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The exceptional versatility of sulfones has been extensively exploited in organic synthesis across several
decades. Since the first demonstration in 2005 that sulfones can participate in Pd-catalysed Suzuki-
Miyaura type reactions, tremendous advances in catalytic desulfitative functionalizations have opened a
new area of research with burgeoning activity in recent years. This emerging field is displaying sulfone
derivatives as a new class of substrates enabling catalytic C-C and C-X bond construction. In this
review, we will discuss new facets of sulfone reactivity toward further expanding the flexibility of C-S
bonds, with an emphasis on key mechanistic features. The inherent challenges confronting the develop-
ment of these strategies will be presented, along with the potential application of this chemistry for the
synthesis of natural products. Taken together, this knowledge should stimulate impactful improvements
on the use of sulfones in catalytic desulfitative C-—C and C-X bond formation. A main goal of this article
is to bring this technology to the mainstream catalysis practice and to serve as inspiration for new per-
spectives in catalytic transformations.
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1. Introduction

The fundamental role that sulfones play in Organic Chemistry
is two-fold: firstly, they are present in target molecules of
importance in Medicinal Chemistry and Materials Science;'
secondly, they are increasingly important in the development
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of novel synthetic methodologies for the creation of C-C
bonds.” In this regard, the discovery of activation modes of
the C-S bond directed at developing new strategic applications
of the SO, group has emerged as an active and promising
research area.’> From a synthetic viewpoint, the majority of
examples concerning the use of sulfones in synthesis rely upon
the intrinsic acidity of the H atoms at the a-position, followed
by functionalization via electrophilic trapping and subsequent
desulfonylation. This sequence enables the formation of a new
C-C or C-X bond in the molecule. Recently, catalytic transfor-
mations that involve activation of the C-S bond have been
reported in which new C-C or C-X are created directly via
catalytic desulfonylation, thus circumventing the need for
stoichiometric bases and two-step sequences. The known
ability of sulfones, compared to sulfides and sulfoxides, to
participate in C-S heterolytic elimination-type reactions could
be ascribed at least in part in terms of the pK, of the resulting
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leaving group, the sulfinate group.® In this regard, sulfinic
acids (pK, around 2) are less acidic than sulfonic acids
(pK, around —3), but significantly more acidic than thiols
(pK, range 7-11) or sulfenic acids (pK, around 12). Therefore,
the use of sulfones with very different electronic properties
could offer ample opportunities for the development of ortho-
gonal strategies based on sulfinate-type leaving groups.

There are several aspects about the overall transformation
that deserve consideration. One salient example is the control
of the chemoselectivity during the C-S bond cleavage with a
proper set of reaction conditions. As the sulfone moiety (R'-
S0O,-R?) usually bears two different carbon moieties, control in
the activation of either C-S bond is crucial to the success of this
chemistry in terms of selectivity. Additionally, control over the
catalytically relevant species and the nature of the sulfur-based
leaving group is of great importance. There are at least two
different possibilities - the elimination of RSO, vs. SO, extru-
sion plus a carbon fragment - that may be critical to the
selectivity and/or the efficiency of the catalytic cycle, due to
their potential involvement in the recovery of the active catalyst
or in undesired side-reactions.

This review aims to provide a critical assessment of the
different paths for catalytic desulfonylative processes to create
C-C and C-X bonds. In doing so, we discuss different concepts
regarding the control of the selectivity as a crucial factor for the
success of this chemistry and its application in synthesis.
During the preparation of this review, elegant reviews by
Crudden covering aspects of this chemistry have appeared in
the literature.’

2. Catalytic C—C bond forming
reactions

The most prevalent reaction in organic synthesis is the creation
of C-C bonds in a regio- and stereoselective fashion. In this
regard, sulfones can participate as C(sp®), C(sp?), and C(sp)
synthon donors by catalytic scission of the C-S bond, either by
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metal-catalysed activation or photocatalytic induced radical
additions. In this section, we present a rationalized discussion
of catalytic methods for the creation of C-C bonds attending to
the organic fragment of the sulfone that is transferred.

2.1. Alkenylations

2.1.1. Metal-catalysed cross-coupling methods. Alkenylsul-
fones are readily available substrates that have been tradition-
ally used as electrophiles in cycloadditions and Michael
additions with various carbon- and heteroatom-based nucleo-
philes. In 1982, Julia and co-workers first reported that alkenyl
sulfones can be used as alkenylation reagents in desulfonylative
cross coupling reactions with Grignard reagents using nickel-
or iron salts as catalysts to afford the coupling products in
moderate yields (Scheme 1a).® The reaction was stereoselective,
especially for E-configured alkenyl sulfones, providing a stereo-
selective synthesis of trisubstituted olefins. For PhMgBr, both
Ni(acac), and Fe(acac); were effective, whereas for MeMgX only
the Ni salt led to cross-coupling. In contrast, the Fe catalyst
provided better reactivity and higher stereoselectivity than Ni in
the coupling with longer primary alkyl-Grignard reagents, for
which the competitive formation of hydrogenolysis products
was observed. However, even in the presence of Fe-catalysis,
secondary (‘PrMgBr) or sec-alkyl-Grignard reagents led almost

a) Transition metal-catalyzed cross coupling of alkenyl sulfones with Grignard reagents (Julia)

1Bu0,S, ML, (1 mol%) Ph, Me,

—\ + RMgBr ————> >=\ or >:\
sy 20N
(1.8 equiv) Ni(acac), 68% (E/Z=100:0) 68% (E/Z =100:0)

Fe(acac);  60% (E/Z=100:0) 60% (E/Z=100:0)
PhO,S, Fe(acac)s (1 mol%) R
— + RMgBr _— >:\
nCeHiz (1.8 equiv) THF, 1t 20 nCeH17

R = nBu, 63% (E/Z = 3:97)
R=iPr, 3%

b) Application to the enantioselective synthesis of yellow scale pheromone (Julia)

iPrMgBr (2.0 equiv)
OTBS  FeCl, (3 mol%)
Et,0, -78-20 °C

| then, TBAF-3H,0, 0 °C

PhO,S. -

Ac,0 |— R=H, 36%
N R = OAc, 96% (yellow scale)

c) Synthesis of modified A ring vitamine D3 analogues (Arjona & Plumet)

OH TBS OH R
= =Z
o = MeMgBr (1.8 equiv) o
_MeMoPrit-eequv)
>< Ni(acac), (1 mol%) ><
[¢) SO,Ph THF, it o Me

TBAF I— R=TBS, 78%
— R=H, 80%
d) Functionalization of -sulfonyl dehydropyridines (Beng)

SOLAr
(I + RMgBr

TMEDA (6.0 equiv)
—_—
'I‘ cl (3.0 equiv) CPME, rt, 5-16 h N el

CHO CHO
CPME = cyclopentyl methyl ether
(Ar = 3-Cl4-F-CgHy)

Ar Ph
(X - c o
N” Cl | |
| N

Fe(acac); (2 mol%)

CHO N Cl ']‘ cl
) CHO
Ar=Ph % o CHO
Ar = 4-MeOCqH, 84% N 65% Ar=Ph 7%
60% Ar = 2-CIC4H, 84%

Ar=2-NO,CeH, 69%
Ar=2-Pyridyl,  47%

Scheme 1 Cross coupling of alkenyl sulfones with Grignard reagents
under Ni- or Fe-catalysis.
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exclusively to the reductive desulfonylation products. The same
group later found that the cross coupling of 2-benzenesulfonyl
1,4-dienes with isopropylmagnesium chloride under FeCl;-
catalysis led to substantial amounts of the corresponding
2-isopropyl 1,4-dienes with >97% stereospecificity.” This
method has found application in the synthesis of the phero-
mone of yellow scale (Scheme 1b),® and as a key step in the
totally stereoselective synthesis of an analogue of the A ring
fragment of vitamin D3 (Scheme 1c).’ Years later, the group of
Denmark discovered that the presence of an excess of TMEDA
(8.0 equiv.) had a dramatic enhancement of efficiency in the
Fe-catalysed cross-coupling of alkyl phenyl sulfones with
Grignard reagents (vide infra).'® Using these conditions, Beng
and Bassler developed a Fe-catalysed desulfonative arylation of
N-formyl a-halo-B-phenylsulfonyl 1,2,3,4-tetrahydropyridines
with both electron-rich and electron-deficient aryl-Grignard
reagents (Scheme 1d)."* Allyl-, benzyl- and alkynylmagnesium
halides also underwent desulfonylative substitution with mod-
erate to good efficiency.

Another early example of carbon-carbon bond formation by
desulfonylation catalysed by a transition metal was reported by
Kamigata in 1985. When E,E-bis(styryl)sulfones are heated in
benzene at 150 °C in the presence of a catalytic amount of
dichlorotris(triphenylphosphine)ruthenium(u), the corresponding
(E,E)-4-diaryl-l,3-butadienes are formed in high yield (Scheme 2).*?
The mechanistic implications of hydrogen chloride on the structure
and catalytic property of the Ru(u) complex are not clear.

These initial reports have served as inspiration for recent
development of more practical cross coupling processes invol-
ving more functional group-tolerant reagents. For example, in
2019 the group of Niu demonstrated that bench stable
1-sulfonyl glycals are competent electrophiles in Ni-catalysed
Suzuki-Miyaura cross-coupling reactions with various aryl- and
alkenylboron nucleophiles (Scheme 3).* The C-sulfone bond
in the o-oxo-vinylsulfone moiety is cleaved chemoselectively
furnishing C-aryl glycals or acyclic vinyl ethers in high yields.
The method was also extended to acyclic a-oxo-vinyl sulfones
furnishing acyclic vinyl ethers. Boronic acid pinacol esters were
similarly efficient as nucleophiles, whereas trifluoroborates led
to almost no coupling product. A large variety of boronic acid
derivatives took part in the reaction, including heteroaryl
derivatives containing basic nitrogen. The synthetic utility of
this method was showcased by its application to the synthesis
of pharmaceutical agents and modified amino esters. Control
experiments revealed the importance of the o-oxygen atom
facilitating the oxidative insertion step, likely by precoordinat-
ing with the Ni(0) catalyst, which would also explain the high

RUCI,(PPhg)3 (1 mol%)

PSS s A Ph N,
o’ Yo CeHs, 105 °C, 48 h d
Ar=Pph, 78%
Ar=4-MeCgH,, 60%

Ar = 4-NO,CgH,, 68%
Ar = 2,4-Cl,CqHs, 78%

Scheme 2 Ru-Catalysed 1,4-diaryl-1,3-dienes  from

bis(styryl)sulfones.

synthesis  of

This journal is © The Royal Society of Chemistry 2022
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Ni(COD), (10 mol%)
Cy3P-HBF (20 mol%)
KOH (2 equiv)

THF or 'BUOH, 60 °C

Ni(0)
[ (¢} SO,Ph
r

0.__Ni_
O/ "
/- ArB(OH), + KOH
PhSOLK

Scheme 3 Ni-Catalysed coupling of 1-sulfonyl glycals with boronic acid
derivatives.

regioselectivity observed. A plausible mechanistic cycle was
proposed that starts with a regioselective C-S bond insertion
by Ni(0) to afford an alkenyl Ni(u) sulfinate complex, presum-
ably facilitated by the transient coordination of the Ni(0)
catalyst to the oxygen atom, which undergoes a transmetalation
with the arylboron reagent followed by reductive elimination to
give the coupling product while regenerating the active Ni(0)
species. The facility with which this cross-coupling proceeds
suggests that the transmetalation process could outcompete
the desulfination step from the oxidative addition complex.
More recently, this group has extended the method to the
stereoconvergent cross-coupling of acyclic a-oxo-vinylsulfones
and employing alkyl zinc reagents as nucleophilic partners
(Scheme 4)."* The method enables the access to Z-enol ethers

Ni(OAG), (10 mol%)

RO._ ,SO,Ph 5-Me-bp (20 mol?%) RO _alkyl
| +  Brzn-alkyl |
alkyl (2.5 equiv) DM%’IE’F;; 2) alkyl
Z-selective
MeO.
MeO. MeO.
\/\J/V\ - )Mij/\/\ o | -
TIPSO. Ph
58% 58% 55%
ZE=151 ZE>19:1 ZE>9:1
o S
MeO.
| P(O)OEt, O MeO. I Y
N N
[e]
64% o 45%
ZE>19:1 ZE>81

Scheme 4 Ni-Catalysed coupling of a-oxovinylsulfones with organozinc
reagents.
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[Rh(OH)((S)-BINAP)], A
PROS\ py, + ATOPY), — oMo
THF, 40°C, 12 h Ph
Ar = Ph, 99%
Ar = 4-MeOCgH,, 99%
Ar = 4-CF3CqH,, 97%

THF, 40°C, 12 h : “Ar

Ar=Ph, 94% (>99% ee)
Ar = 4-MeOCgHy, 94% (>99% ee)

A”[R@J Ar-Ti(OiPr)s
J

(syn-addition)
“Rh] [Rh

H ]
SO,Ph SO,Ph
s Q352
(RN SLosoph g, 59}
Ar Ar reinsertion Ar

Scheme 5 cine-Substitution of sulfones
reagents.

[Rh(OH)((S)-BINAP)],
(1.5 mol%)

SO0,Ph
O/ +  ArTI(OP);

‘ Ar—[Rh]

H

B-hydrogen

elimination

alkeny with  aryltitanium

with dialkyl substituion. High functional group compatibility
was well tolerated for a wide range of vinyl sulfones and
functionalized organozinc reagents.

In 2003, while investigating the rhodium-catalysed asym-
metric arylation of a,B-unsaturated sulfones with aryltitanium
reagents, the Hayashi group discovered that the conjugate
addition product undergoes B-hydride elimination followed by
reinsertion with opposite regioselectivity and B-elimination of the
sulfone moiety to give the cine-substitution product (Scheme 5).
This reaction pathway was supported by deuterium-labeling
studies. The use of (S)-Binap as ligand led to high enantioselec-
tivity (>99% ee) in some cases.

Finally, sulfones have found excellent performance for die-
nylation reactions in presence of electrophilic bromoarenes. In
particular, the Larionov group has reported® the utilization of
sulfolene as the 1,3-dienyl transfer reagent with the ability to
access the two possible stereoisomers by ligand control
(Scheme 6). The reaction starts with the base-promoted sulfolene
ring-opening to furnish the dienylsulfinate intermediate which
transmetalates with the in situ generated aryl-palladium(u).
Further stereoselective reductive elimination yielding the
Z-isomer closes the catalytic cycle and renders the required
Pd(0) species. Both XantPhos and dppbz were found to be
effective ligands for this transformation. However, for dppbz a
further thermodynamically-driven Z-E isomerization was found
to be productive for the generation of the E-selective dienylated
product. Mechanistic experiments demonstrated the formation
of nanoparticulated species by using the dppbz ligand, which
were reactive in the isomerization event via the formation of
Pd-H species.

2.1.2. Alkenylations via radical addition and photocatalytic
methods. The ability of alkenyl sulfones to undergo alkenyla-
tion reactions via addition of alkyl radicals, generated either by
hydrogen atom abstraction, from iodides or xanthates or from
alkylboranes using a stoichiometric amount of organometallic
reagent/peroxide, followed by single-electron B-elimination was
known since the 70s.'® However, this field had to wait until
2014 to witness the first examples of this reactivity induced by
light, reported independently by the research groups of Inoue'”
and MacMillan.'® Kamijo and Inoue devised a chemoselective
C(sp®)-H sulfonylalkenylation of ethers, alcohols, amine

Chem. Soc. Rev., 2022, 51, 6774-6823 | 6777
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[Pd] (5 mol%)
O ligand (8-11 mol%)

base 1 (1.6 equiv)
base 2 (2.0 equiv)
THF, 110 °C
E-selective: Pd(OAc), dppbz, NaOMe, K,CO4
Z-selective: Pd(CH3CN),Cl, XantPhos, KO'Bu, KHCO,

—O

©/\ﬂ\

E- or Z-selective

E-selectivity:
o = PN P
Me\ A N =
)\ ® e
N~
\ F
CO,Me
53% 68% 66% 68%
Z-selectivity:
Meozc{YQ/I
o—N
53%
MeO,C N
|
O X
=
8% ¢
Proj d catalytic 1
posed catalytic cycle _
=
transmetallation APd___Sy
= base () [¢] SO,
g KO,S
2 Pd/Pd!

ArPdL,X

Catalytic Cycle \f
oxidative ArPd
addition
PdL, reductive
elimination

"Pd-H"

PPhZ
XantPhos AX

: PPh,
PPh,

dppbz

PPh,

ArM
Ar. /
Z-selective

E-selective  for L = dppbz

Scheme 6 Stereodivergent ligand-controlled Pd-catalysed dienylation of
aryl halides.

derivatives, and cycloalkanes with the electrophilic radical
acceptor trans-1,2-bis(phenylsulfonyl) ethylene using benzophe-
none as a hydrogen-atom-transfer (HAT) mediator (1 equiv.)
under UV-photo-irradiation conditions (100 W mercury lamp) in
CH;CN or ‘BuOAc (Scheme 7). Excitation of Ph,C=O0 generates
a highly reactive oxyl radical species that induces homolytic
cleavage of unactivated sp® C-H bonds to provide the corres-
ponding nucleophilic carbon radical intermediate (along with a
ketyl radical), which undergoes addition to the electrophilic
olefin partner and subsequent elimination of a sulfonyl radical
to give the corresponding (E)-sulfonylalkenes. Reduction of the
sulfinyl radical with the ketyl radical, most likely via a proton
coupled electron transfer (PCET),' would provide sulfinic acid
along with the regeneration of benzophenone.

The C-H bond next to the heteroatom is selectively
abstracted due to stabilization of the resulting radical by
hyperconjugation with its lone pair. When there are available
several C-H bonds adjacent to the heteroatom, the alkenylation
occurred preferably at the most electron-rich one. The alkenyla-
tion products were typically obtained in yields over 70%, even
when using more complex structures such as the steroidal
methyl deoxycholate. The intermediacy of the carbon radical

6778 | Chem. Soc. Rev.,, 2022, 51, 6774-6823
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R o hv, Ph,C=0 (1 equiv) 2 o
X+ PhOS A MeCN or tBuOAC P
1
RX” TH SOPN “oosm) i 42an  RX SOPh
o
BN %
Ph Ph “pp
OH
. AP
Ph” Ph o~ > ph
R? R3 R?
PhO,S
P P so,en R'X SO.Ph
RX 80,Ph
o)
MeO,C" WstPh [ j\/\
SO,Ph
99% 90%
oM
o
0 l/\
</ 0 Ns0,en
Nl
SO,Ph 71% g% SOPh

75% (dr = 1.7:1)

Scheme 7 UV-induced radical sulfonylalkenylation of C(sp®)—H bonds.

was confirmed by a radical-clock experiment with 1-cyclopropyl-1-
ethanol, which afforded the ring-opened sulfonylalkene as the
only product. Moreover, the product-determining step of the
alkenylation was determined to be homolysis of the C-H bond,
as suggested by a KIE value of 4 in a parallel experiment with
cyclohexane and its fully deuterated analogue. The synthetic
utility was further demonstrated by the conversion of the sulfo-
nylalkenes into oxidized prenyl- and pyrrole-derivatives.

Simultaneously, the MacMillan group demonstrated that
simple alkenylsulfones can also serve as efficient radical accep-
tors for photoredox-generated o-amino radicals from N-aryl
tertiary amines or via the decarboxylation of N-Boc a-amino
acids under visible light in the presence of iridium-based
metal-to-ligand charge transfer catalysts (Scheme 8).'® In this
alkenylation protocol, the photoexcited Ir'"" complex, formed by
exposure to visible light irradiation, would undergo single-
electron transfer (SET) with a tertiary amine to form a radical
cation that upon deprotonation should deliver the a-amino
radical (Scheme 8a). Alternatively, the a-amino radical can be
generated via SET from the photoexcited Ir'™ complex with the
deprotonated o-amino acid, followed by decarboxylation of the
resulting carboxyl radical (Scheme 8b). Either way, the subse-
quent reaction of the a-amino radical with the o,p-unsaturated
sulfone would generate a B-sulfonyl radical that can provide the
corresponding alkene by B-elimination of the phenylsulfonyl
radical. The reaction efficiency in terms of both reactivity and
stereoselectivity was significantly impacted by the reducing
ability of the Ir-catalyst, as well as the choice of base and
solvent. These new C(sp’)-H alkenylation and decarboxylative
alkenylation protocols proceed in high yield and with excellent
olefin E-stereocontrol, leading to allylic amines of broad
diversity.

A more detailed mechanistic description of the SET events in
this photoredox a-vinylation reaction mediated by iridium(ur)
catalysts was reported by Yang, Chen and Fang through theo-
retical electronic structure calculations along with the kinetic
assessment of SETs and intersystem crossing.”® The presence of
an electron-donating tert-butyl group in the bipyridine ligand of

This journal is © The Royal Society of Chemistry 2022
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a. C-H alkenylation of tertiary amines
REOR Ir-cat. (1 mol%) R2 R3

kN) o PhOS N, —=OfcBequ)
b R 26 W CFL, DCE, rt )
R R!
(2.5 equiv) Ir-cat = Ir[dF(CF 3)ppyl,(dtbbpy)PFg

QVEBLMM

74% (E/Z = 94:6)

98% (E/Z >98:2) 83% (E/Z=93:7) 80% (E/Z >98:2)

b. Decarboxylative alkenylation of a-amino acids

Ir-cat. (0.5 mol%)
CsHCO; (2 equiv)
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Scheme 8 Visible light photoredox a-alkenylation of
arylamines or a-amino acids.

tertiary N-

the Ir-catalyst notably reduces the energy level of the acceptor
for metal-to-ligand charge transfer and promotes the decreased
reorganization energy associated with the nuclear deformation
of amine substrate planarization along the reductive quenching
pathway of Ir(u) catalyst, thereby accelerating the rate-determining
SET. Meanwhile, the presence of electron-withdrawing groups
(F or CF3) in the two other ligands of the Ir complex facilitates
the dispersion of excess negative charge when the reduction
reaction of photocatalyst is triggered, thus producing the
thermally stable Ir(u) catalyst in its reduced state. Importantly,
the C-C bond construction was suggested to proceed in a
concerted fashion with the proton transfer and the departure
of the leaving group.

More recently, a radical vinylsulfonylations of a-amino car-
boxylic acids via direct decarboxylation through photoredox
catalysis using (E)-1,2-bis(phenylsulfonyl)ethylene as radical
acceptor has been reported by Opatz (Scheme 9).>' The use of
(E)-3-phenylsulfonylprop-2-enenitrile as a radical trap leads to
functionalized acrylonitriles. Since oxidative decarboxylations
of aliphatic carboxylic acids are quite challenging (e.g., for
N(nBu), salt of phenylacetic acid: E;,(RCO,*/RCO, ) =
+1.27 V vs. SCE), to achieve the decarboxylative radical genera-
tion, the strongly oxidizing 9,10-dicyanoanthracene (DCA, Ej,
»('[DCAJ*/DCA®*™) = +1.99 V vs. SCE) was used as organic
photocatalyst and biphenyl (BP) as a redox mediator. A variety
of natural and unnatural a-amino acids with sensitive groups
were converted into the corresponding vinyl sulfones. Neither

This journal is © The Royal Society of Chemistry 2022
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Scheme 9 Photoredox decarboxylative alkenylation of carboxylic acids
and peptides.

sterically hindered tertiary radicals nor highly stabilized benzylic
or allylic radicals are suitable reactions partners in the reaction.
Simple alkyl radicals lacking the electron-donating and radical-
stabilizing o-nitrogen atom were compatible, albeit with lower
efficiency due to its decreased nucleophilicity. Substitution of the
second phenylsulfonyl group on the resulting vinyl sulfones was
not observed, which was ascribed to the lower reactivity and
increased steric hindrance.

Shortly after MacMillan’s report, Molander described a
metal-free version of this reaction using the inexpensive organic
dye Eosin Y as photocatalyst and Boc-protected potassium
a-pyrrolidinyltrifluoroborates as o-amino radical precursors
(Scheme 10).>> This procedure exploits the lower oxidation
potentials of potassium alkyltrifluoroborates (Eeq"/* = +0.78 V
vs. SCE) compared to their corresponding cesium carboxylates
(Eea™ = +0.95 V vs. SCE), the latter lying outside of Eosin Y’s
oxidation window (Eyeq"* = +0.83 V vs. SCE). A variety of allylic
and homoallylic pyrrolidine derivatives having various substitu-
tion patterns at the alkene were produced in moderate yields
with high E-selectivity. Unfortunately, this Eosin Y-catalysed
alkenylation was found to be limited to secondary o-aminomethyl-
trifluoroborates; neither primary o-aminomethyl nor primary or
secondary a-alkoxytrifluoroborates were compatible due to their
higher oxidation potentials.

More recently, the group of Wang has demonstrated that the
more readily available alkyl boronic acids can also serve as an
alternative radical source in the reaction with alkenyl sulfones
(Scheme 11).>* Although alkylboronic acids have higher oxida-
tion potentials (E..q = +2.5 V vs. SCE for secondary boronic acids)
than the analogues trifluoroborate salts, it has been reported
that the oxidation potential can be reduced by boron-activation
with a Lewis base.>* Therefore, the authors hypothesized that
benzenesulfinate ion released from the alkenyl sulfones during

PhO,S._~
O\ SZ TSR NagEosyn Y (10 mol%) N
NOSBEK DMF (0.05 M) R

Boc R 26 W CFL, 50 °C

%
Phozs\A N

1.5 equiv,
(1.5 equiv) Noe
CO,Me
&/\@ O\/\Q Ph %
Boc Boc Boc
58% (E/Z >98:2) 71% (E/Z >98:2) 62% 49%

Scheme 10 Metal-free visible light-photoredox catalysed alkenylation
and allylation of potassium a-pyrrolidinyltrifluoroborates.
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Scheme 11 Alkylboronic acids as radical precursors in visible light-
photoredox catalysed alkenylation with alkenyl sulfones.

the coupling could effectively activate boronic acids, thus avoid-
ing the need for an external Lewis base. On this basis, a protocol
for the direct visible light-mediated alkenylation of a broad
range of cyclic and acyclic primary and secondary alkyl boronic
acids with various alkenyl sulfones at room temperature was
devised. Evidences gained by analysis of the 'H NMR spectra of
mixtures of phenethylboronic acid and benzenesulfinate
at various concentrations in DMSO-dg, as well as cyclic voltam-
metry measurements to study the effect of the benzenesulfinate
on the oxidation potential of cyclohexylboronic acid, led the
authors to propose a mechanism involving benzenesulfinate-
activated alkyl boronic acids. The mildness of the protocol
makes it suitable for the late-stage functionalization of natural
products and drug molecules.

Paul and Guin later reported a greener visible light-mediated
version of Kamijo and Inoue’s protocol that addresses two
major drawbacks from that study. First, stoichiometric amount
of benzophenone is required; also, the use of high energy UV
light, which can directly photolyze bonds in organic molecules,
limits the functional group tolerance. This new method allows
a-C-H coupling of ethers/amides with alkenyl- and alkynyl
sulfones employing a catalytic amount of the HAT-promoter
4,4’-dichlorobenzophenone under a household fluorescent
light bulb (Scheme 12).>* A broad range of synthetically useful
functional groups, including the UV light sensitive aromatic
halides can be incorporated, providing the corresponding allyl,
homoallyl and propargyl products with excellent yield and E-
stereoselectivity.

The redox-activated primary amine Katrizky pyridinium salts
(i.e., 2,4,6-triphenylpyridinium salts) have been exploited by
Gryko as radical precursors in this type of visible light-mediated
addition-elimination reactions with alkenyl sulfones (Scheme 13).>°
Considering reduction potential values of Katritzky salts
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Scheme 12 Visible light-photocatalytic C(sp*)—H a-alkenylation and ally-
lation of ethers and amides.

(Eyp = ca. —0.95 V vs. Ag/AgCl in MeOH) and guided by
fluorescence quenching studies, eosin Y was chosen as photo-
catalyst, while DIPEA was used as sacrificial reductantina 3:1
mixture of MeOH/CH,Cl, at room temperature. Under these
mild conditions, trapping the radicals issued from secondary
alkyl substituted pyridinium salts with alkenyl sulfones provides
a broad range of functionalized aryl and heteroaryl-substituted
olefins with excellent E-stereoselectivity. Stern-Volmer quenching
experiments revealed a higher quenching constant for pyridi-
nium salt compared with DIPEA, suggesting that the oxidative
quenching cycle is favored. A mechanistic pathway was proposed
in which photoexcited eosin Y (EY*) reduces the pyridinium salt
via SET, followed by fragmentation to afford the alkyl radical
along with the rearomatized pyridine, while EY"- is reduced to the
initial form by DIPEA. Subsequent a-addition of the alkyl radical
to the alkenyl sulfone followed by rapid elimination of arylsulfi-
nyl radical affords the alkenylation product. The E-selectivity
arises during the B-elimination step and is dictated by the
thermodynamic and steric factors.

The exceptionally high redox potentials of unactivated alkyl
halides (E;eq [nBu-I] = —2.5 V vs. SCE in MeCN) makes very
difficult the generation of alkyl radicals from this class of
substrates under visible-light irradiation.”” Therefore, the

O A
N|®/ * Phozs\Vl\ 3 Cimn RKA
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Scheme 13 Redox activated amines as radical precursors in visible light-
photoredox catalysed alkenylation with alkenyl sulfones.
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generation of radical precursors from alkyl halides typically
relies on the use of tin reagents or other stoichiometric
initiators.”® Pd/light-initiated radical reactions,*® in which a
SET reaction between alkyl iodides and Pd(0) under photoirra-
diation allows the generation of the initial alkyl radical is a
practical way to solve this problem. Based on this design
principle, Ryu and co-workers have devised a protocol for
the alkenylation of alkyl iodides with alkenyl sulfones under
Pd/photoirradiation (Xe, 800 W m™?) catalyst system (Scheme 14).*°
Primary, secondary, and tertiary alkyl iodides, as well as variously
substituted alkenyl sulfones, efficiently participated in the
reaction to afford the corresponding alkenes in good to mod-
erate yields. This reaction system is also applicable to the three-
component coupling reactions including the radical carbony-
lative transformation. The reaction was suggested to proceed
through initial SET from photoexcited Pd(0) to the alkyl iodide
to generate an alkyl radical (R®) and a PdI radical. Addition
of the former to the o,Bf-unsaturated sulfone followed by
B-elimination would produce the alkenylated product and
sulfonyl radical (PhO,S*). The combination of sulfonyl radical
and Pd(i) generates sulfonyl palladium iodide, from which
reductive elimination results in the formation of PhSO,I and
Pd(0). The presence of water and Et;N in the catalytic cocktail
was found to be beneficial, likely by promoting hydrolysis of
PhSO,], preventing the reverse oxidative addition step.

The direct use of unactivated alkyl bromides in alkenylation
reactions through visible light photocatalysis remains a
challenge compared to alkyl iodides.>* The group of Konig
and Xiao managed to use unactivated alkyl bromides as efficient
alkyl radical precursors to participate in alkenylation reactions
with alkenyl phenyl sulfones through silicon-mediated radical
debromination under visible light photocatalysis (Scheme 15).>>
The combination of Ir(dF(CF;)ppy).(dtbbpy)PFs phatocatalyst
with the capability of tris(trimethylsilyl)silane (TTMSS) as both
potent hydrogen atom donor and competent halogen-atom
transfer was exploited to activate the alkyl bromides. This
protocol allows the preparation of a variety of alkenes from
primary, secondary, and tertiary alkyl bromides with good
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R
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Scheme 14 Palladium/light induced radical alkenylation of alkyl iodides
with o,B-unsaturated sulfones.
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Scheme 15 Photocatalytic alkenylation of alkyl bromides with vinyl phe-
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reaction efficiency and high chemoselectivity under mild
reaction conditions. The reaction can be scaled up to gram
quantities while lowering the loading of the photocatalyst to
0.5 mol% without affecting the reaction efficiency. Mechanistically,
the reaction was proposed to occur by reductive quenching of
the excited state of the photocatalyst by bromide ion generated
in small amounts upon elimination reaction promoted by the
base. The formed bromine radical can abstract a hydrogen atom
from (TMS);SiH to afford a silyl radical that will abstract a
bromine atom from the substrate to give an alkyl radical. This
alkyl radical reacts with the alkenyl sulfone through the usual
addition-elimination pathway to deliver the alkene product.

2.2. Arylations

Sulfones can also be employed as aryl source in metal catalysed
cross-couplings; this is only logical, considering that alkenyl
and aryl sulfones both bear C-sp® centres, and must therefore
behave similarly. Researchers have taken advantage of this
pattern of reactivity and employed aryl sulfones as partners in
cross-coupling reactions, among other transformations.

2.2.1. Kumada couplings. In 1979, Wenkert and co-workers
were the first to report on this type of transformation in the
report on Ni-catalysed Kumada cross-couplings between methyl
phenyl sulfone and diphenyl sulfone, and MeMgBr and
PTolMgBr,** showing the ability of Ni(0) complexes to insert
into a sp> C-S bond prior to sp® C-S (Scheme 16, above). It took
a little over fifteen years for a group of researchers to elaborate
further on this transformation: in 1993, Clayden and Julia®*
described the use of Ni catalysts to form unsymmetrical ortho-
biaryls from adequately substituted aryl ter¢-butyl sulfones and
aryl Grignard reagents (Scheme 16, below). The reaction proved
to be sensitive to steric hindrance and afforded mixtures of
cross-coupling, homocoupling and reduction products.

A more systematic study published two years later by the same
research group® threw the following conclusions: (i) NiCl,(PPh;),
and Ni(acac), were the best catalysts for the transformation,

Chem. Soc. Rev,, 2022, 51, 6774-6823 | 6781


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cs00535e

Open Access Article. Published on 15 luglio 2022. Downloaded on 20/07/2025 21:52:53.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

Ni(PPh3),Cl, (10 mol%) R=Me, 97%

RMgBr + PhSO,CH, R®
benzene, reflux R=Tol, 45%
Ni(PPh3),Cl, (10 mol%) R=Me, 70%
RMgBr + PhSO,Ph R” Ph
benzene, reflux R=Tol, 53%
Julia, 1993 R
|\ N MgBr
=
\% Ni(acac), Y
SO,Bu (5 mol%) A
THF, 20 °C
X X
X Y R
H H oMe 82 - 4
SiMe; H pMe 67 27
CONPr, H H 95 2 -
OMe H H 33 3 15
OMe Me pMe 20 53 -

Scheme 16 Ni-Catalysed Kumada cross-couplings of aryl sulfones.

outperforming other Ni salts and Fe(acac);. (ii) The success of the
reaction greatly depends on the nature of the organomagnesium
reagent, with aryl Grignards providing much better results than
MeMgBr. (iii) Use of Grignard reagents that possess -hydrogen
atoms resulted in large amounts of the corresponding reduction
of the sulfone to form the corresponding reduced aryl ring. In
fact, use of ‘PrMgBr turned the reduction path into the major
reaction course. (iv) An excess of Grignard reagent (typically 2
equivalents) was necessary to bring the reaction to completion.

The Enthaler group found a well-defined Ni catalyst which,
in combination with 1.5 equivalents of LiO‘Bu, can cleave the
sp® C-S bond in thioethers, sulfoxides, and sulfones to form
biaryls in combination with aryl Grignards.>® The research
team explained its reactivity in a model in which the sulphur
derivative approaches the coordination sphere of Ni, and
through single electron transfer (SET) oxidizes the complex to
produce a radical. The oxidized complex can be oxidized at the
metal center, or alternatively the electron can be stored in the
ligand. After elimination of RSMgX, the radical recombines to
form a Ni(wv) species that undergoes reductive elimination to
release the active catalyst and Ar-R. The beneficial effect of
LiO'Bu was tentatively attributed to either de-aggregation of
organomagnesium clusters or an increase in basicity of the
Grignard reagent (Scheme 17).

In 2008, Garcia observed that catalytic amounts of Ni com-
plexes such as [Ni(dippe)H],, [Ni(dcype)H],, [Ni(dtbpe)H],,
[Ni(dippe)(Me),], and NiCl,-6H,0 reacted with a number of alkyl
Grignard reagents and diethylzinc to effect the deoxydesulfur-
ization of sulfones of dibenzothiophene (DBTO,), 4-methyl-
dibenzothiophene (MeDBTO,) and 4,6-dimethyldibenzothiophene

X R

Scheme 17 Ni-Catalysed cleavage of the
sulfoxides, and sulfones.
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Scheme 18 Deoxydesulfurization of sulfones: Ni-based intermediate.

(Me,DBTO,) in very good yields (85-100% yield) when using a
solvent mixture of toluene and THF.?” In this study, key inter-
mediates were identified which are likely to participate in
Kumada couplings involving ArSO,R compounds. In particular,
the reaction of [Ni(dippe)H], with DBTO, in THF yielded a
complex in which the sulfone coordinated to Ni by the two
oxygen atoms. Further studies on the thermal decomposition of
said compound revealed several by-products derived from the
cleavage of S-O and C-S bonds of the originally bound sulfone
(Scheme 18).

2.2.2. Suzuki-Miyaura couplings. Aryl sulfonyl groups also
engage in metal promoted cross-couplings with organoboron
derivatives. In 2018, Garcia showed that dibenzothiophenesulfone
undergoes desulfurization in the presence of Ni salts if boronic
acids are present in the reaction media (Scheme 19).*® This
desulfurization process is accompanied by reductive cleavage of
the C-S bond, also promoted by Ni, as evidenced by deuterium
incorporation in the mixture of products when the transformation is
carried out in the presence of D,O. This reaction is not strictly
catalytic but substoichiometric in metal since it requires 1 equiva-
lent of the transition metal species for both C-SO, bonds to be
efficiently cleaved.

Heteroarylsulfones have also proven to participate as coupling
partners in Suzuki-Miyaura reactions. In 2005, Robbins reported
that purine sulfonyl derivatives can also undergo oxidative clea-
vage by Pd salts (Scheme 20, above).*® As a part of a broader study
in which a fluoride and a thioether were also tested, a sulfonyl
purine was arylated using 4-methoxyboronic acid in THF at 60 °C.
This temperature was 30 °C lower than that required for the
thioether analogue (90 °C). The ability of sulfonyl heterocycles to
participate in Pd-catalysed Suzuki cross-couplings was further
studied by researchers from AstraZeneca led by Hennessy.*° This
team demonstrated that p-tolyl sulfonyl tetraazoles can be used
as pronucleophiles with a range of boronic acids (Scheme 20,
centre), as well as pinacolboronate esters and trifluoroborate
salts. Key to this finding was the use of biaryl phosphines such
as S-Phos, BrettPhos, and RuPhos, which provided high conver-
sions to the products where traditional ligands such as PPh;
failed. Notably, the p-tolyl sulfonyl moiety remains intact when
conducting Suzuki couplings in the presence of an aryl bromide

i §og ol el

Scheme 19 Ni-Catalysed Suzuki
phenesulfone.
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Scheme 20 Heterocyclic sulfones in Suzuki cross-couplings.

(Scheme 20, below), opening the door to prior functionalization
of compounds based on this scaffold.

In 2019, Moran and co-workers explored in detail the ability
of the CF;SO, group to engage in Suzuki cross-couplings.*’
Using a slightly higher than usual Pd(OAc), loading (5 mol%), a
four-fold excess of Buchwald’s RuPhos, and DMSO 1% (v/v) to
solubilize the inorganic base (3 equivalents of K;PO,), the
authors were able to couple multiple arylboronic acids and
ArSO,CF; partners with different electronic and steric proper-
ties. The only apparent limitation to the method were boronic
acids bearing aldehydes, which in some cases showed modest
yields (around 25%). The C(sp*)-S bond shows reactivity in
between aryl chlorides (at least two orders of magnitude slower)
and nitroarenes/aryl tosylates (at least two orders faster), which
was elegantly used as a handle for sequential manipulation
(Scheme 21). A series of experimental an DFT studies were
conducted to shed light into the reaction mechanism and threw
the following conclusions: (1) oxidative addition of the metal
into the sulfone C-S bond to be the turnover-limiting step.
(2) After this step, a Pd-sulfone bond is formed which quickly
rearranges to form a slightly more stable Pd-sulfinate bond.
(3) Unlike in the case of sulfonyl chlorides, for which oxidative
addition is followed by decomposition to form chloride and
sulphur dioxide, in this case the leaving group remains intact
as CF3;S0,. (4) Oxidative addition into the C-S bond is
5.8 kecal mol™" higher for PhSO,Ph than it is for PhSO,CFj,
which is consistent with the higher polarization of the C-S
bond of the latter.

Also in 2019, Yorimitsu described an alternative set of
conditions to use ArSO,CF; as coupling partners in Suzuki-
Miyaura cross-couplings with boronate esters using bimetallic
Pd/Rh co-catalysis.*> While Pd-PEPPSI-IPr alone was able to
promote the transformation, the high catalyst loading required
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Scheme 21 The CF3SO, group in Suzuki cross-couplings with boronic
acids.

(10 mol%) and yield obtained were inefficient, which led the
team the explore the use of co-catalysts as a potential solution.
After substantial optimization, it was found that a combination
of a modified Pd-PEPPSI precatalyst and [Rh(cod)], was most
effective at promoting the transformation, providing 91% yield
for the model cross-coupling. A series of mechanistic studies
allowed the formulation of a dual catalytic cycle (Scheme 22)
with the following key points: (1) transmetalation between Pd
and ArB(neop) would be the turn-over limiting step in the
absence of Rh salts. (2) In the presence of [RhCl(cod)],,

Standard conditions for ArSO,CF 3 coupling

2.5 mol%
[Pd-PEPPSI]
OMe 1.3 mol% [Rh(cod)]> OMe
©/sozcr=3 LiO'Bu (2 equiv) O
+
THF (0,2 M) O
9
B(neop) 70°C, 12h 1%
Proposed catalytic cycle NPr,
2 Ar?B(neop), 2 LiO'Bu —
/
7 PriN__NIPr
Ar2-Ar, 2 LiCl, 2 'BuOB(neop)

Cl-Pd—Cl
N
o ¢
S -
\( [Pd-PEPPSI]

NHC
I

” Pd cycle Pd
Pot “SO,CFy

\‘@ Rh cycle

‘/S S0,CF3

(neop)B.
LiOBu +

RhISO,CF5
O'Bu

(neop, ) /

BuOB(neop)
+ LiSO,CFy

Scheme 22 CF3SO, group in Suzuki cross-couplings with boronate
esters.
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however, the reaction was estimated to be almost zero-order in
Rh and sulfone, and nearly first-order in Pd, which is consistent
with reductive elimination prior to biaryl formation as the turn-
over limiting step. This is in contrast with Moran’s findings
detailed above and was attributed by Yorimitsu to the use of an
electron rich IPr™*™2 carbene ligand that accelerated oxidative
addition to the C-S bond.

2.2.3. Mizoroki-Heck reactions. Undoubtedly, the direct
olefination of C-X bonds by the venerable Mizoroki-Heck
reaction®? is a valuable transformation that enables the incorpora-
tion of olefins in a one-step economical fashion. In this vein,
Ruano and co-workers** discovered that phenyl vinyl sulfone
reacts with itself in presence of catalytic amounts of Pd(OAc), to
yield the corresponding Heck-type product. In this process, the
sulfone behaves as both the aryl donor and m-acceptor. In
comparison with the thioether, and the sulfoxide analogues, the
corresponding sulfones were found to be more reactive. Further
studies led to the development of conditions to employed aryl
vinyl sulfones as the aryl donor via oxidative addition of the
C(sp®)ary-S bond to the Pd-species, and transfer to other r-
acceptors such as acrylates (Scheme 23). A critical role of the
second sulfonyl pendant group at the aryl sulfone was found:
while coordinating substituents led to a productive oxidative
addition to the palladium species, the introduction of sterically
hindered groups or non-coordinating substituents retarded and
even inhibited the reaction. This behavior was rationalized by the
authors in terms of the ability of the pendant group to coordinate
the Pd-species prior to the oxidative addition, thus overcoming
the entropic penalty associated with this step. Additionally, the
use of Ag,CO; in stoichiometric amounts was found to be
indispensable for the obtaining of the Heck-type product since
the use of other bases such as Et;N, NaOAc, and K,CO; resulted in
negligible reactivity. Along these lines, the addition of phosphine
ligands such as PPh;, dppf or dppp has a negative influence on
the reaction yield. However, the addition of the strong c-donor
PCy; increased the isolated yields.

2.2.4. Other cross-couplings. Sulfones have been widely
employed in other related cross-coupling solutions to long-standing

o Pd(OAc), (5 mol%)
O/

S OR' PCy; (10 mol%)
R o AgzCO; (2.0 equiv)
110 °C, DMF o

Reactive sulfones

Os ” Osd L2 0.2

/0 ~0 O

(R H, TMS)

O\ /
e
Key coordination prior to oxidative addition

Osg 2 [Pd]Ly

It
\© Q ©/ [PdlLn Mizoroki-Heck
=/ lin,
Pd]L, coupling
\/[
Selected examples

Qe Dl 20 ST

68% 53% 55% 47%

Scheme 23 Vinyl sulfones as aryl donors in Mizoroki—Heck reactions.
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problems in cross-coupling chemistry. One area in which the
application of sulfones has found promising potential pertains
to the use of heteroaryl functionalities as surrogates for nucleo-
philic partners. It is well-known that heteroaryl boronic acids and
their analogues are prone to protodeborylation under typical
conditions for Suzuki-Miyaura reaction.*> In this regard, the
use of sulfinates has been found a suitable alternative for
cross-coupling of heteroaryl functionalities.*® However, one of
the main problems associated with this strategy relies upon
difficulties in isolation and preparation of complex heteroaryl
sulfinates. In order to overcome the above-mentioned issues, the
Willis group envisioned the use of heteroaryl allyl sulfones as
latent sulfinates for cross-coupling with aryl electrophiles
(Scheme 24).*” The team found that under the presence of a
Pd(0) catalyst, a fragmentation of the allyl heteroaryl sulfone
leads to the formation of an intermediate r-allyl-palladium(i) and
the concomitant formation of the required heteroaryl sulfinate.
Interception of the n-allyl-palladium with a nucleophile leverages
the active Pd(0) species in a further cross-coupling of the sulfinate
with an aryl halide via the extrusion of SO,. The reaction required
the employment of the sterically demanding P(‘Bu),Me ligand in
combination with Cs,CO; as a base in DMF at 120 °C. Impor-
tantly, under these conditions no exogenous nucleophiles were
necessary to trap the allyl-Pd species. The use of allyl aryl sulfones
was also amenable, albeit higher temperatures were required in
this case. The potential of the method was illustrated by the
synthesis of N-Boc crizotinib in 52% yield (a potent anti-cancer
drug), and the COX-2 inhibitor etoricoxib in 69% yield.

= Pd(OAC), (5 mol%)
P(‘Bu),Me (10 mol%)

el oA Br X
P O~
I DMF or dioxane, 18h

120-130 °C 53 examples
38-88%
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Scheme 24 Heteroaryl allyl sulfones as latent sulfinates for cross-

coupling with aryl electrophiles.
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Scheme 25 B-Nitrile and B-ester sulfones as precursors for heteroaryl
sulfinates.

More recently, the same group has reported on the use of B-
nitrile and B-ester sulfones as precursors for the required
heteroaryl sulfinate species (Scheme 25).*® In this case, there
is a release of the active sulfinate via E;cb elimination under
basic conditions. The corresponding cross-coupling product
can be obtained under Pd-catalysed conditions in presence of
aryl bromides by extrusion of SO,. This approach enables an
alternative to the synthesis of allyl heteroaryl sulfones, which
could be problematic in some instances. Interestingly, for the
B-nitrile sulfones, the use of CataCXium A ligand (PAd,Bu)
delivered a better performance in presence of K,CO; as the
base. The addition of acetic acid was found to be beneficial,
likely because of the creation of a buffered system that enables
the gradual release of the sulfinate species. On the contrary,
when B-ester sulfones were employed, the reaction delivered
better yields in the absence of the acid. In addition to pyridyl
units, other heteroaromatic units such as pyrimidines, pyra-
zoles, imidazo[1,2-a]-pyrazines, and the electron-rich indoles
and pyrazines were efficiently coupled with aryl bromides.

As an alternative to this strategy, Hu and co-workers have
reported on the use of difluoromethyl 2-pyridyl sulfones as
electrophiles in the Ni-catalysed cross-coupling with iodoarenes
in presence of Zn (Scheme 26).*° The method is based on a first
oxidative addition of the fluoromethyl heteroaryl sulfone to an
in situ generated Ni(0) complex. Simultaneously the iodoarene
reacts with Zn to form an active aryl zinc reagent which transme-
tallates with the Ni(u) species to deliver the cross-coupling
product after reductive elimination. When electron-poor substi-
tuents were present at the pyridyl unit, the 2-methyl sulfonyl
analogue could be employed as a substrate. For plain pyridyl
rings only the introduction of -CF,H and CFH, groups promoted
the reaction, while -CF; and -CH; groups were unreactive.

2.2.5. Desulfurization of diarylsulfones. Intramolecular
coupling of the two organic fragments attached at the sulfonyl

This journal is © The Royal Society of Chemistry 2022
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Scheme 26 Difluoromethyl 2-pyridyl sulfones in Ni-catalysed cross-
couplings.

group is a convenient approach for the generation of C-C
bonds since unsymmetrical sulfones can be readily synthesized
by a variety of methods. A prominent example of this approach
is the well-known Ramberg-Bdcklund reaction, in which the
formation of a new C-C double bond can be conceived from
acidic sulfones bearing a potentially leaving group.®® This
reaction proceeds via an intramolecular Sy2 reaction of
a-haloalkylsulfones followed by SO, extrusion from the inter-
mediate episulfones. Inspired by this reaction, the Yorimitsu
lab envisioned the intramolecular cross-coupling of diaryl
sulfones employing a nickel catalyst in combination with an
NHC-based ligand (Scheme 27a)." This method can be
employed for the generation of heteroaryl-containing biaryls.
Importantly, the use of good c-donors as ligands was required
to promote the oxidative addition to the C-S bond, such as
NHC ligands. Additionally, the addition of NaO'Bu and Mg
turning was beneficial, likely by enabling the formation of the
active Ni(0) species. The presence of an azaaryl unit in one of
the two fragments from the sulfone was required, with the
N-heteroatom located at the relative 2-position with respect the
sulfonyl group. This points out the importance of substrate-
nickel coordination through the N-atom near the reactive C-S
bond. Therefore, oxidative addition to nickel is facilitated by
assisted N-coordination. Further SO, extrusion leads to an
intermediate diaryl-Ni(u)species which would generate the
biaryl unit after reductive elimination. In a similar scenario,
Wei and co-workers have reported® the intramolecular biaryl
formation employing a directing-group strategy to avoid the
necessity of a N-containing aryl unit as one of the reactive
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a) Intramolecular cross-copuling of N-containing diarylsulfones (Yorimitsu, 2018)
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T A @ A
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- 150°C, 15 h 16 examples
N, balloon 21-711%

N O
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R=H, 58%
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R = CO,Et, 56% X=N,31%
b) Directing group-assisted intramolecular cross-coupling (Wei, 2019)
® ®
=N Ni(cod), (10 mol%)

®@

23 examples
38-90%

PBujz (20 mol%)

1,4-dioxane, 150 °C

Scheme 27 Ni-Catalysed desulfurization of diarylsulfones.

partners (Scheme 27b). The authors employed a Ni(cod),/PBuj
catalyst system, and different directing groups proved to be
efficient in this cross-coupling, with the 2-pyridyl group being
the most effective.

2.2.6. Radical/photocatalysed arylations. In contrast to the
methods based on transition-metal catalysis and polar pathways
for the use of aryl sulfones as reactive organic donors in cross-
coupling chemistry, their employment in radical or photo-
catalysed arylation reactions has been seldom explored. These
methods rely upon thermal or photocatalytic in situ generation of
C-centered radicals, which then add to (hetero)aromatic sulfonyl
acceptors with the concomitant elimination of a sulfinate radical.
Earlier examples were developed by Kamijo and co-workers,*
who employed heteroaromatic sulfones as radical acceptors
using saturated heterocycles as radical precursors (Scheme 28).
For the arylation reaction to take place, the team demonstrated
the requirement of 4-benzoyl pyridine under light irradiation,
which enabled the effective coupling reaction. However, because
of the decomposition of the photocatalyst, stoichiometric
amounts of 4-BzPy were necessary to obtain synthetically useful
yields. The use of a methyl sulfone group was recognized as the
best leaving groups, expanding the reaction to a series of different
sulfonylated heterocycles such as benzothiazole, benzoxazole and
benzimidazole. As radical precursors both N- and O-containing
saturated heterocycles could be employed, with the latter giving
lower yields. This study prompted other researchers to discover
real catalytic approaches for the employment of heteroarylsul-
fones as arylating reagents.

For instance, the Molander group pioneered the develop-
ment of alkyl radical precursors that in combination with

ol ose
X

X=0,N(PG),
n=02 Y=0,NH,S

(1.0 equiv)

THF, Hg lamp, rt

Scheme 28 First report on heteroaromatic sulfones as radical acceptors.
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heteroaromatic methyl sulfones and a readily available
photocatalyst delivered the desired arylated product with high
efficiency (Scheme 29).>* The team reported that using alkyl
silicates and [Ru(bpy);]PF¢ as photocatalyst in DMF under blue
light irradiation, the corresponding Minisci-type products were
obtained upon radical addition to methyl sulfonyl heteroar-
enes. Secondary and primary alkyl radicals were well tolerated,
including those bearing potentially reactive functional groups,
such as alkenes, esters, perfluoro ethers, alkyl chlorides, unpro-
tected secondary amines, and pyrroles. As an alternative, the
team also disclosed that alkyl 1,4-dihydropyridines (DHP) could
be employed as surrogates of the alkyl silicates. In this case the
use of 4-CzIPN as photosensitizer delivered better results with
comparable functional group compatibility. To demonstrate
the feasibility of the method the authors reported the selective
heteroarylation of a saccharide-DHP derivative, yielding the
expected product with complete stereoselectivity in 54% iso-
lated yield. Mechanistic experiments demonstrated that the
sulfone partner did not quench the excited photocatalyst, while
a dynamic quenching was observed for the DHP. The measure-
ment of redox potentials suggests that the formation of the
alkyl radical from either the silicate or the DHP reagents
is more favorable. For this reason, the authors proposed a
mechanism that starts with the formation of the excited photo-
catalyst by light absorption, followed by SET to the alkyl radical
precursor. The newly formed alkyl radical inserts into the
heteroaryl sulfone at the o-position to the sulfone with the
concomitant elimination of a sulfinate anion by SET between
the transient aryl radical and the reduced photocatalyst. A
related strategy was reported by Shirakawa®® using TBHP as
radical initiator for the alpha-arylation of aliphatic amines
using heteroaryl phenyl sulfones in a radical chain process.

N
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Scheme 29 Molander’s radical addition to methyl sulfonyl heteroarenes.
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Scheme 30 Ag-Based-generation of alkyl radicals from carboxylic acids.

More recently, the Gonzalez-Gémez group has reported®® a
similar strategy by the photocatalysed generation of radicals
using carboxylic acids and 2-(phenylsulfonyl)benzothiazole.
The use of riboflavin tetraacetate was employed as a suitable
photosensitizer, thus yielding the corresponding a-oxo and o-
aminoarylated products. A related metal-based strategy in
which carboxylic acids are employed for the generation of the
required radicals has been recently reported by Matsubara and
co-workers (Scheme 30).>” The authors disclosed the employ-
ment of Ag(r) salts to promote the decarboxylative step. Inter-
estingly, sulfonylated furoxan rings could be functionalized
exclusively at the 3-position, even in the presence of disulfony-
lated substrates, which was rationalized in terms of the stability
of the intermediate radicals. The addition of stoichiometric
amounts of K,S,0g was required as a terminal oxidant. The
substrate scope was amenable to the introduction of 1°, 2°, and
3° alkyl radicals and those derived from o-stabilized radicals in
presence of a heteroatom. Conversely, the method proved to be
unsuccessful when o-ketocarboxylic and aryl carboxylic acids
were studied.

2.3. Alkynylations

Whereas alkynylsulfones have been used for several decades as
readily available reagents to install alkynes, efficient catalytic
methods have only been recently explored. Traditionally, alky-
nylsulfones were frequently employed in conjugate additions®®
and cycloadditions®® in resemblance to the behavior of alkyno-
ates, owing to the electron-withdrawing effect conferred by the
sulfonyl group (Scheme 31a). However, the uniquely pro-
nounced nucleofugacity of the sulfone has also given rise to a
wide range of a-carbon substitution reactions, often called
“anti-Michael” reactions (Scheme 31b).%°

a. Conjugate addition at p-C b. Substitution at C-a

R-Li
B . B . o /—\
O o 0 u,
_ g/o [R-Cu] OJ\m\ A I O : B:a R
o ! v
R

Scheme 31 Traditional use of alkynylsulfones in conjugate additions.
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MgBr R———=—-R
THF, RT

R Ts + RP—=

Scheme 32 Cross-coupling between alkynyl magnesium reagents and
alkynyl-SO,pTol.

While this approach opened an interesting alternative for
alkynylation of nucleophiles, the requirement of using strongly
reactive organolithium reagents has posed an important lim-
itation to its application. In this regard, in 2013 Xie described a
cross-coupling reaction between alkynyl magnesium reagents
and alkynyl-SO,pTol by activating the C-S bond through nickel
catalysis (Scheme 32).°" Although the reaction was somewhat
limited to alkynes with aryl substitution, it provided a promis-
ing prospective on the use of milder conditions to make use of
sulfones as alkynylating reagents.

Nonetheless, alkynyl transfer reactions via polar mechan-
isms have received much less attention compared to the
undoubtedly more advantageous radical pathways. Since the
early works by Fuchs,® alkynylsulfones have been widely used
for its facility to undergo radical fragmentation by releasing
sulfinyl radicals, which can promote chain reactions.®® Thus,
numerous alkynylation methods have been described to date
relying on thermally activated radical initiators, among which
AIBN is the most commonly used reaction trigger. Experimental
evidence, such as isotopic labelling techniques conducted by
several groups,® have suggested that these reactions take place
by a fragmentation mechanism as detailed in Scheme 33.

In this vein, new catalytic approaches have provided oppor-
tunities to improve the efficiency and extend the scope of
alkynylation reactions using sulfones. Among those, functiona-
lization of C-C and C-H bonds by attachment of the versatile
alkynyl group has received much attention in recent years. In
2016, Zhu’s group described a Mn-catalysed oxidative ring-
opening reaction of cyclobutanols to afford 1,5-ynones
(Scheme 34).°® The method not only rendered high yields for
a wide variety of substituents at the cyclobutyl unit, but was
compatible with other sulfonyl reagents, namely allyl-SO,Ph
and TsCN. The proposed mechanism involves a single electron
transfer from the cyclobutanol to the Mn/bipy catalytic system,
resulting in an unstable alkoxy radical which undergoes rapid
C-C cleavage. As the newly formed radical proceeds to the
fragmentation of the alkynylsulfone by releasing a sulfinyl
radical, the stoichiometric oxidant ensures catalyst regenera-
tion and oxidation of the latter byproduct.

Conversely, the use of reducing conditions leading to alkoxy
radical intermediates was reported by Liu and coworkers in the
functionalization of readily accessible alkyl peroxides into 1,5-
ynol products (Scheme 35).°° In this case, the reaction is

:] — “\/O O_=<N,o : R
Ar Ar” \b
+ "SOLAr
Scheme 33 Radical fragmentation with concomitant release of sulfinyl
radicals.
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ring-opening

initiated by an oxygen atom transfer from the peroxide sub-
strate to an iron-containing porphyrin catalyst. The resulting
alkoxy radical then undergoes intramolecular 1,5-hydrogen
atom transfer, followed by reaction with the radical acceptor,
while LiBH, reduces the oxygenated iron complex to allow
catalytic turnover. The method proved to be effective for all
prim-, sec-, and tert-alkyl peroxides in remarkably short reaction
times using alkynyl triflones.

The versatility of remote alkynylation by 1,5-hydrogen atom
transfer was further illustrated by Wu’s group in 2019
(Scheme 36).4” By using a Cu/bathocuproine catalyst, authors
described a practical reaction of N-fluorinated alkylamines with
alkynyl triflones to furnish alkyne appended amines. Optimal
conditions for the reaction were found by using inexpensive
ethyl acetate as solvent and LiOBu, although milder bases such
as Li,CO; also provided practical yields. Other aryl sulfones
were also suitable for the reaction as leaving group, whereas
alkynyl iodide, a common electrophilic alkyne, only afforded
30% of alkynylation product, highlighting the advantage of
using alkynylsulfones.

Several alkynylation via radical additions based on sulfone
reagents have also been recently studied by modern techniques.
In 2017, Li’'s group described a metal-free catalytic tri-
component 1,2-trifluoromethylalkynylation of alkenes by reac-
tion with tosylalkynes and Togni’s reagent as the source of -CF;
(Scheme 37).%® The catalyst, 2,4,6-trimethylpyridine (TMP), was
proposed to activate I(m) reagent through the formation of a
donor-acceptor complex, which readily undergoes homolytic
cleavage at the reaction temperature to generate the CF;
radical. The reaction then proceeds with a radical addition of
CF; to the alkene, followed by coupling with the alkynylsulfone
via addition/elimination. The described protocol tolerated a
wide range of cyclic and acyclic alkenes equipped with useful
functional groups, including gem-disubstituted alkenes leading
to the formation of quaternary propargylic carbon in high
yields.
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Scheme 35 Fe-Catalysed alkynylation of alkyl peroxides into 1,5-ynols.

The arylsulfinyl radical byproduct is a relatively stable
species, which is believed to be either consumed in catalyst
regeneration or involved in the propagation of chain reactions.
On the contrary, sulfinyl radicals bearing halogenated substi-
tuents are less stable and tend to decompose into SO, and an
alkyl radical species. As a result, alkynyl sulfones bearing CF,
groups at sulfur have shown the potential to transfer both
substituents. Concurrent to Li’s work described above, Yu and
coworkers reported an alkene trifluoromethylalkynylation
method based on a similar Lewis base activation
(Scheme 38).°° By leveraging the ability of alkynyl triflones to
transfer both functionalities, the reaction took place in high
yields using a catalytic amount of the Togni’s reagent.

The transference of both substituents from an alkynyl
triflone was further exploited by Qiang Zhu and coworkers for
the 1,1-trifluoromethylalkynylation of isocyanides (Scheme 39a).”
Among other metal catalysts, Cu(OAc), turned to be the most
effective at reducing the sulfone bond to release the CF; radical
and initiate the radical addition. Control experiments sug-
gested the presence of isocyanide was critical to trigger the
SET from the copper catalyst. The reaction displayed compat-
ibility with a number of N-alkyl substitutions, as well as a wide
scope of aryl alkynes. Furthermore, its synthetic utility was

Cu(OTf), /
bathocuproine
(5 mol%) R3
F SO,R' LiOtBu (1.0 equiv)
1"{‘\/\/\ 2 * 3% | |
R R R EtOAc, 80 °C R
R" R?
H
Ts” | |

79% from R' = CF3
74% from R' = Ph
30% from Ph

85%

57% (dr 6:1)

Scheme 36 Remote alkynylation by HAT N-fluorinated alkylamines with
alkynyl triflones.
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Scheme 37 Metal-free catalytic tri-component 1,2-

trifluoromethylalkynylation of alkenes.

demonstrated by the preparation of the commercial anti-
inflammatory drug Celecoxib in a one-pot procedure
(Scheme 39b).

More recently, a Cu-catalysed alkene 1,2-difunctionalization
protocol was disclosed by Chen Zhu and coworkers to introduce
both the alkynyl and a dihalocarboxylate group from a single
sulfone reagent (Scheme 40).”" Although the reaction was
limited to monosubstituted alkenes, a useful scope with ample
variety of styrenes and alkyl olefins were provided in good
yields. This included an impressive array of alkenes appended
to bioactive structures which were found to successfully
undergo radical addition. Interestingly, the C-X substitution
at the product depended on the halogen atom used in the
solvent molecule, offering a facile means of product divergency.
The mechanism of the reaction was proposed to start through a
halogen atom transfer via Cu(i/u) oxidation. Addition of the
resulting a-carbonyl radical to the alkene followed an intra-
molecular alkynylation and extrusion of SO, would result in a
second a-carbonyl radical intermediate, which undergoes a
halogen atom transfer with the solvent.

2.3.1. Photoredox catalysed cross coupling with alkynylsul-
fones. Over the last decade, several photocatalytic alkynylation
reactions have been developed using alkynyl sulfones. In 2015,
Chen’s group reported a C(sp®)-C(sp) bond coupling reaction
through decarboxylation of N-acyloxyphthalimides catalysed by
Ru under blue light (Scheme 41a).”> The reaction with phenyl-
sulfones was found to be the optimal choice over methyl- or
trifluoromethylsulfones, while alkynyl bromide and benziodoxole
resulted in lower yields. **C Labelling experiments confirmed the

R2 Togni’s reagent RX
1 5 (7.5 mol%) 3
R\X& + R-=—SO.CF3 —— » R2 ——R
X=C,N,O (o] N—CHj CF,
(10 mol%)
EtOAc, 30 °C

Scheme 38 Lewis-base catalysed trifluoromethylalkynylation of alkenes.
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Scheme 39 11-Trifluoromethylalkynylation of isocyanides from alkynyl
triflones.

usual o-addition mechanism, and through light-dependency
studies, a radical chain propagation pathway was discarded. To
further probe the potential of application of photocatalysed
alkynylation in physiological conditions, the reaction was conducted
in a highly diluted CH;CN/aqueous buffer medium using ascor-
bates as water-soluble reductant, successfully rendering the alkyny-
lation product from the naringin-conjugated N-acyloxyphthalimide
(Scheme 41b). Furthermore, under similar reaction conditions
the alkynylation took place with high yield in the presence of an
active enzyme, whose catalytic activity after recovery was not
affected much.

A similar decarboxylation strategy based on Ru-catalysis was
employed by Fu for the alkynylation of aspartic and glutamic

00 Cul (5 mol%) R?
\\S// CO.Et bathophen (10 mol%) ‘ |
R + % 7( 2 S EE—— E X
R2 F Br Na,CO3 (2.0 equiv) .
) CH,X,, 120 °C R COEt
(1.5-2.5 equiv) X = Cl, Br
0.0 0.0
/ ¥ cokt MO S_cogEt /T
= :
e ” T
o\\é/o CO,Et
2 CH,BrX
K CHoX 2 =z YF

Scheme 40 Cu-Catalysed alkene 1,2-difunctionalization using alpha-
haloalkyl alkynyl sulfones.
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Scheme 41 Ru-Catalysed C(sp*)—C(sp) bond coupling reaction through
decarboxylation of N-acyloxyphthalimides.

Ru(bpy)3Cl; (1 mol%)
HE (3 equiv)

COOPhth
R{ + Ar——=
COOPHth CH,Cl,, 40 W CFL

Ary, .

et
Scheme 42 Redox active diadipates as 1,4-butyl diradical synthons
synthesis of cyclopentenes by using.

acid derivatives activated by NHPL”? In addition, the same
group described a procedure for the synthesis of cyclopentenes
by using redox active diadipates as 1,4-butyl diradical synthons
(Scheme 42).”* Although the cyclization could be achieved with
practical yields, the delivery of trisubstituted alkenes generally
resulted in equal mixtures of E/Z isomers.

Alternatively, Konig and Schwarz reported the use of eosin Y
as a photosensitizer to catalyse the decarboxylative alkynylation
focusing on biomolecules (Scheme 43).”° The reaction scope
encompassed amino acids, fatty acids, and steroid derivatives,
which underwent alkynylation from moderate to high yields,

eosin Y (10 mol%)

OPhth .
m DIPEA (2 equiv) E>%A’
+ Ar—=—=—SOypTol N

N
\ ° CH,Cl,, green light :

Boc

COOBz! MeO, o

CsH
=—ph ("
— ph \ —
BocHN 0)(0 =/7

65% 70% 51% 33%

Scheme 43 Eosyn Y catalysed decarboxylative alkynylation of bioactive
compounds.
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Scheme 44 Alkynylation of tertiary alcohols using redox active oxalates.

serving as an effective means to valorize widely available
biomass-derived compounds.

Redox active oxalates are useful synthetic devices to trigger
dehydroxylation following a closely related strategy to decarbox-
ylation. In 2016 Fu’s group described a protocol for the alkynyla-
tion of tertiary alcohols activated in the form of N-phthalimidoyl
oxalates. By using a Ru(bpy);>" catalyst and CFL as the source of
light, a number of highly congested tertiary alkyls were success-
fully alkynylated in good yields (Scheme 44).”°

Alkylamines, on the other hand, have been used for C-C
coupling with alkynylsulfones through derivatization into redox
active Katritzky’s pyridinium salts. In 2018, an eosin Y-catalysed
method was disclosed by Gryko featuring a robust and scalable
reaction (Scheme 45).”” Secondary alkyls and benzylic groups
rendered the alkyne product with excellent yields being com-
patible with substituents of increasingly structural complexity,
however, primary alkyl pyridinium salts displayed low yields. A
detailed mechanistic study confirmed an oxidative quenching
cycle was operative between the eosin Y catalyst and the pyridi-
nium salt. Furthermore, the reaction rate was highly dependent
on the stability of the radical intermediate, which explains the
lower coupling efficiency with primary alkyls.

In 2013, Inoue reported on the use of benzophenone to
photochemically induce cross coupling of alkynylsulfones with
amines and ethers by hydrogen atom abstraction at the alpha-
carbon.”® Although the photosensitizer operated catalytically, 0.5
to 1 equivalent of benzophenone was required for the reaction to
take place optimally, in addition to the use of UV light. In this
regard, Paul and Guin improved the efficiency of this reaction by
employing 4,4’-dichlorobenzophenone as catalyst under CFL
light (Scheme 46).”° Authors proposed that a high yielding
reaction despite the low absorption of the catalyst in the visible
region was possible owing to the competitive radical chain
mechanism caused by the residual sulfinyl radical.

Ph N Ph eosin Y (2 mol%)

| Ts  DIPEA (3.3 equiv) R?

. .
R1]\‘g 2 / - > /
Ph R MeOH/CH,Cl, R
green LED
(1.4 equiv)
Br MeS
Ph
Pz /\/
Z OH =
Ph/\©:F = Ph
Ph
70% 77% 4%

Reaction rate: benzyl > secondary > primary

Scheme 45 C-C coupling with alkynylsulfones and redox active Katritz-
ky's pyridinium salts.
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Scheme 46 Cross coupling of alkynylsulfones with amines and ethers by
hydrogen atom abstraction.

SO,Ph  4,4'-ClPhyCO (20 mol%)

X
E)_ W Ph/

X=N,0
(neat)

36 WCFL Ph

SO,Me  TBADT (2 mol% R
H-donor  + = 2 # /
(5equiv) PN CH4CN, blue LED ~ Ph
o CN
/y /Q P
Ph Ph
61% 72% 67% 60%

Scheme 47 Decatungstate catalysed C—H alkynylations.

In a very recent work from Capaldo, a closely related C-H
alkynylation was reported driven by a decatungstate catalyst
(TBADT) and 390 nm LED light. Contrary to previous examples,
this method proceeds with lower quantities of the H-donor and
a broader scope, including aldehydes and non-stabilized
sec- and tert-alkyl groups (Scheme 47).%

2.4. Allylations

The introduction of allyl-type functionalities in a rapid and
controlled manner is a highly desirable goal in synthetic
chemistry, because of its chemical versatility.*" For instance,
the allylic fragment imparts the ability to create a new chemical
space upon selective modifications of this group, such as the
access to electrophilic functions by oxidation. This chemistry is
exemplified by the rapid access to carbonyl groups and their
extensive and transformative chemistry. Other important pro-
cesses include the post-modification of allyl fragments via
alkene-transformative reactions. A salient example of this
reactivity pertains to the emergence of metathesis, in which a
newly unsaturated system can be conceived by employing
two previously existing double bonds.®* These two important
examples - among others - highlight the constant interest in
developing novel synthetic approaches for the introduction of
allyl groups in a versatile, modulable, and selective fashion.
This section is devoted to the use of allyl sulfones for this
purpose including both metal and photocatalytic methods.
2.4.1. Transition metal-catalysed allylation. Synthetically,
the allylation of organic molecules employing allyl sulfones is
typically carried out using allyl arylsulfones as substrates
because of their rapid accessibility and reactive predictability
using well-known strategies. Some issues appear in terms of
selectivity and reactivity when using these allylating reagents
under approaches based on metal-catalysed functionalization
(Scheme 48). First, the presence of two different C-S bonds
represents a major challenge for the chemoselective activation
of either bond on demand (Scheme 48a). Thus, the selective
activation of the C,y,~S bond in presence of another reactive
Caryi=S bond can represent a major drawback in the functiona-
lization step. Another important factor is the control of the

This journal is © The Royal Society of Chemistry 2022

View Article Online

Chem Soc Rev

a) Chemoselectivity in the C-S bond cleavage

aryl transfer
Caiyr S bond

N \\/, - CanyrS bond ROX SN R
Y\)‘ ...................... - o= Tlar
electrophilic or nucleophilic R? =
functionalization allyl transfer
b) Selective addition to the allyl fragment: a— vs y-regioselectivity
o 3.
R! \\S//O c:lalxst 1 3 1
7 R R R
YUY - N o Y
R? R2 R2
c¢) Potential a-deprotonation
Q0

o o .
1 \ a-deprotonation

RWS _________________ - le\e/s

R? H
a-sulfonyl anion

R') PK, = 25-26 deactivation and/or decomposition

Scheme 48 Selectivity issues to address when using allyl aryl sulfones as
allylating partners.

regioselectivity, as two possible regioisomers from the o- or
y-functionalization could be obtained (Scheme 48b). Finally, it
is noteworthy to attend to the relatively high acidity of the
proton attached at the a-position of the sulfone (Scheme 48c).
This issue is of importance when potential basic nucleophiles
are employed for the allylation step, such as Grignard reagents,
which could deprotonate the allyl sulfone to form a highly
stabilized a-sulfonyl anion. This species could be unreactive
under the reaction conditions or suffer undesired side-
reactions. All of these items must be considered in the allyla-
tion step, and different strategies have been developed in order
to gain control and selectivity.

2.4.1.1. Cu-Catalysed allylic substitution of sulfones. The use
of allylsulfones as electrophilic allylating reagents was firstly
described by Julia and co-workers®* employing copper catalysis
in presence Grignard reagents as nucleophiles. One important
feature of this reaction pertains to the effect of the o- and/or y-
substitution using allyl phenylsufones, and the stereochemistry
of the C-C double bond as well. From a global point of view, the
reaction is generally controlled by steric factors, resulting in the
allylation of the Grignard reagent at the less sterically hindered
position of the allyl fragment. As expected, the double substitu-
tion at the y-position typically results in a depletion of the
reactivity. However, further studies developed by Béckvall and
co-workers®* revealed a dependence between the nuclearity of
the intermediate copper species and the observed a- or y-attack
for a different arrange of allylic substrates. Regarding the
reactivity of allylsulfones (Table 1) the authors demonstrated that
under reactions conditions for the generation of mono-
alkylcopper reactive species [RCuX] , the y-addition was favored.
In contrast, when di-alkylcuprate species of the type [R,Cu] ™ are
the productive intermediates, the o-addition is facilitated.®> This
fact explains that under catalytic conditions, in which a Grignard
reagent is mixed with the substrate with catalytic amounts of
copper, the y-product is typically observed which results from the
addition of [RCuX] . This behavior has also been explored for
other Cu-catalysed allylic substitution reactions.®®
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Table 1 Effect on regioselectivity between [RCuX]™ and [R,Cul™ as
nucleophilic reactive species

9 nBu CO,Me
§2° CoMe  Conditions /\)‘3)032’“9 W*
a —_— Cope + CO,Me

COMe  EO

Me” X

a-addition -addition

Regioselectivity

Conditions a-addition y-addition

"BuMgBr/CuCN (10 mol%)

a
30 min/20 °C 14 86

"BuMgBr/CuCN (10 mol%) 13 87> [RCuX] species
3 h/20 °C favors the y-attack
"BuMgBI/Li,CuCl, (10 mol%) 43 57¢

3 h/20 °C

"Bu,CuLi 85 154

30 min/O °C [R2Cu]" species

facilitates the o-addition

“ElZ=221."E/Z=1.7:1.°E/Z = 3.2:1. ¢ E/Z = not determined.

The stereoselectivity of the newly C-C bond formed in the
reaction depends on the ao- or y-attack by the Grignard reagent
(Scheme 49a). Under catalytic conditions for promoting the o-
attack (entries 1 and 2), the E/Z ratios of the final products were
higher than those obtained for the y-attack (entries 3 and 4).
However, Trost and co-workers®” have reported that high levels of
acyclic diastereocontrol can be achieved when an existing ele-
ment of stereocontrol is present in the molecule. For instance,
the reaction between silylated y-hydroxy allyl phenylsulfones with
either alkyl or phenyl Grignard reagents under CuCN catalysis
affords the corresponding products with complete y-regio- and
E-stereoselectivity (Scheme 49b). These conditions have been also
applied to prepare an advanced intermediate in the synthesis of
an alkyl side-chain of a-tocoferol.®®

As mentioned above, the acidity of allylsulfones is relatively
high (pK,(DMSO) = 25-26), which can be a potential problem in
presence of Grignard reagents. Thus, an important factor to be
addressed in this reaction is the competition between deprotonation
at the a-position of the allyl sulfone and the cross-coupling event. To
stablish conditions to avoid the negative impact of the deprotona-
tion, several factors were studied in combination with a variety of
allyl phenylsulfones and different alkyl Grignard reagents under
copper catalysis. The effect of the counter-anion in the Grignard
reagent was important, with more electronegative chloride being
more reactive than bromide. The catalytic loading was also impor-
tant since an increased amount of copper catalyst accelerates the
cross-coupling reaction. This side-reaction was deemed responsible
for the lower yields obtained using allyl sulfones with acidic protons
at the a-position, as the reaction with o,o-disubstituted allyl sulfones
proceeds typically with higher yields.

In addition to Grignard reagents, Dzhemilev and co-workers®’
described the use of dialkylmagnesium compounds as nucleophi-
lic partners in this reaction (Scheme 50). Copper salts demon-
strated superior catalytic activity over other metals salts (including
Fe, Mn, Ni, Ti, Zr, Pd and Cr), in combination with PPh; as
ligand (N-donor ligands such as 2,2'-bipyridine, and other
P-donor ligands such as trialkylphosphines and phosphites
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Scheme 49 Effect of the stereoselectivity in the Cu-catalysed allylic
substitution of allyl sulfones and Grignard reagents.
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Scheme 50 Use of diorganomagnesium reagents as nucleophiles in Cu-
catalysed allylic substitution of allyl sulfones.

reduced the efficiency). High reaction yields were obtained
for different symmetrical dialkylmagnesium compounds
(90-98%). Unsymmetrical aryl alkylmagnesium reagents delivered
the corresponding allylated product with high yield, but mixtures
of aryl- and alkyl- allylated products were formed, favoring the
transfer of the alkyl chain (Scheme 50b). Additionally, trialkyla-
lanes or dialkylaluminium chlorides have been studied as nucleo-
philes in this reaction.”®

The examples above show that steric hindrance around the
C-C double bond of the allylic fragment negatively impacts the
reaction outcome, likely because the coordination of copper species
to the alkene is hindered. In order to solve this problem, our

This journal is © The Royal Society of Chemistry 2022
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Scheme 51 2-Pyridyl sulfonyl as a leaving group in Cu-catalysed allylic
substitutions.

Oresearch group® described in 2004 that the presence of a
coordinating 2-pyridylsulfonyl (SO,Py) group is responsible of
an increased reactivity in the Cu-catalysed substitution of allyl
sulfones with Grignard reagents (Scheme 51). The presence of
the sulfonyl group at the 2-position of the pyridine ring allows
for reversible coordination to the copper center, enabling high
catalytic performance, and reducing the entropic penalty due to
the coordination effect. This behavior was remarkable in com-
parison with other sulfonyl groups since the phenyl sulfonyl
counterpart did not promote any reaction. Recently, we have
extended the use of the SO,Py as a leaving group in the Cu-
catalysed allylic substitution of acyclic substrates with both
alkyl- and aryl Grignard reagents, yielding the corresponding
product with complete a-regioselectivity and no erosion of the
E:Z stereoselectivity (Scheme 51b).%?

Following the interest of the SO,Py moiety as a leaving group
in Cu-catalysed allylic substitution, our group studied the
presence of potential sensitive functional groups in the allyl
sulfone moiety, such as boronic esters®® and silyl groups,”
which would highly impart chemical versatility for further
transformations via cross-coupling or homologation strategies.
These studies were performed in the context of the use of this
sulfone group as a regiocontroller in hydrofunctionalization of
unsymmetrical di-alkylalkynes. After a first copper-catalysed
hydroboration (Scheme 52a) or hydrosilylation (Scheme 52b),
the SO,Py was rapidly substituted by the corresponding
Grignard reagent to furnish the desired alkenylboronates or
alkenylsilanes, respectively. Interestingly, the high steric hin-
drance of the SiMe,Ph group is likely to be the reason for the
divergent regioselectivity in the allylic substitution step.

The mechanism proposed for this reaction follows the
generally accepted catalytic cycle postulated for most of the
Cu-catalysed allylic substitutions with Grignard reagents
(Scheme 53).°° After a first formation of mono-alkylcopper
species by reaction of the pre-catalyst and the Grignard reagent,
the coordination of the allylsulfone to the electron-rich copper
intermediates promotes an intramolecular oxidative addition
to generate m-allyl-Cu(ur) species A with concomitant elimina-
tion of the arylsulfinate group. Further reductive elimination

This journal is © The Royal Society of Chemistry 2022
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Scheme 52 2-Pyridil sulfonyl group in Cu-catalysed allylic substitution of
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Scheme 53 Generally accepted mechanism for the Cu-catalysed allylic
substitution.

yields the y- or a-regioisomer depending on the reaction con-
ditions (mono- vs. dialkylcuprate species) and/or steric factors.

2.4.1.2. Other metal-catalysed allylic substitution of sulfones:
the Tsuji-Trost and Suzuki-Miyaura reactions. Allyl sulfones have
been also used as electrophiles in the Tsuji-Trost reaction.
Initially described by Trost®® in 1980, this approximation
toward the catalytic desulfonylation of allyl sulfones allows
the direct displacement of the phenylsulfonyl moiety by an
array of C-centered nucleophiles. The reaction displays the
typical features of the traditional Tsuji-Trost transformation
employing more conventional electrophiles, such as allylic
acetates or phosphonates. Other versions of the reaction have
been reported using Ni catalysis,”” and it has been applied in
the synthesis of different natural products.’®

The regioselectivity of the new C-C bond is controlled by steric
factors and occurs with net retention of the configuration, as a
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Scheme 54 Sequential functionalization of sulfones involving a final
desulfonylative Tsuji—Trost coupling.

consequence of the intermediacy of a m-allyl-Pd species.”® Thus,
the allylation typically occurs at the less hindered position. This
strategy has been used as the last step in sequential functiona-
lization reactions in which a last C-C bond forming reaction is
performed under desulfonylative conditions (Scheme 54). These
strategies include the prior use of the sulfone as a nucleophile
(via a-deprotonation/alkylation, Scheme 54a) as reported by Trost
in the synthesis of a precursor en route to a sex pheromone of the
Monarch butterfly. The reversed strategy, in which electrophilic
functionalization precedes the desulfonylative step has been also
employed."®

Regarding the regioselectivity, efforts to invert the typical
pathway with a proper choice of reaction conditions can serve
to modulate the o- or y-substitution under kinetic or thermo-
dynamic conditions, but mixtures of both regioisomers are
usually obtained."" In this context, the ability of molybdenum
catalysts to invert the regioselectivity in the catalytic allylic
substitution is well-known. This behavior is believed to
occur because of the high coordination number present in
n-allylmolibdenum complexes.'®> Additionally, depending on
the ligand, the charge over the two-different carbon atoms of
the allylic system bound to the Mo-catalyst can be different,
favoring a positive charge at the most substituted position,'*®
which would entail a crucial factor in the regioselectivity of the
reaction. To reverse the regiochemical outcome of the reaction
in the case of allyl sulfones, Trost described the Mo-catalysed
substitution of allyl sulfones (Scheme 55a).'®* This strategy
allowed for the creation of quaternary centers by desulfonyla-
tive alkylation at the a-position. However, when very sterically
demanding nucleophiles are employed, this strategy typically
fails, and the y-attack becomes the major pathway. Later,
Matsunaga and co-workers'®® described the allylic alkylation
of malonates under cobalt and organophotoredox catalysis
(Scheme 55b). In this case, a photochemically generated Co()
intermediate is the reactive species, which undergoes oxidative
addition to the allyl sulfone to generate a m-allyl cobalt(u)
intermediate. Further nucleophilic attack occurred with com-
plete o-regioselectivity. This approximation complements other
versions of the reaction, as it is more efficient than previous
allylic substitutions performed with Rh'®® or Ir'%” precious
metals.

Organotitanium reagents are also suitable nucleophiles in
the Pd-catalysed substitution of allylic sulfones, as described by
Lomakina and co-workers.'°® Notably, chlorine substitution at
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Scheme 55 Typical approaches toward a-regioselective alkylation of allyl
sulfones by: (a) Mo catalysis and (b) photoinduced Co(i) catalysis. 4-CzIPN
= 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene.

the aryl moiety of the sulfonyl group was crucial for the
reactivity in some instances, as opposed to the use of phenyl-
sulfone as a leaving group which inhibited the reaction.

Apart from the Tsuji-Trost reaction, the use of other
potential nucleophiles has been also studied for the develop-
ment of highly o-regioselective allylic substitution using sul-
fones as electrophiles. In this regard, the Crudden group has
developed a Suzuki-Miyaura-type methodology for the use of
tertiary allyl phenylsulfones as electrophiles in the Ni-catalysed
Suzuki-Miyaura cross-coupling reaction using arylboroxines as
nucleophiles (Scheme 56)."% The reaction tolerated a wide
range of arylboroxines, with the exception of electron-deficient
heteroaryl derivatives. P-Donor ligands were screened, with a
dialkyl aryl phosphine ligand reported by Doyle'' found to be
broadly applicable for all the structural scope. The nature of the
ligand was crucial for the reactivity, as other P-donor ligands
resulted in no reactivity in comparison with Doyle’s ligand for
electron-deficient and heteroaromatic substrates. Importantly,

Ve Ni(cod), (10 mol%) Me
Me L (12 mol%) <
NS0 L emey,  __NOE@2e) ~
@ i toluene, 85 °C @
(0.7 equiv) 16h E:Z>98:2
oy > 982
Me_ Me Me_ Me Me Me, Me Me
oMe [ N ‘(:Fa
87% Z 80% o
Me  Me
L: PCy,
X OMe
S ) Ar Ar
Ar =2,4,6-PryCgH,
81% 2%

Scheme 56 Ni-Catalysed a-regioselective Suzuki-Miyaura reaction

between allylsulfones and aryl boroxines.
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Cond. A: Ni(cod), (10 mol%), BrettPhos (12 mol %), NaOEt (2.2 equiv), PhMe (0.2 M), 24 h, 80 °C. 24% yield
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Scheme 57 Boronic acids in Suzuki—Miyaura type cross coupling of allyl
sulfones.

no loss of stereochemistry was observed, along with complete
regioselectivity to the a-position.

In this vein, the use of boronic acids instead of the corres-
ponding aryl boroxines leads to lower yields, albeit maintaining
excellent levels of regioselectivity. This reactivity profile has
been recently exemplified by Khan and co-workers in the
Ni-catalysed formal synthesis of (+)-hinokirenisol (Scheme 57)."**
Although the reaction occurred with low yield, the use of a Pd
catalyst was found beneficial in comparison with Ni(cod),.

More recently, Song''* has described an alternative approach
for the use of allyl sulfones as allylating reagents for electrophiles.
The team reported on a reductive Ni-catalysed cross-coupling
with o-chloroboronates that rendered the corresponding homo-
allylic boronates mediated by the presence of Zn (Scheme 58).
This strategy was amenable to a variety of different substituted
boronates, thus enabling the synthesis of primary and secondary
homoallylic boronates. Different functional groups were also well
tolerated at the substituent of the allyl sulfone. The reaction

homoallylic boronates

Bpin
Rzﬂ\/k R!
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C "
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Scheme 58 Stereodivergent ligand-controlled Pd-catalysed dienylation
of aryl halides.
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conditions did not suffer loss of efficiency when the reaction was
scaled up to 5 mmol, thus highlighting its potential for large
scale application. The intermediacy of radicals in the process was
demonstrated by the addition of TEMPO, which inhibited the
reaction. Thus, the postulated catalytic cycle proposed by the
authors starts with the reduction of the nickel pre-catalyst to
generate a Ni(0) species which undergoes SET to the chlorobor-
onate to generate the corresponding a-boryl radical. This species
then adds to the allylic sulfone, rendering a B-sulfonyl radical.
The radical intermediate further collapses with the Ni(1) forming
a transient alkyl-nickel(n) species which furnishes the desired
product via B-sulfonyl elimination. Reduction of the in situ
generated sulfinyl-nickel(u) by Zn regenerates the active nickel
catalyst.

2.4.1.3. Allyl aryl sulfones as latent nucleophiles. Julia and
Clayden™® reported that allyl aryl sulfones can be used in the
allylation of different carbonyl compounds as allyl anion equiva-
lents (Scheme 59a). This strategy is based on a first oxidative
addition of the allyl sulfone to a Pd(0) center with the concomitant
elimination of the phenylsulfonyl group. Further transmetalation
with Et,Zn forms a mixed diorganozinc reagent in situ, which is

a) Allylsulfones as latent nucleophiles (Clayden, Julia)

R® Pd-cat R OH
2 o EtyZn (2 equiv)
[~ SOAT RZn 2equy) o, _ RS
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R' R
2
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N
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SOAr )
N R ZnEt
iR [Pd]
R'R ©0) R R

Jk . B

OH o OH OH
)\)\Ph /\)\O /%\Cs"“a /%CSHM

88% 63% 81% 76%
anti:syn (60:40)

b) Pd-catalyzed Zinc-ene
7 Znet, ZnEt
N [Pd”] ZnEI
Pd(O) _—
SO,Ar
A [Pd"E

Application to natural product synthesis.
Cohen (2005)

SOPh 1. Pd(PPh3), (cat), Et,Zn '
A Et,0,25°C, 30 h KO'Bu

2.1, THF DMSO
94% (95/5) 98%
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I
7 1.Pd(PPhy), (cat), Et;Zn J \ /// S—COM
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N“YotBS . oBs D\
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SO,Ph N N

55% (dr>08:2) (-)-Kainic acid

Scheme 59 Allyl sulfones as latent nucleophiles by a Pd-catalysed Et,Zn-
mediated reaction.
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able to transfer the allyl group to an electrophile, such as
aldehydes and ketones. The reaction proceeded with high regios-
electivity, but the substitution at the y-position slows down the
reaction. Important contributions to this chemistry have been
described by Cohen and co-workers exploiting this strategy for the
generation of allylzincs in an intramolecular fashion via a
Pd-catalysed Zinc-ene cyclization (Scheme 59b)."'* Different
synthetically useful intermediates toward natural products synth-
esis such as (—)-erythrodiene and (—)-kainic acid have been used
employing this approximation.

2.4.2. Radical-promoted allylation using sulfones. Allyl
sulfones are excellent reagents for the allylation of radicals
with the concomitant elimination of the arylsulfonyl radical as
a leaving group.'"® The general reactivity of allyl arylsulfones as
radical acceptors usually relies in the attack at the y-position of
the sulfone, promoting a homolytic scission of the C-S via a
classical Sy2' reaction. This leaving group usually is re-engaged
in the propagation of the radical reaction."'® Thus, catalytic
amounts of radical initiator are typically used. Alternatively,
when allyl alkylsulfones are used as allylating reagents, they
tend to react via extrusion of SO, and the alkyl- and allyl-
fragments are coupled in a radical-induced chain reaction.
Traditional methods for the generation of such radicals have
been extensively studied, promoting a myriad of desulfonylative
radical transformations."”” However, the field of radical
functionalization by the advent of photocatalysis has been
witnessed of the development of a new plethora of reaction
conditions for the sustainable, mild, and selective generation of
radicals. Therefore, traditional approaches for radical allylation
employing sulfones have been replaced by modern photo-
catalytic methods. Therefore, we present modern radical alter-
natives for the allylation reaction involving recent catalytic
radical reactions and photocatalytic methods.

2.4.2.1. Modern radical allylation involving transition metal
catalysis. Li and co-workers have described the decarboxylative
Ag-catalysed allylation of free aliphatic carboxylic acids under
aqueous conditions employing K,S,0g as an external oxidant
(Scheme 60)."'*'* The reaction is initiated by decarboxylation

e} AgNOj; (20 mol%) .
! K,S,05 (2 equiv) R
i —

CH3CN/H,0, 50 °C R_>:

12h

(2.0 equiv)

R-COH
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33 examples

R'=CO,R, CN, Me, H 46-89%

Selected examples

Hozcwcoza
.

60% 54% ( ‘)\_ 5

5,0,

Ag?* 28

Proposed pathway

HO,C.
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R
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I
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Scheme 60 Ag-Catalysed decarboxylative allylation.
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of the corresponding carboxylic acid by reaction with a Ag"
catalyst, with the concomitant elimination of CO, and the
generation of the aliphatic radical, which is trapped in an
intermolecular fashion with an allyl sulfone. The allylation
reaction delivered the corresponding product high reaction
yields and excellent chemoselectivity for a wide range of sec-
ondary and tertiary carboxylic acids, including o-oxy or a-amino
acids as well. As expected, primary substrates reacted with
lower efficiency, but still gave the desired product. Interest-
ingly, the reaction was successful for alkene-containing alipha-
tic carboxylic acids, promoting a cascade process in which after
a first radical formation and cyclization, the resulting radical
was intercepted with the allylsulfone. A variant of this reaction
has been recently described by Yao and co-workers for benzylic
a,a-difluorocarboxylic acids.'*®

In this regard, Guo and co-workers have described the use
of allyl phenylsulfones for the allylation of C(sp?) centers via
Fe(n)-catalysed C-C bond breaking in cyclobutanone ester
oxime derivatives (Scheme 61).">" Formally, the reaction can
be catalogued as the y-allylation of alkyl nitriles. Remarkably,
different allyl sulfones furnished the corresponding product,
including those bearing esters, cyano, alkyl-, aryl-, and plain
allylsulfones. Mechanistic studies suggest that the Fe(i) species
promotes N-O bond cleavage of the cyclobutanone oxime,
generating a N-centered radical. This radical evolves toward a
C-centered radical upon ring-opening step, which generates an
intermediate radical at the y-position of the nitrile. Further
reaction with the allyl sulfone generates the allylated product,
along with the concomitant formation of a phenylsulfonyl
radical. Finally, the previously formed Fe(u) species enables
the oxidation of the sulfonyl radical to give phenylsulfonic acid
and the re-generation of the catalytically active Fe(i) species.

OCOCFs
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. w At by ol i N
R DMF, 100 °C 2 N
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Scheme 61 Fe-Catalysed allylation via ring-opening of cyclobutanone
oximes.
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2.4.2.2. Allylation of alkyl radical precursors by photocatalytic
methods. One of the advantageous uses of photocatalysis to
induce the allylation of different simple alkyl chains is the high
number of precursors for this purpose (Scheme 62). In 2015,
Chen introduced the use of N-acyloxyphtalimide-protected
carboxylic acids for the photogeneration of alkyl radicals using
a Ru-based photocatalyst (entry 1)."** The reaction performed
well for primary, secondary, and tertiary substrates. Addition-
ally, both aryl and alkyl bromides and iodides were tolerated
under the reaction conditions. Other potential sensitive groups
such as aldehydes, nitriles and azides demonstrated no
interference in the allylation process. This reaction could
be performed under aqueous conditions, as demonstrated by
the allylation of the oligosaccharide naringin with an
N-acyloxiphthalimide derivative (Scheme 63). The same year
Olivier and Fensterbank described the use of silicates as a
latent alkyl radical precursor (Scheme 62, entry 2)."** The
reaction was conducted in DMF using an Ir-based photocatalyst
under blue LED irradiation. Different primary, secondary, and
tertiary alkyl chains could be allylated. In addition, silicates
bearing o-heteroatoms such as O, N and Cl were also suitable
partners. The generation of C-centered radicals from C-H
bonds in a direct fashion was accomplished by Kamijo in
2016."** The treatment of the corresponding alkane (in a large
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excess, typically 10 eq./eq. allylsulfone) in the presence of a
pentacenetetrone organophotocatalyst in CH,Cl, delivered the
corresponding allylated product with high chemoselectivity
and moderate reactivity. Other protocols have been also
described for the allylation of alkyl radicals, including deamina-
tive strategies'>> (Scheme 62, entry 4) and the use of alkyl iodides
using Pd-catalysis under light irradiation (Scheme 62, entry 5)."*°
Another important family of alkyl radical precursor is related
to those molecules which render an o-heteroatom substituted
radical, which stabilizes the intermediate and facilitates the
formation of these species. In this regard, Molander and co-
workers"?” took advantage of the ability of a-amino alkyl tetra-
fluoroborates to obtain 2-allyl pyrrolidines using eosin Y as
organophotocatalyst (Table 2, entry 1). In addition, Zhu
described the formation of a-amino radicals via decarboxylation
of glicyne derivatives employing an Ir photocatalyst (entry 2).'*®
This decarboxylative strategy has also been exploited by Gonza-
lez-Gomez, extending the method to the presence of O- and
S-heteroatoms at the o-position using flavin tetraacetate as
organophotocatalyst (entry 3).'*° Finally, it is noteworthy to
highlight the work by Ryu which employed a,a-difluoro alkyl
halides in presence of a Ru-based photocatalyst (entry 4)."*° This
method enables the access to fluorinated allylic-containing
molecules, and can be coupled to an intermolecular addition
of alkenes, resulting in a tri-component reaction. Analogously,
methods based on the generation or radicals bearing an electron-
withdrawing group at the a-position have been described, which
allows the access to o-allylated ketones and related groups.'*!
Recently, Sawamura, Shimizu and co-workers describe
the direct o-allylation of carboxylic acids employing allyl sulfones.
The strategy is based on the formation of a boron-endiolate using a
boron catalyst bearing a m-extended ligand to ensure visible light
absorption. These intermediates are excited under blue light
irradiation to promote a SET towards the allyl sulfone (Scheme 64).
The ability to access a-heteroatom radicals via photocatalytic
activation has enabled the use of photochemistry for the direct
allylation of carbonyl and imine groups via an umpolung strat-
egy. In 2016 Chen and co-workers studied the ability of aldehydes
and imines to form this type of radicals (Scheme 65)."** Using an
Ir catalyst and the Hantzsch ester as a H-donor, the authors were
able to trigger the formation of o-heteroatom radicals, which
easily reacted with the corresponding allyl sulfone. This method
allowed for the direct allylation of aryl- and o-heteroatom sub-
stituted aldehydes. In addition, imines were also suitable part-
ners for this transformation, leading to the corresponding
allylated amines. Mechanistically, this methodology is based on
the direct excitation of an Ir(m) photocatalyst which is reductively
quenched by the Hantzsch ester (HE) to form a highly reducing
Ir(u) species. Therefore, the carbonyl or imine group associated
with the oxidized HE by hydrogen bonding can be easily reduced
to the corresponding o-O- or a-N-radical intermediate. Finally, the
newly formed radical collapses with the allyl sulfone furnishing
the desired product. In this context, Dixon has described the
allylation of imines photocatalysed by eosin Y."** The reaction
proceeded vig a tricomponent system in which the addition of
the corresponding aldehyde in combination with the desired

d132
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Table 2 General precursors and conditions for the access to a-heteroarom substituted alkyl radicals
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Scheme 64 General precursors and conditions for the access to a-
heteroarom substituted alkyl radicals.

amine allowed in situ formation of the corresponding imine
which further suffers the allylation step. This procedure was
crucial for the allylation of aliphatic imines formed because of
problems associated with isolation of said species.

A related important class of precursors are those in which
the radical formation occurs via a first N-O bond cleavage, forming
a heteroatom-centered radical. Further 1,5-HAT (hydrogen atom
transfer) enables the formation of a new C-centered radical, which
is the reactive species. In 2016 the Chen group introduced N-
alkoxyphthalimides a radical precursor (Scheme 66a)."*> Following
this strategy, tertiary, secondary and a-hetereoatom positions were
successfully functionalized in presence of ethyl 2-((phenylsulfonyl)-
methyl)acrylate. The reaction showed excellent functional group
tolerance, and it could be scaled up to gram scale. In this regard,
Flechsig and Wang introduced the use of aryloxyamides as a
radical precursor.”*® After initial cleavage of the N-O bond -
promoted by a photoexcited eosin catalyst- and subsequent 1,5-
HAT, the corresponding C-allylated products were isolated with
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Scheme 65 Photocatalytic allylation of aldehydes and imines with allyl
sulfones.

high yield and broad substrate compatibility (Scheme 66b). This
method enables the remote allylation of aliphatic amines in which
the resulting C-centered radical must be tertiary or secondary.
Other strategies based on a first N-centered radical generation
followed by the formation of a C-centered radical which undergoes
allylation has also been described, such as the synthesis of

This journal is © The Royal Society of Chemistry 2022
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Scheme 66 Remote C(sp®)—H allylation by photoinduced N-O bond
breaking and further 1,5-HAT.
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Scheme 67 Photocatalytic ring-opening of difluorocyclopropanes.

dihydropyrazoles and tetrahydropyridazines developed by Xiao
and co-workers in 2017."’

Another activation approach has been recently reported by
the Feng lab in the photocatalytic-promoted fluoride-ring opening
of difluoromethylene cyclopropanes in presence of allylsulfones
(Scheme 67).*® This method enables for the elaboration of
CF;-containing organic scaffolds, which are highly embedded in
Medicinal Chemistry areas. The reaction proceeds via a SET
oxidation of phenyl difluorocyclopropanes by the intermediacy of
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a) Diaryliodonium salts
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an excited Ir catalyst, thus enhancing its electrophilic properties
and allowing the fluoride-promoted ring-opening step. The newly
formed radical species is further trapped by the allylsulfone.

2.4.2.3. Allylation of aryl radical precursors by photocatalytic
methods. The construction of C(sp®)-allyl fragments is also a
highly desirable transformation which can be addressed by
using aryl radical precursors under photocatalytic conditions.
In 2013 Ollivier and co-workers described the allylation of aryl
units using diaryliodonium salts as the radical precursors
(Scheme 68a). The reaction was catalysed by a photoactive
[Cu(dpp),][PFs] catalyst, which enabled the mild formation of
aryl radicals at room temperature. The same group reported the
use of triarylsulfonium salts as a suitable radical generator
using Ru(bpy);Cl, as the photoredox catalyst (Scheme 68b).
Despite of the existence of these precedents, the allylation of
aryl units under photocatalytic conditions employing allyl
sulfones is an underdeveloped area, mainly limited by a narrow
substrate scope and the use of large amounts of the allyl
sulfone partner.

2.4.2.4. Enantioselective processes. Attempts to develop
enantioselective version of the radical allylation have been
performed by the Meggers group (Scheme 69)."*° In this case
the generation of the radical was approached upon coordination
of an o,B-unsaturated carbonyl compound to a chiral-at-metal
Rh-complex. This coordination enabled the formation of a
C-centered radical at the B-position using the Hantzsch ester as
a photoredox mediator under visible light irradiation. The newly
formed radical undergoes desulfonylative allylation with the

RJ@ 5 Q %EFS- ) /R

R'=COsR, CN Me |
. TSN,
— /Rh e Me
AT .
[0} Me N
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Scheme 69 Enantioselective allylation of unsaturated compounds.
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concomitant formation of the corresponding phenylsulfonyl
radical. Interestingly, the authors found that the sulfonyl radical
is also engaged in the addition to the unsaturated ketone in an
enantioselective fashion, a rarely mode of reactivity in this
chemistry.

2.5. Alkylations

One of the milestones in cross-coupling chemistry is the devel-
opment of efficient methods using alkyl electrophiles as cou-
pling partners. Difficulties with this substrate class include the
facility of the intermediate metal-complexes to undergo smooth
B-hydrogen elimination. Another factor is related to the activation
of the C-X bond via oxidative addition pathways, which would
entail a crucial factor for the successful of the cross-coupling for
unactivated alkyl electrophiles. Research in this area has enabled
the development of this approach, broadening the toolbox to
applications in challenging synthetic problems. Among different
strategies to avoid undesired side-reactions, one is the use of
suitable electrophiles that allow for novel activation outcomes
and/or new mechanistic features, unlocking mild and selective
transformations with alkyl partners. In this context, alkyl sul-
fones have surfaced as promising reagents. Different activation
modes of the C-S bond, along with the effect of different catalytic
systems, are discuss in this section.

2.5.1. Metal-catalysed alkylation using alkyl sulfones:
Kumada- and Negishitype reactions. The first example of alkyl
sulfones as electrophiles in cross-coupling reactions was reported
by Li in 2012, using benzyl sulfones and Grignard reagents under Ni
catalysis.“o However, as mentioned in the introduction, the corres-
ponding alkenylated product was obtained after f-elimination. On
the contrary, the first systematic study conceptualizing the use
of alkyl sulfones in Kumada-type reactions was reported by
Denmark in 2013 (Scheme 70)."*" This study was key to obtain
synthetically useful results in the Fe-catalysed cross-coupling
between unactivated alkyl phenylsulfones and Grignard
reagents. The use of superstoichiometric amounts of TMEDA
as additive (up to 8.0 equivalents) was essential for obtaining
high reactivity. Although significant results were obtained for a
non-negligible number of Grignard reagents, some incompat-
ibilities were observed for different substrates, which were
almost limited to ArMgBr reagents. Regarding the alkyl sulfone,
unactivated secondary alkyl phenylsulfones were suitable part-
ners. On the contrary, primary'**> and tertiary sulfones were
unsuccessful substrates, leading to low yields of the desired
product and/or reductive desulfonylation. The authors proposed
that the TMEDA additive promoted the reduction of the Fe(m)
catalyst and stabilized the resulting species. Additionally, its
coordination to the reactive Fe-center would impart more
reactivity toward outer-sphere electron transfer with the sulfone
substrate. The effect of TMEDA in the formation of reactive
Grignard species cannot be ruled out.

It should be noted that some features of this reaction remain
unsolved in terms of substrate scope compatibility. Even
though this methodology is still underexplored, the use of
other nucleophiles has allowed its satisfactory employment in
the development of useful reactions. A prominent example has
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Scheme 70 Fe-Catalysed Kumada cross-coupling using alkyl phenylsulfones.

been recently reported by Hu and co-workers in the context of
difluoromethylation of diarylzinc reagents (Scheme 71).'** The
reaction proceeded via a Fe-catalysed Negishi-type cross-
coupling using difluoromethyl 2-pyridylsulfone as electrophile.
Interestingly, the use of Grignard reagents did not afford the
desired product with synthetically useful yields. Remarkably,
the use of TMEDA as additive was also essential for obtaining
high yields, albeit lower quantities were needed in comparison
with Denmark’s work."*® The reaction was compatible with a
broad range of diarylzinc reagents, including O-protected alcohols,
heteroaromatic rings, and potential sensitive groups such as -CN
or -F. Mechanistically, the authors demonstrated that the reaction
proceeded via a radicaltype pathway in which a low-valent Fe
species would undergo a SET process with the sulfone, thus
promoting the radical-induced desulfonylative process to generate
a difluoromethyl radical and the corresponding 2-pyridylsulfinate,
which rapidly recombines with the iron center. Further C-C
reductive elimination furnishes the cross-coupling product. After
transmetalation of the resulting iron sulfinate species with the
diaryl zinc reagent, the catalytically active Fe species is recovered.

A related process reported by Baran disclosed a broadly
applicable use of alkyl sulfones as electrophiles in cross-
coupling chemistry.'** Using a Ni catalyst in combination with
the N,N-bidentate 2,2'-bipyridine ligand, the authors studied
systematically the potential activation of the sulfone consider-
ing different aromatic and heteroaromatic groups. Among the
seven tested aromatic groups, only the redox-active 1-phenyl-
1H-tetrazol-5-yl (PT) group shown reactivity in presence of aryl

This journal is © The Royal Society of Chemistry 2022
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Scheme 71 Fe-Catalysed Negishi-type difluoromethylation of diaryl zinc
reagents.

zinc chlorides as the nucleophilic partner (Scheme 72). This
example is unique between the methods developed so far
intended to the use of alkyl sulfones as electrophiles because
of its reactive features. For instance, this method tolerates an
exceptional variety of sulfone substrates, including primary,
secondary, and benzylic ones in combination with potential
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Scheme 72 Ni-Catalysed Negishi-type cross-coupling with PT-alkyl
sulfones.
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sensitive functional groups in nickel chemistry, such as alkyl
chlorides. In addition, it is also useful for a wide range of
nucleophilic partners, delivering high reactivity for sterically
demanding substrates — such as those presenting ortho-
substitution — and electrophilic functionalities like C-X
(X = halide) bonds. As in the case of Hu,"*> Baran’s method
enables the introduction of fluorinated groups (CFH,, CF,H
and CF,R) and aryl zinc chlorides, which are more atom-
economical reagents than diaryl zinc species. Remarkably, the
use of alkenyl sulfones bearing the PT group permits to use
them in a prior Michael- or Giese-type addition, followed by the
Ni-catalysed desulfonylative Negishi protocol, enabling the
iterative functionalization of this family of substrates. Although
moderate yields were obtained in most cases (about 50-60%),
several target compounds could be obtained significantly redu-
cing the number of steps for their obtention. Additionally, this
strategy has been extensively exploited for the synthesis of
relevant biologically active and functional molecules, showing
the practicability and utility of the transformation.

2.5.2. Benzyl sulfones as alkylating partners: suitable electro-
philes in the Suzuki-Miyaura reaction and related transforma-
tions. One of the reactions that has been extensively studied using
alkyl sulfones as substrates is the well-known Suzuki-Miyaura
cross-coupling. However, this reaction type is greatly limited to
the use of stabilized benzylic sulfones as electrophiles. Crudden
and co-workers first described the use of diaryl benzylic sulfones
as reactive substrates in the Pd-catalysed desulfonylative arylation
of the C-S bond using aryl boronic acids (Scheme 73)."*> In the
original paper, the authors reported the sequential arylation of
methyl phenylsulfone under different catalytic methods to finish
the process with the desulfonylative coupling, resulting in a
modular synthesis of triarylmethanes. The first two arylations
were conducted using a Pd catalyst in combination with an aryl
halide electrophile, in which the ligand choice was crucial for
selectivity and reactivity. In the last step, the conversion of the
C-SO,Ph group to a C-Ar bond, the authors found the unique
reactivity of N-heterocyclic carbene ligands in combination with
[PdCl(allyl)], in this reaction. Other typical ligands such as mono-,
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bisphosphines, or amines did not promote any reaction. The
reaction performed well under typical condition for Suzuki-
Miyaura coupling giving rise to the desired product with excep-
tional high reactivities.

The same group reported in 2017 a new family of aryl benzylic
sulfones as a highly reactive electrophiles for the Suzuki-Miyaura
reaction with aryl boronic acids under Pd-catalysis (Scheme 74a)."*®
The key-point in the method consisted in the use of an electron-
poor, 3,5-bis(trifluoromethyl)phenyl group attached at the sulfonyl
group, allowing the use of fluorinated sulfones as competent
electrophiles in this important synthetic transformation. Apart from
an exceptionally varied structural scope, both regarding the
sulfone and the boronic acid counterparts, the method showed
high applicability in gram-scale experiments. Importantly, the
authors reported the iterative cross-coupling of halide- and
sulfone-containing substrates, illustrating that different reac-
tion conditions can be manipulated in an orthogonal manner to
selectively afford the functionalization product from each reac-
tive functional group (Scheme 74b). The utility of the method
was further highlighted in the short-step synthesis of the
thyroid hormone receptor B-selective analogue GC-24, with
properties against arteriosclerosis and obesity (Scheme 74c).

The reactivity of the 3,5-bis(trifluoromethyl)phenyl sulfonyl
group has been exploited in other functionalization reactions
upon activation of the C-S bond under Pd catalysis. In this
regard, Crudden reported in 2017 that these sulfones undergo
desulfonylative cross-coupling in presence of an acidic 1,3-
oxazole in combination with a base (Scheme 75a)."*” In this
case the nucleophilic partner is the deprotonated 1,3-oxazole.

a) Reaction conditions

/po [PdCl(allyl)], (2.5 mol%) ;
(OH),  SIPr-HCI (10 mol%), K3PO, (3.0 equiv) AT, @
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Scheme 74  3,5-Bis(trifluoromethyl)phenylsulfones as electrophiles in
Pd-catalysed Suzuki—Miyaura reactions.
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This reaction furnished unsymmetrical triarylmethanes in
which one of the aromatic rings is the N,O-heterocyclic unit.
The strategy has been also described under Cu catalysis, in
which the reaction is believed to proceed via an intermediate
carbene species (Scheme 75b).'*® This intermediate could pro-
ceed from the formation of the a-sulfonyl anion which trans-
metalates with copper to generate an a-copper sulfonyl species.
Further desulfonylation is induced by the formation of the
carbene, which is subsequently attacked by the deprotonated
oxazole generating the final product via protodemetalation.
Other fluorinated, electron-poor groups have shown high
reactivity in the Pd-catalysed desulfonylative Suzuki-Miyaura
reaction. Crudden has reported the use of a CFj-containing
sulfone as a versatile functionality."*® This reactivity was exem-
plified using a-fluoroalkylaryl trifluoromethyl sulfones as elec-
trophiles, facilitating the introduction of fluorine-containing
groups in aryl structures without unstable organozinc reagents
(Scheme 76). Other groups typically employed for the activation
of the C-S bond, such as phenyl, 3,5-bis(trifluoromethyl)phenyl,
2-pyridyl, benzothiazole, and 2-phenyl tetrazole, did not afford
the cross-coupling product. Thus, the effect of the CF; group in
the reaction mechanism was studied by means of theoretical

a) Pd-catalyzed desulfonylative C-H functionalization of 1,3-oxazoles

R
o
] )\ o) O 2 Pdjdbag CHCIy (5 mol%)
AT AN p i Ar O~ -1
H | H dppp (10 mol%), LiO'Bu (6.0 equiv) 1 RN
N \ B )_< |
N" e N\
dioxane R N7 e
F.C CF. 120°C,12h
3 3 (4.0 equiv) ZU;E;ZT‘SJES
R =H, Me, Ar
b) Cu-catalyzed desulfonylative C-H functionalization: i iacy of
Ar? o
\ 12O CuCl (20 mol%)
Ar S " | wl LiO'Bu (3.0 equiv) Ary | PN
AN
S L N WS
dioxane Ay N~
) 140°C, 15 h
F3C CF3 (2.0 equiv) 15 examples
30-79%
E=0, S, NMe
Proposed pathway
Ar?
H
Ar E LiOtBU 2
/\)_; Ar2 "
N/ )<Li \ J\
- AT SOLANCFy), ( AMT TSOAICF),
= n
tBuOH
A2 Li*

Cul, Ar?

Arl E J%\CUL,,
N A Cs0,ArCy),

57 ~N

Lo

T

\ R N Ar?

P e S
N TNE

i
S

LiSO,Ar(CF3),

Scheme 75  3,5-Bis(trifluoromethyl)phenylsulfones in C-H Functionali-
zation of aromatic rings.
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Scheme 76 a-Fluoroalkylaryl trifluoromethyl sulfones as electrophiles.

calculations. The results indicated that the oxidative addition
step is driven by a prior coordination of the aryl group present
in the sulfone substrate, and kinetically facilitated by the CF;
group in comparison with the rest of the aromatic groups.
Additionally, the CF; group stabilizes thermodynamically
the resulting Pd(u)-product as a result of the oxidative addition,
explaining the high, and preferential reactivity of CF;-containing
sulfones in comparison with other substituents. This unique
feature permits its use in the orthogonal functionalization of
readily available substrates, with high functional group compat-
ibility including other sulfonyl groups.

Additionally, Crudden has reported the construction of
all-carbon quaternary centers by using tertiary sulfones as
electrophilic substrates via a Ni-catalysed Suzuki-Miyaura reac-
tion (Scheme 77a)."”° The use of the one of the ligands devel-
oped by Doyle was necessary for high reactivity, as the use of
other P-donor ligands resulted in a negligible or no reactivity.
Poor reactivity was found for electron-poor aryl boroxines, in
contrast with electron-rich partners, which gave the desired
product in high yields. The applicability of this method was

a. Tertiary sulfones as electrophilic substrates

Ni(cody), (10 mol %)/L (12 mol %)
R! R? L: Pey2
R' R?
SOZPh + (ArBO); -
(0.7 equiv) Ar Ar
Ar=2,4,6-PryCqH,
R, R? = alkyl, aryl, allyl NaOEt (3.0 equiv) 26 examples
’ P toluene 21-98%
85°C, 16 h
b. Application to the synthesis of Vitamin D receptor modulator
Et_ Et (ArBO),
SO,Ph Na"é’;’l'DS Ni(cod), L
- B SO,Ph
MeO,C 37% %
° MeoC 65%
OMe
O 2. H,SO, MeOH
3 g Et_ Et
Et.
Et BBry

83%

e}
[>—"Bu , Cs;,CO4 Oe O
KOH OH
HO,C o/\(

4.
(71%, 3 steps)

O 'Bu
CO,Me

Scheme 77 Construction of all-carbon quaternary stereocenters via Ni-
catalysed Suzuki Miyaura with benzylic sulphones as electrophiles.
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demonstrated in the synthesis of a vitamin D receptor mod-
ulator in which two of the key steps involved reactivity imposed
by the presence of a sulfone (Scheme 77b). Firstly, in the o-
functionalization of the alkyl sulfone via deprotonation/alkyla-
tion strategy, and then in a second Ni-catalysed desulfonylative
cross coupling to install the required all-carbon quaternary
center. Further derivatizations of the newly aryl ring led to
the final structure of the target molecule.

2.5.3. Alkylation of aryl electrophiles. Alkyl sulfones has
also been used in reductive cross-coupling chemistry. In this
reaction, two electrophiles are coupled by the intermediacy of a
transition metal catalyst. Thus, challenges regarding the possibility
of non-desired outcomes and/or lack of reactivity need to be
avoided.””"* The first example of this chemistry using alkyl
sulfones was reported by Kuei, Chang and co-workers in the context
of the Pd-catalysed desulfonylative arylation (Scheme 78a).'>* The
authors found that the treatment of primary alkyl methyl sulfones
reacted with different aryl iodides in the presence of catalytic

a) Pd- ductive cro: ipling of alkyl sulfones with aryl iodides (Kuei & Chang, 2017)
| Pd(OAC), (5 mol%)
A2 0o KO'Bu (1.1 equiv) Ar?
Al "R DMF Ar!
8°C,25h 21 examples
R = Me, p-Tol (1.5 equiv) 60-78%
b) Ni-catalyzed desulfonylative arylation of alkyl sulfones (Hughes & Fier, 2019)
N=N Br NiBr,/L (20 mol %) - Xy 2HCI
\ 2
oﬁ)'\ N Zn (3.0 equiv) |
SN+ _ H,N pZ NH,
J\ bh DMI, 100 °C, 24 h N
R"” “R? R “R? NH NH
25
R',R2=H, alkyl, aryl (3.0 equiv) 21-65%
Proposed pathway NN, - o N'/ "f\N
o N
o LN | 2 oAy
L,NiBr, \ ;
oNiBr, I b A en
R”OR2 R R
Zn
i\l N, CNH
ZnBr, SO, . ~
NS &P
17 R2
1/2 ZnBr, L,,Ni° R R R1J\R2
Ri
LNi'—Br Ni(O)/Ni(1)/Ni(lll) LNl 4<
Catalytic Cycle R2
, & ‘Br
R!
1 2
R R LNl _<
‘ R2
Br
Selected examples F
SO,PT
FsC
— [Ni/L], ArBr
N\ 7/ T

34-66%

X = C(O)NH,
CH,OH
SO,NMe,

Scheme 78 Alkyl sulfones in reductive cross-coupling chemistry.
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amounts of Pd(OAc), in combination with KO‘Bu. Interestingly,
the catalytic system was able to differentiate the two different
C(sp®)-S bonds with the exclusive functionalization of the
larger, substituted alkyl group. Additionally, when alkyl aryl
sulfones were studied the reaction also delivered the corres-
ponding arylation at the alkyl chain, instead of the biaryl
product. Although reaction conditions are quite similar to those
reported for the catalytic o-arylation of alkyl sulfones, the
reaction mechanism is unknown yet and further investigations
should be carried out to clarify the competent intermediate
species.

Another example of this reactivity has been recently reported
by Hughes and Fier harnessing the ability of 1-phenyl tetrazole
sulfones to generate alkyl radicals (Scheme 78b)."** In presence
of Zn as a reductant, the PT sulfone substrate is reduced via SET
generating a radical anion. This species then evolves via N,
liberation to form a radical sulfinate, which generates the
corresponding alkyl radical upon extrusion of SO,. Once the
alkyl radical is formed, a Ni(0) species undergoes one-electron
oxidative addition with the radical to generate a Ni(i)-alkyl
intermediate. In presence of the aryl bromide, the Ni(1) is
oxidized to a Ni(m), which further undergoes reductive elimination
to generate the coupled product, with concomitant formation of a
new Ni(1) species which is reduced in situ in presence of Zn closing
the catalytic cycle. However, a major problem of this reaction is the
over-reduction of the alkyl sulfonyl radical from the PT sulfone,
which renders an inactive alkyl sulfinate. Nevertheless, due to the
high functional group compatibility, and the creation of C(sp*)-
C(sp®) bonds in a direct fashion, the methodology could be highly
useful as a key step for the assembly of complex molecules. In a
related work Chen, Qian, and Sun'®® exploited the Ni-catalysed
reductive cross-coupling of sulfonyl-containing peptides with
C(sp®)-tosylates using Zn as terminal reductant (Scheme 79). This
strategy enables the post-synthetic modifications of peptides, thus
enabling the access to unnatural amino acids on demand. The use
of NiCl,(Py), in combination with dtBBPy as pre-catalyst system
gave the best results. Addition of TABI was found to promote the
reaction, likely by formation of intermediate alkyl iodides.

2.5.4. Alkylation via radical-mediated processes. Other cata-
lytic methods enabling a radical desulfonylative functionalization
of alkyl groups have been recently reported by Studer using alkyl
allylsulfones in presence of radical initiators (Scheme 80)."°° In
these examples, the allylsulfonyl moiety is the C-radical precursor
upon activation with catalytic amounts of the radical initiator
AIBN. This activation mode allows for the mild formation of alkyl

tBu tBu
o s o R R?
JCA A sy om () o Y-come
PR N 7 TN TcoMe NICly(Py)s (10 mol%) . J\—NH
o & Zn (2.0 equiv) — HN—
. MgClj (1.5-2.0 equiv) 0, R
TBAI (2.0 equiv) >_NH o
(_4 DMAc, 40 °C
SR PH
~
oTf
(2.0 equiv)

Scheme 79 Modification of peptides via reductive cross-coupling.
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radicals in the reaction media that are captured with radical
acceptors. Among the different bonds currently accessed by
means of this strategy, alkynylations represent a prominent
example allowing the coupling between two sulfonyl moieties
under the reaction conditions. Indeed, when the alkyl allyl
sulfones were reacted with trifluoromethyl alkynyl sulfones in
the presence of catalytic amounts of AIBN, the corresponding
alkyl radical species were inserted into the triple bond, with
concomitant elimination of the trifluoromethyl sulfonyl radical
(Scheme 80a). Different alkyl chains were placed at the allylsul-
fonyl moiety, including both secondary and tertiary alkyl
groups. The reaction showed high functional group compat-
ibility, as different carbonyl-containing functional groups,
ethers, triazoles, halides and silicon protecting groups were
tolerated. Other suitable radical acceptors were those in which

General reactivity profile

CN o\\s,/o
0o Y xR
‘él/\/\ ] NN [a'ky' . ] Akt —x
7
alkyl X % radical acceptor
NC AIBN
a) Alkynylations
C\>V/o AIBN (30 mol%)
) + — alkyl=——-m~R’
P .
alkyl” T CF0,S——R CHCI, 85°C, 48 h
(2.0 equiv) 33 examples

27-81%
2°and 3° alkyl chains R' = alkyl, aryl, SiRy

Selected examples
Br. z
Me ) Me.
Me
Me (:\l\ Me—m——= O 0 oLH
Y o (N
H Pz Me
|| Me—~ “ NV%
M
Z\Q O o Me Me

66% 69% 68% 78%

b) Other radical acceptors

Azidations

] o 0

\\//O N4 AIBN (30 mol%)
S + PN
I CF, N yI==N3
alkyt N a0 CHCI; 85°C, 48 h
(2.0 equiv) 5 examples
49-99%
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NN alky 3
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X=S§, Se
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With PhSO,SPh With TfCI With CBry

Pth!hN/\><SPh PththN/\XCI PththN/\><Br
91% 61% 60%
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W 0 L Js
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* CHCIy/D,0 [
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HS CO,Me >90% D incorporation: 85%, 94% D
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Scheme 80 Radical-mediated transformations employing alkyl sulfones.
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the sulfonyl derivative bears a heteroatom functionality, such as
azides, -SCF3, -SeCF; and halides (Scheme 80b). Another impor-
tant transformation available using this strategy is the selective
deuteration of the alkyl radical upon reaction with deuterium
oxide in presence of methyl thioglycolate, which afforded selec-
tive deuteration with exceptional levels of p-incorporation
(>90%) (Scheme 80c).

As shown above, alkyl sulfones serve as a readily and
valuable alkyl radical precursors. A powerful application of this
strategy is the use of fluorinated aryl sulfones as sources of
fluorinated alkyl radicals, which undergo insertion into a high
variety of functionalities, thus rendering a simple method for
the direct fluorination of organic molecules. Such a transfor-
mation is highly desirable in drug discovery and related appli-
cations in medicinal chemistry because of the intrinsic interest
of fluorinated molecules in this area. Ni and Hou described the
activation of Rg-SO,Ar bonds by means of photocatalysis, in
which the benzothiazole aryl group demonstrated superior
reactivity in comparison with other aromatic and heteroaro-
matic groups (Scheme 81a).">”**® The homolytic scission of the
Rg-S bond was possible using Ru(bpy);Cl, as photocatalyst,
promoting the generation of the corresponding Rg* radical, which
rapidly underwent insertion into isocyanides to deliver fluoroalky-
lated phenantridine derivatives. This approach has been used for
the introduction of fluorinated moieties into different organic
structures. For instance, Fu reported the oxydifluoromethylation
of olefinic amides by addition of the corresponding Rr* radical
and intramolecular cyclization (Scheme 81b),"*® thus forming six-
and five-membered heterocycles with a —-CF,H group. Zou also
reported a similar strategy for the introduction of -CF,H or —CF3
groups by arylfluoromethylation of a related substrates toward the

a) Photocatalytic fluor jon of iso

CFoX
|
!\ N

37 examples
20-82%

QL Ru(bpy)sCly 6H,0 (2 mol%)
s Na;CO; (2.0 equiv)
_ ertslEuew) |

DMSO, blue LEDs, rt

(1.5 equiv)

X =H, Me, Ph, halide, acy!

b) Oxodifluoromethylation of olefinic amides
R1

\\// Ry /~CFH
@ HFZC \r
o
. ©
—
e

— or — (1.2 equiv)
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Na,COj3 (1.2 equiv; p
Hon @ T
@ \[( CH3CN, blue LEDs, rt Zggggfs
0 T CRM
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) is of fluorir isc
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Scheme 81 Photocatalytic approaches toward fluoromethylation using
benzothiophenesulfones.
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synthesis of fluorinated isoquinolinediones (Scheme 81c)."*
Other important applications of this strategy include the
synthesis of fluorinated oxindoles from the corresponding
N-arylacrylamides reported by Zhu in 2019,'°' and the intro-
duction of radioactive '®F isotopes in relevant biologically

active molecules by Lemos, Genicot, and Luxen.'®*

3. Catalytic C—-C double bond
formation by Julia-type
transformations

Olefins are essential building blocks found in functional and
biological molecular structures,*®® and are synthetically useful
functional groups in organic synthesis as a consequence of
their exceptional reactivity.'®® Therefore, the development of
synthetic tools for the creation of C-C double bonds in a
straightforward manner is a central interest in synthetic
chemistry.'® In this regard, the use of sulfones as olefination
partners for the construction of the unsaturated m bond has
found tremendous momentum in organic synthesis. In this
section we discuss the development of alkenylation methods
enabled by the intrinsic reactivity of sulfones under catalytic
conditions. Early examples of catalytic alkenylations were
reported by Julia in the 1980’s. After o-metalation of allyl phenyl
sulfones employing BuLi, catalytic amounts of Ni(acac), delivered
alkenylated product as a mixture of stereoisomers.'®® Further
studies demonstrated that Cu-, Pd-, and Fe-based catalysts could
perform the same transformation. However, because of the
requirement of strong bases and the obtention of symmetrical,
non-stereoselective alkenes, this approach has not found wide
application. As an alternative to homocoupling of sulfones, the
olefination of carbonyl-containing groups by reaction with
metalated sulfones (the Julia-Lythgoe olefination) is one of
the most extended methods for the stereoselective construction
of C-C double bonds. A modified version of this reaction
involves heteroaromatic sulfones that undergo desulfonylation
by in situ Smiles rearrangement without the need to isolate the
B-alkoxysulfone intermediate.

Although this transformation is practical, its catalytic version
is much more appealing and opens new reactivity scenarios.
In this regard, the first catalytic olefination employing sulfones
was reported by Milstein in 2014 (Scheme 82).'®” The team
employed a Ru-catalysed acceptorless dehydrogenative approach
to convert benzylic alcohols into the corresponding olefin upon
treatment with dimethyl sulfone and KO'Bu that enabled the
direct use of alcohols instead of their oxidized form for the
creation of the C-C double bond. Remarkably, the reaction was
highly selective toward the formation of the olefination product
and H, liberation. With regard the sulfone partner, both electron-
poor and rich- benzylic sulfones reacted with good yields, allow-
ing the access to (E)-1,2-disubstituted olefins. Attempts to isolate
key reactive intermediates led to the obtention of the Ru catalyst
as a polymeric complex, in which the ruthenium atom is bound
to the sulfone through the deprotonated C-H bond, along with
dearomatization of the pincer ligand (Scheme 82a). This last
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Scheme 82 Ru-Catalysed acceptorless dehydrogenative olefination of
benzylic alcohols.
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dioxane, 5 h

feature could be important, as these complexes potentially activate
alcohols via metal-ligand cooperation. As in the Julia reaction, it is
expected that the corresponding aldehyde from the benzylic
alcohol were involved in the process, but the reaction between
benzaldehyde and dimethylsulfone under the standard
conditions led to low quantities (10% yield) of the desired
styrene (Scheme 82b).
B-hydroxysulfone gave only traces of the product. Thus, the
authors propose that a typical Julia-type mechanism is not likely
to be operative under the reaction conditions, and that non-free,
metal-coordinated aldehyde seems to be necessary (Scheme 82b).
This approach has been exploited in other metal-catalysed dehy-
drogenative processes in which the sulfone group is maintained,
giving rise to an interesting family of sulfonylated building
blocks.'®®

Later, Shimizu studied the direct olefination of alcohols
employing sulfones as alkenylating reagents under heterogeneous
catalysis."® The authors screened several supported Pt catalysts
pre-reduced with a H, atmosphere at 300 °C to evaluate their

Additionally, potential intermediate

potential activity in the olefination of benzylic alcohol and
dimethylsulfone employing KO‘Bu (Scheme 83). Carbon-
supported Pt nanoparticles (Pt/C) demonstrated superior activity
in comparison with other Pt-based materials. Additionally, other
transition metals supported on carbon also resulted in a lower
catalytic activity (Pt > Rh > Ir > Ru > Pd > Re > Cu > Ni >
Co). Interestingly, the reaction could be carried out under O,
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Scheme 83 Heterogeneous olefination of alcohols catalysed by Pt/C.

atmosphere without apparent negative influence on the yield,
suggesting that O, is not the hydrogen acceptor of the system.
One important feature of this protocol pertains to the possible
recovering of the catalyst after each catalytic cycle. Indeed, the Pt/C
catalyst was used and recovered up to five cycles with no marked
impact on the reaction yield. Several substrates were studied,
furnishing the corresponding olefin with excellent yields and
superior catalytic activity compared to the Ru-catalysed conditions,
as exemplified by the high value of the TONs for different
substrates at 10 mmol scale. Another important contribution of
this work refers to the use of alkyl and allylic alcohols, which gave
complicated mixtures using the ruthenium catalyst developed by
Milstein.'®” Again, when the reaction was carried out using an
aldehyde instead of the alcohol, low yields of the olefin product
were obtained. Additionally, a KIE value of 2.2 was obtained by
using the corresponding benzylic alcohol and the o-deutero
benzylic alcohol. Thus, the dehydrogenation of the alcohol was
deemed to be involved in the rate-limiting step. In accordance with
these results, the reaction orders for each component were found
to be positive for the benzylic alcohol and the KO'Bu, 1.2 and 1.5,
respectively. On the contrary, a negative value of —0.6 was found
for dimethylsulfone, suggesting that this species is not involved in
the rate-limiting step. Thus, the authors claimed to the importance

This journal is © The Royal Society of Chemistry 2022
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of having metal-coordinated intermediates and their role to drive
the reaction until completion. In this regard, the postulated
mechanism involves a first, rate-determining step dehydrogena-
tion of the corresponding alcohol by the Pt units present in the
Pt/C catalyst. This dehydrogenative pathway leads to the corres-
ponding carbonyl compound adsorbed into the catalyst, which is
likely the reason behind the excellent reactivity profile. The
carbonylic substrate is then attacked by the o-sulfonyl anion
derived from the deprotonation of the parent sulfone by the
KO'Bu, thus giving rise to a transient B-hydroxysulfone. Final
elimination of a sulfonate salt furnishes the desired olefin.

The last years have witnessed a renewed interest in devel-
oping more sustainable, environmentally friendly processes
involving the olefination of alcohols by using earth-abundant
catalysts based on first-row transition metals. In this regard,
the group of Balaraman reported in 2019 a method that enables
the use of a well-defined Ni catalyst bearing a pincer ligand as
an alternative to precious metals-based catalyst (Scheme 84)."°
This method furnishes the corresponding olefin upon treat-
ment of the benzylic alcohol with a sulfone in combination
with KO'Bu as a base and a Ni complex. Both electron-rich and
poor aromatic rings as substituents for the benzylic alcohol
were tolerated for this transformation, including halogens such
as F, Cl and Br. Regarding the substitution at the sulfone
moiety, when DMS was replaced by phenyl benzylsulfones, the
corresponding benzylic group acted as the olefination partner,
with different substituents at the aromatic groups of diverse
electronic nature, including n-deficient and m-excessive rings.
This approach allows the formation of (E)-1,2-disubstituted
styrenes. However, when plain aryl alkylsulfones were studied
no olefination product was observed, along with lack of reactiv-
ity when disubstituted benzylic alcohols were employed, thus
representing the main limitation of this chemistry. An elegant
application of this reaction system was illustrated by the synth-
esis of the biologically active Resveratrol (Scheme 84). In con-
trast with previous results observed using Ru and Pt catalysts,
under these Ni-catalysed conditions, the use of benzaldehyde as
a substrate furnished the olefination product in 70% yield.
Indeed, when the benzyl alcohol was treated with the Ni catalyst
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Scheme 84 Ni-Catalysed olefination of benzylic alcohols with alkyl and
benzyl sulfones.
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under the standard conditions in the absence of the sulfone, the
benzaldehyde was obtained in 80% yield, along with the libera-
tion of H, gas. Additionally, the authors support the potential
participation of transient Ni-H species, likely generated in the
dehydrogenation step. Albeit attempts to isolate or detect the
corresponding hydridic species in the reaction media were
unsuccessful, the use of a more stable (PCys),NiBrH complex
as a pre-catalyst gave the corresponding aldehyde in 23% yield.

Simultaneously, Maji described the same reaction employ-
ing the combination of NiBr,/neocuproine as a catalytic system
(Scheme 85)."”" Mechanistic insights revealed that different KIE
values were obtained depending on the substrate employed.
When an a-deutero benzylic alcohol was studied in comparison
with the non-deuterated counterpart, a KIE value of 3.1 was
obtained (Scheme 85, mechanistic experiments). On the con-
trary, performing the experiment with the deuterated sulfone
led to a KIE of 1. These results demonstrated that the dehy-
drogenation process is involved in the rate-determining step,
while the sulfone must be involved in a fast base-mediated
Aldol-type reaction with the aldehyde formed in situ, generating
an intermediate B-hydroxysulfone. In accordance with Balara-
man’s work, the use of (PCy;),NiBrH as a pre-catalyst also led to
corresponding product with comparable efficiency, which is in

X
Z
I N Me
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+ A" soph | .
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accord with the intermediacy of Ni-H species (Scheme 85,
intermediacy of Ni-H). Finally, alkenyl sulfones originated
from base-mediated elimination of the OH group from the
corresponding B-hydroxysulfone mentioned above could be
likely intermediates in this process. In this vein, treatment of
an alkenyl sulfone under the reaction conditions using the
(PCy;),NiBrH pre-catalyst delivered an olefin in 85% yield
(Scheme 85, intermediacy of alkenylsulfones). Also, when an
alkenyl sulfone was reacted with an o-deutero benzylic alcohol
under the optimized reaction conditions, an olefin was isolated
with 14% D incorporation at the position coming from
the sulfone, and 62% D incorporation from the alcohol.
Additionally, ArSO,K salts were isolated and identified by
'H NMR spectroscopy and HRMS analysis.

With these results, the authors suggested a mechanistic
scenario in which the nickel catalyst is involved in an auto-
tandem catalytic cycle (Scheme 86). Initially, the Ni-species
is involved in the oxidation of the benzylic alcohol via a
dehydrogenative pathway, to form the corresponding aldehyde
and a Ni-H intermediate. The aldehyde then undergoes Aldol-
type addition by the metalated sulfone with the concomitant
elimination of water to deliver the alkenylsulfone. Finally, the
initially formed Ni-H species would reduce the alkenylsulfone
via a hydrogenation process, leading to an alkylsulfone
which evolves into the alkenylated product via a base-
mediated desulfonylation process.

More recently, Balaraman, Gupta and co-workers have broa-
dened the catalytic arsenal for the olefination of benzylic alcohols
employing a more sustainable metal complexes based on a Fe
salt.”* The strategy follows the aforementioned features for other
acceptorless dehydrogenative coupling sequences developed so
far for this transformation, in which the use of FeCl, in combi-
nation with the readily available 1,10-phenantroline as catalytic
system delivered the desired olefin in medium to good yields
(Scheme 87a). Both primary and secondary alcohols were found
to react under this reaction conditions, in which the 1,1-diaryl
alkene product was the major regioisomer when using secondary
alcohols. Regarding this second substrate class, the use of
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X
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5
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Scheme 86 Proposed auto-tandem mechanism for the Ni-catalysed
olefination of benzylic alcohols.
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a) Fe-Catalyzed olefination of primary and secondary alcohols
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Scheme 87 Fe-Catalysed dehydrogenative cross-coupling between
benzylic alcohols and sulfones.

angularly fused cyclic secondary alcohols in combination with
dimethyl sulfone led to a different array of 1-methylnaphtalene
compounds via a tandem acceptorless dehydrogenative
cross-coupling followed by a dehydrogenative isomerization
(Scheme 87b). Mechanistic experiments (Scheme 87c) revealed
that benzylic alcohol is oxidized to the corresponding carbonyl
compound in presence of the iron catalyst, along with the
liberation of hydrogen gas. In addition, the corresponding
ketone evolves toward the naphthalene derivatized upon treat-
ment with dimethyl sulfone under the standard reaction con-
ditions with catalytic amounts of the starting material. The
reaction did not take place when the catalyst or the base were
not present. Interestingly, when the ketone was treated only
with dimethylsulfone, the base and the catalytic system a low

This journal is © The Royal Society of Chemistry 2022
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Scheme 88 Cu-Catalysed olefination of benzylic thiols.

yield of the desired product was observed. These results high-
light the potential intermediacy on O-coordinated species that
might enhance the catalytic performance of this reaction.
Furthermore, the potential intermediates II and III led to the
aromatized product in presence of the Fe-catalyst (Scheme 87c).
Kinetic analysis of deuterated and non-deuterated alcohols
provided a KIE value of 2.51, indicating that the dehydrogena-
tive oxidation of the alcohol is the rate-determining step.

Olefination protocols employing different types of sulfones
have been also described for other substrates other than
benzylic alcohols. For instance, Jang and co-workers discovered
that thiols can be transformed into the corresponding alkene
employing copper catalysis (Scheme 88)."”* In this case the
reaction was amenable to the use of a-sulfonylketones, leading
to the o,B-unsaturated ketone with good yields. Different Cu(u)-
based pre-catalyst worked well, with the readily available CuBr,
showing better catalytic performance. Interestingly the use of
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) base was particularly
effective, as other bases typically employed for this transforma-
tion such as KO'Bu led to poor yields. However, in this case O,
was essential to gain synthetically useful yields, suggesting that
either the dehydrogenative pathway needs a hydrogen acceptor
or the active copper species need to be re-oxidized at some
point of the reaction mechanism. Although the reaction deliv-
ered the corresponding unsaturated enone for a representative
family of substrates, the scope including secondary benzylic
thiols or alkyl derivatives for this transformation was not
studied. A potential reaction mechanism for this transforma-
tion would commence with the copper-mediated oxidation of
the thiol. This step is believed to occur via the deprotonation of
an in situ formed dibenzyldisulfide, which is form from the
thiol.’”* In this regard, the copper catalyst in combination with
O, can accelerate the reaction, as the absence of copper led to
the formation of the product, albeit in lower yields. After that,
the thiobenzaldehyde can react in a Julia-type reaction with
the a-sulfonylketone furnishing the corresponding enone, and
phenyl thiosulfinate a by-product.

This journal is © The Royal Society of Chemistry 2022
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Wang and co-workers reported the use of N-sulfonyl-
hydrazones as suitable partners for the olefination reaction
with sulfones employing copper catalysis (Scheme 89).'”> The
reaction was catalysed by Cul in presence of LiO’Bu as base,
yielding the alkenylated product with synthetically useful
yields. Remarkably, N-sulfonyl hydrazones derived from alkyl-,
aryl-, disubstituted-, and a,B-unsaturated ketones or aldehydes
were found to be excellent reagents for this transformation,
thus improving considerably the reaction scope, as this method
surmounts different incompatibilities previously found with
alcohol derivatives. In this regard, hydrazones derived from
diarylketones reacted in excellent yields, which was important
because diarylketones were found to be unreactive on previous
reports with Julia-Kociensky-type protocols, likely because of
their lower reactivity toward carbon nucleophiles.’’® Notably,
when N-tosylhydrazones were substituted by N-mesylhydrazones
the authors found a slightly increased reactivity, allowing the
use of lower temperatures and obtaining better yields. However,
in some cases minor by-product formation was detected in the
reaction media, derived from products generated by a Shapiro-
type elimination.’”” Since diazo compounds also gave the
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Scheme 89 Cu-Catalysed alkenylation of N-sulfonylhydrazones with
sulfones.
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corresponding alkenylated product, the authors proposed the
intermediacy of carbene-like intermediates derived from the
N-sulfonylhydrazone in combination with the base. Thus, a
catalytic cycle was suggested in which the reaction starts with
the metalation of the sulfone upon reaction with LiOBu, followed
by transmetalation with copper to generate a Cu intermediate
(Scheme 89, mechanistic proposal). This intermediate can react
with the in situ formed carbene from the reaction between the
N-sulfonylhydrazone with the base. The carbene then inserts into
the C-Cu bond via migratory insertion, and final B-S elimination
furnishes the alkenylated product along with a copper(i) sulfi-
nate, which regenerates the o-cuprated sulfone.

4. Sulfones as cyanating reagents

The nitrile functionality (-CN) is a valuable functional group in
organic chemistry because of its remarkable synthetic versatility.
The introduction of this motif in chemical structures allows for
the access to new chemical space due to the availability of
transformative methods for this group.'”® They are also good
candidates in an array of reactions involving metal-mediated
C-CN bond activation,””® and participate as key functionalities
in the synthesis of an extensive family of heterocycles.'® Addi-
tionally, nitriles are found in biologically active molecules'®* and
represent important scaffolds en route to functional materials."®>
Hence, the introduction of cyano groups in organic chemistry is
an active area in which, despite of the availability of cyanation
protocols, the development of novel strategies for this purpose is
a growing field.

One of the main drawbacks related to the introduction of
-CN into molecules pertains to the toxicity and negative envir-
onmental impact of the cyanating reagents typically employed,
such as MCN (M = K, Na, Cu, Zn), TMSCN, Bu,NCN, DDQ,
cyanhidrines and malononitriles. Therefore, the discovery and
application of new, non-toxic cyanide sources is extremely
appealing in order to expand the synthetic utility of nitrile-
containing substrates.'® In this context, ArSO,CN reagents
have been catalogued as convenient and relatively non-toxic
cyanating compounds with electrophilic properties that can be
exploited under catalytic desulfonylative conditions.’®® The
most extended method for the activation of the C-S bond in
ArSO,CN reagents uses radical conditions in which the TsCN
reagent can be used either as a radical trap or as a radical
promoter upon activation with an appropriate catalyst or radi-
cal initiator. In this section we discuss several strategies aimed
at the use of such reagents for the synthesis of nitriles under
catalytic conditions.

4.1. Cyanation of pre-functionalized substrates

4.1.1. Deboronative cyanations. Even though early exam-
ples on the use of TsCN reagent in radical-mediated processes
had demonstrated its utility,'®* the use of catalytic conditions,
which ensures selective formation of the reactive radicals and
the intermediate species in comparison with radical chain
sequences, is preferred in terms of efficiency and control of
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Scheme 90 First reports on using TSCN as cyanating reagent.

selectivity. In this context, organoboronate compounds have
emerged as alkyl radical precursors under photoredox activa-
tion for the development of convenient and safe methods
toward the incorporation of nitrile substituents.

In 2006, Renaud disclosed the first example on the use of
B-alkylcatecholborane as a source of radicals in combination
with TsCN using catalytic amounts of di-tert-butylhiponitrite
(‘BuON = NO'Bu) or oxygen as a radical initiator (Scheme 90).'%°
The reaction begins with deboronative radical formation by
effect of the radical initiator, which then collapses with the
electrophilic -CN group to eliminate a p-TolSO, radical. The
authors employed alkenes as substrates for a first hydroboration
with catechol borane (HBCat), which then undergoes cyanation.
The protocol demonstrated good reactivity for primary and
secondary radicals.

More recently, this conceptual challenge has been tackled in
its catalytic version by Xu and co-workers employing photo-
redox catalysis."®” The treatment of the corresponding alkyl
trifluoroborate salts with the electrophilic TsCN reagent
employing [Ru(bpy)s;](PFs), as photocatalyts under blue
light irradiation delivered the corresponding nitrile with high
efficiency (Scheme 91). The authors found that the use of
mild oxidants such as iodosobenzene (PhIO), 1-hydroxy-1,2-
benziodoxol-3-(1H)-one (BI-OH) or its acetoxylated version
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Scheme 91 Cyanation of trifluoroborate salts.
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(BI-OAc), was crucial to obtain high yields. Conversely, the use
of strong oxidants (K,S,0g or PhI(OAc),) delivered low yields.
Additionally, the use of acidic additives such as trifluoroacetic
acid (TFA) allowed for the obtaining of high yields. Although
the role of the acid is not clear, the authors suggested that it
may help to prevent competitive quenching processes of the
catalyst with other species. Interestingly, the use of boronic
acids or pinacol boronic ester was found to give very poor
results in comparison with the use of trifluoroborate salts. In
terms of the structural scope, the reaction was compatible with
a diverse array of functional groups, including ethers, amides,
cyano, esters, alkynes, heterocycles, and even halides such as
bromine and chlorine atoms. Regarding the alkyl precursor,
primary, secondary, and tertiary alkyl trifluoroborate salts
could be employed with satisfactory results. However, for
secondary and tertiary substrates the amount of TsCN was
increased, along with the elimination of the TFA additive to
attain reasonable yields.

The same year Molander described a organophotoredox-
catalysed cyanation of potassium alkyl trifluoroborate salts
using (MesAcr)ClO, as photocatalyst (Scheme 92).'®% Under
these conditions, cyanation occurred with medium to high
yields and without the need for external oxidants or acidic
additives. The corresponding o-, B-, and y-amino nitriles
derived from different N-heterocycles were easily synthesized
from the corresponding alkenes via a hydroboration/cyanation
protocol. Additionally, cyanohydrins were also obtained using
these reaction conditions. The mechanism of the cyanation
reaction under MesAcrClO, photocatalyst is proposed to occur
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Scheme 92 Photocatalytic cyanation of trifluoroborate salts.
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as shown in Scheme 92. After irradiation of the photocatalyst
under visible light, the MesAcr" species is excited to a singlet
excited state which rapidly evolves to a long-lived triplet state
via intersystem crossing (ISC). The alkyl trifluoroborate salt can
be oxidized to the corresponding alkyl radical, which then
undergoes addition to the TsCN reagent to deliver a new C-C
bond with the elimination of the aryl sulfinate radical p-
TolSO,*. Finally, the reduction of the sulfinate radical by the
photocatalyst intermediate enables to close the catalytic cycle,
in which the sulfonyl moiety acts as both radical acceptor and
oxidant.

These deboronative transformations have been extended to
other compounds and/or explored under different reaction con-
ditions. Molander explored a photoredox-catalysed cyanation
of trifluoroborate salts employing 2,1-borazaronaphthalenes
(Scheme 93a), giving rise to a new family of interesting borylated
compounds bearing a B-N bond.'® In this regard, Renaud
reported a strategy that enables the direct use of alkylboronic
pinacol esters in the deboronative cyanation protocol, which are
challenging substrates in alkyl radical formation reactions due to
their reduced Lewis acidity.'*® The key of the method relies in the
use of a catalytic amount of catechol methyl borate, which in
combination with the alkylboronic pinacol ester forms the
reactive catecholboronic ester by boron-transesterification
(Scheme 93b). In the presence of a radical initiator such as
‘BUON—NO'Bu, catechol reacts with PhSO,CN, leading to the
cyanation product and PhSO,BCat. This last intermediate is
catalytically competent in the subsequent B-transesterification
process, enabling the use of the catechol methyl borate in
catalytic quantities.

4.1.2. Cyanation of other radical precursors. The use of
other pre-functionalized substrates for the in situ generation of
radicals has been reported employing functional groups other
than trifluoroborate salts and its congeners: Gonzalez-Gomez
reported in 2019 a protocol for the decarboxylative cyanation of

a) Deboronative cyanation of 2,1-borazaronaphthalenes
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BF K CN
8 \V/ 4 C2IPN (2.5 mol%) (
N_ _Ph
dloxane 36h B
Blue LEDs >
6
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Scheme 93 Extension of cyanation protocols employing organoboron
compounds and TsCN.
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a) Decarboxylative cyanation of aliphatic carboxylic acids
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Scheme 94 Pre-functionalized substrates for the in situ generation of
radicals.

aliphatic carboxylic acids employing riboflavin tetraacetate as
organophotoredox catalyst (Scheme 94a)."°" The method did
not require base, additives, or the intermediacy of transition
metals. The substrate scope was expanded to the use of a-oxo-,
a-thio-, and o-amino carboxylic acids with high yields and
selectivity. Additionally, primary, secondary, and tertiary
aliphatic carboxylic acids were suitable partners for this trans-
formation. Interestingly, the authors tuned the protocol for the
synthesis of nitriles under flow conditions applied to the formal
synthesis of Idazoxan and WB-4101. Stern-Volmer analysis
revealed that the excited photocatalyst is quenched in presence
of the carboxylic acid, and not by the TsCN reagent. Therefore,
a mechanism involving a first decarboxylative radical formation
is proposed. Later, Singh capitalized on the ability of organo-
photoredox catalysis in combination with a supersilanol to
promote the radical formation in bromoarenes by silyl-radical-
mediated bromine abstraction (Scheme 94b)."*> This example
represents the first approximation to desulfonylative radical-
mediated cyanation employing an electrophilic TsCN reagent
and arenes as substrates.

An interesting transformation that enables distal §-cyanation
of N-fluoro-N-sulfonylamides has been recently described by
Zhang and co-workers.'®? Using a Cu(1) salt in combination with a
N,N-coordinating ligand such as bathocuproine, initial N-F bond
cleavage to generate the N-centered radical and the Cu(w)-F
species occurs. Then, a 1,5-HAT process delivers the C-centered
radical at the &-position, which is intercepted with the TSCN to
deliver the cyanation product along with the sulfinyl radical
p-TolSO,°*. This radical reduces the Cu(u)-F complex by fluorine
abstraction closing the catalytic cycle (Scheme 95). This work
represents the first cyanation protocol to achieve high selectivity
in the Od-cyanation of N-fluorotosylamides by virtue of a
Hofmann-Loffler-Freytag reaction intercepting the TSCN reagent.
An exceptional degree of flexibility was found by using different
substrates, which rendered the corresponding product with
high fidelity. Notably, this protocol was applied in late-stage
functionalization of different natural products with acceptable
yields and maintaining high levels of diastereoselectivity.

4.1.3. Direct cyanation of C-H Bonds. The direct formation
of C-CN bonds by C-H functionalization is the most direct
means to access nitriles in a single step. Different approaches
for this goal have been reported over the last decades and they
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have been widely employed as a method of reference to obtain
nitriles. However, most of these methods are limited to C(sp®)-
H by C-H functionalization or cyanation of aromatic residues
by electrophilic aromatic substitution (SgAr)."** In this context,
the use of aryl sulfonyl cyanide reagents is interesting to carry
out this reaction in C-H bonds under radical conditions. In
2011 Inoue described the C-H cyanation of unactivated C(sp®)-
H bonds by photochemical generation of radicals using benzo-
phenone as a C-H activator (Scheme 96)."%> The irradiation of
benzophenone generates the excited species promotes hydro-
gen atom transfer (HAT) from the substrate to produce the

corresponding carbon-centered radical, and the highly
X
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Scheme 96 C-H cyanation of unactivated C(sp®)—H by photochemical
generation of radicals.
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Scheme 97 Photocatalytic C-H cyanation of C(sp)-H o to a

heteroatom.

stabilized o-hydroxy radical from the benzophenone. The C-
centered radical further capture the cyano group from TsCN to
deliver the cyanation product along with the arylsulfinate
radical. Finally, the H-abstraction of the o-hydroxy radical by
the sulfinate radical regenerates the benzophenone, with the
concomitant formation of the sulfinic acid. Although the
mechanistic cycle presented here involves regeneration of
the benzophenone species, the authors found that stoichio-
metric amounts of benzophenone were necessary to obtain
synthetically useful yields. The reaction was amenable to the
C-H cyanation adjacent to N-, and O-heteroatom functionalities
with high yields. Additionally, the activation of unactivated
secondary and tertiary C(sp®)-H bonds capable of stabilizing
the intermediate C-centered radical was achieved.

In 2018 Oisaki and Kanai described the first photocatalytic
C-H cyanation of C(sp®)-H bonds at the a-position with respect
to a heteroatom using TsCN (Scheme 97a)."°° In this case the
use of an iridium photocatalyst is involved in the single-
electron photooxidation of a catalytic amount of a phosphate
salt, generating a phosphate radical (Scheme 97b). This radical
is active in the generation of the C-centered radical through
HAT. In such process, the corresponding nitrile product was
isolated employing different N-, O-, and S-containing sub-
strates. Wu and co-workers have described a similar protocol
employing eosin Y as a photocatalyst with the ability to pro-
mote the required HAT to selectively form the alkyl radical.*®’

The same year, Hamashima reported the redox-neutral C-H
cyanation of tetrahydroisoquinolines with TsCN using catalytic
amounts of Ir(ppy); under blue light irradiation (Scheme 98)."%
The authors propose a mechanism in which a photoexcited
Ir(m) species reduces the TsCN reagent by SET and generates a

This journal is © The Royal Society of Chemistry 2022
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Scheme 98 Redox-neutral C—H cyanation of tetrahydroisoquinolines.

nucleophilic cyanide species and a highly oxidant Ir(w).
This intermediate can oxidize the a-amino-C-H bond generat-
ing an iminium species, which is attacked by the cyanide
anion previously formed. Interestingly, electron-rich substrates
reacted slower than the electron-poor counterparts. Thus, pro-
longed reaction times and higher amounts of TsCN (2.0 equiv.)
were necessary to obtain practical yields.

4.2. 1,2-Difunctionalization of alkenes

Alkenes are ideal platforms to trigger radical-addition pro-
cesses in which more than one C-C bond is created in a single
step. The ability of C—C bonds to act as radical acceptors has
enabled the discovery of new disconnection pathways to readily
access complex organic scaffolds by hydro- or 1,2-difunctiona-
lization of the m-system.’®® ArSO,CN reagents have found
applicability in 1,2-difunctionalization of alkenes for the intro-
duction of CN, along with the sulfonylation of the substrate,
which then can be transformed into another group. Stoichio-
metric reagents for the generation of the radical, or radical
initiators to trigger radical chain reactions have been used in
cyanations of m-systems in heterocarbo- or dicarbofunctionali-
zation processes.>*® However, the discovery of catalytic condi-
tions to activate the C-S bond in ArSO,CN reagents to promote
a radical addition was not known until recently. In 2018, Chu
found that eosin Y in its excited state is quenched by TsCN,
presumably to induce the C-S bond scission via SET process.**"
This activation mode enabled in situ generation of a cyanide
anion and a sulfonyl radical, which inserts into a C-C double
bond. Then, the C-centered radical formed by addition to the
alkene is oxidized by the photocatalyst, leading to a carbocation
that is intercepted by the cyanide group (Scheme 99a). The
reaction delivered the corresponding 1-sulfonyl-2-cyanofunction-
alized products with high yields and a broad functional group
compatibility. Halide atoms (Cl, Br), esters, ethers, ketones,
boronic acid esters and amines could be used for synthetic
purposes. Stern-Vomer analysis and light-dark experiments sug-
gest that the reaction proceeds via a radical-polar crossover
mechanism photocatalysed by eosin Y, instead of a radical chain
progress. The same year, Landais reported a related process in
which both aryl- and alkyl sulfonyl cyanides underwent 1,2-
photocatalysed addition to unactivated alkenes employing eosin
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Scheme 99 Catalytic conditions to activate the C-S bond in ArCN
reagents.

Y as photocatalyst (Scheme 99b).>°* In this case, the authors

performed an extensive mechanistic study that suggested the
intermediacy of cyanated eosin photocatalyst from the sulfonyl
cyanide reagents and the importance of sulfonyl radicals in the
addition to the n-system. This method was applied to the synth-
esis of a metalloproteinase inhibitor in which a first sulfonyl
cyanation is the key step.

More recently, Landais has reported an activation mode of
the C-S bond in organosulfonyl cyanides via triplet photosen-
sitization using p-anisaldehyde as photocatalyst, enabling the
sulfonylcyanation of alkenes via atom transfer radical addition
(ATRA).>” This reactivity mode was applied to the sulfonylcya-
nation of chiral cyclobutenes, which typically exhibit a limited
reactivity in radical-involved transformations (Scheme 100).
The success of the method relies on the triplet sensitization
of the organosulfonyl cyanide by the photocatalyst via energy
transfer process. After that, homolytic scission of the RSO,CN
bond is expected to occur, forming an electrophilic sulfonyl

o o eosin Y (2 mol %), K,HPO, o o
\\\ )L 00 DMF, 30 °C, green LEDs \\\ )k
S=N7 O . \\S’/ or S=NT 0
S T r™en NG \/
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20-87%, >19:1 dr

Synthetic applications
Access to acyclic chiral carbonyl compounds:
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o
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Scheme 100 Activation mode of the C-S bond in organosulfonyl cya-
nides via triplet photosensitization.
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radical with capability to insert into the m-system of the
cyclobutene. At this point, the authors propose a radical chain
propagation sequence in which the new C-centered radical
abstracts the cyano group from another RSO,CN molecule. Differ-
ent chiral cyclobutenes bearing an oxazolidinone moiety were
screened, and the reaction delivered the corresponding sulfonyl-
cyanation product with decent yields and very high stereoselectivity.
This reaction sequence enables post-modification of the chiral
cyclobutane core to access chiral cyclobutanes and cyclobutenes.
A salient application pertains to the SmI,-promoted ring opening of
the cyclobutane core that enables access to useful chiral enantio-
pure carbonyl derivatives bearing an all-carbon y-quaternary center
with a cyano substituent.

4.3. Transition metal-catalysed cyanation

Carreira described in 2007 a prominent transformation involving
the cyanation of unsaturated systems using TsCN under cobalt
catalysis (Scheme 101).* This transformation involves the hydro-
cyanation of non-activated olefins by the intermediacy of a Co-H
species generated in situ from a Co-complex incorporating a salen
ligand in combination with PhSiH; as a reductant. After the
hydrometallation step, the resulting cobalt species can react with
TsCN, likely by formation of intermediate alkyl radicals. To
enhance the catalytic performance, ‘BuO,H was employed to
reduce the induction period for activation of the catalyst. An
exceptional functional group compatibility was found for this
catalytic system, in which monosubstituted, 1,1-disubstituted,
and trisubstituted alkenes exhibited excellent Markovnikov-type
selectivity. However, this protocol failed when o,B-unsaturated
esters or non-activated 1,2-disubstituted olefins were studied.
The method is exceptionally robust and finds notable application
as a key step in several total syntheses. Some examples are related
to the synthesis of the tricyclic skeleton of taxanes,”®> guanosine
modification en route to therapeutic agents,**® and the synthesis of
brasilicardines®®” or andrastins®® among others. Later, Nishida
applied this methodology to the hydrocyanation of enamines
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Scheme 101 Cyanation of unsaturated systems using TSCN under cobalt
catalysis.
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Scheme 102 Mn-Catalyzed synthesis of y-cyanoketones.

employing the same catalytic system.”* The authors found exclu-
sive formation of the o-aminonitrile product, in which the
presence of the nitrogen atom seems to impart higher reactivity.
Apart from alkene-hydrocyanation, transition metal catalysis
has been explored in the search of other reactivity modes toward
the synthesis of nitriles. In 2016, Zhu capitalised on the high
reactivity of cyclobutanol to synthesize of y-cyanoketones using
Mn catalysis (Scheme 102). The process begins with C-C bond
cleavage of the cyclobutanol core via SET by a Mn(v) catalyst,
generating a ketone with a C-centered y-radical species along
with a Mn(wv) intermediate. This C-center radical abstracts the
cyano group of TsCN via C-S bond cleavage with concomitant
formation of a sulfonyl radical, which is then oxidized by the
Mn(wv) intermediate to form a Mn(m) complex. The newly gener-
ated sulfonyl cation further evolves to a sulfonate product by
acetate addition. Finally, the Mn(u) species is re-oxidized using
an external oxidant to achieve turnover and regenerate the active
Mn(v) catalyst. The reaction proceeded with high reactivity,
delivering the corresponding y-cyanoketone, which is an impor-
tant structural motif difficult to prepare by other methods.
Recently, Shi has developed a C-H cyanation process by
Rh(m)-catalysed C-H functionalization.>'® Using pyrimidines or
pyridynes as directing groups, and [Cp*Rh(CH;CN);](SbFs), as
a pre-catalyst in combination with TsCN, the reaction delivered
the corresponding nitriles with excellent levels of ortho-
regioselectivity for a different array of indoles, pyrroles and
phenyl groups attached to the directing group (Scheme 103).
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After deuteration and isolation of key reaction intermediates,
the authors proposed a mechanistic scenario starting with
ortho-C-H activation by the electrophilic Rh(u) species, leading
to a five-membered rhodacycle. After that, the cyano group of
TsCN coordinates to the Rh(m) metal center, promoting a
subsequent 1,2-insertion of the C-N triple bond into the
C-Rh bond. Final elimination of a rhodium sulfinate inter-
mediate delivers the cyanated product, and the Rh(um) active
catalyst re-enters the catalytic cycle after protonation of the
sulfinate.

5. Catalytic desulfonylative C-X
formation

Sulfones have been traditionally utilized as removable function-
alities to introduce substituents at remote positions by exploiting
their strength as electron withdrawing groups.”'*
aging sulfones as coupling partners for carbon-heteroatom (C-X)
bond formations is still rare: an early application of this strategy

However, lever-
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was reported by Fuchs when he developed Pd-catalysed amina-
tions of allylic sulfones towards the synthesis of cephalotaxine
(Scheme 104).>'> Unfortunately, the reaction appeared to be
rather substrate specific and little progress has been made since
this report. Only recently, developments in transition metal
catalysis have contributed in expanding the versatility of sulfones
not only toward C-C cross coupling reactions, but also for the
conversion into useful C-heteroatom bonds.

In 2016, Han disclosed in 2016 the possibility of transform-
ing sulfenyl and sulfonyl groups into arylphosphine oxides by
using Ni catalysis (Scheme 105).>" In both cases, aryl groups
were selectively phosphinylated over alkyl groups, enabling the
use of readily accessible methyl thioethers and methylsulfonyl
fragments. Thioethers generally underwent phosphinylation in
good yields, although the reaction was not effective when
electron-deficient thioethers were involved. Sulfones, in
comparison, were found to possess higher reactivity, rendering
the corresponding phosphine oxides with excellent yields for
different types of aryl substitution. Furthermore, phosphonyla-
tion with (‘PrO),P(O)H was found to be compatible under the
reaction conditions exclusively on sulfones. The proposed
catalytic cycle involved oxidative addition of the sulfone or
thioether to Ni(0) followed by reductive elimination of a phos-
phide ligand, which is generated upon reaction of the phosphine
oxide and a base. Interestingly, electron-deficient arylsulfones
(i.e., substituted with 4-CN or 4-pyrimidinyl) underwent high
conversions to phosphine oxides without requiring the catalyst,
suggesting a direct substitution pathway for strongly activated
sulfones. Direct substitution of alkynyl, alkenyl and allyl
sulfones with phosphine oxides under transition metal-free
conditions was further examined bt Xiao,>'* thus improving
the phosphonylation of alkynylsulfones previously studied by
Takeda.>"”

Q0 Ni(cod), (1.25 mol%)
s + RypPOH ———————————  Ar—P(O)R,
Ar NaOBu (1.5 equiv)

1,4-dioxane, 100-120 °C
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53%
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Ar—SO,Me RoP(O)-H
Ni(0) Ar—Ni'-SO,R NaO'Bu
Ar—P(OIR, ’K NaO-PR,
Ar—Ni'-P(O)R,

Scheme 105 Ni-Catalysed transformation of sulfenyl and sulfonyl groups
into arylphosphine oxides.
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Scheme 106 A Pd-catalysed borylation of diphenylsulfone.

Boronic acids are another class of substrates with high
synthetic potential. In recent years, numerous strategies have
been developed to incorporate C(sp®)-B bonds into highly
functional molecules. In 2017, Yorimitsu and coworkers
reported a Pd-catalysed borylation of diphenylsulfone within
the context of borylation of sulfoxides (Scheme 106).>*® The
reaction was thought to proceed via two parallel catalytic cycles,
one involving the initial diphenylsulfone, and the second cycle
taking place on the resultant phenylsulfinyl residue. This
served to introduce an interesting approach of double boryla-
tion, however, diphenylsulfone only provided a moderate yield
being the sole example in the study.

While most of such methods rely on the use of transition
metal catalysts, Crudden reported a pyridine-catalysed desulfo-
nylative borylation using B,pin, reagent (Scheme 107).>'” Based
on the 4-phenylpyridine catalysis described by Zhang and
Jiao,”'® the team established an effective protocol that was
applicable to several benzylic and dibenzylic sulfones using
4-anthracenylpyridine as the optimal catalyst. Limitations of
the reaction were thoroughly examined, revealing incompat-
ibility with aryl groups substituted with electron withdrawing
groups. Moreover, tertiary substitution with alkyl groups at the
benzylic position resulted in undesirable B-elimination. How-
ever, when applied to cyclic sulfones, the reaction rendered the
corresponding sulfinate intermediate, which could be trapped
in situ by adding various types of electrophiles to deliver
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Scheme 107 Pyridine-catalysed desulfonylative borylations using B,pin,.
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sulfones. On the basis of previous studies, the formation of
borate complex IV is believed to trigger the initial SET to reduce
the sulfone and generate the benzylic radical. While the use of
radical clocks failed to confirm the participation of radical
intermediates, addition of TEMPO to the reaction resulted in
complete inhibition of the borylation process. The catalytic
cycle continues with the formation of a benzylic carbanion by
single electron oxidation of complex V, which results in regen-
eration of the pyridine catalyst. The borylated product is then
obtained by reaction with MeOBpin.

Later that year, Crudden studied the potential of sulfones to
be employed as precursors of C-N bonds. Problems associated
to the use of unpractical halide derivatives in the synthesis of
benzhydryl amines were addressed by utilizing the more stable
and accessible benzhydryl sulfones. Using 3,5-bis(trifluoro-
methyl)phenylsulfones to facilitate C-S cleavage, a Cu-catalysed
procedure allowed the authors to couple a wide variety of primary
and secondary amines in good yields (Scheme 108).>'® Interest-
ingly, the use of typical ligands such as bpy or NHC turned to be
detrimental, although coupling reaction with an aniline bene-
fitted from adding DPEphos to avoid the formation of oxidation
byproducts. To further demonstrate the utility of the reaction,
an orthogonal di-amination was conducted by sequential Sx2
amination and Cu-catalysed desulfonylative amination. Control
experiments in the absence of the amine showed the appear-
ance of olefination products, suggesting the involvement of
Cu-carbenes during the reaction. The formation of carbenes
was rationalized by the a-elimination of the sulfonyl group after
o-lithiation of the sulfone and transmetalation with Cu.

(oo} 1 1 g LAF= '
A 8 N,R CuCl (20 mol%) A’>_N,R P CFy
Ar —N, - - \ : '
I/rz R? LiO'Bu (3 equiv) A2 R?
(2.0 equiv) 1,4-dioxane, 120 °C | CFs

Fogo 35

58% 76% 82%

Iterative amination

Ph._O Ph N
a) NaBH, Ph N\) \)
b) SOCI, Cucl
9 o HN
Ph™  SOAF LN Ph

’>/ [Cu] % Al SOzAr

[Cu] [Cu]
NR1R2 Al SOzArF

Scheme 108 Cu-Catalysed C—N bond formation with primary and sec-
ondary amines.
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Scheme 109 Electrochemical method for the allylic substitution of sul-
fones with tosylamides.

Finally, an electrochemical method for the allylic substitu-
tion of sulfones with tosylamides was developed by Sun.?*° The
reaction was set up in an undivided cell at constant current
using a Pt electrode to form allylic amines in good yield
(Scheme 109). Other leaving groups such as bromide, acetate
and carbonate led to the desired product in poorer yields than
sulfones. Allylic sulfones, however, were required to be activated
by the presence of an ester at the B-carbon. A radical substitu-
tion mechanism was proposed for this reaction, in which a
radical amine is generated with intermediacy of an N-
iodoamine. This was supported by the inhibition effect observed
upon addition of BHT, which trapped the amine radical in 70%
yield. Furthermore, since introducing I, as oxidant without
electric current did not render the amination product, a higher
oxidation state of iodine was thought to be involved.

6. Concluding remarks and future
directions

The goal of this Review is to provide a comprehensive account
of useful catalytic transformations in which organosulfones
can be transformed by cleavage of the C-S bond. This is a
particularly useful tool in organic synthesis because of the wide
availability of methods to prepare sulfones and their well-
established benchtop stability. Moreover, their reactivity can
be tuned by altering the nature of the substituents on the other
end of the sulfone moiety, which in comparison with other
leaving groups such as halogens adds value to this group.
However, although the C-S bond has already shown tremen-
dous potential in organic synthesis, researchers still face chal-
lenges that will unquestionably fuel future investigations in the
field. Among them are the following:

1. Enantioselective transformations are notably absent from
the toolbox of reactions available to the organic chemist.

2. The replacement of S by heteroatoms such as O, N, P, or B
would significantly expand the utility of these transformations.

3. The generalized use of heteroaryl coupling partners will
increase and extend the applicability of these reactions in
industrial settings.

4. Also of interest in a non-academic environment, the
transition from methods that use noble metals such as Rh or
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Pd to those that can operate under cheap base-metal catalysts
would be of great interest.

5. An improved mechanistic understanding of the cleavage
of the carbon-sulfone bond should eventually lead to the
extension of these methods to the activation of other types of
C-S bonds, including sulfoxides, sulfonates, and naturally
occurring, abundant thiols.
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