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Recent Advances in the Synthesis and Direct Application of

Sulfinate Salts

Shuai Liang,*'® Kamil Hofman,®® Marius Friedrich,®! and Georg Manolikakes*®]

Abstract: Sulfinate salts have attracted considerable attentions
due to their versatile reactivity. They have emerged as highly
useful building blocks for the construction of all kinds of sulf-
onyl-group containing molecules, such as sulfones or sulfon-
amides, and for the construction of various carbon-carbon- and
carbon-heteroatom-bonds via sulfur dioxide (SO,) extrusion.

Herein, we want to summarize the latest developments in the
synthesis of sulfinate salts. Both improvement of classical meth-
ods and the development of various novel protocols will be
discussed. Also selected one-pot methods directly utilizing in
situ generated sulfinate salts as intermediates will be covered
in this review article.

1. Introduction

Sulfinate salts, also named sulfinic acid salts, were reported in
the chemical literature as early as 1861.l" They have been
recognized as useful building blocks for organic synthesis and
haven been studied extensively.”? Generally, sulfinate salts are
colorless, odorless, non-corrosive solids. Most sulfinates are hy-
groscopic and exist in their hydrated forms. Compared to the
parent free sulfinic acids, which are often unstable,! sulfinic
acid salts are in general bench-stable and can be stored for
prolonged time without decomposition. Therefore, sulfinate
salts are often used as precursors for the free sulfinic acids,
which can be liberated by a simple acidification process.
Sulfinate salts (RSO,Met) have received wide attention
among organic chemists in recent years due to their stability
and versatile reactivity.?? As a more convenient and easy-to-
handle substitute of traditional sulfonylating reagents, such as
sulfonyl chlorides, sulfinate salts can be used to introduce the
-SO,- moiety into a variety of different sulfonyl-group-contain-
ing molecules, such as sulfones,*? sulfonamides“®! or sulfonyl
fluorides.™? These type of compounds are widely applied in
different fields ranging from pharmaceuticals and agrochemi-
cals to material science. In addition, sulfinate salts can also be
converted into various other sulfur-containing organic mol-
ecules, e.g. sulfonyl nitrites,'>3 sulfonyl cyanides,’*®! disulfides
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or sulfoxides.>® On the other hand, sulfinic acid salts have been
utilized as building blocks for the construction of carbon-
carbon-bonds via a sulfur dioxide (SO,) extrusion process.[®! The
Baran group has pioneered the use of alkyl sulfinate salts as an
efficient alternative to classical carboxylic acids in the Minisci
reaction.”? Interestingly, sulfinic acid zinc salts display a re-
markably enhanced reactivity compared to commonly used so-
dium sulfinates.””? Aromatic and heteroaromatic sulfinate salts
have been employed as replacement of organometallic rea-
gents in transition-metal-catalyzed desulfinative coupling reac-
tions for the formation of carbon-carbon- and carbon-hetero-
atom-bonds.® Interestingly, applications of sulfinic acid salts in
chemical biology, for instance in biocompatible chemoselective
ligations or as biological probes, have been reported as well
(Scheme 1).®!
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Scheme 1. Applications of sulfinate salts.

In order to fully harness the complete synthetic potential of
sulfinic acid salts, efficient and reliable methods for their syn-
thesis are essential. So far there is no single, generally applica-
ble protocol for the preparation of sulfinates. The still most
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common synthetic approach is the reduction of sulfonyl chlor- SO, Sulfination g
ides, typically with sodium sulfite. Other traditional methods :
include the oxidation of thiols or bond cleavage processes start-
ing from sulfones or sulfinic derivatives.*>2®! More recently, a R-MgX, R-Li, RgAl ek R-NzX or Ar-X -
. . . AICI; Cu/Pd cat. 2
variety of procedures based on the insertion of SO, have been %
developed (Scheme 2).I'@ In general, the classical approaches,
such as the reduction of sulfonyl chlorides, are of limited syn-  sufony! chioride Thiol
. L . . . Reduction Oxidation
thetic utility due to major drawbacks associated with the use RS0,0l — . R-SO;Met R-SH

of highly toxic reagents, harsh reaction conditions and low
functional group tolerance. However, the development of novel
synthetic methodologies in last two decades has opened new
opportunities for a more efficient and sustainable synthesis of
sulfinate salts.

Herein, we want to summarize recent progress in the synthe-
sis of sulfinate salts focusing on new developments in the last
twenty years."" In certain cases, traditional synthetic proce-
dures from before 2000 will be presented for a direct compari-
son of advantages and disadvantages. In this review, both new
methods for the synthesis of sulfinate salts as final product as
well one-pot processes based on the formation of sulfinates as
non-isolated intermediates, will be covered. The direct applica-
tions of in situ generated sulfinate salts in the construction of
other sulfonyl-group containing molecules, will be discussed as
well.

Na;S0; Zn, Fe, Mg,  Sulfinate m-CPBA, X, H,0; etc.

SnCl,, LiAIH, etc.
NaCN, R?SNa, NaOH etc R2SNa
Smiles rearrangement
Cleavage

R-S05-R! R-S0.-SR!
Sulfone Thiosulfonate

Scheme 2. Classical synthetic methods of sulfinate salts.

2. Reduction of Sulfonyl Chlorides

A still very popular method for the preparation of sulfinate salts
is the reduction of widely available sulfonyl chlorides with dif-
ferent reducing agents. This protocol is mainly applicable for
the preparation of aryl sulfinate salts. Alkyl sulfinic acids are in
general less stable and can undergo facile disproportiona-

nal chemistry.
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tion.'” The two most common reducing agents are zinc pow- . ., 1) MeLi g R%-X Yy 3
= - " 1O~ n2 3
der3a and Na2503[13b] (Scheme 3 I). 5 2) N-Sulfonyloxaziridines R! . OLi  Conditions R R 3
l. Classical methods quant.
Zn, then NaOH,Na,CO4 Ar—SON >
r—S0,Cl r—S0;Na R' = Aryl o-n R™ = Alkyl O-N 3
1 or NazS03, Na;COy 2 Oxaziridines = Ph""-\( "80,Ph Oxaziridines = tBU™ \( “80;Ph g
Il. Baran procedure H Me :
R-SO.Cl  +  Zn (R-SO2)Zn ¢ 2H,0 +  ZnCly s Q0.0 0 0 Me
g NPz
3 H,0 4 /@’ Me @[S‘Ei E j/s\/
0 9 9 Q Bis OMe
S. S. FiC S. M S. 9 v o,
FiC”o"0tzn  |FHC  0tzn | 0T 0tzn otz 1% S 79%
5 ) ) Me 2 .0 \\ 9 \ ,\/@
69% 94% 90% 100% 7N i, /@/ 11CH ©/\ X
_N

Scheme 3. Reduction of sulfonyl chlorides.

In 2006, Chumachenko and Sampson reported a general
method to prepare zinc sulfinate salts, which were rarely de-
scribed before, and their subsequent application in the synthe-
sis of B-hydroxy sulfones.['#?) A complementary method for the
preparation of zinc bis(alkanesulfinate)s 4 has been described
by the Baran group in 2013 (Scheme 3 I1).l'*"! Various zinc al-
kane sulfinates, such as fluorinated alkane sulfinate salts, can
be prepared in a single reduction step from the parent alkane
sulfonyl chlorides and zinc powder in aqueous media. The au-
thors found, that the crude material obtained via this method
may contain up to one equivalent of ZnCl, and can be used
directly in their reported further transformations without any
problems.l7<

3. Oxidation of Thiols and Thiolates

The oxidation of thiols or thiolates is a well-established method
for the preparation of sulfinate salts."> Recent developments
were focused on improving reaction conditions and decreasing
the formation of side-products. Perrio and co-workers devel-
oped a general method to directly convert aryl or aliphatic
lithium thiolates into the corresponding sulfinate salts."® Oxid-
ation with Davis-type reagents proceeded with high chemo-
selectivity. In all cases, the desired sulfinate salts were isolated
in quantitative yields and subsequently alkylated with different
organic halides. The utility of this method was further demon-
strated in the construction of ''C-labled sulfones for biological
studies (Scheme 4).['6¢]

4. Trapping of Organometallic Compounds
with SO,

The direct trapping of organometallic compounds with SO, rep-
resents one of the most straightforward methods to prepare
sulfinate salts. It has been demonstrated, that various sulfinate
salts can be prepared by the reaction of SO, with organolith-
ium, -magnesium or -aluminum compounds.”l Recent studies
have been focused on the extension of these classical protocols
to one-pot conversion of the generated sulfinate salts into sulf-
ones!'7217b1 or sulfonamides.'”

However, SO, itself is a toxic and corrosive gas at room
temperature and its handling requires appropriate equipment,
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Scheme 4. Oxidation of lithium thiolates.

careful handling and safety procedures. Although SO, can be
handled conveniently in its liquid form below the boiling point
of =10 °C,"® bench-stable, solid and easy-to-handle SO, surro-
gates offer an highly attractive alternative for small-scale labora-
tory manipulations. The arguably most versatile SO, surrogate
is a charge-transfer complex between SO, and 1,4-diazabi-
cyclo[2.2.2]octane (DABCO). This 1,4-diazabicyclo[2.2.2]octane
bis(sulfur dioxide) adduct, often abbreviated as DABSO,!'??! was
reported by Santos in 1988"°"! and introduced into organic
synthesis by Willis in 20101"°9 for the first time. Since then, it
has been widely used as an efficient and easy-to-handle re-
placement of gaseous SO,.12%

Willis and co-workers demonstrated that DABSO undergoes
a smooth reaction with different organometallic reagents. The
formed sulfinate salts were directly used for the preparation of
sulfones or sulfonamides (Scheme 5 I, Scheme 5 II).[21a21b]
Based on this strategy, a robust array synthesis of drug-like sulf-
onamides was achieved.?'? Rocke and co-workers extended
the use of DABSO to the one-pot preparation of sulfones via
zinc sulfinate salts. Better functional group tolerance and milder
reaction conditions can be achieved due to the decreased reac-
tivity of organozinc reagents vs. organolithium and Grignard
reagents.?'d The Willis group also reported a palladium-cata-
lyzed cross coupling of lithium sulfinates, obtained from the
corresponding organolithium reagents and DABSO, in a two-
step, one-pot sequence (Scheme 5 Il1).12'¢! Waser and co-worker
described a one-pot, three-component synthesis of alkynyl sulf-
ones using their ethynyl benziodoxolone (EBX) reagents as ter-
minal electrophiles (Scheme 5 IV).2'"l Haufe et al. reported, that
various (hetero)aryl sulfonamides can be prepared directly from
the corresponding aryl bromides via a one-pot, four-step syn-
thetic sequence, based on an initial bromine-lithium exchange
(Scheme 5 V).219!

Most DABSO-based protocols are focusing solely on the one-
pot synthesis of sulfones or sulfonamide. Usually the formed
sulfinate salts are not isolated in their pure forms, but rather
directly employed in a second transformation. In 2016, Odell et
al. reported a convenient method for the preparation and isola-
tion of sodium arylsulfinate salts from aryl halides and DABSO.
Treatment of the crude products with aqueous Na,CO; and pu-
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I. Sulfonamide synthesis Method A: . . )
4 150 g" ‘:’0 ot fully afforded the desired sodium sulfinate salts, after aqueous g
2Cla, . . . . I ]
e 2) HNRZR?, 1t '’ _,  work-up with sodium bicarbonate. It is worth mentioning, that El
R-M + S N'\, —r"Som X - R"S“N'R . . L. . .
8 o THF, -40 °C 9 Method B: g in this case the chlorination of sulfonic acids followed by reduc-
203 . . . .
DABSO HNE (R) !ONaCC'O' " tion of the parent sulfonyl chlorides failed to afford the desired
9 M=Li MgX, ZnX 20, 0 ° ) 23] 2
R" = alkyl, allyl, benzyl, aryl, heteroaryl sulfinates (Scheme 6 II). :
Il. Sulfone synthesis An intriguing synthesis of aromatic sulfinate salts via SO,
DABSO 9 g £ Q\SP insertion into organosilanes was reported by Cantat and co-
RM ————————=| -5 -2~ ; ;
8 THF, 40°Cor21°c | R M| congitions Ria© workers.2¥ Various pyridyl sulfones were successfully prepared

M = Li, MgX, ZnX

E*= alkyl halide, aryliodonium, epoxide
R' = alkyl, allyl, benzyl, aryl, heteroaryl

lll. Sulfone synthesis combined with Pd-catalyst

U 2 Pd(OAC), ligand O\\SP B
R = DABSO 9 N S oL Cs;C05 110°C, 16 h Ri = ‘ A
‘ dioxane, rt, 2h |R T 275 B Lz
14 15 §, 16

Z = CH or heteroatom

IV. Arylalkynyl sulfone synthesis

0 0,0
R 1) Mg, cat. I THF, rt g EBX reagents 1_‘3’
7 2)DABSO 9, THF,40°C, | R' OMgX | DMF, t, 5 min \ )
17 1h; thenrt, 1 h. I 10 18 R

V. Sulfonamide synthesis from aryl bromides
[ 0]
THF, -80 °C

ar N
SaLi 3)NCS. DCM. 1t
2) DABSO 9, -75°C 4) piperidine,

19 - 20 Hunig's base, rt

1) t-BuLi (1.0-1.8 equiv.),

Scheme 5. DABSO-based, one-pot synthesis of sulfones or sulfonamide.

rifying by liquid-liquid and solid-liquid extraction can effec-
tively avoid the problem of over-oxidation to sulfonic acids
(Scheme 6 1).122

I. Odell procedure Method A: X = Br

1) Mg, I, THF, 100 °C, MW, 1 h
2)DABS09,0°C, tort, 3 h,

then NayCOz(aq.) g
ReX Method B: X = Br, H R”7"ONa
17 1) n-BuLi, THF, -78 °C, 1 h 22
2)DABS0O 9, -78°C, tor.t, 3 h,
then Na,COs(aq.)
9 9 H
EN
O O
CF;
72% Method A 75% Method A 50% 87% Method A

85% Method B 99% Method B Method B 42% Method B
Il. Maruoka procedure
Boc  g.puLi, TMEDA Boc DABSO 9 Boc
N S N L | —————= __N__SO;Na
R "Me EkO,-78°C R~ then Na,COs(aq.) R~~~ 2
23 24 25
Boc Boc Bac
Me,NVSOZNa EvaSDZNa Nv802Na
81% 62% 66%

Scheme 6. Synthesis of sodium sulfinates via DABSO.

In 2018, Maruoka and co-workers described a novel synthetic
route to prepare sodium a-aminoalkanesulfinate salts 25, which
were utilized as sources of a-aminoalkyl radicals. A two-step
reaction based on a lithiation and trapping with SO, success-
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in a very mild one-pot procedure via in situ generated sulfinic
acid salts 27. In stark contrast, the reaction with simple aryl-
silanes required considerably more forcing reaction conditions.
Experimental and density functional theory (DFT) calculation
results indicate, that SO, also plays an important role in the
C-Si bond cleavage step (Scheme 7).

Sivte, . DABSOS, Q
TBAT (1 equiv.) s.© Alkyl -X
rE ——= Yo Ayl
SN DeM 17ht | R R/\r
26 27
“ 2 via:
Cf O T o
78% Pl
X=1, 95% 0 0 7
X =Br, 83% g
b FaC B S\CeHw
=N
64%
Si(OEt) i g
i(OEt)y i g S
R S DABSO 9, CsF (6 equiv.) N S\OE) Etl RE R g
= MeCN, 3 h, 120 °C RT L
29 30 31
00 Q.0 Fop
o o e
20 Cl F F
F
72% 57% 97%

Scheme 7. SO2 insertion into organosilanes.

The same group further applied a similar strategy for a Pd-
catalyzed sulfonylative Hiyama cross-coupling reaction. Sulfin-
ates generated in situ via SO, insertion were found to be the
key intermediate. This is in stark contrast to classical carbonyl-
ative cross-coupling reactions, where the insertion of CO occurs
after the oxidative addition to the aryl halide. The author
proposed, that the high regioselectivity of this method is attrib-
uted to the selective SO, insertion at the y-position of allysil-
anes 32, which was also demonstrated by DFT calculations
(Scheme 8).2%!

Wang and Zhang reported a simple preparation of aryl sulf-
inate salts from arenes and DABSO in the presence of AlCIs.
The addition of excessive AlCI; was necessary to afford desired
products in good to high yields. Mechanistic studies indicate
an electrophilic aromatic substitution pathway (Scheme 9).261

The Vogel group has shown, that SO, can undergo reversible
cycloadditions with various dienes. Based on these pericyclic
reactions, a variety of useful transformations have been devel-
oped.?”! For instance the sulfone 40 was prepared via an initial
hetero-Diels-Alder reaction between the dien 37 and SO, and
methylation of an in situ generated sulfinate 39 (Scheme 10 I).

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Pd(acac); o0 R BClj, SO,
_ . Xantphos Y f e 2; e Tr\SOQH BCIa) g
R!\/\/Si(OEl)g + |@ M.. /\I/ | S H 212, = E
7R THF,4h,80°C R’ X, o
32 33 4 R
Ve oo o
/\/s@\ ASAY v SO,HBCly SO,HBCI, YSOQH BCly :
5 +
97% 95% 93%
R 57% 0| a ), ° ° °
00 FoSigy 870 \/]\ .
R=0OMe 82% % 4= X . w50, HBC
R=Me  78% . S\@ RR 7 SO-HECI 2EM SO,HBCl,
= [
R=H T4% Me Me Mo 95%, 92%, quant.

R = COMe 45%
R=CF; 38% 59%

Scheme 8. SO2 insertion into allysilanes.

R S AICl; NaHCO; X SO;Na
o + DABSO P —_
L~ DCEorPiNO,  RU_
35 9 36
/©/802Na SO,Na : SO;Na SO,Na
e0 F Br~ :
86% 82% 70% 92%

Scheme 9. Friedel-Crafts sulfination with DABSO.

Sila-ene reactions with SO, could be utilized for the synthesis
of various sulfones via the corresponding silyl sulfinate interme-
diates (Scheme 10 1I).

I. hetero-Diels-Alder cyclo-addition

OMe Some CoTr OSiMes

OMe S0;Me
| 2
# TBSOT |~ o TBSOT! o-TBS S 7 OME/
—_—
xS0, S | s\ then TBAF, Mel Et
o} 0 Me
37 38 39 40
Il. sila-ene reaction
OSiMe; TBSOTS 0o 0 , o]
TBAF, R?  R2
R‘o)\\ Ts0, R‘OJ\I/S“OSiMea - R‘O)K( SR
Me Me ] Me
41 42 43
Me;Si 0
TBSOTF L/‘s _TBAF,R®X LSO R2
RA —'soz R OSiMe; 2
a4 a5

Scheme 10. Sulfone synthesis via pericyclic reactions.

In 2010, Vogel and co-workers developed a more general
synthetic route to f3,y-unsaturated sulfinate salts via a BClz-me-
diated ene-reaction between SO, and unfunctionalized alkenes.
The formed, stable sulfinic acid-BCl; complexes 48 seem to be
crucial for suppressing desulfinylation and polymerization proc-
esses. These complexes can be converted into different sulfonyl-
containing derivatives in one-pot procedures (Scheme 11).28

5. Transition-Metal-Catalyzed SO, Insertion

Both the reactivity of transition metal complexes towards SO,
and the insertion of SO, into carbon-metal bonds of such com-
plexes have been studied extensively on isolated, defined metal
complexes.?®! Building upon these pioneering studies and the

Eur. J. Org. Chem. 2020, 4664-4676

www.eurjoc.org 4668

Scheme 11. Sulfinic acid complex synthesis via BCl;-medieated ene reaction.

introduction of easy-to-handle SO, surrogates, various catalytic
processes for the insertion of SO, have been developed in the
last ten years.3% The first report of a transition-metal mediated
synthesis of sulfinic acids, using over-stoichiometric amounts of
copper powder, dates back to late 1890s.3" Around 100 years
later, Keim and co-workers reported a series of palladium-cata-
lyzed hydrosulfination reactions for the construction of sulfinic
acids using SO, gas.*? For instance, aromatic sulfinic acids 53
could be prepared from aryldiazonium tetrafluoroborates, SO,
and hydrogen gas. Interestingly, the authors could demonstrate,
that the addition of methanol or water was efficient to suppress
the disproportionation of the generated sulfinic acids
(Scheme 12).

Pd cat. SO.H
P _ rdeat SO,H 2
*S0: M neiwater SN Y
43 50 ratio 9:1 51
NoBF. SO;H
rl o N2 4+ o+ H Pd on activated charcoal R @’ ; |
N 2 2 I examples
& ELO/MeOH, t Z 84-93% yields
52 53

Scheme 12. Pd-catalyzed hydrosulfination.

Later a team from Pfizer and the group of Willis independ-
ently reported the palladium-catalyzed sulfination of aryl and
heteroaryl halides, using the SO, surrogates K,S,05332 and
DABSO.33! Either sodium formate or 2-propanol serve as
terminal reducing agents in these reactions. The generated sulf-
inates were directly converted into sulfones, sulfonamides
(Scheme 13)B3! or sulfonyl fluorides (Scheme 14)3% in a one-
pot operation. The utility of these two-step protocols was dem-
onstrated by the late-stage functionalization of drug-like scaf-
folds. Later on, Waser and co-workers could implement a Pd-
catalyzed, one-pot, three-component arylalkynyl sulfone syn-
thesis.?'] Jiang et al. have realized a Pd-catalyzed construction
of arylalkyl sulfones via a fleeting alkyl sulfinate as the key inter-
mediate.[3%]

(Hetero)aryl boronic acids also undergo efficient reactions
with SO, in the presence of different Pd-catalysts. The gener-
ated sulfinates were directly used in the construction of various
sulfones (Scheme 15)13¢ and sulfonamides (Scheme 16)1360371 jn
one-pot, two-step protocols.

Interestingly, also gold(l)-based catalysts can efficiently pro-
mote the insertion of SO, into carbon-boron bonds. In the pres-
ence of an alkyl halide®®238b] or a diaryliodonium salt,28! the

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 13. Pd-catalyzed sulfination of aryl and heteroaryl halides.

Method A: X = Br, PdCly(AmPhos),,
Cy,NMe, i-PrOH, 75-110 °C
Method B: X = OTf, PdCly(AmPhos),
. X 2 8
S NEty i-PrOH, 75 °C

+ DABSO
Method C:
X =1, Pd(OAc), PAd,Bu,
58 9 NEt, i-PrOH, 75 °C
F* source
Solvent, rt

FO,S

N":l Method A Method B
NAgp, 4% 70%
e 0

Method A SO.F Method B
79% O 52%
Method C
72%

Scheme 14. Pd-catalyzed sulfination to construct sulfonyl fluorides.

direct formation of various sulfones takes place in a one-step,
three-component reaction (Scheme 17).

In addition to gold- and palladium-based systems also first
row-transition metals, such as cobalt, copper or nickel are capa-
ble of mediating the fixation of SO,. For instance, the cobalt-
catalyzed reaction of arylsilanes with DABSO and alkyl halides
affords sulfones in good yields, presumably via a sulfinate inter-
mediate (Scheme 18 1).13%) Copper(l) salts can catalyze this
transformation in a similar manner (Scheme 18 11).3°0 Willis et
al. reported both a copper and a nickel-catalyzed sulfination of
arylboronic acids. The generated sulfinates could be trans-
formed directly into various sulfones and sulfonamides in se-
quential one-pot operations (Scheme 18 I1I).139<394!
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Method A
1) DABSO 9, Pd(OAc), TBAB,
dioxane/MeQOH, 80 °C;
2) H;NOSO3H, H,O
or R?R3NH, NaQOCl, H,0

Method B
1) DABSO 9, Pd(OAc), TBAB,

- BIOH)

61 dioxane/MeOH, 80 °C; 64
2) NapCO3 CuBry, BzO-NR?R?, rt
¥ 0 0 0 0o COOH
N4y 0 \S/‘ o
S\N S NH, o S\N
H g [
(o]
82% 56% 56%
Method A Method A Method A
\‘ », \‘ 'f \\sz\
poahoIpes & Q2
S k/o
71% 66% 97%
Method B Method B Method B

Scheme 16. Pd-catalyzed sulfination to construct sulfonamide.

One has to mention, that these transition-metal catalyzed
processes provide an interesting alternative to the use of pre-
formed organometallic reagents. However, the parent sulfinic
acid salts were rarely isolated as final products.

6. Nucleophilic Cleavage of Sulfonyl-
Containing Compounds

The strategy to prepare alkane and aryl sulfinate salts via base
induced cleavage of sulfones and other sulfonyl derivatives has
been extensively explored for many years. Generally, the de-
sired sulfinate salts can be obtained from different precursors
via the displacement of a suitable leaving group.?2?*! A couple
of selected classical examples are presented here (Scheme 19).
Recent developments are mainly focusing on identifying milder
reaction conditions and more sustainable procedures.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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o Scheme 15. Pd-catalyzed sulfination of (hetero)aryl boronic acids.
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Scheme 17. Au-catalyzed sulfination of (hetero)aryl boronic acids.

I. Cobalt catalyzed sulfination

) DABSO 9 0 0.0
RSSO con.osE | AP R, NS
L DMF, 100 °C R’O R
29 30 69

R2-X = Alkyl bromides, iodonium salts,
electron-poor aryl chlorides
Il. Copper catalyzed sulfination

o] 0.0
{(OEt), DABSO 9 2 | Akt %
R1_.©’ _OuO0.CF | NS P AR STk
i I I
=z H,O/DMF, 100°C |R T g
29 30 66

lll. Copper or nickel-catalyzed sulfination

Method A

Cu(MeCN),BF, 0 0.0

B(OH), DABSO 9, NaBF; Lo S

Rﬂ@’ " DMPU.90-110°C . |y © |-E . _H@/ E
Z Method B 3 y el
70 NiBr,+(glyme), tmphen 55 »
DABSO 9, t-BuOLi
DM, 100 °C E = aryl, alkyl, NR;, F etc.

Scheme 18. First row transition metal-catalyzed sulfination.

6.1. Fragmentation of Alkyl Sulfones

In 2002 Wang et al. reported sodium 3-methoxy-3-oxopropane-
1-sulfinate (SMOPS) 74 as a novel 'SO,2~ reagent, which allows
an efficient introduction of a masked sulfinate moiety either via
Sn2-type chemistry or a copper-catalyzed coupling with aryl
iodides. In this report, the free sulfinates can be released
smoothly under basic conditions. They were converted directly
into the corresponding primary sulfonamides using hydroxyl-
amine-O-sulfonic acid. The use of harsh reaction conditions
such as strongly oxidizing or organometallic reagents can be
avoided (Scheme 20).14!

In 2016, Shavnya and co-workers reported an expeditious
preparation of alkane sulfinate salts and their direct derivatiza-
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Furukawa, 1986  Gauthier, 1996 Field, 1986 Andersen, 1971 Field, 1981
Scheme 19. Selected, established precursors for the synthesis of sulfinates via

nucleophilic cleavage.

Method A:
1) Alkyl-X, DMSO, r.t.
0 2) NaOMe or DBU, o NH,0SO3H,
/“\/é DMSO, 15 min, r.t. L NaOAc, H,O g
MeQ,C ONa Method B: R”7"ONa| 16.20 hrt, R”™""NH,
1) Ar-X, Cul
SMOPS " g
72 DMSO, 110 °C 2 IS
2) NaOMe,
DMSO,15 min, r.t.
0 o-NHz
85% 50% 62% 24%

Scheme 20. Sulfinate salts synthesis from SMOPS reagent.

tion by using commercially available Rongalite 76 as the syn-
thetic equivalent for the ’SO,2~ anion.*'! Compared to the
SMOPS reagent, Rongalite is considerably cheaper and available
in greater quantities. Under mild basic conditions, various
aliphatic sulfones, sulfonamides, and sulfonyl fluorides can
be smoothly prepared via a one-pot, two-step process
(Scheme 21).

Alkyl—X +HO™™ 9 Conditions 0.0
Ly I :

Y HO™ "S0-a DMSO, rt | Alkyl” 0@ Alkyl”~ "R
62 76 77 78
X=8n R = Alkyl, NRy, F

00 =
W N ) [ s?
A/S\/C’/ J\/\/ \@ BOCO/\O
47% 35% 36%
@/\/\” \\ @A/\/ : N\/Lcozfsu ©/\/\~ A O
42% 39% 0%

Scheme 21. Sulfinate salts synthesis from Rongalite.

However, due to the inherent instability of Rongalite and the
formed hydroxymethyl sulfone intermediate, the reaction scope
is rather narrow and yields are in general not satisfying. Thus,
in 2018 the same group reported an improvement method util-
izing an O-protected derivative of Rongalite 80.?! In contrast
to the previous method, higher yields and better functional

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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group compatibility were observed. More importantly, different ~ The utility of this method was further demonstrated by intro- g
alkane sulfinate salts can be isolated in pure form in this proto-  ducing '“C-labeled tracers into selected bioactive molecules E
col (Scheme 22). (Scheme 23 1I).
OMe 3
SOzNa MeO <
6.2. Base-Induced Cleavage of Heterocyclic Sulfones 4
NaOH H,O  MeO O._-S0:Na
s © The cleavage of C-S bonds in electron-poor aromatic sulfones

Alkyl-X, TBAB, DMA

80°C,20h
OMe
a DIPEA/MeOH, MeO o o Electrophile Qép
Alkyl”~ “OMet hen KHCO; 1o Alklc"" dtions Alkvl” TR
82 or Zn (OAc); o 78
8 R = Alkyl, NRy, F
0
] 0.
4 0 S s tzn
s, /S 5
O O U7
2
84% 70% 81%
H o =z
o J\ N =
BocHN._~_5.r 5 s
oo oo
81% 62% 69%

Scheme 22. Sulfinate salts synthesis from Rongalite derivative.

In 1994, Huang and co-workers reported a one-pot conver-
sion of methyl sulfones to sulfinate salts and sulfonamides.32!
The use of trialkyl boranes along with methylmagnesium
chloride afforded the sulfinic acid salts in moderate yields
(Scheme 23 1). Gauthier and co-workers improved this protocol
to a convenient late stage functionalization method via an alk-
ylation-elimination sequence.**®! In their process, potassium
tert-butoxide (tBuOK) was sufficient to promote the reaction.

via an ipso-substitution process with suitable nucleophiles rep-
resents another useful strategy for the synthesis of sulfinate
salts.[* Based on this reactivity, several research groups have
successfully designed and utilized various activated heterocyclic
sulfones as key intermediates to prepare sulfinates. An early
example was reported by Ueno and co-workers in 1984.
2-(Alkylsulfonyl)benzothiazoles 88 can be reductively cleaved
with sodium borohydride (NaBH,) to release alkane sulfinate
sodium salts under mild condition in good yields (Scheme 24
1).[453) |n 2017, Xian and co-workers reported an improved ap-
proach to obtain the required 2-(alkylsulfonyl)benzothiazoles
88 using 2-sulfinyl benzothiazole (BTS) 89 as the starting mate-
rial.*>®! A two-step reaction including benzothiazolation and
NaBH, reduction was employed to transfer the sulfinate moiety
from BTS to alkyl halides. In addition, the corresponding sulf-
ones or sulfonamides can be prepared in a one-pot transforma-
tion (Scheme 24 11).

I. Ueno procedure
N O o
N}_SR KMnO, \ g NaBH, o
s ag. AcOH s 6 MeOH R” "ONa

BTS 89 0 s NaBH 0
I. Huang procedure RX ——— ————— R—S—<\ ]@ ——4 . g
DMF, rt 5 N EtOH,1h R™ "ONa
17 88 21
o MeMgCl o R?
LI Trialkylborane | & ©g-R? o H;NOSO;H 7 o 0 o
RiﬁiMe R \Rz 15~ RfﬁfNH2 ©\’I é :
& R 7 OMet o S-ona 7 0Na “ONa
83 84 12 75
98% 95% 75%
o]
H é _______________________________________________________________________________
“OMet “OMet “OMet
e e L XY
o NaBH 9 E\OWT : 5 7
38% 28% 58% 20% R- s—<\ ]@ —MNaBH | 0
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, EtOHTHF R “-ONa ReNt, 1 B "
mCF’B,q BDprA R s NR;
Il. Gauthier, Jr. procedure 21 H/TH o
1
PhCH,Br, t-BuOK o
I acidification work-up i R-X T O ’O
R'-S-Me 4-S.,, —— R'-5-R? S\/\/\ 0,0
I N R OH I @/\/ 2 @/\
o} o]
83 Ph" % 85 7
9% 70% 0%
O, 14CHgy
Q o Scheme 24. Base-induced reductive cleavage of benzothiazole sulfones.
SOH  go M a > . - L
8 [ In a similar manner, the pyridine moiety in 2-sulfonyl pyr-
R N - .
N7 = idines can serve as a good leaving group. Prakash and Olah
sfgm‘e 322”, 0% N7 successfully synthesized a series of alkyl a,a-difluorinated sulf-
R=Br  79% [MCIMK-0663 inate 92 and sulfonate 93 sodium salts from the corresponding
difluoromethyl 2-pyridyl sulfones (Hu’s reagent) 90 (Scheme 25
Scheme 23. Sulfinate salts synthesis from methyl sulfones. 1).14621 This procedure was adapted and improved by Baran and
Y!
Eur. J. Org. Chem. 2020, 4664-4676 www.eurjoc.org 4671 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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co-workers for the scalable preparation of sodium difluoroethyl- o (COCl), 0 5% | visibie fght | -5 £
sulfinate (DFES-Na) 95. DFES-Na was successfully employed in R OHW’ R)LO’N I “Fone N| P 3
the difluoroalkylation of various heterocycles (Scheme 25 @

11).1#6P1 On the other hand, the group of Harrity reported the 102 NaO N~ 104 105

synthesis of azetidine and oxetane sulfinate salts 101 from com- 103 RuCls, NalO, 3
mercially available 3-iodoheterocycle precursors 98 (Scheme 25 o 0.0 :
111 [46¢] 2 NaOEtor NaSEt S N

I. Prakash and Olah procedure R 21 ONa 106N /

Qép _RX Q‘s'p _ BN eF,S0Na
NCRM Lnmps, [ CFRESHTHF12 o
=N THF/HMPA, “_-N 12h 92
Hu's ;(:]agent -98°C 91 H,0;, Hzol

RCF,S0;Na

93
Il. Baran procedure
Qé,p Mel Q.0 NaH, EtSH
FoH ; FoMe
‘ S LS | Sy CH3CF,S0O;Na
_N =N DFES-Na
90 94 9

TBHP, TsOH
2ZnCly, DCMH;0
‘,GCFZCHa

96
lll. Harrity procedure
SH 1) LIHMDS
s DMFr11h C( \C\ m-CPBA t\
=N X DCM 0°C,rt X
1
o7 x| 16h 00
98 Overall yields NaSR, NaH
88% X = NBoc THF, rt, 24 h
71% X=0
SO,Na
X101

Scheme 25. Base-induced reductive cleavage of pyridyl sulfones.

Using an interrupted Barton decarboxylation reaction to in-
corporate the cleavable pyridine moiety, the group of Baran
was able to prepare a variety of different alkane sulfinate
salts.[*”) The reactivity of these salts was evaluated in a Minisci-
type alkylation of four classes of heterocycles (Scheme 26).

The synthesis of stereochemically defined sulfinate salts is
of particular interest for the construction of chiral sulfones or
sulfonamides. However, the traditional reduction approach
starting from sulfonyl chlorides is associated with partial race-
mization of adjacent stereocenters, due to the generation of an
achiral sulfene intermediates. The group of Paras described an
improved method for the synthesis of chiral sulfinate salts via
pyrimidine thioethers 107.18! Oxidation to the sulfone 108 and
based-induced cleavage with NaOMe provides a series of sec-
ondary alkyl sulfinate 109 with complete retention of the adja-
cent stereogenic carbon center. The formed sulfinate salts could
be converted into a variety of a-chiral sulfonamides and sulf-
ones in good yields (Scheme 27).

6.3. Degradation of Other Sulfonyl Derivatives

The thiosulfonate group can serve as a masked sulfinate func-
tionality. Free sulfinates can be liberated via nucleophilic cleav-

Eur. J. Org. Chem. 2020, 4664-4676
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(Yields based on the corresponding sulfone)

ArSOZNa
K ><}802Na 0/\:>— SO;Na
CF3

SO;Na
TFCS-Na 35% 73% 98%

75%
SO;Na SO;Na

S0,Na

34% 63% 88%

Scheme 26. Sulfinate salts synthesis from carboxylic acids.

Method A:
m-CPBA, DCM \\ 0 o
\,«S\r __0-20°C,13h Y NaOMe R‘\
\J Method B: \j MeOH, 0 °C R2
NayWO, 2H,0, ag. Hy0 <30 min
107 F'2hP04H (éu N). S04 109
3 41N 2 4,
H;O/Toluene, 50 °C,
30-60 min
0 Me O 0 o
Me., S.
Ph\/\|-"“s“0Na Me)\ *S-ona Me S-ONa : ONa
Me Me Me Me ipr
99% 96% 80% 89%
H,NOSO;H o]

e oL NeOAc g1 L MelMeoHrmteh o O
TN -— R —_— N O3
N ) NH, H,0, 0-20 °C, 2 ONa Arl, Cul, proline, D " R

R 1-12h R NaOH, DMSO R 111
110 109 80°C,23h
! R® = Me or Ar
Q.0 0.0 Q.0 0,0
s. k=4 Ph S. R
NH, S Sopy, T P2 Me
Me Me Me Me
61% 77% 63% 79%

Scheme 27. Synthesis of chiral secondary alkyl sulfinate salts.

age of the S-S bonds.[*?! In 2017, Jang and co-workers revisited
the utility of these sulfinate anion equivalents in the one-pot
construction of sulfones and sulfonamides.%! Since thiosulfon-
ates 113 can be easily prepared by copper-catalyzed aerobic
dimerization of thiols,'>°®! this procedure provides an alternate
synthetic route to sulfinate salts (Scheme 28).

In a similar manner, N-aminosulfonamides can serve as sulf-
inate precursors.>" In 2014, the Willis group reported a one-
pot, three-step synthesis of sulfones from aryl or alkenyl hal-
ides.> Based on their previous palladium-catalyzed amino-
sulfonylation reaction,"® trialkyl aminosulfonamide intermedi-
ates 117 can be generated in situ via the alkylation with benzyl
bromide. Subsequent base-mediated degradation of these in-
termediates furnishes the free sulfinate salt, which can be trans-
formed into various sulfonyl-group containing molecules
(Scheme 29). Similar strategies were further applied into the

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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used for the synthesis of different sulfonyl derivatives in one-
pot process (Scheme 30). Shortly after, the same group de-
scribed a general platform for the degradation of secondary
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Scheme 29. Degradation of N-aminosulfonamides. Scheme 30. NHC-catalyzed deamination of primary sulfonamides. g
:
2
Recently, Fier and Maloney reported a novel method for the 0 P})Niq'g(oric%ﬂn - g R? o B
. . . oy . . 3 M -
conversion of primary sulfonamides, traditionally considered as RL?}*“{;'?Z 2)BTMG, 65°C, 2h jicg 5\:00 2Bt 'T " RS0 §
synthetic dead-ends, into sulfinic acid salts.>32! The key step of 120 o BTG 73 £
. . . + 2
this process is a N-heterocyclic carbene (NHC)-catalyzed frag- 12 }CO?Et ]rtE1 ) 3
mentation of an in situ generated N-sulfonylimine to a nitrile 122 ‘ §
and a sulfinate salt. Various functional groups were well toler- RL‘;—E g
ated in this process and the formed crude sulfinates can be o g
13 g
Z
tH
g

sulfonamides to the corresponding sulfinic acid salts. The re-
ductive cleavage of the selective N-S-bond is driven by the
combination of ethyl benzoylformate and tris(dimethylam-
ino)phosphine (Scheme 31).°3%! |t should be mentioned, that
these methods provide a highly useful way for the late-stage
manipulation of primary and secondary sulfonamide functional-
ities in complex molecular scaffolds.

38%

S/
R=NH, 77% QO
R=NH-CD; 73%

Scheme 31. Reductive cleavage of secondary sulfonamides.

7. Radical Combination with Sulfur Dioxide
Radical Anion (SO,™)

0
R1SH Cu cat. 0 »,? , CsCO; in EtOH ?; ol R’ :r‘Rz 7 SO, énd related SO, surrogates zf\re gogd‘rad'ical traps. The syn-
0, RS orTBDINTHF R0 o0 thesis of sulfones and sulfonamides via in situ generated sulf-
12 13 73 R1I\SW‘NR 11 onyl radicals has been reviewed recently.>* Similar transforma-
tions for preparation of sulfinic acids or their salts have been of
7 oL limited use so far.>! However, the generation and utilization of
0, p\/@\ Ph” \(5 Ry the sulfur dioxide radical anion (SO,™) provides an analogous

ph-° CF3 N@ Octy avenue for the efficient synthesis of sulfinates.

74% 83% . 96% In 2016, Luo and co-workers reported a facile synthesis of
qu o \\S/"N/\ sulfinate salts via an iron-catalyzed radical coupling between
PN /©/ Lo diaryliodonium salts 123 and Rongalite.°® The desired sulfin-
- MeQ a5% ates can be prepared under very mild conditions in good yields
and were directly converted into different sulfonamides. The
Scheme 28. Cleavage of thiosulfonates. authors proposed that an initial interaction between diaryl-
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iodonium and Rongalite was crucial for this radical coupling Method B g
. . e . etho 3
reaction, and the iron catalyst greatly facilitates this process s | Method A Photo-catalyst e X 3
(Scheme 32). DMF fluorescein or Ir(ppy)s
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Scheme 32. Iron-catalyzed radical coupling.

In 2018, Wu and co-workers developed a catalyst-free sulfon-
ylation of (hetero)aryl iodides with sodium dithionite 126.1572
Various electron-deficient (hetero)aryl iodides were suitable re-
action partners, whereas electron-neutral or -rich (heteroaryl)
iodides did not react in a satisfactorily manner (Scheme 33.
Method A). Later on, the same group reported a photoredox-
catalyzed process using thiourea dioxide 128 as the SO, surro-
gate.l’”?! Under visible light irradiation, the reaction proceeded
smoothly through a radical combination of aryl radicals and
sulfur dioxide radical anions (Scheme 33. Method B). The au-
thors demonstrated, that in both cases the corresponding sulf-
inate salts were formed as key intermediates. Starting from the
in situ generated sulfinic acid salt, various heteroaryl sulfones
and sulfonamides were prepared successfully.

Similarly, Jiang et al. reported a general construction of sulf-
ones with different SO, surrogates. By employing a phosphate
ester 132 as the stable alkyl source, alkyl-alkyl sulfones could
be prepared from alkyl halides and thiourea dioxide 128; while
aryl-alkyl sulfones could be afforded from aryl halides and so-
dium dithionite 126, combined with a palladium catalyst. In
both cases, the generation of alkane or aryl sulfinates was pos-
tulated as key intermediates (Scheme 34).1°81

Chen and Liu reported the preparation of fluoroalkyl-con-
taining sulfinate salts 134 via a zinc-mediated, intermolecular
fluoroalkyl-sulfination of unsaturated C-C-bonds.!*?! In this reac-
tion DABSO was used as the SO,-source and the in situ gener-
ated sulfinate salts could be subsequently converted into vari-
ous sulfonyl-containing compounds. Mechanistic studies dem-
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Scheme 33. Radical coupling with sodium dithionite or thiourea dioxide.
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Scheme 34. Sulfone synthesis controlled by SO, surrogates.

onstrated, that the sulfur dioxide radical anions were involved
in the reaction process (Scheme 35).

8. Conclusion and Perspective

In conclusion, tremendous advances have been achieved in the
preparation of sulfinate salts in last two decades. Besides the
improvement of classical methods, such as the reduction of
sulfonyl chlorides or the oxidation of thiols, a plethora of novel,
more efficient and sustainable approaches have been devel-
oped. Among these novel methods four developments have
emerged as particularly useful:

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 35. Zinc-mediated reductive fluoroalkylsulfination.

1) utilization of solid, and easy-to-handle SO, surrogate, es-
pecially DABSO, which lead to a renaissance of organic chemis-
try with SO,;

2) transition-metal-catalyzed reactions enabling the fixation
of SO, under milder reaction conditions;

3) development of novel reagents for the facile introduction
of masked sulfinates as well as for the chemoselective liberation
of the desired sulfinate under very mild reaction conditions;

4) reassessment of radical reactions with SO, and the utility
of the sulfur dioxide radical anion in organic synthesis.

Despite all these advances, the synthesis of sulfinate salts is
far from being a solved problem in organic synthesis. Some of
the current problems and future challenges are:

1) preparation and isolation of sulfinate salts in their pure
form (rather than the nowadays still common direct trapping);

2) general applicable, more efficient and sustainable meth-
ods for the synthesis of sulfinic acids and their salts;

3) construction of sulfinates via the selective, direct function-
alization of C-H-bonds.

Based on the recent developments, we are confident, that
novel, exciting approaches for the synthesis of sulfinate salts
will be reported in the near future.
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