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Abstract Sulfones are versatile intermediates in organic synthesis and
important building blocks in the construction of biological active mole-
cules or functional materials. This review provides a summary of recent
developments in the synthesis of sulfones.
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1 Introduction

Sulfones (R-SO,-R) are versatile synthetic intermediates
in organic chemistry, and molecules bearing a sulfone unit
have found various applications in diverse fields such as ag-
rochemicals, pharmaceuticals and polymers.! The sulfone
group can be employed as a temporary modulator of chem-
ical reactivity. Therefore a variety of different transforma-
tions are feasible with this functional group, leading to the
description of sulfones as ‘chemical chameleons’.? Sulfone
groups can function as activating, electron-withdrawing
substituents in Michael acceptors'? or as good leaving
groups producing a sulfinate anion, a reactivity that often
facilitates removal of the sulfone moiety after the desired

traditional approaches,

R S~Re R-X + SO, + R2X
N o o 4 (componentprocedres
1l

\\S//
R' RTOR ~
1
o e R'-H

(synthesis by C—H activation )

transformation.'# In addition, sulfone groups can stabilize
adjacent carbanions.!” Classical reactions of sulfones in or-
ganic synthesis include the Ramberg-Backlund reaction of
o-halo sulfones® or the Julia-Lythgoe as well as the modi-
fied Julia olefination (Scheme 1).”
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Apart from these classical transformations, sulfones
have been employed as versatile intermediates for the
preparation of various product classes, for example the
van Leusen synthesis of oxazoles and imidazoles® or the
synthesis of quinolines (Scheme 2).°
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Considering this plethora of possible applications, it is
not surprising that a number of efficient methods for the
synthesis of sulfones have been developed. Indeed, the first
methods were reported in the 19t century. The constant
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2 (Classical Methods and Variants

The four traditional and still most common approaches
for the synthesis of sulfones are the oxidation of the corre-
sponding sulfides or sulfoxides, alkylation of sulfinate salts,
Friedel-Crafts-type sulfonylation of arenes, and addition
reactions to alkenes and alkynes.! Although all four reac-
tion types were discovered several decades ago, new vari-
ants with improved substrate scope, functional group toler-
ance and efficiency, as well as new reagents, are constantly
being developed. Other methods, such as rearrangements,
reactions of sulfonic acid derivatives with nucleophiles, or
cycloaddition reactions, although known for decades, are
rarely used.

2.1 Oxidation of Sulfides

The oxidation of sulfides is perhaps still the most fa-
vored method for the synthesis of sulfones. While a variety
of oxidants can be used for this transformations,! peracids
or hydrogen peroxide in combination with acetic acid are
most frequently employed (Scheme 3).® In general, excess
oxidizing agent, high temperatures and/or long reaction
times are necessary to achieve complete conversion of the
intermediate sulfoxide to the sulfone. In most cases, exist-
ing procedures will furnish the desired sulfones in accept-
able yields. Current research focuses mainly on safe oxida-
tion reagents, such as urea-hydrogen peroxide,'® catalytic
systems for milder and faster oxidations?® and solvent-free
systems?' or highly sustainable methods.?

General reaction:

s oxidizing conditions O\\ /,O . (|?
1O ————————————— via s
R R R NR2 R R?
sulfide sulfone sulfoxide

Recent examples

o O
oxidant N

s
O -
Ph™ "Me PR ~Me

Oxidant:

urea-Ho Oy, neat, 85 °C 87%
H205, NbC (4 mol%), 92%
EtOH, 60 °C

KMnO4/MnOo, neat, rt 83-93%
30% aq Hx0,, 75 °C 68%
NaOCl, cyanuric acid (10 mol%) 96%
toluene, rt

Scheme 3

2.2 Aromatic Sulfonylation

Another widely used strategy for the synthesis of sul-
fones involves the reaction between a (hetero)arene and a
sulfonyl halide or sulfonic acid in the presence of a suitable
Lewis or Brgnsted acid catalyst (Scheme 4).! Sulfonyl chlo-
rides are most commonly employed in these Friedel-Crafts-
type reactions and substituents on the (hetero)arene exert
activating/deactivating as well as directing effects as ex-
pected for electrophilic aromatic substitutions.? Typically,
these reactions are performed in the presence of stoichio-
metric amounts of conventional Lewis or Brensted acid,
such as aluminum trichloride, iron(Ill) chloride or phos-
phoric acid.?*

talyst
AP catalys AP
R7TNX Ar-H R™ NAr
sulfonyl halide sulfone
(X=Cl, F,Br)
catalyst
and/or
O\\//O activating agent O\\//O
r S on ArH a5 ar
sulfonic acid sulfone

Scheme 4

In general, these reactions suffer from the typical draw-
backs of Friedel-Crafts-type processes, such as harsh reac-
tion conditions, low regioselectivity, the need for stoichio-
metric amounts of the catalyst, and the generation of sub-
stantial quantities of hazardous waste. Therefore, a variety
of more efficient catalysts have been developed throughout
the last decades.?> Special emphasis was placed on more
sustainable methods such as reusable solid acids,?*¢ sol-
vent-free?> or ionic-liquid-based?>4f systems and reactions
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with low catalyst loadings.>>! The direct sulfonylation of
arenes with sulfonic acids in the presence of acid catalysts
has also been reported.2>¢26 Activation of the sulfonic acid
with suitable reagents, such as phosphorus pentoxide or
triflic anhydride, leads to the in situ formation of reactive
mixed anhydrides and an efficient sulfonylation of arenes at
room temperature.?’

Sulfones are frequently encountered side-products in
the sulfonation of arenes with sulfuric acid.?® They are
formed by the reaction of the intermediate sulfonic acid
with an excess of the arene. Removal of water during the re-
action furnishes the symmetrical diaryl sulfone as the ma-
jor product (Scheme 5).2° In a similar manner, symmetrical
diaryl sulfones can be prepared by the reaction of an arene
with dimethyl pyrosulfate in the presence of sulfuric acid.?®

Method A
H,SO Q. 0
Ar-H = R4
Method B A" A
MeO-S0,-0-SO,-OMe sulfone
H28,07
0, 0 Y
N7/ \ 7/
@87@ SO
80% 41%
Method A Method A
\\// \\//
83% 80%
Method B Method B

Scheme 5

Rao and co-workers reported a similar method.3! Their
procedure enables the one-pot synthesis of symmetrical as
well as unsymmetrical diaryl sulfones starting from arenes,
a persulfate salt, trifluoromethanesulfonic acid (TfOH) and
trifluoroacetic acid anhydride (TFAA) (Scheme 6). The reac-
tion is presumed to proceed via a sulfonic acid which is ac-
tivated to the corresponding anhydride with TFAA.

K280, 0. 0
Af-H 4+ ARH 228 N
TfOH, TFAA AT NAR

35-98% yield

o ! v o e
NS _N_ 2
I )X
\ 7 R
91% 80%

\\ 4 Me O\\S//O s
Lj AW
Me

60%

Scheme 6

An unusual process is the sulfonylation of arenes with
sulfonamides in the presence of triflic anhydride as activat-
ing agent.3? This method provides an alternative access to
aryl sulfones using a stable primary sulfonamide as sulfo-
nylating agent (Scheme 7).

0 0
AarH o+ Y MO O\\S//O
S NH, DCE, 80-120 °C R SAr

42-95% yield

oo, 0@

89% 42%
O\\S//O s \\S//
Me”
W
Ph
Me 86% 58%

Scheme 7

2.3 Alkylation/Arylation of Sulfinates

The salts of sulfinic acids are useful precursors for the
synthesis of sulfones. Sulfinates are powerful nucleophiles
and react with a variety of different electrophiles at the sul-
fur atom to form sulfones.!3 Only in the case of hard al-
kylating agents, such as dimethyl sulfate or diazomethane,
does O-alkylation occur, and the corresponding sulfinate
esters are produced predominantly (Scheme 8).34

o 0 o
\\S//e - ”
R” M@ R/ Oe M®
sulfinate
o, 0
g\ o +  E* E—— \\S//\ sulfone
R N0% M R E
sulfinate electrophile 0 )
n sulfinate ester
S
R NO—E

minor product or
not formed at all

Scheme 8

Typical electrophiles include alkyl halides43> epox-
ides,3® Michael acceptors,’” and aryl halides activated to-
wards nucleophilic aromatic substitution (Scheme 9).38 Al-
though the reactions are generally high-yielding, simple to
perform and suitable for a broad scope of alkylating agents,
this approach is limited owing to the modest availability of
sulfinate salts.
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Recent developments in this field include the sulfonyla-
tion of five- and six-membered heterocycles with sodium
sulfinates by way of nucleophilic aromatic substitution
(Scheme 10).2° Both methods enable the transition-metal-
free synthesis of heterocyclic sulfones, of particular rele-
vance for medicinal chemistry.

Y,
[z/>_ X Y,

——— SO.R

DMSO, 110 °C [z/>_ 2

38-98% yield

I S
R \O@NaG) | jX
N

X=ClBr,1,OT{,NO2  |1paC| (0.3 equiv

Y=0, 8, NH (HCl) (03 equiv) X

Z=N,CH e | —sosr

DMAc, 100 °C N/)
75-98% yield

\\// \\//
84% 89%
\\// \\//
97% Me 91%

Scheme 10

In a similar manner, diaryliodonium salts, powerful ary-
lating reagents,*° react with sodium sulfinates in the ab-
sence of any catalyst.#! In contrast to classical SyAr reac-

tions, this method is not limited to activated arenes, and
unsymmetrical diaryliodonium salts can transfer one aryl
moiety with high degrees of chemoselectivity (Scheme 11).

X
I
27 A3

g Ar Ar 0\\//0
~one® DMF, 90 °C AT SAR

A" SONa
X =Cl, PFg, BFy, 17-96% yield
OTs, OTf

o Y%

94% 83%

Nenes

88% 78%

Scheme 11

Mhaske and Pandya developed a transition-metal-free
process for the synthesis of aryl sulfones based on the addi-
tion of sodium sulfinates to in situ generated arynes

(Scheme 12).42
- SOR
(.

9 | X MS TBAF (1.1 equiv)
+ —_—
S V> o MeCN, rt

R2 R2
aryne precursor 45-96% yield

[eNe) o 0O
\ /) N\//
8 @@fs\@

95% 96%
o _,0
O\\S//O S X \\S// AN
Br
ORI
2
73% 74%

Scheme 12

Chen, Yu and co-workers extended the transition-
metal-free coupling of sodium sulfinates to employ vinyl
halides (Scheme 13).#3 The reaction proceeds in water with
catalytic amounts of an acid and a phase-transfer catalyst.
An addition-elimination mechanism is proposed for this
transformation.
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The lithium bromide catalyzed reaction of sodium sulfi-
nates with terminal epoxides in water provides a sustain-
able approach for the preparation of vinyl sulfones (Scheme
14).4* A mixture of the internal and the terminal regioiso-
mer is obtained in most cases. The regioselectivity is gov-
erned by electronic and steric effects of the expoxide sub-
stituent. The reaction is presumed to proceed through ini-
tial expoxide opening with the sulfinate followed by
dehydration of the formed B-hydroxy sulfone.

SO,R!
R? internal
o) e} vinylsulfone
1] /\ LiBr (10 mol%)
R 2 R0,
R2 .
combined yield: 71-93% ‘tElenaI
regioselectivity: 100:0 to 9:91 vinylsulfone
Me
E; :: ; f Me Q
025 025 0,8
0,8 _/=/
/=/ o
" @
OMe
72% 84% 78% 71%
84:16 91:9 0:100 0:100
Scheme 14

Liang and co-workers developed a synthesis of vinyl sul-
fones starting from sodium sulfinates and 1,2-dibromides
in the absence of any catalyst.*> The method provides the
(E)-vinyl sulfone as the major stereoisomer or sole product
(Scheme 15).

SO.R!

Br Br
Il J—
.S o + — >
R7N07 Na® ) DMF, 80 °C R2

65-88% vyield

N
o’ Yo o// \\o &

80% 80% 65%

Pent

S/\/Pent
N N
o &
66% (5:1)
Scheme 15

Sreedhar and co-workers reported an iron(Ill) chloride
catalyzed direct sulfonylation of activated alcohols with so-
dium sulfinates (Scheme 16).46 The reaction proceeds
through an activation of the alcohol and formation of a sta-
bilized carbocation.

HO FeClz (15 mol%) R
(Is)l . N po _TMSCI(l2equy) o, _<SO2
RTN0° Na® R2 CHoCly, 45 °C R3

R2, R® = alkyl, aryl, allyl 35-96% yield

O, O,
75% 71% 65%

Me
Me Q/
o
e
Oz
F Br

38% 60%

Scheme 16

The Ji group developed a one-pot synthesis of allylic sul-
fones, B-keto sulfones or triflic alcohols from allylic alco-
hols and sulfinic acids.#’ Substitution of the allylic alcohol
yields the allyl sulfone. Direct treatment of the reaction
mixture with phenyliodine(IIl) diacetate (PIDA) and sulfuric
acid leads to an oxidative rearrangement of the allyl sulfone
and formation of B-keto sulfones. For triflated intermedi-
ates, no migration is observed and triflic alcohols are ob-
tained instead (Scheme 17).
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Scheme 17

Tian and co-workers reported a catalyst-free alkylation
of sulfinic acids with allylic and benzylic sulfonamides.*®
Cleavage of the C-N bond takes place even at room tem-
perature (Scheme 18).

fo) NHTs SOzR!
4 + R — R
R “OH R3 CHClg, rt "3
56-99% yield
MeO
o 0
QL N
Y Ph -
“Ph Ph
H Ph
67% 56%
MeO
MeO = o RS oo
N/ P \\S//
S S
- 1o
Me
Me OMe
72% 99%
Scheme 18

Sulfonyl hydrazides can be considered as masked sulfi-
nates, as treatment of a hydrazide with base or with water
and heating can liberate the free sulfinic acid or the corre-

sponding salt.!#° If unmasking of the sulfinate is performed
in the presence of a suitable electrophile, formation of a
sulfone occurs. Exploiting this reactivity, Petrini and co-
workers reported the synthesis of sulfones from alkyl and
activated aryl halides and p-toluenesulfonyl hydrazide with
sodium acetate as base (Scheme 19).°°

ﬁ NaOAc ﬁ
Me—@S—NHNHZ + R—X — > Me S—R
Il EtOH, reflux 1l

[¢] (0]
R= Z'I‘I‘)}’I'* :;?Zy'v 80-95% yield
X=Cl,Br, |
Me
e Z | Me
AN )\/\ X
Me A Me A
[O3Ne] oo
85% 92%
/@/ OoN Me
S - :
&% A
NO,O O
84% 95%

Scheme 19

In a similar manner, sulfonyl hydrazides react with
Michael acceptors to yield the corresponding ethyl sul-
fones.”! The reaction proceeds in water without any catalyst
(Scheme 20).

o
o
|C|) H R NaOAc ||J_'/<
S SR Gy
o Io) 50, 65 °C 5
R = OR', NHR' 70-98% yield
OMe NO,
(0] o /@/
Eto)l\/\s’ : EtoJ\/\s
AN VZA\
() \O o/\o
93% 91%
M Me
o /@/ e o) Q/
PhO)J\/\//S\ X PhHN p
) do
70% 99%

Scheme 20

Tang and co-workers reported a sulfonylation of allylic
acetates with sulfonyl hydrazides in water.>? The reaction is
catalyzed by tetrabutylammonium iodide (TBAI), and tert-
butyl hydroperoxide (TBHP) is employed as cooxidant
(Scheme 21).
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TBAI (20 mol%)
o, QAc TBHP (2.0 equiv) Xy EWE
EWG ————
AN Ph)w‘/ H0, 80 °C
o SOAr

EWG = CO.R, CN

mCOzMe O.N mCOZEt
(0]

/7 /O

cl S S/

44-72% yield

i
o} g
B
54% ' 63% Me
ZE=973 ZIE=99:1

X CO,Me CN
o AN
\ S / (0]
S 4
g i
A®
Me

72% 69%
ZIE=89:11 ZIE=1:99

Scheme 21

Li and co-workers reported an interesting approach
starting from 1,2-bis(phenylsulfonyl)ethane as sulfinate
precursor.> In the presence of a palladium catalyst, cleav-
age of one C-S bond and formation of a palladium-sulfinate
complex occurs. Transfer of the sulfinate to an activated
alkyne affords the (E)-vinyl sulfone in good yields (Scheme
22).

Pd-mediated
C-S bond cleavage

o Ph  pd(OAc), (10 mol%) Q
o 1l DMEDA (20 mol%) Ph R
0o || ——— =

0

Ph—S-, KOBu, DMFMeCN  Os¢/
o N
o) R o 120 °C Ph/ S
R = OR, NHR 43-79% yield
(0] Me
Ph N A Me Q
_ an>5_>\—N Ph>_>—ow|e
Oy, — —
S\\ O\\ o\\
S
P © %0 @ /%0
PH PH
OMe
64% 54% 43%
Scheme 22

Allylic alcohols react with arenesulfonyl cyanides to af-
ford trisubstituted allyl sulfones (Scheme 23).54

Tian and co-workers developed a method to convert
benzylic and allylic alcohols into the corresponding sul-
fones using sulfinyl chlorides (Scheme 24).5> The reaction
proceeds through in situ formation of a sulfinic acid or a
sulfinate ester and is catalyzed by the by-product HCI.

Q oH PProNEt RITX R

1l
Ar—S—ON + RAWRz . \E
CHaCly, 1t
0 2 SOLAr

72-95% yield

mCOOMe Me/\/\/\[COOMe

SO,Ph SO,Ph
95% 72%
QL
X SO,Ph SO,
%
Br
0N
81% 84%
Scheme 23
o) OH SO,R!
1l
.S —_—
RSc © R R Ghel, 25-60 °C R* "R
53-99% yield
SO,Ph SO,Me
COMe
Ph™ ™
Ph |
SO,Ph
MeO o Ph
75% ° 78%
Scheme 24

2.4 Addition to Alkenes and Alkynes

The addition of sulfonyl radicals to alkenes and alkynes
is an important method for the synthesis of sulfones
(Scheme 25).1%6 Since the first reports on addition of sulfo-
nyl halides to alkenes in the presence of radical initiators,
light or copper(l) chloride,>” various improvements and
modifications of this atom-transfer radical addition (ATRA)
process have been developed. Sulfonyl radicals can be gen-
erated from sulfonyl haldes, sulfonyl selenides, sulfonyl hy-
drazides, sulfonyl azides, or by the oxidation of sulfinates.>8

|C|) initiator or catalyst o X R2
R‘—ﬁ—x + =—/R RLgf
(0] ﬁ Il
via R'-S-.

radical precursor ]

sulfonyl radical

Scheme 25

Ruthenium complexes are amongst the most efficient
catalysts for the ATRA of sulfonyl chlorides to olefins. Cata-
lyst loadings as low as 0.1 mol% and high turnover frequen-
cies are observed for modified cyclopentadienyl-rutheni-
um complexes.>260
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Addition of sulfonyl halides to alkynes affords haloge-
nated vinyl sulfones. In general, the (E)-B-halovinyl sulfones
are obtained as either the major or the sole diastereomer
(Scheme 26).!»7 Nakamura and co-workers reported an
iron-catalyzed regio- and stereoselective addition of sulfo-
nyl chlorides to terminal alkynes (Scheme 26).5! A bromo-
sulfonylation of terminal alkynes was achieved with a tri-
ethylborane-initiated sulfonyl radical generation.5?

Fe(acac)z (10 mol%)

R2
(p-Tol)sP (10 mol%) ﬁJ—CI
—— R1_S
0o || toluene Il
W—Q—X + O R
[l °) B
o} R? Il r
I
Il
(0]

(o}
83% 67%
(o]
Ost/
Ph. 8 0l
> _/ S.
Br
Me BY
99% 91%

Scheme 26

The Kang group developed methods for the synthesis of
heterocyclic compounds based on the radical additions of
tosyl bromide or iodide to allenes.’® Treatment of the re-
sulting allylic halides with base furnished the correspond-
ing heterocycles (Scheme 27).

I
ToI—ﬁ—X
o AIBN

+ YH
YH toluene, 90 °C
./
//\6&/\/

n

X = Br, |
j/\/H\/\ (base)
j/\/\ )\@

67% 70%

51% 78%

Scheme 27

The ATRA of tosyl bromide to bisallenes leads to the for-
mation of five-membered rings bearing an exocyclic vinyl
sulfone via a 5-exo-trig cyclization (Scheme 28).64

o _F AIBN I
N /\/ (20 mol%)
Tol—S—X + Y — > Y,
8 \/\ toluene, 90 °C
X
X =Br, SePh Y =0, NR, CR» 48-73% yield

Ts Ts

H
SePh
73% 55%

Scheme 28

1,6-Diynes react with tosyl bromide in a similar man-
ner, affording bromo-substituted sulfonylated methylcyclo-
pentenes via a 5-endo-dig cyclization (Scheme 29).5

R3 Br

R!

Scheme 29

Generation of sulfonyl radicals from the corresponding
azides is also possible. For example, Mantrand and Renaud
developed a radical-mediated azidosulfonylation of alkenes,
dienes and enynes with phenylsulfonyl azide (Scheme
30).%6 The reaction is limited to 1,6-dienes, 1-en-6-ynes, or
alkenes that are able to undergo a rapid radical rearrange-
ment. In the case of simple alkenes, no reaction is observed
owing to the reversibility of the sulfonyl radical addition
and the low reaction rate of the final azidation of secondary
alkyl radicals.

Sulfinic acids and their salts are competent radical pre-
cursors and yield the corresponding sulfonyl radicals upon
single-electron oxidation. Various methods have been re-
ported for the generation of sulfonyl radicals from sulfi-
nates or the free acids.'”%°8 Addition to an alkene or alkyne
can yield the formal hydrosulfonylation product as well as
various other sulfonylated products arising from different
trapping processes. Two-electron oxidation of sulfinic acids
can yield a sulfonyl cation, which can undergo similar reac-
tions with double or triple bonds.
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/ PhO,S
BuN=NBu
| (0.5 equw
Ph—S—N3;
I sun Iamp
X =0, NR, CRy
41-89% yleld
PhO,S PhO,S

MeO,C To—N
MeO,C Me Me
Me Me
N3 N3

76% 89%

82% 80%

Scheme 30

Taniguchi reported a copper-catalyzed addition of sodi-
um sulfinates to alkenes and alkynes.5” Addition to alkenes
affords (E)-vinyl sulfones via an addition-elimination pro-
cess. Reaction of alkynes in the presence of potassium ha-
lides furnishes (E)-B-haloalkenyl sulfones (Scheme 31). This
method was later extended to a formal hydrosulfonylation
of alkynes.%8

Method A R2
Cul/bpy (8 mql%) o X
KX (1.1 equiv) Rt g //
T e -
ﬁ AcOH, air g R3
S 5 100 °C
R"0° Na
for alkynes
+ Method A
Cul/bpy (8 mol%) 0 R2
RO——=—R? 0 I
KIA (58 FToll/o) R‘—ﬁ[
cOH, air 3
100 °C o R
for alkenes
Method B oX/ SN
CuCllligand (5 mol%) i/ R
—-— R'-S
AcOH, DMI [
H,0 or MX, 60 °C o
for alkynes
Br, @/SOQTO'
Ph SO,Me
74% 68%
Method A Method A
@/\/SOZTOI Br
L =
Z SO,Tol
91% 35%
Method B Method B

Scheme 31 DMI = 1,3-Dimethyl-2-imidazolidinone

Jiang and co-workers reported a palladium-catalyzed
addition of sodium sulfinates to alkynes affording (E)-vinyl
sulfones (Scheme 32).°

X
o
i Il PdCl, (5 mol%) e R
R™0° Na® ¢ — Q> R-§
DMSO
RZ
X = H, COOH 65-93% yield
Ot .
OMe
82% 83%
X=H X=H
0, o
F3C S x 32
N\—rpn N\pr,
73% 93%
X = COOH X = COOH

Scheme 32

Kuhakarn and co-workers developed a PIDA and potas-
sium iodide mediated synthesis of vinyl sulfones and B-io-
dovinyl sulfones (Scheme 33).7° The reaction of sodium sul-
finates with alkenes furnishes B-iodo sulfones, which elimi-
nate to the corresponding vinyl sulfones under the reaction
conditions or upon treatment with base. In the case of
alkynes, (E)-B-iodovinyl sulfones are obtained as products.
An in situ formation of sulfonyl iodides as reactive species is
proposed.

[¢] R2
PIDA, K R*—% _//_
MeCN, rt
H (then DBU) o
g . -| for alkenes
RTN0% Na®
2
R PIDA, KI o R?
—_— |
MeCN, rt R‘—gf
I
(0]
for alkynes
OoN
CeHi1a
9 | a
O O
[ o
77% 64%
0 Me
O
I
< > J_/ { >—s /
I
[¢]
75% 62%
Scheme 33
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The potassium persulfate promoted direct sulfonylation
of N-phenylmethacrylamides with sulfinic acids leads to
the formation of sulfonylated oxindoles (Scheme 34).7!

- SOsR!

RS

o Kzszos 7 \
S R~ (o]
RN MeCN H,O =N
R3 80 °C \
Me
54-93% yield

?OgPh

70% 76%

Scheme 34

In general, the addition of sulfinic acids or sulfinates to
alkynes leads to the regioselective formation of the anti-
Markovnikov-type products. Shi and co-workers reported a
gold-catalyzed synthesis of a-substituted vinyl sulfones.”?
In the presence of a suitable gold catalyst and gallium(III)
triflate, regioselective Markovnikov addition to terminal
alkynes takes place (Scheme 35).

[BrettPhosAu(TA)]OTf

(5 mol%)
Q Ga(OT)3 (10 mol%) e
N + =—R? R'-S
R "OH DCE, rt o 45 °C 3 ke

Og__Ph O\ s
o EN I/)\ cl
7]
By Ph/&
80% 82%

86%

Scheme 35

Visible-light-photocatalyzed oxidation of sulfinates or
sulfinic acids provides an attractive alternative for the gen-
eration of sulfonyl radicals. Kénig and co-workers devel-
oped a visible-light-mediated addition of sodium sulfinates
to alkenes.” This method provides a general and simple
procedure for the synthesis of vinyl sulfones (Scheme 36).

R! Eosin Y (10 mol%)
0 PhNO, (1.0 equw)
1] %RZ green LED ArOZS\)\ o
S..o + N — R
Ar” "0 Na oo EtOH, 40 °C

51-99% yield

o._ 0
N7 0\\5,,0
oTr OO0
Z
F Me’

79% 74%
o\\s,/o O\\S//O
T
& OMe
88% 90%

Scheme 36

Visible-light-initiated addition of sulfinic acids to N-
arylacrylamides furnishes sulfonylated oxindoles via an ad-
dition/cyclization cascade (Scheme 37).74

SOsR!
Nag-Eosin Y R3 2
[e] (2 mol%) x
I hite LED
Sson * RZO/ M . Rl o
R o) TBHP 1equw) = N
Me
60-91% yield
O,
Me SOsPh Me S.
X "Bu
o | o

N ZN
Me Me

85% 65%

o)
Me. Me Me
0N SO.Tol N SO,Tol
o

; O
1
Me

70% 70%

Scheme 37

Under similar reaction conditions, sulfinic acids react
with phenyl propiolates to afford coumarins (Scheme 38).7>
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o
i
R OH R?
Eosin Y (1 mol%)
.
o visible light /\ - SO2R'
_—
pell TBHP (1 equiv) \
o I MeCN/H,0, 1t
I8 55-77% yield
71% 65%
Ph
O, 0,
Z O (@] Cl (0) 0 Me
58% 77%

Scheme 38

In the presence of oxygen or another oxidant as radical
trapping reagent, the addition of sulfonyl radicals to
alkenes and alkynes yields the corresponding hydroxy or
keto sulfones. Taniguchi reported a nickel-catalyzed hy-
droxysulfonylation of alkenes with sodium sulfinates in the
presence of air.”® Addition to disubstituted alkenes leads to
the formation of trans-substituted B-hydroxy sulfones in-
dependent of the olefin configuration (Scheme 39).

NiBry-TEEDA
(5 mol%)
o NH,PF OH
n Ar2 (30 mol%) R
“Sve et NN —— AR
Al O Na AcOH, DMF E0.A
H,0, air, 60 °C SOAr
62-88% yield
OH
0. oH o,
OMe Br Me
80% 74%
HO Me fo X s
©)K/S | ) @ \ \©\
Z Me
73% 67%
Scheme 39

The oxidative addition of sodium sulfinates to terminal
alkenes can be catalyzed by molecular iodine in the pres-
ence of air.”” Oxygen acts as terminal oxidant, while iodine
serves as radical initiator and reducing agent for the initial-
ly formed B-hydroperoxo sulfone (Scheme 40).

o > (10 mpl%) OH
8 e 02 (&l SO.R!
179559 TR 2 2
RT "O7"Na MeCN, AcOH R
61-93% yield
OH OH HO Me
©)\/502Ph/©)\/sozph ©)§/sozph
Br
93% 72% 79%

Scheme 40

Interestingly, addition of sulfinic acids to alkenes can be
mediated by oxygen alone.”® A basic additive, such as pyri-
dine, enhances the reaction rate considerably (Scheme 41).
The reaction proceeds through the initial formation of a B-
hydroperoxo sulfone, which is reduced to the correspond-
ing hydroxysulfone upon workup with triphenylphospine.

R . ) 3
g J\/R" pyridine, O, (air) HO, R .
179N, + R? —>> o R
R OH CHCl3, 45 °C R
then PhgP SO.R!

60-98% yield

Gan o &@

83% 66%
@ T =<
95% 82%

Scheme 41

Yadav and co-workers reported a silver nitrate and po-
tassium persulfate promoted synthesis of B-keto sulfones
starting from alkenes and sodium sulfinates.”® The same
keto sulfones can be also prepared by the oxygen-initiated
addition of sulfinic acids to alkynes (Scheme 42).8°
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Method A

Q AgNOg Method B 9
K2S20; idi S
R"S\ONa 202 8 0 Fgrldlpe R NoH
. 2 . JJ\/SOZR‘ <02 N
H,0 R? CHCly
R 25°C 45°C  R—=
OMe O O 0

O=wn=
O=0n=0
\ 7

71% 75%
Method A Method A
b1 71

S S
Il A S Il
o |l A\ o
7 S
76% 67%
Method B Method B

Scheme 42

Sulfonyl hydrazides can be employed as stable and easi-
ly accessible starting materials for the sulfonylation of
double and triple bonds. Jiang and co-workers reported a
copper-catalyzed synthesis of vinyl sulfones based on the
oxidative cleavage of a hydrazide, followed by reaction of a
reactive sulfonyl species with the alkene (Scheme 43).8! Lei
and co-workers were able to achieve the generation of sul-
fonyl radicals from sulfonyl hydrazides with catalytic
amounts of potassium iodide and TBHP (Scheme 43).82

Method A
CuCl (10 mol%)
o LiBr (30 mol%)
R‘-g—H—NHZ . Rz/\ DMSO, 100 °C, air
Il Method B
0 Kl (20 mol%)
TBHP
DMSO/AcOH, 25-30 °C

O, F
N x-S O,
= x-S Br
3\/\S(\ ) J©/\/ \©/
e
Me

RZ/\/SOZFF

88% 76%
Method A Method B

0O, Oy

NC/\/S\©\ /Kj/\/\s;\/)
| o Me
Me Me’

54% 79%

Method A Method B

Scheme 43

Interestingly, in the presence of stoichiometric amounts
of iodine, the TBHP-mediated reaction of sulfonyl hydra-
zides with alkenes yields the corresponding -iodo sulfones
(Scheme 44).23 Performing the same reaction with alkynes
furnishes (E)-B-vinyl sulfones (Scheme 45).34

(e}

I
0 H lo, TBHP

R-S—N—NH, + R ———— > 2J\/SOZR‘
'cl) 0-20 °C R

71-95% vyield

|
|
O)\/S\Q\ s _Q_Me
Me
MeO

89% 88%
|
| O
PP <
Br/\ \©\ \©\
(0]
Me Me
72% 84%
Scheme 44
(0]

H2
Iz, TBHP
| )\/sogﬂ‘

T _
RI-S—N—NH, + RZ—
I 0-20 °C

O

22-94% yield

94% 83%

OZS@Me Pent)\
FsC OZS\©\
CF3 M

94% 22%

e

Scheme 45

In the presence of catalytic amounts of copper acrylate
and iron(Il) chloride, the reaction of sulfonyl hydrazides
with alkynes affords (E)-vinyl sulfones (Scheme 46).8> The
iron-catalyzed reaction of sulfonyl hydrazides with alkenes
in the presence of air yields B-hydroxy sulfones (Scheme
47).86 With Cu(OAc), as catalyst, the reaction of sulfonyl hy-
drazides with alkenes affords the corresponding B-keto sul-
fones (Scheme 48).87
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o}
I H Fe/Cu catalyst 1
RI-S—N—NH, + R?—=—X e i
I DTBP, DMSO
X = H, COOH 100°C 30-84% yield

0O, 0O,
o0, O
Me Z OMe

81% 72%
X = COOH X = COOH
Oz
o)
S 2
O, O
Pz
s
Br Me N Me
75% 80%
X=H X=H
Scheme 46
OH
R! FeCls, air
TsNHNH, + & — RH\/SOZW
R2 THF, 80 °C R2
21-95% yield
oH OH
OH SO, Tol
Me 2
PhJ\/SOJoI Ph SOzTol -
Me )
XN
95% 54% 48%
Scheme 47
R'SO,NHNH; Cu(OAc), (5 mol%) o
. 02 - . SO,R!
EtOH, 70 °C d
A UR? R?
AT )
50-72% yield
o) f i
SOPh AN SOPh
SO,Ph  Ph |
Ph P
Me MeO
70% 70% 52%
Scheme 48

Breit and co-workers reported a rhodium-catalyzed
synthesis of branched allylic sulfones starting from termi-
nal alkynes and sulfonyl hydrazides (Scheme 49).28 The re-
action proceeds via a benzoic acid mediated formation of a
rhodium-allyl species, which undergoes nucleophilic dis-
placement with a sulfinic acid generated in situ from the
sulfonyl hydrazide.

[Rh(COD)CI]; (2.5 mol%)
DPEphos (10 mol%) 1
PhCO,H (50 mol%) SO.R

=

NHNH, DCE, 80 °C R?
79-98% yield

SO,Tol
SO, Tol S0,Bz
o & =
Ph Pent
82% 87% 90%

Scheme 49

Another approach to allylic sulfones is the TBAI/TBHP-
mediated reaction of sulfonyl hydrazides with a-substitut-
ed styrenes (Scheme 50).8° Generation of a sulfonyl radical,
followed by addition to the double bond and elimination
leads to the formation of nonconjugated sulfones.

TBAI (20 mol%) Ts
_TBHP 20 equy)

TsNHNH,  + J\/
" Meon,s0C A X F

21-90% yield

SO, Tol SO_Tol SO, Tol

21% 60% 90%

Scheme 50

Qu, Chen and co-workers developed a copper-catalyzed
sulfonylation of alkynes with tert-butylsulfinamide
(Scheme 51).°° Phosphorous acid serves as terminal reduc-
ing agent and the oxidation of the sulfinyl (SO) to the sulfo-
nyl (SO,) moiety takes place under the reaction conditions.

CuSOy (20 mol%)
0 H3PO3 (2.0 equiv)
i ||| TFA (2.0 equiv) SO,Bu
it —
Bu” CNH; T Re 3
DMF, 100 °C R2

51-81% vyield

©/\/SOZYBU /@/\/SOQYBU
81% 66%
\@/\/SOZ'BU @/\/SOZ’BU
\

53% 69%

Scheme 51

Widely available dimethyl sulfoxide (DMSO) is a suit-
able starting material for the methylsulfonylation of alkenes
and alkynes. The ammonium iodide induced addition of
DMSO to alkenes yields (E)-vinyl methyl sulfones (Scheme
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52).°1 The authors propose that the reaction proceeds via
the generation of thiomethyl radicals and water serves as
the source of the second sulfonyl oxygen.

ﬁ H\ NH,! (4.0 equiv) SO,Me
+ B — e /=/
M&™~Me R DMSO/H,0 d
130 °C

46-99% yield

/@/\/SOZM&‘ Ph
)\/Sone
MeO Ph

75% 68%
Me
X _-SOMe
X SO,Me
" <
46% S 87%

Scheme 52

The groups of Chen and Qu and the group of Loh report-
ed two procedures for the copper-catalyzed synthesis of
(E)-vinyl methyl sulfones from alkynes in DMSO0.?? Diethyl
H-phosphonate acts as terminal reducing agent (Scheme
53). Loh showed that under identical conditions, the reac-
tion of alkenes affords B-keto sulfones (Scheme 54).92

Method A
CuSO0y (25 mol%)
(EtO),P(O)H (1.1 equiv)
R' TFA (2.0 equiv)
o 120 °C SO.Me
so * ==
Me Method B R R2
R2 CuBr (10 mol%), Oz
(EtO),P(O)H (3.0 equiv)

120 °C
SO,Me
Ph/\r 2

Me

68% Method A
70% Method B

Ph Xy -SO2Me

89% Method A
85% Method B

/@/\/302’\46 /Ej/\/SOZMe
MeO' Z F Z

60% Method A 55% Method A
80% Method B 82% Method B

Scheme 53

CuBr (10 mol%)

o)
o) R EtO),P(O)H (3.0 equi
g . m\ (EtO)2P(O)H (3.0 equiv) A)H/SOQME
Me” “Me 0,,90°C r
R

Ar

43-84% yield

o o (0]
SO,Me SO,Me SO,Me
Ph)J\/ 2 Ph)J\r 2 <Sj)k/ 2
Me \

82% 71% 75%

Scheme 54

Several groups have developed decarboxylative cou-
plings of sodium sulfinates and cinnamic acids for the syn-
thesis of vinyl sulfones. These reactions can be mediated by
PIDA,”3 catalytic ammounts of copper(l) chloride,®* iodine
and TBHP,*> or iodine® and even proceed in the absence of

any catalyst at high temperatures in DMSO®? (Scheme 55). A
mechanism consisting of sulfonyl radical formation fol-
lowed by addition to the alkene and decarboxylation is pro-
posed for all transformations.

ﬁ HO.C | conditions SOzR
S. o + > —
R77NO Na® 1
Ar - CO. Ar
conditions: yield (for R, Ar = Ph)
PIDA (2.0 equiv), DMF, 100 °C 73%

CuCl (20 mol%), KI (1.5 equiv), DMSO, air, 100 °C 74%

I> (2.0 equiv), TBHP (2.0 equiv), toluene, 90 °C 92%

I (1.0 equiv), KoCO3 (1.0 equiv), H,O, 60 °C 78%

K>CO3 (0.50 equiv), DMSO, 100 °C 82%
Scheme 55

Liu and Li reported a copper/silver-mediated domino
reaction for the synthesis of 2-sulfonylbenzofurans based
on a cyclization-decarboxylation sequence (Scheme 56).%8

HO,C SOR!
CuCl; (0.5 equiv)
o / AgTFA (2.5 equiv) )
g OH  Cs,CO;3 (2.0 equiv)
2O o @ + —_—T
R N0 Na® 7\ DMF,80-100°C ¢/ _ N\
X ~Co, R
R
20-79% yield
\S/ O\\S//
o o
Me H)J\Me
79% 72%
o, 0
\VY/i Y/

S MeQ S
DGt D
o :

81% 31%
Scheme 56

Interestingly, palladium-catalyzed® as well as phos-
phoric acid mediated®® decarboxylative coupling reactions
of sodium sulfinates with aryl propiolic acids affords (E)-vi-
nyl sulfones (Scheme 57).

As mentioned previously, sulfonyl hydrazides are at-
tractive alternatives to sulfinates in various transforma-
tions. Accordingly, the iodine-mediated reaction of sulfonyl
hydrazides with cinnamic acids yields (E)-vinyl sulfones via
a radical addition and carbon dioxide extrusion (Scheme
58).190 The copper-'°' or copper/iron-catalyzed® decarbox-
ylative hydrosulfonylation of phenyl propiolic acids with
sulfonyl hydrazides furnishes the corresponding vinyl sul-
fones (Scheme 59).
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Method A
o CO.H PdCl; (5 mol%)
g o . DMSO, 100 °C SO,R
R7TN0 Na® | | —
Method B A
Ar HsPO4
DMSO, 80 °C
PhO,S MeO,S
e 25
83% Method A 91% Method A
92% Method B 82% Method B
o, O
\\s// O\\//O
FaC =
73% Method A 73% 87% Method A
64% Method B 64% 80% Method B
Scheme 57
I (40 mol%)
o HO.C DBU, TBHP SOsR
N N j -/
<IN ' I
R NHNH, A MECNHO it o/
57-88% yield
X _-SO,Tol x-S0, Tol
Ph/\/ 2 <SI\/ 2
87% \ 78%
Ph/\/SOzPh Ph—=—=—50,Tol
68% 61%
Scheme 58
Method A
CO,H Cul/bpy (10 mol%)
[eXe) DMF, air, 100 °C SO.R
\\S// + __
R “NHNH, Method B
Ar copper acrylate (20 mol%) Ar
FeCl, (15 mol%)
DTBP
DMSO0,100 °C
SO,Tol SO,Tol
P50z Tor X5
85% Method A 60% Method A
81% Method B 73% Method B
x-S0, Tol o 0
S \\S//
ph N
F
Me
43% Method A 71% Method A
72% Method B 72% Method B
Scheme 59

1954

Lei and co-workers developed a copper-catalyzed decar-
boxylative oxosulfonylation of arylacrylic acids with sulfin-
ic acids (Scheme 60).192 Evidence for a single-electron-
transfer process between copper and the sulfinic acid was
provided by extensive spectroscopic studies.

CO.H CuBr; (10 mol%)
n air

o o)
SOsR!
s * Ar)\ e —— Ar)K( 2
R OH DMF, rt

R? R?
38-92% yield

0] o (o}
)I\/sozph SO.Ph )‘I\/SOZMC
Ph Ph Ph
Me

92% 38% 61%
0] o
O)‘\/SOJh MeOD)k/ SO,Ph
F & MeO
81% 63%

Scheme 60

Vinyl acetates are suitable olefins for the synthesis of -
keto sulfones. Sulfonylation of vinyl acetates with sulfonyl
hydrazides mediated by either iron(III) chloride in the pres-
ence of air'® or TBAI and TBHP'% affords the oxidative cou-
pling products via a radical addition (Scheme 61).

Method A
FeCl3 (10 mol%), air
o, 0 OAc THF, 70 °C
N/

o}
-S * T Jj\/so R!
R"ONHNH,  R2 Method B R2 2

TBAI (20 mol%)
TBHP (2.0 equiv)

MeCN, 80 °C
o o
)J\/SOZTOI SO,Tol
Ph Ph
Me
91% Method A 53% Method A
70% Method B 40% Method B
0] o
so,70 %
ol
S 2 Ph
\
F
40% Method A 80% Method A
45% Method B 51% Method B

Scheme 61

A photoredox-catalyzed addition of sulfonyl chlorides to
vinyl acetates for the synthesis of B-keto sulfones was de-
veloped by Zhang, Yu and co-workers (Scheme 62).1%
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AcO
P . fac-I'"(ppy)3 (1 mol%)
}S/ + N>
Rl - ; CHoClp, white LED
X N,
46-98% yield
O o0 0 oo
\\S// \\S//
D g7V
FsC &
69% 98%
O o 0 % sosTol
N/
S | x
=
N
1% 46%
Scheme 62

The TBAI-mediated oxidative coupling of enamides with
sulfonyl hydrazides yields B-keto sulfones in a similar fash-
ion (Scheme 63).1%6

NHAc  TBAI (20 mol%) o
o\\//o THBP (2.0 equiv) J SOR
.S ORI >~ R 2
R" “NHNH, MeCN, 80 °C
R3 R®
13-80% yield
(0]
Ph)H SO,Tol Ph D
SO,Tol cl
80% 27% 63%
Scheme 63

2.5 Miscellaneous Methods

Apart from these first four important approaches for the
preparation of sulfones, several other synthetic routes exist.
The reaction of sulfonic acid derivatives, such as sulfonate
esters, or sulfonyl chlorides, with organometallic reagents
produces sulfones (Scheme 64).1197 Generally, these reac-
tions are low-yielding and limited to certain substrate com-
binations. For example, reactions with sulfonyl chlorides
frequently afford the corresponding sulfoxides as the major
products.'® It has been shown that sulfonyl fluorides are
superior electrophiles for reactions with organomagnesium
or organolithium reagents.!%

(o]
(@]
o

Q.0
Y o+ RM —
R X R

X=O0R,Cl,F M-=Li, Mg, Hg

P
7a

w;
<

R2 RVS\RZ

Scheme 64

Katritzky reported on N-sulfonylbenzotriazoles as ad-
vantageous reagents for the sulfonylation of lithiated het-
erocycles or lithium enolates (Scheme 65).110

RS
0. 0
Yo\ | o0
RISy R20” oL Xome
—_— R! 1
@ R20” 0O
Y
RN Het-Li 0
N > N\
R” “Het
o 0
\Y7}
X pn >8.__Bn
Jij/ S
o
Me Z g N0 Et” 70
60% 71%
0. 0
o)
\\S// N/
= Me/S S
b \W;
Me 73% 47%

Scheme 65

In the presence of Lewis or Brensted acid, aryl sulfon-
ates and aryl sulfonamides will rearrange to the corre-
sponding hydroxyaryl and aminoaryl sulfones, respectively
(Scheme 66).24+111 This exetension of the classical Fries re-
arrangement affords a mixture of ortho and para isomers.
Solvents and substituents on the aromatic ring can affect
the ortho/para ratio.

O\/O XH
X Lewis or XH
R X Bronsted acid 1 S
N SOzR . |
= A | KA
| A R
RQ/\ R2 SO.R!
X=0,NR
Scheme 66

Wang and co-workers reported a copper-catalyzed rear-
rangement of N-tosylhydrazones to (E)-vinyl sulfones.!!?
Prabhu and Ojha developed a similar reaction mediated by
cyanogen bromide and a phase-transfer catalyst (Scheme
67).“3
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R! Method A
! Cu(OAc), (15 mol%) SOLR!
=S= 2!
O=$=0  ,ylene, 90-140 °C
NH 2
- R X
NI Method B s
R3 CNBr (1.1 equiv), TBAB (2.5 equiv) R
2
R K,CO3 (3.0 equiv), dioxane, 100 °C

TolSO, TolSO, TolSO,
PH Ph Ph SOy (p-Tol) Me Ph

93% Method A
93% Method B

87% Method A
69% Method B

81% Method A
84% Method B

Scheme 67

In the presence of a copper catalyst, sulfonyl hydrazones
can undergo nitrogen extrusion to yield sulfones (Scheme
68).114

R1
|
O:?:o Cul (20 mol%) 1
N K2COq $0R
R2JI\R3 dioxane, 110 °C RZ TR
46-90% yield
S0,Tol SO,Tol SO, Tol
Ph)j© . Me)\©\
Br Q O OMe
88% 46 % 76%

Scheme 68

Jiang and Tu reported a THBP/TBAI-mediated synthesis
of allenyl sulfones starting from propargylic alcohols and
sulfonyl hydrazides (Scheme 69).'"> The authors propose
the formation of a sulfonyl hydrazone followed by a radical
fragmentation/coupling process to afford the final product.

Ar
TBAI (20 mol%) Ar SO,R?
| . o o AT
R¥ O NHNH;  AcOH, MeCN JCJ\
Ho TR 60c R R
42-84% yield
S0,Tol SO5(2-Np)

Ph Ph
T T
Ph)I\Ph Ph)J\Ph

84% 69%

Me
Cl
S0,CeHa-4-Cl
SO,Ph
C
! oL
Ph)J\ Ph O O
F F

73% 63%
Scheme 69

Dienediones react with sulfonamides in an acid-mediat-
ed cascade process furnishing sulfonated cyclopentanes
with three contiguous stereocenters (Scheme 70).116

RZ
O
J(l) SOR!
/ R27"
0 HBF, (1.0 equiv)
+ _—
F{*'S\NH2 MeCN/CH,Clj, rt )\
/ o) R?
0 64-83% yield
R2 1,2-syn/2,3-anti major
1,2-anti/2,3-anti minor
/ﬁ SO,/Bu /(? SO,'Bu

Ph Me

P P
80% (75:25) 66% (68:32)
(o]

g /lc!) SO, Tol

Me'

o Ph o)\Me

73% (70:30) 64% (83:17)

Ph

Scheme 70

The reaction of sulfur dioxide with dienes yields sulfo-
lenes in a chelotropic reaction. Although this [4+1] cycload-
dition is one of the classical textbook examples for a ste-
reospecific, pericyclic reaction, it is rarely used in organic
synthesis.!!17.118 Vogel and Sordo showed that the reaction
of dienes with sulfur dioxide can indeed produce not only
one but two products.’'® Under kinetic control (< -60 °C), a
hetero-Diels-Alder reaction takes place and the corre-
sponding sultine is formed. Under thermodynamic control
(> -40 °C), the sulfolene is formed (Scheme 71).

[4+2] 0
SO, + e |
<-60°C Seq

sultine
[4+1] o
SO, + _— sg
>—40 °C o
sulfolene

Scheme 71

3 Metal-Catalyzed Coupling Reactions

In the last 15 years, transition-metal-catalyzed coupling
reactions of either sulfinates as nucleophilic or sulfonyl ha-
lides as electrophilic coupling partners have emerged as at-
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tractive alternatives to the traditional procedures. They al-
low the synthesis of sulfones in a regiospecific manner, of-
ten under milder reaction conditions compared to those
used in sulfide oxidation or electrophilic sulfonylation reac-
tions. Therefore metal-catalyzed coupling reactions can ex-
pand the functional group compatibility considerably.

Since the first report by Suzuki and Abe on the copper-
assisted coupling of sodium sulfinates with non-activated
iodoarenes,'?° various improvements have been developed.
The introduction of ligands such as proline,'?! N,N-di-
methyethylenediamine (DMEDA),'?>  D-glucosamine,'?3
functionalized ionic liquids'?* or 1,10-phenanthroline!?
enables the copper-catalyzed coupling of sulfinic acid sodi-
um salts with aryl iodides or bromides (Scheme 72). How-
ever, there is only one report for copper-catalyzed cross-
couplings with aryl chlorides,'? and this procedure is limit-
ed to activated, electron-poor (hetereo)aromatic chlorides,
which should undergo a direct, uncatalyzed nucleophilic
aromatic substitution.!-3

ﬁ conditions |C|)
S_ o + Ar—X ——> R—S—Ar
R™NON I
X=Br, |
conditions yield
(for R=Ph, Ar="Tol, X =)

Cul (10 mol%), L-proline sodium salt (20 mol%) 77%
DMSO, 90 °C
(CuOTH)z"PhH (5 mol%), DMEDA (10 mol%) 70%
DMSO, 110 °C
Cul (10 mol%), b-glucosamine (20 mol%) 94%

KOAc, DMSO/H,0, 100 °C

Cul (10 mol%), [enim][Val] (20 mol%) 81%
DMSO, 95 °C
CuFe04 (10 mol%), 1,10-phenanthroline (10 mol%) 78%
DMF, 110 °C

Scheme 72

Nagarkar and co-workers developed a copper-catalyzed
cross-coupling of sodium p-toluenesulfinate with arenedi-
azonium salts as an alternative to aryl halides.’?” The
authors propose a TBAI-mediated in situ formation of aryl
iodides as coupling partners by way of a Sandmeyer-type
reaction (Scheme 73).

Cul (15 mol%)
Ar—No*BF;~ DMEDA (15 mol%)

TBAI (1.3 equiv) AL
KoCO.
* e T A
o) DMSO, Ny, 100 °C

I 72-91% yield

o, 0
0.0 N/
N/ Ve
Tol” S\Ph el | b
Pz
OMe
91% 89%
0. 0
\\S// o0 o0 Me
Tol” Y
Tol”
NO,
84% 72% Me

Scheme 73

Xu and Qing employed arenediazonium salts as starting
materials in a copper-catalyzed coupling with sodium tri-
fluoromethylsulfinate.!?® This method allows the mild syn-
thesis of trifluoromethanesulfonyl-substituted arenes, of
particular interest for medicinal chemistry, in good yields
(Scheme 74).

0 N,*BF,~ Cuz0 (10 moi%) Q
8 o + —————>  F:C—S—Ar
Fo:C7 MO Na® AT DMSO, Ny, rt g
45-90% yield
W W
/@/ “CF,4 C[ “CF,
HOLC NO,
52% 85%
RV
S\CF \\S//O
H /©/ ’ Ny CR,
Tol” \//S\\ _
3 N
59% 45%
Scheme 74

Cacchi and co-workers developed a palladium-catalyzed
coupling of sodium sulfinates with aryl and vinyl halides
for the synthesis of diaryl and aryl vinyl sulfones.’?® The
best yields were obtained with Pd,(dba);-Xantphos as the
catalyst system. The reaction is strongly influenced by the
addition of tetraalkylammonium salts, such as tetrabu-
tylammonium chloride (Scheme 75). The palladium-cata-
lyzed coupling of vinyl tosylates with aryl sulfonate salts
gives aryl vinyl sulfones in a similar manner (Scheme 76).13°
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Pdy(dba)s (2.5 mol%)
Xantphos (5 mol%)

X TBACI (0 or 1.2 equiv) SOsR!
ICI) Cs,CO3 (1.5 equiv)
S AN
S_ o + f
R O Na T toluene, argon noo
S 60120 °C Seor?
X =1, Br, OTf 20-96% yield
0 0 NO.0 O
\V/ \Y/
\S/ \S/
Me 96% Me 89% Me
Me SV 0. 0
S \//
Me @\ S
& Me CN( \©\
Me
Me Me go, 52%
Scheme 75

Pdj(dba)g (2.5 mol%)
OTs Xantphos (5 mol%) SO,R!
K3POy4 (1.5 equiv)

RS XRs
toluene, N»,100 °C L J'

40-75% yield

SO, Tol X SO,Tol
BocN

69% 75%

o 0
\Y/
\S/ )Ph\/
SO, Tol
AL g
74% 40%

Scheme 76

Yu and Wu reported an interesting palladium-catalyzed
synthesis of sulfones by a denitrative coupling of ni-

troarenes with sulfinic acid salts (Scheme 77).13!

palladacycle (0.75 mol%)

N K>CO3 (1.0 equiv)
1o ot )\02 i Ar—SO,R
N ® r DMSO, N, 110
R™ ON SO, N, 110°C 48-90%
@ )‘N—< :)—
Fe ?d_?l
S
palladacycle
O\\//O O\\//O
S Me S
ISR SRS
O:N Me N A Me
85% 90%
Y %P
\\\_<Sj ~Me
\ o
Me =
68% 48%
Scheme 77

1958

The groups of Beaulieu and Evans developed a copper-
mediated cross-coupling of boronic acids and sodium sulfi-
nates (Scheme 78).132 This oxidative coupling reaction pro-
vides a useful and mild alternative to the just-described

coupling reactions.

Cu(OAc)2 (1.1 equiv)

<|3| . IIB(OH)Z K2CO3 (2.0 equiv) o\\s//o
RTSN0ON® R? DMSO, 4 A MS R R2
rt to 60 °C )
19-97% yield
Me
% ¥ %P
o
Ph Me N
97% 63% 19%
Scheme 78

Later, several catalytic versions of these Chan-Evans-
Lam-type couplings were reported (Scheme 79), including
methods with imidazole'*? or phenanthroline!34 ligands, in

ionic liquids'® or water!3¢ a

nd utilizing magnetically sepa-

rable copper ferrite nanoparticles.'?>

O as
1] . |I3(OH)2 conditions O\\//O
R1‘S\09Na R2 R1"ONR2
conditions yield

Cu(OAc)z (20 mol%)
1-benzylimidazole (40 mol%)
4 AMS, DMSO, air, 60 °C

Cu(OAc), (10 mol%)

1,10-phenanthroline (20 mol%)

4 AMS, CH,Clo/DMSO, O, 40 °C

Cu,0 (10 mol%), NH3z, H0, air, rt
Scheme 79

(for R' = Me , R? = 4-MeOCgHy4)

68%

60%

76%

Xu, Liang and co-workers developed a palladium-cata-
lyzed coupling of sulfonyl hydrazones with aryl iodides for
the synthesis of allylic sulfones.!*” Base-mediated decom-
position of the hydrazine leads to the simultaneous forma-
tion of a diazo compound and a sulfinate as nucleophilic
coupling partners (Scheme 80).

?OQR Pd;
~NH BN

NayCOj (2.5 equiv)

dbag (2.5 mol%)

PhgP (15 mol%) Arl

Et3Cl (1.0 equiv)

N
Ar1/I + J)
|

Ar?

Ar?
40-93% yield

MeCN, 50 °C

2-Tol

2-Tol
40%

Scheme 80

Ph Ph
| P
[~ soumo SO,Ph s
Ph Ph \D

93% 78%
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A common method for the regio- and stereoselective
preparation of allylic sulfones is the transition-metal-cata-
lyzed coupling of allylic electrophiles with sulfinate salts or
sulfininic acids.'3® Allylic carboxylates,'3® carbonates,4° al-
cohols'! or nitro compounds'#? can undergo substitution
reactions with sulfinic acids and their salts (Scheme 81).
Reactivities and regioselectivities can differ significantly
depending on the structure of the allyl electrophile and the
catalyst system.

o LG Pd catalyst o
g N — A _-SOR
R \OE)Y
Y = metal or H LG = OAc, OCO,Et,
OH, NO,, etc.
Scheme 81

Tian, Gu and co-workers reported a stereospecific sub-
stitution of enantioenriched allylic alcohols with sodium
sulfinates that proceeds with complete retention of config-
uration (Scheme 82).14'* Palladium-catalyzed direct substi-
tution of allylic amines with sulfinate salts is also possible,
furnishing allyl sulfones with almost complete retention of
configuration (Scheme 83).143

Pd(OACc)2 (5 mol%)
HO rac-BINAP (5 mol%) R'0.S,

Q “_Re  B(OH)3 (4 equiv) Re
+ _—
RISNONS /—/_ dioxane, Np, 100 °C /=/_

R? R2
51-97% yield

PhO,S,

PhO.S Me PhO.S,
/J*Me — —Me
— o /:/7
PH A\ cy
x
90%, 97% ee 72%, 97% ee 51%, 97% ee
Scheme 82
[Pd(allyl)Cl]; (0.1 mol%)
HeN rac-BINOL (0.4 mol%)  R'O2S
ﬁ R3  B(OH); (4.0 equiv) R3
.S o + —o> _
179N
R O Na R2 Rt dioxane, N», 100 °C ot "
86-93% yield
TolO,S, TolO.S BnO,S
e e
PH H cy H PH H
93% 82% 88%

Scheme 83

In addition, various efficient chiral catalyst systems for
the asymmetric allylic sulfonylation were developed in the
1980s and 1990s (Scheme 84).144 In general, these methods
enable the highly enantioselective synthesis of allylic sul-
fones, which are useful asymmetric building blocks.'*> A

more recent example is the iridium-catalyzed regio- and
enantioselective allylic substitution with sodium sulfi-
nates.'#® Branched allylic sulfones are obtained in high
regio- and enantioselectivities (Scheme 85).

OAc Pd catalyst

1
1l /\)\ chiral ligand SO:R
. o5 + 7 -
RO Na® T RTN R R Nge
Scheme 84
R2
(|:|) | Ir catalyst (2 mol%) ~ R&_sSO2R!
S o, * - >
R0 Na® dioxane, Ny, 50 °C 1

OCO,Me )
77-99% yield
86-98% ee

A}
-<«—p—0
R
N ~
Ph  Ph
Ir catalyst
SO,Ph SO,Tol
Ph Z "Pr &
92%, 94% ee 92%, 94% ee
SO;Me SO, Pr
= =
MeO MeO

95%, 92% ee 99%, 93% ee

Scheme 85

Plietker and Jegelka showed that low-valent iron(II)
complexes can catalyze the allylation of sodium sulfi-
nates.'¥” The sulfonylation of allylic carbonates proceeds
with excellent retention of configuration (Scheme 86). They
later extended their work to include a-sulfonyl succinimid-
es as sulfonyl donors.148

2
oR TBAFe (5 mol%)
(4-MeOAr)zP 1
Q . o~ 0 (6 mol%) SO0R
.S + g xRS
7"~ Na AR R
RW O b DMF/MeOC,H,OH 4
80 °C ,
31-86% yield
Me
SO,Ph so,Ph N—J.Me S0,Ph
/
AMe X /< Me,c” A Me
Me Me 0 2 Me
83% 62% 77%

Scheme 86
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The transition-metal-catalyzed coupling of sulfonyl
chlorides with various organometallic reagents is another
approach for the synthesis of sulfones. Crucial for the suc-
cess of these transformations is the reaction temperature.
Vogel and co-workers showed that, at higher temperatures,
desulfinylative carbon-carbon bond formation via sulfur
dioxide extrusion takes place.'# Palladium-catalyzed reac-
tion of organostannes'>° or organoboronic acids'! with sul-
fonyl chlorides at low temperatures yields the desired sul-
fones (Scheme 87).

Method A (M = SnRy):

I Pd(PPhg),, THF, 65-70 °C 0
R'-S—Cl + R*M R'-S—R?
I Method B (M = B(OH),): I

PdCly, K2CO4 o

acetone/H,0, 0-25 °C
M = SnR3, B(OH),

P Me
S S
AN “Me S
| P O,
MeO
90% 57%
Method A Method A
0, 0,
S N S
o0 ot
MeO N Me
98% 82%
Method B Method B

Scheme 87

Hu and Lei reported copper-catalyzed coupling reac-
tions of sulfonyl chlorides with arylboronic acids'>? or or-
ganozinc reagents, '3 respectively (Scheme 88).

Method A (M = ZnX):
Cul (5 mol%), TMEDA (2.0 equiv) o
HF, rt 1]

I
R-S—Cl + R®M RI-S—R2
Il Method B (M = B(OH),): I
o (phen)CuBr (10 mol%), KoCO3
CHoClo/H20, 1t
M = ZnX, B(OH),
O, 02 0»
S S So
Br ‘ S
86% 74% 76%
Method A Method A Method A
0O, Oz
S S
0 IO GAS®
Me
OMe
88% 73%
Method B Method B
Scheme 88

The copper-catalyzed reaction of silyl dienol ethers
with sulfonyl chlorides affords y-sulfonylated o,B-unsatu-
rated carbonyl compounds (Scheme 89).1>4

OTMS o]
o) CuCl (10 mol%)
I N MeCN, 80 °C
R—S—Cl + ! — |
I Lz L
o
SOzR

38-87% yield

O, O

87% 70%
0, (S)z
: A«\S\© fj/ \©\
o) Me o l?l Me
COoMe
75% .
dr=15:1 56%

Scheme 89

4 Sulfone Synthesis by C-H Functionaliza-
tion

The selective functionalization of C-H bonds plays a key
role in the development of efficient and sustainable meth-
ods for organic synthesis.!>®> Regioselective metal-catalyzed
as well as metal-free activations of C-H bonds have
emerged as valuable tools for the preparation of carbon-
carbon and carbon-heteroatom bonds. In recent years, syn-
thesis of sulfones by selective functionalization of C-H
bonds has become an important area of research. Although
the established Friedel-Crafts-type sulfonylation can be
considered as C-H functionalization, recent research efforts
focus on different reactivity profiles.

Dong and co-workers reported the first palladium-cata-
lyzed C-H bond sulfonylation of phenylpyridines with sul-
fonyl chlorides (Scheme 90).156 Mechanistic studies indicate
a PA(II)/Pd(IV) catalytic cycle.!’

~ -

o “‘ql Pd(MeCN),Cly X .
RN (10 mol%) U N
Z o KoCOs
+ R—S—Cl ——— >
H 4AMS SOeR

dioxane, 120 °C

41-88% yield

X OMe
i W\
_N Ph. N N
SO,Tol SO;Tol ©/502T0'
82% 78% 42%
Scheme 90
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Palladium-catalyzed sulfonylation of 2-aryloxypyridines
with sulfonyl chlorides proceeds in the ortho-position rela-
tive to the directing group.'*® Removal of the pyridyl group
thus gives access to ortho-sulfonylated phenols, which are
difficult to synthesize otherwise (Scheme 91).

= ] = |
o Xy o Pd(OAc) (8 mol%) o Xy
. I K,CO3
H R—S—Cl ———————> . SO.R

1 4AMS |
dioxane, 120 °C ~

29-67% yield
7\ 7\
=N =N
o O, ? O,
S x S
o L
O\Me cl

62% Cl 46%
7 N\ 7 N\
—N —N
(0]
o 0, O,
S L
O, \© O Me
Me
47% 57%
Scheme 91

Two independent reports describe the ortho-sulfonyla-
tion of azobenzenes with arylsulfonyl chlorides via palladi-
um-catalyzed C-H activation (Scheme 92).1>° Loh and co-
workers developed a palladium-catalyzed alkenyl C-H bond
sulfonylation of vinyl pyridines and enamides with sulfonyl
chlorides (Scheme 93).169

WP
I
N Method A: _Ph
Pd(OAc), (5 mol%) N
K2S205 (1.1 equiv) N
H DCE, air, 110 °C
* Method B:
Q Pd(MeCN),Cl, (10 mol%) SO.R
R—S—Cl KoCOs, 4 AMS
g dioxane, 130 °C
_Ph _Ph
N N
Il Il
s s
O, Oz
90% 86%
Method A Method B
W WP
I i
N N e
=N
s s I
o) B N\ 0
2 CN 2
Me
71% 90%
Method A Method B

Scheme 92

DG o Pd(PhCN),Cl, (,10 mol%) DG
K>COg3, 4 AMS
sz\ + RI-§—cl B RzJﬁmSOEW
(I)I dioxane, 120 °C

R3 R?
25-70% yield

Me 0s Me 0, Cl
N N
& Z cl cl

67% Me 61%
o
] N
)\\NH Me NH
Me' 02 gZ
O T L
O o e

61% 33%

Scheme 93

Palladium-catalyzed coupling of quinones with arylsul-
fonyl chlorides gives rise to arylsulfonyl quinones via a
Heck-type coupling (Scheme 94).16!

(¢] o

0 Pd(OAc), (5 mol%)
+ R—S—Cl ———— >
I K2COj3

H 0 DCE, 90 °C SO.R
e} e}
52-91% yield
0 0o OMe o
/©/ Mel | ( | /©
X
3 3 3
2
o 2 o ® OMe ¢
89% 81% 63%
Scheme 94

Regioselective ortho-sulfonylation of quinolone N-ox-
ides was achieved via copper-catalyzed C-H bond activa-
tion (Scheme 95).162

XX (6] X
| I Cul (10 mol%)
= = + R=S—Cl ——— » P
N H 8 l}l SO.R

\ KoCOg
o DCE, 100 °C o

28-91% yield

Me
P P
8 -
e} 2 0o 2

|
80% 84%

Me
/
e -
o 2 fe} 2

53% 65%

Scheme 95
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Kambe and co-workers reported a nickel-mediated C-H
bond sulfonylation of benzamides enabled by the 8-amino-
quinoline (AQ) directing group (Scheme 96). 163

o N o N
~ ~N,
AQ o NiClp (50 mol%) AQ
H + R- S c —————>
woS Na,COs
L dioxane, 140 °C

=
AQ= P
N

v

33-57% vyield

AQ

42% 38%
Scheme 96

Interestingly, the copper-catalyzed reaction of benz-
amides bearing the 8-aminoquinoline moiety with sulfonyl
chlorides leads to a remote functionalization of the quino-
line (Scheme 97).164

|
Z CuCl (10 mol) Y
Nagco3 SO,R?
toluene, 110 °C

.
o)
I
R'-S—Cl
I 27-89% yield
o)
SO,Ph >
/
Ph)J\H X | Ph” N I
Na Nao
86% . 86%
S
0 o Ts
N
Na Na
78% 70%
Scheme 97

A ruthenium-catalyzed regioselective meta-sulfonyla-
tion of 2-phenylpyridines with sulfonyl chlorides was de-
veloped by Frost and co-workers.'%> The observed switch in
regioselectivity is attributed to a change in the mechanistic
pathway via a para-directing Ru-C bond (Scheme 98).

A | RN
N [Ru(p-cymene)Cla]p N
Z o (2.5 mol%) Z
+ R—S—Cl
i KoCO3
o) MeCN, 115 °C
H SO:R

23-74% yield

|\ AN “ X
N =N e |/N
silsVeioNen
& SO,Ph S Z S

O,

70% 74% 40%

Scheme 98

Several groups reported copper-mediated ortho-sulfo-
nylations of benzoic acid derivatives with sodium sulfinates
employing the 8-aminoquinoline (AQ),'%¢ the 2-pyridinyl
isopropyl (PIP),'” or the amide-oxazoline (Oxa)'® directing
groups (Scheme 99). These oxidative coupling reactions uti-
lize sulfinates as the coupling partner.

H H
0, N\DG O, N\DG
i H conditions SOzR
R/S\Oe Na * -
£ f\
N |
Nao Nx

Oxa

conditions: yield (for R = Ph)

DG =AQ Cu(OAc), (1.0 equiv), KoCO3 76%
DMF, 80 °C

DG =PIP Cu(OAc); (10 mol%), AgoCO3 73%
DCE, 120 °C

DG =Oxa Cu(OAc), (2.0 equiv), K.CO3 69%
TFE, 80 °C

Scheme 99

Shi and co-workers described a palladium-catalyzed di-
rect sulfonylation of non-activated C(sp®)-H bonds with so-
dium sulfinates enabled by the 8-aminoquinoline moiety
(Scheme 100).'%° Late-stage sulfonylation of complex mole-
cules can be achieved with this method.
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Pd(OAC),
(10 mol%)
N o MesCO,H ) Q
I R2 AQ (20 mol%) R ~AQ
1_S . ® + N~ —_— H
R O " Na H AgoCOs
H CHyClp, 90 °C SO,R!

26-72% yield

0
o) (0]
N N N
H H N
N X
SO.Ph SO,Ph

72% 53%

Scheme 100

The copper-catalyzed oxidative coupling of oxime ace-
tates with sodium sulfinates provides access to sulfonylvi-
nylamines and keto sulfones via a formal C(sp®)-H bond ac-
tivation (Scheme 101).170

NH,
ﬁ Re X _-SOR!
RrS\OeNa Cu(OAG), (10 mol%) direct product
toluene, 100 °C or
HO\N+ (hydrolysis with SiO5)

o
1

after hydrolysis

% o]
NH; Oz
P N SOTol s
- oL L v/

92% 78% 97%

|
RzJ\/H

Scheme 101

Kamijo and co-workers reported a photoinduced sulfo-
nylation of ethereal C-H bonds with sulfonyl chlorides.!”!
The C-H bond activation is achieved by hydrogen abstrac-
tion with photoexcited benzophenone (Scheme 102).

o Ph,C=0, hv o

0 1l
H + R-S—Cl ———— SO,R!
1l acetone, rt
n (0] n

44-100% yield

44%

Scheme 102

Qu, Zhao and co-workers developed a metal-free, H-
phosphonate-mediated direct sulfonylation of heteroaro-
matic N-oxides with sulfonyl chlorides,'”> wherein 2-sulfo-
nyl-N-heterocycles are obtained as products (Scheme 103).

NN Q HP(O)(O:(;)ZHU equiv) r” ]fj
u - _ + R—S—C ——— > k‘é’” N/ SO.R
“TONTH s THF, rt

35-87% vyield

L o e
O,
—
N S
O,

86% 65%
e bR
BN LT
O, O

60% 35%

Scheme 103

The groups of Deng and Kuhakarn described methods
for the regioselective C2-sulfonylation of indoles with sodi-
um sulfinates catalyzed or mediated by iodine (Scheme
104).173 Both authors propose an addition-elimination
mechanism for this transformation. Later, an extension to
the coupling of azetidine and oxetane sulfinate salts was re-
ported.!74

O

g Method A:
R"™°~0° Na® 2 (10 mol%), TBHP

. _aeoHr )\j\>—so R
| 2!
Method B: N N
RZ:— X N\ " I> (1.5 equiv), MeOH, rt
Z N

H
Me
A
N—50,Ph | N—s0,Me
N Z N
H H
84% 90%
Method A Method A
msoz A
N | SO,
Z N
Me H b
NBoc
Cl
75% 94%
Method B Method B

Scheme 104

TBHP/TBAI-mediated oxidative coupling of C2/C3-un-
substituted indoles with sulfonyl hydrazides leads to the
formation of 3-sulfonyl-2-sulfonyldiazenyl-1H-indoles
(Scheme 105).'73
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o
LH
R'-S—N—NH, SOLR'

g TBAI (30 mol%)
TBHP 7SN
+y ———————> RAF N
Pz AN 1
MeCN, 40 °C N N—SO,R
21 \ A\
R T\/ H
” 42-87% yield

SO,Tol SO, Tol
cl
NN NN
N N—so,Tol N N—s0,Tol
H 2 H 2
87% 72%

Scheme 105

Xiao, Deng and co-workers reported a metal-free direct
sulfonylation of 2-methylquinolines with sodium sulfinates
mediated by potassium iodide and TBHP (Scheme 106).176

S Kl (1.0 equiv)
A TBHP (1.0 equiv)

DMSO/ACOH SOzR

@[ jy air, 80 °C

X
pZ SO,Ph
F N

37-94% yield

N._Ph
N
@ /I/SOZPh
N

94% 69%
m (ﬂ
51% 56%

Scheme 106

5 Sulfur Dioxide Based Three-Component
Approaches

Almost all hitherto-described methods for the synthesis
of sulfones utilize starting materials that already contain a
sulfur functionality. Only a few of these sulfur-containing
starting materials are commercially available, and their
synthesis can be quite cumbersome. Therefore, efficient
methods for the incorporation of the sulfonyl moiety from
simple, readily available sources offer a very attractive ap-
proach for the preparation of sulfones. In the last 10 to 15
years, the development of new one-pot and multicompo-
nent processes for the synthesis of sulfones from two
sulfur-free starting materials and a simple sulfonyl source
has become a very active area of research.!”’

Of course, sulfur dioxide (SO,) would be an obvious
choice as reagent for the installation of a sulfonyl (-SO,-)
moiety. Sulfur dioxide is produced on an enormous scale
and has been utilized by mankind since ancient times.
However, it is a toxic and corrosive gas. The associated safe-
ty considerations and the difficult handling can limit the
use of sulfur dioxide in the laboratory-scale synthesis of
fine chemicals. Despite this, sulfur dioxide has found vari-
ous applications in organic synthesis.'”® Important exam-
ples include the sulfur dioxide ene reaction and the associ-
ated sulfur dioxide induced alkene isomerization,!”® as well
as copolymerizations with alkenes to produce polysul-
fones. 180

Vogel and co-workers were among the first to investi-
gate the potential of sulfur dioxide as a reagent in the syn-
thesis of complex molecules.'”7d They reported a Lewis acid
promoted ene reaction of enoxysilanes and allylsilanes or
allylstannanes.'®! The formed sulfinates can be trapped in
situ with a variety of electrophiles, enabling a one-pot,
three-componenet synthesis of polyfunctional sulfones
(Scheme 107).

SO,
0SiMe; TBSOTH

i o Rl__O
R R2 s// TBAF R?

2

SO,R®
R? OSIM83
, SO,
R'"  TBSOTH R! R
(cat.) j R3-X T
> o) >
2" M R? ?// (TBAF) o, SO.R?
oM

M = SiMeg, SnBug
50-88% yield

o, 0 O
N/ Ny =
S -COzEt /\/S\//
60% 65%
O o o
N/ O oo
S CO.Et N/
MeO ~ )K/s Ph
Me ~N

Me

50% 70%

Scheme 107

Unfunctionalized alkenes can react with sulfur dioxide
in the presence of stoichiometric amounts of boron trichlo-
ride to form sulfinic acid-boron trichloride adducts, which
can be hydrolyzed with base to generate sulfinates.'8? Reac-
tion of the latter with alkyl halides yields o,B-unsaturated
sulfones in a one-pot transformation (Scheme 108).
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Scheme 108

Vogel and co-workers pioneered the use of sulfur diox-
ide in Lewis acid mediated hetero-Diels—Alder processes as
a novel method to construct C-C bonds via an umpolung of
electron-rich 1,3-dienes.'83 A typical example is depicted in
Scheme 109. Reaction of a mixture of an electron-rich diene
with sulfur dioxide and a silyl enol ether in the presence of
a Lewis acid affords a silyl sulfinate. The Lewis acid catalyz-
es the initial formation and heterolysis of the hetero-Diels—
Alder adduct to from a zwitterionic sulfinate, which is
trapped by the enoxy silane as terminal nucleophile. Treat-
ment of the sulfinate with tetrabutylammonium fluoride
(TBAF) and methyl iodide affords the corresponding sulfone
in 63% yield and high stereoselectivity. This method allows
the one-pot, four-component synthesis of polyfunctional
sulfones and sulfonamides and has found application in the
total synthesis of complex molecules and natural prod-
UCtS.183’184

OSiMes

X _-Me SO, OMe ®OMe °
Et TBSOTf /A
~
(cat.) (o) fe)
+ — | [ T = || 1
Sso S
OMe
=
S 0SiMe,
Me
BN
0
SO.Me TBAF S
O  OMe el O OMe [~ OSiMes
-
Et & Et &
Me Me

63%, dr=81:19
100% Z

Scheme 109

The reaction of organometallic compounds with sulfur
dioxide gas for the preparation of sulfinates is well docu-
mented."1782 Direct trapping of these salts without prior
isolation provides a convenient one-pot approach for the
synthesis of sulfones. Since various efficient procedures for
the preparation of a plethora of highly functionalized or-
ganometallic reactions are known,!8> this process offers an
attractive approach for the synthesis of complex sulfones.

A group from Boehringer Ingelheim developed a practi-
cal three-step protocol for the transformation of (hetero)ar-
omatic halides into sulfones (Scheme 110).1%6 Their proce-
dure consists of (1) generation of a Grignard reagent via
magnesium-halide exchange; (2) reaction of the Grignard
reagent with sulfur dioxide to afford the corresponding
magnesium sulfinate; and (3) trapping of the sulfinate with
an alkylating agent.

1) “PentMgBr
Ar—x THF, —40 °C g R-X O\\S//O
r— —_— —_—
2) SO, Ar”" ~OMgBr AR
60-91% yield

o\\//o o\\//o
€ S
/©/ (CHz)40Ac /@/ \©
EtO,C EtO,C
91% 65%
% 3%
S ES ~
N7 7 (CH,).0Ac S (CH2)OAc
| S
P
Me
60% 94%

Scheme 110

A similar one-pot sequence has been reported with a di-
aryliodonium salt as terminal electrophile (Scheme 111).1%7
This procedure allows the efficient synthesis of aryl sul-
fones starting from (hetero)aromatic or aliphatic halides as
well as non-prefunctionalized (hetero)arenes. The lithium,
magnesium and zinc reagents were prepared via metal in-
sertion, exchange or deprotonation.

It has been shown that lithium sulfinates, prepared in
situ from the reaction of organolithium compounds with
sulfur dioxide, can undergo oxidative coupling with benzoic
acids bearing the amide-oxazoline (Oxa) directing group
via copper-mediated C-H bond activation (Scheme 112).168
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Scheme 112

Despite its potential utility, there are some drawbacks
associated with the toxic, corrosive and gaseous nature of
sulfur dioxide. A popular strategy to overcome this limita-
tion is the use of solid, easy-to-handle surrogates.!%¢177 Sim-
ple, commercially available metal sulfites (MSO;) or meta-
bisulfites (M,S,05) can release sulfur dioxide upon the addi-
tion of Brensted acids or upon heating to high
temperatures. Researchers from Pfizer described a palladi-
um-catalyzed sulfonylation of (hetero)aryl halides with po-
tassium metabisulfite (K,S,05) and sodium formate
(Scheme 113).'® Direct reaction of the generated sulfinates
with alkyl halides enables the one-pot synthesis of sul-
fones.

They later reported a palladium-catalyzed three-com-
ponent synthesis of sulfones from (hetero)arylboronic
acids, alkyl halides and potassium metabisulfite (Scheme
114).1%% The authors propose an in situ formation of a palla-
dium sulfinate, which then reacts with the alkyl halide.

PA(OAC),
Ph3P, 1,10-phenanthroline ﬁ R-X O\\//O
Ar—X _S_o|— Ar/S\R
K25205, NaO,CH A0
X=Br, | TBAB 31-79% yield
DMSO, 70 °C
o, 0 o 0
N/ N\
N S\Me S\/COQYBU
|
MeO Z MeO
58% 56%
o Ve
f\/@/ “Me Me020\/©/ “Me
N
N
68% 57%
Scheme 113
Ar—B(OH),  [Pd(MeCN),Cly] (10 mol%) oo
BuXPhos (10 mol%) N/
185 39-96% yield
O\\S//O O\\ //O
N " J =
/ e
Me H
58% 96%
NHBoc
O\\s/’o COsE o\\S//o PN
o
MeO MeO
94% 51%
Scheme 114

The gold-catalyzed reaction of (hetero)arylboronic acids
with K,S,05 and alkyl halides yields the corresponding sul-
fones in a similar fashion (Scheme 115).1%

BuP3AuCl
(10 mol%)
K2S205 O\\//O
Ar—B(OH), + R—X ————>
(OH)e DIPEA AR
MeOH/toluene o
100 °C 46-66% yield
[oXe]
\YZ Me 0 o O\\//o
S .-Ph N S _Ph
“ @@(
\/N
Me Me
56% 49% 53%

Scheme 115
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Willis and co-workers pioneered the use of the 1,4-di-
azabicyclo[2.2.2]octane-bis(sulfur dioxide) adduct DABSO
as very useful, solid and bench-stable sulfur dioxide surro-
gate.?! The addition of organolithium or organomagnesium
reagents to DABSO generates the corresponding sulfinates,
which can be directly trapped with a variety of different
electrophiles, such as alkyl halides, epoxides or diaryliodo-
nium salts (Scheme 116).'°2 This method enables the one-
pot synthesis of a diverse set of sulfones. Organozinc re-
agents react with DABSO in a similar manner, and the gen-
erated zinc sulfinates can be alkylated to form sulfones
(Scheme 117).193

e DABSO a S,/O E+ 9,0
THF, —40 °C ‘om R™E
M = Li, MgX 46-94% yield
0 0
RV X en
S S._-Ph ~~
J
MeO,C
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O 0O OH
o N\
9.0 S,
_S
"By Ph d
Me’
90% 56%
Scheme 116
DABSO P 2 o 0
R-znX —» | Ri-¢ _REX }V/\
THF, 21 °C ozn DMSO R TR2
70°C )
25-90% yield
Q.0 QL QP B
§._-$._-COzBu S.-Ph §.-C02Bu
<r
N CO,Et BocHN” “CO,Me
58% 89 % 77%
Scheme 117

Reaction of organolithium reagents with DABSO, fol-
lowed by palladium-catalyzed cross-coupling of the formed
lithium sulfinate with (hetero)aryl halides allows the three-
component synthesis of aryl sulfones (Scheme 118).1%4 The
lithium reagents can be prepared in situ through halogen-
lithium exchange.

Palladium-catalyzed coupling of aryl halides with
DABSO in the presence of triethylamine yields ammonium
sulfinates. These salts can be directly converted into a vari-
ety of sulfones by trapping with different electrophiles
(Scheme 119).'%
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; 1) Buli Ar1—5026 ligand \Y/
Ar'=Br —— > ® EE—— A1’S\A2
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Me  Me
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P P
T O
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81% 95%
(0]
\// (o]
FSC\©/\S\ i; Me \\S//
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PAd,BuU Ar—s0® E* N
Ar—I 2 — Sa
DABSO, EtzN HEt A" E
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[oRNe] o0 O
N\ \//
B S.~C02Bu y ¥ _cozBu
I
MeO,C Z S
74% 64%
OH
VS RV
Me\Q/SVPh Me\©/s,,‘©
Me Me
85% 76%
Scheme 119

Waser and Chen reported a one-pot, three-component
synthesis of aryl alkynyl sulfones through the reaction of in
situ generated sulfinates with ethynyl-benziodoxolone
(EBX).1°6 The sulfinates were prepared from DABSO and an
organomagnesium reagent or aryl iodide and a palladium
catalyst (Scheme 120).
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Building on their previous results with the palladium-
catalyzed aminosulfonylation of aryl halides,'? the Willis
group developed a different approach for the one-pot syn-
thesis of aryl sulfones based on in situ generated sulfonyl
hydrazines.!?® Key steps in this transformation are the pal-
ladium-catalyzed aminosulfonylation of the aryl halide
with DABSO and the hydrazine, degradation of the generat-
ed sulfonyl hydrazine to the corresponding sulfinate, and
sulfinate alkylation to yield the desired sulfone (Scheme
121).
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EtO EtO
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Scheme 121

Wu and co-workers extended this approach to the syn-
thesis of diaryl sulfones utilizing diaryliodonium salts as
electrophiles.’ In this study, the intermediate sulfonyl hy-
drazines were prepared by reaction of diazonium salts with
DABSO and hydrazines (Scheme 122).200
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Scheme 122

Feng and co-workers reported an iodide-catalyzed
three-component synthesis of vinyl sulfones from aryldi-
azonium salts, DABSO and alkenes (Scheme 123).20!
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Ph—S” S N
COsMe Z
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Scheme 123
6 Biological Synthesis of Sulfones

Considering the biological activity profile of sulfones,
and especially their antibacterial activities, it is very sur-
prising that there are only three known examples of natu-
rally occurring sulfones (Figure 2). The diaryl sulfone echi-
nosulfone A, a bromoindole derivative, was isolated from
the marine sponge Echinodictyum sp.2°? So far nothing is
known about the biosynthesis of echinosulfone A. Only as
recently as 2015 did Hertweck and co-workers report the
isolation of two more diaryl sulfones, sulfadixiamycins B
and C, from recombinant Streptomyces species harboring
the entire xiamycin biosynthesis gene cluster.??> The au-
thors propose a flavoprotein-mediated incorporation of
sulfur dioxide, via a radical copolymerization of two carba-
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zoles with sulfur dioxide. This report might provide useful
insights for biomimetic synthesis of sulfones in organic lab-
oratories.

sulfadixiamycin C

Figure 2

7 Conclusion

Sulfones (R-SO,-R) have been known for over 100 years,
and they have found widespread application in organic syn-
thesis and as pharmaceuticals, agrochemicals and poly-
mers. Indeed, the first sulfone-based drug, sulfonal, dates
back to 1888.2%4 The chemistry of sulfones has been subject
to a formidable evolution since their initial discovery and
experienced a considerable growth in the last 15 years. The
transition-metal-catalyzed reactions, selective C-H func-
tionalizations, and methods based on sulfur dioxide and
sulfur dioxide surrogates, in particular, have led to major
improvements for the synthetic preparation of sulfones and
related applications. Nevertheless, there is a constant high
demand for novel general and sustainable methods for the
synthesis of sulfones. Regioselective C-H functionaliza-
tions, sulfur dioxide based introductions of the sulfonyl
moiety and biomimetic syntheses remain largely unex-
plored and new innovative possibilities still lie ahead.
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