 

whi1e thio1s have considerab1y 

10w pKa va1ues. The pKa va1ues of se1eno1s are even sma11er 

and high1y po1arzab1e.125) Since the 七hio1 has a considerab1y 

1arge nuc1eophi1icity，七hiophi1icity，it can func七ionas a 

mi1d reducing agent. Both di七hiophosphoric acids and 

(25) 



dithiocarboxy1ic acids have remarkab1y 10w pKa va1ues because 

of七hehigh stabi1ities of 七heir conjugate beses. 

Tab1e. pKa constan七s of Di七hiophosphoricAcid， 
Di七hiophosphin工c Acids and Dithiocarboxy1ic Acids 
at 250C 123) 

(CH
3
0)2P(S)ーSH 1.55 (C

2
H
5
)2P(S)-SH 1.71 

(C
6
H
5
0)2P(S)ーSH 1.81 (C

6
H
5
)2P(S)ーSH 1.75 

CH
3
C(S)-SH 2.55 CH

3
C(0)-SH 3.33 

H
2
NC(S)-SH 2.95 C

6
H
5
C(O)ーSH 2.48 

4. Disu1fide 

There are many kinds of disu1fides or po1ysu1fides in nature， 

for examp1e as in the fo11owing. 

(S-S， 
S¥S/S 

メ:CH3)2

CH2=CH-CH2-S-s-CH2-CH=CH2 

Lenthionine nerels七oXlne a11yin 

The bond dissociation energy of S-S bond is considerab1e 

large as compared with七ha七 of the 0-0 bond because of 3d 

orbital resonance be七ween 七he polysu1fide 1inkage. 

Table. The Bond Dissociation Energy of S-S 

HS-SH 66 C
6
H
5
S-SCH

3 
CH

3
S-SCH

3 
74 C

6
H
5
S-SH 

C
6
H
5
S-SC

6
H
5 

55 

ームo
 

m
 

/
/
 

1
ムa

 
c
 

、k

r
h
u
 

門

/

』

一

1
-

一F

コ
ー
ム

『

G

一r
b
f
b

n
 

o
 

b
 

The disulfide receives the nuc1eophi1ic attack on 七he su1fur 

a七omas in七he case of peroxide. 

RS-SR + :Nu ラ RS + RSNu ーーーーー一一ー一一一一一一一一(21) 

工nrnany reductions of disu1fide，七hereactions proceeu via七he.

SN2 pathway as shown in eq. 2工 Whi1e，the reduc七ionwith 

electrode， f1avine， and NADH may proceed via a sing1e e1ec七ron

transfer pathway. 

(26) 



4-i LiA1H4 

The reduc七ionof 七hedisu1fide with LiA1H
4 

occurs readi1y 七o

give the corresponding thio1 and hydrogen CJas in quantitative 

127) 
yie1ds. 

d 、 H~O
2 RSSR + LiAlH4 r 2 H2↑+ LiA1(SR)4 一一2一一今 4 RSH ー (22)

E七 O
2~ 100毛 quant.

The reaction rnarked1y depends on the structure of the disu1fide， 

since七his reac七ion is a 七ypica1 S~2 reaction. 
N 

n-RSSR-n 
ArSSAr :> 
ArCH"SSCH，...Ar 2"""" -...442 

128) Diary1 disu1fides can be reduced faster than dia1ky1 disu1fid 

n-RSSR'一七 》 t-R'SSR'一七

since the e1ec七rondensi七Y of su1fur a七orn in diary1 disu1fides 

is 1ess than that of dia1ky1 disu1fides because of the 

e1ectron de1oca1ization 七o arorna七ic ring whi1e ArS ion is 

more stab1e than RS ion. The reactivities of disu1fides 

W工thmany kエnds of a1urninium hydrides are surnmarized in Tab1e. 

Tab1e. Reaction of Disu1fide wi七h excess A1uminium Hydride 
Deriva七ives in THF a七 OOC

n
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Hヱ主主主e
0.6 
0.92 
0.98 
工.02
1.02 
1.05 
o .工3
1.03 

Tirne(h) 
24 
0.25 
1.0 
0.5 
0.5 
0.5 

24 
6.0 

Evo1. Used Reduction 
1.3 
1.09 
1.01 
1.0 
0.98 
1.16 
0.04 
0.96 

As shown in Tab1e， A1H3' LiA1H
4
， LiAIH(OCH

3
)3 can readily 

reduce disu1Eide to thio1， whi1e the reaction with LiA1H(OBu-t)3 

take a 10nger tirne because of its s七erichindrance. B"H 2..6 

not reduce disulfide， but NaBH
4 

can reduce only diary1 disulfide 

ln which the aromatic ring is substitu七edby an e1ectron-

wlthdrn L~aWlng group. As an exceptional exarnple of 七hereduction 



of dialkyl disulfides with NaBH4， there is the reduc七ionof 

5-membered cyclic disu1f工deswh工ch are very easily reduced to 

工29)
the dithiols and then oxidized to the disu1fid 

For examp1e， optica1 active 1ipoic acid can be readi1y reduced 

to optical active dithio1octanoic acid(eq. 23). 

ー (CH~) ACO~H CO~ (CH~) ACO~H /\ ;'-J..l 2/4-"''-'2~~ 50C， /'ヘノ 2/4~~2

rγ3Omi n.  ('γ  
¥ / ¥ / 一一ー一一ー一一 (23)¥ I NaBH. ~__ L 5-S. ~，-~~. 4 SH SH 

(t) Na
2
C0

3
-H

2
0 91も

(+ ) 
.__'1"-'.'__ 130) NaBHA-AICl~system can a1so reduce disu1fides ， ~-v ， but probab1y 4 ..- 3 

many kinds of active species， i.e. A1(BH4)3' BH3' A1H3 etc 

function as reducing agen七s.

4-ii e ， hv， or Meta1 

Only diary1 disu1fides can be reduced 七o arenethio1s in high 

二+ . ，...~.，.. ._._____ 131) 
yie1ds by [naph七ha1ene] Na' v工a SET process. 

[(í ~r~] 

官:s;!?-x…フ [XO-7sodJL11
x~-S- + x~-s. 一~x-Vイー(μ)

A few examp1es of reduction of cystine， 1ipoic acid， glutathione 

工32) __..:1 n_. ITT'" 133) disulfide with Na-Sn/HC1~~~J and Zn/HC1~~~J are a1so known. 

As a photochemica1 reduction，七he fo11owing examp1e was repor七ed

by Tagagi et a1.134) 

O 
RSSR --1OOw high pressure Hg Lam宅RSH+ RS色R1 一一一ー (25)

R1CHO 
50C， 1~2h ~60老町60 毛

This reaction requires a1dehydes not ketones， and has a 

induction period. Therefore， a radical initiator such as 

AIBN acce1erates this reaction. Bo七h aroma七icaldehyde and 

diary1 disu1fide decrease the yie1d of products. Based on 

these resu1ts， the fo11owing reac七ionmechanism via radical 



processl Scherne 9， rnay be propos~d. 

initiator d)工n・
( or RCHOーム乙ゥ R・ + ・CHO)

工n・(or R・) + RCHO一一一→工nH(or RH) + Reo 

工n・(orR・) + R'SSR'一一一→工n-SR'(or RSR') + R'S. 

RCO + R'SSR' ょRCOSR' + R'S. 

R'S ・+ R'CHO一一ーーう R'SH + RCO 

Scherne 9. 

A simi1ar exarnp1e of other photochernica1 reduction was 

工35)
reported by Swanepoel et a1. 

BNAH(1-benzy1-1，4-dihydronicotinarnide) can also reduce on1y 

diary1 disu1fides in the presence of a radical initiator or 

工36)
by photo1ysis 

The reduction wi七h Ph
3
SnH is 1irnited on1y to diary1 disu1fides 

because of the facェlereduc七ive cleavage of C-S bond in 七he

case of dia1ky1 disulfid 
工37)

4-iii Thio1 and Se1enol 

When a thiol is added to disulfides in the presence of a base， 

the fo11owing rnix七ure is obtained. 

RSSR + 2 R'SH字三 RSSR' + RSH + R' SH r三R'SSR' + 2 RSH -ー (26)

Meanwhi1e， NaSH or Na~S~O. can a1so reduce disu1fides to 
2~2'-'4 

138) 
thio1s.~JUJ Though H

2
Se is a dead1y poison， i七 has a 10w 

pKa and a strong reducing abi1ity as cornpared wi七h H2s.139) 

PhCH~S く会2C H P h 一→一→ 2 PhCH， 2~ "......'-J..L2 
-) EtOH HSeノ

The active species is HSe- or se2- not H...，Se. Since this 
2 

reaction proceed S via SN2proces S as shown in eq.27， 

t-BuSSBu-t cannot be reduced. The reduc七ionof disul王idewith 

hypophosphorus acid (H3P02)in the presence of Cataly七icarnoun七

of dise1enide(a1kyl or ary工 isvery convenient，工40) because 

(29) 



diselenide is no七 aspoisonous as seleno1(eq 28). 

Though the reaction of 

disulfides with thio1s 

gives a reaction mix七ure

(eq. 26)， the reaction 

::::〉〈;::3一一一一 ) 

2M〉一<R'SSR'

of disulfides with 七he

selenols gives on1y the mixture of 七hio1s and the dise1enides， 

because of 七he 10w pKa va1ue of the se1eno1s ・ Buntesa1t 

- 141) 
can be a1so reduced by HSe ~~~I The main produc七 is 七he

disulfide and the thio1 when the mo1ar ra七工o of HSe /RSS0
3 

is壬1and ~1.6 respec七ive1y.

4-iv Forrnamidinesu1finic Acid 

The reduction of disu1fides with forrnamidinesu1finic acid is 

known.142) nown. 

RSSR 

HN O H N+O  、月 一一一込 2、ノ
.~c-S\?-Jc-s\ 

H
2
N OH H

2
N 0 

NaOH-H
2
0， 80oC， 3h 

-

テ 2 RSH 一ーー一一ー (29)

70-90毛

This reagent can a1so reduce su1foxides or su1fi1imines. 

Probab1y， the reac七ionmay proceed via the nuc1eophi1ic attack 

of the su1fur atom of formamidinesu1finic acid on the su1fur 

atom of disu1fides. 

4-v Triva1ent Phosphorus Compounds 

The reduction of disu1fide with Ph~p143) or Bu~P工44)requires
3~ ~-3~ ~-~ 

water whi1e 七hemo1ar ra七ioof disu1fide/phosphine i5 usua11y 

one. Since Bu
3
P is a stronger reducing agent than Ph

3
P， i七

can reduce easi1y both a1ipha七ic and arornatic disu1fides， 

while the reduction of dia1ky1 disu1fides with Ph
3
P i5 slow. 

The mechanism of the reaction which was s七udiedby Overman 



et a1 is shown in Scheme 10. 

XO-MGX+ PV;:;:ι:212xζ}SH 十 Ph3POー (30)

water 

This reaction proceeds v工a anエon工c process， and is a second 

order reaction， firs七 order each with bo七h disu1fide and 

145) 
phosphine， respec七ive1y.~~~' The increase of po1arity of 

solvent acce1era七es 七herate of 七his reac七ion. The rnechanisrn 

invo1ving the nuc1eophi1ic a七tackof Ph
3
P on the S-S bond 七0

afford the phosphon工urn 工ntermediatehas been sugges七edon the 

basis of the sensitivity of 七hereaction to 七he solvent 

ionizing power(七he slope of the p10t of k~h~~ vs. Y is 0.89) 
obsd 

and a1so 七0 七hee1ectronic effec七 of substi七uent(/=2.94) . 

Ph
3
P + 

+ 
ArSSAr -一八、 Ph.....P-SArArS 

、/‘ 4 昼

ra te-deter-- I 

mining step IH
2
0 

Ph
3
PO + 2 ArSH 

Scheme 10. 

Meanwhi1e， in the reduc七ionof a1ky1 ary1 disu1fide， RSSAr， 
+ 工46)

with Ph3P ， ~~UJ the in七ermediate is a Ph.....P-SR ArS ion which 
3 

+ 
thio1a七eanion is more s七ab1e than in Ph.....P-SAr RS-， as the 

3~ 

substituent effec七 of aroma七icring(f=1.76) revea1s. 

Ph
3
P + 

ー一 + 一一
CH.....CH ，.， SS-<I 、入 \Ph~P-SCH ，.， CH~ -S-((-~ 3 ~~~2\=r\X 、 I ¥ ~ 443~ -.. "-'u2，"，，u3 .... ~ドx

rate-deter-
mining step J， H

2
0 

Ph~PO + CH~CH ，.， SH + __ fj 牛 SH
3'""......2~.......... x ...... たコ/

Scheme 11. 

The e1ec七ron-withdrawinggroup， X， acce1erates 七hereac七ivi七Y

of dia1ky1 disu1fide， (XCH~S)~ ， in the reduction of dia1ky1 
¥ ，"，，，'-.1.1 2 U I 2 ' 

disU1fide with Ph
3
P.147) Therefore， the p10t of 10g k vs. pKa 

of XCH2SH gives a good 1ineari七y. The disulfide can be 



desulfurized by phosphine under an usua11y drastic condition 

in the absence of water， and the reaction 1eads to ne七

工48)
inversion(SN2) on cι~carbon of the disu1fide.~.v ， The 

trisulfide can a1so be easi1y desu1furized to give 七he

corresponding disu1f工deby phosphine. Usua11y， the desu1furized 

sulfur is 七hernidd1e sulfur in 七he tr工su1f工de，but it can 

change as the phosphine used is changed. The desulfurization 

35 study with JJS labe1ed dibenzy1 trisu1fide has been reported 

149) 
as shown be1ow(eq. 31). 

* ~~(安安)
R3P + PhCH

2
S-S-S-CH

2
Ph一一一ーラ R

3
PS' ， + PhCH

2
S-SCH

2
Ph ーー (31) 

desu1furization 

P

P

 

3

3

 

h

u

 

p
B
 

5
ム
右
ム

o
o
 

e
e
 

s
s
 

a
a
 

c
c
 

centra1 su1fur ~90 も

centra1 su1fur ~75 も

七he sulfur bonded 
七o carbon ~25 毛

the su1fur bonded 
七o carbon ~ 96毛

case of (Et~N)~P 
2~" 3 

The nucleophi1ic'abi1i七Y of phosphine is in 七he f0110wing 

order， Ph
3
P < BU

3
Pく(Et2N)3P， A phosph工new'h工chhas a stronger 

nucleophi1icity can desu1furize more readi1y 七he su1fu工 bonded

to carbon of 七he trisu1fide. Ac七ua11y，(E七2N)3P is a very 

strong nuc1eophi1e， and can desu1furize even the disu1fide 
工50 ) _ _ ~ _ ~ __ _ _ _ __ _ ~ _ _ _ __ _ _ _ _ _ _ .L. J ~ _ _ t.. ，.，. _ 1 51 ) 

easily to give su1fide ， ~JV/via エnversion process a七 ~carbon.

+ H S-R __ s 10w _ _/ー

(Et2N)3P + l J -〉 (Et2N)3Pーヤ SR
S-C、p

~" 

工nverslon
H 

R '':C-S-R 
R"{ 

.:) 

Scheme 12. 

グ百 + r'l";) 
Phosphoniurn intermediate ion， ~Jl-s -p (NE七 ) '"¥ Iと二:ts- can be ¥w---. ，...0-0-2' 3 -N-

de十 31tected by J~P-NMR in 七hereaction of 2，2'-dipyridyl disu1fide 

and P(NEt
2
)3・

(32) 
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When phosphite is used ins七eadof phosphine， the Arbuzov 
工52) 

reaction七akes p1ace.~~-' The driving force of this reaction 

is the formation of p=o bond which has dissocia七ion energy 

of 105 kca1jmo1. 

EtO ~ー\EtO
¥/' "'v ¥+Q  

EtO-P: + E七?SEt 900C〉 E七三?p-SEt→(E七O)2PSE七 + E七SE七一(33)
/、

EtO 10h EtO 
¥5S 

Fina11y， primary， and secondary phosphエnes can a1so reduce 

153) 
the disu1f ide. 

d 
RPH" + 2 R'SSR' ， ) RP(SR')門+2 R' SH benzene _.-，-_. '2 

ー 一一一一一ーーー (34)
b d 〉 R2PSR'+RT SH 
enzene 

R
2
PH + R'SSR' 

5 Su1fenic Acid and its Deriva七ives

It is difficu1t to iso工ate the su1fenic acid， because the 

su1fenic acid is unstab1e， and readi1y decompose 七o the 

thio1su1finate and water. However a few fo11owing s七ab1e

sulfenic ac ids are known .154) 

o .sOH 
rシ戸 、-r 、."、、:、、

ふJlJl /J 
O 

j-ー¥Ph

o平o f cH3地訴=N

}-，-S OH 'J  L'~CH ..， 

、~s ~-methy1 ~uraci1 (.2-phen~~-:~-~cety1-
y.:;，.，戸口 4-su1fenic acid phenoxy) [(2，6-
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The reason why these su1fenic acids are re1ative1y s七able is 

that they a11 have e1ectron-withdrawing groups on the su1fur 

atom and OH group can form in七ramo1ecu1arhydrogen bonding. 

(33) 



Therefore， these su1fenic acids do not condense 七o form 

七hiolsu1fina七e and water as shown in eq. 35. 

vー¥
(QH ~9H 

R三S¥ーーノメS-R

Q 
ヲ RSSR+ H20 一一一一一一一一ー一一ー一一一一一 (35)

other su1fenic acids， t-BuSOH， various protein su1fenic acids， 
M 主 155)

[~SOH ， CH
3
SOH(pyro1ysis of CH3SSCH3); ~~1 can be a1so de七ec七ed

日'CH"
at 16w temperatures or even trapped. The s:u1fenic acid can 

be reduced by 七hio1 七o the disu1fide， for examp1e the reduction 

--hl _ _ __ ， ，_" _ _ 15 6 ) 
of 、SOHwi七h glu七ath工one.--~I Though the su1fenate es七er，

山'CH"
su1fenamide， and su1feny1 ha1ide are more stab1e 七hao 七he

sulfenic acid， usua11y they are a1so unstab1e because of the 

工57)
low bond dissocia七ionenergies of s-x bond in RS-X. 

Therefore， su1fenic acid and i七sderivatives can be easi1y 

reduced. 

Tab1e. The Bond Dissocia七ionEnergy 
of S-X in RSX(kca1/mol) 

CH
3
S-C1 70 

PhS-C1 31 

、
np& 

O

N

 

N

=

 

-

N

 

C
U

一

「
〈

J
C
ν

H

h

 

p

u

D
ム

F

h

J

Q

J

 

勺

乙

門

ノ

ム

5-i Thio1s 

The su1fenic acid deriva七ives can be easi1y reduced by 七hio1s

to give the disu1fides， but there are on1y a few examp1es. 

The reduction of su1fenamide derivative wi七h thio1 is a 

good procedure for preparation of unsymrnetrica1 disu1fides. 

f夕、r-'\1~20h 〆、γA\ 工58)
l、 11 ...，N-SR + R' SH ) RSSR' + I 11 :NH-一一ー一一一 (36)
\ミ~一、/~
〉も be込zene 71"， 92毛、/ち

??5^"'24h  g 159) 
EtOë-NH-~ーとOE七 + R'SH )RSSR' + (E七OeNH)フ ーー一一一一一(37i

SR r.七・ 70，..，90毛

E七20

(34) 



The preparation of unsymme七rica1diary1 disu1fides by the 

former reac七ion(eq. 36) is difficu1七 becauseof concornitant 

disproportionation of diary1 disu1fides， however 

nsymmetrica1 diary1 d工su1f工desrnay be nice1y obtained by 

the latter rnethod(eq. 37). 

160) 
be reduced by thio1s ・

The su1feny1 thiocyanate can a1so 

Though i七 has 七wokinds of su1furs， 

thiols a七tackthe su1fur bonded toザーcarbonbecause thio1s 

are soft nuc1eophi1es， and can attack the su1fur 

bonded七oci-carboni this su1fur atorn is soft as cornpared wi七h

ヒhesulfur bonded 七o cyano group， and SCN is a good 1eaving 

group. The su1fenic acid， RSOH， a1so receive the nuc1eophi1ic 

attack of :Nu on 七he su1fur atorn 七o forrn RSNu. 

5-ii Electrode Reduc七ion

Sulfenic acid derivatives， RSX， can be reduced by e1ec七rode

工61，162) 
reduction 七0 七hecorresponding thio1 and HX.---' 

5-iii R~SiH ， C1~SiH ， and Ph~SnH 
3 

The reduction wi七h C1
3
SiH/pr

3
N or E七3SiH/CF3C02H sys七emis 

工63，.164)a1so known.~v~ ， . ~V~I From 七heresu1七 that this forrner reaction 

requ工res 七he amine， C1
3
Si: is probab1y an act工ve specエes.

Pr~N/C1~SiH 
2 PhSC1一一一一3ー』一一3一一一一歩 PhSSPh 

2 PhSOCH3 

200C， 4h 53毛

" 

" 
タ PhSSPh

88毛

The reaction rnechanism is shown in Scheme 13. 

RSX + :SiC1 一一一一歩 RSSiC工 + X ) RS + XSiC1
3 3 

RS + RSX ) RSSR + X 

Scheme 13. 

Ph3SnH is we11 known as a radical reducing agen七，七hereforei七 can

not be app1ied to the reduction of a1kanesu1fenic acid
165

) 

derivatives because ofthe occurrence of c-S bond reduc七ive

(35) 



cleavage. 

Ph~S nH 
PhSC1一一一3'"--'UU ;) Ph3SnC1 + H2 + Ph

3
SnSPh 一一一一一 (38)

78毛 60も

Once Ph3SnSPh is formed， it gives easi1y PhSH by a1ka1ine-

~= c'; T166) hydrolysis ・ NaBH
4
，LiA1H

4
， phosphine and Me 3 S 工 I-~~I can 

also readi1y reduce the su1fenic acid derivatives 七o the 

thio1s or disu1fides. 

6. Su1finic Acid and its Derivatives 

The sulfinic acid is a considerab1y strong organic acid and 

its pKa va1ue is very sma11 as compared to that of the 

carboxy1ic acid. The pKa va1ues of aromatic and a1ipha七ic

167 ) 
su1finic acids are about 1.2 and 2.2 respectively. 

The su1finic acid is thermodynamica11v not so s七ab1e，and 

easi1y disproportionates to give the 七hio1sulfona七e，water 

1 '68) and su1fonic ac 工d.~VVI The addition of acid species 

3 RS0
2
H ラ RSO~SR + RSO~H + H~O 一一一一一一一一ー一一 (39)3~~ . ~~2 

acce1erates 七his disproportionation. The de七ailed study on 

the disproportionation mechanism has been carried ou七 by

k・ 169)
as shown in Scheme 14. 
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~ ~ _ . _ _ _ ~ _ Ar S 0 ~ H . .. ~ ~ 
ArS-SAr 、~ ArS-O-SAr 4...... ..，....， 2~':→ ArS-SAr + ArSO ~ H 

~ sよow . 'I火 Jo 0 fast 0 

Scheme 工4. 

Addition of a s七rong acid increases 七he concen七rationof the 

sulfiny1sulfone in七ermedia七e.

6-i Triva1ent Phosphorus Compounds 



nρ 只u1finic acids but not a1kanesu1finic acids can be ArenebU 
工70)

reduced by e七hy1 hypophosphite~'~1 to the corresponding 

disu1fides. 
O 

E七OPH~
ArSO，..，Na ~ -~~ .-2 フ1/2ArSSAr 一ーーー一一ーー一一一一一一一 (40)

ん DMSO， r.t. 
over nigh七 50，..60毛

Though it has been pos七u1ated 七ha七七he su1finy1su1fone， 

the thio1su1fona七e，and the thio1su1finate have been 

considered to be the intermediates，七here is no evidence to 

suppertユt.

1 71) I r.TT ¥ r.! T 1 7 2 ) 6-ii HX~/ .L. I I (CH
J

) JS工工¥ --..3 I 3 

Many su1finic acids can be eas工1y reduced by HBr or HI via 

the reaction pathways as shown in Scheme 15. 

...0 HX 、
S、 ~RS-OH ラ RS-X ~工/2 RSSR 、OH -H

2
0 I J.'I............X -X

2
'/ .n...... '-'u -H門 o 、 -X

¥¥X一/乍R郎S
RS + X 

Scheme 15. 

6-iii LiA1H
4 

Though the su1finic acid can be reduced by LiA1H
4 

evo1ving 

hydrogen gas， the initia1 product is 七he su1finate. This 

reaction requires heating. Su1fina七e es七ers can be readi1y 

工73)
reduced to 七he thio1s 

6-iv NH"NH 
2~ '4.2 

Hydrazine can a1so reduce the su1fina七e ester or the su1finy1 

halide but not the su1finic acid to the disu1fide evo1ving 

hydroqen gas.174) 

4 RS02R' + 3N  H H O r. t.、2 RSSR + 4 R'OH + 3 N
2 一一 (42)2-- ~ 1.'42u 4.J.J.2'-' " 



r.七.
4 RSOC1 + 7 N

2
H
4 

- ' ~ ') 2 RSSR + 3 N
2 

+ 4 N
2
H
S
C1 + 4 H

2
--(42) 

The reac七ionprobab1y proceeds via the forrnation of the 

sulfinylhydrazine， and the su1fenic acid. 

6-v HSiC1
3
/pr3N 

17 S) 

Though the detai1 rnechanisrn is not known， the su1fina七e ester 

or the 5111finyl halide can be readilY reduced by HS iC13in 

the presence of amine. The reac七ionprobab1y proceeds by 

the nucleophi1ic substi七u七ion of C13Si: on the su1fur of the 

sulfinic acid derivative. 

176) 
6-v工 Na

Metallic sodiurn can reduce su1fin工c acids to thio1s， however 

even arenesu1finic acids give rise 七0 七heC-S reductive 

cleavage. 

工77)
6-vii Grignard Reagen七

The reduc七ionof the sulfinate es七erwith Grignard reagen七 is

a rne七hodto prepare 七he su1foxide， in particu1ar for the 

preparation of optical active su1foxides. But as 七he amoun七

of Grignard reagent increases in this reaction， a further 

reaction occurs 七o give the su1fide. Probab1y the reac七ion

proceeds via the fo11owing pathway. 

。x / 

R叶-H-R'UR-iス:〉 RT

I R'MgX 

Scheme 16. 

7. Thiolsulfinate 

Thiolsulfinates are re1a七ive1yunstab1e and decompose 七o the 

fOllowing produc七s.178)



O 
2R5-SR 

O 
4、

テ Ri-SR+RNR 一一一一一一一 (43)

This disproportionation is acce1era七edby acids or nuc1eophi1es 

179) 
and its mechanism has been studied by Kice in detai1. 

工80，181， 182) 
In nature， however there are many thio1su1finates ・
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[Ph~~Ph] (kω/mo1) 183) 

~16 

The bond dissociation energies of S-SO bonds are 1is七ed in 

Tab1e. 

7-i Thio1 

Thio1su1finates can be reduced 七o disu1fides by treatment 

with thio1s. 

H
 

C
U
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司
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〉
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予 2 RSSR' + H~O ーーーー一一一ーー (44)
2 

184) 
The fo11owing reaction scheme has been sugges七ed.....~~1 The 

intermediate， RSOH. has not been detected. 

R1477〉sH

RSFhH  

ラ RS-OH+ RSSR' 

テ RSSR' + H
2
0 

fas七

Scheme 17. 

This reac七ionis a1so acce1era七edby 七headdition of acids or 

bases as cata1ysts， and the ra七e，V， is shown by 七heV=k 

[thio1su1f ina七e]工[thio1]1.185) 工n 七heabsence of any cata1yst， 

thiopheno1 can reduce 七he thio1su1fina七e 10
3 

times fas七er

than n-butanethio1. 

Cystine-S-oxide which is a su1fur con七aining amino-acid i5 

also reduced.186) Meanwhi1e，七hereduction. wi七h H
2
S and HS03 

187) 
gives the corresponding trisu1fide and disu1fide respective1y. 



188) 
7-ii Phosph工ne

Phosphine can reduce d工ary1 七hio1su1finates 七o disu1fides 

exo七hermica11y，whi1e 七hereac七工onof dia1ky1 thio1su1finates 

is not so fas七 Thereason is 七ha七 the e1ec七rondensity on 

the su1fur atoms of the diary1 七h工olsu1fina七e is 1ess 七han

that of the dia1ky1 thio1su1finate. The initia1 step is 

七henuc1eophi1ic attack of phosphine on the su1feny1 su1fur， 

because of the good 1eaving abi1ity of the su1fenate ion. 

Therefore， Ph
3
AS， which is a fami1y compound of Ph

3
P and a 

very weak nuc1eophi1e， reduces even the diary1 thio1su1finate 

slowly， whi1e the dia1ky1 thio1su1finate canno七 bereduced. 

As an in七eresting examp1e， the reduc七ionof the thiolsu1finate 

189) 
with CN was reported.~~JI The open-chained thio1sulfinate 

is readi1y reduced as compared 七o the cyc1ic 七hio1su1finate.

The reaction proceeds via the エn工七工a1nuc1eoph工1ic attack of 

CN on the su1feny1 su1fur as shown in Scheme 18. 

注F 〆戸『¥ ー / 二 ¥4
RS:;;SR + CN ) RSO ~SごCN 一一一今

〆/ー¥¥-
RSO-CグSR ) RS-OCN + RS 一→

が

RSSR + OCN 

Scheme 18. 

(40) 



8. Sulfonic Acid Deriva七ives

sulfonyl halides， sulfonate es七ers，sulfonamides， su1fonic 

anhydrides， and 七hio1su1fonates are su1fonic acid derivatives. 

Among these derivatives， there are many examp1es of the 

reductions of su1fony1 ha1ides and thio1su1fonates because 

of their compara七ively labi1e character. 

8-i Na')SO 2~~3 

Sodiurn su1fi七e can easi1y reduce su1fony1 ha1ides， su1fonic 

anhydrides to give the corresponding su1finic acids. 

particular1y， the reduction of bo七h arene- and a1kanesu1fonyl 

chlorides wi七h sodium sulf i te is a good met:hod to prepare 

190) 
the corresponding su1finic acids in good yie1ds. 

Na~SO 
ArSO，.，X 一一一一 2~3-一ーラ ArSO，..，Na 一一一一一一一一ー一一ーーー一一一一一 (45)

H，.，O X=F， C1 .....2~ )80毛

700C， 5h 

Though both sulfony1 bromides and iodides can a1so be reduced， 

七heyare no七 so s七ab1e 七hermodynamica1lyand pho七ochemical1y.

Probably this reaction proceeds by 七he ini七ia1 nucleophi1ic 

attack of sodium su1fite on chlorine a七om.

o O 

cl-S-O Na+ 
'f ~\n + 

Ar~JC1 + :~-O Na ) ArS0
2
Na + 

~〆 11ーム

ー o Na O 

lH20 

HC工 -1- NaHS0
4 一一一ーー

(46)

The reduction of the sulfonic anhydride with sodium su1fite 

glves an equimo1ar mixture of the su1finic acid and the 

sulfonic acid .l91) 192) 
As an interesting example，七he

cyc1ic thio1su1fonate in the reduc七ionof bis (su1fony 1 ch10r ide) 

compound with sodium su1fite is obtained as shown be1ow. 



SO，、C1

ChJ 
S02C1 

The reason why 

SO....H 
sd/="¥. r.=:-.. ~ 
~、グベヒグno七、 ρく~ ;) -一 (47)

1h. A s-S 一「 一一

O2 93毛 S02H

the cyc1ic thio1su1fonate is the main product 

is the fo11owing. Bo七h the su1finic acid and the su1finylsu1fone 

are in an egui1ibrium(eg. 48)， bu七 both egui1ibriurn constants， 

keq? 2  
2 ArSO勺 H _4斗~ ArS$.Ar + H~O 

H20-dioxane ~ ~， ~ 
0.01毛 ーーーー一一ーーー (48)

HO....S SO~H O~--SO~ 2i ょ 2-- Keq' 人」、2
r、~、~ rí'、γ~- + H20 
11 .1 ~ 1 H....O-dioxane 1'"" 1 /1 l!.. o\~ J.J.2¥.J ~...L\.J，()，U.J. l~ ~づ，~

75毛

Keq and Keg' are rernarkab1y differen七 Name1y，the concentrations 

of su1finy1su1fone in the former is 0.01毛 whi1e that of the 

1at七eris 75毛 respective1y. After 七he reduction of 七he

su1fony1 ch10ride with sodiurn su1fite，七hereaction mixture 

is usua11y acidified by HC1- or H
2
S0

4
-water so1ution. 工n

this step，七hecyc1ic su1finy1su1fone derived from 

bis(su1finic acid) is formed， and reduced by excess sodiurn 

su1fite七0 七he cyc1ic thio1su1fonate through the process shown 
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Scherne 19. 

8-ii HX 

Various kinds of su1fony1 ha1ides can be reduced exothermica11y 

by commercia1 55~57 毛 hydriodic acid 七o disu1fides.
193

) 

A mixture of red phosphorus and iodine in acetic acid can 

a1so reduce the su1fony1 ch10ride 七o the thio1.
194

) Meanwhi1e， 



the reduc七ionwi七h hydrobromic acid gives rise to further 

bromination of the disu1fide produced. Therefore，七he

reduction wi七h hydrobromic ac工d has to be carried out in 七he

presence of trapping agent of bromine produced such as 

195) 
ani1工ne.

(CH
3
)3SiI， which is a syn七honof HI， can a1so reduce the 

sulfony1 ha1ide and 七he thio1su1fonate 七o the disu1fide a七

r.t.196， 197) The reactions proceed via the initia1 nuc1eophi1ic 

attack of 1 on ch10rine atom of the su1fony1 ch10ride and 

the sulfeny1 su1fur atom of the thio1su1fonate respective1y. 

BI3 and BBr
3 

are Lewis acids and hence can reduce the su1fony1 

198) 
ha1ide in the presence of KI to the corresponding disu1fide. 

The reactivities of both the reagen七s and the substartes are 

BI3' BBr
3
/K工)BC1

3
/K工>BF 3/K工， and ArS02C1> ArS02F 

respective1y. This reactivity of subs七rate suggests tha七

nucleophi1e 工 attacks the ha10gen a七oma七 firs七 B工3 can 

a1so reduce a1ky1 su1fona七e esters 七o disulfides. The 

reduction of arenesu1fonic anhydrides wi七h hydrogen bromide 

199) 
gives rise to p-bromina七ionof diary1 disulfides produced. 

8-iii LiA1H
4 

Both a1kane- and arenesu1fony1 ha1ides are rapid1y reduced 

200 ) 
to thio1s in good yie1ds by LiA1H

4・

2 RSO~C1 + 3 LiA工H.-一→ LiA1C1~(SR)~ + 6 H~ + 2 LiA10勺ー(49)4 r........-'-..>.-'-~-'-2\.........~/2 442 ------2 
( A r)ether  

Evidence 七o suppor七七ha七七he su1finic acid(su1finate) is one 

of the in七ermedia七es is 七he fo11owing. When either the reaction 

was carried ou七 at10w tempera七ure，or 七hemolar-ra七ioof 

LiA1H~/RSO~C1 decreased，七he su1finate is obtained in 80~90 毛4' "'~"""'V 2 

Y工e1d. Therefore， the main reduction product depends on the 

(43) 



reaction condition. Whereas reduc七ionof 1こhe sulfonyl chloride 

which has a sulfonyl group inβ-posit工on gives rise to an 

unusua1 reaction. 
20工)

THF 
R-SO~-CH~CH~-SO~Cl ) R-SO~-CH~CH 一一一一一一一一一一一一 (50)2 '--u2'-'u2 ""~2~~ ，'I- ' 1:'~-;~2 ~..2~..3 

( Ar ) L. ~ ~ ~ ~ _ _ (Ar) 8 0 r-9 0も
LiAIH

4 

RS0
2
CH

2
CH

2
SH or RS0

2
CH=CH

2 
is not an intermediate. The 

reaction proceeds via direct nucleophilic a七七ackof hydride 

on ~-carbon at the 6-membered cyclic transitェon state as 

shown in Scheme 20. 

o 0 ----AIH -. 0 0 ・・・AIH~、y¥J 司.t j 
，H一、I~~

' ‘ s.... ___ ___ + SO~ + Cl 一一一一歩
R/Ù~H~CH~ r R~υ、CH 2CH 3 " --2 H

2
0 

2~..2 ，__ '-'..2~ .. 3 

¥S02C1 

RSO~CH~CH~ + H~S 2 ~.-2 ~.-3 " --2 

Scheme 20. 

The sulfonic anhydride can also be reduced by LiAIH
4 

via 

202) 
formation of the sulfinate.~~~1 Both non-N-substitu七edand 

mono-N-substitu七ed sulfonamides cannot be reduced by LiAIH
4 

because proton abstraction by hydride gives very iner七

sulfonamide N-lithium sal七s. While， N， N-disubstituted 
202， 203) 

sulfonamides can be reduced under drastic condit 

〆E七 LiAIHPhSO... -N:::: ~ .....~L.~U 4一一歩 PhSO_Li + PhSH + HNE七円 一一一ー (51)
2 、Et THF， 

7 days 
57毛 工O宅 』

Therefore， su1fonamide is 七hemos七 inertcompound among 

sulfonic acid deriva七ives.

The reaction of a1ky1 su1fona七e ester wi七h LiA1H
4 

gives rise 

to the Q-C reductive c1eavage by hydride ai:tack to form 

hydrocarbon and 工i七hium su1fona七e，2O 4)d ue 七0 七hehigh 1eaving 

ability of the su1fonate group. Meanwhile， in the reaction 

(44) 



of the 5-membered cyc1ic su1tone， which is a comparative 

strained compound， wi七h L工A1H
4
，reductive c1eavage of both 

to give many produc七s as shown the 5-0 and O-C bonds may occur 

205 ) 
below. 

Jムポ、 50，...
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iL r¥pO jJ、，...CH，..，5H 1人 /CH，...SH
LiA1~ぅム人キO¥TT+1支コ51- fナちぐ
dioxane 6h\-LJt13Y 六、CH 1 ル/\太 -CH~

じH.... 一 CH_- 、J

d)-331CH2  

33毛 18も 45毛

S-O reductive c1eavage 

Jル~、__CH.... ^ .;CH_ 
/ ....Jo--メ--OH_::' + rl /¥ d v ¥}、CHコ レん太、 CH") 一一一一 (52)

-cH3d- 、CH2 4

工毛 3毛

206) 
In七hepresence of A1C13'~vv ， the reaction of the su1tone 

with LiA1H
4 

gives rise 七o on1y the reduc七ive c1eavage of 

C-5 bond. 

8-iv Meta1 

A Zn/HCl(H
2
S0

4
) system can reduce the su1fony1 ha1ide 七0 七he

thiol. The su1finic acid is one of the intermediates in七his

reduction becau se itcan be iso lated.2O 7，2l O )A  Sncl2/HCl F2O 8) 

209) 
r 5n/HCl，" VJ'  sys七em can a1so reduce the su1fony1 ha1ide 七0

18 the thio1 in a good yie1d. 工n the reduction of ~vO-1abe1ed 

工8r-¥ ~， _ _.: .L L 17 _ 1..... _ r-TT 211) arenesu1fony1 ch1oride， ArS(~UO)2C1 ， with Zn/NaOH， 

工8
et a1 iso1ated [ArS(~uO) ，..，] ，..， Zn which was stab1e in water and 

2 J 2 

18 
retained~UO-content comp1ete1y. The fo11owing structures have 

been postu1ated. The reduction of the su1fony1 ha1ide，RS0
2
C1， 

with Fe a1so gives the simi1ar intermedia七e，(RSO，.J ，..，Fe. 212) 
\"'~~"""21 2 
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SOdium， Na， can reduce the cyc1ic thio1su1fona七e to the 

disodi ・ 213)m sa1t of mercaptosu1finic acid in 1iquid ammon工a.

(45) 



Therefore， 七hereaction of thio1su1fonate with Na is considered 

to give a mixture of sod工umth工olateand sodium su1finate. 

214) 
In the reac七ionof the su1fonamide with Na ， ~~~1 even 

arenesu1fonamide gives rise main1y to the C-S reductive 

c1eavage to form S02 and hydrocarbon. 

町民〈 :;3〉 S02+叶合SH+CH39-(53)

The initia1 step is probab1y the e1ectron transfer by sodium 

七oeither aromatic ring or 七he su1fonamide group. The C-S 

reductive c1eavage occurs in the former case， and 七he S-N 

reductive c1eavage occurs in the 1a七七er case as the side-

reaction as shown be1ow. 

a b 〆 CH3-V+ 802 

¥叶0-吋→CH3-V-8H

CH3-V + 802 

Scheme 21. 

The reac七ions of various su1fonamides wi七h a1ka1ine meta1， 

Li， Na， and K a1so give the mixtures of hydrocarbon， S02' and 

215 ) 
e，---' whereas 七hereductive c1eavage of 七heO-S bond 

215 ) occurs main1y in su1fona七e esters ， ~~~/but there is no detai1 

study on it. The reduction of 七he su1fony1 ch10ride with 

MO(CO)6，216) and Fe(Co)~217) give the corresponding disu1fide 
5 

and the thio1su1fonate respective1y， however the mechanism 

工snot known at all. 

MO(CO)，-， TMU 
RSO....Cl ...，...，.. 0 ~ ~. )工/2 RSSR RSO~Cl/Mo(CO)c=1/1.3 (54) 

2700F，2 w2.5h26  
70-80毛

(46) 



Fe(C0)" TMU 
J ち工/2 RS0

2
SR 一一一一(55)

40-70~~ 

TMU=tetramethy1urea RS0
2
C1/Fe(CO) 5=1/1.2 

In this 1atter reac七ion，A1per et a1 proposed 七hat 七hedisu1fone 

RS0
2
C1 

produced via the further coup1ing of su1fut-iron comp1ex is 

the intermediate， but i七 is doubtfu1 because the dissociation 

energy of the s-o bond of disu1fone is 1arger than that of 
218 ) 

the thio1su1fonate. 

Tab1e. Bond Dissociation Energy(kca1/mo1) 
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8-v E1ectrode Reduction or SET 

The su1fony1 ch10ride is reduced 七o the corresponding 

2工9)
reduction product by e1ec七rode reduction ， -~JI bu七 there is 

no detai1ed study. Whi1e， the reduction of su1fona七e es七er

or su1fonamide with e1ec七rodereduction or SET reduc七ionhas 

220 ) 
been studied in de七ai1，七hereactivities of [Arene] Na 

which were used as a SET source fa11s in the fo11owing order. 

[V--V]-Na+ > [α)]-Na+ > [COOlVa+ 
Treatment of ary1 a1kanesu1fona七eswi七h any of 七hewide1y used 

ニ +
anlon radica1， [Arene] Na'， resu1七s in 七herapid disappearance 

of the anion radica1 and formations of 七heary10xides and the 

alkanesulfinate ions are quantita七ive.

R-~-O-o-X 2[Arenel-Na+ ー
ラ RSO~ + o oC， THF or DMF' ~，~~ 2 

85毛

R=Et， Me 
X=H， CH

3
， Cl， CH

3
0 

ーoox一一一一一一ー (56)

(47) 



Rates of disappearance were found to be c1ear1y first order 

each in bo七h the anion radica1 and 七he su1fonate ester and 

~l1hstituen七 effec七(ず=6.0) was observed in 七hereaction a large 5 UV;:' L..-L L-u.c:oJ.l ¥.... ，--'--'-'-'-' ¥.... ') 

+ 【 /一て斗X
of [Arene] Na' wi th CH3 S03~ 1) ・ Moreover，the rate ratio 

of kCH3Sα印円叫H3ザfうデ3♂SO 3心V-CααH3うゾ3J〈/
[Arene]7Na' is changed. Therefore， the ini七ia1 SET step is 

not rate-determining step. The mechan工sm 工s considered to 

invo1ve the initia1 rapid e1ec七ron transfer from the donor 

to the su1fonate ester， fo11owed by a considerab1y slower 

cleavage as shown in Scheme 22. 

Cザ 03σ X+M〕 [CH3S03σ X]マ +Ar 

[CH
3
S0
3σ

XJτャ X-Y-O./ー+円S02-/・

CH
3
S0

2
・/ー + Xて)-0-/・+ [CH

3
SOペ7xf

Xて》炉O一+ベCH3S♂S02よ-← CH叩f

C円H3♂S叫O
2
一イ/. + x て} O・/ ー + ArH--; 

Xて}O- + CH
3
S0

2
十 ArH

Scheme 22. 

In the cleavage of 七he su1fonamide of secondary amine with 

";' ....._+ 221) arene anion radical， [Arene]. Na' ， ~~~I a mixture of 七he

su1finate and 七heamide is obtained at 10w 七emperature，

however the c1eavage of both C-S and S-N bonds occurs at room 

tempera七ure. Upon competitive reactions， the rate， V， was 

found to be expressed by七heequation of V=k[(Arene)マNa+]

[叫fonarωe] whi1e ωrate ra七iOOf kphsod:/kp-TolsoA: 

was found七odepend on the kind of the arene compound. 

Thus the rate-determining s七ep is 七he ini七ia1 e1ectron transfer 

from the arenide ion 七O 七he su1fonamide. At room七emperature，

once the arenesu工fina七e is formed， the subsequent much slower 

(48) 



reduc七ionconverts it to the arene hydrocarbon and a rnixture 

of the thiosu1fate， su1f工七e，and su1fide sa1七S・ The reaction 

of the non-N-substituted sulfonarn工de，i.e. RS0
2
NH

2
， ArS0

2
NH

2 

with this systern does not occur， whエ1e the yie1d of the 

reductive c1eavage product 工n the reac七工onof rnono-N-substitu七ed

su1fonarnide， i.e. RS02NHAr， ArS02NHAr'， is 10w because of 

faci1e proton abstraction of their su1fonarnides by arnide ion 

produced to forrn the iner七 sa1ts，RS02NAr ， ArS0
2
NAr' ・

In genera1， RS0
2
NH

2
， RS0

2
NHR'， and RS02NR'R" (R， R'， R"=a1ky1 

group) does no七 giverise 七0 七hereductive c1eavage reaction. 

1__ ___2_3 
Therefore， in 七hereaction of the su1fonarnide R~S02NR~R~ ， 

マ+工 2 __3 
with [Arene] .Na'， one of these R~ ， R~ ， and R~ groups rnust be 

2 _ _ 3 
arorna七icgroup， while both R~ and R- shou1d not be hydrogen. 

222 ) 
The e1ectrode reduc七ionof the su1fonate ester~~~1 qives 

rise七o the reductice cleavage o~ bo七h C-S and s-o bonds to 

forrn a rnixture of alcohol， ether， and hydrocarbon， as shown 

in the fo1lowing pathway. 

ト0-S02~CH3 + e → IR-0-S02~~CH3]~ 

IR-0-S02~-CH3J~ー→ ROSO; + CH3V 
¥CH3V:.... 2 7 CH3-0 

九0- + CH
3
{:J-S02 e ') CH

3
-(s-S02-

¥¥¥同

ROSO~ -<， ，)ーCH~

乙山\~ ROR + CH3~-S03-

Scheme 23. 



p_Toluenesulfinate can also be detected by UV and the amount 

of the ether produced(SN2 process) decreases in the following 

orderi CH
3
->CH

3
CH2-> CH3 (CH2) 3-~ (CH3) 3CCH2-

The electrode reduc七ion of the sulfonamide gives a mixture 

223) 
of the amine and the sulfinate---' in a good yield. 

The initial electron 七ransfer is 七herate-determining step. 

Non-，and mono-N-substituted sulfonamides consume only one 

elec七ronto give a mix七ureof the amine， the sulfinate， and 

一+sodium sulfonamide， ArS0
2
NR Na'， in 50% yields respectively 

due to proton abstraction of ArS0
2
NHR by amエde 工onproduced 

8-vi Three Coordinated Phosphorus Compounds 

224) 
The reaction of 七he thiolsulfonate with phosphite s

 
e
 

v
 

・工G
J
 

rise七o the Arbuzov reac七ion similar to 七he reaction of 

disulfide and phosphi七e.

+ 0 
RSO~SR' + :P(OR")ー今IR'S-P (OR") ")1ー→R'SP(OR")"， + RSλo --(57) 

! 3 ' /...， ， 31 ~ ~ ¥ ~...， '2¥  
-'1 'OR" 

(ArSO"， SR' ) L RSO") J quant. -""~~2 ":1--..-. quan七.

The corresponding disulfide can be ob七ained in a moderate 

yield only in the reduc七ionof diaryl thiolsulfona七e with 

phosphite. Phosphine can also reduce the thiolsulfonate and 

the thiosulfonic anhydride to the disulfide and 七he trisulfide 

225， 226) 
respect工vely. 工七 is believed 七ha七 all these reactions 

proceed via the following pa七hways.

t?' ¥¥ / ¥¥.+ 0 __ 一弘+

RS02SR + 吋 l 〉 m ; R SJP P h 3 〉R将5於吟ヤ々マ々←れ.一ザ引-→引P即P

ピ/ ‘〆\~+ R郎S ('プう参計+ 2〆 Plよ?P 一
RSSR一一3"'=-→RSO RS;，PPh

3一一→ RSマーPPh3
一 一¥

-- RS 
~ RSSR -Ph

3
PO 

Scheme 24. 



Phosphorus atom attacks the su1feny1 su1fu~. The reaction of 

thio1su1fonate with tris(diethy1amino)phosphine which is one 

of the strongest nuc1eophi1es among the phosphine derivatives 

227) 
has been s七udiedby Harpp et a1.--" Usua11y， the produc七

is a mixture of the su1fone and the su1finate ester. 工n the 

case of the cyc1ic thio1su1fonate，七he formation of the 

su1fone depends on the size of ring. 

Csミ3

043 
4、 S→o + SP(NE七)(NEt2)3 benzene ¥/  

O 

) ~ ， ) ( -S→o -+-、¥円/' + SP (NE七)+P  (NEt2)3benzene [l  S泊
、、 _0 0 0 

L一一一γ一一一一----J

The in七ermediate，七hephosphonium sa1七 Canbe de七ectedby 

31 
P-NMR. 
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The formation of su1fone increases remarkab1y in the reaction 

228) 
of open-chained thiolsulfonate. 

The difference of Ph~P and P(NE七)~ is remarkab1e in 七he3.... ... ¥ ~...... ~2 I 3 

reaction with ArS0
2
SAr as shown in eq. 59. Name1y， the 

disu1fide is the fina1 produc七 in 七hePh
3
P system， whi1e 七he

+ 
fina1 product is Arso; ArS-P(NE七2)3 ion which七he ca七ionic

phosphorus center is stabi1ized by 七hreenitrogens in the 

P(NEt
2
)3 system. 

(AfN6h A C H 3 0 - s s O - CH3 

円叫SS-o-C~3 j LC円叫S{s-吋く山 (59) 

) ¥ (Et~N)~P r ノ二X¥47ょう 3.... CH3~-S02 

6~h CH3~-S-吉 (NE七2)3

(51) 



Both a1kane- and arenesu1fony1 ch10rides can be reduced by 

phosphine or phosphite， but no detai1 study has been carried 

out. 

8-vii Thio1 

The su1fonyl chloride can be reduced by thiols 七o a mixture 

229) 
of the su1finate andthe disulfide in the presence of bases. 

In the absence of base， the sulfonyl ch10ride can be reduced 

230) 
to the corresponding disu1fide under drastic condit工ons.

The thio1 can react wi七h the sulfonic anhydride 七o give a 

231) 
mixture of the disulfide and the thiolsulfona七e.---， Bu七

七hereac七ionof various su1fonic acid derivatives with七hio1s

has not been s七udiedin detail. The O-C c1eavage on1y occurs 

in the reaction of alkyl su1fonate es七er and thio1(nuc1eophi1e) 

in a SN2 process， while，七here is a possibi1ity 七hatthe 

reaction of aryl sulfonate es七er，RS0
3
Ar， ArS0

3
Ar' with 

nuc1eophi1es gives rise 七o the s-o c1eavage， though the 

reactivity decreases remarkab1y where the central sulfur is 

considerab1y sterical1y-hindered. The subs七itutionof an 

electron-withdrawing group on the aroma七ic ring accelerates 

the reactionl bu七七hecleavage of s-o and o-c bonds may occur. 
232) 

The following experiment was repor七edby Bunne七七 et al. 

Dinitro substituted compound acce1erates the 

reactivity but resul七s in the cleavage of c-o bond， meanwhi1e， 

though the reactivity of the mono-nitro subs七ituted compound 

エslow， the reaction gives rise 七o the cleavage of s-o bond 

considerably. The tendency of these reac七ivities is similar 

to those in the reactions of the sulfona七e ester wi七h OH or 

RO-_233) 

(52 ) 



寸of02;;::;ふnJKSヤ hす町

A÷oom2  
phS _ __~ F ¥ 

ベ、 I)-NO ~ + 
1000C 'な2
24h 72% 

60毛 dioxane-water

Phべs-N02+

一一一 (60)

Q 
ArSSPh 
5 

identified 
as a PhSSPh 
60毛

The c1eavage of bo七h c-o and s-o bonds occurs at七hera tio 

of 1 to 1 in the reac七ionof 2-(p-t01uenesu1fonoxy)1epidine 

234) 
with thiophen01ate 

The su1fonamide cannot be reduced by 七he th工01 at a11. The 

reaction of the 七hi01su1fonatewith the 七hi01 七o form the 

235) 
su1finic acid was a1so s七udied ， -~~I and the detai1ed mechanism 

236) 
has been proposed by Kice et a1.--~1 The reducing abi1ity 

3 
of the aromatic thi01 is about "'10- times higher 七han 七ha七

of the a1iphatic 七hi01 in七his system. This resu1t suggests 

that the active species of the reduc七iono:f七he 七hio1su1fonate

is the thio1a七e. Therefore， Na
2
S can reduce 七he su1fony1 

237) 
ch10ride七o the su1finate in a good yie1d.--" As an 

interesting examp1e， CN can reduce the七hio1su1fonate 七0

238 ) 
the corresponding disulfide ， ~~UJ and in particular the open-

chained thiolsulfonate is reduced more readily. The reac七ion

proceeds via the initia1 nucleophi1ic attack of CN on the 

su1feny1 su1fur as shown in Scheme 25. 

r¥ーl'ハ("'1¥1
O勺 r¥  /、 o一一C=N ¥Y-
2ラ?CN-?。;5CN 吋ぬ叫;::--S 

r、γ/、 f夕、γ/、'1 • ~でγ"ì
11 ;1 J一→ l' 11 ~ 1一→ 1~ 11 / I 
，~入、/~λ 人/ヅ lふ Jヘグ

N- sJECN 3一段- l l L ム
J¥ ノム¥ ノナ¥/ぐ¥ //ミ¥/ペミ¥ /¥ごγ / ¥ h

→(Y)→riiで)→ u:1 ユ→ l/~ ，J
!、メミ~;;、ノ久チノ ¥¥ジヘ:;/ ¥ふ/¥ン

Scheme 25. 

(53) 



In addition， the reaction of the su1fonate ester and Grignard 

239) 
reagent g ives the su lfon e in a SN2proc 

工6
16r- P-CH')CcHAMgBr --..D 18 

C
6
H
5
-Sこ532zo-men七叫 ぷei4 〉 C6H戸 CMVO ー (61)

哩 o i~5h- .l TC6H4CH3-p 

perfect inversion 

Though the su1fonarnide is an inert species，七he

sulfony1hydrazine easi1y decornposes 七o the su1finate and 

240) 
nitrogen in 七hepresence of base.-.~I The reduc七ivec1eavage 

of the fo11owing su1fonic acid derivative with A1-Hg was 

241) 
also reported. 
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+ HX ー一ーー一一ーーーーーーー一一 (62)

X=OPh 
X=NMe

2 

76毛

46毛

9. 5u1fonic Acid 

The su1fonic acid is a strong organic acid and the acidity 

is comparab1e to that of hydroch1oric acid or nitric acid， 

but the correct pKa va1ue has no七 beenmeasured because of 

its remarkab1y 10w pKa va1ue. The bond 1engths of 

242) 
benzenesu1fonate sa1t by X-ray ana1ysis is shown in Tab1e. 
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工.82 1.39 

The工R data on s七re七chingvibrations of 5-0 bond suggest 七ha七

七he5-0 bond of 七he su1fonic acid is sirni1ar to tha七 of the 

su1fone in which the S-O bond has a high bond dissociation 

energy. 
-1 243) 

V~ 【 =1350 ....， 1310crn_~
戸;=ll6OH1120cm-

Su1fone 

(54) 
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 Therefore， the nuc1eophi1ici七Y of the oxygen terminals of 

the su1fonic acid is very poor and even the conjugated base， 

su1fonate anion， is also a poor nuc1eophilicity. 

Up to present， the reduction of su1fonic acid has not been 

achieved. On1y in 1980， Oae e七 a1 repor七ed the first example 

of direct reduction. Su1fonic acids， su1fonate sal七s can 

not be reduced by usual reduc七ion systems， i.e. LiAIH
4
， AIH

3
， 

C1~SiH ， PhJSnH， PhJP， H工 A1Cl~-NaBHA' B~Hr etc， because the 1u..L..11， J: ~l3u J.J.J..J. 1 .LJ.J.3..L' .1.，&， -'-1 .L.l.-'-'--'-3 J.."¥，.4-'.J.L.l4' """""2.1...16 

nuc1eophi1e(reduc工ng agen七) abs七ractspro七onof the su1fonic 

acid to form the very iner七 sulfonate anion. Therefore， 

in order to overcome this protlem it is necessary 七o convert 

the OH group of the su1fonic acid to other group， X(ha1ogen) I 

NR~ ， OR， OSO~R ， etc at first， and 七hen the reduction of these 2~ \. 1 

sulfonic acid deriva七iveswith some reducing agents has been 

carried ou t. 

244) 
9-i LiA1H

4 

The su1fonic acid cannot te reduced at a1l by LiAIH
4 

in 

refluxing n-Bu
2
0 for 3 days， on1y 1ithium sulfonate is formed. 

9-ii XS0
3
H(X=Cl， F)， PC1

5
， SOC1

2 

The conversion of the su1fonic acid to the su1fony1 ha1ide 

by XS0
3
H(X=C1， F)245) I PCl~ ， SOCl?246) is not a reduc七ion.

L. '-~5' ~'-'''''''''-'-2 

But once this halide is formed，七he sulfonyl halide can be 

reduced easily 七O 七he corresponding reduction produc七.

RS0
3
H-.RY 〉RSCPYEfi三工 5~今 RSO フCldiE03L RS01Naー (63)

SOCl~ 6h. 
50N 600C， ~ 60~70oC 

2h. 

(55) 



247) 
9-iii Ni-Al 

NO correct bond d工ssoc工ationenergy of C-S bond of the sulfonic 

acid is known. However s工nce that of 七he sulfone is 70 and 

248) 
68 kcaljmol in ArS0

2
Ar and RS0

2
R respectively ， ~~VJ the bond 

dissociation energy of C-S bond of sulfonic acid is considered 

to be pret七y close to 七hatof the sulfone. Therefore， 

even the reaction of the arenesulfonic acid with Ni-Al gives 

rise to the reduc七ive cleavage of C-S bond 七o form 

hydrocarbon as in the case of the sulfone. 

9-iv Electrode or SET Reduction 

The reduc七ive cleavage of C-S bond occurs in the reaction 

of arenesulfonic acids in the elec七rode reduction to form 

249) 
hydrocarbon and the sulfite. 工n a recent in七eresting

、、

study， the following cleavage of C-S bond with N-benzyl-1，4-

dihydronicotinamide(BNAH) which i5 a NADH mode1 was reported 

250) 
by Ohno et a1. 

SO~ 

0，、N、r、';NO勺 BNAH¥
~ /) SET 

N0
2 

円

4
0
 

3

N

 一訪問
N
 

「
4

0
 → 02NON02+soi- ー (64)

The driving force of this reaction wou1d be 七he steric 

strain be七ween SO; group and N0
2 

group. A simi1ar s七udy

~ 251) was a1so done by Shinkai~~~J by use of 1，8-naph七ha1ene

disu1fonates. 

9-v (CF~CO)~O/BuAN工 252) ， BX (B工 BBr，/K工)
253) 

3-~/2~/~~4U~ U~3\~~3' ~~k3 

The first examp1e of the direct reduction was carried ou七 by

Oae et a1 using a mixture of (CF
3CO)2

0 and BU
4
N工 undermi1d 

conditions. Though a 1arge amoun七s of (CF
3CO)2

0 and Bu
4
N工

have to be used， it is very significan七 sincethe reac七ion

made a firs七 breakthrough in the direct reduction of 

(56) 



sulfonic acids 七0 七hiols and disulfides in-situ ・

r. t.2 
ArS03H + (CF

3
CO)20 + Bu4N工'?CF 3 CSAr + ArSH 

1 20 20 16-23h 
high yield 

CH~Cl 
2~-2 

This reaction produces considerable amounts of the 

、、
.a'

に
Jfo 

，，，
E

‘、

corresponding 七hiolsulfonates in the case of alkanesulfonic 

acids. This reaction is believed 七o proceed via the 

following Scherne. 

03H + (円叩寸 Ri-o-3cF3寺町十州

(CF 3CO)20， _ ~ ~ ~ ~~ 1 ，_  2 ~ 1 
ZRS-O-UCF3 、 4R目、~ RSO 

CF~CO~ CF~CO 工~~3~V2 ~-3~-2 -2 

E 工 工一一
RS-O一CCF3 - ~ ) RS工 7 RS +工

CF~CO 
3~-2 
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一
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Scherne 26. 

A systern， BX") (BI") or BBr")/工) can also reduce sulfonic acids 
3\~-3 -- ---3 

253) 
to disulfides in good yields~~~1 due to 七he strong Lewis acid 

ability of boron 七o forrn an active in七errnediate，RS0
2
-O-BX

2 

(proposed) . 

BX~ 

ArSO')H ro' r'lTT ..... ro' .. 1/2ArSSAr 
3

AA 

CICH~CH....Cl (R) ~""'~J.l 2~ J..L 2~ .L. (RSSR) 

800C， 16h. 80-98毛

RSO')H/K工/BBr')/BuANI=10/100/50/ca七3....' .，-， ~~~ 3' ~-4 

ーー一ーーーーーーー一一一ー一一一一一一一 (66)

10. Su1furic Acid 

Su1furic acid has the highest oxidative state， +6， which 

ranks with SF
6
， arnong all 七he sulfur cornpounds， and has very 

10w pKa value，七houghthe correc七 value has not rneasured. 

The bond dissociation energy and bond length are shown in 

Tab1e.254) 
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The bond dissociation energy of s-o bond of su1furic acid 

wou1d be abou七 100 kca1jmo1 since 七hese four oxygens are 

equiva1ent. 工t is difficu1t to reduce su1furic acid due 七O

faci1e abstraction of proton from su1furic acid by any 

nuc1eophi1e 七o form an iner七 su1fate. Therefore no 

nuc1eophi1e can approach 七he centra1 su1fur. Whi1e， dia1ky1 

su1fate is a1so a strong a1ky1ation agentto form su1fa七e

anion in七hereaction wi七h nucleophi1es. Though 七he

reduction of sulfuric acid has been studied， particularly 工n

inorganic chemistry， the reduction in this case is main1y 

255) __.!L'- __L.!___ ...... 256) by therrna1 decomposi七ion，--'-" with ac 七ive-C(--'~' hydrogena七ion

257) 
in the presence of me七a1， 258) 

and radia七. Meanwhile， 

many p1an七s，fungi， microorganisrns take in sulfa七e in their 

bodies and reduce sulfa七e under mi1d condi-ヒions to su1fide 

which is the source of the su1fur-containing amino-acids 

(assirni1atory metabolism) .工n this reduction pa七hway，there 

are two key s七eps. The first step is 七he formation of APS 

9 9 
or PAPS which has a -o-p-o-g-o-linkage inthe reaction of 

o 0 
su1fate with ATP. The second step is 七hereduction by a 

protein-thiol to form su1fi七e.

Fina11y， SO~r SO~~ which is considered 七o be as an interrnedia七e2' ' .. 1¥-' 3 

ln the reduction of sulfuric acid with some reducing agents 

is easily reduced .259)However ，七he impor七an七 and

(58) 



interes七ing study in organic and biochern工stryis 七he

260) 
reduction of S02 with thiols ・ The reaction proceeds 

in七hepresence of amine. 

am工ne

4 E七SH+ S02 ミテ EtSSEt+ E七SSSE七 四ーー一一一一一一ーー (67)

72毛 28毛S
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The central sulfur of the trisulfide is probably derived frorn 

50
2・

Thereaction would proceed via 七he following pathway. 

RSH . _~~~_ RSH 
SO" + RSH一一一一今 RSS-OH ) RSS SR -一一一一一ータ RSSOH + RSSR d ~.. -H

2
0 . .'-3---

RSH I 

RSSSR 

Scherne 27. 

(59) 
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Chap七er 1. 

The Reduction of Su1fonic Acid Derivatives to the Corresponding 

Sulfinic Acids wi th Thio1s 

Abs七rac七

Sulfonic acid derivatives， such as su1fonic anhydrides 

and sulfonyl ha1ides， can be easi1y reduced to 七he corresponding 

sulfina七eswith either sodium 七hio1ates or thiophenol/pyridine. 

Meanwhile in七he reac七ionof su1fonic acid derivatives with 

butanethiol/pyridine systern， butane七hio1su1fonateswere 

obtained as reaction in七errnedia七es. 工n fact， these 

thiolsulfonates were a1so reduced to 七he su1fina七eswith 

sodium thio1a tes or 七hiopheno1/pyridine sys七em，七houghin the 

reaction wi th the bu七anethio1/pyridine system，七hereduction 

of thiolsu1fonates proceeded very s1ow1y. The su1fonate ester 

which is the rnost inert species among these derivatives was 

not reduced， however， in the reac七ionwith sodium thiolate 

system，七he su1fonate ester is reduced eventua11y to 七he

sulfina te under dras七ic condi七ions.
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工ntroduction

organic sulfonic acids are genera11y very inert toward 

any nuc1eophilic or even e1ectrophilic reagent， and hence it 

is very difficult to reduce su1fonic acids wi七h common 

reducing agents. On the other hand， the reduc七工vec1eavage 

of C-S bond occurs 工n e1ectro1yt工c reduction of the su1fonic 

acids because of the low bond dissociation energy of C-S bond 

as compared with that of s-o bond(S=O 110 kca1jmol， C-S 70 

1) 
kca1/mo1) .~J Thus， it is necessary to conver七七he sulfonic 

acids to七he su1fonic acid derivatives such as su1fonic 

anhydride， su1fony1 halide， su1fona七e ester， and 七hio1su1fona七e

in order to activate the centra1 su1fur a七omof 七he sulfonic 

acids to be ready for the reduction. The reductions of 七he

2) 
sulfonyl ch10rides 七o the corresponding thiols with Zn-HC1， 

3) ""，，.，， 4) SnCl'")-HCl， -， or NaBH..， -AICl") ~， and of 七he sultone wi七h LiAIH 4 "'~~'-'~3 ， 

5) 
LiA1H4-AIC13~' have hither七o been repor七ed，however in the 

reduction wi th s七rongreducing agents， it is impossib1e to 

isolate any reduction intermedia七e such as su1finic acid. 

As to the reduc七ionof sulfony1 derivatives to su1finic acids， 

6) 
the ~ray radiolysis， electrolysis of the sulfony1 ch1oride， 

the reactions of su1fonyl ch10ride with thio1
7
)， and 

thatofthiolsulfonate withthi018)and CN-9，lO)e七c have been 

reported. 

RS0
2
C1 主主主ヱ

or 2e- うRS0
2・

'7RSO♂ ーーーーーーーーーーーー(工)

RSO 2 C 1 + 2 R I S ) RS 0; + R' S S R ' 一ー一一一ーー一一一ーーーーー(2) 

RS0
2
SR' + :Nu一一ーテ RSO: + R'SNu(:NU-=R'S-， CN-， or OH-) ーー(3 ) 

2 

Since thio1s are mild reducing agents and some thiols such as 

glutathione and cys七eamineare good bio工ogicalreducing agents， 
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γeduc七ionof rnany su1fonic acid derivatives to the the 工ビ

corresponding su1fエnicacids has been investigated in detai1. 

Resu1ts and Discussion 

a) Su1fonic Anhydride: 

Ar 
(RS0

2
) 20 + 2 R' SNa ) RS0

2
Na + R t SSR t + RS0

3
Na -一一(4 ) 

The reac七ionof su1fohic anhydrides with sodium 七hiolate is 

exotherrnic， and is cornp1eted in five minutes to give equirno1ar 

rnixtures of su1finic acids and disu1fides. 工t is difficu1七

to isolate sodium su1finate forrned， whi1e the su1finic acid 

formed upon ac工dエf工cat工ond工sproport工onatesreadi1y to 七he

11-16) 
following products. 

3 RSO"H 与 RSO~SR + RSO~H + H"O 一一ーーーー一一ー一一一一一一一 (5)2~~' . ~'~""'3.~ . ~~2 

Therefore i t is desirab1e 七o trap 七he su1finate by the 

conversion七o the s七ab1e su1fone by七rea七rnentwith rne七hyl iodide 

or benzy 1 ch10r ide， or to conver七 the su1finic acid to rnethy1 

sulfinate upon trea七ingwith diazorne七hane. A rnixture of 

pyridine/thio1 ins七eadof sodium thio1a七e can reduce the 

sulfony 1 ha1 ide 七0 七he su1finate， but in this case， the 

reaction depends on the kind of 七hethio1. The thio1s which 

have low pKa va1ues 1ike thiophenol(pKa=7) have good reducing 

abilities as cornpared wi th butanethio1 (pKa=ll). Thus the 

result suggests 七ha七七heactive species in this reaction is 

thiolate anion. Since the 七hio1su1fona七ewas obtained in 

thi宍
ょsreaction of su1fonic derivatives with bu七ane七hio1，

the thio1sulfona七e is the in七errnedia七巳 in this.. reac七ion

(Table 1) . 

b) Sulfony1 Ch1oride: 

As both arene-and alkanesu工fony1brornides and su1fonyl 

(71 ) 



iodides are genera11y unstab1e to 1igh七 oreven hea七ing，

only七hereduction of su1fony1 ch10rides has been studied. 

AS in the case of the su1fonic anhydride， the su1fony1 

chlor ide was eas工1yreduced to the su1finate and the disu1fide 

in the reaction wi th sodium thio1ate or thio1/pyridine system. 

Ar 
RS0

2
C1 + 2 R r SNa EtOH ) RS02Na + R' SSR' + NaC1 --ー一一一(6 ) 

c) Thio1su1fonate: 

since thio1su1fonate was obtained in the reaction of the 

sulfonic anhydride with butanethio1jpyridine system，七he

iliiolsu1fonate is considered to be the reaction intermedia七e

in the reac七ionof the su1fonic acid derivatives with the 

thio1s to七he su1finic acids. 工n fact，七hethio1su1fonate 

was easi1y reduced 七o the su1finate with sodium thio1ate or 

thiopheno1jpyridine system， whi1e， in the reaction with 

butanethio1jpyr idine sys七ern，七he 七hio1su1fonatewas reduced 

very slow1y under ref1uxing condi七ion.

d) Su1fonate Es七er:

~e su1fonate esters are rather inert su1fonic acid derivatives 

as compared to 七heformer three deriva七ives，however nuc1eophi1es 

may attack both the centra1 su1fur and 七hecL-carbon; especia11y 

alky1 es七ersa工e s七ronga1ky1a七ingagents. Therefore， the 

reduction is 1imi七edon1y to the aryl su1fonate esters in 

which theぱ-carbonis an aromatic SP2carbon .However 

genera11y， ary1 su1fonate es七erscan no七 bereduced readi1y 

by the thiopheno1jpyridine sys七emalone， but could be reduced 

by sodium thiola七e under rather drastic conditions. 
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Tab1e 1. Reduction of Su1fonic Anhydride and Su1fony1 Ch10ride with 

Thiol/Py or Sodium Thio1ate system
a
) 

モ underAr 
R-~-X + 2 R:S~(~X ~H，"，"'-"" u.... ) RS0

2
H + R'SSR' + Py.~X 

o or 2 R'SNa or NaX 

R- -X Reagen七 Solven七 Condition RS0
2
H(毛) R'SSE' (毛)

Me- ーOS02Me PhSNa E七OH r.t. 5 min 41 93 

p-To1- ーOS02T01-pn-BuSNa E七OH r.七. 5 min 84 85 

Ph- 一C1 PhSNa E七OH r.七. 5 min 89 90 

Ph- -C1 NaS(CH2)3SNa EtOH ooC 5 min 98 100 (po1ymer) 

Me- -C1 PhSNa EtOH ooC 5 min 47 98 

Me- -Cl NaS(CH2)3SNa E七OH ooC 5 min 38 100 (po1ymer) 

Me- 一OS02Me PhSH/Py CH
3
CN r.t. 5 min 65 78 

Ph- 一C1 PhSH/Py CH
3
CN r.t. 5 min 86 100 

a) [Sulfonic Anhydride or Su1fony1 Ch1oride]/[Thio1 or Thio1a七e]=1/2.1
n-BuSHiPy 

(CH3S02)2
0 ~.七. 90 min 〉CH3S02SBu-n

47毛
n-BuSNa 55h. reflux、p-TolS0

2
0Ph u LJU;~he;-'u. .L '--....~u.n.) p-TolS0

2
H + (n-BuS) 2 

34毛 58毛



Table 2. Reduction of Thiolsulfonate with Thiol/Py or Sodium Thiolate 

Sys七erna)

RSO勺 SR' + R'SH/Py 
or R'SNa 

under Ar 
7 RS 0 2 H + R' S S R ' 

RS0
2
SR' Reagent 

p-To1S0
2
SBu-n n-BuSNa n

 

n
-・工

O

一m

・
工
一

↑」一
F
h
J

-
l

一

A
U
-
-

n
一七

O

一
-

C

一r

b) 
RS0

2
H(毛)~I R'SSR' (毛)

90 96 

Solven七

EtOH 

、J
~ 

MeS0
2
SBu-n n-BuSNa E七OH r.t. 10 rnin 

MeS0
2
SPh PhSH/Py CH

3
CN r.七. 10 rnin 

3 
MeS0

2
SBu-n n-BuSH/Py CH

3
CN ref1ux 4h 

a) [Thio1su1fonate] / [Thio1 or Thio1a七e]=l/l.l

b) The yie1d of su1finic acid was deterrnined as su1finic acid deriva七ives

63 

69 

87 

工00

trace 

by the fo11owing reactions ハ

EtOH-H~O 歪
RSO.....Na + R' X ~~2 一一今 R-S-R' 

2~'- ， .. -- r.七.， 盃

over night ハ

RSO')H + CH')N') _.1-1..._~ ("¥0，..， "> R-S々〉
2~'2 e七her，OOC ¥OCH

3 
30 rnin 



since ary1 arenesu1fona七espossess an activated centra1 

5ulfur a七叩s，工 attempted to reduce p-nitropheny1 

arenesu1fona七ei however we cou1d not get any favorab1e resu1t. 

Meanwhi1e， in 1962 Bunnett et a1 reported that the reaction 

17，18) 
of 2， 4-dini tropheny1 p一七O工uenesu1fonate~' '~~I or 2-p-

19) 
toluenesu1fonoxy 1epidine~J' bearing e1ectron-withdrawing 

5ubsti七uentsw工七h th工ols or am工nes gave rlse 七o both C-O 

and O-S bond c1eavage 七o afford a mixture of the 

corresponding su1fonic acid(path a， no reduction) and the 

5ulfinic acid (pa七h b， reduction) I bu七 inthe former case， 

the forrnation of su1fonic acid was the main path. 

r
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path a 47毛 92毛

path b 49毛 O毛

p-To1S0
2 

+ Ph-S-S-Ph + ArO 
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Experirnenta1 

Genera1: Benzenesu1fony1 ch1oride， rnethanesu1fony1 ch1oride， 

thiopheno 1， bu七ane七hio1，1，3-propanedithio1， dipheny1 

disu1fide， and dibuty1 disu1fide were obtained frorn Wako 

Chemica1s ・Co.

The preparation of Su1fonic Anhydride 

Sulfonic anhydrides were prepared ei ther by t:reating the 

20) 
disulfides with N204~~1 or by the reac七ionof su1fonic acids 

21) 
with p~OC~~1 in rnoderate yie1ds. Recent1y， Micha1s reported 

2'""'5 

an exce11ent reaction 七o afford su1fonic anhydride by treatrnent 

of su1fonic acid with succiny1 dich1oride. This is the 

best rnethod both in the yie1d and the easy work up. 

a)Dimethy1 disu1fide 10 g(0.106 rno1) was disso1ved in 20 rn1 

of tetrach1orornethane in a reactor which is equipped wi七h a 

cooler and a CaCl~ tube and then， 48.56 rnl(0.53 rnol) of 
2 

tetrach1orornethane solution of 11 N. N
2
0
4 

was slowly added 

with cy1inge under s七irring. Slow1y， white-green co1ored 

crysta1s precipi七a七edout. After 2 hours at room 七ernperature，

ternperature was e1eva七ed at 400C and the rnix.ヒurewas stirred 

for 2 hours. After the reaction， solven七 wa:sevapora七edand 

the residue was recrystallized wi七h ether to obtain rnethane 

sulfonic anhydride in 85毛 yie1d.

(CH
3 
S02) 20 yield 85毛 rnp=68-69・50C(lit，20) 69・5-70.50C)

-1， 工 ー工
IR(KBr) 750crn ~(s) 工 380crn ~(s) 1180crn ι(s) 

NMR (CDC1
3
) 3.4ppm(s) 

This rnethod cannot be app1ied to diary1 disulfide since the 

Yie1d of sulfonic-anhyd主idewas ver..y poo主
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A mixture of 30 g of P20S and 10 g of si1ica-ge1 was added 

to a reactor equipped wi七h a CaC12 tube. Then a mixture 

of 20.1 g of Pー七oluenesu1fon工c acid and 3 g of glass woo1 

was added in to 七h工smixture under stirring・ Themixture 

was kep七 standing for 9 hours a七 120-1300C under occasiona1 

stirring. As the reaction proceeded， the mixture became 

a comp1ete1y homogeneous brown colored 1iquid. After this 

reac七ion，42 m1 of dich1oromethane was added and the 

solution was decanted 3 times. This dich1oromethane solution 

was evaporated and the residue was recrysta11ized wi七h a 

mixed solvent of benzene and ether. 

(CH3~S02)20 yie1d 10毛

。 20) 
rnp=131-1330C(li七 129-1300C)

-1， ， ~~~_ -1 
工R(KBr) 工400crn ~(s) 工 17Scrn ~ (s) 工200crn ~(s) 

730cml(S ) 

b) Succiny1 dich10ride 1032 rngl6.6 mmo1) and 1269 rng(工3.2

mmo1) of methanesu1fonic acid were added in七o a reactor which 

was equipped wi七h a caC1
2 

tube. Soon， hydrogen ch10ride gas 

was generated to give a mixed-anhydride. Th.e mixture was 

kept standing for 2 hours a七 600C under stirring. Af七er

this reaction， dry e七herwas added and七he solution was 

decanted a few times ・ Succinic anhydride was ob七ained from 

this residue in 73-84毛 yie1d. Su1fonic anhydride was ob七ained

from this ether solution in 90毛 yie1d. p-To1uenesu1fonic 

anhydride was a1so obtained simi1arly by七hisprocedure in 

87% yie1d. 

7he prepara七ionof Thio工su工王ona七e

Dibuty1 disu1fide was placed in a reac七orwhich was equipped 

wlth a caC1
2 

tube and while the reacLion was conlρci a十ー100C
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to -20oC， ch10rエnegas was introduced in七O 七hisreactor， 

maintaining th工S 七emperature. The co1or of 七hereacting 

solution soon changed to red wh工ch 工s the co1or of the 

sulfeny1 ch1oride. After the reac七ion，the solvent was 

evaporated and the residue was disti11ed to give bu七ane-

sulfeny1 ch1oride. After 4工5mg(3.33 mmo1) of butanesu1feny1 

chloride was disso1ved into tetrach1orome七haneunder coo1ing 

at OoC， a mixture of 31S mg(4 mmo1) of pyridine and 

tetrach1orome七hanewere slow1y added in七o the reaction mixture 

to obtain a precipi七ation. Then a mixture of 519 mg(3.33 

mmol) of p-to1uenesu1finic acid and tetrach1oromethane was 

slowly added七o this mixture whi1e main七aining 七he

tempera七ure. After 七headdition， the reaction mix七urewas 

kept standing for 30 min， and then 七he reaction mixture 

was poured into benzene， which was then washed with water， 

dried over MgSO 4・ Thethio1su1fonate ob七ainedwas purified 

with co1umn chromatography(si1ica-ge1， e1uent: benzenej 

hexane=lj1) 

CH3~S02sc4H9-n yie1d 98毛

NMR(CDC1っ) 0， 9ppm Cm， 3H) 
1. 5ppm (m， 4H) 
7.25ppm(d， 2H) 
2.55ppm(s，3H) 
7 • 7ppm (d， 2H) 

TLC(e工uent:3622EEU'R?26.5
工R(KBr) 810cm ム 1m)ι 可

工080cm ~(m) 1140cm ~(s) 
工320cm ~(s) 

Found: Ci 54.17，H; 6.64 
Ca1cd for C~~H~_O~S ・Ci 54.06， Hi 6.59 

工1~~16'"' 2~ 2. 

P-Toluenesulfinic acid was obtained by acidification of the 

commercia1 samp1e of sodiunr P一七oluenesulfina七e_

CH3~S02H mp=84-850C ( 以 23) 84-850C) 

(78) 



Methanesulfinic acid was obtained by the following rnethod. A 

rnixture of 5 g (53 mmol) of dirnethyl disulfide and 10.8 g 

(106 mmol) of acetic anhydride was p1aced in a reactor 

which was equipped w工七h a CaC1
2 

七ubeunder coo1ing at -10oC 

to -20 oC. 工nto this solution， ch10rine gas was introduced 

maintaining the sarne ternperature. Co1or of the solution 

changed to ye11ow， red and fina11y green-ye11ow. After 七he

reaction， solvent was evaporated and the residue was 

24) 
disti11ed to afford rnethanesu1finy1 ch1oride. 

A mix七ureof 1 g (工ommo1) of rnethanesu1finyl ch10ride and 

tetrach1orornethane was slow1y added 七o a coo1ed e七heral

water solution(OOC). Af七er 七hernixture was s七irred for 0.5 

hour， the reaction rnixture was acidified further and extracted 

with ether to afford rne七hanesu1finicacid. Various 

thiolsulfona七es were synthesized by the sarne procedure as 工n

the case of p-To工S02SBu-n.

CH3S02sC4H9
-n yie1d 78毛 NMR(CDC1

3
1 0.95pp~~rn_~~) ， 1.6pp~(rn 4H) 

3 ~ 2ppm (七 2H)，3.4pprn(s 3H) 

-1， -1 
工R(NaC工〕工320crn ~(s) ， 1135crn ~(s) 

Found: C;35.89， H;7.29 
Ca1cd for CcH ， ~S~O~: C;35.68， H;7.18 5u 12....2'"""2. 

CH
3
S0

2
SC

6
H
5 

rnp=82-830Ct工Lt，25} 85-86・50C)

The Reaction of Su1fonic Acid Derivatives wi七h Sodiurn Thio1ates 

Metal sodiurn 137 rng(5.95 mmo1) was disso1ved into 20-30 rn1 

of dry ethano1 under argon atrnosphere and then 6.23 rnrno1 of 

a thiol was added 七o prepare the sodiurn thio1ate. As soon as 

2.83 mmol of the su1fonic anhydride or the su1fony1 ch10ride 

was slow1y added into 七hismix七ure，七hereac七ionproceeded 

exotherrnical1y， and the starting rnateria1 was no 10nger 
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present af七er 5 min. The mixture was poured into water and 

washed with ch1oroform， then the solution was dried over 

MgS04・ Uponevapora七ionof solven七， a mixture of the 

disu1fide and a sma11 amount of th工01were obtained. 

Disu1fides were identifica1 to 七he commercia1 samp1es. 

Meanwhi1e after the water solution con七aining sodium 

su1fina七ewas concentra七ed to about 3-5 ml solution which 

was mixed with ethano1(EtOH/H
2
0=工/工=v/v). Into this solution 

14.15 rnmo1 of me七hy1 iodide was added and the mixture was 

stirred over night. After the reaction， the reaction 

mixture was poured in七o benzene which was then washed with 

0.5 N.Na
2
S
2
0
3 

solu七ion， water， dried over MgS0
4
， and 

evaporated to give the sulfone. 

_1 1"'10 1 1"'11"'10，..， '1 -'- 26) CH~SO~CH~ NMR(CDC1~) 3.0ppm(s) mp=108-1090C(lit，-V

1 1090C) 
3~~2~~~3 .'~~~'~~~~~3 

CH3S02CH2C6H5 NMR(CC1
4
) 2.・54ppm(s 3H) 4.1ppm(s 2H) 3 ~ ~ 2 ~A~ 2 ~ 6AA 5 

7.3ppm(s 5H) 
0.26)  

mp=124-1250CC工l七，工270C)

C6H5S02CH
3 

NMR(CDC1
3
) 3.0ppm(~ 3H) 7.54ppm(m 3H) 

7.86ppm(m 2H) 
26) 

mp=87-880C(li七 -'"'1 880C) 

p-CH3C6H4S02CH3 NMR(CDC1
3
) 2.45ppm(s 3H) 3.0ppm(s 3H) 

7.28ppm(d 2H) 7.75ppm(d 2H) 
27) 

mp= 8 4 -850 C ( 1 i t ， -'1  870 C) 

The Reaction of Thiolsulfonate wi七h Sodium Thiolate 

After 49.5 mg(2.15 mmol) of me七al sodium was dissolved into 

50 ml of dry e七hanol，203 mg(2.25 rnmol) of butane七hiolwas 

added to this solu七ion. As soon as 500 mg(2.05 mrnol) of 

S-butyl p-toluenethiosulfonate was slowly added to this 

mlxture，七he七hiolsulfona七ewas consumed comple七elyaf七er

5 min. Af七er this reac七ion，七hereaction mixture was pou工ed

lnto water which was then washed with chloroform. This 

organic solu七ionwas dried over MgS0
4 

and 七henupon evapora七ion

of solvent dibu七yLdisulfide was qbtained in 90宅 yiE!lu.
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The wa七ersolut工onwas treated with the same method in 

the case of su1fonic anhydride or sulfonyl ch10ride to give 

the corresponding su1fone. 

The Reaction of Su1fonic Acid Derivatives with Thio1/Pyridine 
-回国国圃・ーー

After 2.83 rnmol of the su1fonic anhydride or the su1fony1 

chloride was disso1ved in七o 20-30 m1 of dry ace七onitri1e

under argon atmosphere， 6.23 mmol of thiopheno1 and 6.23 

mmol of pyridine were added to this mix七ure in七his order. 

After 5 or 10 min， 七he starting materia1 was complete1y 

consumed. After the reaction， the mixture was treated with 

the same procedure as in the case of sodium thio1a七e.

The preparation of Pheny1 p-To1uenesu1fonate 

In a reactor， 3工.47mmo1 of p-toluenesu1fony1 ch10ride and 

94.41 rnrno1 of pheno1 were dissol ved in a mix七ureof 10 m1 

of benzene and 10 ml of acetoni七rileand the whole mixture 

was stirred. Then， 157 mmo1 of pyridine was added 七o this 

mixture. After 30 min， the starting su1fonyl ch10ride 

was no 10nger present upon analysis with TLC. The solu七ion

was poured into benzene， washed with wa七er for 3 times， 

and dried over MgSO 4・ The su1fona七e ester was recrys七a11ized

to obtain pure samp工己 i孔 50-60毛 yield. 

_n'1 n"')o l""'{''':~ 28) P-CH3C6H4S03C6H5 mp=92-93 0 C( 工工七 ~~I 930C) 

Pheny1 p-to1uenesulfona七e ester cou1d not be easi1y reduced 

because of i七s ra七her 10w reactivity， however under ref1uxing 

ln ether for 55 hours in 七hepresence of excess sodium七hiolate

not thioljpyridine， p-toluenesulfinate was obtained in 34% 

Yle1d. 

(8工)
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Chapter 2. 

Reaction of Sulfinic Acid and Thiol 

Abstract 

Sulfinic acid reac七swith thiol 七o give two kinds of 

disulfides and only one kind of thiolsulfona te. The reaction 

proceeds via the formation of sulfinylsulfone and thiolsulfinate. 

In the presence of trimethyls工lylchlor工de，however the 

reaction gave disulfides as the only produc七s，since the reactive 

intermediate is corresponding sulfinyl chloride. 

(83) 



工ntroduction

Sulfinic ac工d 工s a cons工derab1y strong acid and the pKa 

nf arene- and alkanesu1finic acids are about 1.2 and va1ues OL  

1) 
2.2， respective1y.~' Su1finic acids are not very s七ab1e

thermodynamica11y， easi1y d工spropor七工onate 七o give thio1su1fonates， 

2) 
su1fonic acids and wa七er.-' Horner and Basedow have shown that 

the disproportiona七工onof benzenesu1finic acid is represented 

by the follow工ng equat工on.

3 PhS0
2
H 多 PhSO【 H + PhSO~SPh + H~O 一ー一一一ーー (1) ...J ~ ........~2............ ..2 

Addition of acid species acce1erates 七his disproportionation. 

Reduction of the su1f工nic acid has been re1ative1y 1i七t1e

3) '~L l....~___ _，___~_~___ l....__..:l__~..:l_ 4) studied. E1ectro1ytic， ..J I 1工th工uma1uminium hydr工de，.' ethy1 

5 ) TT，... I TTr. __ ¥ 6 ) ~ ~ ，... 7 ) hypophosphi te ， ..J' H工(HBr)，'-" or Me
3
S工工 reduction gives the 

corresponding disu1fide， whi1e there is a reductive 

transforrnation of su1finic acid to thiocyanate by 七reatmen七

8) 
with diethy1 phosphorocyanidate.U' Thio1s are mi1d reducing 

9) 
agents to reduce such organosu1fur compounds as su1foxide， 

SIllfinic acid ，l O )thic l sulfinate，ll，l2) 七hiolsu1fonate，12)

and 5111fonyl chloride.13) 

However， the reac七ionof su1finic acid and thio1 has not been 

studied. Therefore we have s七udiedthe reac七ionof su1finic 

acid wi th thio1. 

Kice et a1 reported ear1ier the reaction of su1finic acid 

and dialky1 su1fide to form two kinds of 七hiol~u1fonates and 

aldehyde as shown by eq， (2)・

ArSO勺H+RCHSCH R7OOC ~ ArSO....SAr + A工SO....SCH"，.R + RCHO -ー (2)1.- ~'~~.2"""~..24'AcOH-' .._......~2..........- ， .....~......_.2~~.4Z 

H~O-H~SO 2~ ..2......~ 4 

As a blank experiment in this study， they have studied the 

(84) 



reaction of p-七oluenesu1f工n工c acid and butanethio1七o give 

the mixture of p-To1S02STo1-p， p-To1S02SBu-n， p-To1SSBu-n， 

and n-BuSSBu-n， and have suggested tha t the reaction 

proceeded via the fo11owing Scheme. 

ArS0
2
SAr Ar~02sCH2R 

ArS02
H 

+ + 
+ 〉 ArSOH(or ArS') + RC~2S0H(or RCH

2
S') 

RCH
2
SH 

l!.rSSCH
2
R RCH

2
SSCH

2
R 

Namely， in the initia1 stage， treatment of ArS0
2
H with RCH2SH 

leads to the su1fenic acids， ArSOH and RCH2SOH by mu1ti-steps， 

and these intermediates then reac七 rapid1ywith either 

14) 
sulfinic acid or thio1.~~1 However they did not s七udy七he

reaction pa七hways in de七ai1 and the suggested reaction pa七hway

is qui te ambiguous. 
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Resu1ts and Discussion 

The reac七ions of su1fin工c ac工ds and thiols were carried 

out in refluxing rnethy1ene ch10ride under argon atrnosphere. 

When both groups， R and R' are 工dent工ca1 in the reaction of 

RS0
2
H wi th R' SH ，七he reac七ionproduct is a rnixture of 

syT叩letricaldisulfide， RSSR， as rna工n product and a srna11 arnount 

of symmetrica1 七h工olsu1fonate，RS0
2
SR， as shown in Table. 1. 

When the molar ra tio of RSh/RS02H (rnmo1) decreases， the amount 

of the by-product，七hio1su1fonate， increases. 

Table. 1. Reaction of Su1finic Acid and Thio1 工 a)

Ar 
RS02

内 H + 3 RSH ref1ux in CH
2
C1 ラ2 2RS SR+2H O 

R- IRSH]/[RS0
2
HJ Tirne RSSR RS02~~~ Recovered 

(h) (毛) (も) (毛)
、E

叩-0- 5 19 70 O 30 

CH3-V- 5 工9 73 O 4. 3 

CH3-G- 3 44 88 12 no七

ひ
determined 

5 工9 70 O O 

Cl-(}- 5 工9 100 O O 

n":'Butyl- 5 20 37 15 6.4 

n-Buty1- 5 25 35 25 5.2 

n-Penty1- 5 20 17 15.3 24 

n-Penty1- 5 25 38 21.4 10.5 
ーーーーーーー

a) Yields were ca1cu1-;t-~d based on RS0
2
H・
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Table. 2. Reac七ionof Sulfinic Acid with Thiol 工工.

'.....TT Ar 、 ，a)
RS02H + 3R'SHref1ux in CH~C1~ RSSR ， ~J + R'SSR' + 2 H

2
0 ref1ux in CH~C1 

R-

2~~2 

R'ー [R'SH]/[RSO勺 H] Time RSSR，b) R'SSR，b) RSO内 SR RSO"SR' 
臼 (h) 宅毛)ι(毛)ι(毛)。CH3-O 

CH
4
-(}- C1-Q-

CH4-o-
円--0-。
C1-V-

n-Buty1-c) 

d) 
n-Penty1-

n-Buty1-

CH3-O 
C円イコト。
G 

5 19 70 

5 工9 78 

5 19 74 

3 41 81.3 

5 工9 64 

5 19 80 

5 20 24 

5 27 42.3 

80 O 

100 O 

56.2 七race

76.工 O 

64 O 

88 O 

25 trace 

45 O 

O 

2.1 

9 

工7

14 

7.7 

no七
de七ermined
O 

a) Disproportionation of unsymmetrica1 disu1fide was found to be neg1igible under 

these reaction conditions. b) Determined by NMR measuremen七・ c)，d) S七arting

su1finic acids were recovered in 20毛 and 27毛， respective1y. 



Generally， when both R and R'. groups in sulfinic acid and 

thiol respectively are arornat工c groups， sulfinic acid can be 

readily reduced and the ma工n product is d工sulfidealone， 

whereas， when those groups in sulf工n工c acid and thiol are 

aliphatic， the reaction .is slow and a cons工derablearnount 

of thiolsulfona te is forrned. 

While， when both groups of R and R' are different，七he

reac七ionproduct is a rnixture of two kinds of disulfides(rnajor) 

and a small arnount of unsyrnmetrical thiolsul:Eonate as shown 

in Table 2. The da七a in this Table reveals tha七 arenethiol

which has an electron-withdraw工ng subs七工七uen1: can reduce 

sulfinic acid七o corresponding disulfide rnore readily than 

that which has an electron-donating group. 

Meanwhile， an arenesulfinic acid which has an electron-

withdrawing substituent can be reduced faster than that which 

has an electron-donating group. Another irnportant fea七ure

is that， when the molar ratio of R'SH/RSO~H decreases，七he
2 

forrnation of unsyrnmetrical 七hiolsulfonate，RS0
2
SR'， increases. 

This process is obviously a resul七 ofmulti-step reactions， 

and would involve a few interrnediates， such sulfinylsulfone， 

thiolsulfona七e，and七hiolsulfinateduring the reac七ion恥
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H
2
0-dioxane 

Kice et al
15

) have reported七ha七七he sulfinylsulfone and 

sulfinic acid is in an eouilibrium・ Therefore，the reaction 

of Sulfinylsulfone and thiol has been examined. 

The reaction was carried ou七 a七 r.七 inme七hylenechlorid巴

as shown in Table 3_ 工n the reac七ionof di-p-tolyl 
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5ulfinylsulfone and thiophenol， forroatエons of 七wokinds of 

disulfides， i.e. PhSSPh and p-To1SSPh in high yie1ds， and 

a smal1 arnoun七 ofone kind of unsymmetrica1 thio1su1fonate， 

p-TolS02SPh ， have been observed. 

e
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Reaction of Su1finy1su1fone and Thio1
a
) 

。。
[キJ/[R'SHJR'SH Time RSSR' R'SSR' RSO~SR RSO~SR' 

(h) 毛毛~ (もL.(も)

50(R=R')ー 23 2 

P
 

1
ムo

 

mム

ハU
+
C
U
骨ハ
u

nv宇
h
D

可上

。
巾ムnド

&

1/5 74 78 trace 32 2 PhSH 

a) ~hese reactions were carried ou七 inCH
2
C1

2 
at room七emperature.

These resu1 ts are very simi1ar to the 七hoseof the reaction 

of p-toluenesu1finic acid and thiopheno1 shown in Tab1e 2. 

~y the yie1d of thiolsu1fonate， RS0
2
SR'， is very 10w in the 

reaction of su1fェn工c acid， RSO~H ， and th工01，R'SH? The reason 
.J..'¥.'-''-.../2 

rnay be that， under our condi tions (ref1ux in CH~C1') ， 19 h)， 
2~-2 

thiolsulfona七ewou工d be reduced by thio1 to a mixture of 

disulfide and su1finic acid. Therefore， thio1su1fonate formed 

ln the reac七ionof 七hio1with su1finy1su1fone produced in-situ 

from su1finic acid， wou1d be reduced further by thio1 to 

disulfide and su1finic acid 

Tab1e 4. Reaction of Thio1su1fona七ewith Thio1
a
) 

ー-圃ーー

RS02SR (R ' ) R ' SH [R'SH] RSO')H RSSR RSSR' R'SSR' RSO勺 SR(R ' ) 
2 [RS0

2
SR (R' )] (宅)~毛毛宅L. (も)

b) 
5/工 69 0 88.3 22.4 0 P-TOlS0

2
ST01-p PhSH 

P-TOlS02SPh PhSH 5/1 b) 51.3 七race trace 97 0 

PhS02SPh PhSH 5/1 b) no七一 90(R=-R t ) - a 
determined 

a) ~hese reactions were carried ou七 in CH~C1~ ref1ux condition 
for l9hours-n 」 22
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Kice et al repor七edalready that the rate-determining step of 

the dispropor七ionationof sulfinic acid is the formation of 

16 ) 
5ulfenic-sulfonic anhydride from su1finy1su1fo 
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Ar SO~H 

fas七 ー ~ ArS03H + ArS02SAr -ー(4 ) 

H
2
0 

All these resul ts lis七ed in Tab1e 2， 3， 4 together with this 

disproportiona t工onmechan工sm，may suggest that su1finy1su1fone 

is one key intermediate in the reac七工onof sulfinic acid and 

thiol. 

Then， why unsymmetr工ca1 th工olsulfonate，RS0
2
SR'， is formed in 

the reaction of sulf工n工c acid， RS0
2
H， and thiol， R'SH? We 

may postulate a second intermedエa七e i.e. thiolsu1finate， since 

11" 12) thiolsu1fina te is readily reduced by thio1. 

hobably the initial reaction product of either su1finic acid 

or sulfinylsulfone wi七h thio1 is thio1su1fina七e and water， 

or thiolsulfinate and sulfinic acid respectivE=ly. Under our 

reaction condi七ions，thio1sulfinate was found to be very readily 

reduced七odisu1fide a1one. 

S-Phenyl p-to1uene七hiosulfinatewhich is preslmed to be formed 

ln the reaction of p一七oluenesu1finic acid and thiophenol， 

can be reduced 七o PhSSPh and PhSSTol-p a10ne by thiopheno1. 

The reaction obviously proceeds via nuc1eophilic attack of 

~iol on the sulfenyl sulfur of 七hiolsulfinate.
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Table 5. Reaction of Thio1su1finate with Thio1a) 

IRisR'J Time RSSR' R'SSR' R札 SRR札 SR'
lR' SHJ (h) (宅(毛毛)ι(毛)ム

γTOl~Sω-PHomS7 

γTOl~SPh . PhSH (R戸R')S3・5

99(R=R')ー O 

95 106 O O 

a) These reactions were carried out in CH
2
C1

2 
at room ternperature. 

+ 
ー斗ー、 ラRSSR'

R'SSR' 

Meanwhi1e，七hio1su1fina七e was found to react with su1finic acid 

to give main1y七hio工su1fonate a10ne more readi1y than七hio1

since the reaction is acid-cata1yzed and su1finic acid is 

stronger acid than七hio1. The reaction of S-pheny1 

p-toluenethiosu1finate wi th p-to1uenesu1f工n工c acid， and a1so 

a sirnilar reaction of p-to1uenesu1finic acid and 七hiopheno1，

gave the七wokinds of 七hio1su1fonates，p-To1S0
2
STo1-p and 

p-TolS0
2
SPh a1one. Therefore in the reaction of su1finic 

acid and thio1， thio1su1f ina te once formed in-si tu， is be1ieved 

to react irnmedia七elywith bo七h 七hioLand su工finic acid. 

Tab1e 6. Reaction of Thio1su1finate wi七h Su1finic Acid
a
) 

RS0
2
H IRO 5sR'J Tirne RSSR RSSR' R'SSR' ~~?2SR ~~?2SR' 

(RS0
2
H] (h) 毛毛毛 毛)~毛)

内ふol-pp-To1SO"H 
l 

工 4 (R=R' ) 98 
3 

ー
2 

P-T01O 3sph 
(R戸R')}1 2.5 4.1 七race 77 96 

‘-
a) These reac七工onwere carried ou七土孔 CH

2
C工2a七 room七ernpera七ure
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Therefore we have carried out the reaction of thiolsulfinate 

and thiol in the presence of sulf in工c acid as shown in Table 

7. When the molar ratio of R' SH/RS02H decreased， the amount 

of thiolsulfona te formed increased. 工n the reaction of 

s-phenyl p-toluenethiosulfinate wi七h a mix七ureof thiophenol 

and p-toluenesulf工n工c ac工d，as 工n the sim工larreac七ionof 

~toluenesulfinic acid and thiophenol， we obtained七wokinds 

of disulfides， i. e. p-To1SSPh and PhSSPh， and only one kind 

of unsymmetrical thiolsulfonate， p-TolS0
2
SPh. From all these 

5eparate exper工men七s，l.e. 七hereactions of sulf工nylsulfone，

thiolsulfona te， and 七hiolsulfinatewith thiol or sulfinic 

acid， we may safely conc1ude the fo11owing mul七i-steppathways. 

The ini tial forma七ionof su1finylsulfone from sulfinic acid 

15 an equilibrium state bu七七his equilibrium constan七 is

rather small as Kice et al proposed. Once sulfinylsu1fone 

lS formed， this can reac七 with七h土01very readi1y to give a 

m1xture of thio1sulfinate and sulfinic acid. Thiolsulfinate 

can also react readily wi th thiol or sulfinic acid. When i t 

reacts with thiol， disulfide is formed， whi1e when it reac七S

with sulfinic acid， the product is thio1su1fonate. Therefore 

~en the mo1ar ratio of R'SH/RSO~H is large，七heamount of 
2 

disUlfide formed increases.. The.. ra七e-de七eロniningstep in七he

reaction of sulf inic acid and七hio1 is the formation of 

SUlfinylsUlfone， and the formation of unsymme七rical
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thiol5111 fonate，RS02SR'F 工smain1y the resu1t of the reaction 

of thiolsulfinate and sulfinic acid. 

Table 7. Reaction of Thio1su1fina七e and Thio1 in the 
Presence of Su1finic Acid 

RS0
2
H [R~SR'] Time RSSR' R'SSR' R札 SRRSO門 SR'

IR'SHJ (h) (毛毛も)ー(毛)ι

IRS02l!J 

R' SH 

~~Ol~STルP p-T山 H p-T山 02H 工/4/1 5 

f-
1ふω-pp-T山 H p-To1S02H 1/2/2 5 

ァTふ

62(F.=R')一 40 

51(R=R')一 49 

88(R~R')52 2.5 54.4 

..0--一ー
These reactions were carr ied ou七工n CH

2
C1

2 
at room temperature. 

In this react工on shceme， the b10ck 1エnes are 七hemain reac七ion

path and the dot ted 1工nes are the m工nor reaction path， whi1e 

ilie forrnation of su1finy1su1fone is the rate-determining step. 

Although we could not detect or isolate any of the intermediates， 

such as sulfiny1su1fone， thiolsulfinate， and sulfenic acid 

because of the high reac七ivities of these in七ermediateswith 

nucleophiles such as 七hiol，all these intermediates have been 

shown to g i ve 七he same products as in the reaction of sulfinic 

acid and thiol. 
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II. Facile Reductエonof Sulfinic Acid七o Disulfide with 

Thiol and Chlorotrimethylsilane 

We have found recently tha七 sulfoxides can be reduced to 

the corresponding sulf工desupon treatment with thiols in the 

presence of chlorotrエmethyls工lane. Apparently s工lylationof 

sulfinyl oxygen act工vated the sulfur atom to be susceptible 

to the nucleophilic a七tackof thiol. This thiol/chlorotrimethyl-

silane sys七emhas also been found七o be effective in the 

reduction of sulf in工c acェd，the react工on shown by eq. 1 being 

comple七edwith工n an hour at room temperature. 

RS0
2
H + 3 R'SH + 4 (CH3)3SiCl一一一歩RSSR' + H'SSR' + 3'3 

2[(CH~)~Si]~O + 4 HCl ーー一一ー一ー(工)3'3........1 2 

This reduction procedure can be applied to all kinds of 

sulfinic acids including alkanesulfinic acids， s七erically

hindered ones and those bear ing elec七ron-donating subs七ituents，

most of which are difficul七七o be reduced by common procedures 

to the corresponding disulfides quanti七atively. Depending 

on the sequence of mixing of 七hereactants，七hereaction 

products wer e f ound 七o be somewhat changed. Namely， when 

chlorotr ime七hylsi工anewas added into a mixture of thio~ and 

sulfinic acid， a substantial amount of thiolsulfonate was 

formed as the product(Procedure-l). However， when sulfinic 

acid was allowed to react wi七h chlorotrime七hylsilane for 1 

h at r room temperature and then thiol was added in七o the 

reaction mixture，七he formation of disulfide was found to be 

nearly quanti ta七ivelyaccompanying only a small amount or no 

hiolsulfona te (Procedure-2)・工n the reaction of procedure-2， 

~e key intermedia七色 was found to be sulfinyl chlori~e ， since 
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:reatmen七 ofa mixture of p-to1uenesu1finic acid and 

hlorotrimethy1si1ane for 30 min in CHC13 gave quanti七a七ive1y

p~ toluenesu1finy1 ch10ride (eq.. 2)， which upon treatment with 

p~toluenethio1 (eq. 3) a t room tempera ture y工e1deddi-p-to1y1 

disulfide quanti ta七ive1y.

r . t. 
p-TolS02H + 2 (CH3)3SiC1 c~~i:~p-T01SOC1 + [(CH3)3Si]20 一一(2 ) 

3 
30 min 

r. t. 
p-TolSOC1 + 3 p-To1SH-C~~i~ 2 (p-To1S)2 + H20 + HCl --一一ー(3 ) 

3 
15 min 

Trimethylsi1y1 su1finate is expected 七o be formed at initia1 

reactions in both procedures. 工n order to examine the behavior 

of trimethylsi1y1 su1f ina te toward thio1， a 七rimethy1sily1

sulfinate was prepared by treating si1ver p-to1uenesulfinate 

with chlorotrimethy1si1ane and then treated wi th benzenethiol. 

A mixture of two d工su1f工des and 七wo thiolsulfonates were 

obtained as shown in eq. 4. 

r.t. 15 min p-TolSみO+PhSH 、o-TolSSPh+ PhSSPh + ¥OSi (CH.....) ..... I .1- U L.lU CHC1..... r 1: 
3'3 '-'~~'-'~3 6.3も 4毛

p-To1SO勺 STo1-p+ p-To1SO勺 SPh 一一一ーー一(4 ) 
-1.9毛 4毛ー

The yields are ca1cu1a七edbased on 七he amoun七 of star七ing

silver p-to1uenesu1fina七e. The low yields of the produc七s

would be due to the recovery of a 1arge amoun七 ofp-to1uene-

sulf inic ac id . Tr ime七hy1sily1P一七01uenesu1finatewas so 

sensitive to moisture that mos七 of trimethy1si1yl p-to1uene-

sulfinate was hydro1yzed to give starting p-to1uenesulfinic 

acid 11 Upon exposure 七c mois七ureduring 七he fi1tration of si1ver 

Chloride before the trea七men七 withbenzene七hiol.. The resul七S

shown in eqs.2-45uqqe Stclearly thatthethiolsul fona七e is 

fOtrned by the reaction of benzenethiol wi th trimethy1si1y1 
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p_toluenesulfinate which is presumed to be formed in the 

reduction of sulf in工c acid w工七h thiol/chlorotrimethylsilane 

system. All these observations suggest the following 

mechanism for the reduction of sulfinic acids with a mixture 

of thiol/ chloro七rimethylsilane. The control experimen七 of

the reaction between the thiolsulfinate which is presumed七0

be one of key 工ntermed工ates in the reaction of the sulfinic 

acid with a mixture of thiol/chlorotrimethylsilane， and the 

thiol gave only the disulfide， but no thiolsulfonate. 

The different products dis七ributions between the two 

procedures(l and 2) depend on whether thiol is presen七 or

not when trimethylsilyl sulfina七e is formed by the reaction 

of sulfinic acid wi七h chlorotrimethylsilane. 工n the 

procedure-2， most trimethyls工lyl sulf工natereacts with chloride 

anion to give sulfinyl chloride prior to the addition of 

thiol and eventually affords disulfide nearly quantitatively 

by the reaction wi七h 七hiol. On the other hand， since thiol 

is already presen七 in 七hereaction system when trimethylsilyl 

sulfinate is formed in the procedure-l， a substantial amount 

of thiolsulfonate is formed by 七hereaction between thiol 

and trimethylsi~y~ su工王inate..

主 :U~ R'SH.n~~n~ R~SH Me ..， SiC工~ RS-OS工Me..， .H '-'...) R~SR 11 .n '-'U) RSOH + R' SSR' 
-HCl 了 3 】 a

RS0
2
H + 

HCII-OSiMe.... ./ R' SH IR' SH 
~ ./ -HCl L 

RS-Cl RSSR' 十 H
2
0

When the ratio of R' SH/RSO"H decreases， the formation of 
2 

thiolsulfona七e increases as shown in Tab工e
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Table. Reac七ionof Su工finicAcid wi七h Thiol/Ch工oro七rirne七hy工si工ane a七 Roorn
Ternperature in CHC工3

RS0
2
H R'SH T工me RSSR' R'SSR' ~~?2SR ~~?2SR' 

[RS0
2
H] (h) (毛) (も) (毛) (も)

CH3-V-叶。 5 O.Sb) 89 8 

CH3V CH3-V- 5 1+0.Sc) 99 l 

v- 。 5 O.Sb) 80 工3。。 5 1+0.Sc) 9S.4 4.7 

C1V  C1-Q- 5 O.Sb) 8S 7 
¥.0 
、J

C1-V- C1y  5 1+0.Sc) 工00 O 

CH3
0-o-CH3ベコト 5 O.Sb) 80.4 6 

n-C
S
H
11

- n-C
S
H
11

- 5 1b) 92 O 

n-C.H~-4..9 n-C.H~-4..9 5 1b) 89 O 

mesitylene- mesity工ene- 5 工b) 98 O 

CH30-V- G 5 O. Sb) S9d) 88 O 6 

CH3V 。 5 工+O.Sc) 87 100 O O 

CH3V CH3V 3.1 O.Sb) 68 8.2 

n-C
S
H
1工

- n-C
S
H
11

- 3.1 1.0b) 84 工2.4

a) [Su1finic Acid]/[Me
3
SiC1]=1/S. b) procedure-工. c) Procedure-2. 

d) Disproportionation product [(p-CH
3
0C

6
H
4
S)2] was a1so obtained in 11宅 yie1d.



Experimenta1 

Fo11owing thio1s and disu1fides， i.e. 

thiopheno1， bu七anethio1，p一七oluenethio1，p-methoxybenzenethio1， 

p_chlorobenzenethio1， and pentanethio1， dipheny1 disu1fide， 

dibutyl disu1fide， and dipenty1 disu1fide， and sodium 

benzenesu1f ina te， sodi um p-to1uenesu1fエna七e，and ch1orotrimethy1-

1ョnρwρrea11 obtained from Wako Chernica1s Co. Sl.ldllC VV'-ム)

Apparatus A11 me1ting points were measured by Yanako 

instrumen七， IR spectra were taken on Hitachi-215 spectrometer， 

~R spectra of the compounds were taken wi七h a Hi七achiPerkin-

Elmer R-20 spectrome七er，and GAS chrornatograph was taken with 

Hitachi 163 using OV-1 1 rn glass co1urnn or SE-30 1 rn glass 

column. 

Preparation of Disu1fides. To a benzene solution(150 rnl) of 

iliiol(O.05 rno1) and pyridine(O.055 rno1) was added dropwise 

iodine(O.025 mo1) disso1ved in benzene(50 m1). When the 

color of七he solu七ionchanged to brown by excess iodine，七he

addi tion wa s s topped . The reac七ionmixture was washed with 5毛

HCl solution， Na
2
S
2
0
3 

solu七ion，and 七hendried over MgS0
4・

After evapora tion of benzene，七heresidua1 disu1fide was 

purified by recrys七a工lizationusua11y frorn hexane. Yields 

were near1y quan七i七ative1y.

(P-CH
3
C
6
H
4
S)2 rn.p.=44叫 450C(lit， 17) 460C) 

_"i"  ."ì 'O f'"' f'':~ 18) (P-C1C
6
H
4
S)2 rn.p.=70-710C(lit ， ~U' 730C) 

[2，4，6ー(CH3)3C6H2S]2m.p.=工24，w1250C(lit，工9) 1250C) 

(P-CH30C6
H 4 S) 2 rn・P・=35.-J360c，b ・P・=2050C/4rnmHg 

20) ( 1 i t， ......， I 41"" 4 3 0 C ) 

Other 
ヒL symrne七rical disulfides were commercia工 products.

nSYmmetrical disulfides were prepared by the fo11owing procedure， 

aCCQどdinqto the reporte 2工)
nlE> i l!()() . 
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23.451I11T10l of a S111fenyl chloride was di S solved in dry ben zene 

or tetrachlorornethane and coo1ed a七 ooC. After 23.45x1.1 mrno1 

γidine disso1ved in dry benzene or tetrach1orornethane of pyr~ 

¥vas added七o th工srn工xture slow1y， 23.45 mrno1 of a chosen thio1 

disso1ved in dry benzene or tetrach1orornethane was slow1y 

added. Af ter the add i t工onof thio1， coo1ing bath was rernoved 

and the reac七ionrnixture was stirred unti1 the ternperature 

reached roorn ternperature. The resu1ting reaction rnixture was 

transfered into a separatory fune1， and washed with water， 

dilute HC1， and water again. The organic 1ayer was dried over 

MgS0
4・

After evaporat工on，this disu1fide was chrornatographed 

with colurnn w工七h a rn工xtureof benzene and hexane(v/v=工/1) as 

an eluent. Cornp1ete purif工cationof unsymrnetrica1 disu1fide 

is very difficu1七 A tiny or a srna11 arnount of symrne七rica1

disulfide was detected by GLC. 

CH3~SS-~C1 t
 

n
 

e
 

V
 

1
ムO

 
S
 A---

ハLF
し 2 " .27 pprn (s 3 H) 

7，， 3pprn(rn 8H) 

7 .， 03pprn (d 2H) 
7 .' 3 5 p prn (d 2 H ) 
O.，9pprn(rn 3H) 
2.3pprn(s 3H) 
1. 1--1. 9pprn (rn 4H) 
2 .' 7pprn (七 2H)

3.63pprn(s 3H) 
6.，7ppm(d 2H) 
7.~ O-7.6pprn(rn 7H) 

1.1.v1.8ppm(rn 6H) 
O.9pprn(m 3H) 
2.65ppm(七 2H)
7.1-7.6pprn(rn 5H) 

O.9pprn(rn 3H) 
1.1-v1.8pprn(m 4H) 
2.6 6ppm (七 2H)
7.1-7.6pprn(rn 5H) 

色lfin; よn工~Acids ~ p-To1uenesu1finic acid and benzenesulfinic 

acid were obtained by acidif ica tion of the corresponding 

CH3-(JrS町一n +
しn

 
e
 

v
 

--o
 

s
 

A
斗
晶

、よFν 戸
)

CH30-(}SS-(J CC1
4 

solven七

。SSC出工-n CC工4 solven七

。SSC
4
H
9
-n CC1

4 
solven七

SOdium arenesu日inate~which were obtained as cornmercia1 samp1es争
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The whi te precipi七a七eswere recrysta11ized frorn water yie1ding 

the correspondi:ng arenesu1finic acids. 

_ "i 0 _ .0 f'¥ 0，-， " .: ~ 22) CrH~SO~H m.p.=78~800C(工工七 81.S"'83 0 C)6U S'-''-''2 
_ 0 ..1 _.0 c: 0 r-" .: "- 2 2 ) p-CH

3
C
6
H
4
S0

2
H rn.p.=84-8S0C(1工t，--/ 84-8S0C) 

Five g(O.0237 rno1) of p-ch1orobenzenesu1fony1 ch10ride and 

18 g(O.0237x3 rno1) of sod工umsu1fite were added into 100 rn1 

of water. The reaction mixture was kept at a ternperature 

ranging 70-80oC for 5 hours. Then， this water solution was 

washed wi th ch1oroform twice， and acid工f工edwith excess conc. 

HCl solution， coo1ed and fi1 tered. The whi te precipi tate was 

recrystallized frorn water yie1ding p-ch1orobenzenesu1finic 

acid in 79毛 yie1d. p-Methoxybenzenesu1fエn工C elCェdwas a1so 

~tained frorn p-rnethoxybenzenesu1fony1 ch10ride by the same 

procedure. _nc: n "ì O'-"'':~ 22) p-C1C
6
H
4
S0

2
H m.p.=9S~970C(1 工 t ， ~~/ 98-990C) 

23) 
p-CH

3
0C

6
H
4
S0

2
H m.p.=970C (lit，--' 97-980C) 

Pentane-and butanesulfinic acids were ob七ainedby hydro1yses 

of the corresponding su1f iny1 ch1orides. 

Alkanesulfinic acids were detected as 2，4-dinitropheny1 su1fones 

by treatment wi th 2， 4-dini七ropheny1ch1orobenzene.

_0..10，-，"':，，- 24) 
n-CSH11-S02-C6H3(N02)2-2，4 ~~~::~~:C!l~t ，-.' 83

0
C) 

TLC(CHC1~) R~=O.S 3' .'f 
24) 

nァC4H~-S02-C6H3(N02)2-2 ， 4 m.p.=920C (工it，_4' 920C) 

Thiolsulfona te ~ Su1feny1 ch10ride was prepared by treating 

thiol or disu1f ide wi th gaseous ch10rine in CC1
4 

a七 OOC・

Free su1finic acids other than those which were obtained by 

aCidification of commercial sodium su1finates with conc. HC1 

were synthesized by hydro1yses of 七hecorresponding su1finy1 

Chlorides. To a dry CC1
4 

solu七ion(工50ml) of a sulfenyl 

Chloride (0.O 3mol)which was freshlY prepared and was made free 

from chlorine under工educedpressure was added dropwi宍p into 
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γidine(0.033 mol) a七 a temperature lower than ooC and 
dry py工ム

then slightly whi te precipi tate of pyridinium sal t of the 

sulfenyl chloride was formed. A solution containing free 

sulfinic acid (0.03 mol) in dry CC14 or ether (50 ml) was added 

to this solu七ionat a temperature lower than ooC. Then a 

new precipi ta七ewas formed gradually as the addition proceeded. 

After stirring the reaction m工X七urecontaining the white salt 

for 30 min and subseョuentwarm工ng 七o room temperature， the 

reaction mixture was washed wi th 5毛 HCl solution and then 

water. The organic layer was dried over MgS0
4 

and the solvent 

was evaporated. From 七heresidue， the thiolsulfona七ewas 

obtained in 80吋 90毛 yieldand recrystallized from ethanol or 

benzene. 

_，LL.I1C:::Or> '1';J- 25) CcHcSO~SCcHc m.p.=44~450C( 工工七-...， I 44 "，450 C) 
6~~5 ~ ~ 2 ~ ~ 6~. 5 

_""~_.""110ro'1'; J- 26) p-CH3C6H4S02SC6H4CH3-P m.p.=72~740C(li七 76 0 C)
_1  'JC .1 'JOOro '1 J- 27) p-CIC6H4S02SC6H4Cl-p m・P・=136，..，1380C(1エ七， 工34N1360C)

CCHcSO~SCcH I1 CH 'J -p NMR(CCll1) T=2.4ppm(3H s) 6..5~~2~~6..4~..3 r- ....~.\~~-4 

7.05~7.25pprn(4H rn) 
7.35~7.65ppm(5H m) 

28) m.p.=520C(lit，....'-'1 540C) 

p-CH3C6H4S02SC6H5 NMR(CC14)よ=2 . 42 pprn ( 3 H s) 
7.0-7.5pprn(9H rn) 

p-CIC6H4S02SC6H4CH3-P 

P-CH3C6H4S02SC6H4Cl-p 

Oro/1':J- 28) m.p.=78，...r800C(1工t，....'-'1 780C) 

NMR(CC1A) ~=2.42pprn(3H s) 
τ7.13~7.3pprn (4H m) 

7.35""7.5Ppm(4H rn) 
Oro/1':J- 29) rn.p.=工29-1310C(lit，...../1 129.-v1310C) 

NMR(CC111) 2.45ppm(3H rn) 
τ 7.1ベノ7.6pprn(8Hrn) 

Oro/1':J- 30) m . p . = 8 7"" 8 8 0 C (，li七，..JV /87，.，880C)
P-CHJOCcHASO~SCcH 3'-"''-6u4.....'-'2.....'-6~~5 

NMR(CC111)d=3.85ppm(3H s) 
τ6.8ppm(d 2H J=9Hz) 

7.42pprn(d 2H J=9Hz) 
7.36ppm(5H s) 

3工)
m.p.== 55"'-る70C (li七 54へ55

0
C

In the e prepara七ionof symme七rica1 thiolsulfona七e， 工9.4rnmol 

of disulfide was: dissolved in 10 m1 of ace七ic acid at OOC， 
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19.42x2.5 mmo1 of hydrogen peroxide was slow1y added to 
then， 

mix七ure. Ternperature was raised to r.七. and the mixture thlS IIIムλ

waS stirred for 24 hours. Then th工sreaction rnixture was poured 

into benzene and neutra1ized by Na2C03， washed wi th Na
2
s
2
0
3
， 

waterF anq dried over MqS04・ After evaporation of solvent， the 

residue was chrornatographed with co1urnn(e1uent.:benzene) 七o give 

thiolsulfona te in 50毛 yie1d.

TLC(benzene) R....=0.5 
e1ern. ana1. 占

C H 

obsed. 50.49 9.34 
ca1cd. 50.38 9.30 

工R(NaC1) 工工20(s)ー 工320(s)，
1460crn-ょ (s)

NMR(CC1A) 0.7-2.2ppm(rn 18H) 
‘ 2. 9̂"'3. 4pprn (m 4H) 

p-CH3C6H4S02SC4H9-n TLC(benzene) R
f
=0.5 

n-C....H."-SO，，S-C 可 -n 工5H 11 ~~2~ ~5..11 .. ~------

eょern 上
-C  H 

obsed. 54.17 6.64 
ca1cd. 54.06 6.59 

工R(KBr) 810 (rn) 1080 (m) 1140 (s) 

工320cml(S ) 
NNR(CDC1っ)よ=0.9ppm(m3H) 2.55ppm 

ぜ (s 3H) 1.5ppm(4H m) 
2 . 9ppm (2H t) 
7.25ppm(d 2H) 
7.7ppm(d 2H) 

n-CAHnSO~SCABn-n TLC(benzene) Rr=0.4 oi1 4..9~~2""'-4U9 

e1em.ana1. 

obsed. 
ca1cd. 

工R(NaC1) 1127， 

2930， 

-
1
4
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2950， 

p~paration of Thio1su1fina七ξ・ Bothsymmetrica1 and 

unsymmetr ica1 七hio1su1finatewere prepared by known me七hods

¥I/lth a rather 1i七七1emodification. Name1y， addition of thio1 

lnto a desired， distilled sulfinyl chloride in the presence 

of pyridine ぬ cc工4 under coo工i勾 a七 a 七日nperature工ower七han

QOc. n 
gave rise 七o the formation of thio1su1finate(80N 90毛 yie1d). 
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The thio1su1finate af七erpur工ficat工onby co1umn chroma七ography

or recrysta11ization， was iden七工ca1with that of reported 

upon examination of IT1・p.
O 

-CH~CcHASSC~HACH~-p TLC(benzene) R+=0.2 P-L.D3
V 6U 4ν6.. 4 ~.. 3 

NMR(CC1A) 2.4ppm(3H
k

s)， 2.42ppm(3H s) 
ι6.95-7.6ppm(rn 8H) 

工R(KBr) 800， 1480， 1060， 1580， 1090cm ~ 
32 ) 

m.p.=870C(1it，--' 87.50C) 

に
J

H
 

r
b
 

c
 

qu 

O
矢
bA

せ
H
 fo 

p) 
「

4
J

H
 

Fし
}P

L
 

NMR(CC1
4
) 2.43ppm(3H s) 7.1-7.6ppm(9H m) 

工R(KBr) 800， 1065， 750， 1090， 693， 1440 

1465，l59O cm l 
33) 

m.p.=820C(工it，..........' 83向 840C)

The Reaction of Su1f工n工cAc工d and Th工01 p-Toluenethi01 1192 

mg(1.923x5 mmo工) diss01ved in 5 m1 of CH
2
C1

2 
was added 七o 300 

mg(l.923 mmo1) of p-t01uenesu1f工nic acid. The reaction was 

carried ou七 underargon a七mosphere for 19 hours in ref1uxing 

condi tion. (ba th ternp. 50 OC). Then the reac七ionrnix七urewas 

poured into benzene which was washed wi七h 0.1N. NaHC0
3 

for 

3 tirnes. The organic 1ayer was dried over MgS0
4 

and evaporated 

in this reaction，七hi01su1fonatewas not obtained). The 

product was chromatographed wi th c01umn using benzene 七o give 

ilie rnixture of p-t01uenethi01 and di-p-t01y1 disu1fide. The 

yield of di-p-t01y1 disu1fide was de七erminedby NMR. 

p-CH3C6H4SSC6H4CH3-P 689 mg(2.9 mmol) 73毛

p-CH~CcH A SH 321 mg(2.6 mm01) 3 ~6.. 4 

DisUlfide was identica1 wi th the au七hen七icdisu1fide in both 

GLC and NMR・ Thewater layer obtained was washed with CHC工3

for 3 times. Then in七O 七he solu七ionconc. HCl solu七ionwas 

added and the mixture was extrac七edwith CHC1~ or e七her，dried 
3 

OVer Mgso 4' evapora ted to g i ve 4. 3宅 ofs七ar七in<才 p-to1uenesulfinic

acid. 
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Reaction of Thio1su1finate and Thio1 in 七hePresence of 
e 

p-To1uenesu1fin工c acエd 148 rng(0.948 rnrno1) and 

600 mg (0. 948x5. 76 rnrno1) of thiopheno1 were disso1ved in 3 rn1 

of CH2
C1

2 
under argon atrnosphere and then 七he 235 rng(0.948 

mmo1) of S-pheny 1 p一七olueneth工osu1finatedisso1ved in 2 rn1 

of CH
2
C1

2 
was added. The reac七ionwas carried out at r.t. 

After 3 hours， the starting th工olsu1f工natewas not present. 

The reaction rnixture was evapora ted and chrorna tographed 

through si1ica-ge1 co1urnn using a mixture of benzene and 

hexane (v jv=l/工). The firs七 fractionwas a rnixture of PhSH， 

p-TolSSPh and PhSSPh， and the second fraction was a rnixture 

of p-TolS0
2
SPh and p-To1S0

2
ST01-p. Yie1ds of these products 

were de七errninedby NMR. These produc七swere iden七ifiedby 

cornparison w工thauthen七工c d工su1fides and th工oJLsu1fonates.

p-CH3C6H4SSC6H5 88毛， C6H5SSC6H5 52毛， p-CH3C6H4S02SC6H4CH3-P 2.5毛

p- CH '"l CrHASO~SCrHr 54.4毛3~6. . 4~~2~'-6..5 

The mixtures obtained in 0七her separate experirnen七swere a1so 

treated by the sarne procedure. 

Reaction of Su1finic Acid and Thio1 in the Presence of 

chlorotrirnethy1silane. 

Procedure-1. p-Ch工orobenzenethio1 1390 rng(1.923x5 mmo1) 

which was disso1ved in 5 rn1 of CHC1_ was added into a reactor 
3 

containing 340 rng(1.923 rnrno1) of p-ch1orobenzenesu1finic acid 

by a micro-cylinge. Then， 1 ml of ch1oro七rirnethy1si1ane(ca.5eq)

was added to a rnixture by a rnicro-cy1inge. The reaction 

was carried out at r. t. for 30 min under argon atmosphere. 

Then， the reac tion rnix七urewas evapora七edand chroma七og:r:aphed.

through co1umn (silica-ge1) using a rnixture of benzene and 

hexane (v /v==工/工)七o give a mixture of p-ch1orobenzenethiol 
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and di_P-chlorophenyl disulfide Cfraction-l) an.d 43 mg of 

chlorophenyl p-chlorobenzenethiosu1fonateC7毛).. 
s-p-<.; 

The yield of di-p-chloropheny1 dエsu1fidewas determined by 

NMR (85毛). 

procedure-2. p-Ch1orobenzenesu1fin工c acid， 340 mg(1.923 mmo1) 

was dissolved in 3 m1 of ch1oroform and then 1254 mg (1. 923x6 

nunol) of ch1oro七rimethy1si1anewas added in七o the solution. 

The mixture was kep七 standingunder stirring for 1 hour in 

argon atmosphere. After 1 hour， 1390 mg (1. 923x5 mmo1) of 

p-chlorobenzenethio1 which was disso1ved in 3 m1 of ch1oroform 

was added to七hereactor and an exotherma1 reaction occurred. 

After 30 min， the reaction mix七urewas evaporated and treated 

in the same procedure as in七heprocedure-1. 

p-CIC
6
H
4
SSC

6
H
4
C1-p 100毛

Iso1ation of p-To1uenesu1finy1 Ch1oride. p-To1uenesulfinic 

acid 300 mg (1.923 rnmol) was dissol ved in 3 ml of ch1oroform 

under argon a七mosphere，then 1254 mg(1.923x6 mmo工) of ch1oro-

trimethylsi1ane was added 七o this solu七ionand the mixture 

was kep七 standing for 1 hour with stirring. Af七er 七hereaction， 

the mixture was evaporated to give p-to1uenesu1finyl ch10ride 

1n 100毛 yie1d. 工R(NaCl) 750 (s)， 8工5(S)， 92O (S )， ll55(s )cm l 

NMR(CC1
4
) 2.45ppm(3H s) 7.35ppm(2H d) 

7. 75ppm (2H d) 

The authentic sulfinyl chloride was ob七ainedby treating 

di-p-toly1 disu1fide wi th chlorine in ace七icanhydride in 91 

% yield. 910Cj3 mrnHg (lit，34) 113-1150C/3.5 mmHg) 

Pr~aration of Trimethy1sily1 p-Toluenesu1f~~a玉三・ p-CH
3
C6H4S02Ag 

500 mg (1. 902 mmo1) was disso1ved in 5 ml o:f ch工oro王ormand 

th~lî 
en， 206 mg (工 .902mrno1) of chlorotrimethy1silane was added七0

this solution. 工mmediate1ywhite precipi七a七e，A9CL appea工ed.
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This solu七ionwas filtered under dry ni七rogenand evaporated 

to give the sily1 ester 工n a quant工tativeyie1d. This ester 

waS very sensi七工ve to mo工sture.

NMR(CC1
4
) d=0.26ppm(s 7.1H) 2.4ppm(s 3H) 7.27ppm(d 2H) 

7.55ppm(d 2H) 
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Chapter 3 

Reduction of Sulfon工cAc工ds and Related Organosulfur Cornpounds 

with Triphenylphosphine-工odine Systern. 工.

Abstrac七

Arenesulfon工c ac工ds，工七s sodiurn sal七s，and alkyl 

arenesulfonates can be reduced readily to the corresponding 

arenethiols quant工七a七工velywエ七h a rn工X七ureof triphenylphosphine 

and a cataly七工c arnount of 工odine，while alkanesulfonic acids， 

sulfinic acids， thiols， disulf ides，七hiolsulfonates，su1fonates 

are also readily reduced to 七he corresponding thiols sirnilarly. 

Upon treatrnent with tripheny1phosphine and excess iodine， 

however， these aliphatic su1fur cornpounds are conver七ed

eventually to the corresponding alky1 iodide. The relative 

reactivities of these su1fony1 deriva七ives toward 

triphenylphosphine-iodine are七he following~ 

Aromatic series: ArSO'")Ar'， ArSO'")CH"，C (CH'")) くくArSO"SO"Ar< 3 .，L :1..， .L .l....L.. L."..I '-" 3 '-'.L.L 2 '-¥ '-'.4..L 3 I 3 ~ --~.J.~ .....， '-" 2 .....， '-' 2 

ArS0
3
HくArso;HNBu;(PYH+)くArS0

3
RくArS0

2
H<ArS0

2
C1， ArS0

2
加¥

Aliphatic series: RSO...，R' < RSHくRSO_Hく RSSR，RSOH<RSO-HNB11+< 
3"" "' 

...，~.... .... 
""~'-"3"" 

.... ~'~~~'f ...'....''-''2.... ~..'~'-"3 .......--3 、

RSH/B111N〈RSOC l RSO SR，RSO-HNB11+ 工n these reactions， j ""-'-'2'--'-1 .J.¥""""''-'2''''''.I.''， .L
¥''''''''''''''''2 

.L~.i.~J..JU.

3
・』

the aどen色su工王onicacids bearing elec七工on-donat:ingsubs七i七uents

can be reduced rnore readily七han七heones having elec七ron-

vnthdre=l LaWlng substituents. 
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工ntroduction

organosu1fur compounds can have severa1 oxidative states， 

and the systema七icrepresentat工onof those cornpounds is 

given in "Oxidoreduct工OnTab1e of Organosu1fur Compounds " 

in which various su1fur compounds are arranged in order of 

the decrease of oxida tion sta七e from 1eft to 工"ight side. 1) 

Sulfur atom in su1fonic acids is in the highest oxidation 

state. Since七hedisu1fone is forma11y a dehydrated 

condensa tion product be七weenthe su1fon工c acid and the 

sulfinic acid， i七 isp1aced at the position between these 

two compounds in the Tab1e. The su1f工ny1su1fone occupies 

the same pos工七工onas the su1fin工c ac工d， s工ncethe su1finy1su1fone 

is formed by dehydrat工onof the su1f工n工c acid. Whi1e 七he

thiolsulfonate and the ~-disu1foxide are a1so p1aced in the 

same posi tion，七he 七hio1su1fina七e and 七hedisu1fide are 

assigned as the differen七 oxidation states as shown in Tab1e. 

おnongthese compounds，七he su1fonic acid is excep七iona11y

stable and inert to most reducing agents hi therto known， and 

no good method has been found 七o reduce su1fonic acids. 

Reduction of other oxidi zed su1fur compounds can be found in 

numerous 1i ter a七uresmos七 ofwhich are， however， on rather 

fragrnentary works done on1y for synthetic interests ・ Thus

no systematic investiga七ionon 七hereduction of 七hese organic 

compounds has been carried ou七 Meanwhi1e，su1fona七ion of 

hydrocarbons has been a very important indus七工-ia1process and 

one convenient method to in七工oduce sulfur functiona1 group 

lnto organic compounds However， su1fonic acids are so s七ab1e

oward any reducing agents that there has been no known method 
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to reduce sulfonic acids to organ工c sulfur compounds 

of lower oxidation state. Sulfon工c acids are so wide1y 

used general1y and a1so in organエc syntheses， and hence a 

good method to reduce su1 fon工c ac工dshas 10ng been invoked， 

since synthetic chemistry us工ngorganosu1fur compounds has 

recently been deve10ped extens工ve1y. The Purpose of this 

work is to discover a new reducing system powerfu1 enough 

to reduce even organic sulfonic acエds and a1so to investigate 

systema tica11y the modes of deoxygena t工onof a11 these 

common oxidized organic compounds wi th the sa:me reducing 

agent. 

The frui七sof this basic investigation have provided 

us a convenien七 reducingme七hodof arenesu1fonic acids 七0

the corresponding arenethio1s and七hereductive conversion 

of alkanesu1fonic acids and re1ated compounds to the 

corresponding a1ky1. iodides in one-pot reaction. This chapter 

gives detailed accounts of 七hesereduc七ion.

Direct e1ectron transfer from a1ka1ine me七a1and related 

compounds to su1fonic acid has been known to 1ead mainly七0

reductive c1eavage of C-S bond2) (C-S bond dissocia七ionenergy: 

".70kcal/rno13) ). Th巳refo工巳 th色 deoxygenativereduction of 

the sulfonic acid wou1d have to proceed stepwise via the 

initial nuc1eophi1ic disp1acemen七 ofOH group of 七hesu1fonic 

acid by a good 1eaving group， fo110wed by sub:sequen七

nucleophilic attack on the 1eaving group by the second 

nucleophile as shown in eq. 1. 

RiOH+  ー 、Rg-N ZN"l工 、 RSO~ + Nu-Nu 一一(工)
8:Nu  ーOH一， - 5U'2
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However， unf or七unatelysuch nucleophilic substitution of OH 

of the sulfonic acid does not readily proceed. 
grOUP 

Fo11owing are some of the reasons why the sulfonic acid is 

50 iner七 towardcommon reducing agents. 

1) The sulfonic ac工d 工s so a strong acid that it gives away 

proton to the nucleophi1ic reducing agent which upon pro七onation

becomes no longer effec七工venucleoph工les，while the 

deprotona ted su1fona te an工onpossesses negatively charged 

three oxygen a toms wh工chrepel even strong nucleophiles to 

approach the central su1fur atom. 

2) The reactivities of su1fonic acids and its derivatives in 

nuc1eophilic displacemen七swould be somewhat reduced since 

there would be unfavorable lone pair-lone pair repulsion 

between the nucleophile and two very elec七ronegativeoxygens 

at equatrial posi tions a七七he transi七ionsta七eof the 

trigonal bipyramid. The sulfinic acid and its derivatives， 

having only one polarized oxygen atom on the sulfur， is more 

reactive in the nuc1eophi1ic disp1acement. 

'L"T__ ;r-Nu V Nu 
R¥/ 0NU  '0...1''-4 R久/
、E!- ) H スジs-O ) S + OH 
J与 0"I . ~\ 
OOH  OH 3"- O. 0 

ー一ーーーーー(2 ) 

3) The poor leaving abili七Yof. Off group may a1so be par七1y

responsible for the 10w reactivity of sulfonic acid七oward

nucleophil e. 

However， the su1fonic acid can be made more reactive by 

replacing hydrogen by a sui table e1ec七ron-withdrawingY group 

to form RSO 2 -OY .工ndeed，nuc1eophilic displacement of OH 

group on the su工furatom 0:E sulf.onic acid ha:~ 七o be rather 

difficUlt， whi1e once RSO~-OY is formed， nucleuphilic 
2 

(工13)



displacemen七 ofOY group in RS020Y proceeds rather readi1y. 

4) ~_ ，.，，，，..，， 5) 
ina七ionof su1fonic acids with PC1L

A

' or SOC1 
Chlorエロd

good examp1e(eqs. 3 and 4) of transformation of RS0
2
0Y species 

Obvious1y the formatェonof very stab1e phosphorus oxych1oride 

or S02 is 七hedriving force of the reaction. 

~ 

RS0
3
H + PC15てF

今RS02;O-PC14 -C1~ RS02C1 + OPC1
3

ーー (3 ) 
、ー
¥C1 

/戸、埼

RS0
3
H + SOC12 _H+)RS0 2

ー
O~SOC1 -C1-) RS02C1 + 80

2 
+ HC1 一一(4 ) 

、C1

Thus， the key s七epof the reduc七ionof the su1fonic acid 

represented by eq. 5 is the activation of 1eaving OH group 

by the introduction of Y group on七he su1fony1 oxygen， whi1e 

Y should be an e1ec七ron-w工七hdraw工nggroup and hence OY 

ooght to be an exce11ent 1eaving group in the subsequent 

nucleophi1ic disp1acemen七 Once the intermediate (1) is formed， 

subsequent reac七ions are quite faci1e. 

:Nu 
RSO...，H + XY 一一一→ RSO~-O-Y 一一一一う R80~Nu + OY ーー一一ー(5 ) -HX' .'~~2 ' ...'......'-'2 

(1 ) 

6 ) _ _， r-_ __ _ _ ~ -:"1 _ 7) _ _ _ ， r-_ __ _ L _ 8 ) 
For examp1e， su1fony1 ch1oride，，"， 1 su1fonarnide，" su1fonate， 

9 ) _ _ _ ， r-_ __ ~ _ _ __ L _ _ -:"1 __  ~ -:"1 _ 10) 
thiolsu1fonate， :;1 J and su1fonic anhydr工de~ ，"， 1 (Nu=C1， NRR'， OR， 

SR， and 080
2
R， respective1y) are a11 (工) type intermediates 

which can be reduced to the corresponding 七hio1sby common 

reducinq agents-. Thus， the success 0王 thereduction of 七he

sulfonic acid depends entirely upon a choice of XY and Nu 

to promote the reaction in eq. 5. The first examp1e of one-

pot reduction of sulfonic acids to thiols was recent1y 

reported from this laboratory， by us inq (CF3CO)20/BU4N+工ー，

X:==CF 3CO;' Y=CF 3CO， Nu -=1 shown in eq. 5・ Thisme七hodis 

the first break through in七hedi工ec七 deoxygena七ivereduction 

Of sulfonic acids， however， i七 no七 on1yrequires a 1arge 
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excess of expensi ve reagents bu七 a1so affords a mixture of 

reduction products， i.e. thio1s and七hio1trif1uoroacetates.11)

More recent1y， G.A. Olah et a1 reported the reduction of 

sulfonic acids to the correspond工ngdisu1fides with BX
3
(X=C1， 

12) 
Br， I)/KI.~~' This chapter dea1s with another faci1e and 

quantitative deoxygenative reduct工onof su1fonic acid and 

its derivatives by a new reducing system， i.e. 

tripheny1phosph工ne-iod工ne system. A1though tripheny1phosphine 

is known to be a re 1a t工ve1y strong reducing agent， it does 

not react direct1y w工七h su1fon工c acids. Tripheny1phosphine 

has a strong oxygen aff in工tyand hence エf Ph3p+group i S 

introduced as Y in eq. 5， even a weak nuc1eophi1e may a七tack

the su1fony1 su1fur atom because of the exce11ent 1eaving 

abili ty of the tr ipheny 1phosphine oxide. Meanwhi 1e， the 

13) 
mixture of tripheny1phosphine with ha1ogen~~' and that of 

14) 
tripheny1phosphine and disu1fide~'J respective1y are known 

to give phosphonium sa1 ts. Severa1 reac七ions are known 七0

utilize such phosphonium sa1 ts e. g. the conversion of a1coho1 

and pheno1 derivatives to the corresponding ha1ides by 

工5)
treatrnen七 wi七h phosphine and ha1ogen ，~~' the desu1furiza七ion

工4，
of disu1fides to the corresponding su1fides wi th phosphine， 
16~18) 

the condensation of carboxy1ic acids and a1coho1s or 

~lnes to the corresponding esters or amides by treatrnent of 

phosphine and diary1 disu1fide，19-22) dise1enide，23) or 

halogen and 七he conversion of alcoho1s 七o su1fides wi七h

phosphine and disu1fides.24) Thus a mixture of 

tripheny1phosphine and a cata1y七i~ amount of iodine was our 

choice systern for the reduction， eq. 5， where no七 on1y

(工工5)



+ 
RS02-oY(Y=Ph3P)i S eas ilY generated fromthe reac tion 

ρn the reagen七 andthe su1fonic acid but a1so iodide 
betweeμ 

is a rela七ive1y s七rong reducing agent enough to reduce 七he

10， 11， 25) 
sulfony1 deri va七

(116 ) 



Resu1ts and Discussion 

The Reduction of Arenesu1fon工cAcidsム i主主 So包 m Sa1te.， 

26) and Alkyl Arenesu1fonates with Tripheny1phosphine and 工odine

Triphenylphosph工ne 工s known to react w工th iodine to afford 

13. 27) 
iodotripheny1phosphonium iodide~~' ~'I which would behave as 

a halogena ting agent of su1fon工c ac工ds 1ike phosphorus 

pentachloride(eq. 3)， whi1e hydrogen iodide formed may ac七

as a reducing agent. Based on this assump七ionthe reac七ion

between su1fonic ac工ds and Ph
3
P/工2 was 工nitiated，whi1e the 

successful convers工onof a1coho1s and 七hio1s in七o the 

corresponding ha1ides wi th ha1otripheny1phosphonium ha1ide 

also prompted us to work on this reduction. As soon as 

tripheny1phosphine was disso1ved into a benzene solution， 

iodine co1or disappeared 工mmediate1yg工V工nga pa1e ye110w 

solution of iodotr工pheny1phosphon工um 工od工de. Upon七rea七men七

of p-toluenesu1fonic acid with this ~eagent in ref1uxing 

benzene， the expected reduction of the su1fonic acid 

proceeded smooth1y and p-to1uenethio1 was obtained near1y 

quanti tative1y. . Even when the amoun七 of iodine was reduced， 

the yie1d of 七he thio1 was not reduced but reaction required 

a prolonged period七o comp1ete， sugges七ingthat iodine ac七S

as the cata1yst of 七hereduction of the su1fonic acid with 

hipheny1phosphine. Thus， the who1e reaction between 

arenesu1fonic acids and 七主iphenylphosphinein the p工esence

of iOdine can be expressed as eq. 6. 

工
2 Ar-S0

3
H + 3 Ph

3
P ~) Ar-SH + 3 Ph

3
PO 

3 
ーーーーーー一ーーー(6 ) 
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since七here?gent read工1yreacts wi七h water， eventua11y 

affording tripheny1phosphine oxide and hydrogen iodide， the 

5ulfonic acid was carefu11y dehydrated by az巴otropic

disti11ation with benzene just before subjecting to the 

reductiqn in ref1uxing benzene. The resu1ts are surnmarized 

in Tab1e 1. Ne工ther tripheny1phosphine a10ne nor iodide 

anion reacts w工th the arenesu1fon工c acid a七 a11. The 

initia1 reaction is undoubted1y the reaction of the 

arenesulfon工c acェd wi七h エodotr工pheny1phosphoniurn iodide to 

generate 七he arenesu1fony1oxytripheny1phosphonium iodide 

a5 an inc~pien七 intermediate which receives subseguent1y 

nucleophi1ic attack of gegen ion，工， at the su1fony1 

5ulfur atom 七o form the arenesu1fony1 iodide as shown in 

eqs. 7"'9. 

Ph~P +工 r3"'" ， ~2\+ 

ArSO~H + Ph-.P-工
+ 

ArSO-. Ph-.P-工、3 "'" H3 
+ 

ArS0
2
-O-PPh

3
工

+ 
Jhph3p-工工

+ 
工手二三 ArSO__ Ph-.Pー工

3 "'" ~~3 

~ + 
ArS02-O-PPh3工

う ArS02工 +Ph3PO ーーーーーー一一ー一ー(9 ) 

一一ーーー一一一一ー一ー (7)

。。
，，z
‘、

T
E
L
 

H
 

+
 

-一一一一ーーー一一一一(8 
• 
) 

ArSO勺工+ H工 7- ArSO~H +工 ー一一ーーーー一一ーーーーー(10) 
2+2  + 

ArS0
2
H + Ph

3
P-工工一一一→ ArSO-O-PPh 工+H工一一一ー一一一(11) 

3 
+ 

ArSO-O-PPh3 工 ~ ArSO工+Ph-.PO -------ーーーーーーー (12) 
3 

ArSO工 + H工 } ArSOH + 工 一一ー一一一一ーー一ーーー一一一(工3)
2 

+ + 
ArSOH + Ph

3
P-工 工 ~ ArS-O-PPh 工 + H工 ーー一ーーーーーーー (14) 

3 
+ 

ArS-O-PPh 工 予 ArS工 +Ph-.PO 一一ーーーー一一一一ー一ー (15)
3 

+ + 
ArS工+Ph

3
Pー工工 ラArS-PPh 工ー ーー一一ーーーーーー一一ーーー (16)

3 
+ー+ArS-PPh3 工 + H工 ~ ArSH + Ph-.Pー工 工 ー一一一一一一一一一一(工7)

3 
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+ + 
ArS02工 + Ph3P一一一一→ ArS02Pl13P-工 ~ ArSO-O-PPh3 1 

~ ArSO工 + Ph3PO 一一一一一一一一一一 (18)

ー+ + 
ArSO工 + Ph3P )ArSO Ph3Pー工 〉 Ars-o-PPh3 I 

~ ArS工 + Ph3
PO ーー一一一一一一一 (19)

The arenesu1fony1 
ha1工de is known to be reduced with hydrogen 

28) 
iodide

L;OJ to afford the diary1 disu1fide， and a1so can be 

reduced by ::.ripheny1phosph工nea10ne to give a mixture of the 

29) 
diaryl disu1fide and the arenethio1. 

~J I Thus'ヒwopaths are 

conceivable for the reduction of the arenesu1fony1 iodide. 

One path invo1 ves the 工n工七工a1nuc1eophエl工c a七tackof iodide 

anion of the arenesu1fony1 iodide to afford iodine and the 

sulfinic acid which is eventua11y reduced to the diary1 

disulfide via the arenesu1fenic acid by the same reaction 

cycles through wh工chthe arenesu1fonic ac工d is converted七o

the arenesu1fony1 工odェde as shownエn eqs. 7向 9. Another 

conceivab1e process invo1ves nuc1eophi1ic at七ackof 

tripheny1phosphine on the arenesu1fony1 iodide to resu1七エn

ilie formation of the same reaction in七ermediate，七he

arenesu1finy10xytripheny1phosphonium iodide ob1:ained in the 

former path， as shown in eqs. 18 and 19. 工n order to c1arify 

which-nuc1eophi~i c- reage孔し， iodid巴 anionor tripheny1phosphine 

lnitiated the reduc七ionof the arenesu1fony1 iodide，七he

Sulfony1 iodide was treated wi th ei ther tripheny1phosphine 

alone or hydriodic acid respec七ive1y. However， since the 

reduction was found 七o proceed in七heboth sys七emsreadi1y， 

lt could not be conc1ude which process predominates over the 

OtdρF uer. Probab~y both processes are par七ic工pa七ingconcurrent1y. 

~ extreme1y fast reduction of the arenesu1fony1 iodide 

s Clear1y by the fac七七ha七 nOprobab1e intermediate can be 
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detec七edduring the reactions of the arenesulfonic acid 

with Ph
3
P/工2 system， since the init工al conversion of 

sulfonic acid to the sulfonyl iod工de is undoubtedly the 

slowest step of this mul t工ーstepreduction of 七he sulfonic 

acid to the thiol. Oneエnterestingobservation is that the 

reduction is accelerated cons工derablyby the presence of such 

an amine as tribu tylamine (Table 工)， wh工chcan readily 

dissociate the arenesulfonic acid to the corresponding 

oocleophilic anion to facilitate the reductioTI. The effect 

of aromatic substi七uentobserved in the reduc七ionof the 

arenesulfonic acid also indicates that the sulfonic acid 

bearing an electron-dona七工ng subst工七uentwas found to be 

reduced more readi1y than the one having an electron-withdrawing 

substituent as shown in Fig. 1， therefore eq. 8' shou1d be 

the rate-deterrnining s七ep.

Though arenesu1fエn工c ac工d can be reduced very slow1y 

with tripheny1phosphine a1one，七headdition of iodine 

accelera tes 七hisreduction remarkab1y to give the 

corresponding arenethio1 quan七itative1y(Tab1e 2). Whi1e 

sodium arenesu1finate cannot be reduced a1rnost a10ne wi七h

hipheny1phosphine， the 七工ipheny1phosphine/iodinesystem can 

reduce i t easi1y to 七hearenethio1 and diary1 disu1fide 

even in the absence of any phase transfer cata1yst. 

The arenesu1fony1 ch10ride and七hedia工y1 thio1su1fona七e

can be readi1y reduced wi th tripheny1phosphine a1one， or 

better wi th the rnixture of 七ripheny1phosphineand iodine 

(Table-3) . 

(工2工)



知

lOOr 

70 

50 
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Tripheny1phosphine/工odinewith ArS0
2
X of Reaction The 3 • Tab1e 

Benzene
a
) エn

T工me
(rnin) 

Temp 
( 0 C) 

ArSO'")X/工 /Ph'")P
2-~1 ~2' ~--3 

j¥rS0
2
X 

b) 
ArSH(毛)

100 30 25 2/1/8 p-C1C
6
H
4
S0

2
C1 

92 30 25 2/0/8 p-CH
3
C
6
H
4
S0

2
Cl 

(
H
N
h
m
)
 89 10 25 工/工/4
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J

H
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83 10-工525 1/0/4 
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H
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円
し

and wa七erof mg 200 about of mixture the reaction， this After a) 

yie1d GLC b) h. 0.5"，，1.0 for ref1uxed and 

co1umn) . 

added was 

glass 

dioxane 

m l OV-1， 

of m1 

(20も
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Alkyl arenesulfona七eswere found to react srnooth1y with 

Ph
3
P/I2 in benzene form工nga1ky1 iod工des and diary1 disu1fides. 

30) 
The disu1fides were converted u1 tirna七e1y 七o the arenethio1s 

upon treatrnent wi th tr工pheny1phosphineand water(Tab1e 4). 

本工
2吋-O-R+ 6円 P +工 2--~2→ (ArS)2 + 2 RI + 6 Ph

3
PO一 (20)

(ArS) 2 + Ph
3
P + H20 ) 2 ArSH + Ph

3
PO 一ー一ー一一一一ー (21) 

On the other hand， both ary1 arenesu1fonates and neopenty1 

arenesulfonates were found to be quite iner七 inthis reducing 

system even under pro1onged reaction tirnes as shown in Tab1e 4， 

suggesting 七ha七七hereaction eq. (20) is initiated by七he

nucleophi1ic disp1acernen七(SN2) at the a1ky1 carbon with 

iodide anion 七o form七healky1 iodides and arenesulfonate 

anions which is further reduced 七o arenethiols by Ph
3
P/工2I 

while ary1 arenesu1fona七es，neopenty1 arenesu1fona七esresis七

the nuc1eophi1ic a七七ackof iodide anion and no reac七ion

appears 七o s七arteven after a prolonged 七reatmentwith Ph
3
P/工2・

Interestingly， however， pentyl benzenesu1fona七e，an a1ky1 

arenesu1fonate， reacted readi1y with 七etrabuity 1arnmoni urn 

iodide in benzene affording tetrabu七ylarnmoniurn

benzenesu1fonat己 anQpentyliodide， however， under simi1ar 

condition pheny1 p-toluenesu1fonate did no七 reactwi七h

tetrabutylammonium iodide. 

+_- 1 o rnin 
CCHLSO ， CH~(CH~) ， CH ， + BuAN工〉6~~5'-''-'3'- 'u 2 ¥.'-'u2' 3'-'u3 ..... "....4 

+ CrH~SO~ BuAN' + CH~(CH~) 工ーー一 (22)6....5......'-"3 .... "....4... ''-''3 ¥'-'.2' 4 

100毛

+_- 15 
P-CH~CrHASO~C~H~ + BUAN工3'"'6，U4............3"'6，US I .LJ......4.... .J... benzene reflux 

no reac七ion 一一一ー一一一一一一ーー一一ー (23)

(125 ) 



Triphenylphosphine/ with Esters Arenesulfonate of R~action The 4. 'rab1e 

Atrnosphere 
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no h 5 2/1.5/8 p-CH3C6H4S03CH2C(CH3)3 

no h 45 2/1/10 p-CH3C6H4S03C6H5 
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(
H
N
町
)

90 95 rnln 10 2/1.5/8 p-CH3C6H4S03(CH2)4CH3 
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ca1cu1ated were products 
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yie1d. 86毛
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ln 
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b) h. 
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When broroine was used instead of iodine a.s the cata1ys七

of the reduction of P-to1uenesu1fonic acid wi七h

tripheny1phOSphine， the yie1d of the thio1 was found to be 

loW(Tab1e 1). A1though tributy1phosphine is a much stronger 

reducing agent， on1y 33毛 ofp-to1uenethio1 was obtained 

together wi th un工dent工f工ed s工deproducts upon treatment of 

the su1fonic ac工d w工thBU3P/工2・

Phosphorus tr工ch10rideor phosphorus acid gave on1y 

small arnoun七sof diary1 disu1fides and arenethio1s upon 

treatrnent of su1fon工c acids in the presence of iodine. 

Inspec七ionof data in Tab1e 1 and 4 revea1s 七ha七七he

r~uction of arenesu1fonic acids takes p1ace much more slow1y 

ilian a1ky1 arenesu1fonates. This may mean that arenesu1fona七e

anions are more reactive than arenesu1fonic acids in the 

reducing system， Ph
3
P /工2' because the treatmen七 ofa1ky1 

arenesu1fona七eswi七h iodide invo1ves the nuc1eophi1ic 

attack of iodide ion on a1ky1 group and eventua11y gives 

~enesu1fonate anions as primary intermediates. Simi1ar1y 

tertiary amine was a1ready found to acce1era te七hereduction 

of arenesu1fonic acids wi th Ph...，P /工 A11 these observations， 3.L / ... 2 • 

1. e. the higher reac七ivityof arenesu~fonic acid bearing 

an electron-donating subs七ituentin 七hereduc七ion，the 

acceleration of the reduction by addition of amine， 

and the faci1e ra七e of reduc七ionof arenesu1fonate esters， 

suggest c1ear1y 七ha七七hera七e-determining step is the 

nucleophi1ic substi tu七ionof the su1fonate anion， which is 

a gegen anionr on the centra1 phosphorus atom of 

lOdotripheny1phosphonium cation to form 

(工27)



arenesulfonyloxy七ripheny1phosphinium iodide which has a P-Q-S 

bond linkage (eq. 8')・

sodium arenesu1fonate d工d not react with Ph
3
P/工2 in 

benzene at a11 because of i ts inso1ub工1ity，however， it was 

smooth1y reduced to the thio1 in the presence of such a 

~ase transfer cata1yst as 18-crown-6. The rate of the 

reaction was found to depend on the amount of the phase 

transfer cata1yst(Tab1e 5). Thus，七h工sreducing method 工S

qui te usefu1， s工nce su1fon工c acids are usua11y avai1ab1e in 

the forrn of sodium sa1 t in industry. However.r 

p-aminobenzenesu1fonic acid， arenesu1fonamides， and su1fones 

were not reduced by our system even at high temperatures 

and under pro1onged heat工ng in any solvent. Unsuccessfu1 

reduction of p-am工nobenzenesu1fon工c acid and arenesu1fonarnide 

is believed 七o be due to 七he inso1ub工l工七Y of 七hecompounds 

in solvents such as benzene， acetoni七ri1e，and dioxane， we 

used. 

Final1y， since tripheny1phosphine/七etrach1oromethane
31 ) 

system was known七o produce phosphonium sa1t ，~~' arenesu1fonic 

acids were trea ted wi七h 七hisPh
3
P/CC工4 sys七em.. Actua11y， 

the. co工工espondin~ diaryl disu1fides were obtained， but yie1ds 

were usua11y on1y 40毛七o 50毛[arenesu1fonic acid/Ph
3
P=2/8(mmo1)] 

when the reduc七ionwas carried out in the mixture of 1 m1 of 

tetrach1oromethane and 5 m1 of benzene under ref1ux 

condi tions for 1. 5 hours. 

(128) 



Ph')P/工/工8-Crown-63~ I ~ 2 with Arenesulfona七eSodium of Reaction The 5. Tab工e
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The Reductive Conversion of A1kanesu1fonic Acids， Su1finic 

Acid5， Thio1s， Disu1fides， Thio1su1fona七es，and Su1fonates to 

32) 
the correspondinq AlkylIodides with Triphenylphosphine/工odine.

~en this reducing system was app1ied for the reduction of 

pentanesulfonic acid， pentanethio1， the expected produc七 was

~t obtained， but penty1 iodide was the sole product ob七ained，

nρρ口uimo1ar amoun七 of 工od工newas used. when one ey' Uム川

RS0
3
H + 4 Ph

4
P + 工2一一ーゥ R工 + 3 Ph3PO + Ph

3
PS + HI -一一 (24)

pentanesulfonic acid is considered to be reduced at firs七七0

dipentyl disu1fide or pentanethio1 as in the case of 

arenesulfonic acids. The subsequent mu1七i-stepreaction of 

either the disu1fide 0主七he thio1 with Ph~P/工 wou1d afford 3~ / ~ 2 

eventually七he iodide. 工n separate experiments， both 

pentanethio1 and dipenty1 disu1fide were found to be converted 

~ pentyl iodides quantitative1y upon 七reatmenotwi七h Ph
3
P/工2・

+ 
RSSR + Ph

3
P + Ph

3
P-工工

+ 
一一歩2 R-S -pph3工

2 R工+2 Ph
3
PS 、‘.，，，

F

コ
勺
L

，，t

、

ごテ

+ + 
RSH + Ph

3
Pー工 工一一一う R-S-pph3 工 + H工 4予

R工 + Ph
3
PS 一一一一ー一一 (26)

It is worthy to note that even sterica11y-hindered d-camphor-

lO-sulfonic acid was successfu11y converted to the 

corresponding optica11y active d-camphor-10-y1 iodide. The 

formation of the corresponding thiol as 七he intermediate is 

shown in Fig. 2. Al though pentanethiol was not detected in 

the direc七 conversionof pentanesu1fonic acid to pentyl iodide 

ln the reduc七ionwi七11- l?h~P /工 sinceunsterically-hinde工ed3.L. / ~2 ' 

pentanethiol is so reactive， d-camphor-lO-thiol was actually 

SOlated in a maximum yield of abou七工5宅 in七heconversion of 

(130) 
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a) GLC yield (20毛 OV-l，1 m glass co1urnn). b) Pentanethio1 

was obtained as by-product (10% Y工e1d). c) Chlorooctane was 

obtained as by-product (12毛 yie1d). d) 工solatedyield. 

e) 18-Crown-6 was used as a phase transfer cat.a1yst. f) The 

mixture of benzene and acetoni tr工1ewas used as a solvent. 

(132) 
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d_camphor-lO-sulfonエc acid to d-c出 nphor-lO-yl iodide with 

Ph
3
P/I2・ sincethe d-carnphor-lO-thiol has neopentyl structure， 

further desulfurization(SN2) reaction is rather slow. 

~erefore ， we can detect d-carnphor-lO-thiol during the 

reducti ve conver s工onof d-camphor-lO-sulfonic acid to 七he

corresponding iod工de. Pentanesulfinic acid reacted rnore 

readily wi七h Ph3P/工2 than pentanesulfonic acid， however both 

affording pentyl iodide. Pentanesulfonyl chloride gave a 

mixture of pentyl iodide(major) and penty1 chloride(rninor)， 

~ile the reaction of the sarne compound with tripheny1phosphine 

alone proceeded a1so srnooth1y at room ternpera七ure in benzene 

to give penty1 ch10ride in 80毛 yie1d(eq. 27). Resu1ts of 

all these reac七ions are surnmarized in Tab1e 6. d-Carnphor-

lO-sulfony1 ch10ride can a1so be converted to 七he

corresponding iodide under hea七ingwi七h Ph
3
P/工2・

RSO~C1 + 3 Ph~P 、RCl + 2 Ph~PO + Ph~PS ーーーーー (27)3.L. ，.J，.'\.'-~ .L ~~3 L.'-' .LJ.J.3 

Reaction of both a1ky1 a1kanesu1fonate and S-a1ky1 

alkanethiosu1fonate wi th Ph
3
P /工2proceeded srnooth1y to give 

alkyl iodides quanti tative1y upon 七rea七men七 w.ithPh
3
P/工2

(Table 7) . 

RSO~SRi + 4 Ph~E +工ー+R工十 R'工 +2 Ph~PO + 2 Ph~PS 一一 (28)3"-- ~2 .... ....3"....... ~ ~.3 

RSO~OR' + 4 Ph~P + 工一一少 R工 + R'工 + 3 Ph~PO + Ph~PS 一一一一 (29)2~~' .A. ....3.A. .....2 ~ ..3"~ ~ -..3 

RSO~SAr + 3 Ph~P + 工一一うR工 + ArSH + 2 Ph~PO + Ph勺 PS -ーー (30)3.A. -"-2 ... ....3......... -~.3 

NUcleophi1ic substitution on a1ky1 group， R'， by iodide ion 

lS undoub七ed工y invo工.ved in the ini七ia1 s七epof the reaction 

of the su1fonate (eq. 29)， while 七he工e are two possib1e paths 

to initiatethe reaction of S -alkylalkanethio sulfonate (eq.28)， 

l.e .T111cleophilic substitU七ionon the su1fenyl su1fur and 

(134) 



Tripheny1phosphine/ with Cornpounds Su1fur A1iphatic of Reaction 7 • Tab1e 
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n a1ky1 carbon， the S-ary1 a1kanethiosu1fonate reacts 
that on 

with Ph
3
P/工2quite read工工Y to forrn the a1ky1 iodide and the 

arenethio1. Thエs reac七工on shou1d a1so be initiated by the 

nucleophi1ic disp1acement on the su1feny1 su1fur of the 

substrate with e工ther tr工pheny1phosphineor iodide anion. 

HoweVer， since the reac七工onof both S-a1ky1 a1kanethiosu1fonate 

and s-ary1 a1kaneth工osu1fonatewith Ph
3
P/工2 proceed much 

正orereadi 1y than the react工onof alky1 a1kanesu1fonate 

under the same condi t工ons，the react工onsof the former two 

thiolsulfonates are undoubtedly initiated by nucleophilic 

substitution on the diva1ent su1fur. Bo七h iodide anion and 

hipheny1phosphine being just as strong nuc1eophi1es for 

divalent su1fur， i七 is hard to conc1ude which nuc1eophi1e 

plays an important key ro1e in ini tiating of 七hereaction. 

The rate-determining step of the reaction of a1kanethio1s， 

sulfinic acids， and su1fonic acids are presumed 七o be the 

nucleophilic attack of conjugate bases of these oxidized 

organosu1fur compounds on the phosphorus a tom of 

iodotriphenylphosphor1iuIIlioI133，34)as di scuss ed in七he

former section which dea1s wi th the reduction of 

arenesu1fonic acids. 工n accordance with七his assump七ion，

these reactions were marked1y acce1era七edby the presence of 

~lne(Tab1e 6) whi1e the reduction of the other aprotic 

derivatives were not affected by the addi tion of base. 

These reactions are qui te usefu1 in conversion of 

alkanesu1fonic acids，七hiolsu1fonates，su工fonates，disu1fides， 

thiols， and sulfony工 chlorides七0 七hecorresponding a1kyl 

lodides quanti七ative1yunder mi1d conditions in one f1ask. 
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Finally， various alkanesulfonyl chlorides were converted 

to the corresponding 工odides by Ph
3
P/工2 system， while they 

could be converted to the corresponding chlorides with Ph
3
P 

alone. But， in an 工nterest工ngand useful reaction， the 

corresponding 七hiols can be obtained in the reduction of 

alkanesulfonyl chlor工desw工thPh
3
P/H

2
0 system as shown in 

the follow工ng.

Ph~P 

CH.... (CH，.J ...，SO'")Cl ~.: ~..__~ 3¥¥...oU2'7""''''''''2 
250C 24h and 
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H
 

C
U
 

吋

I
J

1
1
n
p
o
 

円
ノ

L
R
J

H

7

 

C
 

，，E
K
 コJ

H
 

F
)
 

ミ
ノ

op Ph~P ~旬、 SH
d・ ':':"":':3→はにこloxane-water /l  、をーー(

250C 47h andt.ノ¥..J

reflux lh 
56毛

RSO'")Cl/Ph'")P=1/4(mmol)， dioxane/water=4/1(ml) 
2~~' ~~.3 
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conversion of Sodiurn Su1fonate to the Corresponding Su1fonic 

主主主二
The cation exchange resin which was converted to the 

protonated form by f10wing 1N・HC1water solution packed in 

a column[Dowex 50w-x8 mesh H-form， Muromachi Kagaku Co.J was 

used. 

♀L♀ 20毛 OV-1 1 m glass co1umn， Hitachi-163 gas 

chromatograph was used. 

Reduction of Arenesu1fonic Acid with ~h3ゼF22ystern.

A mixture of 380 mg (2 mmo1) of p-to1uenesu1fonic acid 

ronohydrate and 5 m1 of benzene was added in七o a reactor 

~ich was equipped with a coo1er and ca1cium ch10ride tube 

and then ref1uxed. The su1fonic ac工d was carefu11y dehydrated 

~ complete1y dry prior to the reaction by way of azeotropic 

distillation with benzene. After 2620 mg(lO mrno1) of 

tripheny1phosphine was added七o this dried su1fonic acid， 

the reactor was equipped wi th another dry coo1er and a argon 

or nitrogen ba11oon， and substi七U七edwith this inert gas with 

a vacuum pump for 30 minutes to 20 m工nu七esa七 roomtempera七ure.

Then， 5 m1 of dry benzene and 254 mg(l mmo1) of iodine were 

addeピLinto this. mix七ure.and七hewho1e mixture was stirred and 

refluxed(bath temperature 90-1000C) for 2.5 hours. The reaction 

was followed by GLC. Af七er the reaction was comp1ete， a 

ffilxture of 3 m1 of dioxane and 3 m1 of wa七erwas added七o this 

reaction mixture which was ref 1uxed for 1~0. 5 hour 七0

decompose the small excess of tripheny1phosphine-iodine 

complex: to triphenylphosphil1E! ox土deand hydrogen iodide. 

The solution was poured in七o benzene and washed with water 
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for three times .Thls benzene solution was dri ed over MqS04・

γTo1uenethio1 was obtained by GLC 工n 89毛 yie1d. After the 

benzene solution was evaporated F the res idue was separated wi七h

si1ica-ge1 co1~mn chromatography (Kiese1gel-60， 70-230 mesh， 

~RCK ， e1uent:CHC13). A mixture of p-to1uenethio1 and a 

sma11 excess of tr工pheny1phosphinewas obtained from fraction-1， 

and 2133 mg (128毛) of tripheny1phosphine oxide was obtained 

from fraction-2. Frac七エon-1was separated further with 

silica-ge1 co1umn chromatography (e1uent: benzenejhexane=lj 5=v jv) 

to give p-to1ueneth工ol(R
f
=0.5) in 54毛 yie1d. 'I'his was 

identica1 wi th commercエa11yavaエ1ab1e authentic compound. 

The low yie1d of p一七oluene七hio1 iso1ated as compared wi七h

that of GLC yie1d is be1ieved to be due 七o the high vo1ati1ity 

_ 1 t: ，.， _1  t: t: 0 ~ ( 1 .L.. 3 5 ) of the thio1. Ph
3
PO m. p・=154.-1550C(エエ七..， -' I 15 4 'V15 7 0 C ) 

Reduction of Arenesulfon工cAcid with P~3立~2~ine System. 

To a carefu1ly dehydrated 380 mg (2 mmo1) of p-toluenesu1fonic 

acid， 2100 mg (8 mmol) of triphenylphosphine was added and the 

reactor was equipped wi七h another dry cooler and an argon or 

nitrogen ba11oon， and subs ti tuted wi七h this inert gas with 

a vacuum pump for 30 to 20 minu te s a t room temper a ture . Then， 

afte工 5rn工 ofd工y benzene and 254 mg(l mmo工) of iodine were 

added to this mixture， 371 mg (2 mmol) of tributylamine was 

final1y added to this mixture. This reaction mixture was 

stirred and ref1uxed for 20 minutes， fo11owing the reaction 

hy GLC. Then a mixture of 3 m1 of water and 3 m1 of dioxane 

~S added to this reaction mixture which was ref1uxed for 

S minutes. p-To1 uene七hiolwas obtained in 95毛 yie1dby GLC. 
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去三m.

of Sodium Arenesulfonate wi七h ~h3ゼl: 2/18-Crown-6

After 460 mg(2 mmol) of sodium s-naphthalenesulfonate 

was dissolved in 5ml of benzene ，the mixture was ref luxed 

and dehydrated to nearly comp1ete1y dry by the same method. 

Triphenylphosphine 2620 mg (工ommol) and 264 mg(l mmo1) of 

18-crown-6 were added to this sodium sa1 t. The reactor was 

equipped wi th ano七herdry coo1er and argon or nitrogen 

balloon， and subs七工tutedwith 七his inert gas with a vacuum 

pump. Then， 5 m1 of dry benzene and 508 mg of iodine were 

added to this m工X七urewh工chwas stirred and refluxed for 

36 hours. After the reaction， a mixture of β-naphthalenethiol 

and di-s-naphthy1 d工su1f工dewere detected by GLC. 

Di-s-naphthyl disu1fide was converted to the β-naphthalene七hiol

~ addition of a mixture of 200 mg of water and 2 ml of 

dioxane and then 七hereac七lonm工xturewas refluxed for 1 hour. 

The reaction mix七urewas then treated in a simi1ar way as 

in the case of arenesu1fonic acids. ，B-Naph七halenethiolwas 

obtained in 95毛 yie1dand iso1ated in 93.4毛 yield，however 

ilie amount of tripheny1phosphine oxide was no七 determined.

Fompetition Reduction of p-Substi七utedBenzenesulfonic Acids 

日ithPD-
3
P/I

2 
~七em. A mix七ureof 190.2 mg(l mmo1) 

of p-toluenesu1fonic' acid， 170 mg(l mmo1) of benzenesu1fonic 

acid， and 192.5 mg (1 mmo1) of p-chlorobenzenesu1fonic acid 

was dissol ved in 5 m1 of benzene in a reactor 1which was 

equipped wi th a coo1er and a CaC1" tube and the who1e mixture 
2 

was r色壬luxed. A1l thesa sulfonic acids were dehydra七ednear1y 

~mpletely dry prior 七0 七hereac七ionby way of azeotropic 

distillation wi七h benzene. After 3144 mg(12 m~ol) of 
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triphenylphOsphine and 154 ~g (1 rnmo1) of bipheny工(standard

compound )were added to thi S dry sulfonic acid S ，the reactor 

~S equipped with another dry coo1er and a nitrogen bal1oon， 

and substituted with this inert gas. Then， 254 mg(l mmo1) of 

iodine and 6 m1 of dry benzene were added to this mixture 

which was then s七irreda七 72戸 730C. A sma11 portion(O.l ml) 

of reaction mix七urewas picked up by a micro-cy1inge and 

guenched wi th a m工xtureof water一dioxane-benzene(v=1/1/2)

every f ixed time 工n七erva1(3，5， 10， 30， 60， and 120 min from 

the ini tia1 t工me，respect工ve1y). The yie1ds of three thiols 

obtained in every case， were determined by ca1ibration curve 

with GLC. 

Reduction of Arenesu1fona七eEster wi七h Ph...，P/工 System
3一一 2 

Pentyl p-to1uenesu1fonate 484 mg (2 rnmo1) and 2100 mg (8 rnmo1) 

of tripheny1phosphine were added in七o a reactor which was 

equipped wi七h a dry coo1er and an argon or nitrogen ba1100n 

and substituted wi七h dry iner七 gaswith a vacuum pump. Then， 

5 ml of dry benzene and 381 mg (1 mmo1) of iodine were added 

into this mixture which was ref1uxed and stirred for 10 minu七es.

The starting ester was no 10nger presen七 bythis time upon 

analysis wi th GLC and TLC (si1ica-ge1 Rf=O. 3 e1uen七:benzene)， 

and p-toluenethio1， di-p-七oly1disu1fide， and penty1 iodide 

were resu1 ted . Af七er 七hereac七ion，a mix七ureof 200 mg of 

water and 1 m1 of dioxane was added into 七hemix七urewhich 

was then ref1uxed for 30 minutes to convert the disu1fide 七0

the. correspondinq thiol comple七e1y. The yie1d of the reaction 

products were-determined by GLC (20毛 ovー工). p-To1uenethio1 95毛.

Pentyl Iodide 90毛.
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Authen七icpenty1 iodide was obtained by the fo11owing 

reaction. A mixture of 2 g(22.7 mmo1) of penty1 a1coho1， 

5950 mg (22.7 rruno1} of tripheny1phosphine and 5670 mg (22.7 

mmo1) of iodine was d工ssolved in dry 20 m1 of ether. Then the 

mixture was ref1uxed for 5 hours under nitrogen atmosphere， 

and poured into benzene which solution was washed wi th wa七er

for 3 times， and dr ied over MgSO 4・ The solu七ionwas 

evapora ted and d工S七工11ed to give penty1 iodide in a high yie1d. 

36) 1 C:'iO penty1 Iodide b.p.=1570Cj760 rrunHg(lit ， ~VJ 1570Cj760 rrunHg). 

Synthesis of p-To1uenesu1fony1 工odide. Sodiurn 

p-to1uenesu1fエna七e d工hydrate 2140 mg(工ommo1) was dissolved 

in 10 ml of wa七erwh工1e 2540 mg(lO rruno1) of iodine was 

disso1ved in 10 m1 of benzene and both solutions were mixed 

under QOC for 0.5 hour wi th stirring. Then the reaction 

~xture was poured into benzene which solution was washed 

with water for three times and dried over MgSO 4・

p-To1uenesu1fony1 iodide was recrys七a11ized from a mixture 

of hexane and benzene. Rock-crysta1s of m.p.=85-860C 

(decomposition) were obtained(lit，37) 84，..，850C)・

Reductive Conversion of d-Camphor-10-su1fonic Acid with 

~3立!2~ystem. The reaction is carried out under dry 

nitrogen atmosphere in a two-necked f1ask wi th a reflux 

condenser. To 8 m1 of dry benzene solu七ionof a mixture 

of d-camphor-10-su1fonic acid， 464 mg(2 mmo1) ， and 

tripheny1phosphine 2620 mg(lO rruno1) ， was added solid iodine 

1524 mg (6 rnrno1) a七 roomtempera七ure. Then the mixture was 

ref1UXed壬01:' 9. hou工s in nitrogen a七mosphere. Benzene was 

added to the resu1 tant mixture which was then washed wi七h
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water. 
The organic 1ayer was dried over MgS0

4 
and the 

solvent was evaporated. The residue was then subj ected七0

co1umn chroma七ographyon si1ica ge工(e1uent:benzene) in order to 

separate tripheny1phosph工nesu1fideIRf=0.5， yie1d 60毛， rn.p.= 

38) 。
162戸 163oc (工工t，-~I 162ん工640C)]，d-carnphor-10-y1 iodide(R

f
=0.4)， 

and tripheny1phosphine oxide [Rf=O.l， yie1d 90毛l' rn.p.=154-1550C 

(lit，35) 154"'157 OC) ]・ d-C出 nphor-10-y1 工odide488 rng， 87も(GLC)

25 
and iso1a ted in 67毛 yie1d: rn.p.=710C; [~J~..J -20.6(c=1， CHC1

3
)・

-1 
IR(KBr) 1735 (C=O) ， 1375， and 1390crn ~ NMR(CC1

4
) $"=0.9 (3H， s)， 

1.1(3H， s)， 3.05(lH， d， J=10.5Hz)， 3.35(lH， d， J=工0.5Hz)， 

and 1.0，..;2. 4 ( 7 H， rn); Found: C， 43. 29; H， 5. 38; 工， 45.75. Ca1cd 

for C， "H， ，0工・ C， 43.18; H， 5.43; 工， 45.62. 10u15v
.J.... '-， 

~e Reductive Conversion of A1kanesu1fonate Ester with 

!:.h3立!2 ~ysternPenty1 oc七anesu1fonate 529 rng(2 rnrno1) and 

2882 mg (11 rnrno1) of tripheny1phosphine were added to a reactor 

~ich was equipped with a dry condenser and a nitrogen ba1100n 

and substi tu ted wi th dry iner七 gaswi七h a vacuurn purnp. Then， 

8 ml of dry benzene and 1778 rng (7 rnrno工) of iodine were added 

to this rnix七urewhich was ref1uxed and s七irredfor 5 hourso 

The starting es七erreadi1y absen七 bythis 七irneupon GLC 

and TLC ana1ysis and penty1 iodide， oc七y1iodide， 

tripheny1phosph土neoxide and七ripheny1phosphinesu1fide were 

resulted. After the reaction， a rnix七ureof 200 rng of water 

and 1 m1 of dioxane was added in七o the rnix七ure. The yie1ds 

of reaction products were deterrnined by GLC. 

Octyl rodid巳 95宅 Pen七Y工工odide95%. 

octyl iodide was synthesized bythe same method as inthe case 

of pentyl iOdide in a high yie1d. Oc七y1工odideb.p.=1100Cj23 

Hg(ljt，39) 2260Cj760 rnrnHg)・
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T主LPrepara七ionof d-Camphor-10-thio1 d←刊一-Car立叫I

5ulfonic acid 10 g(42 mm耳mo1} was disso1ved in 15 m工 of

chloroform and 七hen 18 g(86 mmo1) of phosphorus 

pentachloride was added slow1y. Af七er this mixture was 

refluxed for 2 hours，エtwas poured into ch1oroform which 

was then washed wi th water for 4 times， dried over MgSO 4 and 

~aporated to give d-camphor-10-su1fony1 ch10ride in 69毛 yie1d.

40) 。
m.p.=6S，..，670C(lit， ~VI 67..-v680C). d-Camphor-10-su1fony1 ch10ride 

3000 mg(12 mmo1) and 12576 mg(48 mmo1) of tripheny1phosphine 

were disso1ved in the mixture of 40 m1 of dioxane and 10 m1 

of water and the who1e mixture was s七irredfo工・ 47 hours at 

room ternpera七ureand ref1uxed for 1 hour. After 七hereaction， 

the mixture was separa七ed through s工l工ca-ge1 co1umn 

chromatography using benzene as e1uent to 9工ved-camphor-10-

thiol in 56毛 yie1d. m.p・=65N 660C; TLC(e1uen七:benzene) Rf=O.2~ 

-1 
0.3; IR(KBr) 工375，1385， 1730(C=O)， and 2560cm ~(SH); NMR(CC1

4
) 

e=0.9S(3H， s)， 1.05(3H， s)， 1.2-2.6(8H， m)， 2.73(lH， d， J=6Hz)， 

and 2.9S(lH， d， J=6Hz); Found: C， 65.24; H， 8.72; S， 17.24. 

Calcd for C，，，H，rOS: C， 65.17; H， 8.75; S， 17.40. 10'-616'-"....... ~， 

Monitoring the Reac七ionof A1kanesu1fonic Acid with Ph-:>J2fl 3---'ー 2

d-Campho工ー工O-su工王onicacid 464 mg(2 mmo1)， 2620 mg(10 wmo1) 

of tripheny1phosphine， and 308 mg (2 mmo1) of bipheny1 (s七andard)

were disso1ved in 10 m1 of dry benzene， in七o which 1016 mg(4 

~ol) of iodine was then added and the solution was ref1uxed 

under nitrogen atmosphere. At fixed time intervals， 0.1 m1 

of the reaction mixture was picked up by micro-cy 1inge and 

quenched wi th a mi.x七ure0王 wa七erand benzene(v/v=工/1). The 

Ylelds of the thio1 and iodide obtained in every case were 
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ined bV ca1ibration curve wi七h GLC(SE-30). 工n the case deterITI1Ilじ J

of pentane5111fonlc ac ld，the correspond inqthiol was not 

present in every sample under this condi tion. 

prepara tion of Th工01su1fonate Arenesu1feny1 ch10ride 

was prepared by trea t工nga th工01or a d工su1fidewith gaseous 

C1
2 

in CC1
4 

at ooC ・ Free su1f工n工c acids other than those 

which were obtained by ac工dif工cationof commercia1 sodiurn 

arenesu1finates wi th conc. HC1， were synthesized by 

hydrolyses of the correspond工ng su1f工ny1 ch10rides ・ Toa dry 

CC1
4 

solu七ion(150m1) of a su1feny1 ch1oride(O.03 m01) which 

was freshly prepared and was made free from C1') under reduced .2 

~essure ， was added dropwise into dry pyridine(0.033 mo1) a七

lower than OOC and then s1igh七lywhi七e precipi七ate of 

~ridinium sa1t of the su1fenyl ch10ride formed. A s01ution 

containing a free su1f ini c ac id (0 . 03 mo 1) in dry CC 14 or 

ether (50 m1) was added to that s01ution at a t.emperature 

lower than OOC. Then a new precipitate was formed gradua11y 

as the addi tion proceeded. After stirring the reaction mixture 

containing the whi te sa1 t for 30 min and subsequent warming 

~ room temperature， the reaction mix七urewas washed wi七h

5% HCl so1ution and then wa七er. The organic 1ayer was dried 

Over CaC1
2 

and then s01vent was evaporated. From the residue， 

llie thio1su1fonate was obtained in 80~90 毛 yield and 

recrystallized from ethan01. 

S-Phenyl Benzenethiosu1fonate m.p.=44...J450C (lit， 41) 44"，450C)・

S-P-Tolyl p-T01uenethiosulfona te m. p. =72 N7 4 oC (1i七 42) 760C). 

2E~ara tion of Su工fonateEs七er. 工n a reac七or，31.47 mm01 of 

SUlfonyl ch10ride and 94.41 mm01 of a1coh01 were diss01ved 
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mixture of 10 m1 of benzene and 10 m1 of ace七onitri1ein the ml.7~ 

and the who1e mixture was st工rred. Then， 157.25 mmo1 of 

pyridine was added to th工sm工X七ure. After 30 minutes， the 

starting arenesu1fony1 ch10r工dewas found no longer present 

upon analysis wi七h TLC(R
f
=0.5， eluent:benzene). Meanwhi1e， 

in the case of a1kanesu1fony1 ch10rエde，the reaction was 

carried out for 12 hours a七 roomtemperature. Then， the 

solution was poured into benzene which solvent was washed 

wi th wa ter for three 七工mes，and dried over MgS0
4・ The 

sulfonate ester obtained was disti11ed or recrysta11ized 

with benzene to give the pure su1fonate. The yie1d of the 

sulfonate is usua11y 50~60 毛.

_n')__n-:>o~( ，..:+- 43) Phenyl p-To1uenesu1fonate m.p.=92向 93 0 C(1工七~~， 930C). 

ー O~ f1":+- 44) Neopenty1 p-To1uenesu1fonate m.p.=46;v470C(工it，..' 480C). 

46) 
Pentyl p-To1uenesu1fonate b.p.=167N 1680C/3 mmHg (lit， "'-'1 169~170 

。C/3mmHg) . 

45 ) 
pentyl Benzenesu1fona七e b.p.=工38~140oC/1 mmHg(li七，工36-138

OC/1 mmHg) . 

pentyl Octanesu1fona七e TLC(e1uent:benzene) R
f
=0.4，...，0.5; 工R(NaC1) 

1340(80) and 1160cm-1(so); NMR(CC1A ) d=4.1(2H， t， J=6Hz)， 
4 

3.0(2H， t， J=6.7Hz)， and 2.1.....0.7ppm(24H， m); Found: C， 59.13; 

H， 10.55; S， 11.94. Ca1cd for C13H28S03: C， 59.05; H， 10.67; 

5，12.12. 

!!eparation of Su1finic Acid. p-Ch1orobenzenesu1fony1 

ch10ride 5 g(23.7 mmo1) and 18 g(71.1 mmo1) of sodium su1fite 

S~enhydrate were added in七o 100 m1 of wa七er. The reaction 

ffilxture was kept a七 a tempera七ureranging 70N 80oC for five 

hours A王ter the reac七io孔，. this wa七er solu七ionwas washed 

"11th ch1oroform twice， acidified wi th excess conc. HC1 solution， 

coo1ed and fi1 teγed. The white precipitate was recrysta11ized 
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from water yielding p-chlorobenzenesulfinic acid in a hiqh 

47) 
yield (79毛)・ p-Ch1orobenzenesu1finicAcid m・P・:=95""97oC (li t， 

98
N
990C). Octanesu1finic acid can be a1so obtained from 

octanesu1fony1 ch10ride by the sarne procedure. 

_ c ') _. C "J 0 r-. 11 .! ~ 48) 。
CH

3 
(CH

2
) 7S02CH3 m. p・=62-"'630C(1工t，--， 620C， octanesu1finic acid 

was converted 七o the octy1 methy1 sulfone by 七hereaction 

with me七hyl iodide， 57毛)

p-Toluenesu1f inic ac工d and benzenesu1finic acid were obtained 

by acidification of the corresponding sodium arenesu1fina七es

which were obtained as comrnercia1 samp1es. ThE~ whi te 

precipi tates were recrysta11ized from water yie1ding 七he

corresponding arenesu1fi nic acids. 

_'ì 0_.0"O r-. /1.!~ 47) Benzenesulfinic Acid m.p.=78̂'800C(li七 81.5N83 OC) . 

_011 .0C:Or-./1.! .I- 47) p-Toluenesu1finic Acid m.p.=84.v850C (工工 t ， ~'1 84.....850C). 

Preparation of Dia1ky1 Thiolsu1fonate. To the mix七ureof 

19.42 rnrno1 of dia1ky工 disu1fide and 10 m1 of acetic acid， 5.5 

g， 35 % (48. 55 mrno1) of hydrogen perox ide was s 10w 1y added， 

under s tirr ing a七 OOC. Then reaction mixture was warmed 

~ to room temperature and stirred for over night， then poured 

lnto benzene solution which was neutra1ized wi i:h Na~CO 
2~~3 

solution， washed with Na~S~O~ solu七ionand water for twice 
2~2~3 

respectively， and dried over MgSO 4・ The thio1su1fonate was 

purified by七hrough a separative si1ica-ge1 column chromatography 

USing benzene as e1uent. 

S-Pentyl Pen七anethiosu1fonate TLC(e1uen七:benzene) R
f
=0.5; 

IR(NaCl) 1120 (SO) and 1320cm -1 (SO) i NMR (CC1
4
) J=O. 7.-v2. 2 

(18H， m)， 2.9--3.4 (4H， m); Found: C， 50.49; H， 9.34. Ca1cd 

for clOH2202S 2:C F5O ・38; H， 9・30・

S-OctYl Octanethiosu1fonate TLC (e1uen七:benzene) Rf=O・5; 
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-1 
IR(NaCl) 1120 (SO) and 1320cm-.L(SO)i NMR(CC1

4
) )"=0.7"，2.2(30H， 

m)，2.9N3.4(4H，m);Found :C ，59.77;H ，lO .68.calcd for 

--n
，L
 

C
U
 

q
J
b
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U
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ロμr

h
U
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l
A

F
し

C， 59.57; H， 10.62. 

月rationof Pentanesu1f工n工cAc工d. Dipentyl disu1fide， 
prepaL~ 

11.54 g(0.056 mo1) and 11.44 g(0.112 mo1) of acetic anhydride 

were placed in a f1ask which was equipped wi th a gas inlet 

tube and a gas out1e七 tube，attached 七o a ca1cium chloride 

tube， coo 1 ed by dry 工ceuntil the in七erna1 temperature has 

cooled down七o -20oC to -lOoC. Ch10rine was passed into 

the well-stirred m工xturema工nta工ningthe ternperature. The 

progress of七hereact工oncan be fo11owed by co1or change， 

from yellow， raddish and green fina11y. Af七er the reaction， 

the excess ch10r工newas evaporated and the rnixture was 

aistilled七o give pentanesu1finy1 chloride， in 77毛 yie1d

(77"，780C/8 mmHg). Five m1 of tetrachlorornetha.ne disso1ving 

pentanesulfinyl ch10ride 2000 rng (12.94 mrno1) w"as added into 

amixture of 2250 rng(28.47 mrno1) of pyridine， 10 rn1 of ether 

and 5 ml of wa七erunder OOC， and then whi七e precipi七a七eof 

Wridinium ch10ride was obtained instan七1y. T'he reac七ion

mlxture was poured in七owater and the solu七ionwas washed with 

ether for 七:hreetimes， acidified wi th conc. HC1 solu七ion，

extracted wi th e七her. The ether extrac七 wasdried over MgS0
4 

and evapora七ionof solvent gave pentanesu1finic acid in a 

quantita七土veyie工d. CH3(CH2)4S02C6H3(N02)2-2，4 m.p.=840C 

(lit， 49) 83 oc， pen七anesu1finicacid was conver七ed 七o the 

pentyl 2， 4-dini tropheny1 su1fone by七hereaction wi七h

2， 4-dini troch1orobenzene) . 
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S-phenyl pen七anethiosu1fonate~ Benzenesu1feny1 ch10ride 

--← was prepared by treat工ng the thio1 with gaseous ch10rine 

in tetrach1oromethane at OOC (45"'520Cj4 mmHg ，ェ~ed co1or， 81毛). 

To a dry tetrach1oromethane solution (工50m1) of 

benzenesulfeny1 chlor工de(0.03mo1) was added dropwise dry 

pyridine(0.033 mo1) at OOC and then sight1y wh.ite precipitate 

of pyridinium sa1t of su1fenyl ch10ride formed. A solution 

containing free pentanesu1finic acid (0. 03 mo1) in dry 

tetrachloromethane was added to that solution at 0 oC. Then， 

n~ precipitate was formed gradua11y as the addition proceeded. 

After stirring the reaction mixture containing 七hewhite sa1七

for 30 rninutes and subsequent warming to room tempera七ure，

ilie reaction mixture was washed with di1u七e HC1 solution 

and then wa七er. The organic 1ayer was dried over MyS04 and 

solvent was evaporated. From the residue， the S-pheny1 

pentanethiosu1fona te was ob七ained in a high yield. 

TLC(e11lent:ben Z ene)R=0.4;IR(Nacl)ll2O (so )and 132O cm-l 
f 

(SO); NMR(CC1
4
) ;;-=0. 7'V2.2 (9H， m)， 2.9-3.3 (2H，ヒ， J=7.5Hz)， 

7.2州 7.7(5H，m); Found: C， 54.07; H， 6.58. Calcd for C~~H~ ， S~O ・11 ~~ 16 ...， 2 '-' 2 . 

C， 54.06; H， 6.59. 

ounds. 

心Naphtha1enethio1 160N 1650Cj35 mmHg(li七 50) 工421'V142.5j7mmHg， 
85...-880CjO.27 mmHg) . 

NMR(CC1
4
) o=3.4(lH， s)， 7.05""'8.30(7H， m). 

2，4-Dimethy1benzene-1-thio1 74"'760Cj4 mmHg (lit
j
， 51) 80. 50Cj9 mmHg， 

930Cj12 mmHg) . 
NMR (CC 1 A) f = 2 . 2 (6 H， s)， 2. 9 (lH， s). 

6 . 5̂'7 .0 {4H， m). 
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Reduction of Sulfonic Acids with Triphenylphosphine-Diaryl 

Disulfide Systern. 工工.

Abs七rac七

Diaryl disulfides are effective catalysts to reduce 

arenesulfonic acids wi七h triphenylphosphine 七O 七he

corresponding arenethiols in good yields I whil，e， 

alkanesulfonic acids are transforrned in七O 七hecorresponding 

alkyl aryl sulfide. 工n these reac七ions，the arenesulfonic 

acids bearing electron-donating substi tuents can be reduced 

more readily than the ones having electron-wi tlhdrawing 

substi tuen七s，while diaryl disulfides with elec七ron-

Withdrawinq subs七ituentsare rnor~effec七ive catalys七 than

~e electron rich diaryl disulfide. 

(工54)



工ntroduction

The firs七 examp1eof one pot reduction of su1fonic acids to 

iliio1s was recent1y reported from this 1aboratory， by using 

(CF
3
CO) 20/BU4N工・ Th工smethod 工s the first break through 

in the direct deoxygena七ivereduction of su1fonic acids， 

however， i t not on1y requires a 1arge excess 01: expensi ve 

reagents but a1so affords a mixture of reduc七ionproduc七s，

工)
i.e. thio1s and thio1 tr if 1uoroaceta tes. ~ I More recent1y， 

G.A. Olah et a1 reported the reduction of su1fonic acids 

2) 
W the corresponding disu1fides with BX

3
(X=C1， Br，工)/K工.

~d in the previous paper， we reported ano七her faci1e and 

~antitative deoxygenative reduction of su1fonic acids and 

its derivati ves by a new reducing sys七em，i. e. 

3) 
tripheny1phosphine-iodine sys七em.' This chapter dea1s with 

a facile and attractive reduction of su1fonic acids with 

tripheny1phosphine-diary1 disu1f ide sys tem. Al七hough

tripheny1phosphine is known 七o be a re1ative1y strong 

reducing agent， i t does not reac七 direct1ywith sulfonic 

acids. Meanwhi1e I 七hemixture of tripheny1phosphine wi七h

halogen
4
) and that of tripheny1phosphine with disu1fide

5
) 

respective1y are known七o give phosphonium sa1七s_ SeveraL 

reactions are known七o uti1ize such phosphonillin sa1ts e.g. 

the Conversion of a1coho1 and pheno1 derivativE~s to the 

corresponding ha1ides by trea七mentwi七h phosphine and halogen，6) 

the desulfurization of disulfides 七0 七hecorresponding 

SUlfides wi th phosphine，7) the condensation of carboxylic 

acids an<I alcoho工s or amines七o the corresponding es七ers or 

amides by treatment of phosphine and diaryl disulfide 8) or 

diselenide，9)andthe conver S ion of alcoholsto sulfides 

(155) 



10 ) 
with phosphine and disu1f ides. ~'"' I Thus a mixture of 

triphenylphOSph工neand a cata1ytic amoun七 ofdiaryl disu1fide 

or diaryl diselenide was our choice system for the reduction 

of sulfonic acids. 

(工56)



Resu1七s and Discussion 

The Reduction of Arenesu1fonic Acids and A1kanesu1fonic 

Acid5 to the Corresponding Arenethio1s and A1k:y1 Ary1 Su1fide 

with Tripheny1phosph工neand Diary1 Disu1fide. 

Arenesu1feny1 tr工pheny1phosphoniurnarenethio1ate is known 

to be formed upon treatrnent of diaryl disu1fide with 

tripheny1phosph工neand has been uti1ized for 七he syn七hetic

~ganic chemistry， e.g. syntheses of a1ky1 ary1 su1fides， 

peptide synthesis， etc. This reagent can a1so reduce 

arenesu1fonic acエds. Reducing abi1ity of 七hereagent 

appears七odepend on the choice of disu1fide used for the 

~eparation of the reagent. Some disu1fides showed the 

s~e activity as iodine， whi1e others were found to be rnuch 

3) 
weaker reducing ca七a1ysts 七haniodine. 工n this reducing 

systern， the arnoun七 ofdisu1fide did no七 affectthe yie1d 

(Table 2) of the reduction bu七 changed the time七o comp1ete 

the reaction I sugge s七ing that the disu1fide acts as a ca七a1yst.

GLC analysis after the comp1etion of reaction showed two 

kinds of thio1s and 七hreekinds of disu1fides~ These 

disulfides were then heated wi th enough arnounts of 

tripheny1phosphine and wa七er，七o b色 reducedto 七hethiols of 

which the yie1ds were determined by GLC or isola tion (eq. 1). 

工) ref1ux in benzene 、
ArS03H + (3+1/2) Ph3P +工/2(ArF S )22)H20 

ArSH + Ar'SH + (3+工/2) Ph
3
PO ーーー一ー一一(工)

The rp 十eaction is considered 七o be resulted by 七hefo1lowing 

COnSpf"llo← 。ビじ
UtLVe:mu工七L-stepsof reac七ions(eqs. 2~7) as postula七ed

n the e reaction of triphenylphosphine/iodine system. 
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+ 
Ar' SSAr' + Ph3P¥ 、Ar'S-PPh

3 
Ar'S ーーーー一ーーー(2) 

+ 士一Jぷ区 【 + 
凶 Oザ3♂H + A戸rペ:一，S-日.

+ K 
ArS0

3 
Ar~S-PPh3 手=ニ4==士 ArS02-o-PPh3 Ar 'S ---ーーーーー (4) 

+ 
ArS02-o-PPh3 Ar 'S 一一一ータ ArS0

2
SAr' + Ph

3
PO ーーーー一ーーー (5) 

ArS02sAr' + 2 Ph3P一一歩工/3(ArSSAr + ArSSAr' + Ar'SSAr') 

+ 2 Ph
3
PO ーー一ー一一ーーー一ーー(6 ) 

ArSSAr + ArSSAr' + Ar'SSAr' + 3Ph
3
P + 3 H

2
0 ) 

3 ArSH + 3 Ar'SH + 3 Ph~PO -ーーーーーー (7) 
3 

The reac七ionof a1kanesu1fonic acid such as n-pen七anesu1fonic

acid with tripheny1phosphine/bis (2-pyridy1) disu1fide gave 

the alky1 pyridy1 su1fide. 

CH3(CH2)4S03H + (PyS)2 + 4 Ph3P 
句、‘， 

CH3(CH2)4-S-Py + 3 Ph3PO + Ph3PS + PySH --ー(8 ) 

When dia1ky1 disu1fide， such as 1ipoic acid or dibuty1 

disulfide was used，七he fo11owing known desu1furiza七ion

react工ontook p1ace rather than 七heexpec七edreduction to 

11) the thio1. 

RSSR + Ph
3
P > RSR + Ph

3
PS ーー一一一一一ーー (9) 

Thus， diary1 disu1f ides had to be used for this purpose. 

Inspection of the data in Tab 1 e~ ]， 2， and Fig. 1 reveals 

that the diary1 disu1fide which bears a stronger e1ec七ron-

withdrawing ary1 group is a better cata1ys七 inthe reduc七ion

of sulfonic acids wi th七ripheny1phosphinei e.g・unsubs七itu七ed

dipheny1 disu1fide exhibits on1y trivia1 cata1ytic activi七y，

however， the cata1ytic abi1ity of bisC2，4，5-trich1oropheny1) 

disulfide is nearlY as stronq asthatof iodine.3) 

Bis(2-pyridy1) disu1fide was found 七o be the bE~St among 

(160) 
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several disu1fides tes七ed(Tab1es 1 and 2)， whi1e 

rg，dithiaacen aphthene wa S nota good catalyst，probably dueto 

the unfavorable equエ1ibriurn(eq. 2) because of its extraordinari1y 

high stabi1ity of the steric arrangement， or due 七o the 

formation of a very stab1e phosphorane intermediate by the 

reaction between七ripheny1phosphineand 1，8-dithiaacenaphthene. 

Dipheny1 dise1en工de 工ndicatedon1y a weak cata1ytic activity. 

The use of tr工buty1phosphine instead of tripheny1phosphine 1ed 

to sluggish resu1七s even when it was used in conbination 

with bis (2-pyridy1) disu1fide. 

As is seen in data of Tab1es 1， 2 and Fig. 2， the 

introduction of an e1ectron-re1easing subs七i七uenton the 

Mornatic ring of arenesu1fonic acid acce1erates the reduction 

with Ph
3
P! (Ar' S) 2 system. Typica1 examp1es are shown in Fig. 2. 

In contras七七o the reac七ionwith tripheny1phosphine/iodine 

system， addi tion of 七ertiaryamine in the reaction of the 

arenesulfonic acid wi七h tripheny1phosphine/diary1 disulfide 

system did not acce1era七e 七hereaction but slight1y retarded 

the reac tion The rate of the reaction of sod.ium 

arenesu1fona七e in the presence of crown e七herwas found七o be 

much lower七hanthat of 七hecorresponding acid. This opposi七e

behavior with base in the reaction of Ph
3
P!(Ar'S) 2 system 

to that wi th Ph
3
P /工2 system suggests that arenethio1a七e anion 

being a much stronger base 七han sulfona七e anion in Ph
3
P/(Ar'S)2 

system， K3 is qui te large and hence a higher concentration 

of the sulfona七e anion can be maintained， however K4 is very 

small. Whereas in the case of Ph
3
P/工2 system， since hydrogen 

Odide wou1d be a s七rongacid comparab1e to the su1fonic acid 
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ArS0

3
H + ~h3P-工工戸=三10三 ArS0 3 Ph

3
Pー工工 + H工 一一 (10)
+ _ _ _ K 

ArS0
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Ph
3
Pー工工、 11==全ArS0

2
-O-PPh

3
工 一一一一一 (11)

in a apro七ic solvent， K10 wou1d no七 be sufficien七1y 1arge 

enough to mainta工n a h工ghconcentration of the su1fonate 

anion in 七heabsence of any base cata1yst， however， K11 is 
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These observations wou1d suggest the rate-

determining s tep 工nvo1ves the nuc1eophi1ic substitution on 

the phosphorus atom of the arenesu1feny1tripheny1phosphonium 

ion by七he su1fona七e anion. This hypothesis is a1so in 

accordance w i七h 七heobservation that the e1ectron-withdrawing 

groups in dェary1d工su1fエdecata1ysts and e1ectron【 donating

aryl group 工n arenesu1fonic ac工ds acce1erate 七hereac七ionas 

shown in Figs. 1 and 2; i.e. the better 1eaving abi1ity of 

Ar'S and the stronger nuc1eophi1icity of ArS0
3 

faci1ita七e

the reaction eqs. 2 and 4. 工f the fo110wing e1ementa1 reaction 

eq. 5 is七herate-de七ermining step of this reaction， the 

observed e1ectronic demand shou1d be opposite， since the 

nucleophi1icity of Ar'S increases with the decrease of 

electronegativity of Ar' group and any e1ec七ron-withdrawing

substituent on Ar group shou1d acce1era七e the nuc1eophi1ic 

disp1acemen七 onthe su工fonylsu工fur. The re七ardationof the 

rate of the reaction eq. 3 by addition of base can be 

rationa1ized in 七ermsof 七he our postu1ate that the rate-

determining s七ep is the reaction shown by eq~ 4. 工f the 

reaction eq. 5 wou1d be 七hera七e-determining s七ep，七he

addition of base ought to acce1era七e the reaction， since 

thεbase iOIT土zesthe 七hiσ1， genera七土nq七hethio工a七e anion 

Which is a much stronger nuc1eophile than 七he thio1， toward 

the Su1fony1 su1fur. Once the thiolsulfona七e.is formed， this 

(164) 



can be very easily reduced by either triphenylphosphine3) 

or thiol. 

Alkyl arenesulfonate， sodium arenesulfona七e，and 

tetraethylammonium benzenesulfonate could not be reduced 

to the correspond工ng thiols even with triphenylphosphine/ 

dipyridyl disulfide which was the best catalyst. 

(工65) 



Experimenta1 

synthesis of l'~ .... E~"thiaacenaphtheneAccording to the 

method of Zweig and Hoffmann， commercia1 8-aminonaphtha1ene-

l-sulfonic acid{60 g， 0.27 mo1) was mixed wi七hwater 七0

form a paste， which was then suspended in a beaker containing 

200 ml of water. After 50 m1 of concentrated H~SO 
2~'"'4 

added in七o the beaker， a sufficient amoun七 of ice was added 

to rnake up the solution to 80 m1. A solution of sodium 

nitrite{30 g， 0.43 mo1) in 100 ml of water was added with 

vigorous stirr工ngover 30 min， keeping the temperature of 七he

mixture a七 abou七一100C. Af七er stirring the mixture for 

additiona1 1.5 hours at -lOoc to -150C， solid diazonium 

salts was fi1七ered，washed wi七h 100 m1 of ice water， and 

treated with aqueous Na
2
S
2 

at OOC 七o -lOoc. The foamy 

rnass was a110wed七o stand at room temperature for 3 hours， 

neutra1ized by addition of conc. HC1 solu七ionand then boi1ed. 

The hot reac七ionmixture was fi1terated. The crude disu1fide 

precipi ta ted ou七 from七hecoo1ed fi1七ra七edwas co11ected. 

Saturation of the fi1七ratewith NaC1 gave addi七iona1crops. 

The tota1 yie1d of the dried product was 47 9・ Thisma七eria1

was trea七edwi七h PC工5(30g， 0.1唾 mo工).工mmedia七e1yan 

exothermic reaction occurred and the solid mi.xture turned七0

a paste. When the reaction did not star七， 200 m1 of benzene 

was added and the mix七urewas heated under ref1ux for 1 hour. 

The r ← 
ビ reactionmixture was a110wed 七o stand at room temperature 

for 5 hours. After fil tra七ion，七heproduct was extracted with 

benzene un七土工 the-ex七rac七 becamea工mos七 c~ear ， 七heextrac七

was washed wi th wa七er，dried over MgSOA， and concentrated 
4 

~ give a ye110w residue， which was taken up wi七h hot methano1， 
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treated with charcoa1 and crysta11ized to give 七he

thiolsulfona te 工n ye110w need1es(5 g， 8.3毛 basedon 1-amino戸

8_naphtha1enesu1fonic acid) ・ rn.p.=工47.5-1490C(lit ， 12)148~

1490C). To a solution of the thio1su1fonate(3.48 g， 15.7 

~ol) in 30 rn1 of dry benzene was added a suspension of 

LiAIH 4 (0 . 89 g) 工n 30 rn1 of dry ether at roorn ternperature 

under argon a七rnosphere. An exotherrnic reaction occurred 

and the rnixture was kep七 stirring at roorn temperature 

~ernight. Ten rn1 of 10毛 NaOH solu七ionwas added 七0

decompose excess hydride， fo11owed by addi tion of di1u七e

HCl solution to acidify. The rnix七urewas extracted with 

benzene. The organic 1ayer was dried over MgS0
4
， evapora七ed

under vacuurn purnp to afford ye110w crysta1s of naph七ha1ene-

l，8-dithio1 (2.7 g， 86毛). NMR (CDC1
3
) 0=4.11 (2H， s)， 7.0，.....， 

7 • 8ppm ( 6 H， rn). 

1，2-dithiaacenaphthene was obtained quanti七ative1yby 

autoxidation of the di thio1 (84毛). The product was 

_"C_ ，"ïO r"'('':~ 12) recrysta11ized from ethano1. rn.p.=工工6.-.J1170C(lit， ....s-/ 1160C). 

preparation of Disu1fideDisu1fides which are not 

13) 
commercia11y avai1ab1e were syn七hesizedby a known rne七hod.

To a benzene so工u七土on(工50ml) of thio工(0.05rno1) and 

pyridine(0.055 rno1) was added dropwise iodinetO.025 rno1) 

disso1ved in benzene(50 m1). When七hecolor of the solution 

changed to brown by excess iodine， the addi七ionwas stopped. 

The reaction rnix七urewas washed with water， 5毛 HCl solu七ion，

Na2S203 solution， and then water， and the organic 1ayer was 

dried over MgSO 4・ Af七erevapora七土onof benzene， the 

residua1 disu1fide was purified by recrysta11ization usua11y 

from h m hexane. Yie1ds were near1y quantitative. 
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_Jl JL. JlC: O r"' I'':~ 14) Di--P-TOly1 Disu1fide rn. p. =44"，，45 oC (1工七 460C). 

_..，，，~...，， 0"  '1.!.L. 15) Di__P-Chloropheny1 Disu1fide rn. p ・ =70 ，-J710C(lit ，~-" 730C). 

The competation Reduct工onof p-Substituted Benzenesu1fonic 

Acids with P~3~/(PyS~ 2 ~ystemA rnixture of 190.2 mg(l mmo1) 

of p-toluenesu1fon工c acid， 176 mg(l mmo1) of benzenesulfonic 

acid， and 192. 5 mg (1 rnrno1) of p-ch1orobenzenesu1fonic acid 

~S disso1ved in 5 rn1 of benzene， and the rnixture was ref1uxed 

in a reactor which was equipped with a condenser and a ca1cium 

chloride tube. These su1fonic ac工dswere dehydrated 七0

nearly comp1e七e1ydry prior to the reaction by way of 

azeotropic d工sti11at工onwith benzene. After 3406 rng(13 mrno1) 

of tripheny1phosphine and 154 rng (1 mrno1) of bipheny1 were added 

to these su1fonic acids I 七his reactor was equipped with 

another dry condenser and a ni七rogenba1100n and then substi七uted

with this inert gas with a vacuurn purnp. Then， 330 rng(l.5 mrno1) 

of dipyridy1 disu1fide which was disso1ved in dry 5 m1 of 

benzene was added into the rnixture which was s.tirred in 750 C. 

A ~all portion， 0.1 rn1 of the reaction rnixture was picked up 

~ micro-cylinge and quenched with a rnixture of water-dioxane-

benzene Cv=l/工/2) at every fixed tirne(2， 6， 15， 30， 60， and 

120 minutes from reac七ionini七ial七imerespective1y). The 

yields of three thio1s obtained by this rnethod were 

~termined by ca1ibration curve with GLC(SE-30， standard: 

biphenyl) . 

主 RelativeCatalytic Effects of Var~ous (Ar'~3)2 -.fata1ysts 

iLthe Reduction of p-To1uenesu1fonic acid wit!1 Ph3~/(Ar'S L2 

~stem 当ミ主主主 p-To工uenesu1fonicacid rnonohydrate 381 rng(2 mrno1) 

was dissolved in 5ml of benzene ，refluxed，and dehydrated 
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co nearly COInplete ly dry by the same procedure.After 2l O O 

rng (8 rnrno1) of tripheny1phosph工neand 300 mg(2 mrno1) of 

biphenyl were added to this dr工edsu1fonic acid， this 

reactor wa s equ工ppedwith another dry coo1er and a nitrogen 

bal1oon， and was subst工tutedw工七h this inert gas with a 

vacuum pump. Then， 3 m1 of dry benzene was added 七0 七his

mixture and 1 mmo1 of diary1 disu1fide (di-2-pyridy1 disu1fide， 

bis : 2，4 ， 5 -tr工ch1oropheny1) disu1f工de，or di-p-ch1oropheny1 

disulfide) wh工chwas d工ssolved 工n 5 m1 of dry benzene was 

added七othis mixture (七O七a1benzene 8 m1) and 七hewho1e 

m~ture was stirred， and ref1uxed(bath tempera"ヒure 1120C). 

A small por七工on，0.1 m1， of react工onmixture was picked up 

~ a micro-cy1inge and quenched with a mixture of water-

dioxane-benzene (v=l/工/2) a七 fixed interva1s. The yie1ds 

of thio1s obtained by this procedure were determined by 

calibration curve wi th GLC (SE-3 0， s七andard:bipheny1). 

Reductive Conversibn of A1kanesu1fonic Acid wi七h Ph3~j(PyS~ 2 

包些em・ Pentanesu1fonic acid， 304 mg(2 mrno1) which was made 

cornplete1y dry by a vacuum pump and 2620 mg (10 mmo1) of 

hipheny1phosphine were added in七o a reactor which was 

equ工ppedwith a dry condenser and a ni七rogenba.1loon. 

Then， 440 mg (2 mmo1) of di-2-pyridy1 disu1fide which was 

dissolved in 5 m1 of dry benzene was added七0 七hismixture 

~ich was then stirred for 3.5 hours at room temperature. 

The reaction was monitored by GLC. After the reaction， the 

Ylelds of tripheny1phosphine su1fide， 2-pyridyl penty1 

Sulfide were de terrnined by GLC (SE -30) . 

トPyridy1Penty1 Su1fide 60毛工R(NaC1) 750，1120，14001440， 

1570cm l .GC-MS:m/e=工81.
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TLC(benzene) R~=O . 4 

b.p.=104I'YI060C75.5 mmH9 

Found: C， 66.33; H， 8.35; N， 7.77 

Calcd for C
10

H
15

NS: C， 66.25; H， 8.33; N， 7.72 

NMR(CCl必) ~=8.3(m ， lH)， 6.7-7.5(m， 3H) 
-z O.9(t， 3H， J=6Hz)， 1.lJ'o2.0(m， 6H) 

3.15ppm(t， 2H， J=6Hz) 

Triphenylphosphine Sulfide 83毛

The yield of triphenylphosph工neox工dewas deterrnined 

ilirough a separative s工lica-gelcolumn chromatography with 

benzene as el uen七(85毛). 

preparation of Diphenyl DiselenideA七hree-necked round 

bottorn flask is fi七七edwith a reflux condenser， a mechanical 

stirrer， a dropping funnel， and a gas inlet tube(in draf七

hood) and swept wi th dry ni trogen. Phenylmagnesium bromide 

ws then prepared in the flask by the usual procedure from 

7.85 g(0.05 mo1) of bromobenzene， 1.2 g(O.05 qram atom) 

of rnagnesium， and 50 m1 of dry ether. The dropping funnel 

is then rep1aced by an addi tion flask con七aining 3.8 g(O.048 

gram atom) of dry powdered b1ack se1enium. The solution 

was warmed sufficient1y to bring about gent1e ref1uxing， and 

selenium was then added gradua11y. Stirring was continued 

for 0.5 hour. The contents 0王 thef1ask are poured in七O

lce， and HC1 solution is then added. The aqueous 1ayer was 

extracted wi th ether， and dried over ca1cium ch1oride. 

Ether was removed and se1enopheno1 was obtained in a high 

yield.16) Dipheny1 dise1enide was obtained quan七itat ive1y 

byautoxida七ionor seienopheno1. The product was 

recrysta11ized from hexane 00- Dipheny工 dise1enidem .p. = 57~580C 

(lit，17) 61，.;630C)・
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Chapter 4. 

Biomimetic Reduction of Sulfuric Acid 

Abstract 

Inorganic sulfate was reduced by treatment with either 

arenesulfenyl triphenylphosphonium arene七hiolat:eor 

iodotriphenylphosphonium iodide to triphenylphosphine sulfide 

via forma七ionof hydrogen sulfide. The reaction of sulfa七e

W sulfide is considered to proceed via the course which 

resernbles 七hebiolog土calreaction path involved in the 

assirnilatory rnetabolisrn of inorganic sulfa七e in rnicroorganisrns. 
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工ntroduc七ion

工norganic sulfate which has the highest oxidative sta七e

of 5ulfur a七orn is one of the rnost inert species toward any 

reducing agent arnong the naturally occurr工ng sulfur cornpounds， 

hence七hereduct工onof inorgan工c sulfate by any chernical 

method under rnild conditions has been considered to be rather 

difficul七 Meanwhile，rnany plants， fungi， and microorganisms 

are known七o reduce inorganic sulfate in their assirnilatory 

metabolisrns which eventually conver七 sulfate 七o some sulfur-

工)
containing arnino-acids as shown below. 
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b，b'=七hiosulfa七e-reduc七ase

c，c'=sulfi七e-reductase
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Fig. Pathways of Assirnila七orySulfate Reduction 
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The bio1ogica1 reduction of su1fate to su1fide is consis七ed

of the fo11owing two key steps， i. e. conversion of su1fa te 

w the mixed-anhydride， APS or PAPS，七o activate su1fa七e to 

be ready for the subsequent second reaction， and the 

subsequent nuc1eophi1ic attack of protein-thio1 on the su1fur 

atom of APS or PAPS 七o generate protein bound thiosu1fate 

of which the sulfeny1 su1fur can be easi1y disp1aced by other 

thiol group in the enzyme 七o give su1fite which is ultimate1y 

reduced 七o hydrogen su1fide， or of which the sulfonyl group 

【 2"，，，，- 1) 
is reduced by thiosu1fate reductase to form R-SS or R-SS 

This chapter dea1s wi th a chemica1 mode1 reac"tion for the 

biological assimilatory reduction of inorganic sulfa七e.

Resu工七s and Discussion 

As arenesu1feny1 group in arenesu1feny1七riphenylphosphonium

2) ____"l___~ _.!"I__ ________  _____"1___，_ "1_ 3) 
ion 工)-' is known to be replaced easi工Y by oxygen nucleophi1e， 

inorganic su1fa te may reac七 with (工)I presumab1y forming an 

interrnedia te l工工). Since the intermediate C工工) has a P-O-S 

bonding as APS or PAPS does and bears a posi ti ve charge on 

the phosphorus a七om，it shou1d be a better source than APS 

4) 
r PAPS ~， to afford sulfu工 trioxide，which has been postu1a七ed

as an active interrnediate to react wi th 七hio1s in the 

Subsequent reducing step. Thus 七he in七ermediate (工工)， if 

formed， is expec七ed七o be reduced by the七hiols in the same 

manner as APS or PAPS which is reduced by the 七hio1groups 

1n APS-or PAPS-su1fotransferase. 工ndeed，inorganic sulfate 

lS sUccessEulLy reduced by七hissys七em七o a:f:ford七ripheny1phosphine

SUlfide as the fina1 product. As the contro1 experimen七 revea1ed

that hydrogen su1fide reac七edwith (工)七o form七ripheny1phosphine

(174) 



sulfide and areneth工01，hydrogen su1fide once formed from 

円円γηanic su1fate is considered 七o be converted to 
lDUム ヲ ー -

tripheny1phosph工ne su1fide upon encoun七ering with (工 in

H~SOA + 5 PhJP + X~ ) Ph ~P=S + 4 Ph~P=O + 2 HX -ー (工)2'-':' 4 ~ 443~....2 .L ，u3'" J. H3 

our reducing system. 工n fac七 hydrogen su1fide can be iso1ated 

as dicyc1ohexy1 thiourea in the trapping experiment wi th 

dicyclohexy1 carbodiimide(DCC)i name1y when nitrogen gas 

was bubb1ed in七o the reactェonm工xtureand 七heexhausted gas 

was introduced into a benzene solution of DCC (0.99 M)， 

dicyclohexy工 thioureawas obtained， though in a 10w yield. 

Undoubted1y most of hydrogen su1fエde 工s readily consumed in 

the faci1e reaction wi th compound l工). 

Two paths (a and b) are conceivab1e for 七her'eaction of (工工) with 

thiols. Whi1e path b may be unfavorab1e due 七o the 

stereoe1ectronic repu1sion between the nuc1eophile， i.e. 

arenethio1a七e anion and nega七ive oxygen po1es of bu1ky su1fa七e

group of (工工) a七七he transition state of 七he SN2 reaction 

on the su1fur a七omof l工工)， pa七h a wou1d be quite 1ike1y 

+ 
Ph3P + (ArS)2 ー> Ph

3
E-SA工 ArS

(工)

H2S04 + (寸吋;::Ph3

ArSH 

Ph
3
PO 

d-sk kSH、H_SO_.--1(工)、 H_S -.ll.4 Ph日 十 日工SH
ろ ¥'γ'"'3¥'γ¥，.L .I..l.3 

(ArS) 2 3 Ph
3
PO DCC¥、

CトNH-C-問。
(175) 
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since hydrogen bound to the oxygen a七omof (工工 is extremely 

acidic while the formation of triphenylphosphine oxide must 

be a big driving force. Thus the 1，2-elimination reaction 

of (11) to form arene七hiol，sulfur trioxide and triphenylphosphine 

4) 
oxide (p弓七h a) should take place quite readily. ~I Sulfur 

trioxide七hus formed may react arene七hiol to afford thiosulfate 

5，6) 
which is subseqllently reduced wi th七hethiol giving sulfite. 

sulfi七eion is reduced further with this system七o hydrogen 

8) 
sulfide. Meanwhile， Tagaki and Eiki ， ~J and Benkovic and 

7) 
Hevey'l showed independently that nucleophilic substitution 

of phenylphosphosulfate(PPS)， an APS or PAPS model compound， 

~ OH proceeded sluggishly， however， hydrolysis of PPS took 

place readily in an acidic medium or in 七hepresence of some 

8) 
metal ions in an aprotic solvent.~1 These results also 

suggest an elimination-addition mechanism involving formation 

of sulfur trioxide in the facile acid-or metal-ca七alyzed

reaction. 工n the light of al工七heseobserva七ions，path a is 

more f avor abl e 七hanpath b. 工n keeping wi七h-ヒhisconceivable 

mechanism， an introduction of electronegative substi七uenton 

aryl group in 工 increases the reac七ivityof l工)， and 

electron-dona ting p-me七hyl suts七土tlJen七 reduces its reactivi七y，

while iodotriphenylphosphonium iodide which i5 prepared from 

triphenylphosphine and iodine appears to be a much stronger 

reducing agent of sulfa七e than (工). Thus the nucleophilic 

attack of inorganic sulfate on the phosphonium reagen七(工)

to generate (工工 isconsidered 七o be involved in 七herate-

de.tpr erm1.ning s tep 0壬七hereduc七ionof su工fatein our system. 
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a) Sulfuric acid was disso1ved in 6 m1 of benzene. b) Yie1ds were 
calculated based on sulfuric acid according to s七oichiometry，as shown 
in eq; 工ー c) Hydどogen su1fide was iso1ated as dicyc1ohexy1七hioureaby 
trea七mentwith dicyc1ohexy1carbodiimide. d) After this reaction， a 
mixture of 500 mg of H~O and 3 ml of dioxane were added and the mixture 

2 was ref1uxed for 0.5 h~ e) p-Xy1ene was used as solvent. f) 工solated
qS dipheny1 diselenide. g) Not determined. h) 20 m1 of benzene was 
used. i) [(n-Bu....NH)j，..，SOA as sulfate was used. 3~"~/.J 2~~4 
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Experirnenta1 

民主虫よ Iod工ne，trエpheny1phosphine，su1furic acid， tributy1arnine， 

diphenyl disu1f ide are a11 from Wako Chemica1s Co. 

The Reduction of Su1furic Acid with ~h3ゼ工2~主主竺旦:

Triphenylphosph工ne 3741 rng(工4.28mm01) was diss01ved in the 

mixture of 200 mg ( 1. 98 mmo工) of su1furic acid(97毛) and 15 rn1 

ofdry benzene into which 1554 rng(6.14 mmo1) of iodine was then 

added. The rn工xtu工e was st工rred and ref1uxed for 3 hours under 

nitrogen atrnosphere. After the reaction， the odor of hydrogen 

sulfide was not detec七ed. The reaction rnix七urewas poured in七O

~nzene which was then washed with water， dried over MgS0
4・

triphenylphosphine su1fide was separated and purified with 

column chroma七ographyusing benzene as e1uent in 9工毛 yie1d. 

Ph ， P=S(R~=0.5 e1uen七:benzene) 工R(KBr)lO 90cm l(S ) 3. .... ¥"''"f 

0 1"" /1": "，- 9) mp=162-1630C(工工t， 工62-164()C) 

Similar procedure and work-up were used in 七he reduction of 

sulfuric acid with Ph
3
P/(ArS) 2 systern. As a blank experirnent， 

dry hydrogen su1fide was in七roduced into a mixture of 576 rng 

(2 mmol) of tripheny1phosphine and 574 rng (2 rnm(1) of di.....p-

chloropheny1 disu1fide were dissolved into 10 ml of dry 

benzene a七 roorntempera七ure. Af七er 8 hours， the mixture was 

~ured into benzene， which was then washed with water， and 

dried Over MgSO 4・ Tripheny1phosphine su1fide was purified 

wlth column chrornatography and ob七ained in 90毛 yield，while 

di-p-chloropheny1 disu工fidewas converted 七o p-ch10robenzene-

thiol wi th H
2
0/Ph

3
P for experirnental conv enience. The yie1d 

of P-chlorobenzenε七hiolwas 89毛.
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112522旦 SulfideTrapping in the Reduction of Su1furic Acid 

~3ゼ工2~ystern:

Reactor A. 

Su1fur ic ac id ( 97毛) 300 rng(2.97 rnrno1) and 4150 rng(15.84 rnrno1) 

of triph己ny1phosphエnewere dissolved in 20 rn1 of dry benzene， 

intowhich 2011 rng(7.92 rnrno1) of iodine was then added. 

Reactor B. 

Dicyclohexy1ca工bodiirnide(DCC) 2042 mg(9.9 rnrnol) was dissolved 

in 10 ml of dry benzene in a f1ask which was equipped with 

a臼nptybal1oon. 

〆‘、

Reactor B was jointed to Reactor A wi七h a glass 七ube. The 

mixture in Reac七orA was stirred for 3 hours at r.t. under 

slow flow of ni trogen gas， whi1e the mixture in Reactor B 

was also stirred a七 r.t. under nitrogen. Then hydrogen 

su1fide was in七roduced in七o the Reactor B. After the reaction， 

10 rnl of water was added into A and the mix七urewas poured 

into benzene which was then washed wi th wa ter for 3 times， 

~ied over MgS0
4
， fi1tera七ed and evaporated. The rnixture 

was separated wi七h co1urnn chromatography using benzene as 

eluen t. Reac七orA Ph
3
P=S 工8毛

Meanwhi1e，工om1 of water was added in七O 七heHeac七orB to 

quench any excess of DCC to urea and the mixture was kept 

standing for a few hours ・ Thernix七urewas poured in七O

chloroform which was then washed wi th wa七er，dried over MgS0
4 

and evaporated. The residue was separated through si1ica-

gel column (MERCK 70-230 mesh) with ch1oroforrn，. 

Reactor B ( }-NH-C-NH-() 26rng 4老
¥.J ~ ¥.J 

-1. ， ~_.~ -1 
工R(KBr) 3275crn ....(s) 工540crn-'-(s) 
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1490cm l(m) 工220cml(m)

Rf=0.3-0.4(CHC工コ m.p.=182-1840C
n.!..L 10) (li t，工82-工82.50C)

i~P-tolyl disu1f ide， di-p-ch1oropheny1 disu1f ide， and dipheny1 

diselenide were synthes工zedby known me七hods・

一。、~ L 11) p-CH3C6H4SSC6H4CH3-P m.p.=44-450C(lit ，~~' 460C) 
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Chapter 5. 

Reduction of Su工fonicAcids， Sodium Sulfonates and Sulfonate 

Esters to Corresponding Disulfides with Polyphosphoric 

Derivati ves， Potassium 工od工deand Tetrabutylarnmonium 工odide

system. 

Abstract 

Sulfonic acids， sodium sulfonates， and alkyl sulfonate 

esters were readily reduced to the corresponding disulfides 

in moderate yields upon 七reatmentwith a mixture of 

polyphosphoric der工va七iveand iodide. 工n these reactions， 

formation of mixed-anhydrides which have a P-Q-S linkage is 

ilie key step， and subsequent a七七ackof iodide on 七he sulfur 

atom gives corresponding sulfonyl iodide which are reduced 

further exothermally 七o the disulfides wi七h hydrogen iodide. 

ktually， p-toluenesulfonyl chloride was isolated in七he

reaction of p-toluenesulfonic acid and polyphosphoric 

derivati ves wi七h chloride-ion. The competi七ivereduction of 

various aroma七ic su工fonicacids reveal七ha七 anaroma七ic

sulfonic acid bearing an electron-donating p-subs七ituent is 

more readily reduced 七0 七hedisulfide 七han七ha七 whichhas an 

electron-wi thdrawing p-substi七uent.

(工8才)



工n七roduction

The reduction of organic sulfonic acid which is in the 

highest oxidative state among all organosulfur cornpounds is 

one of the most challeng工ngproblerns in organosulfur chemistry. 

Sulfonic acids， however， can be reduced in rnul-ヒi-stepprocesses 

ilirough initial conversion of sulfonic acids 七o the 

工)
corresponding sulfonyl derivatives， i .e. sulfonyl halide， 

2) ___，.c___.J..._ __.J..._~ 3) __..::1 ___，.c____.!..::I_4) sulfonic anhydride， -， sulfonate ester， -， and sulfonamide 

and subsequen七 reductionof these derivatives wi七h reducing 

~ents to the corresponding thiols or thiol derivatives. 

Recently，七herehave appeared 七hreeprocedures which can 

reduce sulfonic acid directly to the corresponding disulfide 

5-7) 
M thiol in one pot process.- '/ Each of these three procedures 

is epochal， and quite useful， since a one pot process 

reduction of various sulfonic acids and i ts deri va ti ves to 

thiols or disulf ides can be achieved， however， there reac七ions

are rather expensive， since 七hereagen七sused in these 

5) ....，. 1..... f__-'--_'___L¥ 6) procedures， i.e. (CF
3
CO) 20/(n-Bu) 4NI，..J， 

Ph
3
P/工2(catalys七)， 

Ph
3
P/(ArS) 2 (catalys七)F8)andBX3(X=cl F Br ，工 )/K工7)systems

are ei ther in large excess or by no rneans cheap. Another 

facile procedure to reduce both arene-and alka.nesulfonic 

acids to the corresponding disulfides as the sole produc七s

has been found by us who used cheap reagents， such as 

POlyphosphoric acid (PPA)， e七hylpo1yphospha七e(PPE)， 

etraphosphorus decaoxide (P A 0， A) and iodide ion， in an 
4 工O

~ganic phase. This chapter gives a full account of the direct 

reduction of sulfonic acids. 

(184) 



Resu1ts and Discussion 

Arene- and a1kanesu1fonic acids used in this investigation 

are lis七ed in Tab1e 1，2， and 3， whi1e su1fonate esters 

are summarized in Tab1e 4. The condensing reaqen七sused 

were tetraphosphorus decaoxide， po1yphosphoric acid， and 
9) 

et~l po1yphosphate，-' whi1e acetonitri1e and su1fo1ane are 

the choice solven七s in the reduction with P
4
0
10

/工 and

PPA/1 systerns respect工ve1ybecause of the solubi1ity of 

polyphosphor工c derivat工ves，whereas acetonエ七rile， su1fo1ane， 

md ch1oroforrn were the choice solven七s in the reduction with 

PPE/1 systern. Of the three systerns， the reduction wi七h

P ，0， ，，/1 or PPE/工 gives the corresponding disu1fides in 
rlO 

higher yie1ds than that with PPA/工 systern in the presence 

of (n-Bu) 4N工， whereas， in the absence of (n-Bu)4N工七heyie1ds 

of the disu1fides are rnore satisfactory in the reduc七ionwith 

PPA/I than those wi七h the forrner systerns. 

It is worthy七o note 七hatd-carnphor-10-su1fonic acid， which 

15 a high1y s七erica11yhindered a1kanesu1fonic acid， was a1so 

reduced to the corresponding disu1fide in a hiqh yie1d， though 

the reaction was subs七antia11yslow. 工n these reactions，七he

mlfony1 iodide is considered to be the key interrnediate 

~ich is stepwise1y reduced further very readily to the 

c~responding su1finy1 and su1feny1 iodides which are 

eventua11y reduced七o the syrnrnetrical disulfide10) as shown 

ln Scheme. 工ndeed，p一七oluenesulfonylchloride was obtained 

ln 48% and 28毛 yie1dsrespective1y when potassiurn ch10ride 

which has no reducing abi1i七y a七 a1Land七e七ra色thy1arnmonium

chloride were added in七O 七hernixture of either P~O ，~ or PPE 
4"10 

( 185) 



Tetraphosphorus 七heUsing Disu1fides 七oAcids Su1fonic of Reduction 1. Tab1e 
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Po1yphosphoric 七heUsing Disu1fides to Acids Sulfonic of Reduction 2. Tab1e 
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Po1yphospha七e/Ethy1 the Us工ngDisu1fides to Acids Su1fonic of Reduction 3. Tat1e 
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and p-to1uenesu1fonic acid in acetoni tri1e. 

Meanwhi1e， p一七oluenesu1fony1 iodide， which was prepared from 

the reaction of sodium p-to1uenesu1finate andl iodine in a 

mixture of benzene and water， was found to be reduced 

exotherma11y 七o the corresponding disu1fide with hydriodic 

acid in a high yie1d in dioxane. 

competitive reduction of an equ工mo1armixture of p-

substituted benzenesu1fonic acids， i.e. p-ch1orobenzene-

benzene-， and p-methylbenzenesu1fonic acids， with the PPA/ 

KI/ (n-Bu) 4N工(cata1yst) system was carried out. Since 七he

mixture of C6HSSSC6HS' C6HSSSC6H4CH3-P， C6HSSSC6H4C1-p， 

p-CH3C6H4SSC6H4CH3-P， p-CH3C6H4SSC6H4C1-p， and p-

CIC
6
H
4
SSC

6
H
4
Cl-p was not readi1y separated 0工 deterrnined，

the rnixture of these disulfides were converted to 七he

corresponding arenethio1s upon trea tment of t.he rnixture of 

tripheny1phosphine and water at room 七emperature. Thus 

arnounts of arenethio1s formed in the reduction were estimated 

as sho wn be 10w . 

p-CH
3
C
6
H
4
SH 

71毛
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These data reveal clearly that， in the reduct.ion of p-

substi tu七edbenzenesulfonic acids1 benzenesu1fonic acid 

bearing an e1ectron-donating subs七i七uent such as methy1 

group is more readi工y reduced than that has an e1ec七ron-

wlthdrawing group. Apparent1y，七herate-determining step 

lS the formation of a P-Q-S mixed anhydride which is formed 

by nuc1eophilic a七七ackof sulfonic aci~ on 七h巴 polyphosphoric

derivative. 



These reduction procedures were found to be applied for 

the reduction of sulfonate ester(Table 4). Alkyl arene-

and alkanesulfonates were found to react wi七h these systems 

under similar conditions to give corresponding alkyl iodides 

and disulfides. On the other hand， phenyl p-toluenesulfonate， 

an aryl arenesulfonate was found to be quite iner七 under the 

same trea tmen七 withthese reduc工ng systems even under much 

harder cond工七工ons. These observat工ons suggest that the 

initial step is the Shl2 a七tackof iodide on the ~ーcarbon of 
N 

alkyl sulfonates 七o form the alkyl 工odides and sulfonate 

anions which are then reduced further to the corresponding 

disulfide in the reac七ionwith the polyphosphoric deriva七ive/

iodide sys tem. 工n the case of phenyl p-toluenesulfonate， 

an aryl arenesulfonate， the initial nucleophilic attack of 

iodide on aromatic ipso carbon is so sluggish tha七七he

reduction does no七 proceed. Alkyl iodide was usually obtained 

quanti ta tiv'ely af七er abou七工5minutes in this reaction， 

however the yield of 七he corresponding disulfide was very 

poor in the early stage of 七hereaction. Thus， the initial 

SN2 reaction by the attack of iodide on the alkyl group is 

quite fast， however， the reduc七ionof sulfonate anion produced 

lS relatively slow. Ac七ually，pentyl benzenesulfonate was 

found to react readily with tetrabutylammoniurn iodide in 

benzene 七o afford te七rabutylammoniumbenzenesulfona七e and 

pentyl iodide， however phenyl p-toluenesulfonate was not 

found七o reac七 withte七rabutylamrnoniumiodide at all守

(工92)



Deriva七ive/Po1yphosphoric with Esters Su1fonate of Reduction 4. Tab1e 
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Experimenta1 

Materials: PPA， po七assiumiodide，七etraphosphorus

-
aecaoxide， p-to1uenesu1fonic acid， sodium p-to1uenesu1fonate， 

~tassium ch1oride， sod工umbenzenesu1fonate， sodium 2，4-

d~ethylÞenzenesu1fona七e ， p-to1uenesulfony1 chloride， and 

d_camphor-10-su1fonic acid were a11 from Wako Chemicals Co. 

Tetrabuty1ammon工umiod工de，p-ch1orobenzenesulfonic acid， 

benzenesu1fonic acid I sodium octanesulfona te， 

tetraethylammonium ch10r工de and ethy1 benzenesu1fonate were 

from Tokyo Kase工 Co.

Conversion of Sodium Su1fonate to the Corresponding 

Sulfonic Acid: The ca七ionexchange resin which was 

converted 七o the protona七edform by f10wing 1N. HC1 water 

solution with co1umn(Dowex， 50w-x81 200rJ400 mesh H-form， 

Murornachi Kagaku Co.) was used 七o conver七 sodium su1fona七e

to the corresponding su1fonic acid. 

Preparation of E七hy1Polyphosphate: Ethy1 po1yphosphate， 
9) 

PPE， was prepared according七O 七heknown method. 

Tetraphosphorus decaoxide， 150 g， was added in-to a solution 

of 300 rn1 of dry ether and 150 m1 of dry ch1oroform. 

The rnix七urewas ref1uxed for 4 days under nitrogen(bath 

ernperature 500C). As 七hereaction proceeded，七hecrys七a11ine

P4010 faded away even七ua11yaffording a homogeneous liquid. 

After cornp1e七ionof 七hereaction， PPE liquid was decan七ed

n dry box. The solution was evaporated to a co1or1ess syrup. 

he residue was dried by a vacuum pump for 36 hours a七 400C.

A color1ess syrupy Chard} es七erwhich is very sensi七ive七0

(工94)



_.c十円γe， was obtained. rnuム;:;，....ー一一 ，

GeDera1 procedure for the Reduction of Su1fonic Acid to 

the Corresponding D工su1fidePotassium iodide， 8 g(48 

間101) and tetrabuty1ammonium iodide 583 mg(1.5 mmo1) were 

added into a mエxtureof PPE 24g(48 mmo1) and d-camphor-10-

su1fonic acid 1.39 g (6 mmo1). Then， in七O 七hismixture， 20 

rnlof dry ch1oroform was added. The who1e mixture was stirred 

and ref1uxed for 5 hours under nitrogen atmosphere. Then 

10 m1 of water was added to this mixture and the mixture was 

ref1uxed for 1 hour. The reaction mixture was poured into 

benzene(100 m1)， and washed with water for 3 times. The 

benzene solution was washed wi七h 0.5 M. sodium 七hiosu1fate

solution and dried over MgSO 4・ The solvent was evapora七ed and 

ilie crude product， i.e. the disu1fide was chroma七ographedon 

a silica-ge1 co1umn wi th benzene (Rf=O . 2， e1uen七:benzene). 

~mova1 of the solvent afforded bis(d-camph-工0-y1) disu1fide 

as a color1ess crysta11ine in 74% yie1d (817 mg) . 

J.， 25 _ _ 1___ -1 
rn.p.=236"-'2380Ci I¥iJ:--' -103..660 (c=l， CHC1，);工R(KBr) 工730cm ~ 

V-.J D ~'"'~.. '"''"' \~ ~I ~..~~3 

(C=O); NMR(CDC1 .. J d=0.90(3H， s)， 1.05(3H， s)， 2.75(lH， d， 
3 

J=13 . 5H z) I 3. 20 (工H，d， J=工3.5Hz)，2.5~1.lC7H ， m); Found: C， 

65.33; H， 8.25; S，工7.27%. Ca1cd for C20H30S202: C， 65.53; 

H， 8.24i S， 17.49毛.

Reductions of other su1fonic acids 七o the corresponding 

disulfides wi七h the po1yphosphoric derivativejiodide system 

~re conducted by the same procedure. 

di-p-to1y1 disu1fide rn.p.=44....450C (li七 1工) 46 OC) 

di-p-ch1orophenyl disu1fide m.p.=70-7工OC (工i七，工2) 730C) 

his (2，4-dimethy1pheny工) disu1fide b.p.=180~1860C/2-2.5 mmHg 

(工95)



-1 
IR(NaC1) 540 and 800crn ~j NMR(CC14)(f=2.24(3H，S)， 2.33(3H，s)， 3.4-2.6 

13H， m)j Found; C， 69.69; H， 6.65; S， 23.58毛. Ca1cd for 

H，nS'): C， 70.02; H， 6.61; S， 23.36毛.
C16

n18""'2 

Diocty1 disu1fide and dipheny1 disu1f工dewere identica1 to the 

authentic cornrnerc工a1 sarnp1es. 

Trapping Experirnent of Su1fony1 Function: 

Tetraphosphorus decaoxide， 1600 rng (11.27 rnrno1) and 381 rng 

(2 mmo1) of p-to1uenesu1fonic acid were dissのlved in 5 rn1 of 

dry acetoni tri le and the reac七ionrnixture was heated(60̂ 650C) 

for 1. 5 hour s under ni trogen. Then， 33 rng ( 0 . 2 rnrno l) of 

tetraethy1arnrnoni urn chloride， 746 rng (工ornrno1) of po七assium

chloride and 5 rnl of dry acetoni trile were added 七0 七his

reaction rnix七ure at ooC and the rnixture was kep七 standing

for 3 hours a t roorn七ernperature. Then， the mix七urewas 

poured in七o 100 rnl of benzene and 七hebenzene solu七ionwas 

washed wi七h wa七er for 七hree times， and then dried over MgS0
4・

When the solvent was evapor.ated， p-七oluenesu1fony1 ch10ride 

was obtained in 48毛 yield(GLC); the iso1ated yie1d was 43毛.

~e su1fony1 chloride was identica1 to the authentic samp1e 

of p-toluenesulfony1 chloride bo七h in GLC and TLC. 工n the 

reduction with the PPE systern， PPE， 6 9 and 381 rng(2 rnmo1) 

of p-toluenesu1fonic acid were dissolved in 5 rn1 of dry 

acetoni tri1e and the mixture was heated for 1 hour at abou七

7Q
O
C under ni trogen. Then， a七 ooC 33 mg of tetraethylarnmoniurn 

chloride and 746 rng(10 rnrno1) of potassiurn ch10ride were added 

to the reaction rnixture which was kep七 S七andingfor 2.5 hours 

at room temperature. After 七hereac七ion，a sirnilar 七rea七ment

as that with P40l0' gave p-toluenesulfonyl ch10ride in 28毛

Yield (GLC) • 

(工96) 



民主hesisof p-To1uenesu1fony1 Iodide: Sodi w:n p-

toluenesu1finate dihydrate 2.14 g (10 mrno1) and 2.54 g (10 mrno1) 

of iodine were disso1ved in a mixture of 10 ml of benzene 

and 10 m1 of water and the mix七urewas stirred for 30 minutes 

at Ooc. Then， the mixture was poured into benzene and the 

benzene so1u七ionwas washed with wa七er for 3 times as quick1y 

aS possib1e， dried over MgS0
4
， recrysta11ized from a mixture 

of benzene and hexane， and sea1ed with a1uminium foi1. 

p-To1uenesu1fony1 iodide was ob七ainednear1y quantitative1y. 

13 )、
m.p.=85̂'860C decomposition (1it， ~"'I 84....，850C) 

~duction of p-To1uenesu1fony1 Iodide with Hydriodic Acid 

to Di-p-T01y1 Disu1fide: p-To1uenesu1fony1 iodide 

300 mg (1.06 mrn01) was disso1ved in 3 m1 of dioxane and then 

4 rnl of hydriodic acid (57毛) was s1ow1y added 七o this mixture 

at room temperature. An exothermic reaction occurred 

affording Ji-p-to1y1 disu1fide. After 1 hour the mix七ure

was poured into benzene and the benzene so工ut.ionwas washed 

with water for two times， 0.5N. Na，...S，...O.... so1ut.ion， dried over V. .，JJ，..，. .1..，，¥，..4.2"""'2'-'3 .J'-'~\0.4'-...L'-'..， 

MgS0
4・

On1ydi-p-to1y1 disu1fide was obtained in 79毛 yie1d(GLC). 

Cornpeti ti ve Reac七ionof Arenesu1fonic Acids with PPA/K工/~u4NI

(cata1yst): p-To1uenesu1fonic acid 190.2 mg(l mrno1) ， 176 mg 

(lmrno1) of benzenesu1fonic acid， and 192~2 mq(1 mrno1) or 

P-Chlorobenzenesu1fonic acid were diss01ved in 10 m1 of 

sUlfolane， then 8100 mg of PPA， 3984 mg (24 mrn(1) of potassium 

lodide， 184 mg (0.5 mrno1) of tetrabuty1ammoniurn iodide and 

154 mg (工 mrno工) of bipheny1 were added七0 七hismix七ur

~d the who1e mix七urewas s七irred(9S".，1000C) for 4 hours. 

he reaction was fo11owed by GLC. After the reaction， 5 m1 
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ョfwater was added in七o the rnixture which was then heated for 

J.5 hour. The so1u七ionwas poured into benzene and the benzene 

solution was washed w工七h water for 3 tirnes， 七henwith 0.5N. 

solution of Na2S 203 and dr ied over MgSO 4・ The solution was 

found to contain on1y the rnixture of disu1f ides I i. e. 

6"5SSC6H5' C6H5SSC6H4CH3-P， C6HSSSC6H4Cl-p， p-CH3C6H4SSC6H4CH3-P， 

γ~3C6H4SSC6H4C1-p ， and p-C1C6H4SSC6H4C1-p which 
are 

converted to the corresponding thio1s by 七re口七inqwith a 

mixture of triphenylphosphine or tributylphosphoine (2 rnmol) 

a~ water in a rnixed so1vent of benzene and dioxane over 

night at roorn tempera七ure. The yie1ds of 七hemixture of 

iliree thiols were deterrnined with GLC. p-To1uene七hio1，71毛;

Benzenethio1， 60毛 p-Ch1orobenzenethio1，34毛.

In the reduction with the P4010 systern， a mixture of 

three different of p-subs七i七utedbenzenesu1fonic acids each 

with 1 mrno1 were disso1ved in 20 rn1 of dry acet.oni七ri1e，and 

then 3000 rng(21 mmo1) of P4010' 3984 rng(24 mmol) of potassiurn 

odide， and 184 rng (0.5 mmo1) of tetrabuty1arnmoniurn iodide 

were added to this rnixture which was then ref1Ulxed for 7 

~~s. After the reaction， a sirni1ar work-up procedure 

afforded a rnix七ureof three p-subs七i七U七ed benzene七hio1s.

he yields of these thio1s were determined by GLC(SE-30， 1 rn 

glass co1urnn) to be the fo11owing. p-Toluene七hio1，50も;

3enzenethio1， 50毛 p-Ch1orobenzenethio1，26毛.

bparation of Su1fona七eEsters: 工n a reactor， 31.47 

::Jnol of a certain su1fony1 ch10ride anc1 94.41 mmo1 of a choice 

cOho1， were disso1 ved in七hemixture of 10 rnl of benzene 

and 10 ml of ace七onitri1eand the whole mixture was stirred. 
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hen， 157.25 mmo1 of pyridine was added to this mixture. 

After O. 5 hour I 七he s七arting su1fony1 ch10ride was no 10nger 

present upon ana1ysis with TLC(R
f
=0.5， e1uent:benzene). 工n

the reaction of a1kanesu1fony1 ch1orides， it usua11y took 

about 12 hours 'to comp1ete at room temperature. Then， the 

solution was poured into benzene and washed with water for 

three times， dried over MgSO 4・ Su1fona七es obtained were 

either dist工11edor recrysta11ized from hexane 七o give pure 

sulfonates. The yie1ds of su1fonates are usua11y 50-60毛.

penty1 Benzenesu1fonate 
14) 

138""'-'1400C/1 mmHg (lit ， ......~1 136-1380C 
/1 mmHg) 

工5)
工 67~1680C/3 mmHg(1it ， ~~/169~170oC 

/3 mrnHg) 
O r" /l':~ 17) m.p.=92 ，...93 0 C(l 工 t ，~" 930C) 

penty1 p-Toluenesu1fona te 

Phenyl p-Toluenesulfonate 
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Potassium工odide/Tetrabuty1ammonium工odide Sys七em:

PPA 5408 mg (工6mmo1) ， 2656 mg(工6mmo1) of potassium iodide， 

and 484 mg (2 mmo1) of penty1 p-to1uenesu1fona1:e were disso1ved 

in 10 m1 of su1fo1ane I and then 74 mg (0.2 mmol) of 

tetrabuty1ammonium iodide and 308 mg (2 mmo1) of bipheny1 

(standard materia1) were added 七o this mix七urE~ ， which was 七hen

heated(-v930C) with s七irringunder nitrogen・ After 15 minutes， 

the star七ing es七erwas found 七o have disappeared upon GLC 

ana1ysis and pentyl iodide was forrned in 89宅 yieldupon 

determina七ionwi七h GLC， bu七七heyield of disulfide was sti11 

Very poor during 七hisperiod. After 12 hours， 10 ml of wa七er
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¥ia5 added七o this mixture and heated for 0.5 hour. The 

:1ixture was poured 工n七o benzene wh工chwas then washed with 

~ter for three times， again with 0.5N. Na
2
S203 

solution and 

dried over MgS04・ Thus，di-p-tolyl disulfide was obtained 

in 54も yield(GLC)，and the yield of pentyl 工odidewas found 

w remain unchanged as compared with that， estimated after 

lsminutes. _ _ _._ ___~_'r~_~ 1同)。
Pentyl 工odide 1570Cj760 mmHg(lit ，~ '" 1570C/760 mmHg) 

(200) 



References 

1) W.A. Sheppard， Org. Synth.， iQ， 80 (工960). 

D. Cipris and D. Pou1i， Synth. Commun.， 9， 207(1979). 

H. A1per， Angew. Chern.，工nt. Ed. Eng 1.， 8， 677 ( 1969) . 

2) T. Nurna七a，H. Togo， and S. Oae， Chap七er 1. 

3) A. Zobacova， V. Herrnankova， and J. Jary， Co11ect. Czech. 

Chem. Comrnun.， 42， 2540(1977). 

4) c. M. Marve1 and P. D. Caeser， J. Arn. Chern. Soc・， 73，1097

(1951) . 

T. Cuving and M. Larcheveque， J. Organornet. Chern.， 64， 315 

(1977) . 

5) T. Nurn a t a ， H. Awa no， and S. Oa e ， Te t. Le t t .， 21 ， 12 3 5 (19 80) . 

6) K. Fujirnori， H. Togo， and S. Oae， Te七. Let七.， 21，4921(工980). 

s. Oae and H. Togo， Synthesis， (1981)， 371. 

7) G.A. 01ah， S.C. Narang， L.D. Fie1d， and R. Karpe1es， J. 

Org. Chern.， 46， 2408 (1981). 

8) S. Oae and H. Togo， Bu11. Chern. Soc. Jpn... in contribution. 

9) M. P. Cava， M. V. Lakshrnikantharn， and M. J. Hi tche11， J. Org. 

Chem.， 34 t 266 5 (工969). 

10) W.A. Sheppard， Org. Synth.， Co11. Vo1. 5， :B44(工973). 

11) 1. F ie1d， J. Arn. Chem. Soc.， 74， 394 (1952) . 

12) J.L. Sparke， J .L. Carneron， and N. Kharasch， J. Arn. Chem. 

Soc.， 75， 4907(工953). 

13) 1.M. Li七vinenko，V.A. Dadai， V.A. Save1ova， and T.工.

Krichevtsoba， Zh. Obshch. Khim.， 34， 3730(1964). 

14) B. L. Ern1ing， J. Arn. Chem・Soc.，741 4702 (工952). 

5) H. Gi1rnan and N.J. Beaber， J. Arn. Chern. Soc.， 47， 518 (1925) • 

1. Sirnon.. Bull. Soc. Chim. Belg... 38， 25工9C工929)• 

H. Gilrnann， N. J. Beaber， and C. H. Myers I J '. Am. Chern. Soc.， 

!2.， 2047(工925). 

(20工)



Chap七er 6. 

Biornirne七ic Reduction of Su1furic Acid 

Abstrac七

Su1furic acid， sodiurn su1fate were readi1y reduced 七O

elementa1 su1fur and hydrogen su1fide upon treatrnen七 witha 

mixture of po1yphosphoric derivatives (PPE， PPA.， and P 4010) ， 

which can forrn rnixed-anhydrides having P-O-S linkage， and iodide 

~ thio1. Su1fur dioxide， which is undoubted1y one of 

irnportant in七errnedia七es，was trapped by p-tolyl lithiurn 七0

afford p-toluenesulfinic acid which was converted 七O

p-toly1 rnethy1 su1fone upon treatrnen七 withrnethyl iodide， 

though the yie1d was 1ow. Sulfur trioxide， which has been 

~stulated as the key interrnediate in 七hebiological reduction 

of inorganic sulfa七e，was also trapped by rnesi七y工eneto give 

mesitylenesulfonic acid in a high yield ~ The reduction of 

sulfate七o e1ernental su1fur and hydrogen su1fide is considered 

to proceed through七hecourse which resembles 七hebio1ogica1 

reaction path invo1ved in the assimi1atory rnetabo1isrn of 

lnorganic su1fate in rnicroorganisrns and p1ants. 
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工ntroduction

rnorganic su1fate which is in the highes1: oxidative state 

of sulfur atom is one of the most inert species toward any 

reducing agent among the natura11y occurr工ng su1fur compounds， 

and hence c1ean reduction of inorganic su1fate by any chemica1 

means under mi1d condi tions has been considered to be mos七

difficul七.

H
 

O
 

O
令

S・
ψ
O

O
 

H
 

~ 1) 
S→o 110 kcaljmo1 1.42-1.43A 。
5-0H 88 kcaljmo1 1.52-1.55A 

The deoxygenative reduction of su1furic acid may proceed stepwise 

via an ini七ia1nuc1eophi1ic disp1acernent of OH group of su1furic 

acid by a 1eaving group， fo11owed by subsequen七 nuc1eophilic

attack on the 1eaving group by a second nuc1eophi1e as shown 

in eq. 1). 

P〆f ヘ¥ーペP〆/:Nu
0-$.ァOH+ :Nu 、 HO-S~Nu )HO + Nu-Nu + SO~ -ー(工)ち¥ (ーOH) r ちメ

However， such a sirnp1e nuc1eophi1ic rep1acernent of OH group 

of sulfur ic acid does not seem to proceed readi1y I due rnain1y 

~ the fo11owing few reasons. 

a) Sulfuric acid is a very strong acid which can turn 七0

sulfate dianion by supplying two protons七o th.e attacking 

nucleophi1es tha t eventua11y 10se the nucleophi1ic reducing 

abili ty d ue to the pro七ona七ion 七0 七he 10ne e1ec七ronpair of 

nucleophi1e. Sulfate dianion， bearing 七wonegative charge， 

ay also no 10nger readi1y receive nuc1eophi1ic attack at 

this centra工 sulfura七orndue to 七hecharge repulsion. 

b) Even undissociated sulfuric acid would resis七 七he

nucleophi1ic a七tack，due to the steric hindrance and e1ectronic 

tepulsion by four oxygen atoms bound to the central su1fuにr
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while three elec七ronegatlveoxygens rnus七 beplaced in the 

unfavorable equa torエalposi七ion in the transition state of 

the subs七itutionas shown in eq. 2). 

OH __ ー¥ Nu

f¥ ー...HO".， 1 、ロ、 :Nu ) u~-:..'~ιs-O 、
グγo O~ì\ 一OH-

HO 
.~ 

O~S-Nu ー一一ー一一ー (2) 

OH OH) O 

c) The leaving abili ty of OH group is rather poor in rnos七

nucleophilic subs七i七U七ion reactions. Therefo工‘e，i七 wouldbe 

necessary 七o substitu七e pro七onby sorne 0七her electron-

withdrawing group by treatrnent wi th sorne condensing reagen七

Xy to activate the central sulfur to receive nucleophilic 

attack as shown in eq. 3). 

不壬 :Nu を :Nu f 
HO-S-OH + XY-→HO-$-OY H'~ ) HO-$-Nu -=一一→ト : S. + Nu-Nu 一一(3 ) 

、L 叫 ，、.1.、、
o -HX 0 【 OY- 0 -OH- '0 

ト~anwhile ， rnany plants， rnicroorganisrns are known to reduce 

inorganic sulfa七e to sorne sulfur-con七aining amino-acids as 

2) 
shown below....' via sulfite and sulfide in the a.ssirnilatory 

metabolisrns. 
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~e biologica1 reduction of su1fate is consisted of the fo11owing 

twO key steps， i.e. conversion of su1fate七o a mixed-anhydride， 

~S or PAPS， to activate su1fate， and the subsequen七 nuc1eophi1ic

attack of a cer七ainpro七ein thio1 on七he su1fur atom of APS 

or PAPS to generate the protein-bound thiosu1fate of which 

ilie sulfenyl su1fur can be easi1y dエsp1acedby 0七her thio1 

group in七heenzyme to give su1fite which 工su1七imate1yreduced 

to hydrogen su1fide， or of which the suJfony1 group is reduced 

1__- _2__-
by thiosu1fa te reduc七aseto form R-SS or R-SS. This chapter 

describes f irs七 successfu1chemica1 mode1 reactions for the 

assimilatory bio1ogica1 reduction of inorganic su1fa te. 

PAP 
「，
L

「
3o

 

cu 

PAPS 

su1fite 
ou七side

内 o;3s-JJふ:-
b ¥ s u 1 f  ite 
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ATP IAPS-kinase ¥ .....1~- .....1 ，~門ー l 
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|l  cvste工ne O-ace七vl ム
"'----~serine 二 2-

dt Ld-ATP、 HO-5-o-E-OR 】 2-

sL14R A TP-F6bH 〆¥:
ins;;ご su1fury- APS¥cystet-e/o-a?e七y1

、 R2S~ ;25S- Ic 
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R==5' -adenosine 
R 1==5'ー(3'-phospho)adenosine
a， a' ==su1fotransferase 
b， b' ==七hiosu1fate-reduc七ase
C， c' ==sulfi七e-reduc七ase

AMP 

su1fite 
outside 
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Resu1ts and Discussion 

since 七heessentia1 part of ATP which takes part in the 

biologica1 reduction of su1fate 工s the triphospha七e 1inkage， 

3) 
~lyphOsphoric acid(PPA)， e七hy1po1yphosphate(PPE)， 

tetraphosphorus decaoxide are considered to be used as ATP 

model compound s ・ When su1furic acid was added to either one 

of these po1yphosphoric deriva七ives，we observed mi1d evolu七ion

~ ~ 
of heat， probab1y due to the forma t工onof -?-O-~-O- bond， 

o 0 

which is a mixed anhydride. 工odideis known to be a facile 

reducing agent which can reduce oxidized organosu1fur 

4) 5) 
derivatives such as sulfoxides， ~ / su1f in工c acids，-' sulfonyl 

6 ) . '-.. _ .， _ _ _ .， .c _ __ _ '-_ _ 7 ) _ __..::1 _ _ _ ， .c _ _ .. _ _ _ ! ..::1 _ 8 ) 
halides， ~， thェolsulfona七es，'/ and su1fonic acids 七0

divalen七 organosu1fur compounds， forming iodine， in a similar 

9) 
manner as in the case wi th thio1s-' I which are readi1y oxidized 

to disulfides and play the mos七 importantro1e in the reduc七ion

of sulfate in microorganisms and plan七s. Although in order 

to mimic the bio1ogical reduction of su1fate it is desirab1e 

to use thio1s since iodide may no七 bepresent in nature whi1e 

it is a 1i七tlemore reactive than most thio1s and convenient. 

Meanwhi1e I many reac七ivethio1s can often forrns mixed disulfides 

or po1ysu1fides which are not readi1y separa七edfor characteriza七ion，

and hence iodide was used for the reduction at first for a 

detailed observa tion of the simp1e reduction and then thio1s 

were used. The chemica1 behavior of iodide in the reduction 

lS very simi1ar to that of thiols. Su1furic acid is， however， 

very inert and not reduced by iodide or thio1s alone. Only 

1n the presence of such condensing agents as polyphosphoric 

derivatives， su1fate was reduced 七o su1fide with either iodide 

~ thio1s. The solvent used for七hereactions with PPA and 
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01A were dried sulfolane and acetoni七rilerespectively， since 
P 4uIO 

both solvents can readily dissolve these polyphosphoric 

derivatives， however， other polar aprotic solvents can also be 

used in the react工onwith PPE because of its high solubility 

in these solvents. The resul ts obta工ned 工n reduction of 

sulfuric acid are shown in Table. The products were elemental 

sulfur and hydrogen sulf工de. Under acidic conditions， thiol 

group(i.e. hydrogen sulfide) and polysulfide(i.e. elemental su1fur) 

are in an equilib:rium as shown in eq. 4) (generally， thiol is 

~idized by iodine in 七hepresence of a base， e.g・ pyridineor 

amine). Therefore the reduction products obtained were a 

mixture of hydrogen sulfide and elemental sulfur. The rather 

low yields of the reduction produc七s are mainly due to the 

difficulty of purification and isolation of these products 

ーー

from the reac七ionmixture. 工n the absence of BU
4
N・工 ， the 

yields of the reduction products were markedly decreased. 

In the runs 1， 2， 3 I 4， and 5，七hereduction of sulfa七ewas 

carried ou七inone flask(A)， whereas， in the runs a，b， and c， 

while the reduc七ionwas carried ou七 inflask(A)， nitrogen 

gas was introduced into flask(A) to drive out evolving hydrogen 

sulfide in七o f1ask(B) which contained a dry benzene solu七ion

~ DCC that can trap hydrogen sulfide to afford the thiourea 

derivati ve. Generally， when iodide ion was added into a 

lxture of su工furic acid and any one of the polyphosphoric 

d~ivatives ， the formation of hydrogen sulfide gas was easily 

detected. 

工 H工 工 H工工 H工 工 H工

H-S-H、?で、H十円、?で、 12マ、 H-$-($)戸-If、父、 $8 一 (4) 
工2 H工 工 H工工 H工 工 H工2 ~2 
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80th elemen七a1 sulfur and the thiourea can be readily 

iden七ifiedby compar工sonwith 七heauthentic samp1es(TLC， mp). 

204+HoboG品OH O :?。;

〒 1- }"，->I
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5cheme 1. 

Inspection of the da ta in the Table， reveals 七ha七 PPAis 七he

best mode1 substrate for ATP， and gave su1fur and hydrogen 

sulfide in the highes七 yields. The rather low yie1ds of reduction 

species in七hereaction with either P.O~~ or PPE is believed 
4~10 

to be due七0 七he subsequent react工onbe七weenhydrogen su1fide 

formed and P 40工0' which is a strong pro七onaccep七or，or PPE 

~ich is an effective a1kyla七ingagent. The postulated mechanism 

is shown in 5cheme 1. 工n 七his 5cheme，工] is believed七o be 

the key in七ermedia七e，in the presence of excess po1yphosphoric 

deriva七ive. 5u1fite is a1so one of the intermediates， which is 

eventual1y reduced to e1emen七aLsu1fur in a high yie1d in 

the reaction wi七h a mixture of PPA and K工 unde:r similar 

~nditions. The formation of in七ermedia七e [工] may be supported 

by a trapping experimen七 described in the reduction of su1fonic 

acid wi th the same system. 16) Name1y， when ch10ride ion was 

added in the reaction mixture of polyphosphoric deriva七ive

ミndp-toluenesu1fonic acid I p一七oluenesulfonyl ch10ride was 

~tained as shown in Scheme 2. 
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However， iso1ation of ch1orosu1fonic acid in the reaction 

of the in terrned ia te [工] with ch10ride anion was not achieved 

because of 工七srather high reactivity. Thus， on1y in the 

reaction of arenesu1fonic acid we cou1d iso1ate the su1fony1 

chloride by trea tェng the interrnediate [工工Jw.i七h ch1oride. 

Scherne 2. 
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Sulfur dioxide is a1so an intermediate， however， since it 

is 50 readi1y reduced by hydrogen iodide 七hat it is difficu1七

to trap 50
2 

when iodide ion is used as the reducing agent. 

Instead of using iodide， excess thiopheno1 can be added as 

tte reducing agent into the mixture of po1yphosphoric 

derivative and su1furic acid. Thus， su1furic acid was reduced 

by thiopheno1 to afford dipheny1 po1ysu1fide of which midd1e 

sulfur a七oms are derived from su1furic acid. The polysu1fide 

was then converted to thiophenol and tripheny1phosphine 

sulfide upon addition of tripheny1phosphine. Though 七he

yield of the 七ripheny1phosphine su1fide was 1ow(2も)， the 

combined su1fur atom of tripheny1phosphine sulfide is obviously 

derived from su1furic acid. The rather 10w yie1d of diva1en七

sulfur is due to the fas七 reactionof thiopheno1 and 

polyphosphoric derivative as compared 七o the reduction of 

compound [工] by thiopheno1. 

Po1yphosphoric Deriva七ive + H勺 50
A

(P
4
0
10

， PPA， or PPE) ーー

I 70"， 80oC 

I 2h 

Ho-i-Oーとo~
(OEt) 

モ

、
n

門

b

P

4

D
ム

円

、

u

「

d

J

t

千

円

、

u

y

n

H

'

h

u

 

h
Ha‘

h
U
A
 

f rCH~C_H.Li ミ 3'""'6
44

4一一今 p-CH
3
C
6
H4S02

r.七. 2h 

150吋 600C
124h 

ph-(S)IJPh 

r.七.1CH3
工

七E
 

P
-
'
 

3
一n

h
-
i
 

p

一mnU
 

3
J
 

七
r
h
 

e
q
J
 

V
・
工

o
n
 

p-CIl3C6H4SU2CtJ3 

Scheme-3. 

(211) 



since thiophenol 工s a rnild reducing agent as cornpared to 

wdrogen iodide， sulfur dioxide was successfully trapped by 

p-to1y1 1i th工urn，when S02 gas forrned was driven ou七 in七o an ether 

501ution of p一七oly1 1i七hiurn 七o afford p-toluenesu1finic acid 

~ich was then converted to the su1fone by 七reatingwi七h

methy1 iodide， though the yield of the sulfone was poor(~l も) . 

Although the yie1ds of 七he reduction products are not high， 

the successfu1 reduc七ionof su1furic acid and su1fate七0

5ulf ides in th工s b工om工rne七ic reduct工onwith po1yphosphoric 

derivatives wi七h iodide or 七hiols，and the trapping of su1fur 

dioxide under rni1d condi七ionswou1d be the firs七 reported

~perirnent which can successful1y rnirnic the bio1ogica1 

assirni1atory su1fate reduction. 工n the reduction， two paths 

(a and b) are conceivab1e for the reaction of cornpound [工] with 

nucleophile (1 ， PhSH). Whi1e pa七h b may be unfavorab1e due to 

the stereo-e1ectronic repu1sion between the nuc1eophile and 

negative oxygen po1es of bu1ky su1fate group of [工Ja七七he

transi tion sta七e of the S~ ~ 2 reac七ionon the sulfur atorn of 
N 

[IJ， pa th a wou1d be qui七e 1ike1y since hydrogen bound to the 

oxygen a七ornof [工] is ex七rernelyacidic. 

Thus， 1， 2-e1irnina七ionreaction of [工] to form su工王ur 七rioxide

工Q)
~d phosphoric acid shou1d take place quite readily. 

Sulfur tr ioxide 七hus formed may react with iodide or 

Uenethiol to afford iodosu1fonic acid， or thiosulfuric acid 

elther of which is considered 七o be subsequent1y reduced readi1y 

with iod土deor七hiols 七o afford sulfite. Sulfite ion is 

reduced further very readi1y wi七hthese systems to sulfide. 

Actually， in one of our trapping experiments， su工fur trioxide 

¥las nicely 七rappedby mesity1ene to give mesitylenesu1千のniC"
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Po1yphosphoric Derivative + H~SOA (SO~-) 2--4 '--4 

(PAO，~， PPA， or PPE) 
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acid in the reaction of tetraphosphorus decaoxide and 

sulfuric acid under acidic solution and also in the reaction 

between 七etraphosphorusdecaoxide and bis(tributylethylarnmonium) 

sulfate， which are both neu七ral respectively. 工n a blank 

experiment， in the absence of tetraphosphorus decaoxide， 

i.e. the mix七ureof mesitylene and sulfuric acid， or the 

mixture of mesitylene and bis(七ributylethylammonium) sulfate 

under similar cond工tion， 七he corresponding mes工tylenesulfonic

acid was not obtained. 

!ll) __.:1 T"'> __1____.! _ __..::1 L______12) 
Earlier， Eiki and Tagak工 andBenkovic and hevey~-' repor七ed

independently七ha七七henuc1eophilic subs七itu七ionof 

phenylphosphosulfa七e(PPS)，a APS or a PAPS model compound， 

similar to 1工J in our exper工ment，by OH ion proceeded 

sluggishly， however， hydrolysis of PPS easily took place 

in acidic media or in 七hepresence of some metal ions in 

aprotic solvent such as DMF. These resul七s together with 

our resul七s suggest clearly 七he elimination-addition mechanism 

involving 七he forma七ionof sulfur trioxide in the acidic 

media(path a) as shown in Scheme 4. 
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Experimenta1 

Materia1~: PPA， potassium iodide， mesity1ene( su1furic 

acid， tributy1amine， diethy1su1fa七e，tetraphosphorus decaoxide， 

and dicyc1ohexy1 carbodiimide are a11 from Wako Chemica1 Co.， 

tetrabuty1amrnonium iodide was from Tokyo Kasei Co.， and 

50dium su1f i te was obtained from Kan七o Kagaku Co. 

Ethy1 Po1yphosphate Ester: E七hy1po1yphospha七e ester was 

13) 
~epared by a known method.~-' Tetraphosphコrusdecaoxide， 150 

g， was added in七o a solution of 300 m1 of dry ether and 150 ml 

of dry ch1oroform. The m工xturewas ref1uxed for 4 days under 

N
2
(bath temp. 500C). As the reaction proceeded( the crys七a11ine

PAO， () faded away to give a homogeneous 1iquid" After comp1etion 
4'"'10 

of this reac七工on，the 1工quidphase was decan七ed 工n七o a f1ask 

in a dry box. Then the solution was evapora七ed to a co1orless 

syrup. The residue was 七hendried by vacuum pump for 36 hours 

at 400C. A co1or1ess syrupy(hard) ester which is very 

sensitive to mois七ure，was ob七ained

PPE NMR (CDC1
3
) 1.9~1.5ppm(m ， 2H)， 4.2-5.0ppm(m， 3H) 

!eduction of Su1furic Acid with PPA/K工/Bu"N工(ca七) System七0
4一一一'

julfide Po1yphosphoric acid， 10 g(2.97x10 mmo1， M.W.=338) and 

4.93 g (2. 97x10 ~TTlO工) of potassium iodide were added into 6 m1 

ofdry su1fo1ane. Then， 300 mgC2.97 mmo1) of su1furic acid(97毛)

was added in to七hismixture， in七owhich fina11y 184 mg(0.5 mrno1) 

of tetrabuty1ammonium iodide was added. The reactj..on was carried 

Out for 8 hours a七 750Cwith stirring under nitrogen a七mosphere.

The odor of hydrogen su1fide was c1ear1y de七ec:ted. Af七erthe 

teaction， 10 m1 of water was added ancL the mixtu工ewas heatecL 

nder simi1ar conditions for 0.5 hour in orde工七o hydro1yze 

excess PPA. The reaction mix七urewas poured in七obenzene which 
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solu七ionwas washed with water for 3 times， dried over MgS0
4
， 

fil tera ted and the f工1tratewas evaporated. The residue was 

subj eC七ed 七o TLC(MERCK， si1ica-ge1 type-60)， separated with 

benzene to exc1ude iodine， then 55 mg of su1fur was obtained 

and' iden七ifiedby cornparison with 七heauthentic su1fur 

_11 "'J 11AOl"" 11 "- 14) (TLC Rf=O. 7， e1uen七:benzene) rn.p.=112-1140C (lit， ~ ~ I 1150C). 

After recrysta11iza七ionwi七h a rnixture of benzene and hexane. 

the yie1d of su1fur was 58毛.

Hydrogen Su1fide Trapping in PPA/K工/B~4~工 (cat) Systern: 

Reactor A. 

PPA 10，-.;8 9 and 4.93 gC2.97x10 rnmo1) of potassiurn iodide were 

added in七o 6 m1 of dry su1fo1ane. Then， 300 mg of su1furic 

acid was added and fina11y 184 rng (0.5 mmo1) of 七e七工abuty1-

a~onium iodide was added into this mixture. 

Reactor B. 

Dicyc10hexyl carbodiimide 1836 mg (2. 97x3 rnmo1) was disso1ved 

in 10 rn1 of dry benzene in a f1ask which was equipped wi七h a 

empty ba11oon. 

Reactor B was join七edto Reactor A with a g1ass tube. The 

content in Reactor A was stirred and hea七ed for 4 hours a七

75
0
C under s10w .f1owing of ni trogen gas.. While七he.react ion 

ffilxture in Reactor B was s七irreda七 roomtemperature， nitrogen 

and hydrogen su1f ide were introduced in七O 七heReactor B. 

After the reac七ion，10 m1 of wa七erwas added 七0 七heReac七or

A and the mixture was hea七edunder simi1ar conditions for one 

hour. The reaction mixture in Reac七orA was poured in七O

benzene and washed wi七hwater for 3 七imesr dried overMgS0
4
， 

fi1terated and evapora七ed. The residue was separa七edby TLC 

'tJith benzene to give sulfur. From the Reac七0]::-A， 40 mg of 
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sulfur was ob七ained. Reactor A: S8 yield 42毛

Then 10 m1 of water was added into the Reactor B to quench 

any excess of DCC to urea and the mixture was kept standing 

for a few hours ・ Themixture was poured into benzene which 

501¥.1tion was washed wi th water， drエedover MgS0
4
， and benzene 

~S evaporated. The residue was separated through si1ica-ge1 

column (MERCK 70.....230 mesh) wi th ch1oroform. 

Reactor B 0悶 -5-NHO 工03mg戸 1d 山

】 TLC Rf=0.3-0.4(~luen七 ;CH~13)
一・ 一.

工R(KBr) 1540cm ~ 3275cmご
-，ー.

1490cm 占 1220cm ~ 
15) 

m.p.=182~1840C(litr 182-工 82.50C~""/)

(DCC is known 七o react with hydrogen sulfide under rOom 

t~perature) Thiourea obtained in our system was identica1 

to the authentic samp1e (工R，m.p.， and TLC). A simi1ar 

~ocedure with simi1ar mo1ar ratio was used in 七hereduction 

of sodium sulfa七e in PPA system. 

Reduction of Sulfuric Acid wi th PAO"f"¥/K工/BuAN工(cat) System: 4'""'10/ .，~/ -'''''''44

:''::: 

Tetraphosphorus decaoxide 2100 mg (2. 97x5 mrnol) and 4930 mg 

(2.97xlO rnmol) of potassium iodide were added in七o 6 ml of 

dry acetoni tr i 1e. 工n this mixture， 300 mg(2.97 mrnol) of 

sulfuric acid and 184 mg(0.5 mmo1) of 七etrabuty1ammoniumiodide 

W~e added. The mix七urewas stirred and heated for 10 hours 

at 42N 450C under ni七rogenatmosphere. Then， 10 ml of water 

was added in七o the reaction mixture 七o des七royexcess P
4
0
10

， 

he reaction mixture was treated simi1ar1y as in the case of 

PPA system. E1ementa1 su1fur， 16 mg， was obta.ined. 
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1222ction of Su1furic Acid with PPE/K工/~u4~工 (cat) System: 

potassium iodide 4930 mg (2. 97x10 mrno1) and 184 mg (0.5 mmo1) 

of tetrabu ty 1arnrnon工um 工od工dewere added into 10 m1 of dry 

chloroform， then 300 mg (2.97 rnrno1) of su1furic acid was added 

into the mixture and fina11y 10 9 of PPE was added in七o the 

m~ture. The reaction was carried out for 7 hours at room 

~mperature under nitrogen atmosphere. The yie1d of su1fide 

did not increase even when tempera ture was ra;ised. Then， 

10 m1 of water was added and the mix七urewas treated 

simi1ar1y as in七hecase with PPA sys七em. Elementa1 su1fur 

was obtained in 4........10毛 yie1d.

Trapping of Su1fur Trioxide in ~40工 O(K 工 /Bl~4N~~cat) Sys七emby 

Mesi ty1ene: Tetraphosphorus decaoxide， 2工00rng(2.97x5 mmo1) ， 

was added in七o 6 m1 of dry acetonitri1e into which 2 m1 of 

mesity1ene was then added. The mixture was coo1ed down to 

。OCand 300 mg(2.97 rnrno1) of su1furic acid was added in七O

this rnixture. . The mix七urewas stirred for one hour a七 room

temperature(OOC→r.t.) under nitrogen a七rnosphere. Then， 4930 

mg ( 2 . 9 7 x 1 0 rnrn 0工) of potassium iodide，工84mg(O.5 rnrno1) of 

tetrabuty1arnrnonium iodide and 4 rn1 of dry acetこonitri1ewere 

added in七O 七hisreaction rnixture which was s七irred for 5 hours 

at room ternperature under ni七rogen. (Since the iso1ation of 

mesity1enesu1fonic acid is difficu1t in our sys七em，the 

~lfonic acid was reduced to 七hedisu1fide with P.O ， ~/K工
4 工0'

system under mi1d condi tion. Thus， mesi ty1enE~su1fonic acid 

工6)
1Nas converted七o dirnesityl disulfide.~~/) After the reaction， 

o ml of wa ter was added and the rnix七urewas stirred for one 

Our. The reaction rnix七urewas poured into benzene which 
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solu七ionwas washed with water for 3 times， 0.5N.of Na
2
S
2
0
3 

water solut工on once， again with water and dried over MgS0
4・

D~esity1 disu1fide， which was derived from mesity1enesu1fonic 

~id ， was obtained in ca. 50毛 yie1dby GLC(OV-1， 1m glass 

column). Authentic dimesi ty1 disu1fide was obtained by 

reducing mesi七y1enesu1fony1 ch10r工dewエthL工A1H
4

工n dry ether 

for one hour (0 oC→r.七.)七omesity1enethio1 which was oxidized 

further to dimesi ty1 disu1fide wi th iodine and pyridine a七

_'~A ~~~On('~~ 17) room temperature in 8工毛 yie1d. m.p.=124~1250C( 工ェ t ， _. I 1250C) 

trapping of Su1fur Trioxide: Bis(tributy1e七hy1ammonium) su1fate 

588 mg(1.12 mmo1) was disso1ved in dry 5 ml of ace七onitri1e

and 2 rn1 of mes工七y1enewas added 七o th工smlX七ure. Then， 

1200 rng (1. 12x7 . 54 rnmo1) of 七etraphosphorusdecaoxide was added 

and the who1e m工xturewas st工rred for 27 hours a七 room

t~perature under nitrogen a七mosphere. PO七assium iodide， 

1860 rng (1.工2x10mmol)， was added in七O 七hismixture， in七o which 

5rnl of acetonitri1e was added and the who1e mix七urewas 

stirred for 5 hours a t room tempera ture . 

Bis (tribu七y1ethy1arnmonium) su1fate obvicus1y plays the ro1e of 

phase七ransfercata1ys七 Then，10 m1 of water was added at 

。Ocinto七hemixture which was stirred for 1 h at room七empera七ure.

The mixture was poured into benzene and washed with wa七e

for 3 times， wi th O. 5N. of Na
2
S 203 wa七er solution once， again 

wlth water once and dried over MgSO 4・ Dimesi七y1disu1fide 

was obtained in 37毛 yie1d(GLC，SE-30 1m glass co1umn). 工n a 

separate experiment， bis (tributy1ethylammonium) s1l.1fate was treated 

ln acetonitri1e wi七hou七 P4010 in the presence of mesity1ene. 

~wever ， no dimesity1 disu1fide was formed. 
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The preparation of Bis(tributy1ethy1amrnonium) Su1fate: 

Diethy1 su1fate，1247 mg(8 mmo1) and 4500 mg(24.3 mmo1) of 

tributy1amine were disso1ved in 6 m1 of methy1ene ch10ride 

or ch1oroform and the mixture was ref1uxed for 2 days under 

nitrogen atrnosphere. Disappearance of die七hy1 su1fate was 

followed by TLC (si1ica-ge1 E七2S04 Rf=0.4 e1uen七:benzene). 

After this reaction， the solvent was evaporated and then， 

excess of tributy1amine was exc1uded in vacuo a七 50oC.

Whi te crys七a1swere obtained in a high yie1d(quant.). 

This ammonium sa1 t is neutra1 and very solub1e in mos七 a11

solvents (i. e. 日20， a1coho1， benzene， and ether) except 

hexane. 
-1 -1 -1 

工R(KBr) 2930cm ~ 2850cm ~ 1490cm 
-1~~~_ -1 -1 

(Bu~NEt)~SO. 1460cm ~1380cm ~ 1210~1250cm 占
3~'~ ~I 2~~ 4 

1 O 20cml 

The Trapping of Su1fony1 Group in Ar~03H/P4010/KC1 System: 

Tetraphosphorus decaoxide， 1600 mg{11.27 mmo1) ， was added 

into 5 m1 of dry acetoni七ri1e，in七o which 381 mg(2 mmo1) of 

p-to1uenesu1fonic acid was added. The mixture was heated 

and stirred for 1. 5 hours a七 60-'650C under ni七rogenatmosphere. 

Then， 33 mg (0.2 mmo1) of 七e七raethy1amrnoniumch1oride， 746 mg 

(10 mmo1) of po七assiumch10ride were added in七o the reaction 

ffilxture a七 ooCand 七hernix七urewas stirred for 3 hou工s a七

room ternpera七ure. After 七hereaction，七hemix七urewas poured 

lnto benzene and washed with water for 3 times，七hendried 

OVer MgSO 4・ p-To1uenesu1fonyl chloride was ob七ained in 48毛

Yleld (GLC) (isola七edyield: 43毛)， and iden七ifiedby comparison 

Wlth the cornmercial cornpound (Rf=O. 7， eluen七:benzene).工n the 

eaction with PPE， (PPE=6 g， p-CH3C6H4S03H.H20=381 mg)， the 

Yield of p-to1uenesulfony1 chloride was 28宅 u:ndersimilar 

condi tions . 
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The Reduc七ionof ArS?3H to ArSH with PPA/Ar'SH System: 

PPA， 6 g， and 381 mg of p-to1uenesu1fonic acid were added in七O

5 ml of dry su1fo1ane， which was stirred and heated for 1.5 

hours at 900C under nitrogen atmosphere(the initia1 step). 

~en ， 2 m1 of thiopheno1 was added to this mixture， and the 

reaction mixture was kept at 900C for 3 hours(the 1atter 

step). After the reac七ion，10 m1 of wa七erwas added， the 

mixture was poured into benzene wh工ch solutlon was washed 

with water for 3 times， dried over MgS0
4・ A mixture of 

dipheny1 disu1f ide and pheny1 七oly1 disu1fide was obtained. 

oitoly1 disu1fide was not formed. S-pheny1 p-to1uenethio-

sulfonate was a1so not formed. The mixture was purified by 

co1urnn chromatography 七hrough si1ica-ge1(e1uen七:benzene/

hexane=1/1=v/v)， and the disu1fides obtained were conver七ed

~ the corresponding thio1s by the addition of a mixture 

of Ph
3
P/H

2
0/dioxane. The yield of p-to1uenet:hio1 was 53も

(GLC) .工n 七hereduc七ionwi七h PPE(PPE=7 g， p-CH3C6H4S03H.H20= 

381 rng)， both the initia工 step and the 1atte工・ S七eprequired 

1.5 hours/650C and 8 hours/650C respective1y. The reaction 

mixture was then treated simi1ar1y and gave near1y the 

similar resu1七. p-to1uenethio工 46毛 (GLC)

S-pheny1 p-to1uenethiosu1fonate 4毛 m.p.=78N 800C
工8)

(lit ，~"'" 780C) 

S-bu七y1 p-to1ueneth工osu1fonat.e 

TLC(e1uen七:benzene) Rt"":=0.5 
e1em. ana1. I C H 占

obsd. 154.17 6.64 
ca1cd. 154.06 6.59 

-1 -1 上
工R(KBr) 8工Ocm 可 108Qcm- 1140cm -

工320cm-
NMR(CDC1

3
) =0.9ppm(m， 3H) 1.5ppm(m， 4H) 

(221) 

7.25ppro(d， 2H) 7.7ppm(d， 2H) 
2 . 55 pprn ( ~ ; 3 H ) 2 9 ppr. I (t; ? H ) 



Trapping of S?2 bY p-To1y1 Lithiurn: 

Reactor A ( s tep 1) 

A mix七ureof 10 g of PPE and 800 rng(8 rnmo1) of su1furic acid 

was heated and stirred a七 800C for one hour under nitrogen 

atmosphere (nea七). 

Reactor B (s tep 2) 

Lithiurn， 280 rng(40 mrno1) ， was added into 5 rn1 of dry ether 

into which 5 rn1 of dry ether solution containing 5100 mg(30 

19) 
~ol) of p-brornoto1uene was added.~~' The mixture was stirred 

for a f ew hour s under n工trogenatrnosphere. 

step 3 

Recator A and B were jointed by a glass tube. Thiopheno1， 

3 ml， was added into the Reac七orA a七 roorn 七e:mpera七ure. Then 

the solu七ions in the Reac七orsA and B were s七irred for 2 hours 

at roorn 七ernpera七ureunder nitrogen a七mosphere. Af七er the 

reac七ion，the reaction rnixture in Reactor B was poured into 

wter and washed with benzene for 3 tirnes. The wa七erwas 

evaporated，七he solution was concentrated， and excess rnethy1 

iodide was added in七O 七hernixture which was stirred for over 

night (H
2
0/EtOH=1/工=v/v). p-To1y1 rnethy1 su1fone 11.4 rng was 

obtained (，.J工毛). TLC(e1uent:CHC工 ) R.c=0.5 3 I ~~f 

In the case of PPA， 
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step 3. The rnix七ureof 2 rn1 of thiopheno1 and 6 rn1 of su1fo1ane 

were added 七o Reac七orA and s七i工主edror 2 hours at r.七.

he sirni1ar procedure and reaction condition were used. 

P--to1y1 rne七hy1 su1fone 10 rng m.p.=84~850C(lit ， 21) 870C) 
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Th~ Reduction_9f Su1furic Acid by Thiopheno1 in PPA: 

A mix七ureof 'PPA工og and 800 mg of su1furic acid(nea七) was 

heated under stirring for 2 hours at 800c in nitrogen atmosphere. 

Then， 5 m1 of thiopheno1 was added into this mixture which 

was s tirred for 24 hour s a 七 50~60oC. After the reaction， 10 

ml of water was added and the mixture was poured into benzene， 

which so1u七ionwas washed with water for three times， 

and dr ied over MgSO 4・ Triphenylphosphine 786 mg(3 mmo1) was 

then added to this benzene so1ution， and then 46 mg(3 mmol) 

of tripheny1phosphine sulfide was obtained. Tripheny1phosphine 

sulfide was not ob七ained at a11 in the reaction of 

tripheny1phosphine and dipheny1 disu1fide or thiopheno1. 

Sulfur(S8) and diaryl po1ysu1fide are known七o be desu1fu1ized 

by tripheny1phosphine 七o give on1y tripheny1phosphine su1fide， 

tripheny1phosphine sulfide and arene七hiol，respectively. 

Ph~P=S TLC R~=0.5(eluent:benzene) 
f 

O ，..，，'':~ 20) m.p.=162~1630C( 工エ七， 工62-'1640C)

(223) 
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Chapter 7. 

Reduction of Sulfonic Acids with Phosphorus Pentasulfide 

Abstract 

Arene- and alkanesulfonic acids were easily reduced to 

the corresponding polysulfide R-(S)..，-R (n=2.9-3.3) by 
n 

treatment with phosphorus pentasulfide. 工n 七his reaction， 

the forma七ionof bo七h P-Q-S bond and P-S-H bond is considered 

to be invol ved in 七hekey step of the reduction. 
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工ntroduction

Bo七h arene- and alkanesulfonic acids are known 七o be 

~ inert that they canno七 bereduced directly by ordinary 

procedures; for exarnple sulfonic acids are unchanged wi th 

工)
LiAIH

4 
in refluxing Bu

2
0 for 3 days. 

2) 
However， we have 

recently shown a few facile and convenien七 one-potreduction 

procedures of sulfonic acids 七o thiols or disulfides in 

excellen七 yields. A sirnilar reduction was found by Olah e七

3) 
al.~J In these reduction， iodide ion is the reducing agent 

which is ox工dizedeventually to 工odエne. Reduction of both 

arenesulfonic acids and sulfuric acid was found to be carried 

oot successfully by treating these acids with a rnixture of 

~osphorus pentaoxide， polyphosphor工c ac工d，or ethyl 

~lyphosphate(PPE) and arenethiols. The ini七ial s七epof this 
p 

reduction is obviously the forrnation of RS02-0-r-o-bond 
O 

which is a七tackednucleophilically on sulfur atorn by 七hiol

4) 
~oup..' Phosphorus pentasulfide is a sulfur analog of 

phosphorus pen七aoxideand is considered 七o be attacked 

s~ilarly by sulfonic acids at cen七ralphosphorus atom， 

generating an addi tion cornplex which possesses a 七hiol function， 

which can func七ionas a reducing agen七工ike iodide ion. 

Indeed， phosphorus pentasulfide has been found to be a good 

reducing agent to convert both arene.... and alkanesulfonic acids 

o the corresponding polysulfides. 
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Resul七s and Discussion 

One big advantage of phosphorus pentasulfide as a new 

reducing agen七工s tha七工t can reduce sulfonic acids 七o the 

corresponding polysulfides in good yields wi七hou七 any

additional reagent. The reduction resul七s in a mixture of 

mainly disulfide， trisulfide， tetrasulfide， a.s summarized 

in Table. The driving force of the reduction of 七he sulfonic 

acid with phosphorus pentasulfide is the formation of P~O or 

p=o bond which has a higher bond energy than that of P-S or 

P=S bond. Meanwhile， the thiol group combined 七o five-

coordina te phosphorus， such as (E七O)2P(S)SHwhich is highly 

5) 
acidic(pKa 1.5~2.0)~1 and known to be a good reducing agent， 

to reduce readily many organosulfur compounds 
6) 

6a) ~~，~-' ~-'_ __-'.-:'1_ 6b) _'_~_'~_~__L__ 6c) 
lfoxides ， ~~1 sulfェnic acids ， ~~1 and thiolsulfona七es，

Even phosphorus pen七asulfidealone is known 七o reduce 

7) 
sulfoxides 七o corresponding sulfid 工n the reduction 

of the sulfonic acid wi七h phosphorus pen七asulfide，one of 

oxygen a toms of 七he sulfon工c ac工d would attack the cen七ral

phosphorus atom of phosphorus pentasulfide to give an 

lntermedia七e 1工]， an mixed-anhydride， which has a P-O-S bond， 

and a ー?十H gr叫 whichwoωbe a s七rongacid simi工ar 七0

(EtO) 2P (S) SH， a powerful reducinq agen七.

工nspectionof da七a in 七heTable reveals that the 

Sulfinic acid is also reduced readily 七o the polysulfide. 

Thus， the plausible reaction pathway is shown in the Schme. 

Actually，七hethiol func七ioncan be genera七ednoticeab工y

Upon hydro工ysis. For this reduc七ionト su工王ola:ne seems to be 

he best solven七 amongpolar aprotic solvent because of the 

high solubili ties of sulfonic acids and the moderate solubi] i ty 

Of phosphorus pentasulfide.. i孔 七hj solven"l二.

(228) 
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sulfur a七orns in the polysulfides obtained is in the range 

of 2.9~3.3 ， based upon the elernental analysis. These 

~lysulfides can be reduced readily to the corresponding 

thiols by treatrnent w工七h either LiAIH
4 

or NaBH
4 

and thus 

the yields of the products were deterrnined. Based on 七he

competitive reductions of three different sulfonic acids， 

the arenesulfon工c acid which has an elec七ron-.donating 

substi tuent was found 七o be rnore reactive than the that 

~ich has an electron-wi七hdrawing subs七ituent，in keeping 

with the tendency of the reactivities of arenesulfonic acids 

in the reduc七lonw工七h 0七her reducing sys七回nswith phosphorus 

工3)
ompounds.~~1 Non-acidic p一七oluenesulfonarnide，which cannot 

activa七e the phospLorus pentasulfide by protona七ion for 

nucleophilic a七七ackof sulfonarnide， is not readily reduced. 

While， sulfona七e es七erwas also no七 bereduced very readily 

under the same condi七ion since the initial reaction wi七h

P2SS would not generate P-S or P-SH func七ionwhich can ac七

as a reducing agent. 
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a) In this competition reaction， a mixture of p-CH
3
C
6
H
4
S0

3
H/ 

C6HSS03H/p-C1C6H4S03H=2/2/2 (rnmo1) was careful1y dehydrated by 

azeotropic disti11ation with benzene， and was p1aced in lS 

mlof su1fo1ane containing P2SS(27 mrno1). b) Overa11 yie1d 

(RS03H ラ RSH)， GC(SE-30， or OV-1， 1m glass co1umn). 

c) Iso1a七edyie1d. d) The nurnber of su1fur atoms in 七he

molecu1e was estima七edfrom the e1ementa1 ana1ysis. e) The 

reductions of po1ysu1fides with LiA1H
4 

and NaBH
4 

were 

carried out 工n ether(30 min) and e七her-ethano1(3h) at room 

tempera ture respecti ve1y. f) 工n the hydro1ysis of phosphoric 

derivatives， a mixture of 14毛 ofpen七anethioland dipenty1 

polysu1fide was obtained. g) Start工ngmater工a1was no七

recovered. h) Starting material was ob七ained in 26毛 yield.
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Experimen七a1

~ateria1sPhosphorus pentasu1fide， p-to1uenesu1fonic acid， 
~ 

sodium p-toluenesulfonate， sodium m-ni七robenzenesu1fonate，

p_toluenesulfonamide， and sodium p-toluenesulfinate were 

~tained from Wako Chemica1s Co.， and benzenesulfonic acid， 

p-chlorobenzenesu1fonic acid， sodium benzenesulfonate， 

sodium 2， 4-dimethy1benzenesulfona七e，sodiumβ--naph七ha1ene-

sulfona七e，sodium pentanesulfona七e，and sodium dodecane-

sulfonate were obtained from Tokyo Kasei Chemica1s Co. 

2，4-Dimethy1benzenesu1fonic acid and pentanesu1fonic acid 

were ob七ainedby trea七mentof the corresponding sodium 

sulfona tes through a column of ca七ionexchange resin which 

was conver七ed七o the proton form by flowing lN. HCl dis七.

~ter solution wi七h colurnn[Dowex 50w-x8， 200rJ400mesh H-form， 

Murornachi Kag aku Co. J • 

~Toluenesulfinic acid was prepared by acidification of 七he

corresponding sodium p-toluenesu1fina七e. The white precipita七e

ws recrysta11ized from water. 

_OA ocO r"' I'~~ 9) p-CH~CcHASO~H m.p.=84-850C(工工t，-'I 84-850C) 3 ~64. 4 ~~ 2 

Pentyl p-to1uenesu1fonate ester was prepared by treating 七he

sulfony1 chloride (31.47 mrno工) with pentanol(94.4工 rnmo1) in 

the presence of pyridine (157 mrnol) in a mix七ureof 10 m1 of 

benzene and 10 m1 of ace七onitri1efor 30 min. After this 

reaction， the mix七urewas poured into benzene which solution 

~s washed with HC1-water， dried over MgS0
4
， and distilled. 

p-CH3C6H4S03CH2(CH2)3CH3 48も 167-168Ç~C/3 mmHg 
10 )。

(lit ，~~' 169-170oC/ 3 rnmHg) 

S~enzylisothioronium dodecanesu1fonate was prepared by 

teatment of sodium dodecanesu1fona七ewith S-benzyliso七hioronium
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hloride in acetonitri1e. This sa1t was recrysta11ized from 

ace七onitri1e.
+ 

n-C~~H~~SO_ H~N=C-S-CH~C_H 12U 25'-''"''3 U 2.L. '-' '-'u2'"'6u5 e1em. ana1.1 C H N 

NH
2 

工R(KBr)

obsd.1 57.92 8.67 6.71 

ca1cd.157.65 8.70 6.72 

36O ON2850cm l F l660cml 

1680cmll465cm l l 22O cml 
・ー・ E 

工200cm - 1190cm - 1160cm ~ 

1125cm l llO 0CITIll O 8O cm 

l O 40cm l 

Genera1 procedure ~ A mixture of 902 mg(4 mmo1) of sodium 

l-nitrobenzenesu1fonate and 4000 mg (18 mmo工) of phosphorus 

~ntasu1fide was disso1ved in 10 ml of dry sulfolane. The 

rnixture was hea七edat about 900C for 24 hours wi七h stirring. 

hen， 5 m1 of water was aεded in七o the mixture which was 

neated for 0.5 hour to hydro1yze phosphoric derivatives 七0

afford the po1ysu1fide， hydrogen su1fide， su1fur， and 

phosphor ic ac id . 8) The mix七urewas poured in七o benzene or 

ether， which was then washed wi七hwater for 2，3 七imes，dried 

wer MgS0
4
， and evaporated. The mixture was extracted with 

amixture of benzene and hexane(V/V=l/l)， and chromatographed 

through a si1ica-ge1 co1umn wi th a mix七ureof benzene and 

hexane (v/v=l/工)七o obtain the po1ysulfideI~f=0 . フ 5""0.30; 11< 

-1 -1 
(NaCl) 工34 5 cm ~ I 152 0 cm ~ n = 2 . 9 ...，3 . 1J .工n 七hereduc七ionof 

other su1fonic acids， hexane was used for extraction and co1umn 

chroma七ography，excep七 su1fur，su1fo1ane， e七c. Then 430 mg 

of di (m-ni七ropheny1) po1ysu1fide(a part of obtained po1ysu1fide) 

~S disso1ved in a mixture of Et~O-EtOH into which 200 mg of 
2 

NaBH4 was slow1y added at room七empera七ure. Ar七er3 hours， 

he mixture was poured in七o e七herand acidified， then washed 

YJith water I before drying over MgSO 4・ From 七he eth0γ py十γ月戸十 J
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275 mg of m-ni trobenzenethio1 was ob七ained in 74毛 yie1d[IR(NaCl) 

-1 -1 -} 
1520cm ， 1345cm - 2560cm - b.p.=100-1030C/4 mmHg] . 

rn-Ni trobenzenethェ01was iden七工fiedby the oxidation to the 

corresponding disu1fide. m-Nitrobenzenethiol 275 mg(1.774 

~ol) and 225 mg(1.774j2 mmo1) of iodine were disso1ved in 

chloro f orm， and 七hen 140 mg(1.774 mrnol) of pyridine was slow1y 

added to 七hismixture at r.t. After 15 min， the mixture was 

poured in七o ch10roform and washed with dilute HCl solu七ion，

water， and dried over MgS0
4・ After evaporation， the crysta1s 

was obtained and recrysta11ized with benzene. 

_ 0 1  0'O ，....， 1 ，~~ 12) m-O，NCcH"SSCcH"NO'")-m m.p.=81-82 0 C(li七~-， 79-810C) 2.' ~ 6.4 4 ~ ~ ~ 6.4 4.' '-' 2 

Other thio1s were identified by comparison with authen七ic

comrnercia1 七hio1s.

2，4-(CH，"¥)..，C，..H...SH ，. ¥........3' 2......6..3 b.p.=83-850Cj5 mrnHCj 62毛(iso1atedyie1d) 
工工) 。(li七 .....-'-1 930Cj工2mmHg) 

Polysu1fideFrom the reaction of sodium p-to1uenesu1fonate 

and phosphorus pentasu1fidei 

p-CH~CcH ー (S) ーCcH"CH~-p3~6..4 n ~6..4~..3 

74宅 yie1d
n=2.91~2.92 

工R(NaC1) 

485cm ご 505cm ~、 805cm ~ 

750cm - 1490cm -

2850〆3100crn-1

e1em. ana1.1 C H 
ob sd. I 60. 97 5. 09 

七O七aL=99.9宅

From the reaction of p-七oluenesu1fonic acid monohydra七e and 

phosphorus pentasu1fidei 

p-CH~CcHA-(S) ーCcH"CH ， -p3......6..4 \~， n ~6..4"""..3 

86毛 yie1d
n=3.30-3.35 

工R(NaCl) 
一・ ー・

2850-3100cm -'- 1490cm -'-
一・ 一・ -. 

805cm - 485cm - 502cm -'-

e1em. ana1. I C H S 
obsd炉 I58.~18 4.87 

七otal=工00.エ5宅

NMR(CC工A)r = 2 . 3 ppm (s 3 H ) 

(235) 

6.8，..，7 . 0 5ppm (m 
7.05.....7.4ppm(m 

37.工0

2H) 
7fT) 



from the reac七ion of sodiurn rn-ni七robenzenesulfonate and 

~osphorus pentasulfide; 

rn-O.--NCrHA-(S) ー C_H.NO~-m2"''-'6''''4 ¥'-'1 n ~6.'4~''-'2 

n=2.9-3.1 

工R(NaCl) 、
ー，ー.

1345cm 占 1520cm ~ 

NMR(CC工4) =7.0~8.1ppm(m) 

elem. anal.I C 
obsd.142.50 fo 

H

一J勺
J
b
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Chapter 8. 

~e Reduction of Sulfoxides and Sulfirnides with Thiol/ 

Trirnethylsilyl Chloride Systern 

Abstrac七

Sulfoxides and sulfirnides are slowly deoxygenated by 

treatrnent wi th 七hiosilane，PhSS工Me
3
，while deoxygenation of 

釦 lfoxideswi七h the thiosilane proceeds srnoothly in the 

presence of a ca七aly七ic arnount of te七rabutylarnrnoniurnbrornide. 

For a preparative purpose， a mixed systern of 七hioland 

hirnethylsilyl chloride can be used successfully for bo七h

deoxygena七ionof sulfoxides and deirnination of sulfirnides. 
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工ntroduction

Su1foxides are known to be rather reactive compounds 

among various organosu1fur compounds. The bond energy of 

5 
5戸 olinkage in su1foxides is abou七 7x10~ dynjcm(87N 89 kca1jmo1)， 

5 
smaller than that of su1fone(9.5x10~ dynjcm， 112 kca1jmo1)， 

while，七hes-o bond of su1foxide 工s semi-po1ar and 

is longer 七han that of su1fone. Thus， many faci1e procedures 

for reduction of su1foxide have been 

1-8 ) are treatment wi七h HX， -，，--- '-" 1 phosphine 

工3̂-J16) __...:1':___ ___，.c':.L_ 17， derivat工ve，..J..-J-..J..¥J1 sodium su1f工te，

reported， among those 

9 -12) deriva七工ve，'"--"-~I si1y1 

18) ， ______. _， ___， r"____  19， 
e1ementa1 su1fur，--' 

21-23) L___'__~ ~_ ______， ___ 24""27) ttansition meta1 comp1ex ，~-"- _-JI hydride comp1ex ，~~~" contact 

2 8 ) -'-L ~ _ __ _ _ ， _ L ， _ __ ~ ...:1 _ 2 9 ) _ _...:1 _ L _ .L _ _ _ ...:1 _ _ _.L .: _ _ 3 0 ) 
~drogenation ，-'-'" th工ony1 ch1oride，--' and photoreduc七lon

~ough the reduction of su1foxides wi七h thio1 which is our 

20) 

3 1 ̂' 3 3 ) _ _ _， ... _ _ _ 3 4 ) 
target was a1ready repor七edby T.J. Wa11ace，----， and Lowe， 

both me七hods need somewhat high tempera七ures，and 10nger times， 

while the reac七ion is most1y 1imi七ed 七O 七ha七 ofDMSO which 

工600C，10h 2 RSH + DMSO -~~ ~， -~~)RSSR + DMS + H勺o(R=a1ky1) 
70毛-

r.七. 24h 2 ArSH + DMSO ~.~. -~u)ArSSAr + DMS +日町O
70-90毛 』

35， 36) 
has a unique character. In 1972， Oae e七 a1 --， -~7 reported 

llie reduction of su1foxides with dithiophosphoric acid and 

dithioacetic acid， which have very 10w pKa va1ues， i.e. 1.5~2 ， 

under very mi1d condi tions. 

1:' _ 0 _ ，_ ~ _. _ _ _ __ r .七. nea七 25min 
RちR' + 2 (RnO) 2PSSH .J... ¥.... u=u.，- '-..J m.....u) RSR' + [(R"O) 2PS] 2S2 + H

2
0 

NTs 

CH~CS.....H 
3~--2 

quant. (CH...CS)'"¥S 3'-'-'/2--2 

~~O::: _ '_0'_'  r.七. nea七 25min RきR' + 2 (R"O) 2PSSH .J... ¥.... .lH:;;U.¥... '-..J .lL1.....u) RSR' + [(R"O) 2PS] 2S2 + TSNH
2 

or CH
3
CS

2
H quan七 or (CH3CS) 2

S2 
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Another way to achieve faci1e reduction of ordinary su1foxides 

or su1f imides by 七reatmen七 withordinary thio1s is 七o activate 

the centra1 su1fur atom of the su1foxide or the su1firnide 

by si1y1a七ionwith such reagen七s as RSSiMe
3
， Me

3
SiC1 at the 

ini tia1 s七age of the reduc七ion. Meanwh工1e，t.rea七rnentof 

carbony1 cornpounds with thiosi1ane， RSSiMe
3
， was reported 七o

give o-trirnethy1si1y1 hernithioaceta1s via an initia1 0-

sily1ation and subsequent nuc1eophi1ic addition of the 

37) 
thio1a te. -. I Thus，七he thiosi1ane is considered 七o be a 

composite of a good oxygenoph工工工c s工1y1group and a strong 

ooc1eophilic thio1ate group， and shou1d be ab1e七o reduce 

~lfoxide or su1firnide， since reduction of su1foxides wi七h

~lfhydry1 cornpounds is known to proceed through an initia1 

~otonation of su1finy1 oxygen and subsequent nuc1eophi1ic 

38) 
attack of thio1a七e on oxysu1foniurn su1fur atorn.-~I Indeed， 

various su1foxides and su1firnides have been found 七o be reduced 

~ su1fides by trea七rnen七 with the thiosi1ane. This chapter 

describes 七hesereductions. 
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Resu1ts and Discussion 

When a1ky1 pheny1 su1foxide-was treated with about two 

equiva1ent amoun七sof pheny1thiotrime七hy1si1aneat room 

wmperature under argon atmosphere， deoxygenation of the 

sulfoxide was found to七akep1ace slow1y(eq.l) ， whi1e upon 

+ -
addi tion of a ca七a1yticamount of BU

4
N 工 (1/10 equiva1ent of 

the su1foxide) to this system， the 

2 PhSSiMe~-一一歩 Ph-S-R + PhSSPh + (Me~Si)~O 一一一 (1) 
3~~/2 + 

deoxygena tion wi th 七hethiosi1ane七ookp1ace smooth1y. 

~parent1y bromide ion ac七5 as a ca七a1yst for hetero1ysis of 

ilie S-Si bond of the七hiosi1ane，resu1ting 工n 七hefaci1e 0-

silylation of the su1finy1 oxygen a七ornas shown in the fo11owing 

figure. 

PhS 

+ 
PhS-SiMe

3 
Br PhS 

h
 

p
 

q} 
c
u
-

h

o

 

p
-工cu 

+

3

 
e
 

'

M

 

R
 

一

+

q
u
 

R
 

These resu1七s are 1isted in Tab1e 1. 
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Tab1e 1. Reduction of Su1foxide with PhSSiMe
3
a) 

Additive T工me Products(iso1a七edyie1d， 宅)b) 
R- -R' (h) R-S-R' PhSSPh R-S(Q)-R' (recovered) 

PhCH
2
- PhCH

2
- 31c) 30 32 58 

PhCH
2
- PhCH

2
- +一 31c) 78 70 工5

BU
4
N'Br 

Ph- Et- 50d) 17 15 67 

Ph- Et- 120d) 42 56 44 

Ph- +一 48d) 69 66 8 
Et- BU

4
N'Br 

a )SIllfoxide wastreated with 2.3equivalent amour1tS ofthethios i laneコt
a:七72P;fafLIreunder argon a七mosphere. b) Work-up method is 削 工owd:

ELo-ml -ur?was separated through column chromatography affordi珂 the
recovered startlng sulfoxide.andthe mi子tureof the su1fide and dipheny1 
disu1fide， and the mo1ar ratio of the m工xturewas determined by NMR 

e::::r;::なdc;sD;31;;::ト ch1orofor山 /v=l/l) was used as 叫 ven七・ d) Dry 



In order to promote the faci1e O-si1y1ation of su1finy1 

~ygen ， we app1ied a trimethy1si1y1 ch1oridejthio1 system， and 

found 七hatdeoxygenation of the su1foxide 七ookp1ace quite 

smoo七h1y in a high yie1d(eq. 2). 

+ 2 R"SH + Me~SiC1 )R-S-R' + R"SSR" 
3 

+ 1/2 (Me-，Si)，..O 一一ー (2) 
3~~/2 

Dialky1， a1ky1 ary1， and dibenzy1 su1foxides and ~ー (p-to1y1-

sulfiny1) acetophenone were reduced nice1y within 15 min， whi1e 

benzy1 pheny1， dipheny1 and o-substitu七eddiary1 su1foxides 

were found 七o be reduced substant工a11y slow1y， main1y due to 

the lower basici七ies of these su1finy1 oxygens and the s七eric

bulkiness of 七hese subs七rates.

React工V工七y

J-R'>R-2-Ar> ぃ~-Ar > Ar-~-Ar' 
A plausib1e pathway is shov.7n in Scheme 1. 

O 

R-3-R'+ 

R-S-R' + 

ノ
R'" SH SiMeへ/

R"SSR" + HC1 

'、o ム C1
工 R"SH，"T"¥ ;-C1SiMe__一一一今R-S-:-R' .... """u)R-S-R' J ' - -+ ャエ，

C1 】日

+ HOS 工Me~

1 ~ 
H20 + 1/2(Me

3
Si)2oa) 

a) (Me
3
Si)20 was determined by GLC in 47毛 yie1d.

Scheme 1. 
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Tempera七ureRoom at Sys七emThiolj日e
3
SiC工wi七hSu工foxideof Reduction 2. Table 

R
 

n
u
+
C
U
 

R
 

毛)yie1d， Produc七s(iso1atedT工rneR"SH 

R"SSR" R-S-R' (rnin) R'ーR-

100 96 10 PhSH E七一Ph一

100 100 5 PhSH Me-Ph-

100 90 5 PhSH n-Bu-n-Bu-

100 70 5 PhSH Me-s-Bu-

98 80 5 

5a) 

PhSH Me-PhCH
2
-

(
N
K
M
ω
)
 

句

D、‘，，，ハUハU1
ム

、‘，，，b
 

ハUハU
1
ム

15a) 

PhSH PhCH
2
-PhCH

2
-

83 73 n-BuSH PhCH
2
-PhCH

2
-

52 90 15 n-PrSH 
「
4

H
 

C
 

F
U
川ハ
u

-

h

h

 

p

p

 

p-To1-

100 82 60 n-BuSH PhCH
2
-

b) 
(1 u u) 

b) 
(92) 70 PhSH Ph~ phCH2-

b 78 76 90 PhSH Ph-

94 98 ha) 36 n-BuSH Ph-Ph-

C円。合 7 7c) ha) 78 n-BuSH (R=R 1) 



a) The reaction was carried ou七 inch1oroform. 

b) The su1fide and dipheny1 disu1fide cannot be separated 

by vacuum disti11ation， and the yie1ds ¥vere estimated by 

NMR measuremen七sof these mixtures. 

c) The starting su1foxide was recovered in 93毛 yie1d.

This reducing system(thio1/Me
3
SiC1) can a1so be app1ied for 

39 ) 
ilie reduction of su1fimides，-J' and the corresponding su1fide， 

disulfide and p-tosy1amide were obtained in good yie1ds as 

shown in Tab1e 3. 

~ _11___ Me~SiCl 
R-~-~' + 2 R"SH一一3一 一 歩 R-S-R' + R叩 SR" + TsNH

2
一一 (3 ) 

N-Ts 

llthough deoxygenation of su1foxides after activation of 

40 ) _~ _， ，... _ ，.， ~ ¥ ，.， 41 ) O-silylation wi th MeJSi工(orMe...，SiBr) ~'"'I and (Me...，Si)，..，S ~~I has 
3~~~ \~- ~.~3~~~- I \~'~3~~' 2 

recently been reported，七hedeoxygenation is a1ways accompanied 

wi th substan七ia1 side reac七ions(i.e. halogenation or degrada七ion)

espicially wi七h su1foxides each having an activated methy1ene 

group， such as d工benzyl su1fox工de and ~-methylsu1finylacetophenone. 

Thus， we be1ieve our system 七o be rnore convenient for preparative 

purposes 七han七hosewith other reagen七swhich are no七 common1y

availab1e. 
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Sys七erna)

、、，，，、D‘、I
J

0
6
 

Thio1/Me
3
SiC1 

produc七s(iso1a七edyie1d， 
R-S -R t R HS SRHTSNH2 

with 

τlrne 
(h) 

Su1firnides 

R"SH 

of Reduction 3. Table 

R' 

100 90 91 6 PhSH n-Bu-n-Bu-

83 100 96 1.5 PhSH Me-Ph-

90 70 73 1.5c) PhSH Me-Ph-

72 80 72 9 PhSH Me-PhCH
2
-

75 94 72 20 PhSH Et-p-To1-
(
N
h
M

吋

) 79 93 83 60 n-BuSH p-To1-p-Tol-

d) 
(82) 80 81 8 PhSH ー(CH，.，)，..-2'5 

argon under ternpera七ureroorn a七ch1oroforrn ln  out carried was Reaction a) 

was precipitated 七osy1arnidefo11owing: lS rnethod Work-up b
 

atrnosphere. 

rnanner sirnilar a to according analyzel1 was fi工七ratethe and off filtered 

presence 

ana1ysis. 

the 

GLC 

ln  out 

by 

carried 

deterrnined 

was 

was 

experimen七

Yield d) 

This 

ームc
 

-工cu 
「
『
】e

 

M
 

c) sulfoxide. 
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case 七he

an 

ln 

of 



Experirnenta1 

Typica1 Experirnenta1 ProcedureAf ter trea t:men七 of a cer七ain

5ulfoxide(3~4 mrno1) with two equiva1en七 arnoun七s of benzenethio1 

(or a1kaneth工01) in 5 m1 of dry ether a七 room tempera七ure

under argon atrnosphere un七工1 the startェng su1foxide disappeared 

upon rnoni七oringwith TLC tes七， the reaction mixture was 

hydro1yzed with aqueous sodiurn bicarbonate solution. 

(before hydro1yzing， Me
3
SiOSiMe

3 
was found to be formed in 

47も yie1dupon deterrnination by GLC ana1ysis of 七hereaction 

mixture of dimethy1 su1foxide， PhSH(2 eq.) and Me
3
SiC1(1.1 eq). 

Then the mixture was extrac七edwith ch1oroform and the 

resu1七ingdried ch1oroforrn solution was evapora七edunder 

reduced pressure to give a mixture of 七hecorresponding su1fide 

and disu1fide， which were found to be forrned near1y in a 

quantitative yie1d upon rneasurernen七 withNMR. The su1fide 

and disu1fide formed were easi1y separated by vacuurn 

disti11a tion. 

Materia1s Authentic disu1fides were comrnercia1 sarnp1es. 

Sulfoxides were synthesized by oxidation of 七hecorresponding 

sulfides with hydrogen peroxide in acetic acid at QOCwr.七.

The su1foxides obtained in 60-90毛 werepurified by co1urnn 

chrorna七ography，e1u七ingwith ch1oroform and then recrysta11ized 

~ n 1.-.. _""7f"¥ _""7101"' '1 ~ 42) ""71 0 1"'¥ n l.-.. ~TT ~ or disti11ed. Ph-S-Ph rn.p.=70-710C(工工t，~ -I 71 OC)， PhCH勺 -S-Ph

0 ・ 42)02 】 42)
ffi.p.=12 工吋工 22 0 C(1 工七 ~~I 1230C)， PhCH

2
-S-CH

2
Ph rn.p.=136~1370C(lit ， 

O 
1330C)， n-CAHn-~-CAHn-n 1200C/1.2 rnrnHg(lit，43) 工20/1.2rnrnHg) ， 

~I ， '"'4H 9 '-'4~~9 

吋 -C印H3 山 。吋C/パlν1""2rnrn均吋(口1i討七，メ戸川4“州4引) 840C/0.そ子25rrm百向T

9叩3νo吋勺Cν/1印ornrnH均g(工i 七 4“州5引) 9幻30C/工ωorrm叩 g)， Ph-~-C2H5 1020C/ 乙 rrunHg(li 七 46) 
o .A 

l020C/2 rnrn吋， Ph-SくJ(CDC1
3
)ト 0.5-1.4(4Hm)， 1.9-2.4(lH rn)， 

7.3N7.8ppm(5H m).47) 
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All the N-tosy1su1fony1su1fi1imines were prepared from the 

48) 
correspondi吋 su1fidesand ch10raは neT. 事Ts

NTs ，---s-一一、
49) 。仁、 j

n-C4H9-S-c4H9-n m.p.=59~60(lit ， 4~)59柑 60 0 C) ，、一 (CH
2
)5J m.p.=工48""

NTs 
M90C(litrf9) 工48̂'1490C)，PはーCH

3
m.p.=129-130 0 C(lit ， 49) 工 29~1300C) ， 

NTs 
安一 Oroll':.1- 50) p-CH3C6H4--S-C2H5 m・P・=89̂'900C(li七 89""900C). 

All the su1fides were identified with authentic samp1es which 

were obtained from commercia1 su1fides or praparation from 

。 51)
thiolate and a1ky1 ha1ide. PhSCH

3 
85-860C/13 mmHg~~' ， PhSC

2
H
5 

51) C'，.， n r. 0，.， ，..... n __  TT _ 5工)
52N530C/1 mmHg~~' ， n-C4HgSC4Hg-n 80

oC/20 mmHg~~' 'r- (C~2)5~ 

52 )一。 53) .....，，..，-.ー~一141-1420C/760 mmHg~~' ， PhSCH
2
Ph m.p.=440C~~' ， PhSC

2
H
5 

220-10Cj 

54) ro C'roTT roT"¥'¥.... _'":l'ioro55) 760 mmHg~~/ ， p-CH3C6H4SCH2~Ph m.p.=370C~~/ ， CH
3
SC

4
H
9
-s 111̂"1120C 

O 
56) 

/760 mmHg 

preparation of PhSSiM~3 ・ Thiophenol 5 g was dissolved in dry 

ether in a reactor equipped with a coo1er and ni七rogenba11oon. 

Then in七O 七hereactor 32.7 m1(1.leq) of n-bu七y1 1ithium hexane 

solution was dropped slow1y. Fina11y 6 g of trimethy1sily1 

chloride was added into 七hemix七urewhich was refluxed for 

12 hours. Af七er the reaction， the reaction mixture was fi1七ered

under N
2
， evaporated and disti11ed to give the thiosilane in 

57) 
a good yie1d. PhSSiMe

3 
100̂"110 OCj30 mmHg co101ess 1iquid (li t， 

72刷 740C/3mmHg) 
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