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1. INTRODUCTION

The Pd-catalyzed reaction of an aryl halide with an alkene
affords, in most cases, the corresponding arylalkene. It is usually
considered that this reaction, which is called the Heck reaction or
the Mizoroki—Heck reaction, was discovered by the teams of
Mizoroki and Heck, independently. However, in their original
report,’ Heck and Nolley cited the publication signed by
Mizoroki, Mori, and Osaki.> The papers from Mizoroki and
Heck teams were submitted on October, 20, 1970, and January,
13, 1972, respectively, but on January 12, 1971, M. Julia and M.
Duteil deposited to the Société Chimique de France, a “Pli
cacheté”, that is, a sealed envelope, disclosing the same reaction.
This “Pli cacheté”, opened on May 5, 1973, and then pub-
lished,® is not mentioned in most subsequent reports and
reviews. This type of reaction, which could be named the
Mizoroki—Julia—Heck reaction, led to a plethora of papers
and, recently, to a book.*

Before finding the catalytic conditions leading to the inser-
tion of palladium into the Ar-X bond, Heck performed, at the
end of the 60s, the in situ synthesis of ArPdX complexes from
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the reaction between palladium salts and aryl-mercury, -lead,
or -tin compounds.” Over the past few years, this trans-
metalation has been revisited and, carried out using catalytic
amounts of palladium, has been named oxidative Heck
reaction,’ Mizoroki—Heck-type reaction,” or Heck cross-
coupling reaction.®

The Mizoroki—Heck reaction occurs with a Pd(0) catalyst
and affords HX as side-product which is trapped by a base
(Scheme 1). The oxidative Heck reaction implies catalysis with
Pd(II), requires a reoxidant to regenerate the active catalytic
species, and affords more side-products (Scheme 2). Another
condition to prepare arylalkenes is the Pd-catalyzed coupling of
ArH with alkenes. As the above oxidative Heck reaction, this
process requires a Pd(II) catalyst and a reoxidant. Although it is
sometimes also called oxidative Heck reaction”'® or oxidative
Heck-type reaction," ' its mechanism is strongly different since
it involves a C—H activation of ArH instead of a trans-metalation
(Scheme 3). Fujiwara’s team having, in 1967, disclosed the
synthesis of stilbene from the reaction of the styrene—PdCl,
complex with benzene'® and, in 1968, the oxidative couplin:
between styrene and benzene with two turnovers of palladium,’
these Pd-catalyzed reactions are, sometimes, named
Fujiwara,ls’16 Fu'iwara—Moritani,g’17721 or Fujiwara—Moritani
oxidative Heck™ reactions. However, Fujiwara and Kitamura
used, in 2005, the term Fujiwara reaction for the Pd-catalyzed
hydroarylations of alkenes and alkynes.”> Consequently, we
propose the term dehydrogenative Heck reaction (DHR) for
the Pd-catalyzed oxidative couplings of arenes and heteroar-
enes with alkenes; this suitable name has been, at least once,
already used.”*

Among the above three synthetic methods of arylalkenes,
and if we consider only the substrates, the atom economy
principle®® is the most respected with the last one, since the
result of the DHR is the formation of a C—C bond from two
C—H bonds. Given this observation, it is not surprising that
active research in this area of intermolecular couplings, which
obviate the complications associated with preparing aryl ha-
lides that can minimize the waste, has been documented in
recent years. The aim of the present review is to highlight this
subject and, in particular, the progress of the procedures.”**’
The synthetic interest of the DHRs is limited to couplings
promoted with catalytic amounts of palladium, but its histor-
ical interest leads us to first introduce a section devoted to early
stoichiometric conditions. For convenience, the framework of
the text depends on the nature of the aromatic substrate, and
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the comparison of the different catalytic systems is mainly
presented in general tables.

2. STOICHIOMETRIC PALLADIUM-MEDIATED
ARYLATIONS

2.1. Arenes

2.1.1. Results. In 1967, Moritani and Fujiwara disclosed a
new synthetic procedure for the preparation of stilbene deriva-
tives, by heating at reflux an AcOH solution of an aromatlc
compound and a dimeric styrene—PdCl, complex (eq 1)."* This
coupling reaction, which was accompanied by the formation of
1-phenylethyl acetate, was relatively sensitive to steric hindrance
since no stilbene derivative was obtained with mesitylene as the
aromatic compound.”® The absence of coupling without AcOH
showed its key role, possibly in dissolving the complex.”® The
acetate anion can also favor the reaction since the (E)-stilbene
yield was greatly improved in the presence of sodium acetate

(eq1).”

R2 €N _pn re ()
. R acon OAc

P‘;‘_Cl reflux, 8 h Ph™ S *
r3 P ¢ RS Ph)\
Jarge | R'=R2=R%=H: 26% 13%
R'=R®=H, R?= Me: 25% 14%
R%2=H,R'=R®=Me: 25% 15%

In the presence of 40 equiv. of NaOAc,

R'=R2=R3=H: 97% 0%

In 1968, the Japanese team revealed the DHR of styrene
with benzene in high yield us1n§ a stoichiometric amount of
Pd(OAc), in refluxing AcOH.* Under these conditions, 3-
acetoxystyrene was obtained as a side-product (eq 2). With
alkylbenzenes, the DHR eﬂic1enc¥ decreased with the steric
hindrance as shown in eqs 2—4; " this was also exempli-
fied from competitive reactions of benzene and monosub-
stituted benzenes toward styrene (eq 5).°”** These
oxidative couplings have also been mediated with PdCl,

Scheme 3

reduced oxidant

oxidant
HX y\ F’dXz
HX
Pd°

HPdX ArPdX

PdX f/\ 7
Ar\/\’z& Ar%z

and an excess of NaOAc or KOAc, but in lower yields;
metathesis leading to coordination of the acetate anion to
palladium was thus suspected.”>%** Use of palladium
powder with 2 equiv of silver acetate afforded also stilbene
from the reaction of styrene with benzene, but in no more
than 21% yield."*

R’I
R¢ R?
+ P
(large
R? excess)
Pd(OAc), (1 equiv.)
AcOH, reflux, 8 h
)
R?=R*=H
+ Ph/\/OAc
Ph™ ™
R'=R3=H: 90% 1%
R'=R3=Me: 47% trace
R2 - R3 =
R4 =Me (©)]
8% Ph™ ™ trace
R1

RZ—R3—R4—Me
ow 0.5%
@@m

%f—/
(43 equiv. each)

7
Pd(OAC), (1 equiv.) AP @

PhH/ACOH (4.25:1)
90°C, 8 h

R=Me: 36% 26% (olp = 1:25)

R =Et: 35% 23% (p only)

R=Cl 34% 20% (o/mlp = 1:5:14)
R=NO,: 38% 19% (m only)

The efliciency of the oxidative coupling and the regio-
selectivity depend not only on the arylating agent (eqs 2—35),
but also on the substitution of the styrene-type compound as
exemplified in eqs 6 and 7.>"**73% It is worth mentioning
that the same compounds, that is, triphenylethylene in one
case (eq 6; 28% and 72% vyields) and 1,3,5-trimethyl-2-
styrylbenzene in another case (eqs 4 and 7; 9% and 55%
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yields), are synthesized in yields depending highly on the
starting units.

R!
R2
Pd(OAc), (1 equiv.)

PhH/AcOH (4.25:1) 6)
reflux, 8 h

R' = R? = H: trans-stilbene, 88-90%

= Ph, R? = H: triphenylethylene, 72%
R' = H, R? = Ph: triphenylethylene, 28%
R! = R? = Ph: tetraphenylethylene, 13%

R4
R3 o Pd(0AC); (1 equiv.)
PhH/AcOH (4.45:1) @
R? R! reflux, 8 h
R* R* Ph
+

R? R! R? R!
R'=R?=R*=R*=H: 95%
R'=R2=R*=H,R*=Me:  50% 3%
R3=H,R'=R?=R*=Me: 55% 5%

RZ=R*=H,R'=R*=r-Bu: 36%

The stoichiometric arylating procedure has been extended, using
ethylene, terminal alkenes such as 1-propene, 1-butene, 1,3-buta-
diene, internal alkenes such as (E)- and (Z)-2- butenes,343637 and
olefins containing a polar group such as acrylonitrile, vinyl acetate,
ethyl vinyl ether,”*® but in most cases, mixtures and low yields were
obtained as depicted in eq 8 for the reaction of propene with
benzene. M. Julia and co-workers used the Fujiwara procedure®* for
the effective and regioselective oxidative couphng of 1-dimethylami-
nomethylnaphthalene with ethyl acrylate (eq 9).%

Pd(OAc), OAc Ph

el SN

+ OAc
PhH/ACOH (3:1) OAc * A~

(bubbling) 80 °C,8h
Al
+ COJY\OAC (8)
yield = 32%, ratio = 31:11:20:36
NMe2
Pd(OAc), (1 equiv.)
+ /\COZEt P
AcOH, 100 °C
NMGZ (9)

o CO,Et
OO 60%

Vinyl and allyl halides, as well as allyl esters, have also been reacted
with benzene. While (E)- and (Z)-1,2-dichloroethylenes led to the
expected substitutions with retention of the configuration of the
olefin (egs 10 and 11),* B-bromo-f-nitrostyrene afforded a mixture
of compounds which have lost the bromide atom (eq 12).** The
halide atom was also eliminated in the course of the reaction of allyl
chloride*" or a-bromochalcone™ with benzene (egs 13 and 14).
The reaction of allyl esters is greatly dependent on the experimental
conditions: at 80 °C, the use of Pd(OAc), in PhH/AcOH led to the
usual phenylation (eq 15), whereas a mixture of cinnamaldehyde

and 3,3-diphenylacrylaldehyde was produced with Pd(OAc), or
Pd(OCOCF;), in PhH/CF;CO,H (eq 16).**

Pd(OAc), (1 equiv.)

cl
cl
Cl ™ PhH/ACOH \I/\CI (10)
reflux, 8 h
42%
cl
Pd(OAc), (1 equiv.) CI\/
cl PA(OAc), (1 equiv, 11
\) PhH/ACOH (1)
reflux Ph
o Br pd(0Ac), (1 equiv.)
NO2 PhH/ACOH (3.75:1)
reflux, 30 h (12)
Ph% o Pth\ . NO,
N +
T 2 NO, PhJ\Ph
Ph
20% trace trace
o Pd(OA)
7 ohHIACOH

13
Ph\)\Ph*- Ph o~ Phs Ph\/\( )

Ph Ph Ph
=
* Phw/\/Ph * 7,:\/
Br Pd(OAc), (1 equiv.)
COPh PhH/AcOH (3.75:1)

reflux
14
Ph (14)

\I/\ OPh + Ph%

42.6% Ph trace

Ph

_~_-OCOR

Pd(OCOCX3), (1 equiv.)
PhH/HOCOCZ; (4:1)
80°C,8h

X=2=H Ph._~_OCOR (1)

R = Me (64%), Ph (65%)

Ph
_ X=F: trace 47%
R—Me{ X=H: 4 17%
= X=F: 4 35%
R_Ph{X=H: 12 9%
R

Pd(OAc), (1-1.5 equiv.)

Ph
\)\COPh PhH/AcOH (3.75:1)
reflux (17)

R R
Ph %COPh + P \H\COPh
Ph

Ph
R=H: 74.8%

R = Ph: 46%

R = COPh: 8% 52.5%
R =NO,: 5.1% 20.2%
R = CO,Et: 56.5% 12.2%
R=CO,H: 7.2% 36.3%

Yamamura revealed that the DHR selectivity of a-substituted
chalcones depends greatly on the nature of the O-substituent,
those with a a-COPh, a-NO,, or 0-CO,H leading to the
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Scheme 4
CH0AC  py(0Ac), (1 equiv.) A OCHZOAC
AcO)—0 ArH (167 equiv.)  A¢Q/—0
OAc _—_—
Y AcOH _
120 °C, 1.5-5 h Ar
Ar= © 51%), \© © @1%),
MeO MeO OMe OMe
(43%), (23%) + (29%),
OMe
OMe
MeO
(25%), 8% (31%)
OMe

hydrophenylation adduct as the main product (eq 17).** Mix-
tures of benzylated enones and benzylated ketones have been
also obtained by Czernecki et al. from the reaction of PhH with
acetylated enones derived from glycals (eq 18).** A substrate-
dependent selectivity has been observed for the arylation of
peracetylated glycals as shown in eq 19 and Scheme 4.**

O Pd(OAc), ph O Ph,, o)
(1 equiv.) (18)
o PhHAcOH  © .o
OAc C OAc OAc

CH,0Ac 1 107C.4h CH,0Ac CH,0Ac
38.5% 31.5%
CH20AC by 0Ac), (1 equiv.) $H2OAC  CH20AC
0 PhH (167 equiv.) 0 ¢]
c + (19)
AcO 800 n AP ac0="pn
ACO 549, 10%

A series of 2-substituted-1,3,3-triphenylpropenes have been
synthesized from [-substituted-f-methylstyrenes and benzene
via a stepwise reaction with, likely, 2-substituted-3,3-diphenyl-
propenes as intermediates (Scheme $).*”

The oxidative coupling of various arenes with 1,4-benzoquinone,
2-phenyl-1,4-benzoquinone, 1,4-naphthoquinone (eq 20), and 1,2-
naphthoquinone has been achieved by Itahara.***

Pd(OAc (1 equiv.)
AcOH
reflux, 7-14 h

(20)

conversion, selectivity

R'=R2=R3®=R*=R%=H, 14 h: 100%, 85%
R2=R3=R5=H,R'=R*=Me, 14 h: 100%, 78%
R2=R3®=R%=H, R'=R*=ClI, 14 h: 100%, 70%
R2=R3=R%=H,R'"=R*=F, 7 h: 40%, 76%
R2=R*=H,R'=R®=R5=Me, 7 h: 37%, 69%
R5=H.R'=R2=R%=R*=Me. 7 h: 89%. 86%

Scheme §

Ph Ph
Pd(OAc), (3 equiv.)
Ph/\/R FAUAC) (o equlv,) P Rl Ph R
Me PhH/ACOH (3.75:1) |
€ reflux, 20 h Ph

R = Ph (50%), NO, (62%), CO,H (58%), CO,Me (48%), Bz (66%)

Reaction of tricarbonyl(77*-cyclobutadiene) iron with styrene
provided alow yield of the DHR adduct (eq 21).*> Another arene
iron complex, ferrocene, reacted with various vinylic compounds,
leading to the corresponding alkenylation products in no more
than 24% yield (eq 22).>%%"

~._Ph
Pd(OAc), (2 equiv.) rfv
Bl
Fe(CO)g dioxane/AcOH (4:1) T
(1 equiv.) reflux, 8 h e(CO)s
6%
@ Pd(OAC), ,
Fe + 2z —— ———= Fe ™\ (22)

dioxane/AcOH (4:1) Z
80 °C or reflux, 8 h @
Z =Ph (22%), CN (24%), CO,Me (13%),
COH (8%), On-Bu (trace)

=

According to the above examples, the substitution of a vinylic
C—H by an Ar group can occur without reaction of functional
groups such as vinylic Cl, Br, NO,, CO,R, COR, and OR, or
arylic Cl, Br, F, and NO,. In contrast, the Pd(OAc),-mediated
reaction of styrene with anilines involved the cleavage of the C—
N bond (eq 23).>

Ph
Pd(OAc), (1 equiv.)
+ A pp—————————~= (23)
dioxane/AcOH (6.2:1)
air, reflux, 8 h
R
(1 equiv.) R

R = H (19%), Me (28%), OMe (30%),
NO, (11%), CI (40%)

2.1.2. Mechanism. In their seminal 1967 report, Moritani
and Fujiwara excluded a cascade reaction involving the hydro-
phenylation of the C=C bond of the styrene—PdCl, complex
and then dehydrogenation to explain the formation of stilbene
depicted in eq 1."> The first mechanism proposal, suggested on
April 15, 1969, by Fujiwara’s team for reactions proceeding as
shown, for example, in eqs 2—35, is related to the Mizoroki—Heck
reaction. Indeed, it successively involves ArPdOAc, coordination
to the alkene leading to 6A, insertion of the C=C bond into the
Ar—Pd bond to afford 6B, and 3-H elimination (Scheme 6).%*
However, on May 19, 1969, the same team disclosed a different
proposal which considers the doubly coordinated 77-complex 7A
(Scheme 7). This complex would evolve to the 7,77-complex
7B and then, the doubly coordinated o-complex 7C via the
successive insertions of palladium into an aromatic and a vinylic
C—H bond, reductive elimination of palladium from 7C deliver-
ing the substituted olefin.*® In another paper submitted also on
May 19, 1969, Fujiwara et al. disclosed that the reactivity of
monosubstituted benzenes with styrene is not influenced by the
substituent.>® This led them to conclude that “the reaction may
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Scheme 6
OAc
Pd(OAc), T Pd
PhH PhPdOAc —— >,
AcOH 6A
&OAC
Ph._~ Ph
z =7 z
HPJOAc 68
/
Pd° + HOAc
Scheme 7
P~ AcO _OAc AC(\‘)H/
+PhH — /P\d — Pd
+ Pd(OAC), i~ \/\z
7A l 7B
ACOH AcOH

2 N/
P, Pd/Z
+ 2 AcOH 7C

proceed through a sigma bonded benzene-palladium complex”,
and that “the rate determining step cannot be the formation of a
stgma bond between benzene and palladium” but may be the ste tep
“where a 0-bond develops between palladium and olefin”.
According to the authors, the phenylation of ArCH=CD, with-
out deuteride shift (eq 24) contrasts with a Wacker-type
mechanism,”** and supports a 7C-type intermediate.>* Shue
also suspected such an intermediate, but the comparison of the
Pd(1)-catalyzed reactivity of PhH toward PhCH=CD, and
PhCH=CH, led him to suggest “that the cleavage of the
styrene-{3-hydrogen bond Is not involved in the rate-determining
step of olefin arylation”.>> Moreover, experiments using CsHs,
Ce¢Ds, PhCH=CH,, and Pd(OAc), led Shue to assume that
“palladium-aryl bond formation is a slow, irreversible step in
olefin arylation”.55 It seems, however, necessary to remark that
no deuteride would be shifted from a reaction of PhH with
ArCH=CD, occurring via a Heck-type mechanism, except if a
readdition/elimination of DPdOAc could arise.

Pd(OAc), (1 equiv.) Ph
P —_ X 24
Ar”SCD,  PhH/ACOH (3:1) AN (24
80°C,8h D
Ar = Ph, p-MeOCgH,, p-MeCgH,4: no deuteride shift

The DHR of benzene with ethylene led to a mixture of styrene
and (E)-stilbene. Fu]lwara proposed that stilbene is issued from
the arylation of styrene,”® 3* while Kozhevnikov and Matveev
assumed a formation of styrene and stllbene from a shared
intermediate, possibly a Pd(I) complex. These latter authors
suggested that the reaction pathways could, however, depend on
the relative concentrations of the reactants.

Reacting the trans-chloro and dichloro-vinylpalladium com-
plexes shown in eq 25 with benzene in the presence of AgOAc,
Fujiwara et al. isolated trans-f3-chlorostyrene and f3,8-dichloro-
styrene, respectively.’ trans-B-Chlorostyrene was also obtained
from cis-chlorovinylpalladium complex (82% yield); in this case,

the isomerization of the initially formed cis-3-chlorostyrene into
the trans-isomer under the reaction conditions was proposed.”®>
The formation of f,(-dichloro-4-methylstyrene when using
toluene instead of benzene (eq 25) demonstrated that, in the
other examples, the phenyl group does not come from PPhs.
According to the authors, these reactions prove the mechanism
depicted in Scheme 7, AgOAc abstracting the chloride ligand of
the Pd complex enabling the coordination of benzene to the
vinylpalladium. Since the experimental conditions differ strongly
from those used for the Pd(II)-mediated DHRs, these reactions
are, in our opinion, not really a proof. In contrast, the preserva-
tion of the C=C bond geometry in the course of the phenylation
of (E)-and (2)- dlchloroethylenes (eqs 10and 11) agrees with an
intermediate such as 7C.*

PPh3
CI\H\ AgOAc o]
N (25)
/ CI TACOH
reflux, 1.5 h
H, R =H (85%), Cl (80%)
R1 Me, R? = CI (64%)

Given the relative reactivity of benzene and monosubstituted
benzenes toward styrene in the presence of Pd(OAc),, Fujiwara
et al. suggested on November 13, 1975, that “the reaction
involves an electrophilic attack of Pd(II) on the aromatic ring
to form an aromatic palladium o complex”.*>" This agreed with
the Heck-type mechanism proposed by Yamamura, one year
before (manuscripts submitted on October 4, and November 13,
1974)** to schematize the DHR of olefins with benzene, this
proposal being retained in a subsequent report published in
1978.%

According to the above literature data, it appears that the
in situ formation of ArPd(II) species from the CH,=CHZ/
ArH/Pd(OAc), mixtures is accepted. Moreover, the possible
arylation of olefins by aromatic palladium oO-complexes was
exemplified by earlier studies from the teams of M. Julia®®
and Horino (eq 26).°"%

H
NEt
N 3
\ﬂ/ (2.7-8 equiv.) NHCOMe
0+ F>7 (26)
ol PhMe _
f (excess) 50-110 °C pA
40-83%

AcO 2
Z =H, Ar, CN, COMe, CH(OEt),, CO,Me, OAc

For the Mizoroki—Heck reactions, it is often assumed that the
reactive ArPd(I) species formed from Pd(0)L,, and aryl halides
or triflates are neutral or cationic, respectively, this leading to
neutral (path a) or cationic (path b) processes as oulined in
Scheme 8.%° Moreover, Akermark and co-workers have revealed
that the ionic processes are favored in dissociating solvents.** As
the stoichiometric DHRs have been carried out in AcOH or in
solvent mixtures containing AcOH, we suspect that AcOH could
actasan 1onlzmg agent protoning off an acetate ligand** to afford

[ArPd(IT)]" species. Thus, these DHRs would occur through
cationic mechanisms. It is, nevertheless, worth mentioning that
the ArPd(II) intermediates formed under Mizoroki—Heck and
dehydrogenative Heck conditions differ, in most cases, in their
coordination sphere, because the Mizoroki—Heck reactions are,
in contrast to the DHRs, usually performed in the presence of
added ligands such as phosphines.

1174 dx.doi.org/10.1021/cr100209d |Chem. Rev. 2011, 111, 11701214
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Scheme 8

HNEt;X

NEE%/ dOLZK
Ar L- Pd Ar
KY HPAXL,
Ar Ma)
' (b)
PdXL, X- Pd Ar X—Pd Ar
K/Pde)@

X : halide)
\/ [L Pd-Ar ){9 ,_2
L PdAr
(X : 0S0,CF5)

Scheme 9
/= PdOAC
:
y/ =/ HoRe
© PhPAOAC
+
+ (b)
Pd(OAc)z\~®H~-uo e
B \

AcOH
Pd-0

AcO’

But, how is ArPd(Il) from ArH and Pd(OAc), produced? In
1978, Kozhevnikov et al. proposed the palladium cyclohexadie-
nyl intermediate depicted in Scheme 9, path a, because the
promotion of the DHRs by the acetate ion could be due to its
assistance to the removing of H'.®> Another proposal is con-
tained in the recent review of Davies and Macgregor’s teams who
summarize literature computatlonal studies of metal-induced
C—H bond activation.®® They pointed out the report of Sakaki
et al,*” which leads them to assume an assistance by the acetate
ligand (Scheme 9, path b),% Davies and Macgregor suggesting
the term “ambiphilic metal ligand activation” to describe such
reactions.

Different mechanistic proposals lie also in the reaction of
ArPd(II) with the olefin, this occurring through either the
insertion of the C=C bond into the Ar—Pd bond (Scheme 6),
or the activation of a vinylic C—H bond (Scheme 7). Retaining
Scheme 6 to explain the reactions of (E)- and (Z)-1,2-dichlor-
oethylenes (eqs 10 and 11) imply that the corresponding elimi-
nations of HPdOAc occur through unusual trans-processes.®®
Scheme 6 is nevertheless usually admitted for DHRs. Moreover, a
common intermediate, obtained from cis-addition of PhPdOAc
to the C=C bond, has been postulated when mixtures of
substitution and hydroarylation products have been isolated as
depicted in eqs 17—19 and Schemes 10 and 11. It seems worth
mentioning that Czernecki et al. proposed (i) an epimerization
step rather than a frans -H elimination to form the arylated
ketone shown in eq 18, this epimerization being promoted by the
adjacent carbonyl group (Scheme 10)* and (ii) an anti-elimina-
tion of Pd(OAc), after a conformational change to explain
the formation of the minor compound depicted in eq 19
(Scheme 11).*%° Thus, for the reaction of 1,2- dichloroethylenes
(eqs 10 and 11), we suspect that the vinylic chloride atoms favor

Scheme 10

Ph,, o
O
protonolysis :IOAC
CHzoAC

PdOAC
Ph, ~__0O

PhH + Pd(OAc),
AcOH

= © PhPdOAc

0
OAc N

CH,0Ac

OAc

CH,0Ac gir\nerization

PdOAc

Ph_~ (0] Ph,, 0
0] e

OAc 0

C HzoAC

OAc

HPdOAc CH,0Ac

Scheme 11

CH,OAc
o)

AcQ)—Ph
AcO T

- HPdOAc
CH,0Ac
(0}
OAc

YV

AcO

CH,0Ac
PhPdOAc  AcO o]
———~= " AcO

AcOPd Ph

CHzoAC

o ACOCH2
- Pd(OAc), 065 ~pn

AcO —Ph

AcO PdOAc

Scheme 12

Pd/F’h

Cl. — CI\%\CI + AcOH
Cl b

7C-type intermediates via a vinylic C—H activation similar to
that admitted from Ph-H (Scheme 12), some coordination of the
proximal Cl to Pd being also plausible.

The mechanism of formation of a,3-unsaturated aldehydes
from allyl esters (reaction depicted in eq 16) is unclear. Indeed,
allyl trifluoroacetate and cinnamyl trifluoroacetate in PhH/
AcOH led also to these two aldehydes in the presence of
Pd(OAc),.* Hydrolysis of the ester to allyl alcohol followed by
its oxidation and phenylation was discarded as a plausible
mechanism because allyl alcohol, under the reaction conditions
(i.e, in CF3CO,H), afforded only 3% cinnamaldehyde without
production of 3,3-diphenylacrylaldehyde. This observation led
Fujiwara et al. to suggest a reaction via the insertion of Pd(0) into
the acyl-O bond of the ester to afford allyJOPdCOCEF; as
intermediate, but no information concerning a possible pathway
leading to the products from this intermediate was provided.
Since this report (1982), the literature contains a number of
examples of Pd(IV) complexes or intermediates,”® with in
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Scheme 13
Pd(OCOCFs3),
PhH
CF3CO,H
PhPAOCOCF; _
_~_OCOR L [N\ SN
o-Rd~ococF,
134 COR
CF4CO,H
Ph
RCOPd ~ Ph
- \—Pd\
o7 O COR
do"RCOH 13C 13B

particular, trifluoroacetate as ligand.”" This led us to envisage the
formation of Pd(IV) intermediate 13A from the insertion of
Pd(1) rather than Pd(0) into the acyl-O bond (Scheme 13).
From 13A, 5-H elimination would afford CF;CO,H and 13B.
Insertion of the C=C bond of the coordinated acrylaldehyde
into the Ph-Pd bond would provide 13C, which evolves toward
cinnamaldehyde.

2.2. Heteroarenes

2.2.1. Results. In 1972, the teams of Kasahara and Fujiwara
submitted independently, and almost simultaneously (June 8 and
July 27, respectively), the Pd(OAc),-mediated reaction of het-
eroarenes with olefins.”>”’* Kasahara et al. used benzofurans
with a variety of olefins (eq 27),”* while Fujiwara et al. used
various heteroarenes with styrene (eq 28).”> In 1976, Kozhevni-
kov reported the selective 0t-vinylation of furan, thiophene, and
furfural under similar conditions. Besides the 2-vinyl derivatives,
traces of the 3-vinyl derivatives were observed and, in the case of
thiophene, a small amount of (Z)-1,2-dithienylethylene.”> Sub-
sequently, Fujiwara’s team extended their substitution process to
acrylonitrile and methyl acrylate (eq 28), and revealed that, in
contrast to Kasahara’s results (eq 27), the alkenylation of benzofur-
an proceeded at 2- and 3-positions, this being also observed usin g
benzothiophene and N-acetylindole as substrates (eq 29).”®
Moreover, some disubstitution of benzofuran and N-acetylindole
occurred, leading to an aromatic ring under the experimental
conditions (eq 29).”° With 2-methylfuran as substrate, the
reaction with methyl acrylate provided unexpected adducts as
shown in eq 30.”%

R3
R1©\/c> : R2\/kz
R3
Pd(OAG); (1 equiv. Wi (27)
AcOH, reflux, 6 h R o R2 R! (o} o} R!

Z = Ph: 69% 7%

R'=R2=R%= H{ Z =CO,Et: 70% 5%
Z=CN:  72% 8%

R'=R2=H, R®=Me, Z = CO,Me: 53% 10%
R'=R%=H, R? =Me, Z=CO,Et: 60% 8%
Z=Ph: 70% 6%

Z=CO.Et: 67% 8%

R'=Me,R?=R3=H{ Z=CN: 62% 6%
Z=COMe: 67% 7%

Z=CHO: 55% 8%

R'=R®=Me, R? =H, Z = CO,Me: 58% 8%
R'"=R%=Me, R®=H, Z=CO,Et: 53% 9%

0y =
Y (1 equiv.)

PoOAG) (1 um) N s N
dioxane/AcOH (4:1) Q\/\Z TZTN 72 (28)

Y
reflux, 8 h

Y=0: 15% 46%
Z=Ph{Y=S: 13% 36%
Y=8e: 9% 34%

Y = NMe: 1%

+ trans-3-styryl-N-methylpyrrole (3%)

Z=CN{Y=O: 23% 31%
Y=S: 24% 11%
z=coMe[Y=0: 26% 19%
Y=8: 33% 28%

@ t Az
Y (1equiv.)
Pd(OAC), (1 equiv.) \_/"? (. I O ég)

dioxane/AcOH (4:1) Y
reflux, 8 h Y Y
Y=0,Z=CN: 21% 12%
Y=S,Z=CN: 24% 12%
Y=0,Z=Ph: 16% 3% 26%
Y = ,Z=CO,Me: 4% 20% 9%
I N+ 2 come
o (1 equiv.)
WCOZMG AW
O O
Pd(OAc) (1 equiv.) 27% 22% 30
dloxane/AcOH (4:1) (30)
reflux, 8 h
o OAC
5°/
10% “co,me °

Between 1983 and 1987, Itahara and co-workers reported
the direct Pd(OAc),-mediated alkenylation of various sub-
stituted indoles (eq 31),***”*® furans, thiophenes, pyrroles
(eq 32),***7%18 pyrazoles (eq 33),*® 1-methyl-2-pyridone
(eq 34),*®" and uracils (eq 35).%

R2

I o
N .

\ (3 equiv.)
R1
CO,Me
2 2
R —_—
Pd(OAc), (1 equiv.) A\ " COMe
= or
AcOH N Ny @)
reflux, 7-16 h R N
R'
conversion selectivity
R' = Me or Bn: complex mixture
R"=Ac: 100%, 20%
R2 = H< R' = Bz: 88%, 27%
R' =2,6-Cl,CgH4CO: 33%, 75%
R' = SO,Ph: 61%, 82%
R2 = Me, R = Ac: 93%, 67%

I\
v~ t 7 coMe
H (3 equiv.)

(1-3 equiv.)
Pd(OAc), o J\
AcOH Wcone (32)

reflux, air, 7h  H

Y = O: 56% yield; Y = S: 34% yield
= (2,6-Cl,CgH4CO)N: 34% conversion, 87% selectivity
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R® R*
Al N+ ZcoMe
N (3 equiv.)
R1
MeOZC 4 R3 R4
Pd(OAc), = R w
o \  MeO,C N (33)
AcOH e N LN
reflux, air, 7 h N '
R i
R' =2,6-Cl,CgH,CO conversion selectivity
R2=R3=R*=H: 29% 93%
R3=H,R?=R*=Me: 15% 61%
R?2=R*=H,R®=Me: 14% 59%
= e Pd(OAc), (1 equiv.) = N4
+ _——
7~z AcOH, air, reflux, 7 h | (34)
e} Il\\l/I (3 equiv.) 0~ "N
e

conversion, selectivity
Z = CO,Me: 30%, 86%; CO,Et: 28%, 72%

o
MeN)j N Pd(OAc), (1.2 equiv.) e X2
PN 2 MeCN, reflux, 13-24 h )\ (35)
O l'\\l/I (1.2 equiv.)
e

yield (conversion)

Z = CO,Me: 92%, CN: 73% (91%),COMe: 74% (85%), Ph: 86%

Murakami’s team, also, carried out the DHR of indoles with
olefins but, mainly, with PdCl, in MeCN. Despite the use of a
stoichiometric quantity of palladium, the addition of 2—4 equiv
of Cu(OAc), was required to obtain satisfactory yields (eq 36),
the PdCl,/Cu(OAc), becoming slightly more efficient than
Pd(OAc),. Switching from PdCl,/4 Cu(OAc), in MeCN at
80 °C to PdCl,/4 NaOAc in AcOH at 100 °C gave similar
results.** To synthesize clavicipitic acid, Murakami et al. reacted
4-bromo-1-tosylindole with N-(t-butoxycarbonyl)dehydroalanine
methyl ester and Pd(OAc), in AcOH. Literature conditions were
not suitable, but the use of an aprotic solvent in the presence of
sodium bicarbonate and chloranil (2,3,5,6-tetrachlorobenzoqui-
none) afforded a high yleld of the required protected 4-bromodehy-
drotryptophan (eq 37).%* Subsequently, the team reported that the
DHR of 4-bromo-1-tosylindole with ethyl acrylate using stoichio-
metric amounts of Pd(OAc),, in 1,2-dichloroethane, 1,2,4-trichlor-
obenzene, or AcOH was also improved with chloranil as additive.*
Given these observations, it appears that, despite the use of stoi-
chiometric quantities of Pd(IT), these DHRs require the presence of
an oxidant (Cu(OAc), or a quinone) or acetate ions to be effective;

these species could stabilize the palladium intermediates.
Z

——

PdCl, (1 equiv.)

Cu(OAc), (2-4 equiv.
N . MeCN

L (2eauv) 4o.80°C 1-7.5h (36)
R R
R'=H, R? = CO,Et, Z = CO,Et (50%), COMe (53%), Ph (44%°2)
R' = Bn, R? = CO,Et, Z = CO4Et (72%), CO,Me (84%P),
COMe (69%), Ph (69%°), CN (73%)
R'=Bn, R?=H, Z = CO,Et (60%), COMe (56%)
2+ 19% of the o-substituted styrene
b2% vield in the absence of Cu(OAc),
°+ 5% of the a-substituted styrene

Br . Br CO,Me

Pd(OAc), (1 equiv.)
NHBoc  chioranil (1 equiv.) -
V+ A — {  NHBoc
CO,Me NaHCO; (2 equiv.) . 37)
Ts (2equiv.) CICH,CH,CI Ts 87%

argon, 90 °C, 8 h

Scheme 14
Ac O) —OAC i PdOAc o PdOAC
. " O_/' G@?HH"\V I\ +AcOH
\_ﬂ + Pd(OAc), / ao - Coﬂ - 145
' m(fﬂ\/\)\jd OA::( @H (\r ﬂ\/ \\ +AcOH
oA

- PAOA
eU PdOAC 440 Y c

2.2.2. Mechanism. When a mechanism scheme is provided,
all above reports suggest the formation of (YAr)PdOAc
from (YAr)H and Pd(OAc), as the first reactive inter-
mediate.*®7>757678 78982 Erom competitive reactions of ArH
and (OAr)H toward styrene, Fujiwara’s team estimated the
following order of reactivity: benzene (1) < naphthalene (4) <
ferrocene (100) < furan (1000) with the approximate relative
rates showed in brackets.>> The authors have noted that this
sequence “is similar to but its magnitude is greatly different from
that of the usual electrophilic substitution”. Using benzofuran
deuterated in C2 position or PnCH=CD, to carry out the DHR
depicted in eq 27, Kasahara et al. demonstrated the absence of
hydride shift.

According to the literature, the stoichiometric Pd(II)-
mediated alkenylation of heteroarenes follows reactive path-
ways similar to those proposed from arenes. We, however,
suspect the assistance by the heteroatom of the formation of
(YAr)PdOAc (Scheme 14), but which factors determine the
regioselectivity? According to eqs 27—30 and 32, furan,
thiophene, selenophene, 1-substituted pyrroles, and benzo-
furan are palladated at C2 position leading to 140 as inter-
mediate complex, while 1-substituted indoles gave the
complex 14f (eqs 29, 31, 36 and 37). In the section devoted
to the catalytic reactions of heteroarenes, we will see that the
regioselectivity can depend on the experimental conditions
and the substrate substitution.

3. CATALYTIC PALLADIUM CONDITIONS

The seminal discovery by Moritani and Fujiwara, at the end
of the 605, of the intermolecular coupling of benzene with
styrene” has been the starting point of an intensive research
activity on the Pd-catalyzed C—H activation. The present
chapter, which covers the catalytic oxidative coupling of
arenes and heteroarenes with olefins, will be partitioned
following the nature of the aromatic substrate. Since the pro-
posed organopalladium intermediates leading to the com-
pounds are similar to those suspected in sections 2.1.2 and
2.2.2, a section devoted specially to mechanisms will not be
here included. New or particular mechanism information will
be provided when necessary.

3.1. Arenes

3.1.1. Benzene. One year after the report of the oxida-
tive coupling of benzene with styrene in the presence of
stoichiometric amounts of Pd(Il), Fujiwara’s team reported the
first catalytic conditions. The procedure, which used Pd(OAc),
as the catalyst and AgOACc as the reoxidant in AcOH for the DHR
of ethylene and styrene with benzene, led however to a turnover
number (TON) not higher than 2 (Table 1, Entry 1; Table 2,
Entry 1)."** In the course of this work, it was observed that
Pd( OAc), can be obtained from palladium powder and AgOAc
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Table 1. Pd(OAc),-Catalyzed Reaction of Benzene with Ethylene

PhH + H,C=CH, — Ph .~

entry PhH equiv Pd equiv oxidant, additive (equiv)
™ a b AgOAc (10/Pd)°
288 33 0.013 0, (20 bar)
3% b 0.083 HsPMo,V,04, (0.42)
LiOAc (S), air (1 bar)
4% ~60 0.005 BzCH,Bz (0.06)

Ph
\/\Ph
Sy Sb
solvent (ratio) t °C; time, h yield % (TON)
PhH/AcOH (4:1) Rx; 8 Sy: (0.59)
$b: (0.75)
PhH 80; 5.5 Sy: (6.48)
Sb: (0.39)
PhH/DMEF (7:3) 96; 3 Sy: 14 (1.7)
EtCO,H 120; 8 Sy: (100)
Sb: (67)

HiPMo 1,040 30H,0 (0.0034)
NaOAc (0.016), air (1.6 bar)
“ Ethylene bubbling in Ph. ” Not indicated. © According to a subsequent paper,®® it seems that the reaction was performed with continuous bubbling of air.

Table 2. Pd(OAc),-Catalyzed Reaction of Benzene with Styrenes and Vinylcyclohexane

PhH +_~, —= PhiFw,

entry Z PhH equiv Pd equiv oxidant, additive (equiv) solvent (ratio) t °C; time, h yield % (TON)
I Ph 45 0.4 AgOAc (2) PhH/AcOH (4:1) Rx; 8 (1.38)
23 Ph 45 0.1 AgOAc (0.1) PhH/AcOH (4:1) 80; 8 25
0, (50 bar)
3% Ph 45 0.1 Cu(OAc), (0.1) PhH/AcOH (4:1) 80; 8 44
0, (50 bar)
4%8 Ph 45 0.011 0, (20 bar) PhH 100; § (11)
5% Ph 173 0.1 P(p-Tol); (0.67) PhH 55; 20 (6.1)
0, (3.5 bar)
6! Ph 173 0.1 P(p-Tol); (0.67) PhH 55; 20 (12)°
0, (3.5 bar)
77 Ph 5 0.01 BQ (0.1) AcOH/Ac,0 (3:1) 90; 12 25
AgOBz (1.3)
8% Ph 20 0.07 AcCH,Ac (0.07) EtCO,H 90; 12 31
HPMoy,V (0.013)
NaOAc (0.05)
O, (balloon)
9% p-CICH, 45 0.1 0, (20 bar) PhH 80; 2.5 (2.14)
10% Cy 48 0.1 0, (20 bar) PhH 80; 2.5 (1.77)

“Plus traces of PACH=CH(p-Tol) and (PhCH—CH),. * PA(NO3), was used as catalyst. * Plus PhACH=CH(p-Tol) (TON = 0.6).

in AcOH." Improvement of the catalysis efficiency was
achieved in 1969 in performing the reaction under oxygen
pressure with catalytic quantities of either AgOAc or, better,
Cu(OAc), (Table 2, Entries 2 and 3).** Subsequently,
Shue carried out the coupling of various olefins with benzene,
using only oxygen (3.5—20 bar) as reoxidant (Table 1, Entry
2; Table 2, Entries 4, 9 and 10).5%°*7%% This catalytic pro-
cess, which was disclosed in 1971, could be the first using
solely oxygen to regenerate active Pd(II) species.”” Shue’s
reactions were carried out in the absence of AcOH; this
has the advantage to preclude the formation of byproduct
such as vinylic acetates. Decreasing the amount of catalyst
but increasing the reaction time, Jacobs team has, under 8
bar of oxygen, efficiently phenylated butyl acrylate with
time-dependent selectivity (Table 3, Entries 1 and 2)."°
The same pressure of oxygen has been used with manganese

triacetate as cocatalyst to effect the highly efficient DHR of
benzene with 4-phenylbut-3-en-2-one (Table 4, Entry 1)."°
Lower oxygen pressure (3.5 bar) with Pd(OAc), or Pd-
(NOj3), associated to various phosphines or diphenylsulfide,
has been used by Park and co-workers for the DHR of styrene
with benzene. No other solvent than benzene was used, but
the efficiency of these procedures was low and some stilbene-
type compounds were formed from the reaction between
styrene and the arylated phosphines (Table 2, Entries S
and 6).7%%!

The above catalytic oxygen procedures suffer from the use
of oxygen pressures higher than 1 bar. Thus, Czernecki and
Dechavanne have, in 1982, only used copper acetate as
reoxidant to carry out the phenylation of a peracetylated
glycal (eq 38),* while Itahara in 1982,°® then Tsuji and
Nagashima in 1983,”° tested peroxides as stoichiometric
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Table 3. Pd(OAc),-Catalyzed Reaction of Benzene with a,f3-Unsaturated Esters, Methyl Vinyl Ketone, and Acrylaldehyde

Zz Ph
a

D Php, Ph T

entry Z PhH equiv Pd equiv oxidant, additive (equiv) solvent (ratio) t °C; time, h yield % (TON)
1 CO,n-Bu 12—15 0.01 O, (8 bar) PhH 90; 47 M: 87
Dg: 11
2" CO,n-Bu 12—-15 0.01 0, (8 bar) PhH 90; 165 M: 7
Dﬁ: 18
T:73
3% CO,n-Bu 20 0.07 AcCH,Ac (0.07) EtCO,H 90; 2.5 M: 70
HPMo,,V (0.013) Dg: 11
NaOAc (0.05)
O, (balloon)
48 CO,Me 56 0.025 Na,$,05 (0.5) air PhH/AcOH (1:1) Rx; 8 M: 18 (732)
5% CO,Me 11 0.05" PhCO5t-Bu (2) PhH/AcOH 100; 3 Dg: 70
6 CO,Me 20 0.07 AcCH,Ac (0.07) EtCO,H 90; 2.5 M: 68
HPMo,,V (0.013) Dy: 16
NaOAc (0.05)
O, (balloon)
74 CO,Me 19 0.05 PhI(OAc), (2) air PhH/DMF 153; 1 M: 85
8 CO,Et 5 0.03 BQ (0.1) AcOH/Ac,0 (3:1) 90; 12 M: 31
80% -BuOOH (1.3)
9'% CO,Et 10 0.07 AcCH,Ac (0.07) AcOH 90; 6 M: 63
H,PMo;;VO,, (0.013) Dp: 15"
NaOAc (0.05)
O, (balloon)
10” CO,Et 20 0.07 AcCH,Ac (0.07) EtCO,H 90; 2.5 M:74
HPMo,,V (0.013) Dp: 13
NaOAc (0.05)
O, (balloon)
1'e CO,Et 20—30 0.1 2,6-bis(2-ethylhexyl)-pyridine (0.2) PhH 90; 24 M: 77
Ac,0 (1), O, (balloon)
122 COMe 5 0.03 BQ (0.1) AcOH/Ac,0 (3:1) 90; 12 M: 26
80% -BuOOH (1.3)
131! CHO 20 0.07 BzCH,Bz (0.07) EtCO,H 90; 1.5 M: 59
H,PMo;;VO,,-26H,0 (0.013) Dg: 5
Na,COj; (0.03)
O, (balloon)
140 CHO 20 0.07 BzCH,Bz (0.07) EtCO,H 90; 3 M: 17
H,PMo;;VO,,-26H,0 (0.013) Dy: 40

Na,CO5 (0.03)
O, (balloon)
“Pd(OBz), was used as catalyst. ¥ Plus ACOCH=CHCO,Et (10%).

reoxidants. While H,0,, t-BuOOH, t-BuOOt-Bu were inef-
fective, a little activity was observed with BzOOBz, and fair
results were achieved with Na,S,Og (Table 3, Entry 4)°® and
PhCO;t-Bu (Table 3, Entry 5)° for the DHR of PhH with
0, f-unsaturated carbonyl compounds, even those f-substi-
tuted (Table 4, Entries 2, 6 and 9, eq 39). Itahara disclosed also
the phenylation of 1,4-naphthoquinone and 1,4-benzoqui-
none (BQ) using various inorganic reoxidants in air, the best
one being sodium peroxydisulfate (eqs 41 and 42).*%%%10?
This author considered that the reoxidation of palladium is
mediated by the quinone, and that the hydroquinone thus

obtained is reoxidized into quinone as shown in Scheme 15.**
Concerning BQ_as the reoxidant, Fujiwara, also in 1982,
reported that the stoichiometric reaction depicted in eq 16
acquires a catalytic character (TON < 4) when effected in
the presence of this compound.43 With PhCO;t-Bu as the
oxidant and Pd(OCOPh), as the starting catalyst, Tsuji
and Nagashima suggested a regeneration of active catalytic
species from either Pd° via its insertion into the O—O bond
of the persester leading to Pd(OCOPh)(Ot-Bu), or HPdO-
COPh via the six-membered cyclic transition state depicted
in Scheme 16.”°
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Table 4. Pd(OAc),-Catalyzed Reaction of Benzene with f-Substituted Styrenes

593

,b
999

10101

1192

1292

137

142
1592

1692

17

1892

19°

2093

COMe

COMe
COMe

COMe

COMe

CHO
CHO

CHO

CO,Me
CO,Me

CO,Et

CO,Et

CO,Et

CO,Et
CO,Et

CO,Et

CO,Et

CO,H

CN

Ph

PhH equiv

12—15

11
S

20

20

11

13

11

20

20

Pd equiv

0.01

0.05
0.01

0.07

0.07

0.0S
0.03

0.07

0.0S
0.07

0.01

0.01

0.01

0.01
0.01

0.01

0.07

0.03

0.03

0.07

Ph
PhH + PR, —= 7z
Ph

oxidant, additive (equiv)

Mn(OAc) (0.04)
0, (8 bar)
PhCO,#Bu (1)

BQ (0.1)

80% t-BuOOH (1.3)
AcCH,Ac (0.07)
H,PMogV,0,, (0.013)
NaOAc (0.05)

O, (balloon)
AcCH,Ac (0.07)
HPMo,,V (0.013)
NaOAc (0.05)

O, (balloon)
PhCOs5t-Bu (1)

BQ (0.1)

80% t-BuOOH (1.3)
BzCH,Bz (0.07)
H,PMo,, VO, (0.013)
Na,CO; (0.03)

O, (balloon)
PhCO5t-Bu (1)
AcCH,Ac (0.07)
H,PMogV,0,, (0.013)
NaOAc (0.05)

0, (balloon)
AgOAc or

AgOBz (1.3)

BQ (0.05)

MnO, (1.3)

BQ (0.05)

30% H,0, (1.3)
80% t-BuOOH (1.3)
BQ(0.1)

80% -BuOOH (1.3)
Cu(OAc), (0.05)
80% +-BuOOH (1.3)
AcCH,Ac (0.07)
HPMo,,V (0.013)
NaOAc (0.05)

O, (balloon)

BQ (0.1)

80% +-BuOOH (1.3)
BQ (0.1)

80% +-BuOOH (1.3)
AcCH,Ac (0.07)
HPMo,,V (0.013)
NaOAc (0.05)

0, (balloon)

solvent (ratio)

PhH

AcOH
AcOH/Ac,0 (3:1)

EtCO,H

EtCO,H

AcOH
AcOH/Ac,0 (3:1)

EtCO,H

AcOH
EtCO,H

AcOH

AcOH

AcOH

AcOH
AcOH/Ac,0 (3:1)

AcOH/Ac,0 (3:1)

EtCO,H

AcOH/Ac,0 (3:1)

AcOH/Ac,0 (3:1)

EtCO,H

t °C; time, h

90; 77

100; 3
90; 12

90; 3

2.5

100; 3
90; 12

100; 3
90; 3

90; 12

90; 12

90; 12

90; 12
90, 12

90; 12

90; 2.5

90; 12

90; 12

90; 2.5

yield” %

99

65
74

70

93

64
36°

61

56
84

(51—53)

(46)

(35)

(60)
72

(25)

88

(25)

15

76

“Isolated yield, GC yield is in brackets. " Pd(OBz), was used as catalyst. “ Formation also of PhCH=CHCO,H (10%) and Ph,C=CCO,H (40%).
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Scheme 15
Ph
Pd(OAc),
Pd® + 2 AcOH
R =Hor Ph
Na28208 air
Scheme 16
Jt-Bu
HPJOCOPh H -0 Pd(OCOPh)
+ — PhCOO- Pd (o
PhCO;t-Bu _< t- BuOH
Pd(OAc), (0.2 equiv.)
CH,0AC Cy(0Ac),H,0 (1.6 equiv.)  GH20AC
ACO PhH (167 equiv.) C (38)
AcOH, 120 °C, 13 h Ph
AcO 30%

Pd(OCOPh), (0.05 equiv.)

PhCOs3t-Bu (1 equiv.
3t-Bu (1 equiv.) Phj/%CHO
R=H/ PhH/AcOH, 100 °C, 3 h

P
SSCOR  phH (5 equiv.)

Pd(OAc), (0.03 equiv.)
benzoquinone (0.1 equiv.)
R = OEt

80% t-BuOOH (1.3 equiv.) Phw/\COZEt

Ac,O/AcOH (1:3) .
90°C, 12 h 18%

Pd(OAc), (0.05 equw
OX|dant 1 equiv.)
PhH/AcOH (

air, reflux, 15 h

OX|dant (conversion, selectivity, yield):

Cu(OAc), (33%, 35%, 12%), K,Cr,07 (52%, 22%, 11%)
NayS,0g (46%, 79%, 36%), K2S,0g (41%, 67%, 27%),

(NH4)2S,03 (56%, 61%, 34%), FeClz (34%, 24%, 8%),

KMnOy (51%, 33%, 17%)

O Pd(0OAc), (0.05 equiv.)
Na28205 (1 eqUiV.)

PhH/ACOH (1:1)

air, reflux, 15 h (42)
[e] conversion: 63%
(0] (0]
Ph Ph Ph Ph
+ +
Ph
(0] (6] (0]
23% 3-9% 3-9%

In 1999, Fujiwara’s team revealed various reoxidation
protocols for the phenylation of ethyl cinnamate; some

results are included in Table 4 (Entries 11—16).°* The best
reoxidation system was the use of catalytic amounts of BQ
associated with a slight overstoichiometric quantity of 80% t-
BuOOH (Table 4, Entry 15). Exchange of BQ for Cu(OAc),
(Table 4, Entry 16), or +-BuOOH for MnO, or H,0,
(Table 4, Entries 12 and 13) dramatically reduced the yields.
The Pd(OAc),/BQ/t-BuOOH method led to the DHR
between benzene and 4-phenylbut-3-en-2-one in fair yield
(Table 4, Entry 3) but had a low efficiency for the DHR of
benzene with cinnamaldehyde (Table 4, Entry 7), cinnamic
acid (Table 4, Entry 18), cinnamonitrile (Table 4, Entry 19),
unsubstituted o, 3-unsaturated carbonyl compounds (Table 3,
Entries 8 and 12), and those having an @.- or 3-methyl substituent
(eqs 40 and 43). The reoxidation systems “catalytic BQ/AgOBz”
(Table 2, Entry 7) and “catalytic AgOAc/S0 bar O,” (Table 2,
Entry 2) provided stilbene in similar yields, but the former used a
lower amount of Pd(OAc), and did not require a high pressure of

oxygen.
Pd(OAc), (0.03 equiv.)

benzoquinone (0.1 equiv.)
80% 7-BuOOH (1.3 equiv.) Ph\)\

PhH (5 equiv.) 12%C02Et
+ 4
CO.Et  Ac,O/AcOH (1:3) Ph\)L (43)
90°C, 12 h COLE
12%

Recently, M. Yu, N. Jiao, and co-workers have used BQ in
conjunction with Ag, COj3, air atmosphere, and an organic acid,
particularly n-pentanoic acid, for the Pd(OAc),-catalyzed
DHR of benzene with allylic acetates or methyl carbonate
(eq 44).>* This oxidative coupling proceeded in lower yields
with silver(I) salts other than Ag,COj3 and did not occur with
Cu(OAc), instead of BQ. The absence of elimination of the
acetate and carbonate groups, which are traditional leaving
groups, has to be noted, even if a similar behavior has been
already observed under stoichiometric Pd conditions (eq 15).*'
According to their prev10us studies on the Mizoroki—Heck reac-
tion of allylic acetates,'® the authors assumed that the presence of
Ag(I) avoids the 5-elimination of the OAc and OCO,Me groups.

OCOR?
=
L

(100 equiv.)

Pd(OAc), (0.05 equiv.)

benzoquinone (2 equiv.) =

Ag,CO3 (0.6 equiv. 1
92C03 (06 equiv)  R'T | _~_OCOR? (44
n-BuCO,H (16 equiv.) 5

80-110 °C under air, 2 d R

R'=H {RZ = Me, R® = Me (59%), Et (48%), n-pentyl (56%)
“ " IR?=0Me, R®=H (51%)

o:m:p ratio
R?=Me, R®=H, R' = Me (55%, 23:6:71), OMe (62%, 45:8:47),
Cl (52%, 34:36:30), CO,Me (46%, 15:64:21),
COMe (34%, 15:66:19), NO, (39%, 18:61:21),
CF3 (37%, m >95%)

In 1978, Kozhevnikov et al. disclosed the Pd(II)-catalyzed
phenylation of ethylene in the presence of heteropoly acids under
air atmosphere and experlmental conditions leading to styrene with
alow TON (Table 1, Entry 3).% This report seems to be neglected
until 2003, when Ishii and co-workers began to publish a series of
papers disclosing the phenylation of olefins catalyzed with Pd-
(OAc),/molybdovanadophosphoric acid associations under 1 bar
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of oxygen. The Ishii coupling was primitively carried out using ethyl
acrylate in AcOH, with acetylacetone and NaOAc as additives for
an optimum efficiency, but acetylation of the olefin was a con-
current pathway (Table 3, Entry 9)."° In contrast, the use of
propionic acid instead of acetic acid led to a clean process with,
moreover, a decrease of the reaction time (Table 3, Entry 10).”'%
The method was effective for the phenylation of ethylene (Table 1,
Entry 4),% stilbene (Table 4, Entry 20),”> o—p-unsaturated
ketones, esters, and aldehydes (Table 3, Entries 3, 6, 13, 14; Table 4,
Entries 4, 5, 8,10and 17), 89 253,100,101 lower yields being obtained
from styrene (Table 2, Entry 8)°*'® As documented in these
reports, the efficiency of these reactions depends highly on the
structure of the heteropoly acid (for an example, compare Entries 4
and S of Table 4). The DHR of benzene with acrylonitrile is
moreover sensitive to their ratio, a large excess of benzene being
required to achieve good yields (eq 45).”>'® According to the
authors, the use of less amounts of benzene could favor the
coordination of acetonitrile rather than benzene to palladium.'**

PhH + Z“>CN

Pd(OAc), (0.067 equiv.)
heteropoly acid (0.013 equiv.)
NaOAc (0.067 equiv.)
AcCH,Ac (0.067 equiv.
2he quiv,) PhFugy * Ph%CN (45)
O, (balloon) Ph
EtCO,H, 90 °C, 5 h

20 equiv. of PhH:  12%
using HyPMo11VO402?H,0 with {40 equiv. of PhH: ~ 66%
60 equiv. of PhH:  78%

using HgPMogV30402°H,0 with 40 equiv. of PhH:  35%

Mikami et al. have used the Tsuji catalytic procedure® in the
presence of chiral ligands for the phenylation of prochiral olefins
with, however, moderate chemical yields and enantiomeric
excesses (eq 46)."” Although this interesting reaction was
published in 1999, it seems that no further report on this topic
has appeared in the literature.'%°

Pd(OAc), 3
0.1 equiv.)
(0.1eq .

z
CF3802
R Ph.,.
(0.1 equiv.) (46)
PhCOst-Bu (1 equiv.)
PhH, 100 °C, 9 h
Z = CO,Me: 33% yield, 1% ee
R = j-Pr { Z =NOy: 9% yield, 27% ee
Z = CN: 25% vyield, 44% ee

R = t-Bu, Z = CN: 15% yield, 47% ee

Over the last 10 years, the direct reoxidation of Pd(0) by
oxygen has made great progress, and nowadays, can be ve
efficient when pyridyl-type ligands of palladium are used.””'%°
This has led J.-Q. Yu and co-workers to disclose, in 2009, the
phenylation of ethyl acrylate in 77% vyield, using only 1 bar of
oxygen as reoxidant, thanks to 2,6-bis(2-ethylhexyl)pyridine as
ligand (Table 3, Entry 11). 16

Recently, Rodriguez and Moran have used iodobenzene
diacetate as the reoxidant.'' Running the reaction of methyl
acrylate in a PhH/DMF mixture, at 153 °C, with Pd(OAc), as
the catalyst provided 85% methyl cinnamate (Table 3, Entry 7)
while, in refluxing PhH, a three-component coupling reaction
was achieved in a yield improved with Pd(acac), as the catalyst
and m-NO,C4H,I(OAc), as the reoxidant (eq 47)."%7 The

Scheme 17

Ph
COR PhH
Y\ Pd(OAc),
17B AcOH
Arl(OAc), PhPdOAC

COQR >f\/\co2R

PdOAc
HPdOAc Ph
CO,R
Ph. .~ 2
NG OzR*—/

proposed mechanism (Scheme 17) proceeds through the addi-
tion of PhPdOAc to the C=C bond followed by the usual 5-H
elimination and then, the fast readdition of the resulting
HPdOAC species to afford the o-complex 17A. Product 17B
would be obtained from 17A from either reductive elimination or
oxidation into a Pd(IV) complex'®® followed by displacement
with acetate.""

R2 Pd" (0.05 equiv.) R2 )

Arl(OAc), (2.5 equiv.) pp,
/J\ ol an e o Ao CO,R!

CO,R! o
PhH, 80 °C, air, 12 h OAc

Pd(OAc),, R' = Me, R? = H: 31%
R'=Me, R =H: 38%
R'=R2=Me: 61%
R' = n-Bu, R2 = Me: 67%
R' = n-Bu, R? = CH,CO,n-Bu: 20%
R'=Me, R?2=H: 63%
Ar = m-O,NCgH, | R = #Bu, R? = H: 65%

Pd(acac), JR'=Bn, R?=H:43%

R' = t-Bu, R% = Me: 57%
1=R2=Et: 51%

Ar = Ph< py(acac),

3.1.2. Substituted Benzenes. The DHRs of substituted
benzenes afford usually mixtures of isomers, except when a
substituent provides a directing effect via its electronic proper-
ties, or as transitional ligand of palladium. This led us to split up
this section into two parts, which correspond to reactions with-
out or with coordination of a substituent.

3.1.2.1. Without Substituent Coordination. Shue reacted
toluene, aniline, and chlorobenzene with ethylene, styrene, and
cyclohexene under oxygen pressure using palladium carboxylates
as catalysts,****”% the reaction of chlorobenzene with styrene
leading to a mixture of 0-, m-, and p-chloro-stilbenes in a low yield
(eq 48).

o 01 squi) O
\© + P ph | (48)
0, (20 bar) AN pp,

(39 equiv.) 80°C,25h  10.8%

For the DHR of anisole with a,3-unsaturated esters and
ketones, Jacobs et al. also used oxygen to regenerate active Pd
species. Under 8 bar of oxygen, the efficiency was improved in
the presence of manganese acetate or benzoic acid (eq 49). s
Optimization of the reaction parameters led to TON up to
780 and TOF = 183/h.'” The authors showed the decisive
role of the counterion of palladium. PdCl, and PdI, were
totally ineffective because the strong coordination of halide
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Table 5. Olefination of Electron-Deficient Arenes'%?>

X
®
Pd(OAc) N Conditions A
(0.1 equiv.)
Bu Et Et Bu
R’ (0.2 equiv.) = R
(20-30 equiv.) Acz0 (1-1.5 equiv.) \|/ \ 7
0, (1 bar), 90 °C R
R\/\Z
R=H Pd(OAc), (0.05 equiv.) Conditions B
Z = CH,0Ac benzoquinone (2 equiv.)
. Ag,CO3 (0.6 equiv.) —
") W
n-BuCO,H (16 equiv.) CH,0AC
(100 equiv.) 110 °C under air R
o/m/p
entry conditions R R Z time (h) yield % ratio
1 A CO,Et H CO,Et 2 70 0:80:20
2% B CO,Me H CH,0Ac 48 46 15:64:21
3¢ A CF, H CO,Et 20 72 0:78:22
4'¢ A CF, H CO,t-Bu 5 71 0:83:17
5t A CF, H PO(OEt), 56 70 0:78:22
6 B® CF; H CH,OAc 48 37 >95:2:2
716 A CO,Et Ph CO,Me 24 81  0:79:21
8's A COMe Ph CO,Me 60 65  0:83:17
92 B COMe H CH,0Ac 48 34 15:66:19
10 A NO, Ph CO,Me 16 73 0:84:16
11* B NO, H CH,0Ac 48 39 18:61:21
12% B Cl H CH,0Ac 48 52 34:36:30

“Reaction performed at 100 °C.

ions to Pd. It has been proposed that Pd(OAc), reacts with
BzOH to afford Pd(OBz), and that ArH suffers an electro-
philic aromatic substitution by the ionic species [PdOBz]".'”
Heterogeneous Pd catalysts were also used to carry out such
reactions but with lower efficiency.''® Recently, J.-Q. Yu and
co-workers have used a lower pressure of oxygen, but with a
higher catalyst loading, a Pd ligand and a solvent (Ac,0), to
perform the olefination of various substituted benzenes
(Table S, Entries, 1, 3—S5, 7, 8 and 10), 1,3-bis(trifluoro-
methyl)benzene affording selectlvely the corresponding 1,3,5-
trisubstituted benzenes (eq 50).'

OMe
@ + PR or

(12-15 equiv.)

Pd(OAc), (0.01 equiv.) "
additive (0-0.2 equiv.)

O, (8 bar)
90°C,6h

(o/mip)

without additive, 22.5 h:
R = OEt4 with Mn(OAc); (0.02 equiv.), 21.5 h:
with PhCO,H (0.2 equiv.), 25 h:

without additive, 96 h:
R =Me

94% (38:14:48)
86% (37:16:47) 14%
98% (32:15:53)
14% (34:13:53)
87% (35:12:53)
99% (33:17:50)

with Mn(OAc); (0.02 equiv.), 168 h:

with PhCO,H (0.2 equiv.), 120 h:

IS
R! R2 z

(20-30 equiv.)

X
»
Pd(OAc), (0.1 equiv.),[ N (0.2 equiv.) ~"z
Bu Et Et Bu
(50)
Acz0 (1.5 equiv.), O (1 bar), 90 °C, 36 h R?

R'=R2=CF;, R =H, Z=CO,Et: 62%
R'=R?=CF3, R = Ph, Z = CO,Me: 74%
R' = CF3, R? = CO,Me, R = Ph, Z = CO,Me: 65%

The reaction of 1,3-dimethoxybenzene with the tri-O-acetyl-p-
galactal, carried out with Cu(OAc), as the reoxidant, provided a
mixture of the corresponding 1,2,3- and 1,3,4-trisubstituted
benzenes (eq S1). * In 2010, M. Yu, N. Jiao, and co-workers
used the procedure disclosed in eq 44 for the DHR of various
arenes with allyl acetate (Table S, Entries 2, 6, 9, 11, and 12;
eq 52),”* whereas Ishii et al. used the one depicted in Tables 2
(Entry 8), 3 (Entries 3, 6, and 10), 4 (Entries 4, S, 10, 17, and 20)
and eq 45 for the coupling with acrylonitrile and crotononitrile

(eq 53)."

CH,OAc
MeO OMe
e,
(167 equiv.) A0
CHZOAc CHZOAc
Pd(OAc), (0.2 equiv.)
Cu(OAc),'H,0 (1.6 equiv.
( )2 2 ( q ) OMe + OMe (51
AcOH, 90 °C, 10 h AcO
36%
38 62 OMe
OMe
LT oo
R
(100 equiv.)
Pd(OAc), (0.05 equiv ) OMe
BQ (2 equiv.)
Ag,CO3 (0.6 equiv.) /@E/\
(52)
n-BuCO,H (16 equiv.)
110 °C under air,2d CH0AC N
R =Me: 61%, 87:13 CH,OAc
R =Cl: 49%, 91:9
R
+ \/\CN
(40 equiv.)
Pd(OAc), (0.067 equiv.)
H4PMo1VO49%2H,0 (0.013 equiv.)
NaOAc (0.067 equiv.) R_
AcCH,Ac (0.067 equiv.) =
S (53)
O, (balloon) =~ “CN

EtCO,H, 90 °C, 5-15 h
2 (o/mip)

R =Me, 15 h: 53% (21:43:36)
R =0OMe, 5 h: 63% (13:23:64)
R =CI, 15 h: 51% (35:30:35)

The three-component coupling process of Rodriguez and
Moran (eq 47) has been used with substituted benzenes.
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Toluene, chloro- and bromobenzenes reacted with methyl
acrylate in fair yields (eq $4), while p-xylene gave only 25% of
the 1,2,4-trisubstituted benzene.!

R

© * 2 C0o,Me
(solvent)
Pd(acac); (0.05 equiv.) /R
m-0,NCgH4l(OAC), (2.5 equiv.) | (54)
air, 80 °C, 12 h Q\ﬁcoznne

(yield, o/mip) OAc
R = Me (72%, 1:4:4), Br (46%, 1:2.8:1.6), Cl (55%, 1:2.2:2.1)

Recently, Zhang and co-workers disclosed the Pd(OAc),-
catalyzed alkenylation of electron-deficient fluoroarenes using
either 95 S DMF/DMSO or DMF contamlng pivalic acid as
solvent,"'" and Ag,COj as the reoxidant. M2 A exemplified
from eqs 55—57, these conditions are efficient and compatible
with activated and nonactivated olefins, as well as different arene
substituents, even a bromide one.

F
R
A,
F F (2-4 equiv.)
F

Pd(OAc); (0.1-0.2 equiv.)
Ag,CO3 (2-3 equiv.)
DMF/DMSO (95:5)
120 °C, 10-24 h
F. 4

R=H (55)

F

F
Z = CO,Et (69%), CONMe, (74%),
PO(OEt), (83%), CN (34%), COEt (44%),
COPh (61%), t-Bu (83%), Ph (90%)

_n
-
-
-

F F
Z=Ph: 37% 28%
Z=CO,Me: 68%

+ /\Z
R F (3 equiv.)

Pd(OAc), (0.1-0.15 equiv.)
Ag,CO3 (2-3 equiv.) F Xy Z

(57)
DMF/DMSO (95:5)
or
DMF + t-BuCO,H (1.2-3 equiv.) F
120 °C. 18-24 h
Z =Ph, R = Br (61%), OMe (60%), CH=CH(CO,t-Bu) (72%)
Z = CO,t-Bu, R = Br (61%2), OMe (38%)
Z = PO(OEt),, R = CH=CH(CO,t-Bu) (73%)
3+ ZCH=CH-(CgF 4)-CH=CHZ (12%)

3.1.2.2. With Substituent Coordination. In 1979, Diamond
and co-workers reported the formation of both 2-methylquinoline

Scheme 18
NH,
C(”“Z PdCl, @[THZ HZC:CHz@DPdQ
“HCI
NG o8
HZC:CHzl "
H \ _cl
N N HoN— pg
= A
@L)/ “HPdCI @f
18D 180
Scheme 19
x Pd
o G
19A Zz
X = 0, NSOLAr

. \&
Cu(OAc)zlalr
OAC 2
AcOH 193
HPdOAc
/\Z

196

and N-ethylaniline from the PdCl,-catalyzed reaction of ani-
line with ethylene at 200 °C (eq 58)."'* This synthesis of
2-methylquinoline would involve the reaction of the o-palla-
dated aniline 18A with ethylene leading to 18B (Scheme 18).
A subsequent Heck-type reaction with a second molecule of
ethylene could afford 18C. The hydroamination of the C=C
bond of 18C would give the tetrahydroquinoline 18D, which
would suffer aromatization under the reaction conditions. The
weakness of this mechanism concerns mainly the pathway
leading to the regeneration of the catalyst. In contrast to the
above reaction, the Pd(OAc),-catalyzed oxidative coupling
between 3,5-dimethoxyaniline and n-butyl acrylate in AcOH
did not occur, the reaction being however carried out at a
lower temperature (80 °C). 1S Moreover, we have above
documented the instability of anilines in the presence of
Pd(OAc), (eq23).?

NH, PdCl, NHEt
+ Hzc CH2 o ©/
(100 bar) 299 /€

turnover number

Miura et al. studied the Pd(OAc)2 catalyzed alkenylation of
o-heterosubstituted arylbenzenes shown in egs 59, 60,"'® and
61.""7 The authors proposed that the OH and ArSO,NH
substituents direct the palladation of the benzene ring in the
o-position to afford the heteropalladacycle 19A and its subse-
quent intermolecular reaction with the C=C bond leading to
19B (Scheme 19, path a).""” Instead of such a reactive pathway,
we suggest the formation of complex 19C which would evolve
to 19B via a Heck-type reaction (Scheme 19, path b). Whatever
the correct mechanism, the acidic nature of the NH and OH
protons of the substrates are crucial factors, since the catalytic
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oxidative coupling did not proceed with 2-phenylaniline and N-
benzylideneaniline as substrates. After alkenylation, an oxa-
Michael-type reaction occurs if the starting C=C bond is
substituted by an electron-withdrawing group (eqs 60 and
61). For these reactions, the absence of molecular sieves caused
a strong decrease of the yields (eq 60), while the absence of the
copper salt was less dramatic (eq 61).

RZ  OH
+ /\Z
)~ oraemm)

R’ Pd(OAc), (0.05 equiv.)
Cu(OAc),'H,0 (0.05 equiv.)
MS 4A, N/air (5:1)
DMF, 80-120 °C, 5-26 h Ph

OH/

R'=R2=H,Z=Ph
() oo

R'=R2=H, Z = CO,i-Bu (79%), CO,Et (80%),

CO,Cy (72%), CONMe, (48%)
R2=H, R' = Cl (27%), t-Bu (60%)
R'=H, R? = Ph (52%)

R'=R2=H (69%)
R'=R? = H in the absence of MS (17%)

Z= COzn—BU

ol
0,5

NH  + 2z

Pd(OAc), (0.05 equiv.)
Cu(OAc),'H,0 (0.05 equiv.)

NaOAc (0.5 equiv.) m@soz 2

MS 4A N

air (1 bar)
DMF, 100-120 °C

OO

Z = CO,Et (91%), COon-Bu (97%), CO,i-Bu (92%), CO,t-Bu (95%),
CONMe;, (76%), CN (38%)
Z = CO,Et in the absence of copper salt: 57%

The synthesis of coumarins from the DHR of phenols with
ethyl acrylates, at room temperature in CF3CO,H (eq 62), has
been reported by Kitamura et al., who observed the superior
efficiency of K,S,05 compared to Cu(OAc), and oxone for
the regeneration of active Pd species."'® According to the
authors, the mildness of the reaction conditions is attributable
to the in situ formation of a catalyst with an increased
reactivity, namely, Pd(OCOCF;),, from Pd(OAc), and
CE3CO,H.""”"*° The mechanism proposed for the formation
of coumarin involves the addition of o-palladated phenol 20A
with ethyl acrylate to afford 20B (Scheme 20). Elimination of
HPJdOCOCF; from 20B gives 20C, which undergoes cycliza-
tion into the coumarin. As for HPdOCOCF;, it evolves to Pd°,
which is oxidized into Pd(OCOCF;), with the K,S,0g/

Scheme 20
Pd(OAC),
CF4CO,H
KHSO, AcOH PhOH
K,S,0g Pd(OCOCF),
CF4CO,H
CF4CO,H

oo OH
l 20A
CFacozr’i\( PdOCOCF;

HPJOCOCF; >2NC0,Et
2

OH
o /\, @:‘Zdococ&
CO,E COuEt
~ 208
20C )\ 0._0O

CF3;CO,H association. It is worth mentioning that when the
acrylate is [3-substituted, the cyclization requires the E to Z
isomerization of the C=C bond of the intermediate corre-
sponding to 20C if the corresponding 20A — 20B and 20B —
HPdOCOCF; steps occur via the usual cis-addition and syn-
elimination, respectively. This point led us to envisage another
mechanism which involves dihydrocoumarin as intermediate
and its subsequent Pd(II)-catalyzed dehydr0§enation.121 In-
deed, the teams of Kitamura'>* and Tunge12 have disclosed
the room temperature CF3;CO,H-mediated synthesis of dihy-
drocoumarins from phenols and cinnamic acids or esters; this
occurs via either formation of the Ar—C bond by coupling of
the two substrates followed by intramolecular transesterifica-
tion'*>'** or intermolecular transesterification'>* and subse-
quent intramolecular formation of the Ar—C bond."**'*®
Such a mechanism has, however, to be treated with caution
because Kitamura et al. assumed that “no products were
formed in the absence of Pd(OAc),” from a CF;CO,H
mixture of 3,5-dimethoxyphenol and ethyl cinnamate."®

Pd(OAc), (0.05 equiv.)

R o K,S,04 (1 iv.)
RY 292Ug (1 equiv.
2: : FUNTNCOB oo 40
R \ (1 equiv.) R (62)

R 1
R 0._0
R? 7
R R*

R!'=R3=0Me, R?=H: 46%

R'=R3=Me, R =H: 46%
R*=Ph< R!'=OMe, R2=R3>=H: 75%
R'=Me, R?=R?=H: 46%
R'=R?>=Me, R*=H: 11%
R'=R?=0OMe, R? = H: 25%
R'=0Me, R>=R>=H:32%
R*=H, R'=R?=OMe, R? = H: 40%

R4=Me{

DHRs of benzoic acids with C=C bonds have also been
achieved by Miura’s team.""” These reactions afford phtalides when
the C=C bond belongs to butyl acrylate (eq 63), while isocoumar-
ins and/or benzylidenephthalides are obtained using styrene as the
alkenylating agent (eq 64). The synthesis of these lactones proceeds
via ortho-vinylation of the benzoic acid followed by either nucleo-
philic cyclization or Wacker-type reaction.'>®
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R1
CO,H
+ A7
R2 (3 equiv.)
Pd(OAc), (0.05-1 equiv.)
Cu(OAc),'Hy0 (0.1 equiv.)
NaOAc (0.5 equiv.), MS 4A, Ny/air (5:1)
DMF, 100 °C, 7-18 h
R' o
R'=R2=H,Z=CO0,n-Bu
o (63)
RZ
50%~Cc0o,n-Bu
R" 0 R' o
Z=Ph
L 0 4 o (64)
R? Z>ph R2 \
R'=R?=H: 55% Ph
R'=R?=0OMe: 26% 14%
R'=Me, R =H: 46%

In 2009, J.-Q. Yu and co-workers disclosed DHRs of phenyl-
acetic acids (eqs 65—67) and 3-phenylpropionic acids (eq 68)
instead of benzoic acids as substrates.'>” The reactions were
carried out under basic conditions, at 85 °C in t-amyl alcohol,
with regeneration of the active Pd species by oxygen associated to
catalytic amounts of BQ. These conditions are compatible with
the presence of chloride on the aromatic ring, and the cyclization
of the obtained mono- or dialkenylated adducts did not occur
(eqs 65—67). For unregioselective reactions, the steric proper-
ties of the metal center have been modified using mono-N-
protected amino acids to induce selectivity (eq 67). This ligand-
controlling selectivity can be accompanied by a yield increase
(eq 68). This process has been used for the enantioselective

olefination of diphenylacetic acids (eq 69)."**

R2
COMH, _~,
R! (2 equiv.)
Pd(OAc), (0.05 equiv.)
BQ (0.05 equiv.)
KHCO3 (2 equiv.)
O, (1 bar) 1
Me,C(OH)Et, 85 °C,2d R z
R'=MeO, R? = R® = H, Z = CO,Et (96%), CO,t-Bu (96%),
COMe (46%), Ph (68%)
R'=Me, R? =Me, R® = H, Z = CO,Et (92%)
R'=H, R? = R% = Me, Z = CO,Et (96%)
R'=Cl, R? = R® = Me, Z = CO,Et (97%)
R'=F, R?-R® = (CH,),, Z = CO,Et (93%)
R' = Me, R2-R® = (CH,),, Z = CO,Et (92%)

R

R? RS
COzH g5

CO,H
+ 7 CO,E

(2 equiv.)

CO,Et
Pd(OAc), (0.05 equiv.)
BQ (0.05 equiv.) R
KHCO3 (2 equiv.) R CO,H
COH + (68
O, (1 bar) CO,Et
Me,C(OH)Et, 85 °C, 2 d

R = MeO: 68% 1.4:1
R = (i-Pr)3SiO: 77% 1:10

Pd(OAc), (0.05 equiv.)
BQ (0.05 equiv.)
L™ (0 or 0.1 equiv.)

i-PrO
1-Pr j@/\cozH
MeO +

OMe KHCO; (2 equiv.)
N 3 qu
7~ "CO,t-Bu 0, (1 atm)
~ (2equiv) Me,C(OH)Et
s o 85°C, 2d .
Et/\r 2 2 u
NHCO,t-B:
“ipro COH  iPrO (67
MeO COLt- BuM o
OMe
without L', 65% conversion, 1.5:1
with L', 86% conversion, 23:1

MeO CO,H Pd(OAc); (0.05 equiv.)
\E>/+V BQ (0.05 equiv.)
ZOCO.Et L2 ¥ (00r 0.1 equiv.)

(2equv.)  THCO, 2 equiv.)

O, (1 atm)

MeOmCOZH
CO,Et
CO,H Me,C( OH)Et CO,Et

m 85°C,2d
“CO,(-)menthyl
COM g5,
CO,E

without L2*:  22%
with L2*: 56% 19%

L2

R CO,Na

A

Pd(OAc), (0.05 equiv.) pp
BQ (0.05 equiv.)

L' 0. L™0.5H,0 (0.1 equiv.) R COQH (69)
KHCO3 (0.5 equiv.)
O, (1 atm)
Me,C(OH)Et, 90 °C 2d

R = Me (73% yield, 97% ee), Et (61% yield, 72% ee), H (69% yield, 58% ee)

In 2010, J.-Q. Yu's team performed the diolefination of
phenylacetic acids (eq 70) or hydrocinnamic acids (eq 71).'*
With these latter substrates, higher catalyst loadings and ex-
tended reaction times were required to obtain efficient disub-
stitutions. In contrast to the above monoolefinations, these

diolefinations occurred in the absence of benzoquinone, this

Scheme 21
Pd(OAc), (0.05 equiv.)
BQ (0.05 equiv.)

COH KHCO; (2 equiv. COH
MeO . O, (1 bar) MeO CO,Bn

2 equIV-)Mezc(OH)Et, 90 °C, 48 h 70%

z Pd(OAc), (0.05 equiv.)
3u .
Z =CO.Et (87%), _~ L** (0.1 equiv.)

CO4t-Bu (94%), KHCO3 (2 equiv.)
Ph (71%) CoH A7 (2 equiv.)
= O, (1 bar)
MeO COzBn  Me,C(OH)EL, 90 °C, 6 h
Z=CO,t-Bu /1) Mel, K,COy
2) Hy, Pd/C CO,t-Bu
CO,t-Bu Pd(OAc); (0.1 equiv.)
L* (0.2 equiv.)
KHCO3 (2 equiv.
PN 3 ( equw_) COMe
COMe Z ~CO,Bn (2 equiv.) P
MeO CO,H
MeO 2 . 0, (1 bar) ~

O,H
85% Me,C(OH)EY, 90 °C, 12 h
35% CO,Bn
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latter decreasing the reaction rate. Of note, the sequential C—H
olefination of phenylacetic acids and, even, an iterative reaction
were carried out, as shown in Scheme 21.

R4
R1
CO,H
+ 2 CO4E

R? (2 equiv.)

CO,Et

Pd(OAc), (0.05 equiv.) _

L3* (0.1 equiv.)
KHCO3 (2 equiv.) R!
O, (1 bar) _
Me,C(OH)Et, 90 °C, 6-48 h R2 CO,Et
R3
R'=R®=H, R? = H (96%), Me (96%), Ph (92%), OMe (91%),
Cl (84%), F (85%), CF5 (86%)
R2=R%=H, R' =F (95%), OMe (67%)
R4=H< R2=H,R'=Me, R®=CI (70%)
R?=H, R" = OMe, R® = Me (60%)
R?=H, R"=R%= Me (89%)
R3=H, R"=R?=CI (60%)
R*=Et,R'=R2=R%®=H (85%)
R*=Me, R"=R®=H, R? = Me (63%)
R*=j-Pr,R" =R® = H, R? = Cl (85%)

R CO,H
UV + 7 COgE
(2 equiv.)

R4

CO,H (70)

Pd(OAc), (0.1-0.15 equiv.)
L* (0.2-0.3 equiv.)
KHCO3 (2 equiv.)

O, (1 bar)
L4+ Me,C(OH)Et, 90 °C, 96 h
CO,H
CO,Et
NHCO,t-Bu _
R CO2H (71)
=

CO,Et
R = H (59%), OMe (57%)

J-Q. Yu’s team also reported the use of homobenzylic hydro-
xyl groups to direct the olefination of arenes.'*® The reactions
were first carried out with tertiary alcohols, that is, substrates
which are prone to decomposition under Pd(II) catalysis."*"
Extensive screening of solvents and bases led the authors to
choose Li,COj; as base and C¢Fg as solvent but, initially, with
moderate results (eq 72). The efficiency was greatly improved
using, as above, mono-N-protected amino acids as ligands. Under
these conditions, electron-deficient alkenes underwent, in most
cases, a cascade reaction leading to pyrans (eq 73), whereas
electron-neutral alkenes afforded the uncyclized coupling pro-
ducts (eq 74). The procedure has then been applied to primary
and secondary alcohols (eq 75). Although such alcohols are
sensitive to oxidation under Pd(II) catalysis,"** only low amounts
of aldehyde or ketone were detected. As depicted in eq 73, this
DHR procedure is compatible with halogenated arenes but
afforded moderate yields. The authors pointed out that “it
remains unclear whether the alcohol directing group coordinates
as a neutral ligand or as an anionic ligand during the C—H
activation”. The oxidative cyclization of the initial olefination
product could arise via either syn- or anti-addition of the hydroxy

Scheme 22
QH o
)( \Pd(OAc)2 \
Pd(OAc), HOAc PdOAc HPdOAc
AcO)Pd |
(AcO), KZ >

as outlined in Scheme 22 (paths a and b, respectively). Since the
elimination of HPdOAc occurs usually via a syn-process, the Z-
geometry of the cyclized product indicates an antialkoxypallada-
tion of the C=C bond (path b)."*

Pd(OAc), (0.1 equw
OH BQ (0. 2 equw 72
Li,CO5 (1 equiv. (1 equiv.)
/\ 2C0; (
COzEt oxidant

(1 equiv.) CeFs, 80°C, 24 h
oxidant
O, (1 bar): 16%
Cu(OAc), (2 equiv.): 5%
AgOAcC (2 equiv.): 22%

R’ : R'
) Pd(OAc), (0.1 equiv.) )
R L% (0.2 equiv.) R
on* 7  AgOAc (4 equiv.)
R3 : A~ R3

COzEt

o (73
(1equiv.) Li,CO;5 (1 equiv.) |
CeFe, 80 °C, 48 h .
CO,H
L " Z=CO,Et, R2=H

R®=H, R' = Me (85%)
R"=H, R®=Me (73%), OMe (71%),
F (50%), Cl (42%), Br (32%)
Z=COMe, R"' = H, R? = R® = OMe (53%)
Z = PO(OEt),, R' = H, R? = R% = OMe (89%)
Z = SO,Et, R' = H, R? = R® = OMe (26%)?

2+ the uncyclized olefination product (59%)
MeO
+ 2
on* 7 Z
(1 equiv.)

Pd(OAc), (0.1 equiv.)
L5* (0.2 equiv.) MeO
AgOAc (2 equiv.)
leCO3 (1 equiv.)
CgFs, 80 °C, 48 h
Z = Ph (49%), 4-t-BuCgH,4 (45%), 4-AcOCgH,4 (50%),
2- MeC5H4( 6%) 2,6- C|206H4 (49%)

“CO,(+)menthyl

R2 Pd(OAc), (0.1-0.15 equw

» L5* (0.2-0.3 equw
©)\( N /\CozEt AgOAc (4 equiv.)
OH (1 equiv.) L|2003°1 equiv.)
CgFg, 80 °C, 48-72 h
CO,Et
R'=Me, R? = H: 43%; R" = H, R? = Me: 28%
The ortho-selective oxidative coupling of anilides with olefins
was performed in 2002—2010 by, successively, the teams of
de Vries/van Leeuwen,''® Prasad,'® Amatore/]utand,134
Liu/Guo,"** Brown’ (Tables 6 and 7), and Lipshutz (eq 76,
Table 8).*" All teams, except the last one, used Pd(OAc), as the
catalyst in acidic organic solvents, changing Pd(OAc), for PACL,

PdCL,(PPh;),, or Pd/C resulting in less than 10% conversion.' '
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Table 6. Alkenylation of N-Phenylamides in AcOH/PhMe

H Pd(OAc), (0.02-0.03 equiv.) H r
\ﬂ/ oxidant, additive g
+ / e}
AcOH/PhMe

(1.1-1.2 equw) 20-80 °C, 16-17 h |
4

entry R Pdequiv oxidant, additive (equiv) t°C  yield* %

Z = CO,n-Bu
1"t Me 002 BQ(1) 20 54
2" Me 002  BQ(1), TsOH (0.5) 20 72

3% Me 002  Cu(OAc), (0.05), TsOH (0.5) 80 (81)

O, (balloon)

435 Me 003  Cu(OAc), (0.03), TsOH (0.33) 60 82
0, (balloon)

s Me 002  H,0, TsOH (0.5) 20 29

6 Me 002  TsOH (0.5), O, (balloon) 80 (49)

735 Et 0.03  Cu(OAc), (0.03), TsOH (0.33) 60 (71)

O, (balloon)

8" Ph 0.02  BQ(1), TsOH (0.5) 20 55
935 ph 0.03  Cu(OAc), (0.03), TsOH (0.33) 60 79
0, (balloon)
10'° H 0.02  BQ(1), TsOH (0.5) 20 (26)
Z = CO,Me
11 Me 003  Cu(OAc), (0.03), TSOH (0.33) 60 57

0, (balloon)

Z =Ph
Cu(OAc), (0.03), TsOH (0.33) 60 26
0, (balloon)

“Isolated yield; GC, HPLC and '"H NMR yields are in brackets.
Without PhMe as cosolvent.

12" Me 003

The processes differ on the reoxidation method and the nature of
additives. Stoichiometric amounts of BQ were at room tempera-
ture by de Vries, van Leeuwen, Prasad, Brown, and co-workers. It
was noted that the used presence of TsOH increased the
efficiency (Table 6, compare Entries 1 and 2). The de Vries/
van Leeuwen team used 0.5 equiv of this additive (Table 6,
Entries 2, 8 and 10; Table 7, Entries 1, 3, 4, 6 and 20), while the
teams of Prasad and Brown increased its amount to 1 equiv
(Table 7, Entries 7, 11—19, 23 and 24). Amatore/Jutand’s team
did not use TsOH and decreased the amount of BQ to 0.1 equiv
but at the expense of the quantity of Pd(OAc),, BQ being
electrochemically regenerated (Table 7, Entries 21 and 25). In
fact, active Pd species can be regenerated, under suitable
electrochemical conditions, even in the absence of BQ, with,
however, a low efficiency (Table 7, Entry 22). Liu, Guo and co-
workers used TsOH as an additive, with catalytic amounts of
Cu(OAc), and oxygen atmosphere instead of BQ, and a higher
reaction temperature (Table 6, Entries 3, 4, 7, 9, 11, and 12;
Table 7, Entries 2, 5 and 8—10). H,O, as reoxidant is less
efficient than BQ (Table 6, Entry 5 vs Entry 2). O,/TsOH"* and
Cu(OAc),/TsOH'""® were much less effective than the Cu-
(OAc),/0,/TsOH association.'* It was proposed''® that BQ
has a dual role: reoxidant of Pd(0) and ligand stabilizing the
different Pd species."*® De Vries and van Leeuwen suspect that
the beneficial effect of TsOH is due to the electrophilicity

Table 7. Alkenylation of N-Arylacetamides in AcOH/PhMe

Pd(OAC), (0.02-0.1 equiv.) Rt H o Mo

\O/ \n/ oxidant, additive | T

AcOH/PhMe g, ©
(1.1-1.2 equw) t-60 °C, 16-17 h ‘

z

Pd t yield®
entry R' R*  equiv oxidant, additive (equiv) °C %

Z = CO,n-Bu
1" H  pMe 002  BQ(1), TsOH (0.5) 20 85

2'  H  pMe 003  Cu(OAc), (0.03), TsOH (0.33) 60 91

O, (balloon)

3 H  oMe 002  BQ(1), TsOH (0.5) 20 (38)

4" H  p-OMe 0.02 BQ (1), TsOH (0.5) 20 62

' H  p-OMe 003  Cu(OAc), (0.03), TsOH (0.33) 60 89
0, (balloon)

6" H p-CE; 002  BQ(1), TsOH (0.5) 20 (29)

7% H  pCl 005 BQ (1), TsOH-H,0 (1) 22 (25%)

8% H p-Cl 003  Cu(OAc), (0.03), TsOH (0.33) 60 (11)

O, (balloon)
Cu(OAc), (0.03), TsOH (0.33) 60 14
O, (balloon)
Cu(OAc), (0.03), TsOH (0.33) 60 0
O, (balloon)

9% H  pBr 0.03

10 H  pNO, 003

11" m-Cl H 0.05  BQ(1), TsOH-H,0 (1) 22 (48)
12" m-Cl o-Me 005  BQ(1), TsOH-H,O (1) 22 (28)
13" m-Cl p-Me 005  BQ(1), TsOH-H,O (1) 22 (70)

14" m-Cl p-OMe 005  BQ(1), TsOH-H,O (1) 22 (82)
15" mF p-OMe 005  BQ(1), TsOH-H,O (1) 22 (100)
16 F H 003  BQ(1), TsOH (1) it 83
17" F pMe 005  BQ(1), TsOH-H,O (1) 22 (95)
18" F  pF 005  BQ(1), TsOH (1) it 60
19" Br  p-Me 005  BQ(1), TsOH-H,O (1) 22 (67)
20" Me H 0.02  BQ(1), TsOH (0.5) 20 91
213 Me H 0.1 BQ (0.1), n-BuyNBF, C anode it (82)
2% Me H 0.1 n-BuyNBF,, C anode it (30)
233 Me pl 0.05 BQ (1), TsOH-H,0 (1) 22 (54)
Z = CO,H
24'% Cl p-OMe 005  BQ(1.3), TsOH-H,0 (1) it 70
Z =Ph
2513 Me H 0.1 BQ (0.1), n-Bu,NBF, C anode it (36)

“Isolated yield; GC, HPLC, and '"H NMR yields are in brackets.
¥ Reaction in 24 h. “Reaction in 4 h without PhMe as cosolvent.

increase of Pd(II) in its presence, resulting in faster metalation
of ArH."" Liu and Guo agree with this proposal and suggest the
replacement of AcO™ by TsO ;'**°
[PdOACc] .1

Liu and Guo claimed that their procedure affords higher yields
than the de Vries/van Leeuwen method, but this assertion is valid
only for a few cases.'*® Indeed, they did not make comparison
with results published by Prasad et al., who used experimental
conditions similar to those of de Vries/van Leeuwen. Besides, Liu
and Guo reported the absence of oxidative coupling using
N-methyl-N-phenylacetamide as a substrate, an observation
disclosed five years earlier by de Vries/van Leeuwen’s team. This
unreactivity agrees with the absence of ortho-palladation with
PdCL,"*” and Pd(OAc),* of this compound, noticed as early as
1975 and 1981, respectively. This suggests the formation of

Me

PhN(Pd")COMe or Ph—N%:L\;? as the intermediate leading to
0-(AcOPd)CcH,NHCOMe from PhNHCOMe. N-(4-Nitro-
phenyl)acetamide was also reluctant to give the expected product

this could lead to cationic
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Table 8. Alkenylation of m-Alkoxy-functionalized Anilides
and Ureas in Water”'

H
R20 N_ _R'
T~
R (2 equiv.)
R4

[Pd(MeCN),](BF4), (0.1 equiv.) R20 H R!

BQ (1 equiv.), AgNO3; (2 equiv.) \H/

PTS (2 wt%)/water R® | ©
r, 20 h R*

z

entry R' R*> R® R! Z yield %
1 Me Me H H CO,CH,CHEt(CH,);Me 76
2 Me anPrH H  CO,CH,CHEt(CH,);Me 96
3 Me iPr H H  CO,CH,CHEt(CH,);Me 90
4 Me iPr H H  CO,(CH,),;Me 70
5 nPr Me H H  CO,CH,CHEt(CH,);Me 80
6 iPr Me H H CO,CH,CHEt(CH,);Me 91
7 i-Pr Me H H CO,(CH,),Cy 77
8 iPr Me H H  CO,(CH,);Me 80
9° iPr Me MeO H  CO,CH,CHEt(CH,);Me 89
10 iPr Me MeO H CO,CHMe(CH,)sMe 80
11 iPr Me Me H CO,CH,CHEt(CH,);Me 72
12 iPr Me Me H  CO,(CH,),CHMe(CH,)si-Pr 81
13 tBu Me H H  CO,CH,CHEt(CH,);Me 43
14 iPr Me H  OMe CO,(CH,),CHMe(CH,)si-Pr 80
15 NMe, Me H H  CO,CH,CHEt(CH,);Me 74
16 NMe, Me H H CO,CHMe(CH,)sMe 76

“Reaction time: 48 h.

(Table 7, Entry 10); this contrasts with the reactivity of nitro-
benzene shown in Table 5, Entries 10 and 11.

Over the past few years, the Lipshutz team reported a
variety of Pd-catalyzed reactions in water containing the
designer surfactant polyoxyethanyl o-tocopheryl sebacate
(PTS)."*® Very recently, this team has used such a medium
to perform the DHR, at room temperature, of m-alkoxy-
functionalized anilides with o,-unsaturated esters.”’ As ex-
emplified in eq 76, the cross-coupling occurs selectively at the
ortho’ position and without external acid, when the cationic
complex Pd(MeCN),(BF,), is used as the catalyst with a
mixture of benzoquinone and silver nitrate as oxidant. In the
absence of PTS, that is, on water,"*” the yield is depressed. A
range of DHRs has been carried out under the optimum
conditions (Table 8), the coupling being limited to anilides
with a m-alkoxy substitutent, no reaction occurring from
isomeric p-alkoxy analogues. Interestingly, an anilide with
methoxy substituents in meta and meta’ positions has been
functionalized in a single position (Table 8, Entry 14). The
efficiency of this Lipshutz external acid-free procedure is due
to the use of a cationic palladium catalyst. It is necessary to
point out an uncited paper, published two years earlier by
Lloyd-Jones, Booker-Milburn, and co-workers, who disclosed
DHRs using Pd(MeCN)4(OTs), as the catalyst in the absence
ofadded acid (see below eq 82)."** No recycling of the catalyst
was mentioned in the Lipshutz report, and ethyl acetate was
used to extract the cross-coupling adducts. These two points

lead to the decrease of the competitivity of the procedure,
since the main advantage of the use of water as solvent for
homogeneous metal-catalyzed reactions requiring a workup
with an organic solvent is the recycling of the catalyst.'*"

H
MeO N
\Ej T Z>C0o,n-Bu
0 (2 equiv.)
Pd" (0.1 equiv.) "
BQ (1 equiv.) MeO N
AgNO3 (2 equiv.) \g/ 76)
HBF4 (0 or 5 equiv.) |
PTS (0 or 2 wt%)/water
i, 20 h CO,n-Bu

Pd(OAc), with HBF4: 72%
without st{Pd(OAc)z without HBF4: trace
[Pd(MeCN)4](BF4), without HBF 4: 66%
Pd(OAc), with HBF4: 95%
[Pd(MeCN),](BF4), without HBF 4: 85%

Oy ot

n=ca. 13

with PTS{

The ortho-selective oxidative alkenylation of N-acylated
anilines has also been reported by Zaitsev and Daugulis, but
using methyl (E)-2-bromopropenoate as olefin, and PdCl, as
the catalyst in the presence of a stoichiometric amount of
AgOTf, at 90—110 °C in DMF.'** As shown in eq 77, this
method is rather functional group tolerant and led also to the
o-alkenylation of N-methyl-N-arylacetamides. The authors
proposed (i) an exchange between AgOTf and PdCl, leading
to a Pd catalyst with a less coordinating anion, (ii) on the basis
of kinetic isotope effects, a turnover-limiting step depending
of C—H bond cleavage, (iii) a catalytic cycle similar to that of
the usual DHRs except for the step leading to the isolated
compound, which would be a §-Br elimination instead of a
f-H elimination, and (iv) an exchange of anion between the
resulting PdBr species and AgOTH, silver being recovered
as AgBr in yield higher than 90%. Having observed the
inhibition of the reaction by addition of the coupling product,
the authors suggested that this could explain the moderate
conversion of the less reactive substrates, as depicted in
eq 77 for the DHR of m-chloropivalanilide. We suspect
that this is due to trapping of AgOTf by this additive. On
the basis of the authors' remarks and literature reports, we
tentatively construct a scheme describing the mechanism of
this oxidative coupling process, which would preserve the
initial oxidation state of palladium all along the catalytic cycle
(Scheme 23). The reaction of PACl, with excess AgOTf leads
to PA(OTf),,"** this species being plausibly under a cationic
form,'** especially in a dissociating solvent such as DMF.'*
Pd(II)-mediated activation of the ortho C—H bond of the
anilide gives 23A, which affords 23B through the insertion
of the C=C bond of the bromoolefin into its C—Pd bond.
The stereochemistry of the C=C bond of the isolated
coupling product being E, it is now necessary to examine the
plausible ways leading to this isomer, that is, 23C. An anti-
[-Br elimination from 23B can be first considered (path a).
The stereochemistry of the elimination of PdCI species
from PdC—CCl systems has been studied: nonstereo-
specific eliminations have been documented by Henry,'*
whereas Lu and co-workers have exemplified anti-$-Br
eliminations,'*” but both teams performed their reactions in
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Scheme 23
HOTf
PdCl, NRAc
2AgOTf N—( Br\/\co -
2 AgC AgBr Pdp

Pd(OTf),

’\gJAgOTf 2A
BrPd NRAc
BrRd™ a

® COzEt
23C [Pd]

NRAC  (b) 233

| —[PdBr]®
EtOZC 23D

For clarity, the TfO@
are not mentionned

23C “CO,Et ®

AcOH in the presence of overstoichiometic amounts of
LiCl. The excess of halide ions can make the Pd coordina-
tively saturated and, thus, could preclude the syn-f3-Br
eliminations. Under the experimental conditions of Zaitsev
and Daugulis, no halide ions were added. Moreover, the
authors have also obtained the E product from the reaction
of a 23A-type complex with methyl (E or Z)-2-halopropeno-
ates, the reactivity of the haloolefin being E > Z and Br > 1> Cl
(eq 78)."*® Given these remarks, other reactive pathways
occurring from 23B have to be considered. A syn-f3-Br
elimination would lead to the Z product, but this compound
could remain coordinated to palladium, giving 23D (path b).
Spencer et al. have proposed that the PdCl,-catalyzed Z to E
isomerization of alkenes which do not have available hydro-
gen in the allylic position occurs either through trans addition
of the catalyst to the C=C bond followed by rotation and syn-
[-elimination of PdCl,, or via a carbocation.'*® Such a
proposal applied to 23D would lead to 23C through the
formation of 23E or 23F, respectively. We suspect another
mechanism which involves the interaction of 23B with
AgOTf as depicted with 23G to directly afford 23C, AgBr
and Pd(OTf), (path c).

@wr

PdCl, (0.05 equiv.) R N_ R
AgOTf (1.1 equiv.)

+ Bl‘\/\z
(1-1.5 equiv.)

DMF R4 |
90-110 °C, 1-3 h
R2=R*=H, R®=H (56%), OMe (85%), OH (65%)
R2=R3=H, R* = Me (80%)
R%=H, R® = OMe, R* = Br (61%)
R2=Me, R*=H, R® = H (40%), OMe (98%)
Z =COPh, R? = Me, R* = H, R® = OMe (43%)

R'=tBu, Z = CO,Me, R?=R*=H, R® = H (85%), Cl (33%2)

859% of m-chloropivalanilide was recovered

Z=CO,Me
R'=Me

N N
T, X DMF g
\C( o * COMe 550 0 (

Pd (20 equiv.) 1h |

AcO >24
c

78)

CO,Me

onversion
Z-isomer, X = Cl (16%), | (51%), Br (78%)
E-isomer, X = Cl (42%), Br (>99%)

It is worth stressing the difference of reactivity between
the procedures which use anilides and either olefins or
bromoolefins. N-Methyl-N-phenylacetamide did not react
with n-butyl propenoate,"**'** but the reaction succeeded
with methyl (E)-2-bromopropenoate, such coupling occur-
ring also with N-(3-methoxyphenyl)-N-methylacetamide and
(E)-1-phenyl-3-bromo-2-propenone (eq 77).'** This differ-
ence could be ascribed to the dissimilar experimental condi-
tions. The absence of ortho- Ealladatlon of N-methyl-N-
phenylacetamide with PdCl,"*” and Pd(OAc),** has been
previously mentioned. Given the above remarks, it could be of
interest to investigate the use of PdCl,/AgOTTf for the ortho-
palladation of N-methyl-N-phenylacetamide and its catalytic
DHR with n-butyl propenoate.

In 2008, Lloyd-Jones, Booker-Milburn, and co-workers
reported the reaction of N-ethyl-N'-phenyl urea with a-
methylstyrene in PhMe, using 0.1 equiv of PdCL,(MeCN),
as the catalyst (eq 79). This led to the unexpected depicted
indoline, with no more than ~10% yield, despite the pre-
sence of a stoichiometric amount of BQ.'*® In contrast,
Brown et al. obtained the usual DHR compounds from
various N-dimethyl-N'-aryl ureas and butyl acrylate using,
in acetone, the above Pd(OAc),/BQ/TsOH method
(eq 80). In the presence of an arylic SiMej substituent, some
cleavage and substitution of this group were observed
(eq 81).2'915% From quantitative comparisons between the
DHRs of anilides and aryl ureas, Brown’s team showed the
higher reactivity of the latter. They also noted that pallada-
cycles are formed faster from aryl ureas than from anilides.
According to the authors,” this is significant information
because the turnover-limiting step is the formation of the
palladacycle.''> Nevertheless, we have to point out that the
comparisons were made in acetone, whereas the oxidative
substitutions of anilides were performed in AcOH or AcOH/
PhMe (Tables 6 and 7); thus, the involved palladium inter-
mediates could be different.

. o
H PdCly(MeCN), (0.1 equiv.) NHEt
N\H/NHE;h\ BQ (1 equiv.) ,\?/ (79)
+
0 PhMe, 60 °C, 1 h @E)(Ph
~10%

Pd(OAc), (cat. H

(OAc); (cat.) 1 N NMe,

BQ (1 equiv.) SO
TsOH (1 equiv.) H/ P \[O]/

\n/ NMeZ
[j/ tZ /\002'7'

— (80)
(1.2 equiv.) acetone, 20 °C R?
CO,n-Bu
(conversion, yield)
Pd(OAc), (0.05 equiv.), 20 h, R' = H, R? = H (90%), m-F (90%)

Pd(OAc), (0.1 equiv.), 36 h, R' = H, R? = p-Cl (65%, 40%)
2= o y
PA(OAC), {R =H, R% = 0-Me (58%, 50%), m-Cl (58%, 52%)

1 2 _
(0.02 equiv.), 20 h] R, = o-Me, R®=m-Cl (45%, 33%)

R' = m-Cl, R? = p-Me (72%, 50%)
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MesSt CO,n-Bu
F NTNM% Pd(OAC), (0.1 equiv.)  Xu
o) M F. N NMez
+ TsOH (1 equiv.) hig
Z>C0,n-Bu acetone, 20 °C, 24 h o)
47%
COzn-BU
F NTNMeZ Ny
F N__NMe,
+ 0 + \ﬂ/ (81)
| o}
CO,n-Bu |
41%

5% CO,n-Bu

The external acid-free aqueous procedure recently disclosed
by Nishikata and Lipshutz for DHRs of anilides (eq 76; Table 8,
Entries 1—14) is also effective for the DHR of N-dimethyl-N'-(3-
methoxyphenyl) urea (Table 8, Entries 15 and 16).*!

Lloyd-Jones, Booker-Milburn, and co-workers suspected
that the indoline shown in eq 79 is produced “via an inter-
rupted Heck-type process”,"*" in other words an interrupted
DHR, because of the intramolecular reaction of a palladium
intermediate with NH instead of its usual evolution via the
B-H elimination."®" This urges them to improve such a
cyclization pathway in studying the coupling of 1,1-dimeth-
yl-3-phenylurea with (E)-ethyl penta-2,4-dienoate using the
de Vries/van Leeuwen procedure at 50 oC.140 Using the usual
AcOH/PhMe mixture, the expected indoline was obtained in
no more than 37% yield in 24 h, but in THF containing either
3 A MS or Ac,0O, the yield in 4 h increased to 80—82%,
Ac,0 and 3 A MS acting as drying agents. After testing a
range of acids, in lieu of TsOH, and solvents, a variety of N-aryl
ureas have been reacted with electron-deficient dienes under
conditions shown in the equation of Table 9. Fair to high
yields were obtained except when the aryl unit was substituted
with a CF3 or 0-Me group (Entries 4, 7 and 8). A domino
reaction leading to a tricyclic compound occurred from the
reaction of N-ethyl-N"-phenyl urea with (E)-ethyl penta-2,4-
dienoate (Entry 15). An indoline was also isolated from
acetanilidine but with a poor yield (Entry 16), highlighting
the activating effect of the urea unit. The requirement of
TsOH in the reaction medium led the authors to perform
reactions catalyzed by Pd(MeCN),(OTs), in the absence of
TsOH. Under these conditions, the indoline was again effec-
tively obtained in THF containing either Ac,O or 3 A MS,
while the absence of additive or the use of 1 equiv of AcOH as
additive was detrimental to the yield (eq 82). These results
demonstrated that Ar—H activation can occur under mild
conditions, that is, relatively non acidic conditions and 50 °C
for 2—4 h, when highly electrophilic Pd(II) species are used as
catalysts.

H
O, s
b N
\©/ T, CO,Et

(1.5 equiv.)
0}

yNMez
N

(82)
T~

CO,Et
without additive: 62%

with Ac,0 (1 equiv., 85%), AcOH (1 equiv., 66%), MS 3A (72%)

Pd(MeCN),(OTs), (0.1 equiv.)
BQ (1 equiv.)

THF, 50 °C, 2-4 h

Table 9. Indoline Formation under Lloyd-Jones/Booker-

Milburn’s Conditions'*°
R2
|\\ (1.5 equiv.) )
Z S\ Pd(OAc); (0.1 equiv.) R Y
L TsOHH;0 (05 equiv) W
R N0 BQ (1 equiv.) Z N
* Ac,0 (1 equiv.) »=o
P NF 7 THF,50°C,4h R
entry R! R> Z yield %
1 NMe, H CO,Et 82
2 NMe, m-Me CO,Et 90"
3 NMe, m-OMe CO,Et 53¢
4 NMe, m-CF3 CO,Et 0
S NMe, p-Me CO,Et 62
6 NMe, p-OMe CO,Et 52
7 NMe, p-CF, CO,Et 25
8 NMe, 0-Me CO,Et 0
9 NMe, H SO,Ph 45
10 NMe, H CN 70
11 NMe, H NO, 70
12 NMe, H COMe 48
13 NMe, H Ph 45
14 N/_\O H CO,Et 72
—/
15 NHEt H CO,Et b
16 Me 15

“ Substitution in ortho' position. " Formation (43% yield) of

H
CO,Et

N
NEt
y

The ortho-palladation of N,N-dimethylbenzylamine was
reported in 1966 by Cope and Friedrich,'>* the reaction of
the corresponding complex with styrene beins% disclosed, with-
out experimental details, in 1969 by Tsuji.'>> To our knowl-
edge, it took six years for the appearance of another report on
this subject, M. Julia et al. reporting the reaction of a similar
complex with ethyl acrylate,*”'** and more than a quarter of a
century for the publication of a catalytic procedure, this being
proposed by Shi’s team."*> From the exploration of various
Pd(0) reoxidants including Cu(II) salts, O,, BQ, PhI(OAc),,
and solvents, it appeared that the use, at 85 °C, of 1 equiv of
Cu(OAc), and 16 equiv of AcOH in CF;CH,OH afforded the
optimum results. These conditions have been applied to a set
of olefins with an efliciency sensitive to their substitution
(Table 10). Indeed, styrene led, at the best, to traces of the
expected product (Entry 7), (E)-ethyl but-2-enoate gave no
more than 10% of the product, and ethyl methacrylate afforded
ethyl 2-(2-((dimethylamino)methyl)benzyl)acrylate (eq 83)
instead of the more conjugated isomer. This oxidative coupling
method is however compatible with esters and amides func-
tions as well as various substituents on the aryl ring, even in o-
position (Entries 8 and 11) or an acetal (Entry 17). The
olefination of different N-substituted benzylamines has been
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Table 10. Olefination of N,N-Dimethylbenzylamines under
Shi’s Conditions'*®

1

H\ﬁﬂNMez PACl, (0.05 equiv.) 1
L Cu(OAc), (1 equiv.) ﬂ\\ NMe,
\ N

2
R Z\Z CF3CI?8|2500|é/P:1080r|]-i (4:1) ‘\’Rz/ 7
(2 equiv.) ’
entry R' R? Z yield %
1 H H CO,n-Bu 86
2 H H CO,Et 85
3 H H CO,Me 66
4 H H CO,Bn 86
S H H CO,NH, 82
6 H H CON(CH,), 54
7 H H Ph <S
8 0-Me H CO,n-Bu 75
9 m-Me H CO,n-Bu 75¢
10 p-Me H CO,n-Bu 70
11 0-OMe H CO,n-Bu 75
12 p-OMe H CO,n-Bu 76
13 m-F H CO,n-Bu 86"
14° p-F H CO,n-Bu 76
1s° p-Cl H CO,n-Bu 85
16 p-CF, H CO,n-Bu 74
17 m,p-O(CH,),0 H CO,n-Bu 80"
18 m,p-(CH), H CO,n-Bu 85¢

a

Mixture of m,o- and mo -isomers, main substltutlon occurring
in the less hindered position (o'-position). ” Using 0.1 equiv of
PdCl,.

explored, but all of them afforded lower yields. The require-
ment of AcOH under the above experimental conditions urged
the authors to test a cationic catalyst, Pd(MeCN),(BF,),, in
the absence of AcOH. For the reaction corresponding to
Table 10, Entry 1, the yield with this system was only 34%,
but increased to 82% for a reaction in the presence of AcOH.
Consequently, it has been proposed that “the role of the AcOH
is most likely to tune the concentration of the free amine
moiety so that the amine promotes directed Pd-catalyzed C—
H cleavage to realize this transformation”.'>> Studies using a
deuteriated N,N-dimethylbenzylamine have indicated that the
cleavage of the Ar—H bond is involved in the rate-determin-
ing step.155

NMe, PdCl, (0.05 equiy.) NMe,
+ Cu(OAc), (1 equiv.)
(83)

)\ CF3CH,OH/ACOH (4:1)
CO,Et 85°C,48 h CO,Et
(2 equiv.) 53%

Recently, J.-Q. Yu and co-workers, using AgOAc as reoxidant
in a DMF/CICH,CH,CI mixture, have performed the ortho-
alkenylation of arenes substituted by a C, or C3 alkyl tether
terminated by a NHTf group (eqs 84 and 85). 156 Dialkenylated
products were formed in some cases, their amount decreasing in
the presence of NaH,PO,. Vinyl ketones provided tetrahydro-
isoquinolines via alkenylation and subsequent aza-Michael addi-
tion (eq 86).

R NHTf R
‘\\ ~ " Pd(OAc), (0.1 equiv.)
~ . R?  AgOAc (2.5 equiv.)

Z>Z  Cl(CH,),CIDMF (20:1)
(4 equiv.) 130 °C, 48-72 h
R' = p-Me, R? = H: 50%
Z=CO,Me ) R" = 0-Me, R? = H: 87%
72h R'=H, R? = CO,Me: 61%?
R! = p-OTf, R? = CO,Me: 65%2
Z=Ph,R"=H, R?=CO,Me, 48 h: 51%
Z = p-CICgH,, R' = H, R? = CO,Me, 48 h: 56%
@NaH,PO, (1 equiv.) as additive

CO,Et CO-Et
: Pd(OAG), (0.1 equiv.) 777 (85)
WNHTf AgOAc (2.5 equiv.) WNHH
+
2> coMe C|(C|-:3)S(?%Dl\7/|2|=é20 1) CO,Me
(4 equiv.) 39%

NHTf CO-M
/@/\{ Pd(OAc), (0.1 equiv.) m »Me
CO,Me AgOAc (2.5 equiv.
R . 2 g ( quiv.) R : NTf (86)
CI(CH,),CI/DMF (10:1)

130 °C, 100 h ~COMe
R = H (59%), OTf (65%)

Z>CoMe
(4 equiv.)

Given the above examples, it seems that no example of olefina-
tion of aryl acetate is reported in the literature. In fact, Cameron
and Kilner revealed that the ortho-metalation of such com-
pounds using PdCI, or K,PdCl, did not occur.*¥’

Before the end of this section, it is worthwhile to briefly
comment on the mechanism of the ortho-palladation. Indeed,
the metalation of the substrate, which involves the coordina-
tion of the exocyclic heteroatom to palladium, leads to the key
intermediate which determines the regioselectivity. In
Scheme 9, we show two proposals for the insertion of
Pd(OAc), into a C—H bond of benzene. These proposals
were retained, among others, as plausible for the palladatlon
of substrates bearing a coordinating substitutent.®® Distin-
guishing between the possibilities by experiments being
virtually impossible, Davies and Macgregor’s teams per-
formed DFT calculations to determine the role of acetate
and the pathways leading to the metalation of N,N-dimethyl-
benzylamine with Pd(OAc),.">’ According to them, this
reaction involves an agostic interaction of Pd with the C—
H bond in ortho position as depicted in 24A, rather than the
Wheland-type intermediate 24B'>® (Scheme 24). 24A exhi-
bits also a H-bonding interaction between the ortho-H and an
acetate; this makes easier the deprotonation which releases
AcOH and the ortho-palladated spec1es Much higher energy
are required for other intermediates"*” such as 24C"** which
involves a deprotonation via a four-membered transition state
instead of the above six-membered transition state, or 24D"'°
which is a Pd(IV) species. A Wheland-type intermediate is,
nethertheless, speculated for the ortho-palladation of anilides®!
and aryl ureas."®"

3.2. Heteroarenes

3.2.1. O-Arenes. In 1976, Kozhevnikov disclosed the Pd-
(OAc),-catalyzed oxidative coupling of furan with ethylene in
low yields, using DMF as the solvent, Cu(OAc), as the reoxidant
and CaCl, as additive (Table 11, Entry 1).”* Subsequently, DHRs
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Scheme 24

@//\NMe

b 4=onc
24D

have been carried out with olefins substituted with various
electron-withdrawing groups (Table 11), and with substituted
furans (Tables 12 and 13). Various Cu(OAc),/O, combina-
tions in dioxane/AcOH (Table 11, Entries 4, S, 12, and
13)7%'6% or DMF (Table 12, Entries 9 and 10)'® have been
tested by the teams of Fujiwara and Miura, but were ineffective
when using a low quantity of the copper salt. The last team
observed that alkenylation of furan- and benzofuran-2-car-
boxylic acids was accompanied by decarboxylation (eq 87);'%°
this contrasts with the reactivity of benzoic acids (eqs 63 and
64). Experiments in DMF were sometimes performed with
LiOAc as additive. According to Miura et al, one of the
plausible roles of LiOAc is to provide AcO™ as a ligand to
stabilize the Pd(0) intermediates.'®® Note that Kozhevnikov
who, 30 years before, observed the promotion of the oxidative
couplings by AcO ™, suspected its participation in the forma-
tion of ArPdOAc from ArH (Scheme 9, path a).%> In 2009, we
disclosed an efficient procedure for the DHR of furans with
styrenes, which uses the BQ/Cu(OAc),/0O, system as reox-
idant in Et,O/EtCO,H or THF/EtCO,H, and is compatible
with various functions (Table 11, Entries 14 and 15; Table 13,
Entries 3—18; eqs 88 and 89), EtCO,H as cosolvent leading to
higher yields than AcOH.'** Cu(OAc), in DMF and air
atmosphere has been recently used by Kar and co-workers
to perform, under Pd—catal;fzed conditions, the DHRs shown
in eq 90 (i conditions).'®”'® With substrates having R* =
CO,Et and R® = Et, the reaction occurred even in the absence
of any oxidant (eq 90, ii conditions). These last conditions led
however to the usual Heck reaction, that is, coupling at the
level of the ArBr unit when R” = H and R? = Me. Accordin% to
the authors, the absence of the Heck coupling when R” =
CO,Etand R® = Et is due to the steric hindrance caused by the
two esters.'”” No explanation was provided by the authors
concerning their DHRs in the absence of added reoxidant. The
yields were however moderate (no more than 55%), and
recovery of starting substrate was not mentioned. Therefore,
we suspect some regeneration of active Pd species via the
participation of the arylbromide unit.'®’

R
: ﬂ + 2 C0,n-Bu
R vy~ TCOH (3 equiv.)
Pd(OAc), (0.05 equiv.)
Cu(OAc), H;0 (2 equiv.) o _ COz"'BU,R
LiOAc (0 or 3 equiv.) ,”
A D o
MS 4A 'R 'R /~C0,n-Bu
N,N-dimethylacetamide Y Y

N,, 120 or 140 °C, 1-8 h
(time, yield, ratio)

R1
R3
DU
R2 + | _
O(2 equiv.)

Pd(OAc), (0.1 equiv.), BQ (0.1-0.25 equiv.)
Cu(OAc), (0.5 equiv.), O, (gas bag)
EtCO,H/THF, 60 °C, 24 h

MeO,C
R'=CO,Me, R?=H

R® = H (68%), m-Cl (71%), p-Cl (72%),
m-Me (66%), p-Me (65%) g3
28\

R! - (89)

]\
R'=COMe, R®=H (57%) o
R'=H, R® = H (64%), m-Cl (66%), p-Cl (66%),
m-Me (55%), p-Me (52%)

R2=Me

B

e

R2 CO,R?

//~CO,Me (90)

i Pd(OAc), (0.05 equiv.), Cu(OAc), (2-3 equiv.),
DMF, air atmosphere, 90-100 °C, 8-9 h
; R?=H, R®= Me: 57%
R'=Hin2_ 3=t 5QO
V=0 R? = CO,Et, R® = Et: 59%
T Rt Me{RZ = H, R® = Me: 52%
R? = CO,Et, R® = Et: 59%
] R?=H, R® = Me: 52%
R'=HjL2_ 3 = £t B30
B R? = CO,Et, R® = Et: 53%
Y=8 - =Me{R2=H, R® = Me: 54%
R? = CO,Et, R® = Et: 57%

ii. Pd(OAc), (0.05 equiv.), PPhs, n-BuyNCI (cat.), NaOAc, DMF,
argon atmosphere, 110-120 °C, 8-12 h

R? = CO,Et, R® = Et

R'=H: 36%
Y= O{R1 = Me: 55%

R'=H: 35%
Y‘S{R1 = Me: 42%

Zhao, Zhu, and their co-workers also used DMF as the solvent
and Cu(OACc), as the oxidant but with LiCl as the additive rather
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Table 11. Alkenylations of Furan

@ + 2z

Pd(OAc); (cat.)
oxidant

WZ + z”\/@\/“z

o additive 0'p
solvent
entry Z furan equiv Pd equiv oxidant, additive (equiv) solvent (ratio) t °C; time, h yield %

17 H 4.5 0.033 Cu(OAc), (1.67) DMF’ 96; 2 M (13)
CaCl, (0.67)

26 H S 0.025 HgPMoyV30, (0.125) DMF 96; 3 M (3.3)°
LiOAc (1.5), air (1 bar)

3% H 5 0.025 HgPMooV304, (0.125) DMEF/AcOH (1:1) 96; 3 M (4)
LiOAc (1.5), air (1 bar)

476162 CO,Me 1 0.02 Cu(OAc), (0.1) dioxane/AcOH (4:1) 100; 8 M (7)
O, (1 bar) D (1)

576162 CO,Me 1 0.02 Cu(OAc), (2.05) dioxane/AcOH (4:1) 100; 8 M (20)
0, (1 bar) D (9)

6'° CO,Et 2 0.07 H,PMogV,0,, (0.013) AcOH 30; 12 M 62
0, (balloon) D 10
AcCH,Ac (0.07)
NaOAc (0.05)

77 CO,Et 1 0.005 +-BuOOH (1.3) Ac,O/AcOH (1:3) 50; 12 M 56
BQ (0.05) D 10

i CO,Et 1 0.05¢ PhCO5t-Bu (1) AcOH 100; 3 M 53

9le3 CO,n-Bu 4 0.1 AgOAc (2) DMF 120; 12 M76
pyridine (4)

10'¢ CONMe, 4 0.1 AgOAc (2) DMF 120; 12 M 64
pyridine (4)

112 COMe 1 0.005 +-BuOOH (1.3) Ac,0/ 50; 12 M72
BQ (0.05) AcOH (1:3)

1276162 CN 1 0.02 Cu(OAc), (0.5) dioxane/ 100; 8 M (21)
0, (1 bar) AcOH (4:1) D (13)

1376162 CN 1 0.02 Cu(OAc), (2) dioxane/ 100; 8 M (39)
air (1 bar) AcOH (4:1) D (21)

1416% Ph 0.45 0.1 Cu(OAc), (0.5) EtCO,H/Et,0O (1:1) 40; 24 D 50
BQ (0.1), O, (gas bag)

1564 4-t-BuCgH, 0.45 0.1 Cu(OAc), (0.5) EtCO,H/Et,0O (1:1) 40; 24 D 60

BQ (0.1), O, (gas bag)

“Isolated yield; GC, HPLC, and '"H NMR yields are in brackets. In the original report, the solvent was named DMFA without meaning of this
abbreviation, but, according to a subsequent report from the team, DMFA was for dimethylformamide. ¢ Plus 3-vinylfuran (0.6%).  Pd(OBz), was used

as the catalyst.

than LiOAc, for the alkenylation of trisubstituted furans having a
fluor at C3 position (eq 91)."7°

Pd(OAc), (0.1 equiv.)
F Cu(OAc); (1.5 equiv.) —
n R LiCl (3 equiv.) -
+ 91
RN ™R 7 Z DMF, 120°C, 24 h R! R2 1)
(3 equiv.) 0

Z = CO,n-Bu, R? = Ph, R' = Ph (67%), p-F-CgHy4 (76%),
p-CF3-CeH4 (72%), p-MeO-C6H4 (66%),
Z =COyn-Bu, R" = CsHyq (61%)
Z = CO,t-Bu, R' = p-CF3-CgHy (65%)
R2=Ph< Z=Ph, R" = p-CF3-CgHy4 (76%)
Z = p-F-CgH,, R" = p-CF3-CgH, (91%)
Z=R" = p-CF3-CgHy (74%)

In 1978, Kozhevnikov et al. used HsPMoogV30,4 with LiOAc
instead of their previous Cu(OAc),/CaCl, system; a low

efficiency of the vinylation of furan was again observed
(Table 11, Entries 2 and 3).°° These authors mentioned
that the procedure could be carried out with catalytic
amounts of the heteropoly acid, seeing that oxygen is pro-
vided in the mixture. This has been fulfilled, 25 years later, by
Ishii’s team, a mixture of mono- and diaddition products
being obtained in fair yields, under an atmospheric pressure
of oxygen and in the presence of catalytic amounts of both
acetylacetone and sodium acetate as additives (Table 11,
Entry 6).'%

Peroxidic species have also been used as oxidants, first by
Tsuji and Nagashima who performed the reaction in AcOH
with a perester (Table 11, Entry 8; Table 12, Entries 1 and
8),”” and second by Fujiwara and co-workers, who used t-
BuOOH in association with a catalytic amount of benzoqui-
none (Table 11, Entries 7 and 11; Table 12, Entries 2, 5—7;
eq 92).°* In fact, BQ in an acidic medium'”" can be also used
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Table 12. Alkenylations of 2-Substituted Furans with o, f-Unsaturated Esters, N,N-Dimethylacrylamide Methyl Vinyl Ketone,

Acrylaldehyde, and Acrylonitrile

Pd(OAc), (0.005-0.1 equiv.)

oxidant, additive

Rﬂ*’/\z

@)

solvent

R@\/“z

50-120 °C, 3-12 h

oxidant (equiv),

entry Z furan equiv Pd equiv

R =Me

PhCO;t-Bu (1) AcOH 100; 3 67
t-BuOOH (1.3)
BQ (0.05)
AgOAc (2)
pyridine (4)
AgOAc (2)
pyridine (4)
t-BuOOH (1.3)
BQ (0.05)
+BuOOH (1.3)
BQ (0.05)
+-BuOOH (1.3)
BQ (0.05)

190 CO,Et 1 0.05
27 CO,Et 1 0.005

3163 CO,n-Bu 4 0.1
4163 CONMe, 4 0.1
57 COMe 1 0.005
6 CHO 1 0.005

77 CN 1 0.005

additive (equiv)

solvent (ratio) t °C; time, h yield %
AcO/AcOH (1:3) 50; 12 75
DME 120; 12 90
DMF 120; 12 76
Ac,O/AcOH (1:3) 50; 12 73

Ac,0O/AcOH (1:3) 50; 12 20

Ac;O/AcOH (1:3) 50; 12 23

R =CHO

§oob CO,Me 1 0.05

PhCO5t-Bu (1) AcOH 100; 3 34

R =tBu

9'6s CO,n-Bu 0.33 0.05

Cu(OAc), (2) DMF 120; 2 57 (67)

LiOAc (3) air (1 bar)

R = 1,3-dioxolan-2-yl

10'° CO,n-Bu 0.33 0.05

Cu(OAc)," (2) DMF 120; 8 40 (53)

LiOAc (3) air (1 bar)
“Isolated yield; GC, HPLC, and '"H NMR yields are in brackets. b Pd(OBz), was used as the catalyst. “ Cu(OAc),H,O was used.

as the sole oxidant (Table 13, Entries 1 and 2)."%* Recently,
AgOAc as oxidant with pyridine as additive allowed, in DMF,
effective Pd-catalyzed oxidative couplings of furans with a., 3-
unsaturated esters and amides (Table 11, Entries 9 and 10;
Table 12, Entries 3 and 4)."%

L0y 2eon

0 (1 equiv.)
Pd(OAc), (0.005 equiv.)

BQ (0.05 equiv.)
80% t-BuOOH (1.3 equiv.) %
Ac,0/ACOH (1:3) /~COR

A o
50°C.12h R=OMe: 56%
R=Me:  63%
_ COR
* @—QCOR (92)
o
15%

With BQ as the sole reoxidant, we noticed a drastic effect
of the solvent mixture.'”> While both Pd(OAc),- and

Pd(OCOCF;),-catalyzed reactions of 2-methylfuran with
styrene in Et,O/AcOH afforded 2-methyl-S-styrylfuran
(Table 13, Entries 1 and 2), the use of Pd(OCOCF;),
in MeCN/AcOH gave a 85:15 mixture of 2-phenylbis-
(S-methyl-2-furyl)ethane and phenylbis(S-methyl-2-furyl)-
ethane in 60% yield (Table 14, Entry 1). As shown with
the examples depicted in Table 14, the method is com-
patible with various substituted olefins. With styrenes
and o, -unsaturated esters, the main reaction occurred at
the fB-position (Table 14, Entries 1—9, 13—17, and 19),
while allylarenes provided the 2-difuryl products as the
main compounds (Table 14, Entries 10—12 and 20). In fact,
the formation of the products did not involve a DHR
followed by a hydrofurylation, since the reaction of 2-meth-
yl-S-styrylfuran did not afford such compounds (Table 14,
Entry 18). The selectivity toward the formation of the
difurylalkanes was dependent on the nature of the catalyst
(eq 93)."7% Indeed, the Pd(OAc),-catalyzed coupling of
2-methylfuran gave (i) with allylbenzene, a 1:1 mixture of
the two adducts, (ii) with styrene, the usual DHR com-
pound as a third adduct, and (iii) with t-butyl acrylate, the
usual DHR compound as the main product. These results,
associated with experiments using styrene-dg, AcOD
and mass spectroscopy techniques, led us to propose the
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Table 13. Alkenylations of 2-Substituted Furans with Styrenes'®*

Pd(OAc), (0.05-0.1 equiv.)

R1ﬂ . /\@RZ oxidant, additive " /O\ \ = Re
(0] Z EtCO,H/co-solvent (1:1) 7
40-60 °C, 24-48 h
oxidant (equiv),
entry R* furan equiv Pd equiv additive (equiv) cosolvent t °C; time, h yield %"
R' = Me
1° H 1.1 0.05 BQ(2) Et,0 40; 24 55
2be H 11 0.05 BQ (2) Et,0 40; 24 51
3 H L1 0.05 Cu(OAc), (0.5) Et,0 40; 24 65
BQ (0.1), O, (gas bag)
4 p-Me 2 0.05 Cu(0Ac), (0.5) Et,0 40; 24 71
BQ (0.1), O, (gas bag)
S o-Me 2 005 Cu(OAc), (0.5) Et,O 40; 24 63
BQ (0.1), O, (gas bag)
6 pF 11 0.05 Cu(OAc), (0.5) Et,0 40; 24 64
BQ (0.1), O, (gas bag)
7 p-OAc 1.1 005 Cu(OAc), (0.5) Et,O 40; 24 62
BQ (0.1), O, (gas bag)
8 p-(tBu) 11 0.05 Cu(OAc), (0.5) Et,O 40; 24 56
BQ (0.1), O, (gas bag)
9 m-Cl 11 0.05 Cu(OAc), (0.3), dba (0.2) Et,O 40; 48 64
BQ (0.1), O, (gas bag)
R' = Et
10 p-Me 2 0.05 Cu(OAc), (0.5) THF 60; 24 64
BQ (0.1), O, (gas bag)
11 p-F 2 0.1 Cu(OAc), (0.5) THF 60; 24 78
BQ (0.1), O, (gas bag)
12 p-OAc 2 0.1 Cu(0Ac), (0.5) THE 60; 24 60
BQ (0.1), O, (gas bag)
13 p-(+-Bu) 1.1 0.05 Cu(0Ac), (0.5) Et,O 40; 24 63
BQ (0.1), O, (gas bag)
R' = CH,0Ac
14 H 2 0.1 Cu(OAc), (0.5) THF 60; 24 50
BQ (0.25), O, (gas bag)
15 p-OAc 2 0.1 Cu(OAc), (0.5) THE 60; 24 s3
BQ (0.25), O, (gas bag)
R' = CH=CHCO,Me
16 H 2 0.1 Cu(0Ac), (0.5) THF 60; 24 60
BQ (0.25), O, (gas bag)
17 m-Cl 2 0.1 Cu(OAc), (0.5) THF 60; 24 62
BQ (0.25), O, (gas bag)
18 pCl 2 0.1 Cu(0Ac), (0.5) THF 60; 24 64

“Isolated yield. b Using AcOH instead of EtCO,H. “Pd(OCOCF;), was used as the catalyst.

BQ (0.25), O, (gas bag)

mechanism depicted in Scheme 25. The insertion of
Pd(II) into the OC-H bond of the furan leading to 25A is
the only step corresponding to the DHR mechanism. This
is followed by the C—H activation of a second molecule
of the furan to afford 25B, the reaction of which with
the alkene giving 25C. The f3-H elimination leads to the

hydridopalladium complex 25D. The addition of the HPd
unit of 25D to the coordinated exocyclic double bond
provides the five-membered palladacycle 25E."”* Reductive
elimination from 25E delivers the isolated adduct and Pd(0)
species, these latter being oxidized via their reaction with the
BQ/HX association.
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Table 14. Synthesis of Difurylalkanes'””

R'/@ +R\/\Z

O
(5 equiv.)
. iv. R )
T By O
MecNAcoH 6:1) & 0 U )~p T © ©
rt, 20 h R z
R P *
entry R R 7 yield %  f/a. ratio
1 Me H Ph 60 85:15
2 Me H 4-MeCgH, N 75:25
3 Me H 4-CIC(H, 62 8317
4 Me H 4-BrCH, 60  87:13
s  Me H 3-CIC4H, 62 8911
6 Me H 2-naphthyl 30 84:16
7 Me H CeFs 76 75:25
8 Me H CO,Et 57 100:0
9 Me H CO,t-Bu 71 100:0
10 Me H Bn 94 15:85
11 Me H 4-MeOC4H,CH, S2 40:60
12 Me H 34-(MeO),CHsCH, 62 40:60
13 Me Me Ph 70 100:0
14 Me Me 4-MeOC4H, 74 85:15
15 Me Me 2-MeOCgH,4 75 83:17
16 Me Me 2-BnOCgHy 41 80:20
17 Me Et Ph 65 100:0
18 Me [ N ) o b
O
19 Et H Ph S1 90:10
20 Et H Bn 60 25:75

? A E/Z mixture of the alkene was used (33:67). b Only traces of bis(S-
methyl-2-furyl)styrene, i.e. the DHR-type adduct, were detected.

/Q + N7

(5 equiv.)
Pd(OCOR), (0.05 equiv.)
BQ (2 equiv.) /@\/\Z
MeCN/AcOH (6:1) 9)
rt, 20 h
4
7 AN

v /o+ o/ \O (93)

NGHO) Y% 4
ratio

— R = CF3: 0:15:85

iy E
- = 3: 0:895:

z= F’h[R = Me: 30:65:5

Z=CO t—Bu[ R = CF3: 0:100:0

2 R = Me: 90:10:0

3.2.2. N-Arenes. The large amount of studies devoted to
the oxidative coupling, under Pd catalysis, of N-arenes with

Scheme 2§

alkenes urged us to divide the corresponding literature into
four parts.

3.2.2.1. Indoles. The first report concerning the Pd-cata-
lyzed DHR of N-arenes is from Itahara and co-workers, who,
in 1983, disclosed the alkenylation of 1-(2,6-dichloroben-
zoyl)indole with methyl acrylate.”” Pd(OAc), as the catalyst
with AgOAc, Cu(OAc),, Na,$,0g, or NaNO, as the reox-
idant under air atmosphere in refluxing AcOH, led to the
3-substituted adduct but with alow conversion, the best result
being obtained with AgOAc (Table 15, Entry 1). Switching to
1-benzenesulfonylindole as the substrate increased the effi-
ciency with yields up to 42% (Entries 2—4).%° The procedure
was used with indoles bearing at C2 position an aldehyde or
aryl group (eqs 94—96)."”® An unexpected product corres-
ponding to the 1,4-migration of the aldehyde was observed in
one case (eq 95), while traces of the Heck-type compound
were isolated from 2-(p-bromophenyl)indole (eq 96). The
81% vyield reported for the DHR depicted in eq 97 is
surprising since the reaction was performed under argon
atmosphere with only 0.2 equiv of AgOAc as reoxidant.'”’
Recently, J.-Q. Yu et al. have used an excess of AgOAc
to couple, under Pd(II) catalysis, the 3-substituted-
1-(trifluoromethylsulfonyl )indole shown in eq 98 with meth-
yl acrylate, this leading to alkenylation of both C2 and C4
positions.

QN)\\ CHO
R

Me0,C C
(3 equiv.)
COMe O { (94)
R=Me N~ CHO
Me 20%

Pd(OAc), (0.1 equiv.)
AgOACc (2 equiv.)

AcOH, reflux, 20 h

A7

_Z z

(3-4 equiv.) W . WCHO(%)
N~ CHO N
R R

_ Z=CO,Me: 60%
R_Me{Z=CN: 45%

- Z=COMe: 6% 1%
R SOZPh{z =CN: 37%
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+ /\COZMe
(3 equiv.)

Pd(OAc), (0.1 equiv.) COZMe
AgOAc (2 equiv.) O
O {
reflux 12 h O
R
R=H: 31%
R =0OMe: 34%
R=Br: 31% 2%
N : NS
vl + ZCOo,Et
MeN )
(6 equiv.)
(e} CO,Et
Pd(OAc), (0.1 equiv.)
AgOAc (0.2 equiv.) \
N N (97)
DMF, 80 °C, 1 h ven. L
0 81%
CO,Me
NHTf
D + Z>CoMe
N\ (4 equiv.)
SO,CF3 CO,Me
CO,Me
Pd(OAc), (0.1 equiv.)
AgOAc (2.5 equiv.) NHTf
. A\ (98)
CI(CH,),CI/DMF (20:1) A
130°C,85h N

58% SO2CF3

In 2005, Gaunt et al. reported the evaluation of various
reactive media to optimize the Pd(OAc),/Cu(OAc), proce-
dure for the alkenylation of indole, which can afford 2- and
3-substituted adducts.'’* The DHR of this substrate with n-
butyl acrylate in DMF or DMSO gave the f-adduct (Table 16,
Entries 1 and 2), while a 1:1 mixture of the two adducts was
obtained by addition of AcOH as cosolvent of DMF
(Table 16, Entry 3).'*" Surprisingly, DMSO as cosolvent of
DMEF improved the yield (Table 16, Entry 4). These condi-
tions have been efficiently used to achieve the C3-functiona-
lization of (i) indole with electron-deficient alkenes
(Table 16, Entries 10, 14, 16, and 17) including o-methy-
lene-y-butyrolactone, or nonactivated alkenes such as styrene
(Table 16, Entry 19) and cyclohexene, and (ii) 1-methylin-
dole (Table 15, Entry §), S-bromoindole and S-nitroindole with
n-butyl acrylate.'”* Simultaneously to Gaunt, Brown, and co-
workers used also Cu(OAc), as reoxidant, but with PdCl, as
the catalyst and MeCN as the solvent, to functionalize
1-benzylindole with methyl acrylate (Table 15, Entry 8).'7°
With 1-(pyridin-2-yl)methyl)indole and methyl acrylate, 1--
(vinylsulfonyl)benzene or acrylonitrile, the DHRs provided the
corresponding 2-substituted compounds, highlighting an in-
teresting directing group participation (Table 15, Entry 9).'7°
These reactions led to 99% conversion of the substrate, but
the yields are not specified, and according to a footnote, the
system Pd(OAc),/Cu(OAc),/AcOH/dioxane at 70 °C af-
forded improved results. The use of this system was recently

reported for the alkenylation of indoles N-substituted with a
methylene bearing a bicylic or tricyclic aza-aromatic group
(Table 15, Entries 16—18)."”” The C2-functionalization, in
yields depending on the N-substituent, can be accompanied
by a subsequent functionalization at the 7-position. In 2007,
Djakovitch and Rouge disclosed the alkenylation of free NH-
indoles in DMF/DMSO, using air bubbling with only cata-
Iytic amounts of either Cu(OAc), or CuCl, to regenerate
Pd(II) species. The dependence of the efficiency and regios-
electivity on the nature of the copper anion was noted
(Table 16, Entries 5 and 6)."*® The Pd(OAc),/Cu(OAc),/
O, procedure yielded also selectively the C3-alkenylated
product from 2-methyl and 2-phenylindoles, but led to a
mixture of 1- and 3-alkenylated products from methyl indole-
2-carboxylate. Miura et al. have performed the DHR of
1-methylindole with butyl acrylate using lower amounts of
palladium in the presence of air and overstoichiometric
quantities of both Cu(OAc),+H,0 and LiOAc. The reaction,
carried out in DMF at 120 °C, occurred more rapidly than
under Gaunt’s conditions, but gave a lower yield (Table 15,
Entry 6).'°® The use of this procedure in DMA for the
alkenylation of indole-2 (or 3)-carboxylic acids proceeds
with decarboxylation as shown in eqs 87 and 99.'°° The

authors proposed that the reaction of the 3-carboxylic acids
occurs via the palladium carboxylates 26A and the pallada-
cycles 26B. The insertion of the alkene into the C—Pd bond
of 26B followed by a -H elimination would afford 26C,
decarboxylation of 26C giving the 2-alkylenated compounds
and Pd(0) (Scheme 26).

CO,H
oy

N (3 equiv.)
R

Pd(OAc), (0.05 equiv.)

Cu(OAc),.H,0 (2 equiv.)
LiOAc (3 equiv.)
V. ~7 (99)
MS 4A, DMA N

air, 140 °C, 1-8 h R

R = Me, Z = CO,Et (71%), COon-Bu (82%), CO,t-Bu (61%),
CO,Cy (68%), Ph (58%)

Z = CO,n-Bu, R = CH,0OMe (55%), Ph (51%), p-MeCgH, (48%)

In 2009, Carretero and co-workers exemplified the effect
of the N-substitution of indoles on the efficiency and regio-
selectivity of the PdCl,(MeCN),-catalyzed reaction with
methyl acrylate in DMA using Cu(OAc),-H,0 as the reox-
idant; some results are collected in Table 15, Entries 11—15
and Table 16, Entry 12."7° While the previous methods led,
in most cases, mainly to the substitution at C3 position, these
authors have discovered that N-(2-pyridyl)sulfonylindole
reacted at C2 position with more than 98% selectivity
(Table 1S5, Entry 15). This urged them to perform the
alkenylation of such substituted indoles with a range of
alkenes (eqs 100 and 101). In a subsequent publication,
the team reported that blocking the C2 position of the
substrate with a methyl group results in alkenylation at C3
position, albeit in lower yield (eq 102)."** Mechanistic work
using indoles having different electronic characters and
pyroles (see section 3.2.2.2) led the authors to suggest a
chelation-assisted electrophilic aromatic substitution palla-
dation mechanism."'**
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Table 15. Alkenylations of N-Substituted Indoles

Pd(OAc); (cat.)

@j O~ oxidant @—f\ﬁ
+ +
72 T additive N\ oz \
a solvent " H 8 Q
Entry Pd Z Oxidant, additive Solvent t°C; Yield %
equiv. (equiv.) (equiv.) (ratio) time, h (conv. %)
17 0.02 cl CO,Me (3) AgOAc (1), air AcOH Rx; 16 | B: 18(23)
co
cl
2% 0.1 PhSO, CO,Et (3) AgOAc (2), air AcOH Rx; 18 | B:31(32)
3% 0.1 PhSO, CO,Et (3) Cu(OAc), (2), air AcOH Rx; 18 | B:41(69)
4% 0.1 PhSO, COEt (3) Na,S,0s (2). air AcOH Rx; 18 | B: 42 (100)
57 0.1 Me CO,n-Bu (2) Cu(OAc), (1.8) DMF/DMSO 70; 20 B: 75
9:1)
6' 0.05 Me COm-Bu (3) | Cu(OAc)," (2), air, DMF 120; 2 B: 53
LiOAc (3)
7 0.2 Me COm-Bu (2) | PhCOs-Bu (0.9) | dioxane /AcOH | 70; /8 | no reaction
3:1)
gl7b 0.1 Bn CO,Me° Cu(OAc), (2) MeCN 60; 14 B: 95
QT7s5 0.1 N CH2 [ SO,Ph, CN Cu(OAc), (2) MeCN 60; 14 o (95)
|
Z or CO,Me°
1074 o1 CONMe;, CO,Me* BQ° THF/DMF 80: 18 B: 54
U700 | #BuO,C | COMe (2) Cu(OAc),* (1) DMA 110: 8 | Blo=32:68
(10)
T 01 Ts CO,Me (2) Cu(OAc)," (1) DMA 110: 8 | B/ov=13:87
30 (45)
137764 01 S._so0, | CO:Me(2) Cu(OAc)," (1) DMA 110;8 | B/oe=50:50
\_/
(18)
147754 01 502 | COMe (2) Cu(OA©)" (1) DMA 110;8 | B/a=24:76
l =
27
15701 Ny -SO2 | COMe (2) Cu(OAc),* (1) DMA 110; 8 Blo=
| =
<2:>98
75 (100)
1199
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Table 15. Continued

Entry Pd R Z Oxidant, additive Solvent t°C; Yield %
equiv. (equiv.) (equiv.) (ratio) time, h (conv. %)
16" 0.1 CO,Me* Cu(OAc),’ dioxane /AcOH |  70;° o 44
N
=
1777 0.1 Ny CO,Me (4) Cu(OAc), (4) dioxane /AcOH | 70; 72 o 53
c
18'77 0.1 /N | CO,Me* Cu(OAc),’ dioxane /AcOH |  70;° o 168
U

“Cu(OAc),-H,0 was used. PdClz was used as catalyst. “Amount not indicated. PdClz(MeCN)z was used as catalyst. ° Time not indicated.

JFormation also of

/"CO,Me

uptoZQ% \I/ ]

¢ Formation of several products including

o\=
A
ol
SN
(0] | N
- -
N z
z
" W) (100)
(1 o/’S NS
PAChL(MeCN), (0.1 equiv.) R -5 / P
Cu(OAc), HyO (1-2 equiv.)
dimethylacetamide
110°C, 8-24 h
R2 = H, Z = CO,n-Bu (72%), CO,t-Bu (78%), t-Bu (57%), CONMe, (45%),
Rl=h p-FCgHy (68%), p-BrCgH, (74%), Ph (85%), p-AcOCgH, (75%)

p-MeOCgHy (80%), CH=CHPh (65%), CH=CHCO,Me (68%)
R2 = Me, Z = CO,Me (60%), CH=CHCO,Me (60%)

R2=H {z = CO,Me, R = 5-OMe (73%), 6-F (85%), 6-CO,Me (76%), 7-Me (70%)
Z=Ph, R! = 5-OMe (97%), 6-F (95%), 6-CO,Me (81%), 7-Me (85%)

N +/\Z

g / N_ (25 equiv.)
& :
PdCI,(MeCN), (0.1 equiv.)
Cu(OAc)y H,0 (1.5 equiv.) \ (102)
dimethylacetamide Ol
110°C, 20 h SN
O

Z = Ph (35%), CO,Me (47%)

Murakami and co-workers have tested various reoxidants to
switch the stoichiometric reaction shown in eq 37 into a catalytic
reaction. The best results (38% yield) were achieved using
Pd(OAc), (0.25 equiv), chloranil (1 equiv) in 1,2,4-trichloro-
benzene at 90 °C for 3 h.** Besides the quinone, we suspect that
the solvent could participate in the Pd(0) — Pd(II) reac-
tion."*”"®* Ten years later, Ricci et al. performed the oxidative
coupling of N,N-dimethyl-indole-1-carboxamide with methyl
acrylate in 54% yield using BQ as reoxidant in THF/DMF
(Table 15, Entry 10)."” In 1999, Fujiwara et al. used catalytic

1200 dx.doi.org/10.1021/cr100209d |Chem. Rev. 2011, 111, 11701214



Chemical Reviews

Table 16. Alkenylations of Indole

Pd(OAc), (cat.)

Qj PN oxidant
. __ oxidant
N\ 7z additive

SePiesE
N

z

N solvent « N B H
entry Pd equiv Z (equiv) oxidant, additive (equiv) solvent (ratio) t °C; time, h yield % (conv %)
1'7* 0.1 CO,n-Bu (2) Cu(OAc), (1.8) DMSO 70; 18 66 B/a = >95:<5
274 0.1 CO,n-Bu (2) Cu(OAc), (1.8) DMF 70; 18 54 B/a = >95:<5
317 0.1 CO,n-Bu (2) Cu(OAc), (1.8) DMF/AcOH (3:1) 70; 18 54 B/ = 1:1
4174 0.1 CO,n-Bu (2) Cu(OAc), (1.8) DME/DMSO (10:1) 70; 18 79 B/o = >95:<5
5180 0.1 CO,n-Bu (2) Cu(OAc), (0.1), air bubbling DMF/DMSO (10:1) 70; 20 B/o = 100:0 (52)
6804 0.1 CO,n-Bu (2) CuCl, (0.1), air bubbling DMF/DMSO (10:1) 70; 20 B/o = 67:33 (30)
717 0.1 CO,n-Bu (2) PhCO5t-Bu (0.9) MeCN/AcOH (3:1) 70; 18 65 B/a = >95:<5
g7 0.1 CO,n-Bu (2) PhCO5t-Bu (0.9) dioxane 70; 18 48 /o =12
9174 0.2 CO,n-Bu (2) PhCO;t-Bu (0.9) dioxane/AcOH (3:1) 70; 18 58 B/a=1:7
1017 0.1 CO,t-Bu (2) Cu(OAc), (1.8) DMEF/DMSO (9:1) 70; 20 B: 91
117 0.2 CO,t-Bu (2) PhCO5t-Bu (0.9) dioxane/AcOH (3:1) 70; 18 a: 57
121760 0.1 CO,Me (2) Cu(OAc),* (1) DMA 110; 8 B/o = >98:<266 (75)
132 0.005 CO,Me (1) BQ (0.05) t-BuOOH (1.3) Ac,O/AcOH (1:3) 50; 12 B: 32
147 0.1 CONMe, (2) Cu(OAc), (1.8) DME/DMSO (9:1) 70; 20 B: 70
15174 0.2 CONMe, (2) PhCO;t-Bu (0.9) dioxane/AcOH (3:1) 70; 18 o: 34
1674 0.1 COn-CsHy; (2) Cu(OAc), (1.8) DMEF/DMSO (9:1) 70; 20 B: 68
1774 0.1 PO(OEt), (5) Cu(OAc), (1.8) DMF/DMSO (9:1) 70; 20 B: 70
18'7* 0.2 PO(OEt), (2) PhCO5t-Bu (0.9) dioxane/AcOH (3:1) 70; 18 a: 51
19'7* 0.1 Ph (0.5) Cu(OAc), (1.8) DME/DMSO (9:1) 70; 20 B: 62

“PdCl, was used as catalyst. ¥ PdCL,(MeCN), was used as catalyst. “ Cu(OAc), - H,O was used.

Scheme 26

2 CuOAc R/?_XCOZH Pd(OAc),
I\

2 Cu(OAc), \_)/‘ RN HOAc
R

Pd° R
z Y
Co, R™ N

26A R HOA

R\ CO,PdH >\‘ ¢

o)

R-/z—g\/ﬁz R

'2_}\/\ CO,PdOAC
I //?h
R

R

amounts of both Pd(OAc), and BQ_in conjunction with t-
BuOOH for the DHR of indole with methyl acrylate
(Table 16, Entry 13); the formation of the 3-substituted indole
contrasts with the regioselectivity from benzofuran, which re-
acted mainlzy at C2 position under the same experimental
conditions.”” In 2002, Murakami’s team studied the Pd(OAc),-
catalyzed DHR of 4-bromo-1-tosyl indole with ethyl acrylate
using overstoichiometric MnO, associated with other oxidants
(eq 103).%® The best yields were obtained in AcOH under oxygen
with catalytic amounts of BQ or Cu(OAc), as co-oxidants of MnO,.
Small amounts of Michael-type compounds due to the addition of
the solvent and residual water were isolated as side-products. Use of
DMF, MeCN, 1,2-dichloroethane, or 1,24-trichlorobenzene as
solvent led to a very low efficiency of the transformation.

Br

\| + Z>Co,Et
N 2.2 equiv.)
Ts

Pd(OAc), (0.1 equiv.) Br CO,Et BrRQ CO,Et

MnO,, (3 equiv.) —
additive (0.1 equiv.)
- - \ + \ (103)
O, (1 bar) or Ar
N N

AcOH, 110°C,5h

Ts Ts
conversion yield

R=Ac R=H
without additive : 55% 30% 14% 2%
under O with chloranil : 100% 28% 12% 3%
2] with benzoquinone: 83% 51% 6% 7%
with Cu(OAc),: 97% 51% 17% 7%
under Ar, with benzoquinone: 67% 38% 6% 6%

In their 2005 paper on the DHR of indole with n-butyl
acrylate, Gaunt et al. reported different yields and selectivities
when using PhCO;t-Bu as the reoxidant instead of Cu-
(OAc),."”* In dioxane, the DHR, which did not occur with
Cu(OAc),, gave a 1/2 mixture of - and at-adducts with
PhCOj;t-Bu (Table 16, Entry 8). While AcOH as cosolvent
was, with Cu(OAc),, detrimental to the selectivity (Table 16,
Entry 3), the use of MeCN/AcOH with PhCO;t-Bu afforded
the $-adduct with more than 95% regioselectivity (Table 16,
Entry 7). The solvent-dependent regioselectivity was exem-
plified with the dioxane/AcOH mixture which led to the o
adduct with 87% regioselectivity (Table 16, Entry 9). These
last conditions were used for the synthesis of various 2-sub-
stituted indoles (Table 16, Entries 11, 15, and 18) but were
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Scheme 27

re-oxidant

Pd(OAc),

ol

7z Pd’+HOAc

i

PdOAc

re-oxidant

Pd’ + HOAc Q—)\/\
) z

PdOAc

N
H/L
ACO 27A -\
5\ HOAc 7z
N PdOAc HOAC N PdOAc
H 27D
@ OAC
27B i N~ PdOAc
H 27C
ineffective for the coupling of 1-methylindole with n-butyl acrylate Scheme 28

(Table 1S, Entry 7). According to the authors, the acid, ACOH or
PhCO,H produced from PhCO5t-Bu, has a predominant role toward
the switch in regioselectivity. Plausible pathways leading to the two
regioisomers, which start similarly to Scheme 14, path f, with the
production of the intermediate 27A, have been proposed
(Scheme 27)."** Aromatization of 27A, via removing of a proton
by the acetate ion, led to 27B which reacts with the alkene to afford
the [(-adduct. Under acidic conditions, the above deprotonation
would be slower, this allowing the migration of PdOAc to give
27C. Rearomatization leads to 27D, which evolves to the a-adduct
via its reaction with the alkene.'® The effect of the cosolvent
is, however, important since the use of a strongly coordinat-
ing solvent such as MeCN “override any effect that the
presence of acid may have, thus leading to C3 selectivity”'’*
(Table 16, Entry 7).

S. Ma and S. Yu have performed the effective Pd(OAc),/
bipyridine-catalyzed reaction of indoles with 2-acetoxymethyl sub-
stituted electron-deficient alkenes, in either dioxane or t-amyl
alcohol under external-oxidant-free conditions (eq 104)."%¢ No
reaction occurred under Pd(PPhy;), catalysis, or with allyl acetate,
or in changing bipyridine to pyridine. The authors envisaged the
regeneration of the catalyst and the formation of the adduct from
28B via the -OAc elimination'®” depicted in Scheme 28, 28B being
obtained either directly (path a) or via 28A. This reaction, published
in 2004 and which involves regeneration of the Pd(II) catalyst via
the cleavage of the C OAc bond, contrasts with the 2010 report
summarized in eq 44."°

R/ OAc Pd(OAc), (0.05-0.1 equiv.)
Y/ 2 b|pyr|d|ne (0.1 equiv.)
104

dioxane or t-amyl alcohol

(1 equiv.) 80 °C,2-3d
R
N\ z
o N
in dioxane H

Z=CO,Me, R =H (57%), 5-Me (66%),
7-Me (45%), 4-Br (48%), 6-Br (52%),
4-OMe (53%), 5-OMe (50%)
in t-amyl alcohol
R =H,Z=CN (56%), COMe (61%)

Even if they do not involve dehydrogenative Heck reactions,
it is worthwhile to include in this section two recent reports,

which disclose Pd(II)-catalyzed oxidative coupling reactions
between indoles and alkenes."®'*® In contrast to the formation
of the C—C bonds from unprotected indoles shown in Table 16
and eqs 96 and 104, Baran et al. obtained the chemoselective N-
tert-prenylation of various indoles using 2-methyl-2-butene and
various additives to regenerate Pd(II) species (eq 105). 189 This
oxidative reaction could involve a Tsuji-Trost or Wacker-type
reaction (Scheme 29, a and b, respectively). Coordlnatlon of
2-methyl-2-butene to the catalyst would afford 77° (29A) or 7
(29D) complex. Coupling of indole with 29A would proceed via
either N-coordination to palladium (29B) or through a metallo-
Claisen rearrangement (29C)."" As for 29D, its reaction with
indole would give 29E, which would suffer 5-H elimination
leading to the product. Use of prenyl acetate instead of 2-methyl-
2-butene provided alow yield of a cyclized compound, a tentative
assignment of its structure is shown in eq 106.'® Such a
compound could be formed from a Pd(II)-mediated cascade
reaction leading first to the C—C bond as depicted in Scheme 28,
and then to the N—C bond via a Wacker-type reaction.

O A

(30 equiv.)

Pd(OAc), (0.4 equiv.)
Cu(OAc); (2.5 equiv.)
AgOTf (2.5 equiv.) \

3-NO,-pyridine (0.4 equiv.) N
MeCN, 40 °C, 24 h

R = CHO (75%), CO,Me (87%), CO,H (64%)
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Scheme 29

)|\/ /\/)\/
Pd”Ln CU(OAC)2 “
290 A0

R Pdll Ly
@—§ Pd°L >\/

29A
\
Pd"L 29B , diL

W oz

2c N~

CO,Me
COgMe
NHBoc
N Pd(OAc), (0.4 eqL_Jiv.) \ NHBoc
+ H Cu(OAc), (2 equiv.) N (106)
~_-OAC Ag(OCOCF,), (2 equiv.) /
(30 equiv.) air, MeCN, 35 °C, 24 h 10%

The second report, from Bao and Mo, concerns the
efficient PdCl,-catalyzed coupling of indoles with 1,3-diaryl-
propenes, at 0 °C in the presence of 2,3-dichloro-5,6-dicya-
noquinone (eq 107).'”° This oxidative cross-coupling
process is neither a dehydrogenative Heck reaction nor a
Tsuji-Trost reaction. The mechanism proposed by the
authors (Scheme 30) involves hydride abstraction from the
diarylpropene by DDQ to form ion pair 30A,30B. Carbome-
talation of 30A with PdCl, and indole led to 77°-allylpalladium
30C. Elimination of PdCl, from 30C affords 30D. Abstrac-
tion of a proton of 30D by 30B gives the allylated indole and
dihydro-DDQ.

Ph
@_\) PdCl, (0.05 equiv.) {107)
N~ DDQ (1.2 equiv.
W Poadzeqn) (" T\,
MeCN, 0 °C, 2 h
Ph " ph N

R = H (81%), Me (77%)

3.2.2.2. Pyrroles. In 1985, Itahara and co-workers revealed
the DHR of methyl acrylate with 1-(2,6-dichlorobenzoyl)
pyrrole.*” Using Pd(OAc), as the catalyst with AgOAc, Cu-
(OAc),, Na,S,05 or NaNO, as the reoxidant under air
atmosphere in refluxing AcOH, a mixture of the mono- and
disubstituted products was isolated in fair yields (eq 108).
Further studies on such reactions of pyrroles were published
more than 20 years later by Gaunt et al., who highlighted the
crucial influence of the N-substituent on both efliciency and
regioselectivity of the oxidative coupling (Table 17, Entries
1—6; eqs 109—111)."7>'?? Using benzyl acrylate with t-butyl
perbenzoate as the reoxidant, this team observed that
pyrroles with a N-Boc-, N-Ac-, or N-Ts form the 2-alkeny-
lated products (Entries 3—S; eqs 109 and 111), while

\//\ R
\
N
H

Scheme 30
(o]
Cl CN
Ph/\/\Ph cl CN
@@
/\/\
PdCl, Ph Ph OH
Cl cN
30B o
Ph @
Cl CN
OH
) \
P
R CI
30C
PdCl2

;UZ

1-(tri-isopropylsilyl)-pyrroles afford the 3-alkenylated pro-
ducts (Entry 6, eqs 110 and 111), pyrroles with a
N-Bn or N-CH,0(CHS,),SiMej; leading to a mixture of the
two adducts (Entries 1 and 2). The switch from a- to
B-selectivity has been attributed to “the sterically demanding
nature of the TIPS group that shields the C2 position from
reaction with the palladium catalyst, forcing the reactive
pyrrole to palladate at C3”."**'* Various alkenes, even f-
substituted o, -unsaturated carbonyl compounds, under-
went the DHR with high regioselectivity (Entries 7—21).
Interestingly, the reaction occurred also using oxygen instead
of the perester (Entries S—14). The presence of a substituent
in C3 position of the starting N-Boc pyrrole induced a steric
hindrance, favoring the alkenylation at the CS rather than at
the C2 position (eq 111)."?

o + ZCoMe
3 equiv.
ol (3 equiv.)

Pd(OA
( c)2 Wcone Meozc/\/@\/\cozrwe

(0.1 equiv.)

oxidant 108
- +
air, AcOH O o (108)
reflux, 16 h cl cl

conversion selectivity, yield
AgOAc (2 equiv.): 78%, 68%, 53% 29%, 23%
Cu(OAc), (1 equiv.): 83%,  54%, 45% 29%, 24%
Na,S,0s (1 equiv.): 91%,  64%, 58% 26%, 24%
NaNO; (2 equiv.): 92%, 42%, 39% 19%, 17%
R3
URZ + ZC0Bn
N] (1.2 equiv.)
R
BnO,C ™ I N s CO,n-Bu
R' = ~BuOCO, R*=H N (109)

|
R2 = n-BuOCOCH=CH COy-Bu 66%
Pd(OAc), (0.1 equiv.)

PhCO5#-Bu (1 equiv.) 1-BuO-C CO,Bn

AcOH/dioxane/DMSO (3:9:1) \, B
35°C, 48 h
’ R! = (i-Pr);Si, R2=H I\ (110)

R? = (E)-n-BuOCOCH=CH N 0%
0
Sl(l Pr);
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Table 17. Alkenylation of Pyrroles under Gaunt’s Condition:

192
S

R
(2 equiv.) R2 z
Pd(OAc), (0.1 equiv.) =
A or B as oxidant wz .
AcOH/dioxane/DMSO (3:9:1) N ) N
35°C, 24-48 h R o R i B
A: PhCO4t-Bu (1 equiv.); B: O, (1 bar)
o, yield % using P, yield % using
entry R' 7/ A B A B
R*=H
1 Bn CO,Bn 48 23
2 Me;Si(CH,),0CH, CO,Bn 48 21
3 Ac CO,Bn 65
4 Ts CO,Bn 70
N t-BuOCO CO,Bn 73 73
6 (i-Pr);Si CO,Bn 78 75
7 t-BuOCO CO,n-Bu 75 73
8 (i-Pr)5Si CO,n-Bu 81 73
9 t-BuOCO COR R = Et: 69 R =n-Pr: 71
10 (i-Pr);Si COR R = Et: 69 R =n-Pr: 76
11 +BuOCO p-(MeO,C)CeH, 60 s3
12 (i-Pr),Si p-(MeO,C)CeH, 63 58
13 t-BuOCO SO,Me 69 38
14 (i-Pr)5Si SO,Me 71 45
15 £-BuOCO PO(OEt), 60
16 (i-Pr)5Si PO(OEt), 70
17 t-BuOCO CN 63
18 (i-Pr);Si CN 60
R’ = Me
19 +-BuOCO CO,Et 40
20 (i-Pr),Si CO,Et 70
R*CH=CHZ = 2-cyclohexenone
21 (i-Pr)5Si 72
Ar Ar=0-0;NCgHy occurred at C2 position in MeCN at 80 °C, and at both C2
I, ~combu and CS§ pos?tions in DMA at 110 °C. This provided access to
N 2 unsymmetrical 2,5-disusbtituted pyrroles by sequential dou-
@ e(?uiv.) ble alkenylation (Scheme 31)."7® Reaction with a-ethylacro-
lein afforded the double bond isomerized alkenylation
CO,n-Bu . .
PA(OAG), (0.1 oquiv.) — Ar prod'uct (eg 112), wli%eas a relatl've low conversion was
PhCO4t-Bu (1 equiv.) Y . mco . obtained with styrene "® or a 1,2 ilégubstltuted al'kene such
ACOH/dioxane/DMSO (394) N " 2n-Bu as (E)-methylcro?onate .(eq 1.13). Reglosele?ctlve DHRs
40°C, 24 h ) R o R . (111) occyrred with fair to high yields Iﬁégm substquted N—(%—
E;fg:glco 785‘{2 72% pyridyl)sulfonyl pyrroles (eq 114)."°* Competitive kinetic

Using their PACL,(MeCN),/Cu(OAc), procedure of alke-
nylation of N-(2-pyridyl)sulfonylindoles (eqs 100 and 101),
Carretero and co-workers observed a selectivity toward the
mono- and disubstitution of N-(2-pyridyl)sulfonyl pyrrole
depending on the reaction conditions: the alkenylation

1204

studies from electron-rich and electron-poor substrates
(kme/coame = 14.3 for C2 substitution), as well as the study
of the kinetic isotope effect in a C2 monodeuterated sub-
strate (kpg/p = 1.4) agree with an electrophilic aromatic-
type substitution rather than a direct C—H activation

182,195
process.””
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Scheme 31
z N\ /N\ V% z
Ox
SN
DMA d
110°C,24 h 7
Z = CO,n-Bu (80%), t-Bu (62%),
CO,t-Bu (79%), Ph (55%),
/\—/\/ ) PdCl,(MeCN), (0.1 equiv.) p-FCgHy (69%)
Cu(OAc), Hy0 (2 equiv.
oo + 7z Z=CO,Me
‘,,S\ﬂj (2-5 equiv.) MeCé\l 2
80°C,8h
7 Q\/\COZMe
PACl,(MeCN), (0.1 equiv)  Osd N 1%
Cu(OAC), H,0 (2 equiv.) d \Q
AN~ T O
z N\ N CO,Me /\Z' 110°C,24 h
o:é N (3-5 equiv.)

d @

Z'= CO,t-Bu (71%), Ph (63%)

B
N
N
// Et

/]\CHO W (112)

(5 equiv.) 65% O/
PdCIy(MeCN), (0.1 equiv.) U
Cu(OAc), Hy0 (2 equiv. )
dimethylacetamide
110°C, 24 h \/\COZMe N COzMe
(3 equiv.) S
55% conversion U
45% vyield
R? 1 /—\ R?
R1F§ PdCI,(MeCN), (0.1 equiv.) R'-Z )\/\
\N A~ Cu(OAc), Hy0 (2 equiv.) z
Oy + z o (114)

N |
s ) i i S
o i N (2- 5 equiv.) d|m1e1tgyalgcveztzrﬁlde O/S / N
= =
Z = CO,Me (2 equiv.), R? = 2-Me (87%), 2-CO,Me (67%), 3-CO,Me (49%
Z=Ph (5 equiv.), R? = 2-Me (82%), 2-CO,Me (53%), 3-CO,Me (63%)
R'=2- Me{z CO,Me (2 equiv.), R? = 4-Me (72%)
Z = Ph (5 equiv.), R? = 2-Me (83%)

R1=H{

As expected from the reaction of O-arenecarboxylic acids, the
alkenylation of 1-methylpyrrole-2-carboxylic acid is accompa-
nied by decarboxylation (eq 87).'%

3.2.2.3. Thiazoles and Oxazoles. Miura’s team which, as
depicted above, reported the alkenylation of furans (Table 12,
Entries 9 and 10)'®° and indoles (Table 15, Entry 6),166
recently has disclosed the DHR of thiazoles and oxazoles.'
The optimum reaction conditions, AgOAc as the reoxidant
and EtCO,H as the solvent, differ from those previously used.
Thiazoles and oxazoles substituted in C2 react selectively in
CS (Table 18, Entries 1—9; eq 115). Fair yields were also
obtained from those substituted in C2 and C4 (Table 18,
Entries 10 and 11; eq 115). In contrast, the alkenylation of
4.5-dimethylthiazole proceeded in a low yield, because of the
formation of its homocoupling product (eq 116)

Pd(OAc), (0.1 equlv
1/4§ + A

AgOAc (3 equiv.)
(2 equiv.)

1
EtCO,H, 120 °C, 8 h RVQ%Z %

R'=Ph, R? = H, Z = CO,n-Bu: 69%
R'=R2=Me, Z = CO,n-Bu: 95%
R'=R2=Me, Z = Ph: 89%

Table 18. Alkenylation of 2-Substituted Thiazoles and 2,4-
Disubstituted Thiazoles"”

AT

Pd(OAc), (0.1 equw
AgOACc (3 equiv.)

EtCO,H, 120 °C, 8 h R1’<‘§\/\

(2 equiv.)
entry R! R® Z yield %
1 i-Bu H CO,Ph 81
2 i-Bu H CONMe, 85
3 i-Bu H Ph 78
4 i-Bu H p-MeOCgHjs 69
S i-Bu H p-CF;C¢Hs 64
6 MeO H COyn-Bu 56
7 MeS H CO,n-Bu 40
8 Ac(n-Bu)N H CO,n-Bu 73
9 (n-Bu),C(OH) H CO,n-Bu 73
10 Ph Me CO,n-Bu 63
11 Me Me CO,n-Bu 75
1 /\n/ NMe2
(2 equw )

Pd(OAc), (0.1 equw)
AgOAc (3 equiv.)

MezN
W >—< (116)
EtCO,H, 120 °C, 8 h

35% 25%

3.2.2.4. Others. In contrast to 1-(2,6-dichlorobenzoyl)pyrrole
(eq 108), 1-(2,6-dichlorobenzoyl) pyrazole is reluctant to react
under catalytic alkenylation conditions employing various salts as
reoxidants, fair selectivity was obtained but with low conversion

(eq 117).%

CO,Me
N// \§ Pd(OAc), ~
N cl (0.1 equiv.) /
oxidant N \
0 + Z>C0oMe — N g (117)
(3 equiv.) air, AcOH
Cl reflux, 16 h

Cl
conversion, selectivity, yield
AgOAc (2 equiv.): 12%, 78%, 9%
Cu(OAc), (1 equiv.): 11%, 88%, 10%
NayS,0g (1 equiv.): 15%, 65%, 10%
NaNO, (1 equiv.): 13%, 71%, 9%

Catalytic oxidative coupling of 1,3-dimethyluracil with
methyl acrylate in the presence of t-butyl perbenzoate af-
forded selectlvely the corresponding S-substituted compound
(eq 118).** An unexpected Wacker-type intramolecular reac-
tion can accompany this DHR if the uracil bears a suitable
hydroxy tether (eq 119).

Q Pd(OAc), (0.05 equiv.) %

: i M
MeN PhCO3t-Bu (2 equiv.) MeN A Co%1se
41\ e alrve——— Py e
(1.2 equiv.) MeCN, reflux, o M
e

conversion: 86%, yield: 75%
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Zph

oxidant \\ N _/
™

Ph

N\
N~
\
N monodentate Pd.
ligand X
Ph
N\_N__
N-pg-X
\
32 Zph

Scheme 32
S —
N~ oxidant
PdX
Ph 2
HX
N\_N P -
Ph bidentate 32A
,P‘d'x ligand
N N
N\
— ®
N X
Pa-\_,
N N
N\
32B
O
HN |
OJ\N + Z>Co,Me
QCHZOH (1.2 equiv.)
°
(0]
Pd(OAc), (0.05 equiv.) HN X COMe HN X CO,Me
PhCOs;t-Bu (2 equiv.) 2\ | 2\ |
o N + 0 N 0 (119)
MeCN, reflux, 24 h LC?/CHZOH O
46% 9%
conversion: 58% O_ o O)<O ’

The regioselective Pd(OAc),-catalyzed alkenylation of a bi-
cyclic pyridine was disclosed in 2009 by Cheng and Gallagher
using Cu(OAc), as the reoxidant. Reactive media containing
AcOH were inefficient, while yields up to 93% were obtained in
DMF (eq 120). Monitoring by "H NMR the interaction of the
substrate with Pd(OAc),, the authors characterized the
(NAr)PdOAc intermediate.'”” The absence of the coupling of
the pyridone with 2-vinylpyridine was attributed to the coordina-
tion of this latter, via its pyridine lone pair and its adjacent C=C
unit, to (NAr)PdOAc leading to a stable chelate.

N Pd(OAc), (0.05 eq'uiv.) X2
m Cu(OAc), (2 equiv.) m
O+ i d o (120)

BN~ "N ) DMF, 90 °C BnN
v (2 equiv.)

Z = CO4Et (90%), CO,t-Bu (93%), COMe (89%), Ph (83%), Cy (85%),
4-pyridyl (86%), 2-pyridyl (0%)

Berteina-Raboin and co-workers, also in 2009, reported the
Pd-catalyzed alkenylation of imidazo[1,2-a]pyridines. Through
the various catalyst, reoxidant, additive and solvent combina-
tions which have been tested, the optimum conditions were
achieved in xylene or toluene, under argon, with Cu(OAc),
and a Pd(II) catalyst, in particular, Pd(OAc), (eq 121).1%8

The use of DMF as the solvent led to a formylated byproduct
(eq 121)."*'® A few months later, the DHR of indolizines with
vinylarenes, occurring effectively in DMF, was nevertheless reported
(eq 122)."” Zhang et al. showed that a Pd(II) catalyst, preferably
Pd(OAc),, was required, and that the regioselectivity depended on
the ligand. With Ag,CO; as reoxidant, the coupling of methyl
indolizine-1-carboxylate occurred at its C3-position with the a-C
and 3-C of styrene in the absence of ligand or with PPh; or pyridine,
and with selectively the a-C of styrene in the presence of 2,22-
bipyridine. These last conditions have been used to perform the
regioselective DHR of various indolizines with a range of styrenes
(eq 122), diethyl indolizine-1,2 dicarboxylate being however
inactive.'”*® The inactivity of this heterocycle would be due to
the electron deficiency caused by its two electron-withdrawing
substituents, hence its reluctant electrophilic palladation. The differ-
ences of regioselectivity toward styrene would be in part related to the
nature of the intermediates which, themselves, would depend on the
ligands. According to the Heck literature, monodentate ligands lead
rather to neutral intermediates favoring linear olefins, while ionic
pathways resulting in branched olefins dominate with bidentate
lig21nds.63’201’202 Given these remarks, the authors proposed the
reactive pathways shown in Scheme 32. Palladation of indolizine
would afford 32A which reacts with styrene to give either the ionic
complex 32B or the neutral intermediate 32C, depending on the
nature of the ligand. These complexes evolve toward the branched
and the linear olefins, respectively. A detailed mechanism remains
however to elucidate because N,N-diphenylindolizin-3-amine gave a
mixture of - and 3-substituted vinylation products under the above
optimum conditions (eq 123)."’
Pd(OAc), (0.1 equiv.) R?

R? z
= Cu(OAc), (2 equiv.) = =
N v —_ ey N
Q}W z solvent N\ \N\ - (121)

(2 equiv.) 120°C,2-6 h

Ph (39%2), CN (45%), CO,t-Bu (74%)

R? = H, Z = CO,Me (87%), COEt (85%), CO,Bn (81%), COEt (76%),
R'=Ph
R? = Cl, Z = CO,Me (81%), CO,Et (83%), CO,Bn (85%), COEt (73%)

in xylene{ CO,t-Bu (78%)
R'=R2=H, Z = CO,Me (71%), CO,Bn (69%)

Ph

)
Qi
N o
\ 28%
N Ph

N

in DMF, R' = Ph, R? = H, Z = CO,Me (44%°

H
o+ — o
N
Q\H%
N~ Ph
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Scheme 33

Cu(OAc),, O, Pd(OAc),
% AcOH
HE® Sonc PP
AcOPd -~
AcOH 33A

r2 HPdOAc
R? N-N '
N_N \\H'/_.B N” yZ 7~z (
N\N z R1
SN - R! R1 PdOAC
1 _
R' PdTOAc (b) 338
‘B

Pd(OAc), (0.1 equiv.)
3 2,2"-bipyridine (0.2 equiv.)
Ag,CO3 (1 equiv.)

Qb KOACc (2 equiv.)
DMF, 100 °C, 24 h

R®=H, R? = CO,Me, R" = 7-Me (78%)
R%=H, R? = CN, R = 2-Me (83%)
R®=H, R? = CO,Et, R' = 2-CO,Et (0%)
R'=H, R? = CO,Me, R® = H (84%), p-OMe (78%), p-(t-Bu) (84%), p-Me (91%),

o-Me (57%), m-Me (73%), p-Br (69%), p-Cl (57%), p-F (55%), o-F (56%), m-F (45%)
R"=R3=H, R? = CO,Et (80%), CO,n-Bu (77%), COMe (70%), CN (79%)

(5 equiv. )

—

NN P+ ey

NPh, (5 equiv.)
Pd(OAc), (0.1 equiv.) Ph Ph
2,2'-bipyridine (0.2 equiv.) — — —
Ag,CO3 (1 equiv.) — —
- NN S+ NN (123
KOAC (2 equiv.)
DMF,100°C,24h 369 Nph, 23% NPh,

Recently, Jiang and co-workers have disclosed the alkenylatlon
of 1,2,3-trizoles with terminal conjugated alkenes.”*> The reac-
tion occurred at 110 °C in dioxane, under pressure of oxygen,
with PA(OACc), as the catalyst and an overstoichiometric amount
of Cu(OAc), (eq 124). Other Pd catalysts or reoxidation systems
were much less efficient. The authors proposed the usual DHR
mechanism, that is, activation of the (NAr)-H bond of the trizole
as the first step, or the mechanism shown in Scheme 33, path a.
This latter mechanism would involve the formation of vinyl
palladium complex 33A from the reaction of the catalyst with the
alkene. Then, insertion of the trizole into the vinyl-Pd bond gives
complex 33B, which evolves via 5-H elimination to the product
and HPdOAc. The published scheme did not indicate the
relationship between the AcOPd and CH=CHZ substituents.
In contrast, Scheme 33 is drawn with a syn-relationship between
these two groups, because of the usual stereochemistry of the
insertion of C=C bonds into the C—Pd bonds.”*"*** Thus, the
elimination of HPdOAc would be an anti-process,*® instead of
the usual syn-process which is developed from an agostic
interaction.”®® Nevertheless, the formation of the C=C bond
could occur from an intermediate such as 33B, particularly in the
presence of a base which would abstract the hydrogen, but this
led to Pd(0) instead of HPdOAc (Scheme 33, path b).>°
However, Jiang’s team has noted that the addition of base to
the reactive mixture has a deleterious effect on their reaction.”**

Scheme 34
L )
~
®N
+ HZO d(OAC) pc

~
/\ 0° 34A
/\

Given these remarks, we favor the usual DHR mechanism to
interpret this Jiang reaction.

R? Pd(OAc), (0.1 equiv.) R? 124)
N—-N Cu(OAc), (2 equiv.) N—N

(
i P m
+ "7 Vs z
N\% (2 equiv.) O (8 bar), dioxane NW

1 110 °C, 20-40 h R

Z=CO,Me, R' =H, R? = Bn (67%)
20 h{z CO,Me, R' = Ph, R? = n-Oct (80%),
n-Bu (90%), Bn (70%), Ph (21%)
Z = CO,n-Bu, R = p-MeCgH,, R? = n-Oct (63%)
{z =Ph, R" = Ph, R? = n-Oct (61%), Bn (44%)
Z =Ph, R" = p-MeCgH,4, R? = Bn (39%)

Zhang and co-workers used their procedure of alkenylation of
fluororenes (eqs 5S—S57) for the DHR of 2,3,5,6-tetrafluoropyr-
idine with styrene and t-butyl acrylate (eq 125).""*

F Pd(OAc), (0.1-0.2 equiv.)  F
| Ag,CO; (2 equiv.) F N X Z

F t-BuCO,H (1.2-3 equiv.) NI > (125)
F /\Z DMF, 120 °C, 18-24 h F

(3 equiv.)

/

F
Z = Ph (72%), CO,t-Bu (69%)

In the course of the last two years two papers appeared
devoted to the Pd(OAc),-catalyzed DHR of aromatic N-oxides
with alkenes.”®”**® Under the optimum conditions of the first
report, that is, pyridine as additive, Ag,COj3 as reoxidant, and
dioxane as solvent, Chang et al. obtained the regioselective
alkenylation at the 2-position (eqs 126 and 127).*°” These
authors noted that the complex CsHsNOPACL,(PPhs), synthe-
sized from pyridine N-oxide and PdClL,(PPh;),, did not afford
the alkenylated product under the reaction conditions. One of
the roots of the studies disclosed by Wu and co-workers in the
second report”® was the property of N-oxides, in particular,

pyridine N—ox1de, to be prototypical oxygen atom transfer
reagents.””” These authors synthesized substituted quino-
lines, isoquinolines, and quinazolines from the correspond-
ing heteroaryl N-oxides wunder external-oxidant-free
conditions (eqs 128 and 129). Surprisingly, no product was
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Table 19. Alkenylation of Thiophenes

R

o

Pd(OAc), (cat.)

t =z

7z

oxidant, additive Rt \

solvent S
96-120 °C, 1-12 h

entry ratio® R 7 oxidant (equiv), additive (equiv) solvent (ratio) t °C; time, h yield 9"

17 8.3:1:0.033 H H Cu(OAc), (1.67) DMF 96; 2 5
CaCl, (0.67)

26 12.5:1:0.025 H H HgPMosV;040 (0.125) HOAc 96; 3 (5.8)
LiOAc (1.5)

376162 1:1: 0.02 H CO,Me Cu(OAc), (2) air (1 atm) dioxane/AcOH (4:1) 100; 8 (3)

476162 1:1:0.02 H CN Cu(OAc), (2) air (1 atm) dioxane/AcOH (4:1) 100; 8 (7)°

5163 4:1:0.1 H CO,n-Bu AgOAc (2) DMF 120, 12 83
pyridine (4)

6'% 4:1:0.1 H CO,tBu AgOAc (2) DMF 120, 12 90
pyridine (4)

7163 4:1:0.1 H CONMe, AgOAc (2) DMF 120, 12 85
pyridine (4)

8% 2:1:0.07 2-Me CO,Et HPMoy,V (0.013) EtCO,H 60; 2.5 86
0, (balloon)
NaOAc (0.05)

9'63 4:1:0.1 2-Me CO,n-Bu AgOAc (2) DMF 120, 12 87
pyridine (4)

10" 4:1:0.1 2-Me CONMe, AgOAc (2) DMF 120, 12 90
pyridine (4)

1'% 1:1:0.1 2-Me CN AgOAc (2) DMF 120, 12 38
pyridine (4)

1216 4:1:0.1 2-MeO CO,n-Bu AgOAc (2) DMF 120, 12 62
pyridine (4)

13'¢ 4:1:0.1 2-MeO CONMe, AgOAc (2) DMF 120, 12 70
pyridine (4)

14163 4:1:0.1 2-MeO CN AgOAc (2) DMF 120, 12 46
pyridine (4)

15163 1:4:0.1 2-Ar CO,n-Bu AgOAc (2) DMF 120, 12 75—87°
pyridine (4)

16'% 1:3:0.05 2-C(OH)Ph, CO,Et Cu(OAc), (2), air DMF 120, 4 (63) 55
(1 atm), LiOAc (3)

17'6% 1:3:0.05 2-C(OH)Ph, Ph Cu(OAc), (2), air DMF 120, 1 (30)
(1 atm), LiOAc (3)

1868 4:1:0.1 3-Me CO,n-Bu AgOAc (2) DMF 120, 12 898
pyridine (4)

19165 4:1:0.1 2,3-(CH), CO,n-Bu AgOAc (2) DMF 120, 12 84

pyridine (4)

“ Thiophene/alkene/catalyst ratio. ? Isolated yield; GC, HPLC and 'H NMR yields are in brackets. “Also 0.3% of the 2,5-disusbtituted compound.
9Pd(OAc),/C was used as catalyst. ° Ar = Ph (80%), p-MeOC¢H, (87%), m-OCHC4zH, (75%), p-FCsH, (76%), 1-naphthyl (80%).” Cu(OAc), -H,0

was used. & Mixture of the two regioisomers (~ 4:5).

obtained from monocyclic substrates such as N-oxides de-
rived from pyridine, pyrazine, pyrimidine, and 1-methylimi-
dazole. According to mechanism studies, alkenylated
quinoline-N-oxide, but not quinoline-N-oxide, can be reduced
by Pd(0). This led the authors to assume a regeneration of active
Pd species from the interaction of the alkenylated quinoline-N-
oxide with HPdOAc. They suspected that the regioselective

palladation at C2 position of quinoline-N-oxide occurs via the
coordination of the palladium atom to the N-oxide; this leads to
34A (Scheme 34). The mechanism depicted in Scheme 34 differs
slightly from the authors proposal, since we suggest a catalyst
regeneration occurring from an intramolecular reaction at the level
of the palladium hydride complex 34B, which is obtained from
34A via alkene insertion followed by 3-H elimination.
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Pd(OAGc), (0.1 equw

Ag,CO3 (1.5 equw
E pyrldlne (1 equiv.) E/j\ﬂ
dloxane
100 °C, 12 h
(4 equlv )

R = H, Z = CO,t-Bu (91%), COMe (62%), Ph? (64 %),
PO(OEt), (70%), -Bu (53%), CONMe, (87%)
Z = CO.t-Bu, R = p-Ph (68%), m-Ph (88%), 0-Ph (73%)
@at 120 °C for 16 h

( j\ﬁ (127)
CO,t-Bu

Pd(OAc), (0.1 equw
Ag,CO3 (1.5 equiv.)
pyridine (1 equiv.)

»
Y3\ ¥ co,tBu
@

\ dioxane
o° 100°C, 12 h
(4 equiv.) Y'=N, Y2=CH: 69%:; Y' = CH. Y2=N: 76%
R R
|\ S d\)y . Pd(OAc), (0.05 equiv.) |\ X Xy (128)
8 S S+ —
1- methyl -2-pyrrolidinone = /)\/\
@ge ® eq”“’ ) H0°C. 20 h N z

Y = CMe, Z = CO,Et (82%), CO,n-Bu (90%)

{Y = CH, Z = CO,Et (86%), CO,n-Bu (85%), CN (65%)
R=H
Y = N, Z = CO,Et (95%)

R = 4-Me, Y = CH, Z = CO,Et (85%), CO,n-Bu (80%)
R =6-Me, Y = CH, Z = CO,Et (93%), CO,n-Bu (92%)
R =8-OH, Y = CH, Z = CO,Et (27%)
N
N N CO5Et
7\ ) / 2
Pd(OAc), (0.05 equiv.)
+ 2 CO,Et — (129)
. 1-methyl-2-pyrrolidinone
(5 equiv.) 110 °C, 20 h
67%

3.2.3. S-Arenes. The alkenylation of S-arenes has benefited
from the range of studies performed with arenes and other
heteroarenes. Most of the results are included in reports concerning
the O- and N-arenes; they are summarized in Table 18 and eq 116
for thioazoles, in eq 87 for a thiophene and a benzothiophene
substituted with a carboxylic group, eq 90 for polyfunctionalized y-
lactams bearing a thiophenyl unit as well as Table 19 for thiophenes.
To our knowledge, the only paper mainly devoted to thiophenes is
from Zhang et al. who have shown that under their conditions
(Table 19, Entries 5S—7, 9—15, 18 and 19), Cu(OAc), instead of
AgOAc, AcOH instead of DMF, or another base (DABCO except)
instead of pyridine, dropped the yield.'*®

4. CONCLUSIONS

The foregoing sections have clearly demonstrated the impressive
progress made in the area of palladium-based formation of C—C
bonds from the intermolecular coupling of C—H bonds. Whereas
these reactions were first carried out using stoichiometric quantities
of palladium, efficient catalytic methods are now available. Most
catalytic DHRs use, however, an excess of either the arene or the
alkene with, often, a relatively high Pd load, and require a terminal
oxidant other than molecular oxygen, this terminal oxidant being
sometimes expensive. These conditions, which could be a problem
for applications on large scales, decrease, presently, the “green”
aspect of these procedures and their compatibility with the atom
economy principle. Moreover, a wide variety of C—C bond-
forming reactions via C—H bond cleavages, as well as methods
to control or improve the regioselectivity, which would be useful in
organic synthesis, remain to be achieved.

The area of the dehydrogenative Heck reactions is still in its
infancy. Given the growing number of papers related to this
challenging subject and published over the past few years, many
breakthroughs will be, undoubtedly, presented in the near future,
leading to sustainable processes, which would be valuable tools
for diverse academic and industrial applications.
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LIST OF ABBREVIATIONS

ArH arene

Boc CO,t-Bu

BQ 1,4-benzoquinone

Bz benzoyl

Cy cyclohexyl

DDQ  2,3-dichloro-5,6-dicyanoquinone
DHR  dehydrogenative Heck reaction
DMA  dimethylacetamide

MS molecular sieves
Rx reflux

TIPS  Si(i-Pr),

Tf SO,CF;

p-Tol  p-MeCgH,

TON  turnover number

X halide, OTf

(YAr)H heteroarene (Y= O, N, S).
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