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Abstract Alkenes are ubiquitous in Nature and their functionalization
continues to attract attention from the scientific community. On the
other hand, activation of alkenyl sp?> C-H bonds is challenging due to
their chemical properties. In this short account, we elucidate, discuss
and describe the utilization of transition-metal catalysts in alkene acti-
vation and provide useful strategies to synthesize organic building
blocks in an efficient and sustainable manner.
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1 Introduction

Alkenes and their derivatives feature widely in many
natural products and advanced materials.!> Accordingly,
significant efforts have been directed towards the develop-
ment of new synthetic methods to access this class of com-
pounds. Among the many approaches reported, transition-
metal-catalyzed cross-coupling reactions® are the most
commonly employed since they can be carried out on large
and industrial scale. However, the need to use prefunction-
alized environmentally unfriendly organohalides and/or or-
ganometallic reagents* has encouraged researchers to
search for cheaper and greener approaches. We envisaged
that a straightforward cross-coupling among cheap alkene

[M]  =Pd, Rh, Ru, Cu, etc.

feedstocks would provide one of the most straightforward
and practical designs to access this class of important com-
pounds. To be successful, we would need to preferentially
C-H functionalize one of the alkenes and effect cross-cou-
pling with the second alkene without them undergoing
homo-coupling reactions. We envisaged that by tuning the
electronic and steric properties of the olefins, we might be
able to preferentially activate one of the two alkenes to ef-
fect the desired cross-coupling without the formation of
homo-coupling products. If successful, this design might be
applicable for the stereoselective synthesis of dienes. Fur-
ther, an intramolecular version will provide access to cyclic
alkenes not available via Diels-Alder or olefin metathesis
approaches. However, when we initiated this research pro-
gram in the early 2000s, very little work had been done in
the area of alkenyl sp? C-H bond functionalization. Further-
more, the high activation energy required to activate the
alkenyl sp? C-H bond in a highly selective manner poses
tremendous challenges for organic chemists. Despite these
challenges and considering the many benefits of these
methods, we initiated a research program on alkenyl sp?
C-H bond functionalization by first investigating the cross-
coupling between two distinct olefins.

In early 2001, dimerization of camphene catalyzed by
palladium under aerobic oxidative conditions was reported
by Gusevskaya et al. in the presence of Pd(OAc),/benzoqui-
none (BQ)/O, and Pd(OAc)/LiNO;/O, (Scheme 1).> They
demonstrated that the reaction progressed via formation of
a o-vinyl palladium hydride intermediate.

H  cat. Pd(OAc), o
—/ cat. LINO; or BQ [0]
_— =~ /= —_ =
Oz (1 atm)
AcOH, 60 °C

[Pd(OACc), (2 mol%), LINO3 (0.72 equiv), 8.5 h, conversion = 80%)]
[Pd(OAc); (2 mol%), BQ (0.1 equiv), 6 h, conversion = 22%]

Scheme 1 Palladium-catalyzed dimerization of camphene
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In 2004, Ishii et al. reported an aerobic oxidative cross-
coupling of vinyl carboxylates with acrylates in the pres-
ence of a Pd(OAc),/HPMov catalyst employing O, as the sole
critical oxidant (Scheme 2).%

Pd(OAc), (10 mol%)
H ]/OH H4PMoy1VO40-nH0 (2 mol%)
¢}

M

NaOAc (0.1 equiv)
O, (1 atm), AcOH, 90 °C

AcO. S = OnBu ACOMOME

o (0]

T

62%, E/Z = 60/40 45%, E/Z = 56/44 76%, EIZ = 58/42

Scheme 2 Oxidative cross-coupling of acrylates with vinyl carboxylates

2 Breakthrough

Straightforward cross-coupling reactions using simple
alkenes to form dienes had not been explored by virtue of
the difficulties in activating the alkenyl C-H bond. The first
ever cross-coupling reaction among acrylates and simple
olefins by using a catalytic amount of a palladium catalyst
was reported by our group (Scheme 3).”

Pd(OAc), (20 mol%)

o
Cu(OAc); (1 equiv), O (1 atm) 1
/\ o \)I\ AN R
\ DMSO/ACOH (1:1), 60 °C, 24 h RT\/ B
7y COztBu

Selected products
33%, E/Z=84/16

©)W002t8u

71%, E/Z=87/13 NN C02Bu

65% E/Z=84/16 68%, E/Z=90/10

Scheme 3 Cross-coupling of alkenes with various acrylates catalyzed
by Pd(OAc),

Our initial investigation focused on the coupling of a-al-
kyl styrenes and acrylates (Heck-type coupling). We envis-
aged that the a-alkyl substituent on the styrene may pref-
erentially activate the C-H functionalization of the alkene
over the acrylate. Furthermore, the steric effect of this alkyl
substituent may prevent homo-coupling of the styrene. Ad-
ditionally, the acrylate may promote cross-coupling. Amidst
these simple hypotheses, we carried out the cross-coupling
of a-alkyl styrenes with acrylates in the presence of a palla-
dium catalyst. To our delight, the desired cross-coupling
products were obtained in moderate yields. Despite this
success, this approach had limited scope and applications.
(1) A high catalytic loading of the palladium catalyst (20
mol%) was necessary to obtain the products in moderate
yields, (2) alkyl-substituted styrenes were necessary as re-
moving the alkyl substituent resulted in messy reactions,
(3) replacing the aryl substituent with an aliphatic substit-
uent resulted in a low yield of the product, and (4) the E/E
and E/Z selectivities of the products were low to moderate.
In order for this approach to be useful in organic synthesis,
we would need to solve some of these problems, if not all.

Later, we modified our previous procedure and devel-
oped a coupling reaction among indenes and various elec-
tron-deficient alkenes by employing Pd(OAc), (10 mol%) as
the catalyst and oxygen as the oxidant in AcOH (Scheme 4).8
Various indene derivatives were employed to afford good to
moderate yields of the products.

Pd(OAC)2 (10 mol%)

Cu(OAc); (1 equiv), Oz (1 atm
B . g (OAc)2 (1 equiv), Oz ( ) H‘—:\

P ACOH, 60 °C, 48 h = \

R' = Me, Ph, Cl, Br, OMe, CF3
2 = CO,Me, CO,Et, CO,tBu, Ph, CN

19-70%

Scheme 4 Straightforward cross-couplings of indenes with various
electron-deficient alkenes
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In 2010, an efficient approach to synthesize functional-
ized 1,3-butadienes was reported by Yu and co-workers via
cross-coupling reactions among terminal alkenes and a-
oxoketene dithioacetals in the presence of Pd(OAc), as the
catalyst.?

In 2012, Liu et al. developed a double C-H bond activa-
tion method to access conjugated dienes by straightforward
olefination of unactivated alkenes with electron-rich
alkenes in the presence of a palladium catalyst (Scheme
5).1°They even achieved the olefination of styrenes without
2-substituents unlike in the previously reported method.’
Although they developed an efficient design, it had the dis-
advantage of overloading of the oxidant (2.5 equiv of
AgOAC) in order to achieve the transformation.

Rl Pd(OAc), (16 mol%) Rl

AgOAc (2.5 equiv) R o RS
NANF \n/

5% DMSO/DCE

R O 110 °C R O

AN 0Ac S
OW @WOJ\M 4 ] "OAC

70%, Z/E = 74/26 70%, Z/E = 80/20 85%, Z/E = 86/14

Scheme 5 Pd(ll)-catalyzed cross-coupling among two alkenes

Although acrylates are utilized as efficient coupling
partners in forming 1,3-diketones, because of the high po-
tential for polymerization, unsaturated ketones such as
methyl vinyl ketone are rarely employed in cross-coupling
reactions. Later, in 2013, our group developed a general and
efficient protocol for the synthesis of conjugated dienyl ke-
tones catalyzed by Pd(OAc), involving a coupling reaction
among vinyl ketones and simple alkenes (Scheme 6).!' We
showed the importance of this method by synthesizing vi-

tamin A1 and bornelone.
ﬁif\)\m\/&o
|

Scheme 6 Synthesis of conjugated dienyl ketones catalyzed by
Pd(OAc),

Pd(OACc); (15 mol%)
AgOAc (2.0 equiv)
_—

55% yield
E/Z=85:15

3 Controlling E|Z, Z|E Selectivity
3.1 Esters and Amides as Directing Groups

Glorius et al. reported the first directed olefin-olefin
cross-coupling in early 2011. They employed a Rh(III) cata-
lyst to form linear 1,3-butadiene derivatives from di or tri-
substituted olefins and styrene or acrylates (Scheme 7).12
They obtained remarkably high chemo-, regio- and stereo-
selectivity in these reactions and the products were con-
verted into unsaturated a-amino acid derivatives.

’
[{RhCp*Clo}]> (2.5 mol%) R
ol DG B3 AgSbFg (10 mol%) |
I * H/\/ —_—
2 Cu(OAc), (2.1 mmol) |
3

Dioxane, 120 °C, 16 h R
OnBu \ql:OnBu
SO.Ph
54%, Z/E = 45/55

67%, Z/E =79/21 37%, Z/E = 78/22

Scheme 7 Directed olefin-olefin cross-coupling

Following this, our group developed ruthenium- and
rhodium-catalyzed directing-group-assisted cross-coupling
among acrylamides and a broad range of alkenes possessing
various functional groups (Scheme 8).!% In a mixed solvent
system of dioxane/water/acetic acid (v/v/v = 8/4/1) in the
presence of RuCl,(p-cymene)], as the catalyst, KPF; as the
additive and Cu(OAc),-H,0 as the oxidant, 1,3-butadiene
derivatives were obtained in up to 91% yield and 99/1 (Z/E)
selectivity. Similarly, we employed RhCp*Cl, as the catalyst
and Cu(OAc), as the oxidant in acetone to prepare substi-
tuted dienamides in up to 91% yield and with good to mod-
erate Z/E selectivity. To understand the reaction mecha-
nism, we carried out competition and isotope labelling ex-
periments. Based on the results, we proposed that the
reaction is supposedly triggered by cyclometalation of the
acrylamide by amide-directed C-H bond activation. Next,
the alkene coordinates to the metal center which is fol-
lowed by the formation of a seven-membered rhodacycle or
ruthenacycle species by insertion of the carbon-carbon
double bond. Finally, B-elimination results in the formation
of the desired dienamide with (Z,E)-configuration. The de-
veloped method provides an excellent route to synthesize
(Z,E)-dienamides in high yields and with moderate to excel-
lent stereoselectivities.

In organic synthesis functional conjugated muconate
subunits are very useful synthons.' This class of com-
pounds can be synthesized by a straightforward and atom-
economical cross-coupling reaction between two distinct
acrylates. The generation of conjugated muconated deriva-
tives with distinctive functional groups from commercially
available acrylates through C-H functionalization by
straightforward cross-coupling is difficult and challenging.
From previous literature, it is evident that the ester group
coordinates poorly with the metal center;!> the most chal-
lenging task is to employ the ester as the directing group for
the alkenylation of acrylates via chelation assistance.!® In
our previous report,” we observed that substitution at the
o-position of the alkene is an essential criterium to carry
out the alkenyl C(sp?)-H direct functionalization. Later, in
2015, we developed a unique cross-coupling reaction of
two distinct acrylates in a highly stereo and chemoselective
manner by employing [RuCl,(p-cymene),] as the catalyst.

Georg Thieme Verlag Stuttgart - New York — Synthesis 2019, 51, 1049-1062
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R [RuCly(p-cymene),] (2.5 mol%) R
2R3 KPFg (20 mol%) NR2R3
‘ NR=R N /\R“ I
R Cu(OAc),-Ho0 (2 equiv) R
Dioxane/H,O/AcOH |
100 °C, 18 h R4
I YORGYURS TN
NHBn N N
| | H | H [N
CO,nBu CO,nBu COonBu CO,nBu

83%, Z/E = 96/4 70%, Z/E =991 75%, Z/E = 98/2 38%, Z/E = 80/20

o (o]
Rl [RhCp*Clol, (2.5 mol%) Rl
NR2R® NR2R®
| + AR Cu(OAC)-H0 (2 equiv) |
R Acetone R
100°C, 18 h |
H4
i r L 23 I
NHBn N N BnO NHBn
| | H | H |
'CO,Bu CO,Bu CO,Bu CO,Bu

90%, Z/E = 99/1 91%, Z/E = 99/1 86%, Z/E = 89/11 52%, Z/E = 99/1

Scheme 8 Ruthenium- and rhodium-catalyzed acrylamide coupling
with alkenes

Various muconate derivatives with distinct functional
groups can be easily synthesized via activation of the vinyl-
ic C-H bond. [RuCl,(p-cymene)], (5 mol%) catalyzed the
cross-coupling reaction of n-butyl methacrylate and n-bu-
tyl acrylate along with AgSbF; (20 mol%), and Cu(OAc),-H,0
in 1,2-DCE at 135 °C for 24 hours to provide the desired
cross-coupled product in 48% isolated yield with a 92/8
ZE[EE ratio. After further optimization studies, we found
that 1,4-dioxane was the most suitable solvent for this
transformation, affording the product in 67% yield (Scheme
9).'7 In this report, both aryl- and alkyl-substituted acry-
lates were utilized to obtain the cross-coupled muconate
derivatives in good to excellent yields and with good che-
mo- and stereoselectivity. From mechanistic studies, it was
proved that the Ru complex coordinates with the ester
group to provide the products. Further studies showed that
the chemoselectivity and reactivity of the acrylates were
influenced by the substituents at the a-position. Through
this method multisubstituted (Z,E)-1,3-diene motifs can be
synthesized efficiently.

Our continued interest in alkene sp? C-H functionaliza-
tions led us to develop a novel and efficient method for the
synthesis of 1,4-diene skeletons. In the presence of a transi-
tion-metal catalyst the alkene moiety can react with an al-
lylic source to form allylated alkene products. We chose al-
lyl acetates as the electrophiles for this transformation. In
presence of a rhodium catalyst, electron-deficient alkenes
undergo olefinic allylation with allyl acetates to provide the
desired products in good to excellent yields (Scheme 10).18
A wide variety of acrylamides as well as allyl acetates with

AgSbFg (20 mol%)

) 9 o [RUCy(pcymene)s] (5 mol%) | OR®
R %

OR® +
])k H/\)I\OR4 i A

Cu(OACc)2-Ho0 (2 equiv)

"
R Dioxane, 135 °C, 24 h OR
o
o] ] 0
OnBu [ okt [ okt 7 om
onBu | 0Bn | OCH,CF; |
SO,Ph
o o) o)

67%, Z/E = 85/15

%VOCWE)%H(OCHZZ/\%

51%, Z/E = 98/2

59%, Z/E = 88/12 74%, Z/E =91/9

56%, Z/E = 96/4

49%, Z/E = 93/7 71%, Z/E = 90/10

Scheme 9 Ruthenium-catalyzed weak directing-group-enabled alke-
nyl sp? C-H activation

distinct functional groups were well tolerated under these
catalytic conditions. The alkene substrates were allylated in
a simple and straightforward manner, with the aid of di-
recting groups having weak-coordinating assistance, to pro-
vide 1,4-dienes that are of high synthetic value.

o

o
.--R!
& - P [RhCp*Cloly, NaOAC | NHTSs
s + —_—— '
| MeOH, 80 °C, 12 h - N
NHTs
NHTs NHTSs

35%, E/Z=T77/23

o
R
\fl\NHTs
H

C-H activation

61%, E/Z=99/1

NHTs
NTs
|
Rh'l
o

[Rh-OAc]"
] o o
R
NTs 7 NTs
A~ Ohe (RA" Rh'-H
NHTs olefin insertion
B-OAc elimination \\
H* R NTs [Rh]”'
| RR— o

Scheme 10 Rhodium-catalyzed allylation of acrylamides
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Alkynes can be transformed into a variety of functional
groups and can be merged into the structural backbone of
various organic molecules; in synthetic chemistry alkynes
are also one of the most versatile functionalities.!® The val-
ue of alkynes is further highlighted due to their involve-
ment in click chemistry.?? In organic synthesis, both non-
conjugated and conjugated alkynes are well exploited.?!
Due to their easy synthetic transformations and useful
functionality, 1,3-enynes comprise a class of extensive sub-
units found widely in pharmaceuticals and natural prod-
ucts of biological interest.??

In 2014, Glorius and co-workers demonstrated pioneer-
ing work on the synthesis of enynes via a C-H activation
protocol. They reported highly selective alkynylation of
benzamides and B-substituted acrylamide derivatives. Re-
actions of acrylamides with TIPS-EBX (1) in the presence of
the cationic rhodium complex RhCp*(MeCN);(SbFg), in di-
chloromethane at 80 °C afforded alkynylated products in
moderate to excellent yields (Scheme 11).%

TIPS
o)
NRERE Rth (MeCN)3(SbFg), NR2R? }
| 1, CH,Cl,, 80 °C, 16 h

R‘ H i
TIPS 3

NP F NP NEt, O

TIPS TIPS TIPS = TIPS

Scheme 11 Selective alkynylation of benzamides and B-substituted
acrylamides

In the same year, we extended our research of alkynyla-
tion chemistry and developed a method for olefinic C-H
alkynylation of electron-deficient alkenes in the presence of
a Rh(III) catalyst (Scheme 12).24 The tosyl-imide group was
selected as a directing group for this transformation. The
directing group, with its weak coordinating ability, was re-
sponsible for the highly efficient and stereospecific C-H
alkynylation of alkene C-H bonds. Operational simplicity,
gentle reaction conditions and high functional group toler-
ance were the key advantages of this protocol. Hence this
method represents an efficient process for the synthesis of
1,3-enyne moieties. To show the applicability of the meth-
od, the obtained products were further derivatized into a
series of pyridinone and triazole moieties of synthetic po-
tential.

Glorius et al., in 2013, reported the straightforward ha-
logenation of readily available acrylamide derivatives in the
presence of a Rh(III) catalyst to obtain a variety of substitut-
ed Z-haloacrylic acid derivatives.?> In the same year, Glorius
developed a method to access [3]-dendralenes which in-

o) 5 TIPS
0 . | OO =T
- R [RhCp*Clzl>, NaOAc NHTs !
! | NHTs ——mM8M8M | | :
\ 1,DCE, 1, 16 h g2 1
N , DCE, 1t, ‘R :
R TH % :
TIPS 1
cl o E o o
N
NHTs | NHTs | = ‘ NHTs
\ -
\\ N \\
TIPS TIPS TIPS
94% 96%
o o)
NHTs NHTs NHTSs
BocN, |
TIPS x
TIPS TIPS
79% 71%
Synthetic transformations
@ Ar = NCCgHj, 78%
Aryl iodide, TBAF
PdCly(PPhg),, Cul
THF, 0°Ctort
o o
NBS o
‘ NTs  _ MeCN NHTs __TBAF/ACOH
NTs
s N THF,0°Ctort | P
Br TIPS
79
99% (i) K2COg, Mel, DMF 7%

|| ) TBAF/AcOH, THF, 0 °C to rt
(iii) CuSO4--5H,0, Sodium ascorbate
BuOH/H,0, 1t

83% Bn

Scheme 12 Olefinic C-H alkynylation of electron-deficient alkenes

volved the coupling reaction of acrylamide derivatives and
allenyl carbinol carbamates by alkenyl sp? C-H activation
using a Rh(III) catalyst (Scheme 13).%6

o
RT
o Cp*Rh(CH3CN)3(SbFg)2 (5 mol%) NRR*
R! RS OMe PIVOH (0.5 equiv) |
NRORE -+ \'\)\ /& R?
| >N 0 CH,Cl, 60 °C
R? X
RE
° 0
I Ph OMe
| NPr, | NPr, | NHnBu | Ne
| X
N
F N =z N X
72% 30% 64% 40%

Scheme 13 Coupling reaction between acrylamide derivatives and al-
lenyl carbinol carbamates

In 2017, we came up with a strategy called ‘substrate
control strategy’ with alkenyl sp? C-H activation. From our
previous report,”’” we knew that the acylsilane functional
group acts as a divergent functionalization tool in synthetic

Georg Thieme Verlag Stuttgart - New York — Synthesis 2019, 51, 1049-1062
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organic chemistry. By slightly modifying the reaction con-
ditions and using acrylosilanes acryloyl silane as the cou-
pling partners, either alkylation or alkenylation products
were obtained successfully, which is not possible in the
case of acrylates?®/a,B-unsaturated ketones.?® The distinct
reactivity of acylsilanes is attributed to their inherent elec-
tronic properties which are distinct from those of other
carbonyl compounds.>® We presented an efficient route to
synthesize dihydropyrrol-2-ones and pB-alkylated acryl-
amides by activation of the sp? C-H bonds of N-tosyl acryl-
amides with tunable acryloyl silane-engaged alkenylation/al-
kylation-annulation. The reaction employs Cu(OAc),-H,0 and
a Rh(IIT) complex as the additive and catalyst respectively
(Scheme 14).31

o)
.- Rl
Q RhCp*(MeCN)3(SbF)z (5 mol%) NHTs
Rl - SR% Cu(OAC)2-H;0 (10 mol%) | |
NHTs  + /\[f -R?
" | [e) Dioxane/H,O/AcOH o
“-R? Ny, 60 °C, 12h
SiR%;
o] o [} o]
| NHTs | NHTs | NHTs NHTs
o] o] o o
8BS 88 TBS TBS
92% 92% 82% 54%
. Ri o
o [RhCp*Cla]» (2.5 mol%) K
1 SiR% Cu(OAc),-H20 (2 equiv) ‘\\ /
NHTs + & g2 NTs
3 | o AgSDFg (10 mol%)
-R2 THF, N, 60 °C, 12 h o
SiR3%
0 P O a
4 / !
NTs s
! \s NTs
o o]
o o)
i3,
SIR3. 3 SiR%;
SiR% 3 SiR%
71% 70% 60% 72%
Cp*Rh(IlN)>*
CuX
o]
CuXz Ph
| NTs o
" P NHT:
Cp* s
o P |
Ph CorRR) o TBS
| NTs /\ﬂ/ N TBS
o]
o path b oh ¢} path a [e]
NTs
TBS /B HX
Rh
TBS
o]

Scheme 14 The distinct reaction of acryloyl silanes with acrylamides

Transition-metal-catalyzed alkyl C-CF; and aryl C-CF;
bond-forming reactions have been very well developed in
recent years.3? But on the other hand, the trifluoromethyla-
tion of electron-deficient alkenes has not been explored to
the same extent. In 2013, we realized that this class of
alkenes could be trifluoromethylated by employing suitable
directing groups. It was believed that the trifluoromethyla-
tion of electron-deficient alkenes involves hydrogen elimi-
nation and electrophilic addition. However, we postulated
two other possibilities in order to understand this transfor-
mation: a radical-addition pathway and another following a
sequence of directing-group-assisted C-H activation and
reductive elimination. We studied the copper-catalyzed tri-
fluoromethylation of N-tosyl acrylamides to obtain trifluo-
romethylated derivatives (Scheme 15),33 which have enor-
mous potential in materials science, and in agrochemical
and pharmaceutical industries etc., owing to the unique ef-
fect of the CF; group.3* The reaction is initiated by ligand
exchange between the copper catalyst and acrylamide. Var-
ious functionalized acrylamides have been trifluoromethyl-
ated to afford the corresponding products in excellent
yields. Further, we investigated the reaction mechanism
through a set of control experiments, which confirmed the
involvement of radical species in this catalytic cycle.

o : O
o] » :
Togni’s reagent R :
R oI NHTs | o)
NHTs CuCl, DMSO \ 3 v
80°C. Ny, 20 h : \
2 CFs ; CFs
0 o ( o o
[ [ e [ NHTS [ s
CF3 CF, CF, CF3
85% 93% 66% 96%

Scheme 15 Copper-catalyzed trifluoromethylation of N-tosyl acryl-
amides

3.2 The Chelation versus Non-Chelation Concept

Despite these successes, the reactions of more elaborate
aliphatic olefins did not afford the desired products. To
overcome this problem, in late 2012, we reported cross-
coupling reactions of acrylates with either TIPS-protected
allylic or homoallylic alcohols in the presence of Pd(OAc),
as the catalyst. The corresponding dienyl alcohols were ob-
tained with good stereoselectivity and in moderate to high
yields. We achieved this transformation employing 10 mol%
of Pd(OAc),, 2 equivalents of Cu(OAc),, 12 mol% of 1,10-
phenanthroline, and 12 mol% of AgSbFg with substituted
alkenes and acrylates in a solvent mixture of NMP/PivOH
(1/1) (Scheme 16).3> In addition, we demonstrated the ap-
plication of this method by synthesizing the key C13-C21
fragment of palmerolide A.
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Pd(OAc), (10 mol%)
1,10-Phenanthroline (12 mol%)
AgSbFg (12 mol%) TIPSO

Cu(OAc); (2 equiv)

A NCoR! NMP/PivOH
CO=R 120 °C, 24 h
TIPSO TIPSO
AN e _-CO2nBu X X _-COonBu
l =
73%, E/Z = 75/25 65%, £/Z = 80/20
TIPSO TIPSO

MCOZHBU

64%, E/Z=95/5

/))\)\/\/COQnBu

77%, E/Z=86/14

Scheme 16 Palladium-catalyzed cross-coupling reaction of TIPS-pro-
tected homoallylic or allylic alcohols with acrylates

Over the years, transition-metal-catalyzed aryl sp> C-H
bond functionalization has progressed significantly,® on
the other hand, stereoselective alkenyl sp?> C-H bond func-
tionalization has not been developed to the same extent.
Keeping this in mind, we thought of achieving the C-H
bond functionalization of allylic and homoallylic alcohols,
which are obtained easily from commercial sources and are
much cheaper. We found that we could control the regio-
and stereoselectivity in these compounds by choosing ap-
propriate reaction conditions.

In asymmetric synthesis the concept of non-chelation
versus chelation has been applied efficiently,?” but has nev-
er been applied for tandem cross-coupling reactions and
alkenyl C-H bond functionalization. We realized and re-
ported the utilization of this strategy for the C-H function-
alization of alkenes and alkenyl derivatives (Scheme 17).
Highly substituted alkene derivatives are easily obtained
through this method in very high stereoselectivities. From
the literature, we knew that straightforward C-H bond
functionalizations can be easily mediated by the combined
catalytic system of an amino acid ligand and a palladium
catalyst. In the presence of Ag,CO; (1.5 equiv) as the oxi-
dant, N-acetyl-l-valine (50 mol%) and Pd(OAc), (10 mol%),
the desired cross-coupled product was obtained in 59%
yield with 84/16 (Z/E) stereoselectivity. Further optimiza-

i
TIPSO PaIL TIPSO TIPSO,
), ) [PdJL | _acrylate —
< Me —
Me Me

COOR'

Steric effect of OTIPS group E configuration

H ¢

| OH
OH [PdJ/L ( 0., /L acrylate (i
U 1D SV s SN
1
Me Me X [Pd] Me COOR

Coordinated effect of the OH group
Stereoselctive control

Z configuration
n=1,23

Scheme 17 The concept of chelation vs non-chelation

tion studies revealed that 1,4-dioxane was the most suit-
able solvent for this transformation, while N-acetyl-1-phe-
nylalanine was the best ligand (Scheme 18).38 The alkene
starting materials were reacted with distinct acrylates and
the products were obtained in good stereoselectivities.

Pd(OAc) (10 mol%
Ac-Phe-OH (50 mol%)

OH Ag2CO3 (1.5 equiv) OH
Cs,CO03 (30 mol%)
+ 2R CF4CH,OH (5 equiv)
R
Me Dioxane, 50 °C, 48 h Me

OH OH OH OH
COM SiM CONM
Me” N NAO0Me AN IME | AN e ez

76%, Z/E = 86/14 48%, Z/E = 84/16 41%, Z/E = 88/12 77%, Z/E = 82/18

Pd(OAC); (10 mol%)
Ac-Phe-OH (50 mol%)
OH AgoCO3 (1.5 equiv) OH

RS Rl o Cs5COg (30 mol%) RS R
R' + CF3CH,O0H (5 equiv) R!
e X -CO1Bu
R OBU " Dioxane, 50 °C, 48 h R? z

OH OH

OH
Me
Me Ph
XNy~ CO21Bu 2 -COsBu
Me Me’

55%, Z/E = 80/20 54%, Z/E = 85/15 65%, Z/E = 80/20

Pd(IIyL

[O]V Me\[m
Pd(0) ~==— HPJOCH,CF; OH

Me
| OH
| +
'COOBu o base
B-H elimination
Me | Me\(\
OH | o

-

Pd_
VoL
Me
\m //\coorsu
0o

Scheme 18 Straightforward C-H bond functionalization and coupling
reactions

F3CH,COCPd COO1Bu

4 Other Alkene Derivatives

By early 2000, many reports had been published on the
formation of C-C bonds through aromatic C-H activation
catalyzed by transition-metal catalysts. However, alkenyl
C-H activation was in its infancy without many published
reports. Our group reported the first palladium-catalyzed
ortho-C-H functionalization of cyclic enamides to effect
cross-coupling. The enamide, derived from a-tetralone, was
coupled with phenylboronic acid in the presence of palladi-
um(Il) acetate as the catalyst, an oxidant and a base. After
optimization, we found that K,CO5 was a suitable base and
that Cu(OTf), was a suitable oxidant for this transformation
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(Scheme 19).3° This approach was beneficial for the con-
struction of a variety of enamide derivatives with distinct
aryl groups at the ortho-C-H position.

NHAc Pd(OAC), (10 mol%) NHAc
Cu(OTf), (2 equiv,
e g L T _ CulCThe@eauy) QS
T K2COj3 (2 equiv)
Z X Dioxane, 80 °C \/

X =0, CH,, CHCHg

o NHAc
NHAC O NHAc # | NHAc O
- S relse
Z (o)
80% 67% 74% 69%

Scheme 19 Arylation of enamides with organoboronic acids catalyzed
by Pd(OAc),

As there were only a few reports on the arylation of or-
ganic compounds using organosilane compounds*4° com-
pared to organoborane reagents, we developed an efficient
method for the arylation of alkenyl sp? C-H bonds of enam-
ides using a palladium catalyst. In this transformation we
employed AgF not only for activating the organosilane com-
pounds, but also as an oxidant to complete the palladium
catalytic cycle. We employed 3 equivalents of trialkoxyaryl
silanes in the presence of 3 equivalents of AgF and Pd(OAc),
(10 mol%) as the catalyst in dioxane at 80 °C to achieve the
arylation of enamides in good to excellent yields (Scheme
20).4

NHAc NHAc
Pd(OAC), (10 mol%) N
RGN AgF (3 equiv) N X
R'- + ASi(OR)y ——— R
P4 X Dioxane, 80 °C = X

X =0, CHp, CHCHg

NHAc NHAc NHAc NHAc

Scheme 20 Palladium-catalyzed arylation of enamides with organos-
ilanes

In late 2011, we reported an elegant catalytic method
involving an oxidative cross-coupling reaction of electron-
deficient olefins with enamides in the presence of oxygen
as the oxidant and palladium(Il) acetate as the catalyst
(Scheme 21).%2 Detailed mechanistic studies have been con-
ducted by synthesizing the six-membered cyclic vinylpalla-
dium complex. This metal complex was explored in detail
by X-ray analysis and 'H NMR spectroscopy. These mecha-
nistic studies provided enough evidence to confirm that the
cyclic vinylpalladium complex is the reactive intermediate

in the reaction, which leads to olefination of the enamides.
The desired products were accessed in moderate to good
yields under mild conditions.

A

HN™ o Pd(OAC), (1 equiv) HN™ 0

I
DMSO, t, 12 h X Fi-Ohe
/IS\\O

tert-butyl acrylate (1 equiv)
NaOAc (1 equiv)
DMSO, 80 °C, 16 h, air

53%

0

! l N COBU

Scheme 21 Palladium-catalyzed alkenylation of enamides

HN

Although we reported the arylation of enamides, in our
method we employed prefunctionalized coupling partners
for this transformation. Hence, we required a method that
was able to utilize readily available substances as the cou-
pling partners for the arylation of alkenyl sp?> C-H bonds. As
a result of our investigations, we published the first report
employing unactivated arenes as the arylating source in the
C-H functionalization of enamides under palladium cataly-
sis. To enhance the chemical stability of the enamides, the
enamide nitrogen was doubly protected. This method re-
sulted in the formation of highly substituted enamides in
an efficient and cost-effective manner with perfect Z selec-
tivity (Scheme 22).43

AcOH (5 equiv)

,_(j)LNAcBn R?
;
110 °C, 24-48 h

O NAcBn O NAcBn O NAcBn O NAcBn
MeO
67% 65% 72% 68%

Scheme 22 Direct arylation of enamides using unactivated arenes
through double C-H functionalization

Pd(OAc), (10 mol%)
Cu(OAc); (1 equiv)

In 2014, Glorius and co-workers demonstrated the first
example of the Rh(III)-catalyzed alkenylation of enol-carba-
mates (Scheme 23).44 This method utilized alkyl, aryl and
cyclic enolates to synthesize 1,3-dienes in an efficient man-
ner. The carbamate moiety of the formed products can be
easily cleaved, and the products are further transformed
into either (E)-3-alkenones or other useful synthetic deriv-
atives.
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N [CP*RNClol, (2.5 mol%) N NHAG | o
AgSbFg (10 mol% NHAc Cu(MeCN)4PFg (10 mol% 3 =
o/go + AR P ) o/&o (MeCN)PFe ( ) X l P
u(OAc); (2.1 equiv, R : |
R,& MeOH. 60 °C, 16 h X . R! R 2 (1.1 equiv), THF, rt, Np, 20 h CFs
CFs
2
~N7 ~ ~v
/& /& /g NHAC NHAc NHAc NHAG
o) [e] (o) (¢] o o) NN N N
B B CF.
N Ny 00Bu D T NN T l N N CFs CFs O‘ °
| P | C Br
Z 90% 83% 85% 87%
77%, (88/12) 95%, (87/13) 19%, (90/10)
N
N NHA % om
C CuCl (10 mol%) AGHN e
PS SN SN >I\/CF3
o~ o P e R 2 (1.1 equiv), MeOH, t, N, 20 h R
C’)\/\vcoanu o~ ~o o~ 0 o ACHN OM AcHN_ OMe AcHN_ OM
ol e Cl e AcHN OMe
on T
o ph)\/ G Ph NN e CFy CFa CFs CFs
98%, (80/20) 73% 85% o OO \_d
N N
N /L 99% 97% 98% 96%
oo )o\/o\/ Scheme 25 Trifluoromethylation and oxytrifluoromethylation of
P S SOM .
P Ph 2he enamides
5% 60%

Scheme 23 Rhodium(lll)-catalyzed alkenylation of enol-carbamates

Following on from the work of Glorius, our lab demon-
strated a unique protocol by alkynylating the olefinic C-H
bond of enamides in the presence of Rh(III) catalysis for the
construction of functionalized 1,3-enyne motifs. The ortho-
directing effect of the enamides was explored and utilized
for the synthesis of cis-enynamide motifs in a stereospecific
manner. In the presence of 2 mol% of Cp*Rh(MeCN);(SbFg),,
10 mol% of PivOH and TIPS-EBX 1, the enamides reacted at
room temperature to give alkynylated products in excellent
yields (Scheme 24).45 A wide range of functional groups was
tolerated due to the very mild reaction conditions em-
ployed. The enynamide products obtained from C-H alky-
nylation were further derivatized into useful organic syn-
thons by cycloaddition or Sonogashira coupling reactions.

Until 2012, there were no reports of olefinic C-CF; bond
formation through the direct replacement of an olefinic C-H

--R!_NHCOMe

R NHCOMe Cpen(MeCN)o(SbF: )|
‘\"RIH 1, PivOH, Acetone, rt Nege % :
TIPS |

MeO. y |
\%Me I NHCOMe s | NHCOMe
|
N ™ =
N N TIPS

i TIPS
e O\I/

TIPS TIPS
81% 92% 65%
O NHCOMe NHCOMe MeO,C.___NHCOMe
TPs TIPS TIPS
61% 86% 62%

Scheme 24 Rhodium(lIl)-catalyzed C-H olefinic alkynylation of enam-
ides

moiety. Here in our lab, we developed the first example of
enamide C-H trifluoromethylation for the straightforward
construction of olefinic C-CF; bonds. We employed a novel
cationic Cu(I) catalyst to access trifluoromethylated enam-
ides with excellent E selectivity and yields (Scheme 25).46
We demonstrated the pivotal role of the copper catalyst by

YAc Pd(OAc) (10 mol%) YAc TIPS
AgOAc (1.1 equiv) Z
N + Br—=—TIPS X
| P CHoCI,/DMSO (97/3) ;
X 80 °C X
X=C,0
Y =NH, O
NHAc OAc NHAc
= [—
‘ =—TIPs || =—TIPS =—TIPS
Z Br
77% 72% 76%
TIPS
TIPS
y ) AcHN, //
OO 0
21% 40%
Pd(OAc), NHAc

AgBr | A
=
AgOAc
HN/é

AcO. (e}
PAOAGEr @,Pdu_o Ac

TIPS /
Vi
AcHN ‘ HN\’\</O Br/ﬂps
>—PdV-0Ac
O I \Br

!

TIPS

Scheme 26 Palladium-catalyzed cross-coupling reaction between
N-vinylacetamides and (bromoethynyl)triisopropylsilane

Georg Thieme Verlag Stuttgart - New York — Synthesis 2019, 51, 1049-1062



1058

THIEME

Synthesis M. Maraswami, T.-P. Loh

appropriate mechanistic studies. We also carried out the
oxytrifluoromethylation of enamides catalyzed by CuCl.

In continuation of our research on the development of
straightforward olefinic C-H functionalizations, we de-
scribed a palladium-catalyzed cross-coupling reaction of
(bromoethynyl)triisopropylsilane and N-vinylacetamides.
The combination of solvents DMSO/CH,Cl, (v/v = 3/97)
proved to be the best for yielding the desired products
(Scheme 26).4’ In this transformation DMSO stabilizes the
palladium catalyst by coordinating to the metal center, thus
acting as a weak ligand.

Our further studies on the reactivity of enamides with
alkynes resulted in our group reporting an efficient method
for the formation of substituted pyrrole derivatives in the
presence of a palladium catalyst using oxygen as the oxi-
dant (Scheme 27).#8 The method is quite gentle and has
broad substrate scope.

Pd(OAc), (10 mol/)
NHAc KOACc (2 equiv)

/(1 and/or /(j\

o‘*’\g‘ Qﬂ ﬁ“

Scheme 27 Formation of substituted pyrrole derivatives in the pres-
ence of a palladium catalyst

R o Oz (1 am), DMSO

IZ/

In late 2015, the first Rh(III)-catalyzed C-H bond func-
tionalization of enol phosphates with a wide range of acti-
vated coupling partners was accomplished by our group.
The phosphate group with its strong directing ability facili-
tates the substrates to participate in synthetically tunable
transformations through alkenylation with acrylates and
hydroalkenylation with enones (Schemes 28 and 29).4° The
hydroalkenylation process proceeds through C-H activation
assisted by chelation, in which the vinylrhodium species
undergo conjugate additions to enones. This strategy can
further be expanded for the coupling reaction of enol phos-
phates with other Michael acceptors such as electron-defi-
cient alkynes. Enol phosphates are integral units of many
pharmaceuticals and bioactive natural products. In transi-
tion-metal-catalyzed cross-coupling reactions, enol phos-
phates have been utilized as important intermediates. Com-
pared to the triflate and halide partners, enol phosphates
are cheap and have higher stability, due to which they are
often utilized in these coupling reactions.’® To show the
wide applicability of the method, an array of cross-coupling
reactions with other analogues have been performed and
highly functionalized conjugated alkenes have been ac-
cessed with ease. The outstanding features of this method
include the versatile applicability of the coupling products,
good functional-group compatibility, and high stereo- and
regioselectivity.

o
° [{Cp*RhCla),] (2.5 mol%) R ~O~-0Et
R O\H/OEt . | ; AgSbFg (10 mol%) \OEt
T]/ \OEt R Cu(OACc),-Ho0 (60 mol%)
THF, 80°C, 17 h R

88%, 97/3

65%, 89/11 35%, 99/1 39%, 99/1

Scheme 28 Hydroalkenylation of enol phosphates with enones

Synthetic chemists have been using enamines as syn-
thetic equivalents of metal enolates. Enamines have been
demonstrated as useful synthetic intermediates in organic
synthesis. Enamines, under very gentle conditions, react
with an array of electrophiles.>! Although enamines are re-
active to most electrophiles, they lack reactivity with steri-
cally hindered alkyl halides.

o [(C;Z\'RsthFIg)g] @5 |"nol%) N “\ _OR!
10 %,
RO -OBoR' | g gSbFs (10 mol%) | om
\ﬂ/ Rt CU(OAC)2H,0 (1.1 equiv) ‘

THF,80°C, 17 h

=
o o8 ° © i
| ~R-OE! S | ~R-OMe \F,,NMe2 \P,OPh
OEt OMe e,

COMe COsMe COMe COMe
90%, 89/11 82%, 86/14 88%, 89/11 29%, 94/6
“ 4
\ 0 | o Ph o e ol
. oull_okt o 0\,‘3'\,051 ~F ,oa ,oa
| \oa [ om
S0,Ph CO,Me CO Me CO Me
52%, 96/4 73%, 91/9 78%, 91/9 19%
R
Me  [{Cp*RhCla}] (2.5 mol%) o8 okt
AgSbFg (10 mol%) ~pLOEt
+ - N
| | Cu(OAC),-H,0 (20 mol%) Me

PivOH (1.1 equiv) |
THF,40°C, 17 h

83%, 96/4

80%, 97/3 60%, 90/10 34%, 98/2

Scheme 29 Rhodium-catalyzed alkenylation of enol phosphates with
alkenes and alkynes

Enamides are often considered as derivatives of enam-
ines. To solve this reactivity problem and in continuation of
our studies on the C-H functionalizations of enamides, we
were inspired to carry out the transition-metal-catalyzed
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cross-coupling of sterically hindered halides with enam-
ides. As expected, this method worked well with a palladi-
um catalyst system, providing access to bulky alkyl-substi-
tuted alkenes as versatile precursors of y-lactams, 1,4-di-
carbonyls, 8-amino alcohols and y-amino acids. Notably,
the present reaction conditions not only gave the corre-
sponding products in good yield but also suppressed the
side reaction involving B-hydride elimination (Scheme
30).>?

NHAC Pd(PPh)s (5 mol%) NHAc
P(4-MeOCgHa)s (20 mol%) OEt
R d\' + Br)<rroa I — R (\ >
o ' AgOAc (1.5 equiv) I ,
A ’ o
P 5 N <

X~ CHaClp
AcHN
AcHN AcHN NHAc
CO,Et
d coEt oo O‘ 2 @(%roa
ol O e
76% 69%, Z/E = 93/7 35% 68%

NHAc

<
B

O 4 Pd(0) r

AgBr + AcOH

NHAc

OFEt
o]
LnPd'Br
. OEt
LnBrPd". K(
[}
OEt

4 NHAc

| x

NHAc P

(¢}

Scheme 30 Palladium-catalyzed alkylation reactions of enamides with
o-bromo-substituted carbonyl compounds

5 Intramolecular C-H Activation

In early 2017, our group reported an intramolecular C-N
bond-forming reaction catalyzed by a palladium catalyst in
the presence of chloranil as the additive (Scheme 31).>3 This
method, involving intramolecular oxidative amination, was
widely applicable and various functional groups were well
tolerated.

R2 Pd(CHaCN),Cl (10 mol%) R?
chloranil (1 equiv) R

Dioxane, air, 80 °C

82% 75% 25% 98% 94%

Scheme 31 Palladium-catalyzed formation of multisubstituted dihy-
dropyrroles

Macrocycles are integral units of many pharmaceuticals
and bioactive natural products.”* To date, many methods
have been reported for the efficient syntheses of macrocy-
cles, e.g., macrolactamizations, macroaldolizations, and
macrolactonizations. In the last two decades, ring-closing
metathesis (RCM) has been widely applied to construct
such macrocycles with double bonds. Though RCM is uti-
lized efficiently to form large rings, the control of E/Z stereo-
selectivities in these rings is quite challenging. We have
been searching for an efficient method to construct macro-
cycles with double bonds by applying our well established
method of transition-metal-catalyzed alkenyl sp? C-H func-
tionalization. With this idea in mind, we envisaged that this
class of macrocycles would be easily accessed via an intra-
molecular cross-coupling among two distinct double
bonds. In 2018, we presented the first example of intramo-
lecular oxidative cross-coupling between double bonds cat-
alyzed by a cationic Rh(IlI) complex (Scheme 32).>> The
method is atom economical and the products can be trans-
formed into useful derivatives. Distinctive sized macrocy-

[RhCp*Clal, (5 mol%) R!
NaBARF ( 40 mol%) |

Cu(OAc)2-H20 (2.5 equiv) |
Acetone (0.01 M), 100 °C, 24 h

[0
] o
~~ N Eto N
| H | A
o o
(¢} o
54% 65% 43%
o o] o]
N Pn N
N
| H | H | H
| "
| 0] O~ o
o (0] [e]
51% 56% 39% 26%
Derivatization of a macrocyclic product o
Ph N
DBU, air Pd/C H
NTO MeCN
Ho (balloon)
Ph—R s 50°C,18h EA, it,5h 0.
73% %%
o o
Q Ph P Cul, NaOBu Ph
Cs,CO3 N Imidazolinium salt | H
N oo 22 | H
Ph MeCN PhMe,Si-Bpin
NS0 socctonar Il o Hr PhMeSi o
74% ~78°C,24h 96%
O
e} e}
Ph Ph
N N
H | H
. Cul, NaO1Bu
Imidazolinium salt DBU
O. O.
BPin-Bpin, THF MeNO, NO,
O g9v 0°C,24h rt, 24 h, Air 749, O

Scheme 32 Intramolecular cross-coupling and derivatization of a
cross-coupled product
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cles were obtained with ease in relatively good yields in the
presence of [RhCp*Cl,], (5 mol%), NaBARF (40 mol%) and
Cu(0OAc),-H,0 (2.5 equiv) in acetone at 100 °C. This method
features universal utilization of the diene fragment for deri-
vatization, good functional-group compatibility and high
stereo- and chemoselectivity.

For the palladium-catalyzed alkenyl sp? C-H activation
we can draw a generalized mechanism as shown in Scheme
33. The palladium catalyst activates the electron-rich
alkene by generation of vinyl palladium intermediate A.
Next, the incoming electron-deficient alkene coordinates to
intermediate A, which is followed by migratory insertion
into the palladium-C vinyl bond to form 6-Pd intermediate
B. Finally, B-H elimination results in formation of the prod-
uct, while the oxidant employed in the reaction reactivates
the catalyst for the next cycle.

H:0 PdX, Py
(0] )
HX HX
HPAX xpd\y;H1

R AP
ARz
R2
g
pax B

Scheme 33 Generalized mechanism for the palladium-catalyzed alke-
nyl sp? C-H activation

6 Conclusion and Future Projects

It is evident from this short account of our group’s re-
search over two decades on alkenyl sp? C-H activation that
these methods have emerged as powerful tools to function-
alize and synthesize various alkene derivatives. In particu-
lar, transition-metal-catalyzed C-H functionalizations offer
more scope and are widely applicable. In continuation of
our interest in alkenyl sp> C-H activation, we are now ex-
ploring new arenas for this methodology. After our recent
breakthrough macrocyclization report, we are presently
looking to expand the application of this method by apply-
ing it to distinctive coupling partners in order to obtain
more functionalizable products. We are in search of meth-
ods that not only activate alkenyl sp?> C-H groups, but that
also trigger enantioselectivity through which we can
achieve stereoselective reactions via C-H activation. With
our interest in green chemistry and water-promoted reac-
tions, we are also searching for metal-free coupling reac-
tions in water.
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