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Research Progress on Reduction of Sulfoxides to Thiothers

Li, Weilin Chen, Xuanying Zheng, Tianjiao Zou, Qi* Chen, Wenbo™
(“ Shanghai Key Laboratory of Materials Protection and Advanced Materials in Electric Power,
Shanghai University of Electric Power, Shanghai 200090)

Abstract As one of the most important transformations in organic synthesis, deoxygenation reduction of sulfoxides to thi-
oethers has attracted wide attention in researches and applications. With the development of organicmetallic chemistry, many
mild and practical methods have been developed to reduce sulfoxides. In this review, based on the types of the reducing agents,
the research progress on the deoxygenation reduction of sulfoxides to thiothers in recent 20 years is summarized. In addition,
the advantages and disadvantages of these reduction systems, some reaction mechanisms and the prospects of research in this

field are discussed.
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1 FBHLEYTRETR

) FH 5 AL B 40340 5 AR BE R L) —Fh 7 v
FLZE 1891 4E, Michaelis 1 Godchaux'slt & il 1. 501k
N IR IR AT DA s 87 AR B 4- RS AR I, (E1% T
TEBIAS R Z AAE Tk S FE T R 2 R AR S AL OB, itk
Ab, TE 1-MG IR 1- R B AFE TS B R, #2R R AT A
5 A N A R B B T DA K 2- AR LU,
Michaelis %5 7F 5 BA MV AR Ji 450385 40 1 1) A, WS
T SRR 2 (I TN SO MEARGA JiR S S 3EA TR A

2003 4F, Faucher 25" DL = (2-J2 4k 2. 55) B (TCEP)
RIRJEF, 1,4-—EH N5 KAE RIREGER], 15 R
S TIX— RFNFEAT TIRJR. fEHZ BIF AN R
R e R B A S LA R KA T IR R, {E 5 Ab
FH I T B 0T A o) B4R DABR L A I 4.
SRBEZEB AP RRET R S 5
A A, PRt DLHAR IR TR 7R, 78 OB 45 R
Z Ja W LR B B P R s A=), (£ —
L I Y T AR B I AR ERHT  AS RR 48 52 KIS [A] i #4 Jse
JSE B RE AR, AT ) S AR R I — = 1,
KAl S B EAT (Eq. 1).

<|3| 0.2 ~0.55 equiv. I,

R/S\ , Reflux
Dioxane and water

O,

R R Q)]
72% ~ 99% yields

TCEP +

R, R = phenyl, benzyl, alkyl

O QLD

86% yield 99% vyield 97% yield

2004 4, Sanz 2"l MoO,Cly(dmf), 1F AL,
P(OPh); 1 NIEJEF, 75 28Xt — R AW IREEAT T8
JR(Eq. 2). SERERRES bk = 75 el B S8 m i e b, bl
B G A R L. ST, REHEN
TIN5 B AR R v L DA A A R BB ] A
HAEAR RN — & B 1 MoO,Cly(dmf), 1E A AL 75k
AL SN FIEAT, B A5 B AR S 25 v LA 2 ade 438 1
R 4T

0 2 mol% MoO,Cl,(dmf),
P(OPh); + I
R/S\R' MeCN, reflux

10 min~4h

rR-S~p @

52% ~ 98% vyields

R = alkyl, phenyl
R' = phenyl, alkyl, allyl

OO Uk, O
S”SCH,

96% yield 52% yield 92% yield
B 5 2005 4F Kikuchi 2554538 T PPhy/TiCl, A AR
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W JER R, PPhy A& — AR LA T3 SR AR 348
7, SR, PPhs i JEUE AN s B 46+ 21, HIEY)
FAO3EE FH Y LA PR TR 2 = SR L/ 5 IR AR R4 o-
TRARIRATAE R SR W 5 R 5, Ay B8 2B I8 S
PR RN AT IR R, fERET SRt 2 5, i€ TiCly
RNEGE A S R B 5 MR . 1% 7 15 10 I N 4R iR AN,
BRI IEE, R0 E MR T (Eg. 3).

(0] .
PPh; + g TiCly s -
12equv. R Sp THR rt,1~24n R R

R, R' = benzyl, phenyl, alkyl 67% ~ 97% yields

O AL 00

88% yield 96% yield 67% yield

[l 4, Tranpoor 2515V I E ¥ M B i 77 Silphos
[PCL—,(Si02), 181 1, ZH 4 Z AT LAZE T8 1) 2 A
ECRIE R — R AT N(Eq. 4). 5 A T BER 7  SC
BR T VEAH B, [PCLy-(Si0,), I S AE T, il & (e
A PCly #ill4%), SN, B A A R =4 n] i
B R 5. (AR RIS, 1ERA 5Tl
HITEL T, Silphos AN BE L 58 BT AR I8 Ji7

0 I2
I

PCly.(SiO2), + & S +
N

R' MeCN, reflux R R
90% ~ 100% vyields
filterable silphos oxide 4)
R, R' = phenyl, benzyl, alkyl, allyl

2007 £, Woollins A1 Hua!""#£ F] i} Woollins i 71F
IR B FE R, R BLZAR T AT DL SROE SR 2
B, Hr BRSNS 99%. At T3k — 5 R iZiR 5
o B P e i I RN 55 3 T AR E AT T B SR 2R (Bq. ),
HRRINIE R T — B A ke B TR 55 AR, HL S8 4%
PEECEGR A, A iR mmE e R. A, fEEak
S FH 12 S SARFUST AR AL B a7 i R B R B, s
ANEERE. BIGEEXZ MNP T TH R
(Scheme 1).

Ph /Se\P//S‘e Q Toluene S..
s se¢” “ph  pSim o a0 ROROY
€ Ph R”"R' reflux, 6 ~20 h

Woollins' reagent 81% ~ 99% yields

(PhPO,); + Se %)
R, R = phenyl, alkyl, benzyl

[@4F, Bahramiet Z5U'7FF PPhsy/Br,/CuBr 14 &%} &%
FRHREAT TIRJR, ZNAE R R, A S &
WA R T WPUE R 5 P2 Y)(Eq. 6), HAkRBEARLF
HIb 2 FEVE S B e 2 2P (B — T XUBE R I 55 55).
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Ph __Se_ . e Pg _ser_ R
P >PC Ph—R  ~—> P =5 —
Se” 'Se  “Ph Se s R'
Woollins' reagent
€] /R (0]
Se—S\® g
0O p-°~pr
Ph._/se__R R QL ROR
se* 50 SR 2R Ph—R ———
U Se
o /R
Se—S® O. Ph
/N R O \\P/
Ph._/se' R / ah
>P77sT ph—p — 9@ @
07 \O0) "R ) o} P\O/P\ (e}
Ph Ph
o R R
/
Se-§® — § * Se
R R’

B 1 Woollins 5734 S5 BRI HL LA 7E
Scheme 1 Proposed mechanism for the reduction of sulfoxides
with Woollins' reagent

(0] Br,, CuBr
PPh; + I — S\R' ©)
R™ >R MeCN, reflux
R = aryl, alkyl 27 ~48min  90% ~ 98% yields

R' = alkyl, benzyl, aryl, allyl

B J A 2 R B 2R B R AR S 6 PhyP
Phs;P/Br,. PhsP/CuBr P K CuBr Z5fk Rib4T TR T, K
PRLE X Ee Ak 28 A A B SR LA RE R AR B e X 1%
SN IHLERHEAT T 455 Br, 5 PhaP OB TE R 1A 1, 1
55 PR R A R A4 2, $5¢ 5 7E CuBr A77E R H Al 2
AL JAH N ) BRAL P (Scheme 2).

+

PhsP + Br, ————> Ph3PBr/Br
1

o}
I
RT R + 0 .
- P
1 R,S PPh3Br/Br
2
2 CuBr
2 —_—> /S\

R R' + Ph3P:O

EZ 2 PPhy/Br,/CuBr 1 &4 J5 BRI AT BRI 7T

Scheme 2 Proposed mechanism for sulfoxide reduction cata-
lyzed by PPh;/Br,/CuBr

2012 4, Bagherzadeh 1 Ghazali-Esfahanil™F] ]
[RMIM],[Mo(O),(NCS) J/E R #EALF, PPhs 1 ik 55,
FE[RMIm]PFe A1 FH IR IR A7, DL s i A
WA R B EE(Eq. 7). F3F 3 FZ R &3 7R B 2
R HEHE AT FRIE A, DL SO AR S AE A0 77/ 7 770 1
PG JT I 1), I B 213 2k REEZ 0T 8 MEH
WANS H UG FTE P a2k, S AL AN Scheme 3
F.
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S
PPhs + s_ R"-°Nr (M)
RTR 50°C, 20 h _
83% ~ 99% yields

] 5 mol% [RMIm]o[Mo(O),(NCS),]

R, R' = phenyl, alkyl
RMIM = 1-butyl-3-methylimidazolium

PPV\/ OPPh,
2 [MoVIO,(NCS),* MoVO5(NCS)g]*
~.

R,S R,SO

B3 [RMIm],[Mo(O),(NCS), AL I AR S AL 2
Scheme 3 Proposed mechanism for sulfoxide reduction with
[RMIm],[Mo(O),(NCS)4]

2013 4F, Jang ZHRIE T 78 YA IR o DL PPhs 1
EEF, SOC, VE M Ak JFO BRI 1. %4k R %
P SEAF TR A (IR T R ATEEAT), S S AL S ik £
AR tU(Eq. 8). HAEEME, BT RETRR
PRI T 0T AR AR, DR AR I SR e 5 ST AT
AR B B AR T O SRR, 25 VR R B
1EF H AR, BB, Tz RYIE
e DL R JEORMEC B A0 25

0 SOCl,
PPh; + &
RSR THF,rt,2~4h

R,R": phenyl,benzyl,alkyl

R-SR (®)

92% ~ 99% yields

2014 4, Ghorbani-Vaghei 2% N,N,N,N-IU -
1,3-2K —H# ¥t % (TBBDA)/PPh; 1K R 7E —- & W e rhoxt —
RN AEEAT T30 SR, 124K R 04 2 S B T3 (1
min PAW), HRB AR M(EIER T RN), AN E R
SR 15 BRL (R BRAE DA P2 93 B8 T (AR i 7 VR IR AR 35
FT{E. {55 18% TBBDA &l PBBS X e M T T %
T, RMNHEA KE(Eq. 9).

ﬁ TBBDA

R/S\R' DCM, r.t.
lessthan 1 min  91% ~

/s\

R R ©)
98% yields

PPh; +

R, R" = alkyl, benzyl, phenyl

TBBDA = N,N,N',N'-tetrabromobenzene-1,3-disulfonamide
PBBS = poly(N-bromobenzene-1,3-disulfonylamide)

OO0

95% vyield 95% yield 93% vyield

2018 4E, Zhao Z5PUHIE 7RI PCL, /E ik R 7%
WARATIE JE(Bq. 10). %7 LA A IEVEREAI, 25 CF
W& 0.5 h BBETERST — RAVEIIE R, [N 4R
A, EORME T 51, EMER . EERE TE RN
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BIHE

PIALER, FFXTHEAT TEE: B %%, PCly 32 2 EAK ) 4
JRF B, reAER 6, SRJE R 6 MR ARALY) 5 1 =5
A (Scheme 4).

o MeCN S 10)
PCl, + —— -5
3" RS>k 25°c05n R R

66% ~ 99% yields
R, R' = benzyl, phenyl, alkyl, aryl

Ci< -8
i cl
o . A
. — Oy ¢ — 1S p2 + POCI,
R1"°>R2 é) R R
R2'+\R1 5 7
6

B3R 4  PCl & JR AR S B LER A 72
Scheme 4 Proposed mechanism for deoxygenation of sulfox-
ides with PCl;

2 FMULAVERLER

BRI I JE 5 78 S ARE S 4Tk 52 B 1R £ B
5N IR, 2003 4F NaBHY/L, IR 24500 78 A 52 K 30
AT LAHSRIG IR & e se A, WRER. RRRKE . MEILSE.
Karimi 252152 H 5 %, B ZAR 200 AR I8 SR AT T
Ak, RILRIELE WA A 7E H e v IR B e (S
FUXERE S B DL T, %44 R 4K H B8 S I AR 1) 16 2%
WP I FUE JF(Eq. 11), Son B AF AL e k.

0] 1.2 0r2equiv. I,
NaBH, + & —————= .S.. (1)
R-S~Rr' anhyd. THF, r.t. RTR

R, R' = phenyl, benzyl, a::ik:ll18 min 57% ~ 98% yields

2004 £, Harrison 25| Fif Hbcat () LS Byl 5e) 75 %
I R ROE R T — A BRI 15 AR 5 7 2 2 B (Eq.
12), ZARFARXS T A7 B E B BBrs 45) 2k 15 5
I H 5y T A0 8. ANid 7538 i i e A W H - R EiOK
Az PH AL AL BRI, S BEIgRE -+ o 2218, 1l v
T LA I b (EOm N AR AR IR I b g ok T

1Z ) .

0 0 -Hy s
3 O’BH + R/S\R' —_— R R’ (12)

R,R' = phenyl, benzyl, alkyl 78% ~ 95% yields

2006 4F, Roy WF 70 /NHPYR & 7 —Fh 4 HiR AN 38
R R S5 AR J7 3. A ATTLL HBBry/Me,S & &4k
SRR PRMEIR T A5 R I i AR 55 R AR(Eq. 13),
%5130 S S T FLACR .

HBBr, + 2 Me2S RS (13)

r-S~g DCM, 0~25°C, 10 ~ 15 min
90% ~ 92% yields

R,R' = phenyl, benzyl, alkyl

2446 http://sioc-journal.cn/
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2007 4, Fernandes Al Romao 4} T HBcat(JL 4%
3 ¢ )/MoO,Cl,(H,0), A1 BH;-THF/MoO,Cl, 14& R £ JE
WA B — R YDA IE JF(Eq. 14), Rk T 20T
Harrison 25F H HBcat X SEANEAT 140 J5 oy 38 21 (1) e B
MBI, B Y T IRAE MoO,Cly(H,0), S5
A FIFEIE SR R A & 75 A B, 7R3 TS I fiEdk
FURHE ST PRI 2 equiv.f)LASE B bE, 45 5F
LBEAWBE YR AR AR, EA SRR KA. 1R
PR AR J P in— 2 BRI R 2 5, PRI 2L
Ji 2 N7 i 2645 3 W] 2 4R T

Condition A: HBcat in THF
9 5 mol% MoO,Cl,(H,0), in Et,O
or Condition B: BH;- THF R/S\R' )

R/S\R'
M002C|2 in THF Cond?t?on A: 85% ~ 95% ylelds
Condition B: 85% ~ 93% yields

R = phenyl ©Mmol%
R' = phenyl, alkyl

2010 4F, Zhang %2575 H] HFC1/KBH, 14 2 SZHL 1 %
TR, IR I L WA IR IR, £E IR RT T
TEHR, AT TR Z A RITRIE R T 25 8 % L HAT A
W, A R AU SR A, LR R T AR R
Birh k4T R, 24ERR. HECL, A1 KBH, (LK 0.8
1.0 : 4.0 B, JRE B AF(Eq. 15). FEHATAMR A
35 P (0 SR L 5 A 4 R 35 T P I R e 3 P .
WL AMIE 3BT FH %A 20 WAk — I Eme . o A il
B IR T IR RS AT T IR, AN s iR ) 2,
R B 2R IR RS R A2 SN

o HfCl,
KBH, +
RS R

s
~°~p (15
THF, reflux, 45~145h R R (19)

0/ ~ o/ vi
R = phenyl, benzyl, alkyl, naphthyl 71% ~ 100% yields

R' = phenyl, benzyl, alkyl

SRCIFC NSO N

93% yield 71% yield 91% yield

[{J4E, Fernandes 514k 4 4d F HBcat F ik JE 5,
JFE HBcat/RelO,(PPh;),. HBcat/Re,0; Fl HBcat/MTO
AR R RIS T XS AR R X ek R ] [
A, AT RN mol%), KHEZE (30 min LA
W) LR A AE S SR R i FR e YA (Eq. 16). Al
RS FEAE (2 equiv. T Ke4E AE JE 7)) 2 1% =
LA .

1 mol% Cat.

HBcat + & - S (16)
~S<p R"7°R
RTTRY THF, rt _
R = phenyl 90% ~ 95% yields
R' = phenyl, alkyl

Cat.: RelOy(PPhs),, Re,O7, MTO-DFT

Chin. J. Org. Chem. 2019, 39, 2443~2457
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2011 4E, Yakabe ZEPSWEWFFT T M A AN/ A AL R
X — RINEEFIER 1SR R N2 e, RILFTFE =4
P P S5 2SR e, EL RIS ) AL ER e DA B A
FA LIRS GG EAN 240 k. DR AR 3 Ak 0 F i 4 &
XPEFAYE R BT 224, W R IR RIS
KE ZEAEEATIE DT, T AR — R A1
BEATIC)ER, I HARIEM B, 2 avheyr, R P
75 (Eq. 17).

COC|2'6 Hzo
moist alumina

0
NaBH; + ]
R”°>R' hexane, 30 ~60°C, 3 h

R, R' = benzyl, alkyl, phenyl

@S\

95% yield

R/S\R' (17)
12% ~ 99% yields

Spe

48% yield

Ho
Cw /C
12% yield

2012 4F, Enthaler %P3k I = 4 W % fif B8 4
[Zn(OTDIE A AT, B 93 I 750068 S GRRT3E Ji
SNEAT T RFFL(Eq. 18). @I 44k, A AR B
J L2 T3 000 e R 5 3R ez A0 A S 3 s 7 ek = e 2640 55
MAIH BH; AE ik J5 A =4 R ge3R15 Hh &k, itk
A, 7 AR 7= 28 AE S PR AR T bt A

0 5 mol% Zn(OTf),

borane + §
R“°>R' Toluene, 100 °C, 18 h

R, R' = alkyl, benzyl, phenyl

SASICUVERS A

85% yield 99% yield 99% yield

s
R R (18)

85% ~ 99% vyields

[E]4E, Enthaler® X iRiE T Zn(OTf),/B(Pin), X %35
JIE o i S BRRE 5 5 J AT IR )5, Zn(OTH),/B(Pin), fiEfk
I J5 AR ZR A B B e 4 A DL RS 1Ak ik
B AT HEBHEE RN Y EEER, FEE
Zn(OTS), B #e o i A & 1) = 5 F s 5 (L mT Rl
Zn(OTH), FIRTE K, A W52 EIH BE =4 1 A5 Bl (Eq.
19).

3 =HMITREIER

2000 4F, Shimizu R I PG AL SR AT AAE SR 7

RAAREBE RN, PAPY WAL B AT D93k J5 576 — 2 4170
O 5 mol% Zn(OTf
BEn, + & mol% Zn(oT. RS g (19)
R“T"R'  mesitylene, 160 °C, 48 h
R, R' = alkyl, benzyl, phenyl 83% ~ 98% yields
o OoC, o
o0, . J

83% yield 98% yield 98% yield

Chin. J. Org. Chem. 2019, 39, 2443~2457
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HATE S, SEIL TR 2805 HE b B AR IE IR . 1% s
BA BRIk B, RO AR50 Al, H R
5] 4 (Eq. 20).

(6]
Ti|4 + g —>MeCN R/S\R' (20)
15equiv. R "R 0°C, 10 min

80% ~ 97% yields
R, R' = benzyl, alkyl, phenyl

o0 O 7

93% yield 87% yield 92% yield

2005 4F, Firouzabadi 2552 F | ZrCl,/Nal 1 ZrOClye
8H,O/Nal ¥ 4 23 % M BRZEAT 1 4 57 30k 436 1 15 J5E.
BB YERBER SO T AL, 5
TAb B miE S, HUMEFHEH T ZCl F
ZrOCly*8H,O P 22 4= ] B M I B A0 B W E Nz B )
AL, ETCK G IR I BifA &R, PAH S5 2075 1)
W IR T — R 505 & AR DRI, H ZrClyNal
1A R 1) e N R T ZrOClLy»8H,0/Nal 14 & (Eq. 21).

0 ZrCly s

Nal + - = O~

R/S\R' Dry MeCN R R (21)
reflux, 1 ~60 min  70% ~ 96% yields

R, R' = benzyl, alkyl, phenyl
o0 o O
95% yield 96% yield 95% yield
2008 4, Ternois 25 VFI ] KI/AcCl 14 %, EEEPES
A 2 B MR SR T LR e AT R R
FEAN(EG. 22), [ANEFIRPEO min LLPA) HICER
7N

o o
i
O s Ay _ KLACI \)J\ 2
O CH3;COOH, ZOOC

R = NH,, OH, OMe 87% ~ 95% yields

[[4F Bahrami ZEPMRIE T THO(= % T RS ERET) AN
KT 2H B A 38060 — 28 910 T I 1 R 5 5 T S A7) 3 i
(Eq. 23), MR RN HIBCRR TS, RNV IERER
6 min LA). 7EfE. 8. @%TLEE%E@E’J@?P_F
AR SR B 0% e 138 14 Mt 80 5 i Ik, AR H AR B
Re 12 B ME.

» . TF,0 S .
+ P — O~
R"SSR MeCN,rt2~6mn R R (23)
o/ ~ 0, 1
R = phenyl, alkyl, allyl 91% ~ 98% yields
R' = phenyl, benzyl, alkyl, allyl

http://sioc-journal.cn/ 2447
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1Z N L TE Scheme 5 G . 158, =4 i
PR I 5 S AL 1 40 i 7 4R AT T A7 A6 75 A 7 88 7 1k Tk
NWTRE, P AR B AL e fE SR o — A AR R
B, 33 AR,

oo —r S
‘\i/\—’ R
| -l

B 5 KUTHO & ST S SR FE
Scheme 5 Deoxygenation of sulfoxides using the KI/Tf,0 sys-
tem

2010 4F Bahrami SR IILE 1,3,5-=M:-2,4,6- =
12-2,2,4,4,6,6- M0 S ALHH(TPACYKI AR, WHREWIR
I S S5 A B B R (Eq. 24), [RMZEF AR, 724
TRBFSCR AR 5 (REIB B 98% LA b4 BTH). IEAMZ IR
AT BRI RE R, YD T A LA A DL A

fh RV BT A, SR BRI IR R % AR R — /MR B3 H
=8
(@] TPAC
K+ & RS R (24)

R” " "R' solvent-free, 1 ~5 min
91% ~ 98% yields
R = phenyl, alkyl, benzyl, naphthyl
R' = phenyl, alkyl, benzyl cl, ol

TPAC = N P\ N
Cl— P\ P Cl
cl CI

2011 4¢, Bahrami 2£05RH H,O,/TCT(Z R A F) £
Z UL B s — R AR EE A G  SE A TR R )
EED, (BN TIEH TCT(ZRAT) M kS
WM, ORI KUTCT & R0 LT 138 J57 SR )
WAL, I LR AN S (S =00 T RV, R
I S LIS TE] Y (T 15 min)id JR T — R B A1 5 3k
WA, ZITERER R, B RGNE R A B, 5~
VI 73 B T4 45 5 (Eq. 25).

O TCT s
Kl + _S._, R R (25)
R R"  MeCN, r.t, 5~ 15 min

R, R' = aryl, allyl, alkyl, benzyl, heteroaryl

SPRCICHS

94% yield 97% yield

93% ~ 99% yields

oSS
95% vyield

2013 4, Zarei Z5P7VR) FIBAL A/AE i B R R 1 2R
[E 5K 2 (PEG-200) 7 DA H R R Szl 7 6 2528
fedk, TFEE . FH IR I A AR IE R (Eq. 26).

2448 http://sioc-journal.cn/
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SN PR L AT BLE A BRI 25 5, DR 2 s A
EINVSCilaE R RN A A A 95 A i L] <
W 5, % R AR T Na()URR 118 7 7k R
(K(Na)l/TsOH, KI/HCIO,, KI/HCI £5) 56 91 75.

9 silica sulfuric acid s
Nal + s > R/ ~ R' (26)
R~ R PEG-200, r.t., 60 ~ 390 min
R = phenyl, benzyl, alkyl, allyl 80% ~ 96% yields

R' = phenyl, benzyl, alkyl, vinyl, allyl

0 AL 00

94% yield 95% yield 91% yield

2014 4F, Atabaki 2558k LR 7 [ 14 FR (CS A FE LAk
PE IR IR IR, LR AFBIE TS ecR L T —
A Y EARNATIE JF (Scheme 6). 1ZA4AK FR AL AL T FIE AN
(P SE G AT AR I BRI TRk DA K% 17 B 1) s A T
BRAb, 78RR KA A B AR 1 0T B [ A4 B (CSA)
T BEAE AT Bk 2840 S E AR

Nal
CH3
9 S
R/S\Rl R/ ~ R'
H202

B 6 I I I 2 i AN AR B3 i S A,
Scheme 6 Deoxygenation of sulfoxides with CSA and Nal

[F]4F, Mohanazadeh %5U°VF| F kIR A1)(SB)TE =
I T SRR R T — R AR R AN 5T A LR,
GINERAAET HARR B2 SRR T8
LA 5 T 50 B B =4 (Eq. 27).

2017 4, TaCls 582U AR EURAE DURBUR IR 35 IR
517 Yoo /NN RO F AR AR 58 T ARGE S5
S FHEALFRI(Eq. 28), F7E Nal £ S B I8 J 711 i 5
PR, AR R AE =R TR SR T — R AL,

DCM s o
O\,
rt,3~10min ~ R

89% ~ 98% yields

silica bromide + I
R™OR
R alkyl, benzyl, phenyl
R' = alkyl, benzyl, phenyl, vinyl

O Yy O

99% yield 91% yield 94% yield

. TaCls

Nal+ & ——————
R“°>R' MeCN, r.t., 3 ~5min
89% ~ 96% yields

S<g (28)

R, R' = alkyl, aryl
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2 N I T A (3~ 5 min), XFA3E. BE3E. HI&
B }HRET R EARU R ZE RS R &
(1) REHLER 41 Scheme 7 AT 7~. B 4%, TaCls 5 YLK F 4R
FHEATRCAL, L5 B T I dE SUsC vT e, B AR )
AL P Bt 5 A 5 A1 R B A7 B - g 04 380 it A8 ) B AL
/ESEEN T O

cl cly
TaCl o~
- 4 /TaCI3 Nal | Nal
7 ? 7} W (é — R1/S\R2 + 1y
RVERE Y pieSige TIAOVB RITOR?
L\

B 7 TaCls/Nal A 5% J5 AR S B2 HLER B 7T
Scheme 7 Proposed mechanism for the deoxygenation of sul-
foxide using TaCls/Nal

4 BHRUSVEEFRIER

2003 4F, Karimi 4 7E PR 2R o ik il o 1 7510 )
BAER SRR K, NIRRT B (NBS)EL 1, 7E
A IR TR IS DL R, GRS AR L Hh A Ak W R S5
R AR, AR R SR FRIBR AT T 0k, kLA
3-FREENER(Z 7 T HAFAER COH Z: [ mT LLTE J5 Ab #E
B B id e 17 5 (1) NaOH /KRGS, 77 (H 473 55 H Bl
YINE iZAE R BB TR, 1% 07 1 R R ST A0, [ N
B, B R IE B (Bq. 29).

Ho,c S+ 2 o rRSR (29)

S, .
R°™R CHiCN 1t 550, 98% yields
R, R" = phenyl, benzyl, aryl, alkyl, allyl

[A14F, Karimi 25 F 3-3i 3 R AE 10~20 mol%
= FESURE I AL T IR SR T A 2R e B AN 5 ik
B, %I 8 A IRRT LS AR P 5 #A(Eq. 30).

(e} 10 ~ 20 mol% TMCS
A~_SH 4+ I S, (30
HO,C R"SSR' CHiCN, rt R™R 0
R, R' = phenyl, benzyl, aryl, alkyl, allyl

40% ~ 97% yields

2012 4, Jabbari 2P IE T F R 2 BRAE N IE R
A, BUE LTS WA IR R, e 2 i & %

FHRARERIE SR A S i i as, it 3L s B a4, 7=
FRAREH S SEOZ AR A SR Z N, R, %
FEBIBARER 2 — P RRAN FLH FH 1 S0t =R, 1R v
RERSAE T, ML N P ARA 2 2 S B0 ST AL P 7 285 Bt 4L
Ji. FRAAEEIR T MR BCRIE R 765, MR,
B FE A5 BN EE — R A WA(Eq. 31). 5 HAhfE AR

0 I2
thioacetic acid + & _— R’S\R' (31)
R”°~R' rt.,30~480min
R = phenyl, benzyl, alkyl 75% ~ 98% yields

R' = phenyl, benzyl, alkyl, vinyl
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ARBRAF (38 R 7 VR bL, 1% 07395 s o 2 B ke L= 2%
o, RMALEEU Scheme 8 fiR.

2HI I
)J\s/s\n/ RS R
0
2 s
2 S
)J\SH I2 R R
B8 RIS ZERIEJE WA S S HLERBIT 5T

Scheme 8 Proposed mechanism for deoxygenation of sulfox-
ides with thioacetic acid

2015 4, Abbasi S HIE T NaHSOy/1, 1 & % IE A
LR, o L AE A7, NaHSOs AE it J5i7, [
FEZEREL 50 C TR MEFHIWERIEIR T — R4
WA(Eq. 32). ZSRMNV I E BRI A B R AT, 727 #IL R
BRI (EAEmER . RS AR T, WK IH ) iE
JRTBCA P2 2450k, BUm ™ 238 IR SOSkA fi
B ST R A DL BRAN ) S L ) A R 3R v T T 1k
RIS M, S ALERDN Scheme 9 FiR.

o I
NaHSO; + 4 SS<p (32)
R-S™R rtor50°C, 30 ~240min R
r1.:85% ~96% yields
50 °C: 85% ~ 93% yields

R, R' = phenyl, alkyl, benzyl, allyl

2HI Q
NaHSO, - Sen
NaHSO; + H,0 I pS<g * HO

Eﬁ 9 NaHSOs/I, 4$%ﬁﬁﬂm&m*ﬂﬁﬁﬁﬁ
Scheme 9 Proposed mechanism for reduction of sulfoxides
with the NaHSO5/I, system

2016 £E, Sanz S5 BEAE 2 1A F MoO,Cly(dmf),
VERMEAR T, AR R R H i S5 4 S i 77 Ji AR
EEER b, gk SR SR — L PR R B R L
JRF. AR IERR SO FE R ORI 3-50 I AR (MPS)TE RN
— o A 471 8 (03 SRR, R DA AR (T ) PN DA v P
W5 — R AT IE )5 (Eq. 33), I H R BL4i1h
I FRAN TR AT IR, AN T B B R S E A I A
I

2 mol% MoO,Cly(dmf),

(e}
S O~ (33)
MZ R”"TR' Toluene, MW, 140 °C, 10 min R R
R, R' = alkyl, phenyl, aryl 67% ~ 97% yields

0 e O

94% yield 69% yield 89% yield
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5 FBEUSMTETR

2006 4F, Fernandes A1 Romao 2515 [ MoO,Cl, 1
JIMEALTR], PhSiH; 1 A8 I 0 — RADEREEAT 78,
S R o BUE e 2 B (Bq. 34). Bl S 1E 3 4k
SR T PMHS(E H 4t R ik A )/ Mo0,Cl,(H,0,) i 4
R JFAR R, ZME R R AT DUTE BB EOK AR T OB,
B LA EE B TS WA B A B B lE . 1% R LA &R
IR AFE, 1A RSO ()38 [ S .

) (e} 5 mol% MoO,Cl,
PhSiH; + I RFSR(34)
R“°>R' toluene, reflux, 2 ~20 h

0/ ~ 0/ i
R = butyl, phenyl 92% ~ 97% yields

R' = alkyl, alkyl acetate, phenyl

2009 4F, Fernandes 1 Sousa Z5M71& ¥l PhSiH,/
RelO,(PPhy), 7 R 0] DATEE 2614 T, LAEcRIE R
— RYI WA DS FHEWN(Eq. 35), xR Z B #E M
gL, AHIE. MR B MEENRLE. %k RS E T
HAEAF e L, HEMKA mol%), KMIRE, #HfE

fE 5. Scheme 10 45 H T 1% ) N OHLHEE.

RelO,(PPh3),

) 0]
PhSiH3 + U
R™R
R = phenyl, butyl
R" = phenyl, alkyl, benzyl, alkyl acetate

Ssm (35)
THF, rt, 15~ 135min_ ©  ~
80% ~ 100% yields

R R-_.R
R<__R I
&SI) O~ 71 .H
e,
v
,Rle'io R' | ! OSIR3
0 ﬁ
f\ ¥
_S. - R’Ie=O
i 2
PN R HOSIR3

Bz 10  PhSiH3/RelO,(PPhy), 14 £ ik J5 ML ARALEL B 7¢
Scheme 10 Proposed mechanism for sulfoxide deoxygenation
with the PhSiH3/RelO,(PPh;), system

2010 4, Fernandes*™'4%%:4iE T PhSiHy/HReO, 14
# 5 HBcat/HReO, 1A X AR S, 33X 9 Ff 4 R AT mf
DATEARAEVE R SR N REAT IS, I B B AR I AL
WP DL R BRI A B FEXT LU AR R I AR
A LLUA L HBcat/HReOy 14 5 1 52 S 18 < ZART- PhSiHa/
HReO, A &, IEAMEALF HReO, 12 S A e P LN
TR BE AN A& 1% T IR IR 35 2 —(Bq. 36).
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9 (1) PhSiHz/HReO,4, THF, r.t

_S<
R R'  (2) HBcat/HReOy, THF, r.t
R, R' = phenyl, alkyl, benzyl

R-SR (36)
A: 55% ~ 98% yields
B: 66% ~ 98% yields

2011 4E, Enthaler™" LS F 2% 35 W7 A1 N ARAR R4,
PhSiH; 1 ik J5 71 B 20 HdE 47 38 B i J1-F- 35 A i Tk
PEI AR, FRAEE SUMAT 5 mol%H Zn(OTh), it
ST A, S5 RAEAETEEZAE T LA 99% LA irlicR
133 7 AR B R =, B S AR R AR R e A it

AT TR, JELMETS IOCRIE IR T — R4 IR s e
I H(Eq. 37).
PhSiH; + 'oé Zn(OTD, SR @)

R”TR' Toluene, 100 °C, 24 h

R, R' = alkyl, benzyl, aryl 69% ~ 99% yields
96% yield 91% yleld 92% yield

[F]4F Enthaler £ Weiduer™ HKi& 1 LA Z. Wk 75 B4R (1T)
VR, IR fe A i [ 71 AR 38 Ji7 (Eq.
38). TEH AW FL T AN A B S H00 IO A7 1 1)
SO, RS PRI R A3 H T i e R ) — L
FVE ARG, (AERNZ, AN Bk, A
TR E R PIESINAAAAE R, MEHA AT LAY, 12 36 11 Hh it Ji
ALY, TN E Gt FIAZ . (H1E R
T, SEAERNFIRMNAL, WA 2E — ek
BEREAR, AR ZHUE LT % N HSBE SRk A = e AL R
D5 Bk 22 e

5 mol% Cu(acac),

0]
Ph,SH, + & RS (38)
R”"R' Toluene, 50°C, 12 h
R, R' = alkyl, benzyl, phenyl 62% ~ 99% yields
93% yield 62% vyield 73% yield

Bt 5 Enthaler™ S 4538 T FIl I [Fey(Co)o] 1 i Ak 711
SPEARIEE . AH T2 ATRI R & P0% C=0. C=
C.C=N FlI NO, HJitJ5i, JLF-¥&A N Feid 8k &
PRSI BR TR I8 5. 1 2 15 R F [Fey(Co)o] 1E A i 151,
PhSiH; B85 FF 35 B ik S0 e (PMIHS)VE Ak J5 5 - AR 1
25 A T 7E H 2R HRad T — R 1) 05 B R g 1 e
B, %77V B RAE T 25 Bl R 4238 S e 2 v R 5 =
AR BT 1B BE 4125 B (Eq. 39).

Chin. J. Org. Chem. 2019, 39, 2443~2457



Chinese Journal of Organic Chemistry

REVIEW

PhSiH; + 9 [Fez(Colel S (39)

o PMHS R-S-r toluene 100°C,24h R R
R, R' = benzyl, alkyl, phenyl

2014 4£, Sousa ZEHRIE T LA 24 IR BL A I AR
BRIC & P [ReOBr,(hmpbta)(PPhs) | 1E A4 7132 J5 TF 54
(R 7925, 1207 1K P e Joe el eV A i JEs), - He AR
P B 5% A1 PhSiH; A& 1% 77 2 8 e BT 2838 S 77 (Eq. 40),
XA R L STE TR (1 mol%), B
LR ] DA R AR AR TR () A2 e 1 5. 1% RS I LB DL
Scheme 11: B 4t—% T EAENA[ReOBr,(hmpbta)-
(PPh3)]H ] PPhs 42 i [ReOBr,(hmpbta)(R,SO)], % KK
i J 7R (fe bt B e ) 5 2 B AE i ReH(OR)Brs,-
(hmpbta)(R,SO), BE#E LY F—7F HOR (R=Bpin
8¢ SiPhH,)RE /515 %] ReOBry(hmpbta), AL 5
Z5Ek. BJa, R 5 &8 RO R A, FAE K
A -BR4 5 WI[ReOBry(hmpbta)(R,SO)].

Condition A: PhSiH3/1 mol% [ReOBr,(hmpbta)(PPhs)]
0 THF, reflux, 10 ~ 120 min

R™""R' Condition B: HBPin/1 mol% [ReOBry(hmpbta)(PPh3)]

THF, reflux, 15 ~ 60 min
R, R' = benzyl, alkyl, aryl

wn=

PEN
R R' (40)
Condition A: 76% ~ 95% yields
Condition B: 70% ~ 98% vyields

2017 4F, W% 5 WrERAF s A S e AR SC B fk
A 23R Sk T HTFEN Rz 068, [, KF .
s AN 2 AL B ) SRR 2 B T A 2 O, TR
Ding 2571E 5 mol%[f] B(CeFs); LR, FIF R kE
Bixt— RN T IR (Bq. 41). %7 EAEM &)
e TR A F R SR P2 DI S s A A R AN R A R
REA1 A A, (EHAL PR I H REHIAEAE P IRIR ARSI %
PRI SRV, I B S5 R AT, SRR . A%
JIEX T — 2 1) N-E A V) B RS AT I8 .

ReOBrz(hm%)ta)(PPh3)

'tR’S\R
PPh
1) 3

0 ReOBr,(hmpbta)(R,S0) HR
rR-SR HR = silane
or borane

ReOBr,(hmpbta) ReH(OR)Br;(hmpbta)(R,SO)

ROH
ri\\ //&ﬁ\
Re(O)H(OR)Br,(hmpbta) R™R

Bk 11 PhSiH; 1 HBpin i 7 W A4 [ S 0L BRI 5%
Scheme 11 Proposed mechanism for the deoxygenation of sul-
foxides with PhSiH; or HBpin as the reducing agent
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o 5 mol% B(CgFs)s

. s
PRSHy + I & ——— e S gy
wSg  Toueneeo°csn R R @D
R R alkyl aryi 60% ~ 87% yields
77% yield 60% yield 87% yield

2017 4E, Oestreich %5 PU7E R H = 2, 3 ik & M
B(CeFs)3(10 mol%) it Jif & i He 4k A W 1 3k i Ak 2 2
fih b, AREEXT % R PR RFATIR AL, KIS R LT
Be e DL R T BRI D RS A IR RE AR 1%
R TFENE)E. ZE RN AR, (0= R
(P A DA R 22 I R e AR A M B B0Z T I
Hi 52 2P #(Eq. 42).

o 10 mol% B(CeFs)3 s

Et;SiH  + 8 —————> R7>gp (42
R R neat, 100 °C, 8 h
10 equiv. R, R' = alkyl, aryl 48% ~ 90% yields
s S
©/ \© SN S ©/
78% yield 48% yield 90% yield

6 SREHUAMTELR

BILEBWFNEIERITRE T — N, 1’
Z &g LA 2 5 1 GE IR 7% A BE
BANFFE/INH TR IE. 2001 4F Firouzabadi 2555 1L &4k
AR N AR, B VR NIk iR FRIE JC 7K DY S g (THF)
H(EE LA Nal A8 i FFE TR Z 0 H) DL 7= 22 44 0
WG AL AR BRI, 1207 ¥4 Je AL B 7 2R 0 HL B
B H(Eq. 43).

o MoCls s
AorB + SO o (43)
R"5R' Reflux, 10~30min R R
A: Nal 5 equiv., CH;CN, r.t 84% ~ 96% yields
B: Zn 3 equiv., THF, r.t
R, R' = alkyl, aryl

2008 4E, Shockravi Z:PF| ] Zn/AcOH/SiO, & R 7E
T R S FOAE ] NIRRT — R AR, 1% 5755 N
R0 s LAWY, I H USRI b 2% e B8 M A0 AS
(Eq. 44).
0 AcOH, SiO,

Zn + I S.., (44)
R/S\R' MW, 40 s R R

R, R' = alkyl, benzyl, aryl 87% ~ 93% yields

2009 4, Oh 11 Knabe" | Fil NbCls F4#} 76 P S0k
IR 5 2 YR A T 70 r ST 2B o AR AR B TBE & 030 SR T A
PRI, 2 S5 FD S5 4 Al R L B R T 8, IR Ak
SRR PR AN P R AERIR &, IF HAZ 7 AR R LA,
W REIE JE IR A DL B — S8 -N-SA AL PI(Eq. 45).
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o Zn, NbClg s
PN R™°R (45)
R R' THF/PhH, 23°C,0.5~24h
R, R' = benzyl, alkyl, phenyl

2015 4F, Yoo 25581 1l HFCLy/Zn 1k 2B BE 0% UL s =
RIR R — RIIPWA, fEHZ /D& F LT HICl
KBH, 4 2 5% W AKIE JE 4o, 58 HECL/KBH, 1A R
W JE AR J7VEAR L, HICLY/Zn A4 2275 AH X 45056 1R T i)
PN AR TR R SRR T BB G U %A RAE S R At
BEIE SR A5 05 B e A g W e M2, FLW B RE LA i)
PR b, BREROUEE. AN, BUE. MRS FET
TR ANSZ 200 (Eq. 46).

78% ~ 99% yields

> HfCly
Zn + .S, - R/S\R' (46)
R R'  CH;CN, r.t., 30 ~ 270 min

0/ ~ 0, 3
R = butyl, benzyl, phenyl 84% ~ 97% yields
R' = benzyl, phenyl, vinyl, butyl, methyl

s
L ¢
O,N CHs S7 7 CH,

84% yield 86% vyield

Qs

97% yield

2007 4ERF, #4JE t T OMRE I i KR S
(ARG 75 2k DA K v A o 1 ) T 52 B8R Bk 22 1) 967 . Yoo
ST T MoCls/In A &5 4% 28 AR K138 S5 (Bq. 47),
TER SIS TR AR I N 31 S BH 1 DY S0k I 5 TR
WP R A B OE R AR R, AR R I N A (R AR (S
min), e DA = 28 EOR ARG J5 D AH B 1 i Bk,
BT E R ke Bt R A7, MR 2 i JR
SR A SZ 0.

T MoCls, In
R-S R THF, rt,5min

RS R (47)

87% ~ 96% yields
R, R' = phenyl, alkyl, benzyl

S
s @f h H
oo,

87% yield 96% yield 90% yield

[Al4E Yoo /NI SR WCl/In [F13E JE AR 250 — ¢
FEMEA 05 3 ANR 55 R e B NG AT T IR R, %7
R ALE T B S N 2, B i 7= 2R DA K R A
A5 IR FEVE(Eq. 48).

0 WClg, In

% . PN 48
R/S\R' THF, r.t., 5 min '? Ro . (“8)
R, R' = benzyl, alkyl, phenyl 85% ~ 96% yields

SACICUVSIon

92% yield 85% yield 96% yield

2452 http://sioc-journal.cn/
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2013 4E, Yoo &1L 7780 75 AL R N 4K N E
FFAHR ) DRI, 752 T NbCls/In 348 J5 4
R, IR RN ZAF RN, SR . (R ITE 2R
FIFH oA 22040 JR — 2R ARAN BN, (H BRI A2 S B
B KHE(Eq. 49).

NbCls, In

? S
g . R R (49)
RS ™R' THF,r.t., 30 ~ 240 min
88% ~ 96% yields

R, R' = benzyl, alkyl, phenyl

OO O
S” 7 CH,

92% yield 88% yield 96% yield

2016 4, Yoo W75/ NA2 % BAR K AT TaCls 2H B
A Z B RS X WK EAT I TR . % 7 925 16 S N7 4% A TR A
(5 =i ) HBRICR B, TURZR—RIE
RER, fnpa AL AL, BEIE. BRIOWEESS(Eq. 50).

o 2 mol% TaCls, 1 mol% In s
S R™R (50)
R™R' MeCN, rt.,05~3h

87% ~ 95% yields

R = phenyl, butyl, benzyl
R' = phenyl, benzyl, methyl, vinyl

0Ok O
S” 7 CH,

92% vyield 89% yield 95% yield

BT Ll LAAh, oV 4 R 2R
JE R R, 402002 4F Yoo I Cp,TiCly/In 14 %
TE WA 2% A T LA R4 PR WS35 b S R 52 A 2 1
Ay, 144 & DL THF fERVE R, =i N RY(Eg. 51).

(IS? Cp,TiCly, In R/S\R- 51)
R"°R' THF, r.t ’
' 73% ~ 93% yields
R, R": benzyl, alkyl, phenyl

2010 4E, Zhang Z "YU F] F Cp,TiCLy/Al 7k &% %2
WHRHEAT TR, fEiZ RN, WA S—O HR
f 3t B TR B Cp,TiC 1, LU AR 2 1 +4 5k
AW, MM BB Bk (Eq. 52).

% Cp,TiCly, Al

_S<
R R' THF
R, R' = alkyl, phenyl

rR-SR (52)

&JE-&E BN Itk R, HU0 Al-SbCls\ Zn-SbCls.
AL-NiCly6H,O-THF %, KT i 5 Vr 2 7 R D 136 58
#1l, 2005 4, Saikia Z51F H AI/NiIClLe6H,O 14 2 75 %5
LA THF RIEFIRJR T — R4 bt 2k 75 RN — Je B P K,
RN AR AN, W5 A B = 5 55 75 18 (Eq.
53).
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o AI-NiCly6 Hy0

S RS R (53)
ROR . THR ML 840~ 04% yields
R, R' = alkyl, aryl
Seigh >
©/ o (CH2,CH;
84% yield 94% yield 92% yield

2007 4, Khurana Z£1F] ] Mg/MeOH fif JFifk %
S EAL Y L T A BRI AR ) 5 34T 1 IR SR (Eq.
54), JBH TEMA &R Mg PLSE U N, 1%k
AL THAER R, BRI (R T ) LR R K
Uk,

9 Mg-MeOH s,

. .. RTR (54)

RSSR rt15~3h
R, R' = phenyl, benzyl

2007 4F, Yoo Z5°/HiiE T F F Mo(CO)s 1 Ak 7
R 7. G 2 FTRE, 1E# R ik
T RN F e B Y AT B AE IR AN S N A6 R 2~
4 h Z IE JE A B B AL )(Bq. 55), [RIBSCRE &,

0 EtOH
Mo(CO)s + &
R" "R Reflux,2~4h

R, R' = alkyl, phenyl, benzyl 84% ~ 96% yields

75% ~ 82% yields

R SR (55)

7 ERRUEUTIRIER

B Ak B AR Nk R 77 T LA SR I8 IR E . Swern
AN, FIFEEEA . — F AR = 2 i nT UK
FALNMIB B EAL A Y. 2B K, Gurpreet 25:I7E
2004 4 LAPU SRR F I 7, 76 = R IAEAE T R
SRR — R EH o DMEIET TR
(Eq. 56).

o (cocl),

R<_S
! B — N0
Me,CHOH + R\_ S~ EGN, THF, 78 °C R (56)

R = phenyl, n-Propyl
R' = phenyl, methyl

RRF—78 CRHtT, #AERR, W5, A
HARIFME R A 2, S Scheme 12 Fi7R.
0 (COCI),

R
H._H
It Me \{/ ~ ﬂ
RS~ Al cl
>R Me,CHOH S«

99% ~ 100% yields

Me” 07 R
R_H
H \( - Me,C=0
Me . Roa~o
Mem\R sR

Bl 12 CoCl,/Me,CHOH i J5 VAR (11 2 N2 AL A 7
Scheme 12 Proposed mechanism for the reduction of sulfoxides
with CoCl,/Me,CHOH
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2012 4F, Sanz ZF WIS T — Rl OIRBE AT AR
W JEFUATRE, 76— A ARHE A Y1E AT
WUR, SNAE R A TR P9 (10 min BAPY) PA iR in
JZ T — R AR FE & A I 5 M E BE B 1 I R)(Eq.
57), TR AT ZK A 12 S8 F i — Rl P 4.

O 2mol% MoO,Cly(dmf),

. I S
Pinacol ~O~p 57
+ R,S\R, 90°C, 5 ~ 10 min R 'R (67)

R = phenyl, alkyl 78% ~ 99% yields

R' = phenyl, alkyl, allyl

99% yield 78% yield
©/S\/\///

91% yield

2013 47, Sanz VR I H b EEHE £ — AREHRC &)
P AT 175 00 6 ARG A TR R, I FL7E A AR
MBS T RSAARER AT, HihE —AREREY
HB & T AF AR, R IX MR A o R 0 1) SR B4R
R, RN JEIRE T ok =) 5 AR 50 B, ATITEAT
TEAFI . AR 7RG TLRS 5 Rk 200 RS T
W JFEES, fRIRREDS LL 80% LA b IRIVSC 3 45 21 AH B 1 it Bk =
YI(Eq. 58).
Sy + 0 2 mol% MoO,Cl(dmf), s, o)

RSR MW, Smin 260 ~ 95% yields

R = phenyl, alkyl
R" = phenyl, alkyl, allyl

2016 4, Abbasi 27 VR FHLIR MBS LE N-1RAR T 8k

BT A BT B0 B R — RAEBREEAT 1 IE R, B
e B R AR T B EUR = MBRR (Eq. 59).
. b " 9 NBS s
-ascorbicacid  + wSm 0o Tt R R (59)
R, R' = phenyl, benzyl, aryl 88% ~ 92% yields

V38 i s R PUIR LR & — P g (B fR DL S8
SR R BLFE R, I Ho N fE B AR BT EL A, an 2t
SR MR AN GE AL L S T, A X PR A
F. FIMZIR B SR B TR B A A% R R S
PEROR IR, [ FIHLEL 40 Scheme 13 Fws.

8 S8XTETH

I FH A ASAE RIE JE TR R A 5] & T 8 78 A\ A
FIRE R R, 2014 4F Kaneda BF 78 /N2 B0 AT 9 K
TAEE SN RIE JE 1 LT Be s R AL — R 51T
BRI . T 99 AORE 1 PR A A 375 12 52 30 A4 A 1 1) 52 i
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0 A
A = ascorbic acid
N-H + g B = dehydroascorbic acid
2
0 HBr -
B X K R/S R’
A Br, R-S R +HO
@ . ®
COH Br OH +  [OHz Br R

6 r I H ] ~
=S, R-$-R' —— REE T $
R SR R™NR Y i &

B 13 NBS FIHTI MLER I J5 AR S S LER A 7

Scheme 13 A proposed mechanism with ascorbic acid and NBS

Forp TiO, 1R N E AR 2% i v, BB KA/, &1
YRR T A ACTE P 0. /E & B 241E 101 kPa (1)
ST 5 mol%H) Ru/TiO, HEALIEJH T %250,
W AT HAEAGTR 2 T B0, i FH 14558 (Eq. 60).

(0] Ru, 5 mol% TiO,

Hy + 8 .
R™°R ~ ~

(101 kPa) 60~160°C,1~36h
R, R' = benzyl, alkyl, aryl

92% yield 92% yield 92% yield

RSR (60)
81% ~ 97% yields

2016 4E, Shimizu Z=FIH Pt A1 MoO, FE 91 &k
TiO, A FITE TSI I 1 2 A S 0 HREEAT T 318 JE (Eq.
61), HAPESARMMEER], MR TE 0.1 mol%
(P 7 A = BE E SRR 264 (50~ 155 °C, 101 B3
707 kPa KK 77) BA i Ok i — & 41 R
Pt-MoO,/TiO, & 7% Hi b 5 R 45 1 11 14 14 71 B8 vy 11 7 46t
H, I H 2 —Fhnr S AT, TEAREAE A TR
ZJE I R BRI PRI R, AMZ LR R
JE IR TR 5l S TR TR I, K R — AN R 2
N AR A S5 A B 11

H s 0 0.1 mol% Pt-MoO,, TiO,

_S._,
R R'  Solvent-free, 50 ~ 155 °C, 24 h
R, R' = benzyl, phenyl, alkyl

OO T

92% yield 91% yield 98% yield

5% iF Uematsu &5 U4 % 378 JE 35 41 8 4L 7 Py
V,.Cr-Hol FIEALAERIS, FTEATE 101 kPa HE 3R EE
X % 2 ik 5 ORI AT A AL R R 4 )
V., Cr,-Hol 7EMALIEJFERZ J5 VP itk s v, H
NREWE RN VP, MRS, v ey

RSR (61

81% ~ 97% yields
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LEEASMEREEN V. %7 R e R 2 AT,
AR RE i 35 B 1 b3 S A B B R, HZ AR AT
DL H TN, ErEReA BBk, thibZz ik
FIE REMEALIEIE N-F AN 5 K138 )5 (Bq. 62).

o} Pt, Vo 7Crg 3-Hol

Ho + g RSSr + HO (62
RSR
S S\
©/ \© D/ \/\/S\/\/
Br
96% yield 98% yield 82% yield

9 HAAFIEFRIER

R BRATE A G — L HAB R S AR 75 3.
2004 4 Boyd ZFIE ST AR 3 1k A TR B AL T i F 44
WA R A B E T — 2500, I FLEFIT /N Rl
T — RV B A2 LIRS

2005 4, Nakayama %5U°% B VU & 33 & 2 b
(TCNEO) MY g% F SR BEAT i Bk 1 S8 Ak, B RER% Sk it
AT R, SRR = N EREEHAT, ANl e B
e, R A,

2001 4, Jenks ZEUVERE LA LE MIH O R T Y B
PRGSO A e AR T e e, INITIAS 2 1 AR R 5 7 e
k. 2015 4F Suzuki 257 AE 0] WG SRR, F
F TBASH4[p-SiW 14036](SiW 10)iB J& T — R 41 TEAA.

2012 4E, Fernandes 25" H T —ANE il AN 5 2
IRNIE SR SRR JE IR 7 %, %715 R FRE LA N
W, 7E BRI 4644 B 10 mol%[] ReOCly(PPhs), SR fE
W BT, XFEAMNTA T RERIE IR, 6 &N
SRR RS R, T LR PR B ALY Ak SR
F5 IR, BT Bk e B P DL R JEC A 1 57 33 1 A 18
TZITERIAAT I (Eq. 63).

fs')\ ReOCly(PPhs), S )
R R" CHCIj, reflux, 17 ~ 21 h

R = benzyl, alkyl, aryl 70% ~ 98% yields
R' = aryl, benzyl, alkyl, alkyl acetate

2014 4F, Kominami "4l T 7F AL BRIURL 1Y
R AP R PR AR 2 S e S BRGEA T LA, R R
I AT AN 75 A P ) B A 7 0 L At A 25305
SRR v ELI (8] /R 45 (30 min BAA).

10 ZHit5RE

BBk SR AN — REE AL EY
SPGB AR, 5 T AR I iR s B AT )
o, RSO TILFEREBHLED) . SWHLEY). S0
ey, SELEY. i, e EY. Bk
WA LB SN 2% TGO S AR ) T 3. IX e
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BN TN R R 5K 2 SERTTT A 24, I ELRE
EeEANARE, IRZUTN AHEFEAERRTIIA
)@ S LI S A E TSR AN S 7 (BT, AR EE T
FLELEE AL ANIE AR R, IREETTVEESE I . ik B
SRR S5 7 T 3R 20 2 i &) DL, (ERVE N,

MIEIAS R Z A 2 Ze A AE R, R S5 S S ATS IR
AHURRL ) — B SR, T3 VF 2 WF 7N ER
NI RO IRGE AR &, FF HZTokem, JHA N
R (EHE . R IR 22 Fr A B TE N SR 7 H
B, AR AT S IR SR AT T 4R 1).

R1 WL ETT I

Table 1 Summary of sulfoxide reduction methods

I A F g e e B R
TCEP/I, 72%~99% Ref. [12]
P(OPh);/Mo0O,Cl,(dmf), 52%~98% Ref. [13]
PPh,/TiCl, 67%~97% Ref. [14]
[PCl;-,(Si0,),]/1, 90%~100% Ref. [15]
N Woollins i 81%~99% Ref. [16]
AL E Y PPhy/Br,/CuBr 90%~98% Ref. [17]
PPhy/[RMIM],[Mo(O),(NCS),] 83%~99% Ref. [18]
PPhy/SOCI, 92%~99% Ref. [19]
PPh;/TBBDA 91%~98% Ref. [20]
PCl; 66%~99% Ref. [21]
NaBHy/I, 57%~98% Ref. [22]
HBcat 78%~95% Ref. [23]
HBBr,/Me,S 90%~92% Ref. [24]
HBcat/MoO,Cl,(H,0), 85%~95% Ref. [25]
0/ ~ [
oty RO Teoiov% et 14
HBcat/RelO,(PPhs), 90%~95% Ref. [27]
NaBH,/moist alumina 12%~99% Ref. [28]
HBcat/Zn(OTf), 85%~99% Ref. [29]
B(Pin),/Zn(OTH), 83%~98% Ref. [30]
Til, 80%~97% Ref. [31]
Nal/ZrCl,« ZrOCle8H,0 70%~96% Ref. [32]
KI/AcCl 87%~95% Ref. [33]
KI/TH,0 91%~98% Ref. [34]
KI/TPAC 91%~98% Ref. [35]
e TCT/H,0, 93%~99% Ref. [36]
Nal/Silica sulfuric acid 80%~96% Ref. [37]
Nal/CSA — Ref. [38]
Silica bromide 89%~98% Ref. [39]
TaCls/Nal 89%~96% Ref. [40]
3-B AR/ (NBS) 55%~98% Ref. [41]
3-FELNRR/TMCS 40%~97% Ref. [42]
SR A 2B/, 75%~98% Ref. [43]
NaHSO4/1I, 85%~96% Ref. [44]
MPS/Mo0O,Cl,(dmf), 67%~97% Ref. [45]
PhSiH3/MoO,Cl, 92%~97% Ref. [46]
PhSiH,/RelO,(PPhs), 80%~100% Ref. [47]
PhSiH;(HBcat)/HReO, 55%~98% Ref. [48]
PhSiH3/Zn(OTf), 69%~99% Ref. [49]
SIS Ph,SiH,/Cu(acac), 62%~99% Ref. [50]
PhSiH;(PMHS)/[Fe(Co)s] — Ref. [51]
PhSiH,/ReOBr,(hmpbta)(PPh;) 76%~95% Ref. [52]
PhSiH3/B(CgFs); 60%~87% Ref. [53]
Et;SiH/B(C4Fs)s 48%~90% Ref. [54]
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BHLE FiR SR
xR
W JRAK 5 WA 2R
Zn(Nal)/MoCls 84%~96% Ref. [55]
Zn/AcOH/SiO, 87%~93% Ref. [56]
NbCls/Zn 78%~99% Ref. [57]
HfCly/Zn 84%~97% Ref. [58]
MoCls/In 87%~96% Ref. [59]
WClg/In 85%~96% Ref. [60]
4B R EALEY) NbCls/In 88%~96% Ref. [61]
TaCls/In 87%~95% Ref. [62]
Cp,TiCly/In 73%~93% Ref. [63]
Cp,TiCIy/Al — Ref. [64]
Al/NiCl,*6H,0 84%~94% Ref. [65]
Mg/MeOH 75%~82% Ref. [66]
Mo(CO)g 84%~96% Ref. [67]
S P T L 99%~100% Ref. [68]
WAL A EE@K@?/MOOZCIZ(deZ 78%~99% Ref. [69]
i = JEl“?EE/MOOQClg(dmf)z 76%~95% Ref. [70]
PR M AZ/NBS 88%~92% Ref. [71]
H,/Ru/TiO, 81%~97% Ref. [72]
a5 H,/Pt-M00,/TiO, 81%~97% Ref. [73]
Hy/Pt/V(14Cr,-Hol 82%~98% Ref. [74]
P AR AL = Ref. [75]
PO L — Ref. [76]
M vel 0/ ~ 0,
S A T ' ' 87%~95% Ref. [77]
TBA4H4[}/-SIW10036] (Slwlo) 91%~98% Ref. [78]
ReOCI;(PPhy), 91%~98% Ref. [79]
Ti0,/microwave 93%~99% Ref. [80]
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