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Discovery of Sulfur Dioxide

® Introduction to SO, B Emission of SO, in China
i}ﬁ 1;/3 625.45 I
+ + I I . - -
O/’S O~ o S\\O e RS
@ 2013F @B 20155 @ 2016 @ 201745 @ 20135 @ 20195 @ 20204
WIEMERR . LRk, B,
SVETIK, pH=2-3, ¥ -10°C 20204 4 E — FLBRHEIE &5 Hy| 20204 2 B & Tl 70k — S aRHEK

0.10% E 5 H:

>

W . B R PR S A ‘
KR KILmTR, eEiak, RIS

MA: EEF, BB, ARE PR R

?EIJ%' rBf). BNEFAEEY = ESET RS
TR < AEE =& PRSHaiEng | - RESREFMEIMTY - HfTE




Discovery of Sulfur Dioxide

m Utilization of SO,
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Non-radical transformation of sulfur dioxide

B Early studies with SO, gas

® Alder-ene reaction ® Pericyclic
Qo 2
H Osg-OH NF S0, - S or >0
\) 20, > k/ < NS
o =
sulfolene sultine

allyl sulfinic acid

M. M. Rogi¢, et. al. J. Am. Chem. Soc. 1977, 99, 5219 J. A. Sordo, et. al. Acc. Chem. Res. 2007, 40, 931

® Nucleophile addition ® Polymerization

M SO ('? 0,4
~ , . 1 ) S0, . ¢
> R” ~OM HQC—CHZ [Pd] /(/\/ \)xn
M = MgX, Li, ZnX etc. sulfinate polysulfone

R. Goddard, et. al. Russ. Chem. Bull. 1998, 47, 904 A. Sen, et. al. Inorg. Chim. Acta 1998, 270, 8
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Non-radical transformation of sulfur dioxide

B A one-pot preparation of sulfonamides involving organometallic reagents

c %} D\\ ’/D e 0\\ ’fo

d
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Ar—X 9 J Ar’S“Ong] Ar”Cl A NR;

7 8 9

Reagents and conditions: a) Mg, Et,0; b) ‘PrMgCl; c) SO,; d) SO,Cl,; €) NHR,

A. G. M. Barrett, et. al. J. Org. Chem. 2003, 68, 8274
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M. C. Willis, et. al. Angew. Chem. Int. Ed. 2015, 54, 1168
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R=CH
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37611 ) /Pd -—-—p

P. W. Jolly, et. al. Journal~Organometallic Chemistry, 1980, 190, C5
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Non-radical transformation of sulfur dioxide

B Palladium-catalyzed aminosulfonylation of aryl halides

| R o R
i | 0,0 !
R | H.N-N_ Pd(OAc), PBus . 7§’ N
S + R - DABCO H1E::]f H
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M. C. Willis, et. al. J. Am. Chem. Soc. 2010, 132, 16372
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Non-radical transformation of sulfur dioxide

B Palladium-catalyzed three-component diaryl sulfone synthesis

M E [Pd] QP PN
R—=- PAESR. N g e x == S“vf‘z « |
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= T = Feghd PR PR
J Uy - RE 2 2
RZ "~ R = 3,54F3C)z-CeHz

M. C. Willis, et. al. Angew. Chem. Int. Ed. 2013, 52, 12679
B Palladium-catalyzed sulfonylative Hiyama cross-coupling
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T. Cantat, et. al. Chem. Commun., 2019, 55, 12924
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Non-radical transformation of sulfur dioxide

B Pd-catalyzed synthesis of ammonium sulfinates
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M. C. Willis, et. al. Angew. Chem. Int. Ed. 2014, 53, 10204
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Non-radical transformation of sulfur dioxide

B Palladium-catalyzed synthesis of sulfonyl fluorides

DABSO
PACI,(AmPhos), /@zpml@
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R:—\ EtsN < 9 l\?lj-le NFSI» o S SO,F Me,N
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S. W. Bagley and M. C. Willis, et. al. Chem. Sci., 2017, 8, 1233
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Non-radical transformation of sulfur dioxide

B General synthesis of sulfonic acids

mask group
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M. Wang and X. Jiang, et. al. Green Chem., 2020, 22, 8238
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Non-radical transformation of sulfur dioxide

B Gold-catalvzed svnthesis of sulfinate derivatives

10 mol% tBusPAuUCI
2.0 equiv DIPEA o 0
AFB OH + e + K S O - Wy
o B 2 1:1 MeOH/tol 02 M) -~
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V. Mascitti and F. D. Toste, et. al. Angew. Chem. Int. Ed. 2014, 53, 4404
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Non-radical transformation of sulfur dioxide

B Palladium-catalyzed synthesis of (hetero)aryl alkyl sulfones
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A. Shavnya, et. al. Angew. Chem. Int. Ed. 2015, 54, 1357
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Non-radical transformation of sulfur dioxide

B Bimetallic Pd/Cu-catalyzed synthesis of sulfonamides

DY
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Non-radical transformation of sulfur dioxide

B Copper-catalyzed aminosulfonylation of arylsilanes

1- "
R'-Si(OEt)s 'S0z Cu(OAch (10mol %) o1 H
or . , _ X-phos (20 mol %) _ 1lnsﬂ..NNN,.R2
R R® "CsF, 1.4-dioxane, 0, 07X,
~gi H,N—N O R’
Si(OEt), 2NN, | 80 °C
R! R 21 examples
R': aryl, alkyl up to 99% yield

Z.Wang et. al. Org. Lett. 2014, 16, 4056

B Copper-catalyzed synthesis of sulfones

R'-Si(OEt), . RZX Cuy,0(10mol %) o

1 2 > sl
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CsF, H,O/DMF R"‘S“ R2
100 °C 3




Non-radical transformation of sulfur dioxide

B Copper-catalyzed decarboxylative alkylsulfonylation

RCOO
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J. Wu et. al. Org. Chem. Front., 2020, 7, 4050

The Xiao Group



Non-radical transformation of sulfur dioxide

B Nickel-catalyzed sulfonylation of aryl Bromides

NiClzx(dppe) (10 mol %)
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J. C. Hethcox, et. al. Angew. Chem. Int. Ed. 2023, e202217623
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Radical transformation of sulfur dioxide

B The Meerwein reaction —modified Sandmeyer reaction

® Cl
NH2 S] N2 |

Cl 0=8=0
NaNO, (aq.) CuCly, SO,
R— > R_/ | -
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Radical transformation of sulfur dioxide

B Metal-free aminosulfonylation of aryldiazonium tetrafluoroborates

2

N,BF R
N T CHN 2 |
R ! P + 2 3 T = -Nf mRs
2 R% RT 10min R1- H
1  DABCO-+(SO,), % 3
O=¢’ \p, PABCO«80y); R -NHz
RZ-N‘ 2 R3
R’ 2(0.0)
8(-3.9)
N,*
=
10 N
R J1 > Ts(155) -
R1| s R1_|©
N:y R Z P ~ S0, 0
_ 7= 10 13 ‘Ié;
” + l:‘
:s’o | Z . SO (82) R1@/ o
R2—|‘\|'NH2 SET . 2 11 = 15(-26.3) .
RI3 _H+ . 02 $
9(2.3) REN,NHz . R{N,NH N S\ N-ga
' : R'-G H
R3 R3 =
12(5.2) 14 (0.4) 3(-64.2)

Z. Liu and J. Wu, et al Angew. Chem. Int. Ed. 2014, 53, 2451
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reactive product

species 2L
50, t W
NEt,Br (0.1 M) 5

saturated in SO,

M(ezgi‘;'rgx': Pt cathode, divided cell (H-type), so\
25-60 °C, 15-45 mA/cm?, 500 C 2

204 (blue color)

19, 63%

20,67%

D. Knittel, et. al. Monatsh. Chem., 1986, 117, 359
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Radical transformation of sulfur dioxide

B The Reed reaction

e SO, Cl, O\\S,,O
o R7Gl
1 (or initiator) 2
(R = alkyl)
initation: ci—¢f ——— 2C(Cl-
propargation: Cl- + R-H _-HCI R-
R- + SO, R)é’.
\/7 O\\ ’/()
R,S 5 CI2 —: R/S\C| + CI'

ARTE.

M. P. Sibi, et al Radicals in Organic Synthesis; Wiley-VCH, Weinheim, 2001
E%A ) 51%5‘1'; A

K/, —

51T
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O:C>:o + KR + SO, ultraviolet light _ $=
' O

Y

e |
o~ o e
Rl
R. M. Wilson, et. al. J. Am. Chem. Soc. 1974, 96, 7350-7351

(L
s tungsten lamp_ | S O o KOH Qo

N
| + 802 _— S/ -
= Mel 7
O\”/Alkyl DCM N" sy Me” "
0]
O (0N
1 \,S/
hv N-O bond R
homocleavage
SO, 0,0 1

Alkyl radical ——=— S
yl radica Alkyl”

S. Z. Zard, et. al. Tetrahedron 1988, 44, 1153-1158
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Radical transformation of sulfur dioxide

B Photoinduced C-X bond cleavage

2
B R2. _NH, TBAI o, R
RIC ] +DABSO(SOx+ (1.5 equiv.) Ay S NRe
R®  MeCN, uv, rt R1T(:I/ H
1 2 Z
Osg o}

N -NH; DABCO (80,);

T

3 (;O (—Z N -
S, -N b
PRTN o\/’ ,7 o\/‘
3f E HBr
O< /C?H\N/\\ J.Wu and Z. li, et. al. Org. Chem. Front., 2016, 3, 574
S > |
)k]/ otmMs Ph)bsozph
Org. Chem. Front., 2016, §,865 : Adv. Synth. Catal., 2017, 359, 2999
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Radical transformation of sulfur dioxide

B Photoinduced N-O bond cleavage

DABCO *(SO,), X

A0, U Blue LED ” 520
+  OTMS
. J\ KaCO3 DMSO, 1t I R?‘Z

1 R? 2 Ar = 2,4-(NO,),-CgH3 3 O
hvl T
- 5 )
A=N R? g:.o
E ( /‘usofr =ﬁ< rrr—————-—. N_f
AL OTMS ek
L osi

J. Wu, et. al. Chem. Eur. J. 2017, 23, 8176
R2 0\\ /,O R2

AN I ks blue LED oS
| + DABCO+(SO,), > | R3
DMSO,48h __

R’ 1 R 2
Ar = 2,4'(”02)2'CBH3

J. Wu, et. al. Org. Lett. 2017, 19, 4472
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Radical transformation of sulfur dioxide

B Photoredox catalyzed radical cyclization reactions

PC 0 Q.
e NI I i s
R — R/? SO, S radical acceptor R S B
/,)\- R @) O R
R = aryl, alkyl RA = alkene, alkyne, allene

O\\S/Ar

A\

O
O

Py

N Ph
ADSC, 2017

359, 865

LO)<F{/AI'
Ss

g0

OCF, 2018,
5, 2437

R2 0 o /‘é 0 Ph 0 o R2 9
\\ /7y \\S// I/S\Ar
XX S. NNy Y 1l A )
R1_I Ar Ar R 1 _
|

ZSNT R 0”0 Y

CC, 2018, Ejoc, 2618 GC, 2018, OCF, 2018,
54 1335 5725 20, 3059 5, 813

ArOZS \
— =
R2 SOZAI’ O ) Ar02S ,
) 111 = \ /\RZ X\
\\ /AI' R u O Rl
O S =
N v N <
o] R3

ADSC, 2020, OCF, 2019, CC, 2021, OCF, 2022,

362, 224 6, 1873 57, 2883 9, 364
AR S /— O
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Radical transformation of sulfur dioxide

B Photoredox catalyzed S-P bond construction

DABCO(S02)2 ir(ppy)s (cat.) ?
Arl*BF,  + o > Ar=S=P-R
]
PR, 36 W, MeCN X
~ Arl DABCO-(SO,), 0

Arol*BF 4 - Ar > Ar—S- A
1 0
O

*Ir(1ll) Ir(1V) / H-PR;
2

visible Ii;ht\/ Ir(111) 0O

Ar—S-ifl’—Rq
3 R

J. Liu and J. Wu, et. al. Org. Chem. Front., 2017, 4, 222



B Photoredox catalyzed S-S bond construction

'WBH NzEF,; DABCD.{SD:}E OMe
“ Eosin Y (5 mol%) A _S.
e’ T neo e
- e DCM Rﬂ_ ',.-J o \D
1 2a Green LED, 8 h ~2*
DABCO
Ar—N,BF, @N-:}N N> Eosin Y
©0...0 N -
h?ﬁ- ’ j\r 0.0 SN Green light
H"N‘% -~ S) “?“ R A R
1
R 'y )
DABCO.(SO,), Rg R Ar + 80, C Photocatalytic
A B l cycle
T Eosin Y’
Eosin ¥
2
* D
.if'-.r"'s"“"ﬂ
E ;SI\_ AT E i w 4
E o"fs\“o ' R-5 -<————RSH RSH
I 3 F E 1

C. M. R. Wolla, et. al. Org. Biomol. Chem., 2019, 17, 5897
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O\\ //O O\\ //O
\/ \NRQ “:,I/ \N3
@)

A. Acridine catalyst turnover

——Reaction mixture — Simulated . ——Reaction mixture — Simulated
MeCOMH -
A2 -@> Me +
HHH_J R=ocPh) B H_ 9 o,
HZQC"\/Q< [ H24Cy /\s’(_)< 04

st g o Me-+ SO, Me

HRMS: 324.3261 (M*) HRMS 388. 2882 M*) 0.0 -
324.3261 (calcd.) J J 388.2880 (calcd.) : 5 “
T S,
-133 N HA2

MeéOz \\\ H

3400 3450 35'00 35;50 3600 3400 3450 35'00 35'50 3600 1"
Magnetic Field, G Magnetic Field, G ‘\_
A2 -36.0
M8802H .

O. V. Larionov, et. al. Chem. Sci., 2021, 12, 6429
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Radical transformation of sulfur dioxide

B Photoredox catalyzed N-S bond construction

A1-A3 CuOTf @
Me

9 (7-10 mol%) (10 mol%) 0.0

\/C\ . .S Me

o OH NHR e G “
Q N

DABSO, [0), CH,Cl,

A. Acridine catalyst turnover B. N-Alkyl amidosulfonation

P 3 J
MeGOH : Ofoyzu e \( \Fu_sso S °g ’ I‘I‘ o : f‘o

—@— Me- + HA2 VA, "5 < ? 0
B NN TS3 ¢ o v 0~
(R=oCPh) HOJ( -CO, me" }, O © 23.3 Mé "Me .Y. ' xS b
Me-+ SO, Me TS3 VA TS1 1S3 /&
ey R AAT8N, N Ph Ts" I
e "” \\‘ “\ O\ i e o
Bl ! naz Mo ii? “;A-—-"'E\ C\u‘:s':O L,‘ :
MeS0, ™ H 0.0 \ 0.4 N 2N NN -
1 R 12 il 13 -1247 o .‘Me\’:4 0 o9 ,(
. s e .
Ph~ -0 0 N ' - 2
“— N\ Z 3 '\ b4
A2 -36.0 Ph7_—:0\c —F C\)_,,CU-"‘S\—O \\ \“ i d >
MeSO,H " O~p\~ Y it Me e\ 7 T82
L ' ! ‘Me e2 , R | s
Me is ph7_- o o‘:\ Me,NOBz
— //_ Me ~‘_‘
O\N/CU—S\—O \S//\ '362 -~ o 7"
: "Me Me BzOCu—N 0 15 *se CuOBz
Me 13 M‘ Me -46.4 M
MeSO,NMe, Me

O. V. Larionov, et. al. Chem. Sci., 2021, 12, 6429
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Radical transformation of sulfur dioxide

A1-A3

B Photoredox catalyzed N-S bond construction

™" OH NHR

Me
CuOTf u @ Me @
(7-10 mol%) (10 mol%) o, 0 ©
:: ‘ _\:/S\N { Me Me & Me
e ! e Q Q G ,«G
. DABSO, [O], CHCl, g ™ N N
A1 A3

6
—.,,LHL\ BzOH

CuOTf
103 -11.2
PhH N=CuOTf

(BzO)Cu—NH,Ph

N 20
Ly

H -oTf

19 J 9 = s }
M e . J
C. N-Aryl amidosulfonation #a ’ v 3 o {,&’
. e @ a -
- ¢
(B2O)Cu—NH,Ph - o Yo ' “: '
— 3 ‘ ," | .
0.0 ..  tBuO,Bz oo o-O-d, %9
18 \\ - / y :
. 18 e ?/ ’
, S o\\ //O
BzOH  .126% MeSOH SMe
B0+ MeSO, i <’oo>du---}~|4\ph
7 IS VN T "30.3, H
j S L 33.3 Ts4'
BUOH 377 18
MBéOz " O\\S/<O PhNH,
" BZO~CU/\ Me
NHPh —_|
(BzO)Cu—NHPh S0.Me -539.3 -
17 / S —
BzOCu—N.,, '61764
19 by MeSO,NHPh

O. V. Larionov, et. al. Chem. Sci., 2021, 12, 6429
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Radical transformation of sulfur dioxide

B Photoredox catalyzed N-S bond construction

Me
A1 CuTC
O Me
T (10 mol%) (10 mol%) 0..,0 M
A C . X \s/\ £ e
\)/ ~ - - -~
o7 o ST LD
8 DABSO, NaNg, [O], PhACF3/MeCN = ¢ o N
A1
D. Azidosulfonation ~d e q » )
A. Acridine catalyst turnover —.  Nan, b e
0.0 ™. : oo k) o
cutC ™ ( Y g/ o .
tBuO,Bz o o
| g TS5
MeCOzH P
—@—> Me- + HA2 3 6P
B /]
m o-CIPh) H‘4 -CO, — Q0 A e
MeSO,H i .
Me-+ SO, \c N NaoBz tBuO 2 ) S>c’u Ny
— / U\N \ MeSO;;
0 /S r!l 21 \ 1 =/ TS5
e " T —
\~\‘_ O /20 'BLJOH ‘;6_,——\’ 478 “44.4‘|“
- N - =23, 22 O \
B8R J HA2 8 o MeSO;, 310 o o> P \‘
MeSO, ™ \C 1" N u/ ~Me .
1" \ _ACu—N; /C \ \
“\‘ 7 °S s N3 T
h, S— — — So M '73.8“\ N3N3
A2 -36.0 21 coae of -Me 2
1 MBSOZH 5 . J \\N . 20
- 23 N

N° MeSO,N; -81.0

2021, 12, 6429

O. V. Larionov, et. al. Chem. Sci., 12,
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Radical transformation of sulfur dioxide

B Photoredox catalyzed X-S bond construction

0. ONa

R T

5. .0 Roles of Arand N
i “'I" in photocatalysis

A stability
to E-attack

“A—E
P "\/_f Gﬁs,p
RZ RZ -+ T #5n,
RCO.H m E R E
)

RSO,H
; B!
‘H‘. L]
A1(R'=Cl, RZ R®=H) M" N Q RS0, B
A2 (R R®=Me, RZ=H) i o HA o HA: stability
' ' B H O H o+ to R--attack
A3 (R RZ=Me R*=H) 'D_JZ. 2 R







Radical transformation of sulfur dioxide

B Decatungstate-catalyzed C(sp3)—H sulfinylation

0
0 H 1l c{\ fP
NaDT (1.0 mol%) o} S.. BnBr, NaHCO; o S\B
S0, (aq.) - OH - n
Me Me 2—4 equiv. CH;CN/H,0 EtOH, rt, 16 h
v i, 8h Me Me Me Me
C(sp’)—-S product one-pot synthesis
o) “ TN 0 o)
oﬁ \_} s’ . Py H,O 2 1 radical eapture favored
] * e ] . -
W R S, or CHiCN ,3,;-:0 for diverse afkyl radicals
C(sp®- H substrate 3 0
/ 4 6
S~ HAT Mes Ete Pre Bus Bn+
/- H \ AG,, (H,0) -154  -132  -117  -10  -22
o]
. . AG®%. (CH;CN) -12.9 -10.4 -85 -75 0.6
[W100a2l* [W10032] o él’\ calc (CH3CN)
2 photo-HAT \o
catalytic [wmoaz]
cycle gas-phase reaction coordinate
12BnTS
(R=H)
J.»r" disproportionation S,, 78
{ ) 4 cycle N —_—
M101032] Y AG \O ) ,E- .. 50 .
v kcal/mol) \__{r,, f .
[VV10032]5' .o +3.8
- + R 22BnTS
0 0 _1 4 4Na 9 . (R = Me)
o—M—o—W—_ ‘ R s;o
1 € / e 1l 3
[4l7o4 P S g
O:W\_I;I I‘?ﬁw:o 0 S\ _ e
\O-KW“-—EO._F-—;W_'O (]
Y O'{I) | o'é w low-barrier radical capture in gas phase
H"'““'W""O"“:W”"O
g g NaDT (10) C{sp?-S product 9

W. C. MacMiillan, et. al. J. Am. Chem. Soc. 2021, 143, 973
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Radical transformation of sulfur dioxide

B Decatungstate-catalyzed C(sp3)—H sulfinylation

O 0 H < NR2
S0, | W Ay
HN H o — = | HN SO.H 1. sulfinylation; 00
o R chlorination
o . o FaC—\ N no purification . FaC—\ i
0 g~ NH2 g—~NH:
one-pot access to sulfones, 9,0 Iy IS
sulfonamides, sulfonic acids HN S\ _ _
and sulfonyl halides celecoxib diverse sulfonamides

O
valuable S(VI) derivatives

two-step sulfonamide synthesis via sulfonyl chloride
O

0 O o 0 O 0
\\Sf; \\Sf,a \'\S.f,r\)'l\
7 Me N r’ Ot-Bu

0, 0
(£)-45 56%¢ (£)-46 93%¢ (£)-47 81%¢ o o o o o 0o A
Y/ WAy S &S -

"‘S“'N ;SMN/\ "S“N - f‘;'
qxsfp RV RV %’ \3 K/O H N=

S S S
” " “OoH ” " “NH, ' F 7"l cl

(£)-48 82%] (4)-49 65%9 (£)-50 66%° (£)-51 57%° 52 62% 53 53% 54 56% 55 31%

D. W. C. MacMillan, et. al. J. Am. Chem. Soc. 2021, 143, 973
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Radical transformation of sulfur dioxide

B Photoredox catalyzed SO, insertion —— SO, intermediate
(1) PC (2 mol %) (A or B)

D &,
X . !'S' NH NaOH, DMSO, 35 W CFL, rt s’_ p-Tol
HO Y A
NH, (2) p-Tol Br 2a

1 TBAI, KI. rt 3

.S NH ———— + 2-
HO™™>¢ N N, SO .
NH, A Fluorescein

pa— m
SO,

0. .0 , — i
B Fluorescein Fluorescein

(Het)Ar” "E X ~
3 ‘{ ? SO, B %

(Het)Ar” (Het)Ar—I
C 1

J.Wu and Z. Li, et. al. Chem. Commun., 2019, 55, 2489
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Radical transformation of sulfur dioxide

B Photoredox catalyzed SO, insertion

SO, intermediate

_OAr 1) Eosin Y (2 mol %), hv
/T]\(\N + HO  s” _ONa NaOH, DMSO, rt m 4
R n ('5 2) R'CH,Br/I, TBAI, KI, rt R

1
Ar=2, 4-(N02)2-C6H3

HOA§’0NE + NaOH Tsoz Eosin Y*
o)

HCHO £ — 106V

) —

S, SO, Eosm v EosinY
Folk /
N 6 (

Ar =2, 4-(NO,),-CgH3
N £
( Rmfs*o

1
E (E*: from RCHzE.n'I or RTR?NH/NCS)
F-S. He and J. Wu, et. al. Org. Chem. Front., 2021, 8, 3746
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Electrochemical radical transformation of
sulfur dioxide — radical acceptor

B Electrochemical synthesis of trifluoromethylated cyclic N-sulfonylimines

} i

i C (+)/Pt(-), cc 3mA O‘\ "

N undivded cell ‘: N
+ CF3S0O5N |
\/\f 3o0z2Na BusNBF, (0.03 M) \5(\

(3.0equiv)  peoMm/H,0 (511)

30°C,6h

anode
. (2a)

CF1S0,
-e @ -N

/C/
< % 1a N

ey = gy & LA

SO)

& y |

product (3a)

MG, ok V2H2 \W.-W. Liao, et. al. Angew. Chem. Int. Ed. 2020, 59, 7266
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Electrochemical radical transformation of
sulfur dioxide — electrophile
B Electrochemical synthesis of sulfonamides

Sulfonamides, Waldvogel (2021) R

A
B Reaction conditions |

R 3 eq. NHR?R? =
I
N 50, (1.5 M) via ©_S Oss. R?
0~ “NR2R3 USNT
2 4 eq. DIPEA i
R3
x “pe [b]
H HFIP/MeCN (1:1), conditions 36 examples
R = alkyl, methoxy, I, Br, CI, F; R? = alkyl, R® = alkyl, H with yields up to 85%

j ! mAicm?

E/V vs. FcH/FcH*

S,042

R'I i
N ",
—H* @ ' 2 SO‘E_
ﬁ_ L]
—e 0= :

S ]
o’ Nu : 250,

cathode

[4
]
@




Electrochemical radical transformation of
sulfur dioxide — electrophile

this work:

2 NH2

SO,
DIPEA, HFIP

¥ o
cat. NBu,l ‘ ,.

MeCN, r.t.
galvanostatic cond.

substituents = alkyl, |, Br, Cl, F, ester, OMe, CF3, NO,, CN

t-Bu I Br cl F
‘ 5a 5b 5c 5d 5e
' 89% 90% 92% 85%  68%

\P

CF; COEt NO,

73% 86% 83% 76% 86%

13-fold scale-up
of 5a in H-type
divided glass cell

0 0
Y/
N’S‘N
H H

5a, 6.96 mmol, 2.51 g, 87%

B Electrochemical synthesis of sulfamides

R @r«m»
@ o
sulfamoy! H \0 '
sulfamide jodide | F5C (
CFyi 2S0;
(o]
\\S_ 4
2™ ’
@
\H
2e
i
[RiN—IF'F T 2(50,]
o Il
- | = ‘
2 = | |
0 $,0,2
\\ (\:\
DIPEA, SO, ' i H
NH2 - @N\ »
H —{
amido FsC
sulfinate CFs
arode cell divided
bv alass frit

S. R. Waldvogel, et. al. Chem. Commun., 2021, 57, 4775
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Electrochemical radical transformation of

sulfur dioxide — radical cation
B Electrochemical multi-component reaction — sulfonamides

\*7
0, ,0
CN Nass.o.  MSOH (5.0 equiv) P * ‘23;3""
NN DT CHICNHO (1) R1+</\E | SO=R 240 Na;s,0
10 + = 4 238
R R2 cp1.5V,30°C, 12h Ny 2a+MsOH
RSO;NHNH;  yndivided cell R? 200 4 - Na,S,0,+MsOH
11 2a+Na,S,0,+MsOH
- :
a4
=
~
=
-1
Anode ~
-3e - € -e,
. 2a - -H
TsNHNH:; Ts = SO, NayS;04
(2a)
l1aa SOz . q\ o ¥ 3aa
N & e WAy "
PPN S ¢ W GG ¢ Wt
ph’NNTs N Ts N\y\Ts ~y SO,
la lla lila IVa Ts
2H"* _ 4 H + . i . — .
+ 2e 2 Na,S,0s H 2S0, + 2Na + H,0 NazszOs (blue Ilne). EOX 1.46 V,
Cathode

P. S. Baran, et. al. Angew. Chem. Int. Ed. 2022, 61, €202208080
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Electrochemical radical transformation of
sulfur dioxide — radical cation
B Electrochemical multi-component reaction — sulfonate esters

OR'o o

- 0 0 L P
Rg/\ d KO—5-S-0K constant current R OR
© 1, R'OH, CH4CN

K?S?O'i @/J\_/ X
/m
: L/ME-OH

.\ Q.0
S‘O”
E +
H
\, MeOH Q0 )
\ + S
dé/
2
c D

cathod_e

802

anode

H. Mei and J. Han, et. al. Green Chem., 2022, 24, 6113
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Electrochemical radical transformation of
sulfur dioxide — radical anion
B Early studies with SO, gas

A Reaction conditions
1.25 equiv. SO, (5 M)

. NEt,Br (0.2 M) _ O\\S/,O
MeCN or DMF, Pt or Hg cathode, R R
20-82) °C, divided cell (membrane),
X =Cl,Br, | ; ) conditions[al( ; o SRR
_____ R=alkyl allyl, benzyl,acyl ~ ~"" " Withyleldsupto88%
B Scope -0
\\ // §/ S//O
€),. O ¥ ' ~o
\// \ 17a 17b /
/\/s\/\
combined yield: 71%
15, 88% :
Y tio=32:1 (17a:17b
g 16.73% . ratio (17a:17b)
C Mechanism
SO,
+e 0
= (0]
\/ SO I _ \/
SNl RX_ X 8 R Y
£ 2 R R O R R
3 SO,

D. Knittel, et. al. J. Appl. Electrochem., 1973, 3, 291
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Electrochemical radical transformation of
sulfur dioxide — radical anion
B Electrochemical alkoxysulfonyl radical species

R1 |—'—|
\/
/grl? + ROH + NaHSO; ——— 0 Ar)L\K‘ S<
Ar "Bu,NBF,, 4 mA

R? MeCN, 12h, rt
1 2
0\\ ,0
\\ ’/ \\ ’/
Ph
3ap, 63% yield 3aq, 64% vyield 3ar, 74% yield 3as, 74% yleld

R! gH R cvmhn EWS?‘O
RM + MeOH + Na,S,0s R OMe

nBU4NCI04, 3 mA
n=0or2 =0or2
00 DCM, 12h, rt " 0OF

(0]
Me
// - Me S,OMe
o 0 ’/ \\ O’/ \‘ O’/ \\0

5I R ="Pr, 42% yield
mR= lPr 76% Yleld 5n, 35% yleld 50, 73% Y|e|d Sp, 72% yleld

J. Wu and S. Ve, et. al. Chem. Sci., 2022, 13, 11785
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Electrochemical radical transformation of

sulfur dioxide — radical anion
B Electrochemical alkoxysulfonyl radical species

. 2- -
Anode: SO, anodic 50, ROH
” OR oxidation |~
2 cm' @ Im-: R Co — OH
R? + ROH + NaHSO, - Ssor
Ar "BuyNBF,4, 4 mA R2 * _.OH
’s 4NBF, R3 ROSO; o1
1 , MeCN, 12h, rt A A RPI\H?\..
R 1 n=0cr2 4
06 4 1OH
| =" Blank 1™~-S0:R R .
R B SO4R
0.5 4 la anodic RPIW ’
—— NaHS0, € | oyidati n=00or2 D
l &0 oxidation
—04 4 S . radical functional gmupl
- S0O4R migration process
E R‘lh‘\/ 3 c g P
£ -H'|+ ROH OH R’
E RZ™N S05R
& 024 OR n=0or2 E
R SO3R3 anodic | -
0.1 oxidation
0.0 0 R + OH R
[ -H
; . : : v SOsR
i}ru nrs 1 .ro [ Ts :.rﬂ 2T5 Rzll\”"/l\/ ’ Rz‘l\"ﬁl\/SOSR
=Qor2 5 = F
Potential (V vs SCE) nm ________________________ nD or2 __________
— : 1 -
E,=1.23 Vvs. SCE in MeCN/MeOH (V/V % 4/1) Cathode: 2 ROH 28 H, + 2RO"

J.Wu and S. Ye, et. al. Chem. Sci., 2022, 13, 11785
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Electrochemical radical transformation of
sulfur dioxide — radical anion
B Nickel electrocatalytic sulfinylation of aryl halides with SO,

Zn?* <—Zn —{

. .0
N|(dthpy);Br2 (5 mol%) - r-N-S == DIPEA + S0,
DIPEA (0.5 equiv), NMPI (0.5 equiv) R (o] ne
TBABr (3 equiv) TBAF (4 equiv) > *
CH;CN/DMA (9:1) (3 mL) NCS (4 equiv) o, 0 S0,
Ar—l + SO, » |Ar—-S0,X* - "
undivided cell i, 1h A7 TF P
(0.3 mmol) (2 equiv) (+)Zn/(-)Ni foam S-Ar  x-
rt, 4 mA, 6 F/mol LnXNIII—d
i ArSDz
0
LXNill-577
B W NMPI- . L Ni'%,
Known reactivity N\ N
57 39: 57%° e
foat ¥4 /@/ TBAF — NCS — KHF, —» n-BusN* O’ F o IPd-AI 24% r I (1]
[B] = B(OM), | FBF [Pd-B]’ 50% Lxnil-so,  NMPL R Lonix
|
. - w4
/©/ 02~ /@’ ox* |- D/\ 5. \/©/ 40: 629%" r>} Lo XNi"-1 At
(] (i ®
pin)B i Ar
[B] = B(pin): 37 38 (pin)B S0, NMmPI
g
[Simultaneous S-F/B-F bond formation] 0\\5,,0 NMPI=
[Direct alkylation to sulfone] HN/\ | == O “N/\ 41:51%¢ LU Gafhoc.lic redu_c_tion
[Oxidative amination to sulfonamide] K/O (pin)B |\/O [E Oxidative addition
[111] Reduction of Ni'! and SO coordination
50; insertion

Substitution by halide to release aryl sulfinate

P. S. Baran, et. al. Angew. Chem. Int. Ed. 2022, 61, €202208080
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» Asymmetric reactions involving SO, insertion
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Asymmetric reactions involving SO, insertion

B Copper-catalyzed asymmetric radical reaction of DABCO {SO,)

Re BF Cu(MeCN),PF¢ (10 mol %) \]/\(\7

:/ COOH . 2= L1 (12 mol %), DABSO (1 equw) O“w/ ‘\-“\

2 6-di-tert-butylpyridine (2 equiv) R tBU
1 2a CH,Cly, tt, 12 h

Ph—N,BF, cooH

o cull-L*
mz \\

CO0O- CIJ -L*

ST Y. o B




Asymmetric reactions involving SO, insertion

B Enantioselective four-component arylsulfonylcyanation of vinylarenes

R
= N.EF S0Ogen CN 0,0
‘@ o TMSCN N :
+
or cat. Cul/L1 al B
= 2 3
R

1

S0,

R /”L\ 0,
oh

N, L1Cu'(CN)BF,
CsF Ph™ X
PhN,BF, TMSCN 1
b
L1Cul —MSCN _ ) qculen
CsF L1Cu"(CN),
N 0 0
Ph/\“/ “Ph Ph “Ph
]
3aa cu''L1(CN),
o~ S02Ph

J. Wu, et. al. ACS Catal. 2022, 12, 10764
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Asymmetric reactions involving SO, insertion

B Photocatalytic three-component asymmetric sulfonylation

NI(CIO,);78H,0 (15 mol%)
0 L7(18 mal)

N *5C; PC1(5 Qs 6P
—H + . @ N ZJJ\.r/’;\ {5 mal%) - ’Swz
0

o,s" N
‘ CICH ;CH;CI, 0 °C, argon
blue LEDS (L5, = 455 nm)

1a-1zo 2a Ja=3zo
a
[L*-Ni]
S,
N | 0 o o] Q,
O\\{fo SN i, | ‘\)...,,
s, = I @ N N—/
E s
F PC
[L*-Ni] R L7: R=Ph R
-Ni
|\\O o'
| [L*-Ni]
Ne A~
y NT R e———— 2 SET, proton transfer . ' .
~C ONEC
[L*-Ni] OH 2.
) \P i so) DABCO'(S0,),
N. /K)\O . :
~E N @ ® ._»
¢ D
G
3
—
1 E

L. Gong, et. al. Nat Commun 2021, 12, 2377.
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Asymmetric reactions involving SO, insertion

B Photocatalytic three-component asymmetric sulfonylation
® Reactions by other Lewis acids

=N CICH,CH,CI, 0 °C, argon, 48 h
blue LEDS (g = 455 nm)

o metal salt (15 mol%) o, .0 hk
)'k/\ L7 (18 mol%) S\r\rrﬂw
PC1 (5 mal%) _
+ DABCO +(S0,), + a Z é 0
v

v 2a
metal salt conv. (%) ae (%) metal salt conv. (%) ee (%)
Ni{CIO)+6H,0 75 92 none 0 na.
Cu{ClO, ) +6H,0 ar a Zn(ClO, ), +6H,0 22 o
Fe(CIO )51/ xH,0 17 13 Co(CIO ;),6H,0 31 80
® Transition state of chirality-control N

Si-face blocked

S " E

A e

By o
Q R L7 -\‘—}’E@

S
a crystal structure of [L6-Ni] a simulated transition state a crystal structure of product 3b

L. Gong, et. al. Nat Commun 2021, 12, 2377.
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B Photoinduced organocatalytic asymmetric radical sulfonylation with
sulfur dioxide

Q R=BF3K H (1 mol %) 0O R? FsC N N\I)\ -~

N
/ + 0,
B 2 2 Mes-Acr™ (5 mol %) J;E Ph |
R R* &+ . N SO,R? d Yo
- MeCN,-20°C  R'-- L
1 DABCO'(SO,), 30 W blue LEDs Z

\’ o

3h, 56% yield, 91% ee 3i, 86% yield, 95% ee 3j, 37% vyield, 90% ee

R‘I
o] A (5 mol %)

R?-BF3K Acr™
N“Nkj}\w Mes-Acr” (5 mol %) N Jj\/l [:N H  HN-R2

— + 2 MeCN, -10 °C ﬂ “SO.R? Ho N
DABCO(SO5); 30 W blue LEDs =\ 5 MeO N o
J 0 I8 ot
o ‘C\ % ik &

5f, 52% yield, 81% ee 5g, 80% vyield, 88% ee 5h, 61% yield, 80% ee
J.Wu and S. Ye, et. al Chem. Sci., 2022, 13, 8834.
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Asymmetric reactions involving SO, insertion

] Photoinduced organocatalytic asymmetric radical sulfonylation with

R=BE.K + “80.” chiral organocatalyst _ SozR J:(
3 2 @u\/\ PC hv Ph
CF,
0 R?
3
et \K
D=4
3
ke
4 3 H
R“I;‘I I:I’R
H, H 0\\8,,0
¥ e
RIS AR Int-1l
= Int-1 0. 0
Mes-Acr™
4 3
R"‘l;«l I':I'R
H\\ ‘:H hi)
‘Eo‘ R?
S Y SO;R Mes-Acr™™*

1
R > Mes-Acr”
Int-ll
Pho | CF3
NG el _I_Q R—BFsK

J. Wu and S. Ye, et. al Chem. Sci., 2022, 13, 8834.
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Mes Acr* (5 mol %) H HN-—5r. R .H
(10 mol %) Mo
OH MeO ﬂ S0z
PhCF3, 20 °C ~ o)
30 W blue LED R4 P

I Ar= 35 CF3)2C6H3 -

RZ™ R
R3 N OH
i Q1
R_
0._.0H-N_ 0 T 4
R2™ S\R ];( H* R2
= O--H-N (] X ||
gall t4
R R N OH
Catl rHL
Intdv P
/ 1
R4
Q._.0--H hf o]
= B 2 0.0
RNSR jz( Rm-}-\gig
= 2O0--H-N o Intd H R*
R k3 e QN
T |
Intdll H-.rTl
rR® 0O
Mes-Acr R4 -
/
Q._.0--H-N 0 ‘3:
g7
hv 2 N
v RO R Ji R = MeO H/
= 20°-H-N 0 |
. R'g R? N
Mes-Acr™* Mes-Acr =
Int-1 CF3
R—-BF3K
3 Rt= -
2 0l O\\ //0
R——— s CF,

J. Wu, et. al. Chem Catalysis 2022, 2, 164.
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J. Wu, et. al. Chem Catalysis 2022, 2, 164.
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My Comments

» Transition-metal catalyzed transformation of SO, .

» Photo/electrochemical radical cascade reaction involving SO,.

» Successfully build a series of S-X bonds (X=C, N, O, S, P, F, Cl etc.).

» More asymmetric methods and reactivity of SO, still need to be explored.

»The active intermediates (SO, SO,” ) should be employed into novel
radical reactions.
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B Roles of SO, in organic synthesis

1. SO, works as electrophile

o) O
Nu SO, 1 ST
~ NuTTO” Nu™ g
2. SO, works as radical acceptor 0
R Lo
> R—ﬁ—R
: SO, 0 O
R »> R/S\\O
E* -9
Nu E

3. SO, works as radical source

SO, and
inorganic salt

single electron transfer




>

>

Seminal reviews

B Reviews for insertion of SO,

The Development and Application of Sulfur Dioxide Surrogates in Synthetic Organic
Chemistry. M. C. Willis, et. al. Asian J. Org. Chem. 2015, 4, 602

Radicals and Sulfur Dioxide: A Versatile Combination for the Construction of
Sulfonyl-Containing Molecules. G. Manolikakes, et. al. Chem. Eur. J. 2018, 24, 11852.
Photoinduced Sulfonylation Reactions through the Insertion of Sulfur Dioxide . J.
Wu, et. al. Eur. J. Org. Chem. 2020, 2020, 1274.

DABSO as a SO, gas surrogate in the synthesis of organic structures. S. Balalaie,
et. al. Org. Biomol. Chem., 2022, 20, 2149

Multicomponent Reactions Based on SO, Surrogates: Recent Advances. Z. Lian,

et. al. Eur.J. Org. Chem. 2023, €202300217.
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Thanks for your kind attention /
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