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Denitrative radical-induced coupling reactions of
nitroalkenes

Alessandro Palmieri“2) and Marino Petrini “= *

The classical reactivity of nitroalkenes, involving regioselective 1,4-addition by nucleophilic reagents, can
be modified in B-nitrostyrenes using free radical species, which selectively add to nitro-bearing unsatu-
rated carbon. The resulting stabilized benzylic radical undergoes a denitrative process leading to the for-
mation of substituted alkenes. Alkyl and aryl radicals can be employed in this process, which can also be
extended to the use of sulfur- and phosphorus-centered radicals. These radical species can be generated
using oxidative, reductive or photocatalyzed procedures, which also ensure notable diastereoselectivity in
alkene formation. Although currently applied only to p-nitrostyrenes, this approach could potentially be

rsc.li/obc

1. Introduction

The powerful electron-withdrawing character of the nitro
group makes nitroalkenes some of the strongest electrophilic
compounds in organic synthesis." The reduced electronic
density of the double bond in these derivatives can be profit-
ably exploited in conjugate addition reactions with a plethora
of nucleophilic partners of various origins.”> Alongside this

School of Science and Technology, Chemistry Division, University of Camerino, ChIP,
Via Madonna delle Carceri, 62032 Camerino (MC), Italy.
E-mail: marino.petrini@unicam.it; Tel: (+39)-0737-402253

Alessandro Palmieri obtained his
Laurea degree cum laude in
Chemistry in 2002 from the
University of Camerino (Italy),
where, five years later, he
received a PhD degree in
Chemical Sciences. In 2008, he
moved, as a visiting postdoctoral
fellow, to the ITC laboratory at
the University of Cambridge
(Prof. Steven V. Ley). In 2014, he
was appointed Associate
Professor of Organic Chemistry
at the University of Camerino.
His research interests involve (i) the chemistry of aliphatic nitro
compounds, (ii) the realization of new one-pot protocols for gener-
ating and derivatizing heterocyclic systems, (iii) the preparation of
solid-supported reagents, (iv) the development of new sustainable
processes and (v) flow chemistry protocols.

AN Lol

Alessandro Palmieri.

This journal is © The Royal Society of Chemistry 2025

extended to any nitroalkene bearing a radical-stabilizing group at the beta position.

reactivity, the low-energy LUMO of the unsaturated system
makes nitroalkenes excellent dienophiles and dipolarophiles
in cycloaddition processes.® Taking advantage of their hetero-
dienic nature, nitroalkenes can also participate in [4 + 2]
cycloadditions, leading to cyclic nitronates, which, in turn, are
reactive 1,3-dipoles that can be used in further cyclization pro-
cesses. Apart from the latter application, the products
obtained in these transformations usually retain the nitro
group, which can be further converted into a primary amino
group® or a carbonyl group by the known Nef reaction
(Scheme 1).° Synthetic processes involving nitroalkenes may
follow a different pathway, entailing a tandem elimination of
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Scheme 1 Classical reactivity of nitroalkenes in cycloadditions and
conjugate additions.

the nitro group that restores the unsaturation, finally leading
to a formal substitution reaction. This approach has been
fruitfully exploited for the preparation of functionalized
alkenyl derivatives, in which the nitro moiety has been, in
turn, substituted with alkyl, aryl, and carbonyl groups as well
as heteroatomic systems (Scheme 2). In most of these pro-
cedures, the regioselective addition of a radical to the nitroalk-
ene affords a benzylic radical, which, by elimination of a nitro
radical, gives the final unsaturated derivative.” The nitro
radical may eventually be reduced under the reaction con-
ditions, leading to a stable nitrite anion. Alternatively,
reduction of the initially formed benzylic radical affords a
stabilized carbanion, which, by elimination of a nitrite anion,
leads to the target alkene.® It should be observed that all these
methods generally lead to the formation of the more stable E
diastereomer, unless peculiar stereoelectronic factors provide a
different reaction outcome.

The described denitrative process on nitroalkenes has a
close counterpart in the decarboxylative radical coupling reac-
tion of cinnamic acids.’ In a related way, the radical addition
occurs at the alpha position of the carboxylate anion. The
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Scheme 2
alkenes.

Radical additions to nitroalkenes leading to functionalized
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resulting radical intermediate can be oxidized to the parent
carbocation, which, by loss of carbon dioxide, regenerates the
double bond. Both of these strategies are really competing
since take advantage by the easy availability of the corres-
ponding substrates. In this context, it should be observed that
the preparation of f-nitrostyrenes occurs under milder reaction
conditions than that of cinnamic acids, which often entail
high-temperature decarboxylative condensation procedures.
The utilization of cinnamic acids and f-nitrostyrenes allows
the corresponding coupling processes to be carried out exploit-
ing recently devised electrochemical and photochemical pro-
cedures.'® Homolytic cleavage of carbon-sulfur bonds has also
been exploited in the radical-mediated desulfonylation of
vinylic sulfones."* This approach has been mostly employed in
the reaction of 1,2-bis(arylsulfonyl)ethenes with different
carbon-centered radical sources, efficiently leading to various
functionalized alkenylated products. However, the final elimin-
ation of a bulky arylsulfonyl group from the reactant notably
lowers the atom economy of the corresponding process. This
article highlights the most relevant and synthetically useful
protocols for the preparation of linear alkenyl derivatives start-
ing from P-nitrostyrenes, employing the general strategy
depicted in Scheme 2. Particular emphasis has been given to
the mechanistic aspects of the reported transformations, evi-
dencing the nature and the selectivity of different radical
species involved in these processes. A couple of excellent
review articles on this topic, including other aspects of the
denitrative cross-coupling of f-nitrostyrenes, are also available
for the readers’ benefit."> It should be observed that although
currently limited to the utilization of f-nitrostyrenes, this syn-
thetic approach could be formally extended to every nitroalk-
ene bearing a radical stabilizing group at the beta position.
The direct elimination of nitrite anions from the Michael
adducts of nitroalkenes has been particularly exploited in
several processes aimed at the synthesis of heterocyclic and
carbocyclic derivatives. These procedures have been largely
reviewed and will not be discussed in this article."

2. Denitrative alkylation

The very first denitrative alkylation of nitroalkenes was dis-
closed by Russell and Yao more than thirty years ago, evaluat-
ing the photoinduced reaction of ¢-butylmercury chloride with
B-nitrostyrene in the presence of potassium iodide."* The for-
mation of the corresponding adduct (40% yield) was made
possible by the ¢butyl radical generated by decomposition of
the anionic complex +-BuHgICI™. This process is peculiar to
the cited reagent couple and has not been further developed.

2.1 Reaction with organozinc reagents

The capability of dialkylzinc reagents in promoting the deni-
trative alkylation of nitroalkenes has been reported by
Seebach,” and is probably associated with the hybrid radical/
ionic character of these organometallic compounds
(Scheme 3).'® The original procedure (conditions A), using

This journal is © The Royal Society of Chemistry 2025
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(R"),Zn or R'ZnX

R
Ar/\/’\loz ArN

conditions A, Bor C

A: (RV,Zn, THF, 20 °C, 14-48%,

Ar = Ph, 4-MeCgH,,4-MeOCgH,,
4-CNCgHy4, 4-MeCgHy, 2-furyl,
2-thienyl, 3 pyridyl.

R'= Et, i-Pr, t-Bu

B: R'Znl, THF, uW, reflux, 76-83%,

Ar = Ph, 2-CICgHy, 2-MeOCgH,,

R'= Et, n-CgH41, CI(CH,),

C: R'Znl, 10 mol% Ni(acac),, 12 mol% R3N ligand,

THF, -18 °C to rt, 81-91%

Ar = Ph, 2-MeCgHy, 2-CICgH,4

R'= Et, n-CgH44, CI(CHp)4

Scheme 3 Reaction of -nitrostyrenes with organozinc reagents.

dialkylzinc, is not particularly effective, leading to the
target alkenes in moderate yields. Better results are obtained
by employing alkylzinc iodides under microwave activation
(conditions B),"” or by adding nickel(u) acetylacetonate in the
presence of tertiary amines as ligands (conditions C).'® The
formation of alkenes has also been evidenced in the reaction
of B-nitrostyrenes with trialkylgallium'® and alkylmanganese
reagents.”® In the latter reaction, the process apparently does
not involve an alkyl radical addition to the olefin, but rather a
regioselective nucleophilic addition to the nitro group, fol-
lowed by a 1,2 shift of the alkyl group at the alpha position. As
a matter of fact, the alkene derivatives are always obtained
together with notable amounts of p-alkylated nitro compounds
arising from a regiocomplementary Michael addition to the
B-nitrostyrene.

2.2 Reaction with boron and aluminum derivatives

The homolytic cleavage of carbon-boron bonds in trialkylbor-
anes, mediated by atmospheric oxygen, has been suitably
exploited for the synthesis of alkenes from f-nitrostyrenes under
classical thermal conditions.*" The ethyl radical transfer from tri-
ethylborane to alkyl iodides allows a more viable use of this strat-
egy for the synthesis of alkenes (Scheme 4).*> A large excess of
alkyl iodides is required in order to suppress the competitive

6-9 eq. R'l, 3 eq. Et3B, air

/\/NOZ . R’
Ar THF, rt, 57- >99% e
Ar = Ph, 4-MeOCgH,, 4-CIC4H,, )

. (@) Rl
2-furyl, 2-thienyl Et,B ~ 2 Ete N R1e
R'= j-Pr, +Bu, c-CgHy, * OOBE, Etl

1-adamantyl!

Scheme 4 Ethyl radical transfer in the generation of alkyl radicals.
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addition of the ethyl radical on the nitroalkene. Since
B-nitrostyrenes can be conveniently obtained by a nitroaldol-elim-
ination reaction, the nitroalkene and the subsequent denitrative
alkylation with triethylborane and alkyl iodides can be combined
in a one-pot process, directly leading to the alkenyl derivative.*?
Triethylaluminum is also effective in a similar process, which,
however, requires the presence of a radical initiator such as
benzoyl peroxide, as trialkylaluminums are more resistant to the
homolytic cleavage by oxygen.**

Alkylboronic acids can generate alkyl radicals under oxi-
dative conditions, providing a more atom-economical
approach compared to trialkylboranes. Alkyl radical formation
from boronic acids can be attained using manganese(m)
acetate in the presence of a suitable phenanthroline ligand
(Scheme 5).°

The alkyl transfer to the manganese complex is followed by
reductive elimination, which generates a radical and a reduced
manganese complex. The latter complex can be eventually re-oxi-
dized under aerobic conditions. The transition metal usage can
be minimized by exploiting a photocatalyzed process for the gene-
ration of the alkyl radical species from boronic acids
(Scheme 6).°° Upon irradiation with a blue LED in the presence
of Ir[dF(CF;)ppyl,(dtbbpy)PF, as the catalyst, p-nitrostyrenes are
converted into alkenes with a marked preference for the Z diaster-
eomer. This transformation is the result of a couple of catalytic
cycles in which the alkyl radical is generated by the reaction of
the nitrated alkylboronic acid with the excited state of the catalyst
formed upon visible light irradiation. In the final steps, the
radical adduct with the nitroalkene is reduced by the Ir(u) species
to the corresponding anion, which finally yields the alkene,
releasing the nitrite anion.

2.3 Reaction with 4-alkyl-substituted Hantzsch esters

The homolytic cleavage of 4-alkyldihydropyrans (Hantzsch
esters) is able to provide the needed alkyl radical for nitroalk-
ene to alkene conversion (Scheme 7).”” Hydrogen abstraction

X _NO.
A X2
* 1 eq. Mn(OAc)3- 2H,0
o q. Mn(OAc)3* 2H, AR
‘ 2 eq. TFA, DCE, 60 °C Ar
T 50-90%

R'= Et, Pr, n-Bu, i-Pr, t-Bu,
Bn,c-CsHg,c-CgH14

Ar = Ph, 4-MeOCgHg, 4-MeSCqH,
4-FCgHy, 2-HOCgHy4, 2-thienyl

; LMn(OAc)s ;
R'B(OH .
(OH), ~ LI\I/I:W(OAC)z —~ R
AcO™ i LMn(OAc),

Scheme 5 Generation of alkyl radicals by Mn(i)-induced decompo-
sition of boronic acids.
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Scheme 6 Photocatalyzed reaction of boronic acids with
B-nitrostyrenes.
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EtO,C CO,Et
N
/\/NO2 . _R!
Ar AIBN, 1-Bu,0, 80 °C AT
60-85%
Ar = Ph, 4-MeOCgH,, 4-NO,CgHy, R'= Me, Et, i-Pr, i-PrCH,
4-CF3CgHj, 4-FCgH,,3-BrCeH,, Bn, 4-FCgH,4CH,
4-BrCgHy, 2-furyl, 1-naphthyl c-CsHg,c-CgH 14
R1 R'
EtO,C CO,Et EtO,C CO,Et EtO,C _ CO,Et
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1
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Scheme 7 Hantzsch esters as radical donors in the denitrative alkyl-
ation of B-nitrostyrenes.

from the Hantzsch ester by a radical initiator, generated by
thermal decomposition of AIBN, leads to a stabilized dihydro-
pyran radical, which, upon fragmentation, affords a substi-
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tuted pyridine and the alkyl radical. The usual mechanism
then yields the alkene and the nitro radical, which, upon react-
ing with the Hantzsch ester, ensures proper propagation of the
chain reaction. In a related process, the reaction has been per-
formed at room temperature using di-tert-butyl peroxide,
which, upon irradiation with a xenon lamp, provided the
initiator for the radical reaction.”®

The generation of alkyl radicals can be easily achieved by
hydrometallation/carbon-metal bond cleavage of alkenes
under reductive conditions, as portrayed in Scheme 8.*°
Functionalized alkenes can be employed in the reaction with
B-nitrostyrenes using Fe(acac), as the catalyst in the presence
of phenylsilane. The preliminarily oxidized form of the catalyst
reacts with the silane, leading to an iron hydride species that
promotes the hydrometallation of the alkene. The subsequent
carbon-metal homolytic cleavage generates the alkyl radical
that adds to the p-nitrostyrene following the usual pathway.
The nitro radical ultimately released from the reaction finally
oxidizes the iron(un) species formed after the carbon-metal
cleavage, regenerating the active form of the catalyst. Later on,
a similar procedure was devised using Ni(acac), in the pres-
ence of triethoxysilane with satisfactory results.>® Oxidative
demolition of alkenes using ozone in the presence of iron(u)
sulfate leads to the formation of alkyl radicals, which may add
to P-nitrostyrenes following the usual general mechanism
(Scheme 9).3' A notable number of olefins can be used for this
purpose, including terminal alkenes, which are prone to gene-
rate primary radicals. However, as expected, the latter unsatu-
rated systems give rather modest results in this process. The

R2

2 3
R% Rt
1
A X NO2 R SR

10 mol% Fe(acac),
2 eq. PhSiH3, EtOH, 60 °C

/\></OBn /\)wa
Ar PN

Ar = Ph (90%), 4-FCgH, (87%) R'= CN (56%), TMS (45%)
4-Me,)NCgH, (50%) PMP (72%),
2-furyl (76%), 3-indolyl (43%)

R'= OH, (70%),0Ph (84%).
CH,OH (63%),

B R
R 1 R? R?
RT/%( R
R2 R
LFe!
LFe''H R3
* NO,
Ph
EtO\/SiHZ LFel

EtOH NO: R2 R®

Ar

Scheme 8 Fe(i)-catalyzed reductive radical formation from alkenes in
the presence of phenylsilane.
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MeOH, - 78 °C
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N
N pTol” X pTol R
Ar = 4-MeCgH,,62%, X = CH,,76%, R'= PhtNCH,, 56%,
4-BrCgH,, 68%, 0, 58%, HOCH,, 43%,
4-MeOCqgH,, 78% BocN, 57% Me, 45%

~ CH,(0)
MeCO,Me

Scheme 9 Oxidative cleavage of alkenes with alkyl radical generation.

radical formation occurs by preliminary ozonization, leading
to an intermediate hydroperoxide that is then reductively
decomposed in the presence of the iron(u) salt.

2.4 Other alkyl radical sources

The easiest way to access alkyl radicals is the homolytic clea-
vage of carbon-hydrogen bonds in alkanes. This operation
often requires the generation of somewhat stabilized second-
ary, tertiary or benzylic radicals in order to be successful.
Copper-catalyzed decomposition of di-t-butyl peroxide may
provide a steady concentration of the alkoxy radical, as in the
example reported in Scheme 10.*?> Addition of different
cycloalkanes (5- to 8-membered rings) to B-nitrostyrenes can
also be performed using benzoyl peroxide without any added
catalyst.*® The reaction is carried out using the cycloalkane as
solvent under reflux conditions. Abstraction of the formyl
hydrogen atom by the benzoyloxy radical generates an acyl
radical, which, upon decarbonylation, leads to the formation
of an alkyl radical suitable for the reaction with p-nitrostyrenes
(Scheme 11).** Only secondary or tertiary alkyl radicals are

R1

Ar/v\RZ

j\ 2 eq. t-Bu,0,

10 eq.

Ar/\/NO2 +
R? 1 mol% Cu
toluene, 110 °C

54-84%

R1

Ar = Ph, 4-CICgH,,
4-CF3CgHy,
2-furyl, 2-thienyl

R'= Bn, 4-MeCgH,CH,, R2= H
R'= Bn, R%= Me
R'=R2= c-CgHg, c-CgHy4, c-CgHys5,

Scheme 10 Homolytic cleavage of C-H bonds in alkanes using
t-butylperoxide.
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.5-3. . Bz,0,
Ar/\/ 2 4 JJ\ /\/R1
R “H CgHg, A OF v Ar
34-89%
Ar = Ph, 4-CICgH,, R'= i-Pr, ¢-CgHy4, t-Bu,
4-MeOCgH,, norborn-5-en-2-yl
2-furyl, 2-thienyl
0 (0]
J\ BzOe ﬂ . e
R H \ R
BzOH c=0
Scheme 11 Decarbonylative generation of alkyl radicals from

aldehydes.

accessible with this protocol, involving the use of benzoyl per-
oxide as the initial radical source, either by thermal or photo-
chemical activation.

Homolytic cleavage of carbon-nitrogen
N-alkylpyridinium salts can also be exploited for the gene-
ration of alkyl radicals (Scheme 12).>> The whole transform-
ation is based on the preliminary formation of an electron
donor-acceptor (EDA) complex upon reaction of the pyridi-
nium salt with diisopropylethyl amine. Upon irradiation with
visible blue light, a SET reaction generates a nitrogen-centered
radical cation and a dihydropyridyl radical, which fragments
into an alkyl radical and the stable 2,4,6-triphenylpyridine.
The radical cation is converted into an iminium ion in a later
stage of the process by reaction with the nitro radical.
Although the yields of the obtained alkenyl derivatives are gen-
erally rather moderate, the application of this method to the

bonds in

Ph Ph

NO. R'
Ar/\/ 2 Ar/\/

2 eq. i-PryEtN, blue LED
1,4-dioxane, rt
25-55%

wnnn

Ar = Ph, 4-MeCgH,, 4-MeOCgH,, R'=Bn, ¢-CgHy1, R2™ “CO,Me
4-BrOCgH,, 1-naphthyl, 2-furyl, v H
PhWN\/cozEt
o
i—PIr BF, Ph
N -
Pr” 2 Et *
. -PryEtN :
pyridinium _"""2 H Q Rie
salt Phé:h ) \SET Ph = \.
: R
— i Ph
Ph il
EDA complex i-Pr7e+ Et SN
¥

Scheme 12 Alkyl radicals obtained by decomposition of EDA com-
plexes of N-alkylpyridinium salts.
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introduction of highly functionalized alkyl groups is remark-
able. A similar EDA complex can be formed upon interaction
of diisopropylethylamine and O-pyridyloximes of cyclobuta-
none derivatives under related reaction conditions
(Scheme 13).>*® The SET process enabled under blue LED
irradiation generates a cyclic radical anion, which, upon
oxygen-nitrogen cleavage, yields an iminyl radical.

Ring opening of the latter intermediate leads to a
y-cyanopropyl radical, which may react with p-nitrostyrenes
leading to y-unsaturated nitriles via the usual general mecha-
nism. Heteroatoms as well as various substituents can be
embedded in the cyclobutyl moiety, enabling the preparation
of a wide array of functionalized nitrile derivatives. Alkylated
2,2"-biquinoline derivatives have also been employed as
reagents for the formation of alkyl radicals under copper cata-
lysis.’” Reactions of alkyl radicals achieved under these reac-
tion conditions afford the corresponding alkenes in very mod-
erate yields (up to 47%), making this synthetic method hardly
competitive over the existing ones.

3. Denitrative trifluoromethylation

Various reagents embedding the trifluoromethyl group can be
used to generate the corresponding radical amenable for reac-
tion with nitroalkenes in denitrative reactions. 1-
(Trifluoromethyl)-1A% 2-benziodoxol-3(1H)-one, also known as
the Togni-II reagent, undergoes a thermal homolytic cleavage
of the carbon-iodine bond, enabling the denitrative substi-

[¢]] Cl
& =
N O/
\_//
cl cl

X _NO N
Ar/\/ 2 - Ar/\/\x/\CN
4e 4 eq. i-PryEtN, blue LED
a- 1,4-dioxane, rt
ANy PN e S oy

Ar = Ph, 77%; 4-MeOCgH,, 67%
2-CICqHj, 45%; 2-furyl, 75%;
2-naphthyl, 75%;

X=0,40%;
NBoc, 62%

R'=Ph, 61%; OBn, 31%;
NHBoc, 62%;
CO,Et, 78%

Cl

~N e ©

P

O-pyridyl
oxime

J-PrEtN

O.Ni>
Cl Cl

N
N
EDA complex [-Pre+"Et

°N
%
cl N__Cl
g
N
CIL/\[CI
O-
NN . N:<>

Scheme 13 Generation of y-cyanopropyl radicals by photoinduced
decomposition of a pyridyl radical anion.
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CF.
I3

|
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o]

1eq. ¢}

CF
Ar/\/ 3

R1

NO,
Ar/\/

R 1 eq Fe(acac),, DMF, 120 °C

61-84%

Ar = Ph, 3-MeCgH,, 4-MeCgH,, 4-MeOCgH,,
4-FCgH,, 4-CICgH,, 4-BrCgH,, 2-pyridyl.

R'=, H, Me

Scheme 14 Trifluoromethylation of p-nitrostyrenes using the Togni-II
reagent.

tution in p-nitrostyrenes (Scheme 14).>® In order to achieve an
appropriate conversion, the nitroalkene must be activated by
an iron(un) complex to facilitate the elimination of the nitro
group.

An alternative photocatalyzed process for the same trans-
formation employs trifluoromethanesulfonyl chloride and
eosin-Y as a photoredox catalyst (Scheme 15).>° The excited
state of the catalyst is achieved by white CFL irradiation, and a
subsequent SET process involving the trifluorosulfonyl chlor-
ide generates the corresponding fluorinated radical and the
radical cation of the catalyst. The usual intermediate, obtained
by radical addition to B-nitrostyrene, undergoes an oxidative
SET reaction with the cationic form of the catalyst, leading to
the alkene and a nitronium ion. As with many photoinduced
protocols, this method occurs under milder reaction con-
ditions and avoids transition metal usage. The introduction of

CF3S0,Cl, 5 mol% Eosin-Y

NO CF
Ar/\/ 2 Ar/\/ 3

2.5 eq. K,HPO,, white CFL
MeCN, rt, 59-81%

Ar = Ph, 3-MeCgHy, 4-MeCgH,, 4-MeOCgHy,,
4-FCgHy, 4-CICgH,, 4-PhCgHy, 4-NO,CgHy,
2-naphthyl, 2-thienyl

EY.+
SET

[CF3S0,ClJ*~

SET

CF3S0,Cl

Scheme 15 Generation of trifluoromethyl radicals by photochemical
decomposition of trifluoromethanesulfonyl chloride.
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a trifluoromethyl group can be coupled with a further alkyla-
tive process by exploiting a three-component photoredox reac-
tion involving B-nitrostyrenes, terminal alkenes and sodium
trifluoromethanesulfinate (Scheme 16).*° This reaction entails
a chain elongation of the obtained alkenes, and a notable
number of functionalized terminal alkenes can be used for
this purpose.

9-Mesityl-10-methylacridinium perchlorate is employed as a
catalyst, and the formation of the trifluoromethyl radical
follows the usual activation by blue LED irradiation and the
subsequent SET process. The selectivity in the radical cycle is
based on the electrophilic nature of the trifluoromethyl
radical, which reacts faster with the electron-rich terminal
alkene rather than the electron-poor nitroalkene. The obtained
adduct is nucleophilic in character and thus the reaction with
the P-nitrostyrene is faster than the related process with the
terminal alkene, which would result in polymerization.

4. Denitrative arylation

Arylation and heteroarylation of p-nitrostyrenes afford stil-
benes and related derivatives, belonging to an important class
of naturally occurring compounds with relevant pharmacologi-
cal profiles.”' The generation of aryl radical species has been
initially pursued by photoinduced decomposition of aryldiazo-

X
o D
A N2 N R!

+ 4 mol% ‘ ClO4 A\)\/C&
CF3;SO,Na Ar

blue LED, MeCN, rt
56-73%

+

R

Ar = Ph, 3-MeOCgHy, 4-MeOCgH,, R'=Bn, BnCH,, ¢-CgHys, n-C47H3s,

4-FCgHy, 2,4-Cl,CgHs3, t-BuMe,SiO(CH,)3, PhS(CH,)3,
2-naphthyl, 2-thienyl BnO,C(CHy)3, (Et0),0,P(CHy)5
"nucleophilic” S _NO
3 2 .
CF I NO
e Ny
” CFs
RIS SO, Acre
SET
* CFs NO;
"electrophilic”
SET R
+
Acr /\)\/
NN CFj3
*Acrty/ Ar
CF3S0, %

Scheme 16 Trifluoromethylative chain elongation in the denitrative
radical coupling of p-nitrostyrenes.
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Ar2N,BF, 5 mol% Eosin-Y 2

Ar1/\/ NO, Ar/\/ Ar

DMF, rt, green LED
57-87%

Ar! = Ph, 4-MeCgH,, 2-MeOCgH,,  Ar2 = Ph, 4-MeCgH,, 2-MeOCqgH,,

4-MeOCgH,,4-FCgHy, 4-CICgH,, 4-MeOCgH,,4-FCgHy, 4-CICgH,,
4-BrCgHy, 2-furyl, 3-thienyl, 4-BrCgHy, 2-1CgH,, 4-Et,NCgH,,
PhCH=CH 1-naphthyl,

Scheme 17 Denitrative arylation of p-nitrostyrenes by photoinduced
decomposition of aryldiazonium salts.

nium salts (Scheme 17).*> Apart from the different light

source, the mechanistic course of this process follows that por-
trayed in Scheme 15 for trifluoromethylation reactions.
Interestingly, this procedure can also be applied to 1-phenyl-4-
nitrobutadiene, leading to the preparation of 1,4-
diarylbutadienes.

Recently, a related uncatalyzed protocol has been intro-
duced for the photoinduced 3-indolation of p-nitrostyrenes
under aerobic conditions (Scheme 18).** White LED irradiation
of indoles in the presence of atmospheric oxygen forms a
radical cation, which adds to p-nitrostyrenes in the usual
manner. The aromaticity of the indole ring is restored upon
deprotonation by the superoxide anion, and the resulting
benzylic radical ultimately affords alkenylated indoles by loss
of the nitro radical. The classical thermal decomposition of
aroyl peroxides releases carbon dioxide and an aryl radical,
which can participate in denitrative additions to
B-nitrostyrenes (Scheme 19).** The process is quite efficient in
terms of the chemical yields of the resulting stilbenes, but the

R!
: i : SR3 1
'TI R R —_Ar
2
X _NO R
AT T2 i i \
MeCN, air, rt, white LED
N~ TR®
61-88% \
R2
Ar' = Ph, 4-MeCgHy, 4-MeOCgH,, R'=H, Me, MeO, F, CI, Br, CN
4-FCgHy, 2-CICgH,, 4-CICgH,, R?= H, Me
4-BrCgHy, 1-naphthyl, 2-thienyl R'=H, Me
‘ oN
S r
) ‘Hl . Ar/\/No2 s
indole
; ; K‘/ +/
0, 03~ H N

. f 03"
’ Ar HOO.
product 7 \ :

* NO, N

Scheme 18 Coupling of B-nitrostyrenes with 3-indolyl radicals.
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k _0 Ar?

A" S0

NO [¢]
Ar/\/ 2 "
CH3CN, 100 °C, 65-94%

Ar2
Ar/X/ !

Ar' = Ph, 4-MeCgH,, 2-MeOCgH,,
4-MeOCgH,,4-FCgHy, 4-CIC4H,,
4-BrCgH,, 2-thienyl

Ar2 = Ph, 3-MeCgH,, 4-MeCgH,,
4-MeOCgHy, 3-FCgHy, 4-CIC4H,

Scheme 19 Formation of aryl radicals by thermal decomposition of
aroyl peroxides.

hazard in handling the peroxide reactants as well as their
reduced availability strongly limits its practical application.
The mild oxidative homolytic cleavage of the carbon-nitro-
gen bond in arylhydrazines provides the basis for the denitra-
tive synthesis of stilbenes from f-nitrostyrenes (Scheme 20).**
The oxidant O-iodoxybenzoic acid (IBX) converts the arylhydra-
zine into an aryldiazine, which is further oxidized by a second
molecule of IBX to the aryl radical and molecular nitrogen.

5. Denitrative alkoxyalkylation

Hydrogen abstraction at the a-position of ethers leads to the
formation of o-alkoxy radicals, which can be fruitfully
employed in denitrative additions to B-nitrostyrenes. Because
of selectivity problems in the generation of the radical,
efficient processes can be achieved only with cyclic or sym-
metric ethers (Scheme 21).*® The photoredox process is cata-
lyzed by 5,7,12,14-pentacenetetrone and occurs under blue
CFL irradiation of the reaction mixture. The excited diradical
state of the catalyst enables the formation of an «-alkoxy
radical with the assistance of a base. After the usual addition

ArP=NHNH, 2 eq. IBX

2
Arw/\/NOZ Ar/\/Ar

CH3CN, rt, 54-84%

Ar2 = Ph, 2-MeCgH,, 4-MeOPCgH,,
4-MeOCgH,, 3-CICgH,, 4-CICgH,

Ar' = Ph, 4-MeCgH,, 3-MeOCgH,,
4-MeOCgHy,4-FCgH,, 4-CICgH,,
4-BrCgHy, 4-NO,CgHy, 2-thienyl,
2-naphthyl, PhACH=CH.

OH OH
Bx HO- . NHNHAr HOL DN AR
hydrazine — hS) AeN=NH 12X ©:K<\ N
N °

OH
o} h OH e}

| Ho /.

N \

0 o}
N
o o

Scheme 20 Oxidative decomposition of arylhydrazines by IBX.
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w0 (OO0
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1 eq. K,COj3, THF, t
blue CFL, 61-92%

o)

Ar = Ph, 4-MeCgH,, 4-MeOOC4H,, n=1,X=CH,
4-CNCgHy,4-FCgHy, 4-CICgH,, n=2X=0
4-BrCgHy, 2-thienyl, 2-naphthyl,

PhCH=CH
X _NoO = NO
Ar/\/ 2 Ar 2

SET o)

)k NO,

Ar Ar

Oe
Ar)'\;_/\%ﬂ

W:--T
|

Scheme 21 Photoinduced
B-nitrostyrenes by cyclic ethers.

denitrative alkoxyalkylation of

to the p-nitrostyrene, the formed benzyl radical is reduced by
the radical anion of the catalyst with the formation of the final
product and the nitrite anion.

a-Alkoxy radicals obtained by hydrogen abstraction from
alkyl esters have also been employed in the reaction with
B-nitrostyrenes.”” This reaction is promoted by benzoyl per-
oxide but has a narrow field of application, being limited to
ethyl esters of acetic, isobutyric and pivalic acids. Any other
ester affords a mixture of products with poor regioselectivity.

6. Denitrative acylation

In contrast to what is observed with alkanals (¢f Scheme 11),
hydrogen abstraction from arylaldehydes, under photoredox
conditions, leads to the formation of relatively stable acyl rad-
icals, which can be employed in denitrative acylation of
B-nitrostyrenes (Scheme 22).** Thus, upon white LED
irradiation, N-hydroxyphthalimide generates a diradical, which
promotes hydrogen abstraction in arylaldehydes. The nitro
radical formed by the usual terminal fragmentation is finally
reduced by the hydroxyalkyl radical, regenerating the catalytic
system.

Functionalized cinnamic acids can be prepared by the reac-
tion of p-nitrostyrenes with carbon tetrabromide under photo-
redox catalysis by Ru(bpy);Cl, (Scheme 23).*° The excited state
of the catalyst is obtained by blue LED irradiation and allows

This journal is © The Royal Society of Chemistry 2025
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Ar = Ph, 4-MeOCgHy, 4-t-BuCgH,, R'=H, 4-Me, 4-MeO, 1
2-NO,CgHy, 4-NO,CgHy, 4-F, 4-t-Bu, 4-NH,,
4-FCgHy, 2-NH,CgHy, 3-HO, 2-thienyl
1-naphthyl, 2-naphthyl 2-furyl,
2 NO.
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Scheme 22 Denitrative acylation of B-nitrostyrenes with aldehydes
under photochemical conditions.

the carbon tetrabromide to be converted into a tribromo-
methyl radical and a bromide anion. The carbon-centered
radical adds to the nitroalkene in the usual manner, leading to
a p-tribromomethylstyrene, which is then hydrolyzed to the
corresponding cinnamic acid. The oxidized ruthenium(m) cata-
lyst is finally reduced by the bromide anion, yielding mole-
cular bromine and regenerating the active catalytic species.

7. Denitrative thiolation and
sulfonylation

Sulfur-centered radicals can be easily generated because of
their inherent stability.’® This enables the substitution of the
nitro group in p-nitrostyrenes with sulfur-bearing reagents at
various oxidation states.

7.1 Denitrative thiolation

The classical conjugate addition of thiols to B-nitrostyrenes
can be totally suppressed towards denitrative thiolation, pro-
vided that a radical initiator such as AIBN is introduced into
the reaction mixture (Scheme 24).°" The corresponding vinyl
sulfides are obtained with different levels of diastereo-
selectivity according to their thermodynamic stability. This
transformation is not a chain reaction and thus a notable

This journal is © The Royal Society of Chemistry 2025
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R Ar/YCBr:;
2 eq. i-PryEtN, blue LED,

R
+ CHACN-H,0 (6:1), t
1.5 eq. CBry 82-95%

hydrolysis J

Ar = Ph, 4-MeOCgH,, 4-BrCgH,
4-CICgH,, 3-NO,CgHy, 4-NO,CgH,

1
4-HOCgHy, 4-MeC(O)CgHy, 1-naphthyl R
R'=H, Me
. _NO
A2 *_ _NO,
CBry * CBrs Ar
CBry
«Rul * NG, %’
RUHI
Br Ar/\/CBr3
‘B *‘rﬁ’ 1]
* Ru Br i» Br,

Scheme 23 Synthesis of cinnamic acids by one-pot denitrative
tribromomethylation-hydrolysis of p-nitrostyrenes.

NO 3eq. R'SH X .S
Ar/\/ : A X TR
3 eq. AIBN, CgHg, reflux

80-98% E/Z1.7:1t0 12:1
Ar' = Ph, 4-CICgH,4, 4-MeOCgH,, R' = Ph,1-naphthyl, Bn, n-Pr,
2-NO,CgH,, 2-thienyl, n-CgHy3, HO(CHy),,
1-naphthyl. ¢c-CgHy4, t-Bu,

Scheme 24 Synthesis of vinyl sulfides by denitrative thiolation of
B-nitrostyrenes.

amount of the radical initiator is required to maintain the con-
centration of the thiyl radical at a suitable level. It should be
observed that under neat conditions at room temperature, the
Michael addition is the predominant process.

Different functional groups other than alkyl or aryl frame-
works can be linked to the sulfur atom as in the trifluoro-
methylthiolation of nitroalkenes using silver(i) trifluorometha-
nethiolate (Scheme 25).>> In this reaction, the trifluoromethyl-
thiyl radical is generated by oxidation of the silver salt with
ammonium persulfate. The copper(u)/copper(m) redox couple
is used to ensure the oxidation of the nitrogen dioxide released
at the late stage of the process and is fed by ammonium
persulfate.
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2 eq. Ko;HPO,4
BMSO:60 °C E/Z 94:6 to >99:1
58-95%

Ar = Ph, 3-MeOCgH,, 4-PhCgH., 4-t-BuCgHj, 4-MeOCgHy,
4-MeSCgHy, 4-FCgHy, 4-BrCgHs,4-CNCgHy, 4-NO,CgH.,
4-CF3CgHy4, 4-MeO,CCgHy4, 4-MeOCgHy, 2-naphthyl,
3-pyridyl, 2-thienyl, PACH=CH.

AgSC&,g Ag''SCF3 T» * SCF3
/\/Noz

$,08%
r
SCF3
0,2 + SO,
Ml _\_-SCF3
NOz

Scheme 25 Cu(i)-catalyzed trifluoromethylthiolation of
B-nitrostyrenes.

The thiocyanation of f-nitrostyrenes can be carried out
under photoredox conditions using eosin-Y as a catalyst and
ammonium thiocyanate as a reagent (Scheme 26).>* The thio-
cyanate radical formation is ensured by the excited form of the
catalyst through an oxidative SET process. The neutral eosin-Y
is then restored by an oxidation of the corresponding radical

3 mol% Eosin-Y
Ar/\/NOz + NH,SCN o Ar/\/SCN
green LED

MeCN, rt,
54-94% E/Z 95:5 t0 >99:1

Ar = Ph, 3-MeCgHg, 4-MeCgH,, 4-MeOCgHs,
4-FCgHy, 4-CICgHy, 4-CNCgHy, 3-NO,CgHy,
3,4-Cl,CgH3, 4-CF3CgHy4, 3-pyridyl

. _NO .
AT X2 NO,
SESEN Ar
SCN
son-. SEL
EY*" *NO,
EY* 0, X SON
SET

Scheme 26 Photoredox thiocyanation catalyzed by eosin-Y.
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anion, provided by atmospheric oxygen, whose presence has
been proved to be mandatory to efficiently support the catalytic
cycle. Elemental sulfur can be directly employed in the thio-
phosphonylation of f-nitrostyrenes exploiting a three-com-
ponent coupling involving the utilization of dialkylphospho-
nates (Scheme 27).>*

In a preliminary step, under basic conditions, the elemental
sulfur converts the phosphonate into the S-thiophosphate, which
is then oxidized by the excited form of the catalyst. The thiyl
radical thus formed adds to the p-nitrostyrene and, by a sub-
sequent fragmentation, yields the final product and nitrogen
dioxide, which is reduced in the catalytic cycle to the nitrite anion.

7.2 Denitrative arylsulfonylation

The denitrative arylsulfonylation of f-nitrosyrenes enables a
rapid entry to functionalized vinyl sulfones, which are central
motifs in drug discovery and organic synthesis.”>® Sulfonyl rad-
icals can be generated from arylsulfinate salts by oxidation
with potassium persulfate in the presence of silver(i) nitrate at
room temperature and under an inert atmosphere (Scheme 28,
route a).>® The same protocol can be adapted for the arylsulfo-
nylation of the same substrates using arylthiols as reactants
under aerobic conditions, provided that a higher temperature
is applied (Scheme 28, route b).>” In the latter process, the
initially formed vinyl sulfides are further oxidized by oxygen in
a silver-catalyzed reaction.

Similarly, the manganese(m)/manganese(n) redox couple
can be used for the generation of sulfonyl radicals in the reac-

X _NO
aT 2.5 eq. DBU, tol rt R’
+ 5eq. , toluene, S LS. o2
A X TSR
o 5 mol% Eosin-Y, blue LED u
I g0
Pegz 4+ s 55-88% ' '
1 E/Z 511 to 49:1
Ar = Ph, 4-MeCgH,,2-MeOCgH, R'= R?= MeO, EtO, /-PrO, n-BuO,
4-MeOCgH4, 4-PhOCgH4, R'= Ph, R?= EtO
4-FCgH, 4-CICgH4, 4-BrCgHs,
4-CNCgHy, 2-naphthyl, 2-thienyl
o)
A I
_R~R2
H \R1R . S/P\\Bz Ar/\/Noz
Sg
DBU\ 9
g~ RoR? SET
R EY*- .
NO,
EY” Ar/\/ R'
S\P//Rz
SET I
ol 0
@ EY R?
- X S/ R2
NO, Ar/\“" \ﬁ/R
o]

Scheme 27 Denitrative thiophosphonylation of p-nitrostyrenes.
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69-94%
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X SOA™
45-94%

air, 60 °C
route b

Ar' = Ph, 2-MeCgH,, 4-MeCgH,,
4-t-BuCgHy, 4-NO,CgHy,
4-BrCgHy, 4-CICgH,,
3-MeOCgH,, 4-MeOCgHy,,
2-thienyl, 2-furyl

R' = Et, ¢-C4Hg, Ph, 4-MeCgHy,,
4-t-BuCgH,, 4-MeOCgH,,
4-CF3CgHy, 4-BrCgH,,
2-thienyl, 2-naphthyl

Ar2 = Ph, 4-MeCgHj, 4-CICgH,
4-MeOCgH,, 4-BrCgH,,

Scheme 28 Convergent synthesis of vinyl sulfones by oxidative coup-
ling of sodium aryl(alkyl)sulfinates or arylthiols to B-nitrostyrenes.

2 eq. Ar’SO,Na 2
A /\/SOZAF

A X -NO2
3 eq.Mn(OAc);, DMF, 100 °C

56-94%

Ar' = Ph, 4-MeCgH,4,4-CICgH,,
4-MeOCgH,, 3-BrCqHy,4-BrCgH,,

Ar? = Ph, 4-MeCgH,, 4-CICgH,,
4-FCgH,, 4-MeOCgH,,
2-HOCgH,,

Scheme 29 Mn(in)-promoted synthesis of vinyl sulfones.

tion with B-nitrostyrenes (Scheme 29).°® A large excess of the
oxidizing agent is required for an efficient reaction, which is
limited to the introduction of arylsulfonyl groups.

Oxidative decomposition of alkyl- and arylsulfonylhydra-
zines can generate the corresponding sulfonyl radicals amen-
able to use in the reaction with p-nitrostyrenes (Scheme 30).>
The formation of vinyl sulfones occurs in the presence of tert-
butylperoxide (TBHP) with a catalytic amount of azobisisobu-
tyronitrile (AIBN) as a radical initiator. The proposed mecha-
nism shows some inconsistencies since the generation of the
sulfonyl radical is exclusively attributed to the interaction
between the hydrazine and the cyanoisopropyl radical formed
by decomposition of AIBN. This is obviously hardly possible

1.2 eq. R'SO,NHNH,

A N0 a1 X SOR!

20 mol% AIBN, 3 eq. TBHP
CH3CN, 80 °C
61-84%

Ar = Ph, 4-MeCgH,,4-CNCgH,,
4-MeOCgH,, 4-NO,CgH,,
4-BrCgH,,4-CICgHy, 4-FCgHy,
2-thienyl, 2-furyl

R'" = n-CgH47, Ph, 4-MeCgHy,,
4-t-BuCgH,, 4-NO,CgH,,
4-MeOCgHy, 2-naphthyl

Scheme 30 Synthesis of vinyl sulfones from sulfonyl hydrazines.
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considering that AIBN is used in just 20 mol%. Furthermore,
the role played by TBHP in this process is not adequately out-
lined. In a related paper, a catalytic amount of iodine is used
for the same purpose with TBHP as the excess oxidizing
agent.”® The photoinduced reaction of arylazosulfones with
B-nitrostyrenes represents an interesting example of a chemo-
divergent process that can be directed toward the synthesis of
stilbenes or vinyl sulfones depending on the reaction con-
ditions (Scheme 31).!

Upon irradiation with a blue LED, arylazosulfones are
excited to the 'nn*-state and after decomposition, an aryl and
a sulfonyl radical are formed. Under anhydrous conditions,
the reaction of the aryl radical is very fast, enabling the prefer-
ential formation of stilbene products (route a). However, under
moist aerobic conditions, scavenging of the aryl radical is
effective, leaving the sulfonyl radical free to react with the
B-nitrostyrene, ultimately yielding the vinyl sulfone (route b).

8. Denitrative phosphonylation

Some metal salts that have been proved effective in generating
carbon- and sulfur-centered radicals can be used for the deni-
trative phosphonylation of p-nitrostyrenes using dialkyl phos-
phites, as in the case of manganese(m) acetate portrayed in
Scheme 32.°> An interesting behavior has been observed in the
reaction of f-nitrovinylindole with diethylphosphonate, which
affords the 2-phosphonylated p-nitrovinylindole arising from
the vinylogous conjugate addition of the phosphonyl radical,
albeit in moderate yield. In a related process, silver(1) nitrate is
able to catalyze the same reaction with superior results over

CH4CN, rt A X AP
r
route a 55-87%
-87%
Ar2N=NSO,R’
. _NO 2
1/\/ 2
Ar blue LED
1,4-dioxane-H,0 . _SO,R!
21, air, tt AT
route b 55-84%

Ar'! = Ph, 4-MeCgH,, 4-MeOCgH,,
4-FCgHy, 2-CICgHy, 4-CICgH,,
4-BrCgH,, 2-thienyl,

R' = Me, Et, Ph, 4-MeCgH,
Ar? = Ph, 4-MeCgH,, 4-CICgH,,
4-MeOCgH,, 4-BrCgH,,

e Ovon  ——= AFOH
Ar?N=NSO,R’
* route b | Oz H0
X _NO,
AT 2
. Ar? e ; AM/\/AF
route a
[Aer:NSOZFU] T +
- X _NO
nn* state 12 1
N,  [RiSoE A N SOR

route b

Scheme 31 Chemodivergent synthesis of stilbenes and vinyl sulfones
from arylazosulfones.
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Scheme 32 Mn(in)-promoted
B-nitrostyrenes.

reaction of diethylphosphonate with

i
1.5¢eq H/P\\O1R1 (|3|
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15 mol% AgNO3, CHaCN, 90 °C OR
48-86%

R'= Me, Et, n-Pr,
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4-1CgHy, 2-thienyl.

Scheme 33 Synthesis of vinyl phosphonates by Ag(l)-catalyzed coup-
ling of dialkyl phosphonates with $-nitrostyrenes.

the use of manganese(m) acetate (Scheme 33).%% The Ag(1)/Ag(0)
redox couple is operative in the formation of the phosphonyl
radical species.

9. Conclusion and outlook

Addition reactions on conjugated nitroalkenes can lead to
regiocomplementary products depending on the electronic
nature of the added reactants. Nucleophilic reagents mostly
undergo 1,4-additions, driven by the enhanced electrophilic
character of the p-carbon, ultimately leading to functionalized
nitroalkanes. Conversely, radical-centered species preferen-
tially add to the a-carbon of nitroalkenes, generating a second
radical that can further evolve into denitrated alkenes through
two distinct routes. In the first one, the carbon-nitrogen bond
undergoes homolytic cleavage and releases a nitro radical,
which can be further reduced or oxidized according to the
reaction conditions. Alternatively, a reduction of the radical
adduct affords a carbanion, which, upon f-elimination of a
nitrite anion, leads to the target alkene. In both pathways, the
formation of a stabilized radical adduct is mandatory for a suc-
cessful process, and thus this transformation is particularly
effective for f-nitrostyrenes, which, upon radical addition,
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afford benzylic radicals and the corresponding anions upon
monoelectronic reduction. Synthetic protocols for these deni-
trative reactions enable the introduction of simple and functio-
nalized alkyl, aryl, and acyl frameworks. Similarly, sulfur- and
phosphorus-centered radicals can also be added to
B-nitrostyrenes, leading to heterovinyl derivatives. Modern
techniques for radical generation, including photocatalyzed
processes, are employed for these denitrative reactions.
Currently, the level of functionalization of the employed
nitroalkenes is limited to p-nitrostyrenes, also including the
presence of heteroaryl groups. The same limitation is evi-
denced in a related process carried out on cinnamic acids,
which are strong competitors of f-nitrostyrenes in the prepa-
ration of alkenylbenzene derivatives by decarboxylative radical-
induced coupling. Future efforts would be directed towards
the utilization of fB-disubstituted nitroalkenes, nitrocycloalk-
enes or nitroolefins bearing radical-stabilizing groups other
than aryls at the beta position. These foreseeable advance-
ments would notably increase the impact of this strategy in
the target-oriented synthesis of unsaturated compounds of
practical interest.
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