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Olefinic C—H functionalization represents an atom- and step economic approach to valuable olefin deri-
vatives from simpler ones, but controlling the selectivity remains a challenge. Remarkable progress has
been made in the site-selective C—H functionalization of arenes and alkanes, but there are still limited
examples of selective C—H functionalization of olefins presumably due to the lability and easy decompo-
sition of the alkenyl moiety. Chelation-assisted C—H activation represents an efficient protocol for site-
and stereo-selective construction of carbon-carbon and carbon—heteroatom bonds. This review high-
lights recent advances in vicinal- and geminal-group-directed olefinic C—H functionalization, including
alkenylation, arylation, alkynylation, alkylation, halogenation, silylation, cyanation and annulation by the
Received 25th June 2020 formation of exo-/endo-metallocycles. In particular, geminal-group-directed C—H functionalization is
covered for the first time, as well as distal-selective alkenyl C—H functionalization under palladium/nor-
bornene cooperative catalysis, which provides novel disconnections in retrosynthetic analysis and repre-
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sents the future trend in green chemistry.

1. Introduction

Alkenes are one of the most abundant raw feedstocks to construct
complex chemicals, and many efforts have been made towards
developing methods for the synthesis of functionalized olefins,

Xiunan Lu was born in Zhejiang,
China. She received her BS degree
from Quanzhou Normal Univer-
sity in 2016. She then joined
the research group of Professor
Jian Zhang and Professor Guofu
Zhong in the College of Materials,
Chemistry and Chemical Engi-
neering at Hangzhou Normal
University in 2016. After she
received her MS in 2019, she
has been working as a research
assistant in the College of
Materials, Chemistry &
Chemical Engineering in Hangzhou Normal University, working
with Professor Jian Zhang. Her current research interests focus on
the transition-metal-catalyzed formation of C-N and C-C bonds
and their applications in organic synthesis.

Xiunan Lu

Chem. Soc. Rev.


http://orcid.org/0000-0001-8734-3003
http://crossmark.crossref.org/dialog/?doi=10.1039/d0cs00447b&domain=pdf&date_stamp=2021-01-24
http://rsc.li/chem-soc-rev
https://doi.org/10.1039/d0cs00447b
https://pubs.rsc.org/en/journals/journal/CS

Published on 25 January 2021. Downloaded by Beijing Normal University on 1/26/2021 2:32:28 AM.

Review Article

including classic elimination from halides, Wittig reactions, olefin
metathesis, addition to alkynes, and Heck reactions." However,
most of these methods employ pre-activated substrates and/or
produce stoichiometric by-products which significantly reduce the
reaction efficiency. Olefins are abundant and readily available
raw materials; direct alkenyl C-H functionalization represents
an atom- and step-economic approach to prepare valuable
olefin derivatives from simpler ones, and is generally divided
into two strategies: non-directed- and directed alkenyl C-H
functionalization.

The Heck reaction represents a well-known approach for
non-directed functionalization of alkenyl C-H bonds, and the
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Scheme 1 Non-directed C-H functionalization of alkenes by addition—
elimination mechanisms: (a) Heck reaction and (b) radical alkenylation.

mechanism involves insertion of alkenes and B-H elimination
to provide trans-alkenes in most of the cases (Scheme 1a).*™*
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Recently, remarkable efforts have also been made towards
olefinic C-H functionalization using carbon/heteroatom-centered
radical species which proceeded by radical addition to alkenes
and the subsequent single-electron-transfer (SET) oxidation/
elimination to provide alkene derivatives (Scheme 1b).> However,
both of the non-directed alkenyl C-H functionalizations proceed
by the addition/elimination mechanisms, and the site- and stereo-
selectivities are largely governed by the intrinsic sterically and
electronically biased properties of the alkene substrates, usually
leading to E-alkenes using mono-substituted alkenes as the
substrates. When di- or tri-substituted alkenes are employed as
the substrates, controlling the site- and stereo-selectivities by
these non-directed methods remains a formidable challenge,
providing Z/E mixed isomeric olefins, which greatly inhibit their
practical applications. Multi-substituted alkenes, widely used as
versatile building blocks, are key structural motifs in countless
natural and bioactive compounds. Consequently, it is highly
desirable to develop site- and stereo-selective C(vinylic)-H func-
tionalization to afford unsymmetrical tri- and tetra-substituted
olefins without steric or electronic bias.

Chelation-assisted C-H bond activation generally achieves
excellent site- and stereo-selectivity by using directing groups
(DGs) to distinguish C-H bonds on the basis of their distance
and geometry in the molecule relative to the DG.®* The DGs
usually play multiple roles: bringing the transition metal by
chelation in close proximity to the specific C-H bond, acting as
a o-donor ligand and increasing the effective concentration of
the catalyst at a specific site to improve the reaction efficiency.
While directed ortho-selective C-H activation that proceeds by
five- or six-membered cyclometallation has attracted great
attention, some other elegant variants have also been demon-
strated, including the rigid template strategy, catalytic c-activation
by ortho-C-H metalation, use of norbornene as a transient
mediator, and weak hydrogen bonding, leading to meta- or
para-C-H functionalization.>® ' Owing to the diverse utiliza-
tion of olefins, directed alkenyl C-H functionalization would be
appealing as an efficient and selective method for the prepara-
tion of multi-substituted alkenes. However, compared with
well-defined aryl C-H functionalization, alkenyl C-H bond
activations are more difficult and the following challenges
could be anticipated. First, the DGs (electro-donating or
electro-withdrawing) attached to olefins usually make the sub-
strates more reactive. The more reactive alkene easily under-
goes n-bond breaking reactions such as electrophilic/conjugate
addition, oxidation and polymerization, which are not applied
to stabler aromatic substrates. Second, transition-metal-
catalyzed side reactions, such as nucleophilic addition and
n-bond insertion, could be competitive with alkenyl C-H activation,
because olefins are usually better ligands than arenes. Third, due to
the delocalization of arenes, aromatic C-H cyclometallation could
be much easier than that of alkenes.

Although expanding the chelation-assisted strategy from
arenes to olefins is appealing but more challenging, recent
advances have demonstrated that directed C(vinylic)-H activa-
tion is feasible by careful evaluation of various reaction sub-
strates and conditions. Incorporation of directing-groups into

This journal is © The Royal Society of Chemistry 2021

View Article Online

Review Article

A vicinal group-directed

1 -
[Pd, Ru, Rh PAR Wmf‘
H Co, Ir, Fe] IX
: . 2 5
esbvetend o manan” M
: metallocycles -
« X=N,0
geminal E A=C,N, O well-defined metallocycle
H n=0,1
: e B geminal group-directed
vicinal B c&j'/i\ ) |
(trans) oo ?(f',DG (A)n/\\\x
-H [Pd] l'!’ o
: 4-8 membered R A
E R TR2 metallocycles )(R(1 R
5 x f g 8 underdeveloped S
: N ='0 a3 metallocycle

Scheme 2 Directed alkenyl C—H functionalization: (A) vicinal group-
directed olefinic C—H functionalization and (B) geminal group-directed
olefinic C—H functionalization.

olefins allows site- and stereo-selective functionalization of
vinylic C-H bonds, by the formation of cyclic alkenyl-metal
intermediates. Remarkable efforts have been made on vicinal-
group-directed alkenyl C-H bond functionalization such as
alkenylation, arylation, alkynylation, alkylation, halogenation,
silylation, cyanation and annulation,* % and these methods lead
to excellent cis-selectivity by endo-cyclometallation (Scheme 2A).
However, the vicinal selectivity that originated from the formation
of five- or six-membered endo-metallocycles severely retarded
its potential applications in organic synthesis. Moreover, nearly
all the directed olefinic C-H functionalizations employ conjugated
olefinic substrates such as acrylamides, acrylic acids, acrylates,
enamides, and enol esters, and expanding reactivity to nonconju-
gated olefins would be appealing. In this context, the development
of chelation-assisted olefinic C-H functionalization via exo-
metallocycle intermediates is fundamentally and complementarily
important. According to previous reports, however, in comparison
to the generation of endo-metallocycles, the requirements for
additional conformational degrees of freedom and increased
energy in exo-cyclometallation prevent the corresponding
transition-metal-catalyzed reactions.'®""'®* Very recently, however,
there have been some new advances in geminal-group-directed
olefinic C-H functionalization via exo-metallocycles, which greatly
expands the concept of chelation-assisted alkenyl C-H functiona-
lization (Scheme 2B)."*>"7*

Although some reviews on the topics of non-directed olefinic
C-H functionalization®® and vicinal-group-directed alkenyl
C-H activation/functionalization®” have already appeared, this
research area is fast-growing, and remarkable advances have
been made in recent years. Herein, we provide a relatively
comprehensive overview in which the majority of the results
on vicinal- and the geminal-group-directed olefinic C-H bond
activation/functionalization are presented, and the reaction
modes and mechanisms are both emphasised. In particular,
geminal-group-directed C(alkenyl)-H functionalization is covered
for the first time in this review, including alkenylation,'®>%®
allylation,®® iodination,'”® alkynylation,'”* arylation,'”?
distal-selective alkenyl C-H functionalization under geminal-
group-directed palladium/norbornene (Pd/NBE) cooperative
catalysis."”* In this respect, the fast developing alkenyl C-H
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activation/functionalization represents an efficient method
for the site-/stereo-selective preparation of valuable olefinic
compounds.

2. Vicinal group-directed olefinic C—H
functionalization

In 1995, the Murai group reported the first olefinic C-H
alkylation of a,B-enones with triethoxyvinylsilane catalyzed by
RuH,(CO)(PPh;);.”” After this advance, many efforts have been
made on vicinal-group-directed olefinic C-H bond activation/
functionalization, including alkenylation, arylation, alkynylation,
alkylation, halogenation, silylation, cyanation and annulation by
cascade sequences. In these protocols, excellent cis-selectivity was
achieved under the chelation-assistance of the directing group by
the formation of endo-metallocycle intermediates, leading to
valuable Z-olefin derivatives.

2.1 Vicinal group-directed olefinic C-H alkenylation

Electron-deficient alkenes, such as acrylates, vinyl ketones,
vinyl phosphates, acrylamides and vinyl sulfones, are usually
employed as C-H alkenylation reagents with the assistance of
metal oxidants such as copper(u) or silver(1) salts, leading to
linear 1,3-diene derivatives. Meanwhile, alkynes and allenes are
also suitable coupling partners in olefinic C-H alkenylation to
provide branched conjugated dienes with atom economy and
excellent regio-/stereoselectivities.

In 2011, the Glorius group reported an amide/ester directed
and Rh-catalyzed oxidative C-H olefination of acrylates and
acrylamides, as well as valuable di-unsaturated a-amino acid
derivatives (Scheme 3). In this protocol, commercially available
[RhCp*Cl,], was used as the catalyst and AgSbF, as an additive
together with Cu(OAc), as an oxidant in 1,4-dioxane or t-AmOH
to give the corresponding linear conjugated dienes 1. Notably,
Z,E-configured 1,3-dienes were commonly obtained as the
major products due to the chelation-assisted olefinic C-H
activation. Di-unsaturated o-amino amides led to Z,Z-dienes
presumably due to the stronger directing effect of the amide
than the ester group. Interestingly, the cross-coupling reaction

[RhCp*Cl,], (2.5 mol%) R DG
R' DG AgSbFg (10 mol%) |
Cu(OAc), (2.1 equiv,
I . (OAC); (2.1 equiv) r? |
R2 H 1,4-dioxane or t-AmOH "

120°C

T e

1a, 54% 1b, 51% 1c, 68% 1d, 49% 1e, 65%
(Z/E = 45]55) (Z/E = 9713) (at 140 °C)
)gLL )glt )g& J{:OOBU
1f,87% Ph 19,82% ~SO,Ph 1h, 63% Ph 1i, 62%
(Z/E = 86/14) (Z/E = 74/26) (Z/E =74/26)

Scheme 3 Rh-catalyzed olefinic C—H alkenylation using alkenes (Glorius,
2011).%
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can also be performed on a large scale using only 20 mol%
Cu(OAc), in air. This reaction represents the first example
of chelation-assisted C-H/C-H cross-coupling of alkenes to
afford 1,3-dienes, although moderate selectivities/yields were
obtained in most of the cases.*

To achieve better reactivity and selectivity, the Loh group
disclosed ruthenium- and rhodium-catalyzed oxidative C-H/C-
H cross-coupling reactions of acrylamides with electron-
deficient alkenes such as acrylates, acrylamides, vinyl sulfones,
styrenes and even vinyl phosphates. The protocol provides an
efficient route for the synthesis of (Z,E)-configured dienamides
2 with excellent regio- and stereo-selectivity (Z,E/Z,Z up to 99/1,
up to 91% yield), using robust complex [RuCl,(p-cymene)], or
[RhCp*Cl,], as the catalyst. The catalytic conditions exhibit a
broad spectrum of functionality tolerance, including CO,R,
COMe, SO,Ph, CONHBn, CN, PO(OEt),, and Weinreb amides
(Scheme 4). The reaction is proposed to be initiated by directed
C-H cyclometalation of an acrylamide. Coordination of the
alkene to the metal center followed by insertion of the alkene
bond forms a seven-membered ruthacycle or rhodacycle species.
Subsequent B-H elimination occurs to afford the desired (Z,E)-
dienamides 2. An isotopically labeled experiment led to Z-selective
olefinic H/D exchange on methacrylamide, indicating a reversible
C-H cyclometallation event.**

In previous cases, it was difficult for mono-substituted
alkenes to undergo directed olefinic C-H activation via cyclo-
metallation due to disfavoured steric and/or electronic effects.
However, Li and co-workers disclosed a rhodium-catalyzed
oxidative C-H/C-H coupling between N-sulfonyl allylamines
and electron deficient alkenes such as acrylates and acrylonitrile.
The C-H olefination proceeded well to provide Z,E-butadienes 3,
and no geminal C-H alkenylation product was generated
(Scheme 5a).>” Interestingly, the reaction with N,N-dimethyl-
acrylamide that led to 2,3-dihydropyrroles 4a-4c with an

o (e}
R! R NR3R*
| NR3R* [Ru] or [Rh] ‘
+ A RS B — e "
R H R |
2 “RS

[Ru]: [RuCly(p-cymene)], (2.5 mol%)
KPFg (20 mol%), Cu(OAc), H,0 (2 equiv)
dioxane/H,O/AcOH, 100-120 °C
o]

\qNHBn | NHPh
|

2a COO"Bu 21 COOR® 2¢ "COOR?®

[Rh]: [RhCp*Clyl, (2.5 mol%)
Cu(OACc), H,0 (2 equiv)
acetone, 100-120 "C

\;‘:NHBn W/\qNHBn

2d “COOR®

[Ru]: 83% (96/4) [Ru]: 39% (82/18) [Ru]: 90% (97/3) [Ru]: 91% (96/4)

[Rh]: 85% (> 99/1) (R® = n-Bu) (R® = n-Bu) (RS = n-Bu)
[Rh]: 66% (89/11) [Rh]: 90% (98/2) [Rh]: 80% (97/3)
(R® = +-Bu) (RS=IBu) (R® = t-Bu)
o o
M
Me [ NHen el NHBn NHBn NHBn
Me” | |
2e “COOBuU 2f “SO,Ph 29 PO(OEt)z zh CONMe(OMe)

[Ru]: 39% (99/1)
[Rh]: 81% (96/4)

[Ru]: 50% (> 99/1) [Ru]: 65% (95/5)
[Rh]: 65% (97/3) [Rh]: 90% (94/6)

[Ru]: 80% (95/5)
[Rh]: 62% (98/2)

(Z/E ratios in parentheses were determined by H NMR)

Scheme 4 Rh- or Ru-Catalyzed olefinic C—H alkenylation of acrylamides
using alkenes (Loh, 2012).3*
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Scheme 5 Rh-Catalyzed olefinic C—H alkenylation of NH-Ts allyl amines
using alkenes (Li, 2013).3°

exo-cyclized double bond proceeded via an intramolecular
insertion of alkyl rhodium(m) species into olefins (Scheme 5b).
The kinetic isotope effect experiment was performed, and ky/kp
was determined to be 4.2, indicating the C-H activation to be
involved in the turnover-limiting step.

After their previous advance in amide- and ester-directed
C-H olefination,*® Glorius and co-workers further reported a
Rh-catalyzed olefinic C-H alkenylation of enol carbamates with
excellent stereo-selectivity, allowing the preparation of linear
1,3-dienes 5 from aryl, alkyl, and cyclic enolates. KIE experi-
ments suggest that the alkenyl C-H bond activation is the
rate-determining step. The cleavage of the carbamate moiety
enables the formation of either (E)-3-alkenones or various inter-
esting products by C-O bond activation under Ni-catalysis.
Notably, biologically relevant compounds such as flavanone
and estrone derived enol-carbamates were also smoothly con-
verted under optimal conditions, showing its robustness and
practicality (Scheme 6).%°

Not only amides and carbamates but weakly-coordinating
esters can also act as DGs to promote C-H olefination. The
Zhang group reported an ester-directed olefinic C-H olefina-
tion of 2-aryl acrylates with alkenes under rhodium/(m)-
catalysis. Styrenes and 2-aryl acrylates bearing electron-
donating and electron-withdrawing groups on both sides reacted

[CP*RNCl], (2.5-5 mol%) R!_O__NMe,
R AgSbFe (10-20 mol%) Y
\n/NMez R® Cu(OAc); (2.1 equiv) R? o
uRoh 8150
\/[]: o 1 MeOH, 60°C |
RZ
//R R=H, 5a, 77% (Z/E = 88/12) TNMS?
| O _NMe, “OMe. 5b, 85% (ZE = 84/16) NMez
S 2 4-Me, 5c, 83% (ZE = 80/20)
o Bgeatae it
: o SesEmEERED COOB" 5h, 60%
COBBM X =0, 5f, 98% (Z/E = 80/20) )
e 3080, 99% (ZE=TOR2) L.
NMe2 NMe2

\gjor | l'/ X COOBu ‘ / COOBu
\ |
COOBuU €O0B Oe

i MezN

. 5k, 71% 51, 51%
5i, 90% 5j, 46% o e e e e R PR
in dioxane, at 100 °C

Scheme 6 Rh-Catalyzed olefinic C-H alkenylation of enol carbamates
(Glorius, 2014).%°
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Scheme 7 Rh-Catalyzed olefinic C—H alkenylation of acrylates using
alkenes (Zhang, 2014).%”

well to give (Z,E)-dienes 6 with high stereoselectivity and effi-
ciency. However, cross-coupling of acrylates led to unsatisfactory
results. The cross-coupling was proposed to proceed by the
formation a cyclic vinyl rhodium intermediate (II) with the
assistance of the ester group, and the subsequent alkene inser-
tion and B-H elimination released product 6 and a Rh(1) species,
which was oxidized to Rh(u) species I by a copper(u) salt to enter
the next catalytic cycle (Scheme 7).>’

An oxidative C-H/C-H cross-coupling reaction of simple
acrylates to generate substituted conjugated muconates is
appealing but challenging due to the easy homodimerization
and the weak coordination of esters. In 2015, the Loh group
demonstrated a ruthenium-catalyzed ester-directed oxidative
olefinic C-H/C-H cross-coupling reaction between two readily
available acrylates. Herein, the substituent on the a-position
of the acrylate greatly influences its reactivity and chemo-
selectivity to facilitate cis-olefinic C-H activation. By using a
weakly coordinating ester as the directing group, this method
efficiently provides a site- and stereo-selective approach for the
preparation of valuable (Z,E)-muconates, 7. One of the terminal
ester groups on the conjugated muconates was selectively
converted into the corresponding monocarboxylic acid or
alcohol under mild hydrolysis and reduction conditions
respectively. An intermolecular KIE value was determined to
be 1.8, indicating that the C-H bond cleavage should be
involved in the rate-determining step (Scheme 8).*®

Enol phosphates usually serve as versatile intermediates in
metal-catalyzed cross-coupling reactions. The Loh group further
developed a rhodium-catalyzed and phosphate-directed olefinic
C-H functionalization of electron-rich enol phosphates. A wide
variety of coupling partners such as electron deficient alkenes,
alkynes, and allenes could be used as coupling partners, leading
to the formation of various valuable alkenylated and hydro-
alkenylated enol phosphates 8 and 9 (Scheme 9a and b). Notably,
both aryl and alkyl vinyl ketones reacted with enol phosphates
to provide the alkylation products 10 and a trace amount of
1,3-diene, using a decreased amount of Cu(OAc),-H,O (60 mol%)
(Scheme 9c). Herein, B-H elimination is disfavored presumably
due to the easy formation of a rhodium-oxa-n-allyl species, which
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Scheme 9 Rh-Catalyzed olefinic C-H alkenylation/alkylation of enol
phosphates using alkenes (Loh, 2015).%°

is converted to conjugate addition product 10 after protonolysis.
The protocol is of great importance due to the high regio- and
stereoselectivity, good functional group compatibility, and versatile
utility of the coupling products. Deuterium labelled experiments
suggest a reversible C-H cyclometalation event, and an inter-
molecular KIE value of 2.2 reveals that the C-H bond cleavage
might be involved in the rate-determining step.*

Previous methods required external metal oxidants to
regenerate the active catalytic species and thus provided stoi-
chiometric amounts of metal waste, reducing the overall
“greenness” of the process. We developed a ruthenium-
catalyzed cross-coupling between acrylamides and allyl acetate,
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Scheme 10 Ru-Catalyzed olefinic C—H alkenylation of acrylamides using
allyl acetate (Zhang and Zhong, 2016).4°

with the assistance of tertiary aminocarbonyl as the directing
group.”® This protocol proceeded under external oxidant-free
conditions by B-OAc elimination and resulted in (Z,E)-buta-
diene skeletons 11 with a trace amount of allylation product 12.
Other allyl esters were also examined in this allylation reaction,
although they exhibited decreased efficiency. As unconjugated
alkenes were normally inert to acrylamides, this protocol provides
alternative access to 5-alkyl dienamides 11 (Scheme 10).

N-Methoxy-N-methylamides (Weinreb amides) represent
synthetically valuable functionalities which can be easily con-
verted into ketones and aldehydes. Our group developed a
Weinreb amide directed olefinic C-H alkenylation using
electron-deficient alkenes, which was performed with catalyst
[RhCp*Cl,],, additive AgSbF and oxidant Cu(OAc),. Mono- and
di-substituted acrylamides were all converted well to afford
excellent stereo-selectivity. This protocol was also applied to
internal alkenes such as ethyl 2-hexenoate and methyl crotonate,
providing multi-substituted 1,3-dienes 13e and 13f in good yields
and with moderate Z/E selectivity (Scheme 11a). Notably, the
Weinreb amide or ester group in the 1,3-dienes can be selectively
converted into the corresponding aldehyde 14b or allyl alcohol
14a by simple treatment with DIBAL-H (Scheme 11b). A plausible
mechanism is proposed to be initiated by anion exchange
between [Cp*RhCl,], and AgSbF, to afford active Rh(ur) species
I, which selectively inserts into the vicinal olefinic C-H bond and
forms a five-membered rhodacycle (II). Subsequent olefin inser-
tion and B-H elimination provide 1,3-diene 13 and Rh(1) species,
and the latter one is converted to active Rh(u1) species by oxidation
with copper(i) (Scheme 11c¢).*!

Another strategy is the application of an internal oxidizing
directing group that acts as both a directing group and an
internal oxidant for redox-neutral coupling reactions. In 2017,
our group demonstrated a cross-coupling reaction between
acrylamides and acrylates in the absence of any external
oxidant, using [Ru(p-cymene)Cl,], as the catalyst and KOPiv
as an additive. This protocol employs NH-OMe amide as an
oxidizing directing group to afford efficient and mild synthesis
of 1,3-dienes 15 with excellent stereoselectivities, liberating
methanol as the sole by-product. The reaction is proposed to
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Scheme 11 Rh-Catalyzed Weinreb amide-directed olefinic C—H alkeny-
lation (Zhang and Zhong, 2017).*

proceed via a reversible C-H bond activation process to form a
ruthenacycle, II, with concomitant liberation of pivalic acid.
Then, the electron-deficient alkene inserts into the Ru—-C bond
to form seven-membered ruthenacycle intermediate, III.
Subsequent B-H elimination and reductive elimination furnish
ruthenium(0), which inserts into the N-O bond to afford
ruthenium(u) amide intermediate IV. The final protonation of
IV releases product 15 and regenerates the active ruthenium(u)
biscarboxylate catalyst I (Scheme 12).**

The Loh group continued the olefinic C-H activation and
they recently developed a hydroxy group directed olefinic C-H
alkenylation of homoallylic alcohols under palladium catalysis.
The easily oxidative hydroxy group acts as the directing group in
such directed C-H olefination and controls the stereoselectivity of
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Scheme 12 Ru-Catalyzed olefinic C—H alkenylation of acrylamides using
internal oxidants (Zhang and Zhong, 2017).4?
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Scheme 13 Pd-Catalyzed olefinic C—H alkenylation of alkenyl alcohols
(Xu and Loh, 2017).*®

the products (Scheme 13a). In the presence of palladium catalyst
and a mono-protected amino acid (MPAA) ligand, the alkenes
bearing the hydroxy functionality can couple efficiently with
electron-deficient alkenes such as acrylates, vinyl ketones and
acrylamides to form conjugated dienes 16. Notably, while homo-
allyl alcohols reacted best to proceed via a six-membered endo-
metallocycle intermediate, allyl alcohols only led to moderate
yields via a five-membered endo-metallocycle. In addition, alcohol
4-phenylpent-4-en-1-ol provided C-H alkenylation product 16f
in only 26% yield via a seven-membered endo-metallocycle.
A plausible mechanism proposed by the authors is shown in
Scheme 13b. Under the palladium catalysis, hydroxy group-
directed vinylic C-H bond cleavage occurred to afford a six-
membered endo-palladacycle, I. Alkene coordination followed by
migratory insertion afforded intermediate III. Species III then led
to the formation of the alkenylation product 16 by -H elimination
and liberated Pd(0) species which could be re-oxidized into Pd(u)
with the aid of silver oxidant. The kinetic study suggested that the
C-H bond cleavage could be the rate-determining step.*®

The enol-carbamate functionality is of particular interest
because of its facile preparation from ketones and easy trans-
formations to other valuable functionalities. Our group devel-
oped an olefinic C-H alkenylation of enol carbamates using
internal alkynes or electron-deficient alkenes under ruthenium
catalysis. By using carbamates as the directing groups, the
cross-coupling led to stereo-selective synthesis of valuable
(Z,E)- and (Z,Z)-butadienes 17 and 18 (Schemes 15a and b).
Plausible mechanisms are illustrated in Schemes 14 and 15.
First, vinylic C-H activation of enol carbamates takes place to
give six-membered alkenyl-ruthenacycle intermediates I with
the liberation of a proton. Then, alkene insertion of I and the
subsequent B-hydride elimination led to linear 1,3-dienes 17,
and the ruthenium hydride was re-oxidized by Cu(u) to regene-
rate the catalytically active species (Scheme 14b). In contrast,
alkyne insertion of I followed by protonolysis produced
branched 1,3-dienes 18 (Scheme 15b). Treatment of product
18a with phenyl boronic acid led to an arylated product in good
yield by C-O bond cleavage under Ni-catalysis.**
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Scheme 14 Ru-Catalyzed olefinic C—H alkenylation of enol carbamates
using alkenes (Zhang and Zhong, 2017).**
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Scheme 15 Ru-Catalyzed olefinic C—H alkenylation of enol carbamates
using alkynes (Zhang and Zhong, 2017).4

Bouillon, Poisson and co-workers disclosed a palladium-
catalyzed C-H bond functionalization of acrylamides to prepare
trifluoromethylated 1,3-butadienes 19 with excellent stereo-
selectivity. In this protocol, acrylamides were selectively C-H
functionalized with 2-bromo-3,3,3-trifluoropropene, using a
tertiary amide as the directing group. Notably, the methodology
was also extended to the construction of pentafluoroethyl-
substituted 1,3-dienes 20. A redox neutral mechanism was
proposed with the assistance of density functional theory
calculations. The reaction proceeded by the formation of
O-coordinated palladacycle intermediate I, and the subsequent
carbopalladation led to the organopalladium intermediate III,
which produced 1,3-diene by B-Br elimination (Scheme 16).*>

Macrolides are an important class of organic molecules
due to their wide occurrence in many natural products and
pharmaceuticals. The Loh group disclosed an amide directed
intramolecular oxidative C-H/C-H cross-coupling between two
alkenyl C-H bonds for the synthesis of 12-20 membered
macrolides 21 by using [RhCp*Cl,], as the catalyst. This work
provides a rapid and atom-economical synthetic pathway to
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Scheme 16 Pd-Catalyzed olefinic C—H alkenylation using trifluoropropene
(Bouillon and Poisson, 2017).%°

prepare macrolide compounds with a Z,E-configured diene
moiety in moderate to good yields and with excellent chemo-
and stereoselectivity. Sodium tetrakis[3,5-bis(trifluoromethyl)-
phenyl]borate (NaBARF) was found to be crucial in the reaction.
A plausible mechanism was proposed as follows. Anion
exchange of [RhCp*Cl,], with NaBARF and Cu(OAc),-H,0O
afforded the reactive species I, which selectively activated the
Z-olefinic C-H bond of the acrylamide derivative to form a
vinylrhodium(m) species, II. Subsequent intramolecular olefin
coordination and migratory insertion formed intermediates IV,
which underwent -hydride elimination to afford the macrolide
compounds 21 (Scheme 17).%°
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Scheme 17 Rh-Catalyzed intramolecular olefinic C-H alkenylation to
afford macrolides (Xu and Loh, 2018).%6
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A wide variety of olefinic C-H/C-H cross-coupling reactions
to produce 1,3-dienes have been realized under palladium-,
rhodium- or ruthenium-catalysis, usually employing metal
oxidants in quantitative amounts. Consequently, developing
other transition-metal-catalysed cross-coupling reactions is
appealing due to their complementary substrates and reaction
types. Moreover, integration of hydrogenation transfer and C-H
alkenylation in one cross-coupling reaction could obviate the
use of metal oxidant; however, it remains a challenging goal
due to the isomerization and reduction of olefins. Our group
reported the first iridium-catalyzed amide-directed olefinic
C-H alkenylation, using organic hydrogen acceptors such
as benzaquinones or alkenes via hydrogenation transfer
(Scheme 18a). A possible reaction mechanism is depicted in
Scheme 18b. First, [Cp*IrCl,], reacts with AgSbF, to afford Ir(ur)
species 1, which inserts into the olefinic C-H bond of the
acrylamide to provide II, and the subsequent migratory inser-
tion of an olefin and B-H elimination lead to 1,3-diene 22 with
the liberation of Ir(ur) hydride species IV. IV inserts into the
olefin to form alkyliridium species V and VI, which finally
provides an alkane and regenerates the catalytic species I by
protonolysis. An intermolecular competition experiment
showed that the electron-rich one reacted preferentially, and
a Hammett plot analysis indicated a linear fit with a negative
slope of p = —0.57."

After the advance in iridium-catalyzed cross-coupling of
alkenes, our group also developed the first cobalt-catalyzed cross-
couplings of olefins to provide 1,3-dienes 23 and tri-substituted
alkenes 24, using complex [Cp*Co(CO)L,] as the catalyst. Notably,
the reactions with acrylates and o,p-unsaturated ketones are
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Scheme 18 Iridium-catalyzed alkenyl C-H alkenylation by hydrogen
transfer (Zhang and Zhong, 2019).4
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Scheme 19 Cobalt-catalyzed olefinic C-H alkenylation and alkylation
(Zhang and Zhong, 2019).%%

switchable, affording alkenylation and alkylation respectively
(Scheme 19). A plausible catalytic mechanism is presented in
Scheme 19b. Firstly, AgSbF, abstracted the halide from the
[CoCp*(CO)I,] complex to afford a mono-cationic species
[Cp*Co(m)(OAc)]" (I), which inserted into the vicinal olefinic
C-H bond to form five-membered cobaltacycle II. Olefin
migratory insertion followed by B-hydride elimination led to
1,3-diene 23, and the active species I was regenerated via
oxidation by AgOAc (path a). On the other hand, insertion of
an o,p-unsaturated ketone into II provided intermediate III
bound with an AcOH, which was then transformed into VI via
a metallo-keto/enol isomerization followed by ‘‘dechelation
isomerisation”. The final protonation of VI furnished product
24 with the regeneration of active species I (path b).>* While
keto/enol isomerization led to the C-H alkylation process, the
ester group promoted C-H alkenylation as it destabilized such
isomerization.*®

Shibata and Tanaka developed an aerobic oxidative cross-
coupling reaction between acrylamides and both activated
and unactivated olefins, using an electron-deficient Cp“Rh ()
complex containing two ester groups on the Cp ring (Scheme 20a).
The reaction is performed in air, using [Cp*RhCl,], (5 mol%),
AgSbF (20 mol%) and Cu(OAc),-H,O (20 mol%) in DCE at 80 °C,
leading to (2Z,4E)-dienamides with the assistance of tertiary,
secondary or primary amides as directing groups (25a-e). The
turnover-limiting olefinic C-H bond activation is demonstrated by
mechanistic studies to be facilitated by the electron-deficient
properties of the CpFRh(m) catalyst. A plausible mechanism is
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Scheme 20 Aerobic cross-coupling of alkenes catalyzed by an electron-
deficient CoRh"' complex (Shibata and Tanaka, 2019).4°

proposed to be initiated by the reaction of [Cp"RhCl,], with
AgSbF, and Cu(OAc), to afford active species I. Then, olefinic
C-H activation occurs to provide a five-membered rhodacycle, II,
by an electrophilic CMD mechanism. Coordination and insertion
of an alkene to II afford rhodacycle IV. The final B-hydride
elimination produces diene 25 and generates rhodium(m) acetate
I by oxidation with Cu(n) (Scheme 20b).*°

Not only alkenes but also alkynes are good coupling partners
in C-H alkenylations, and these reactions proceeded in the
absence of any oxidant, representing greener chemistry. However,
while directed cross-coupling between alkenes produces Z,E-
configured 1,3-dienes, chelation-assisted cross-coupling between
alkenes and alkynes led to Z,Z-configured 1,3-dienes due to syn-
addition of alkynes to hydrido-metal species, which represents a
complementary method. In 2009, the Tanaka group reported site-
selective sp> C-H alkenylations of acrylamides and benzamides
under rhodium(1)/BIPHEP catalysis, using 1-pyrrolidinecarbonyl
as the directing group (Scheme 21a). A possible mechanism
for the alkenylation of benzamides with alkynes is shown in
Scheme 21b. Benzamide or acrylamide reacts with rhodium to
give rhodium hydride I through 1-pyrrolidinecarbonyl-directed
C-H bond activation. Insertion of an alkyne via syn-addition
followed by reductive elimination furnishes alkenylation product
26 and regenerates the Rh(i) species.>

The Oro group also demonstrated an efficient cross-coupling
of alkynes and N-vinylpyrazoles via directed olefinic C-H
activation, leading to Markovnikov-selective butadienyl pyrazole
derivatives 27 using a carbene and cis-cyclooctene liganded
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Scheme 21 Rh-Catalyzed olefinic C—H alkenylation of acrylamides using
alkynes (Tanaka, 2009).%°

rhodium catalyst (Scheme 22a). The carbene ligand is crucial
for this C-H alkenylation of the electron-rich alkenes. This
protocol also provides an efficient preparation of conjugated
acyclic trienes by a tandem alkyne dimerization and hydrovi-
nylation sequence in a one-pot fashion. The possible mecha-
nism starts with pyrazole-directed olefinic C-H activation,
followed by alkyne coordination/insertion and reductive elimi-
nation steps, leading to the coupling products 27 (Scheme 22b).
Notably, aliphatic terminal alkynes are preferentially hydrovi-
nylated without dimerization, cyclotrimerization, or polymeri-
zation of the alkyne.>

The Dong group developed an olefinic C-H alkenylation and
alkylation of enamines to afford o-substituted ketones cocatalyzed
by a Rh(1) complex and organic molecules such as 2-amino-
pyridine and 7-azaindoline.’® In 2014, they demonstrated an
olefinic C-H alkenylation of enamino-ketones by using Rh(PPh;);Cl
as the catalyst. In this protocol, the slow addition of terminal alkyne
substrates (through a syringe-pump) is crucial to prevent multiple
alkyne insertions. Interestingly, employment of Nal significantly
promotes the reaction, presumably due to the disfavored formation
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R
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e !
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% LR
L Ph ‘ |
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Scheme 22 Rh-Catalyzed cross-coupling of alkynes and N-vinyl-
pyrazoles (Oro, 2014).>!
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Scheme 23 Rhodium-catalyzed C—-H alkenylation of enamino-ketones
(Dong, 2014).>%

of metal vinylidenes (Scheme 23a). Terminal alkynes also reacted
well with cyclic enamino-ketones with excellent regioselectivity, and
only E-alkenes by anti-Markovnikov addition were obtained (28a
and 28b). Notably, a significant amount of Z-alkene was observed
with internal alkynes, presumably due to the thermodynamically
controlled F/Z isomerization. Moreover, a tandem three component
coupling was also successful which proceeded via condensation
between 2-aminopyridine and 1,2-diketones, albeit with decreased
product yields (Scheme 23b).>

After that, the same group developed a rhodium(i)-catalyzed
a-C-H alkenylation of ketones employing internal alkynes. This
protocol provides conjugated enamines 29 using an active
bifunctional 7-azaindoline as a ligand and Rh(PPh;);Cl as a
catalyst. Aromatic and aliphatic alkynes were all suitable coupling
partners (29a and 29b). Unsymmetrical alkynes preferably afforded
a C-C bond at the aryl site, and the major isomer was obtained
in synthetically valuable yield (29¢). Notably, electron-deficient
phenylpropiolic dimethyl amide also reacted well, providing the
“reverse conjugate addition” product 29d with high selectivity.
However, if a mono-substituted alkyne was used, hydroamination
with 7-azaindoline was observed as the major side reaction.
A plausible catalytic cycle is depicted in Scheme 24b. Firstly,

o &
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Scheme 24 Bifunctional ligand-assisted o-alkenylation of ketones using
internal alkynes (Dong, 2015).5*
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condensation of 7-azaindoline with the ketone generates an
enamine, I, and vinyl C-H bond activation occurs to give
rhodium-hydride species II. Alkyne coordination, followed by
Rh-H migratory insertion and reductive elimination, would
produce the alkenylated products 29.%*

In 2017, our group also developed a ruthenium-catalyzed
cross-coupling reaction between acrylamides and internal
alkynes, using N,N-disubstituted aminocarbonyl as a directing
group. The reaction provides an atom economic synthesis
of (Z,Z)-butadiene skeletons 30 under mild and oxidant-free
conditions with excellent stereo-selectivities (Scheme 25).
Unfortunately, B-substituted acrylamides such as cinnamamide
and plain acrylamide are totally inactive even at elevated
temperatures. Competition experiments not only highlighted
alkylalkynes to be more reactive than arylalkynes, but also
revealed the more electron-deficient acrylamide to be converted
preferentially. In addition, deuterium-labeling experiments
indicated an irreversible cyclometalation event and a KIE value
of 1.9 revealed the olefinic C-H activation to be probably
involved in the rate-determining step.>’

In the same year, Cossy and Meyer reported a synthesis of
macrocyclic pyridines 31 from w-alkynyl a-substituted acrylic
hydroxamates, which proceeded by Rh(m)-catalyzed C-H activa-
tion to afford rhodacycles followed by heterocyclization. This
redox-neutral protocol employs O-pivaloyl hydroxamate as the
directing group. The reaction is performed in a solution of
[Cp*RhCL,], and CsOAc in a refluxing MeOH with a slow
addition of the substrate via a syringe pump. Various phenyl-
substituted alkynes underwent cyclization to afford pyridines
in moderate to good yields, and the electron-deficiency of
the arene led to decreased yields, which was consistent with
the previous Rh(m)-catalyzed heterocyclization of benzamides
with diarylalkynes. Heteroaryl-substituted alkynes bearing
6-chloropyridin-2-yl and N-Boc-indolyl groups also reacted well to
afford 41% (31h) and 81% (31j) yields respectively. 14-Membered
pyridones 31 were also isolated in good to excellent yields (31k and
31l). However, 21-membered pyridine 31m bearing a triazole was
obtained in only 32% yield (Scheme 26).>®
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Scheme 25 Ruthenium-catalyzed olefinic C-H alkenylation of acryla-
mides using alkynes (Zhang and Zhong, 2017).5®
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Scheme 26 Rh-Catalyzed synthesis of macrocyclic pyridines from
o-alkynyl a-substituted acrylic hydroxamates (Cossy and Meyer, 2017).%°

After the advances in ruthenium-catalyzed alkene-alkyne
coupling reaction, an iridium-catalyzed protocol was realized
under milder and simpler conditions by us recently (Scheme 27).
Compared to the previous Ru-catalyzed protocol,® this reaction
showed better reactivity and a much wider range of substrates
reacted smoothly to provide (Z,Z)-configured 1,3-dienes with
excellent site- and stereo-selectivities. Even plain acrylamide led
to a moderate yield and excellent stereo-selectivity (32e). The
robustness of this method is highlighted by successes in gram-
scale preparation and vinylic C-H modification of artemisic- and
perillic acid derived amides (32h and 32i). A possible mechanism
started with the formation of an amidoiridium species (I) by the
reaction between [Ir]-Cl and N-sulfonyl acrylamide, and then
olefinic C-H activation occurred to afford a hydridoiridium
species, II, which underwent syn-addition of an alkyne and
reductive elimination to form IV. Finally, IV underwent ligand
exchange by an acrylamide substrate to produce 1,3-diene 32 with
the regeneration of active species I (Scheme 27b).”’

"
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Scheme 27 Iridium-catalyzed olefinic C—H alkenylation of acrylamides
using alkynes (Zhang and Zhong, 2019).5”
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Scheme 28 Rh-Catalyzed olefinic C—H alkenylation of acrylamides using
allenyl carbinol carbonates (Glorius, 2013).%8

Allenes are powerful organic synthons which are used in a
variety of transformations, including alkenyl C-H alkenylation.
The Glorius group disclosed a Rh(m)-catalyzed synthesis of
trienes 33 by an amide-directed alkenyl C-H activation and
coupling reaction using acrylamides and allenyl carbinol
carbonates, in the absence of any oxidant. The atom-economic
protocol was also applied to aromatic C-H activation to generate
diene-substituted arenes with high efficiency. The robustness
and practicality of the reaction are attributed to the excellent
site- and stereoselectivities and tolerance of different directing
groups and numerous functional groups. The reaction is induced
by amide-directed olefinic C-H activation with the assistance of
PivOH. The subsequent coordination of allenes followed by site-
selective carborhodation affords allyl- and alkyl Rh(m) species A
and B which are in equilibrium. A subsequent B-oxygen elimina-
tion delivers the final triene product 33 and regenerates the
rhodium catalytic species (Scheme 28).°®

The Fu group developed a carbamate-directed olefinic C-H
alkenylation with allenes to produce highly unsaturated con-
jugated trienes 34 by Rh(m) catalysis, using copper acetate as
the oxidant (Scheme 29a). Both olefinic and aromatic sub-
strates are suitable for this protocol and a broad spectrum
of functional groups are well tolerated. A possible mechanism
was proposed to be initiated by olefinic C-H activation to form
a rhodacycle, I, which underwent coordination/insertion of
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Scheme 29 Rh-Catalyzed carbamate-directed olefinic C—H alkenylation
with allenes to produce conjugated trienes (Fu, 2014).%°
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allenes into the C-Rh bond to form II or II'. The final B-H
elimination led to product 34 and regenerated the active Rh()
species by oxidation (Scheme 29b).>°

2.2 Vicinal group-directed olefinic C-H arylation

Olefinic C-H arylation represents a powerful method toward
the selective synthesis of styrene derivatives. Nakamura and co-
workers previously reported a pyridine- or imine-directed
vinylic C-H arylation reaction using aryl Grignard reagent
under iron catalysis. The reaction proceeded well in the
presence of 1,2-dichloro-2-methylpropane as a mild oxidant,
leading to stereospecific arylation of the alkenyl C-H bond syn
to the directing group (35a-35i). The protocol is proposed
to proceed via a five-membered metallacycle intermediate
followed by reductive elimination (Scheme 30).°

Glorius and co-workers developed a Rh(m)-catalyzed oxida-
tive C-H/C-H cross-coupling reaction between acrylamides
and bromoarenes, which were also used as solvents. Due to the
efficient directing effect of the amides, Z-configured styrenes 36
were successfully obtained under harsh conditions, with the
bromo group remaining intact. However, non-directed aromatic
C-H activation of the bromoarenes led to moderate yields as well
as poor regio-selectivity in most of the cases which were con-
trolled by both electronic and steric effects (Scheme 31).**

Enamines and enamides are important synthetic inter-
mediates, and the Shi group demonstrated an aminopyridinyl
directed B-C-H functionalization of five- and six-membered
cyclic enamines, using carboxylic acids as arylation and alkyla-
tion partners (Scheme 32a). The 3-methoxypyridinyl amino
DG of the products is easily removable under acid hydrolysis,
and this protocol affords an efficient approach to C-alkylated
and arylated cyclic diketones, employing [Rh(CO),Cl], or
[Rh(cod)Cl], as the catalyst. A mechanism was proposed by
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Scheme 30 Fe-Catalyzed olefinic C—H arylation (Nakamura, 2011).%°
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Scheme 31 Rh-Catalyzed olefinic C—H arylation of acrylamides (Glorius,
2012).%*
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Scheme 32 Rh-Catalyzed aminopyridinyl directed B-C—H functionaliza-
tion of cyclic enamines (Sun and Shi, 2014).52

the authors (Scheme 32b). The reaction starts with olefinic C-H
bond activation with the assistance of the DG to afford rhoda-
cycle I, which reacts with anhydride II generated from car-
boxylic acid and (‘BuCO),O to afford intermediate III. The
subsequent decarbonylation and reductive elimination of IV
provide the desired product 37 and regenerates the rhodium()
catalyst.®?

The Babu group reported a Pd-catalyzed olefinic C-H aryla-
tion reaction of N-(quinolin-8-yl)acrylamides using aryl- and
heteroaryl iodides to prepare various Z-cinnamamides and
B,B-diarylated acrylamides (38a-o0). This bidentate 8-amino-
quinoline-directed C-H activation proceeded in the presence
of Pd(OAc), catalyst and AgOAc additive in toluene at 110 °C.
N-(Quinolin-8-yl)acrylamides bearing para- or meta-NO,, F, Cl,
OMe and alkyl were all smoothly converted (Scheme 33a).
A plausible reaction mechanism is proposed to be initiated by

a) Q : Pd(OAC), (10 mol%) it a
; ' AgOAc (2.2 equi -
(N - gz ﬁ”
i ' oluene, = 3
R "H 1,,2,\,,,1 2-4 equiv R SAr

R2 = H, 38a, 87% (E/Z = 11:89) i' """"""""""""""""""""""""""""""""
o 4-Et, 38b, 67% (E/Z = 10:90) | 38

4-iPr, 38c, 82% (E/Z= 2:98) | H
' Pd(OAC)
NG, 380,004 (572 90 ;?.::z‘;r.on o .
coordlnanon
" 4-F, 38f, 75% (E/Z = 5:95) heon
o o
.Q Q > N d'v J\L
‘ﬂ i Y L 0Ac ’N%Pd"

[ NHa
3F, 38e, 55% (E/Z= 1288)

N N

H | H

Me = \ Ar
W/ ' | |_ OAc
OV 38h,80% | Aal
) SUR ligand ACOH
exchange
¢ acnvatlon

Y Me, 381,60% P \I g ‘i'/
H / R oxidative /N\Pd'

Ph Et 38m, 47% |
) NO,, 38n, 50% | m! addition Wb
R F,380,40% '

R2=H,38i,65% | AgOA
° Cl, 38j,53% |
Q OMe, 38k, 64% !

Scheme 33 Palladium-catalyzed olefinic C-H arylation reaction of
N-(quinolin-8-yl)acrylamides (Babu, 2015).53
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coordination of the N,N-bidentate directing group to the Pd(u)
center, followed by olefinic C-H activation to afford the
Pd(u) species II. The subsequent oxidative addition of the
Pd(u) species with aryl iodide affords Pd(iv) species III. Next,
ligand exchange occurs with the assistance of AgOAc and the
reductive elimination of the Pd(v) species IV yields the desired
product 38 with the formation of the Pd(u) catalyst which
re-enters the next cycle (Scheme 33b).**

In 2016, Zhu and co-workers reported a cobalt-promoted
C-H arylation of acrylamides with arylboronic acids, also using
8-aminoquinoline as the directing group. The C-H arylation
completed in 2 h and was performed employing quantitative
amounts of Co(acac),, Ag,CO; and Na,CO; in DMSO at 120 °C in
air, which were also applied to benzamide substrates (39g)
(Scheme 34a). Both cyclic and acyclic acrylamides were smoothly
converted to provide the corresponding styrenes 39a—f in 61-81%
yields with good stereoselectivities (Z/E up to 20/1). A possible
mechanism is depicted in Scheme 34b. Firstly, Co(u) is oxidized by
Ag,CO; to afford Co(ur) species I by base assisted ligand exchange,
and then C-H activation occurs to provide the aryl Co(u) species II.
Notably, the sequence of oxidation and ligand exchange may be
reversed in order. Next, transmetallation between intermediate II
and phenylboronic acid occurs to give complex III, and the final
reductive elimination leads to the desired product 39.%*

Jiang and Xue also reported a method for Pd-catalyzed,
aminoquinoline-directed arylation of vinylic C-H bonds with
aryl iodides (Scheme 35a). This olefinic C-H functionalization
of acrylamides provides a site- and stereoselective construction
of Z-styrenes 40. A wide variety of functional groups were well
tolerated in this protocol. A plausible mechanism involving a
Pd(u)/Pd(v) catalytic cycle was proposed (Scheme 35b). The
coordination of acrylamides with palladium acetate formed
complex I, which further underwent a rapid C-H cyclometala-
tion of the vinyl group, resulting in intermediate II. Then aryl
iodide reacted with II by oxidative addition to generate a Pd(iv)
species, III, which underwent reductive elimination and ligand
exchange to produce styrene 40 with the regeneration of the

o
't Ag §°o(a°.3§)zoo “R! Q
a CRNSNG 4 ABOH), — el SO0ON
/ \ N DMSO, 120°C. 2 h, air
. . R2 Ar
R=OMe, 39277%  39d,63% 39, 61% 391, 65% 399 91%
SMe, 39b, 81%  Z:E=10:1 Z:E>20:1 Z:E=10:1

Ph, 39c¢, 63%
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n
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Scheme 34 Cobalt-promoted C-H arylation of acrylamides with aryl-
boronic acids (Zhu, 2016).5*

Chem. Soc. Rev.

View Article Online

Chem Soc Rev

P(OAG); (10 mol%) o

a) [} : (BnO),PO,H (0.5 equiv) |
R! H § AgF (1.5 equiv), oxone (1 equiv) R AQ
| N oA +AmOH, 130 °C [
R < iaq

N R2 Ar
AR 5
40 Pd(OAC)
‘ : | a
40a, 60% ‘ coordination R¥ H
®
Me L_Pd ° I\{
[ Aa acdp, Pd—N
M 40b, 34% | R' AT O
& : RZ IV R; R'
Ve reductive !
; elimination C-H activation,
R=Me, 40c,78%!
| AQ CF3, 40d, 69% |
F, 40e,69% | N i HOAc
Cl, 40f, 70% | L pa
R Br, 40g, 74% ! )\QQ +Phl
‘ ~ 4Pl
(ZE > 201) 2 RS R

W R! oxidative
addition

Scheme 35 Pd-Catalyzed aminoquinoline-directed arylation of vinylic
C-H bonds with aryl iodides (Jiang and Xue, 2016).5®

active Pd(u) catalyst. Little electronic effect was observed in the
reaction with differently substituted aryl iodides.®®

In the same year, the Ackermann group demonstrated an
olefinic C-H arylation using a Ru(u) phosphinous acid (PA)
complex as a catalyst. The reaction exhibited excellent site- and
stereoselectivity to afford styrene derivatives 41 using 2-pyridyl
as the directing group. A broad substrate scope was observed,
as well as a wide range of functionality tolerance, and both tri-
and tetra-substituted alkenes were prepared in a stereo-
selective manner (Scheme 36).%°

The Babu group reported a Pd(u)-catalyzed N,N-bidentate-
chelation-assisted olefinic C-H arylation of allyl picolinamides,
using Pd(OAc), as the catalyst and AgOAc as an additive
(Scheme 37). Various Z-cinnamylamines 42 were smoothly
obtained from N-allyl picolinamides and aryl iodides with good
to high stereo-selectivities. Interestingly, both y-C(olefinic)-H
and y-C(alkyl)-H bonds in one allylamine molecule underwent
olefinic C-H arylation to afford bisarylated product 42i in
moderate yield. In this work, a bidentate chelation-assisted
alkenyl C-H activation mechanism was proposed due to Z-
selective y-C(olefinic)-H arylations.®”

2.3 Vicinal group-directed olefinic C-H alkynylation

1,3-Enynes are widely occurring structural motifs in countless
natural products and pharmaceutical molecules, and they are
also versatile building blocks in synthetic chemistry.

Pr—C>—Me
nBu.,, /"RU’“CI
nBu” 1. Cl (5 moi%) Ar?
+ B-A? —————————— Pv\%\Aﬂ
K,CO3, PhMe

120-140°C, 18 h

41a, 96% N
41b, 80% | SR B P
Mc, 93% Z
41d, 92%
: PN, Py A,

Ph NMe,, 41f, 94% R = 3-OMe, 41i, 80% 41k, 87%
CO.Et, 41g, 87% 2-OMe, 41j,81%  (ZE=20:1) R
C(O)Me, 41h, 77%

Me
R=H, 411, 90%
Me, 41m, 52%

Scheme 36 Ru-PA-catalyzed olefinic C—H arylation (Ackermann, 2017).%6
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Scheme 37 Pd-Catalyzed olefinic C—H arylation of allyl amides (Babu,
2017).%7
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Scheme 38 Palladium-catalyzed C-H alkynylation of aromatic/olefinic
amides (Tobisu and Chatani, 2014).%®

Tobisu and Chatani reported a palladium-catalyzed ortho
C-H alkynylation of aromatic amides with TIPS-protected
bromoalkynes using 8-aminoquinoline amide as a directing
group, which was performed in the presence of 5 mol%
Pd(OAc), and 1 equivalent of CsOAc in toluene at 110 °C
(Scheme 38). Notably, the TIPS-substituent on product 43a is
easily removable by simple treatment with TBAF to afford
terminal alkynes 44a, and 8-aminoquinoline amide is also
converted to ester 44b through simple acidic hydrolysis with
the TIPS-alkyne moiety intact. This protocol is also applicable
to olefinic C-H alkynylation to prepare conjugated enynes from
an acrylamide (43b, 66%).°®

The Loh group reported a Rh-catalyzed vinylic C-H alkynyla-
tion of acrylamides using a hypervalent alkynyl iodine reagent.
Using weakly coordinating Ts-imide as the directing group, this
reaction displays broad functional group tolerance and high
efficiency, leading to a wide range of functionalized 1,3-enynes
45 (Scheme 39). Notably, using methanol as reaction solvent
in place of DCE was proved to prompt the C-H alkynylation of
o,B-disubstituted acrylamide derivatives.®

After that, the same group disclosed a Rh(m)-catalyzed
olefinic C-H alkynylation of enamides for the stereospecific
construction of synthetically useful Z-type enynamides 46.
By taking advantage of the ortho-directing effect of the amide
group, this reaction proceeded by stereospecific activation of
olefinic C-H bonds, thus providing a straightforward and
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Scheme 39 Rh-Catalyzed olefinic C—H alkynylation of acrylamides (Loh,
2014).°

efficient method for the construction of cis-enynamide frameworks.
The reaction was performed using 2 mol% [Cp*Rh(MeCN);][SbFs],
as a catalyst, 10 mol% PivOH as an additive, and acetone as solvent
at room temperature. A wide variety of sensitive functionalities
such as CF;, CN, Br and F were well tolerated under such mild
reaction conditions. Moreover, the obtained enynamide products
highlighted their utilization by cycloaddition and Sonogashira
reactions (Scheme 40).”

The Glorius group also developed a directed C-H alkynyla-
tion of acrylamides using the cationic RhCp*(MeCN);3(SbFs),
complex as the catalyst without any additive. This protocol
employs hypervalent 1-[(triisopropylsilyl)ethynyl]|1,2-benziodoxol-
3(1H)-one (TIPS-EBX) as the alkyne source, providing valu-
able conjugated enynes 47 bearing a removable silyl-group
(Scheme 41a). Notably, the reaction proceeded in air and was
insensitive to moisture. Exploration of the scope of the transfor-
mation showed that (hetero)aromatic, alkyl and alkenyl substi-
tuents were all well tolerated. Notably, diethyl and piperidine
tertiary amides were also suitable directing groups. Unfortunately,
a substrate bearing a geminal substituent on o-carbon failed to
afford the product. Two feasible mechanisms were proposed
(Scheme 41b). One included alkyne coordination, rhodium addition
and 2-iodobenzoic acid liberation to give carbene intermediate III
The subsequent carbene rearrangement and reductive elimination
provided the desired product. The possibility of direct oxidative-
addition of TIPS-EBX to give IV could not be excluded. In the other
possible mechanism, regio-selective carborhodation of I would
generate alkenyl-rhodacycle V due to the steric clashes between
the Cp* ligand and the TIPS as well as the electronic polarisation of
TIPS-EBX, and the subsequent a-elimination of 2-iodobenzoic acid
would produce rhodium vinylidene VI. After that, a stepwise or
concerted vinyl-migration and subsequent elimination would
produce 47 and regenerate active Rh(m) species.””

acetone, r.t.

Rl _NHAc 050, [CP*Rh(MeCN)3][SbFgl, (2 mol%)
I . —=—TIPS PivOH (10 mol%)
2
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Scheme 40 Rh-Catalyzed olefinic C—H alkynylation of enamides (Loh,
2014).7°
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Scheme 41 Rh-Catalyzed additive-free C—H alkynylation of acrylamides
(Glorius, 2014).”*

Nachtsheim and co-workers reported the first hydroxyl
directed olefinic C-H alkynylation of 2-vinylphenols using a
hypervalent iodine reagent, TIPS-EBX*. This mild protocol used
[(Cp*RhCl,),] as a transition metal catalyst and DIPEA as base,
enabling the construction of a variety of highly substituted and
exclusively (Z)-configured 1,3-enynes 48 in high yields and with
excellent stereoselectivities at room temperature (Scheme 42a).
A possible reaction mechanism is shown. Base-assisted ligand
exchange with styrene followed by C-H bond activation through
an addition/elimination cascade leads to the formation of
rhodacycle intermediate I. Insertion of the triple bond adjacent
to the hypervalent iodine of TIPS-EBX* gives rhodacycle II,
which undergoes elimination of 2-iodo-6-methylbenzoate to
give the rhodium vinylidene intermediate III. 1,2-Migration of
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0 \
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R! : Me MeCN, r.t. o on
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Scheme 42 Rh-Catalyzed olefinic C-H alkynylation of 2-vinylphenols
(Nachtsheim, 2015).7
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the vinylic moiety followed by a ligand exchange finally releases
the desired 1,3-enyne 48 and regenerates the active rhodium(ur)
species (Scheme 42b).”?

Li and co-workers developed a nickel-catalyzed C-H alkyny-
lation of acrylamides with the assistance of 8-aminoquinoline
as the directing group. The reaction was performed using an
appropriate combination of NiCl, and the bis(2-dimethyl-
aminoethyl) ether (BDMAE) ligand to give 1,3-enynes employing
TIPS-protected bromoalkyne as an alkynylation reagent. This
Ni/BDMAE catalytic system was suitable for both cyclic and acyclic
acrylamide substrates, giving the corresponding 1,3-enynes 49 in
good yields (Scheme 43a). However, the substituent at the o-carbon
was critical for the reactivity. A plausible mechanism was proposed
as shown in Scheme 43b. Initially, coordination of the amide to
nickel catalyst was followed by ligand exchange to form complex I,
which could go through cyclometalation to give intermediate II;
oxidative addition of the bromoalkyne afforded the Ni(w)
complex II, which underwent reductive elimination and protona-
tion to yield the alkynylation product 49 with regeneration of the
Ni(ii) catalyst.”

Balaraman and co-workers developed a nickel-catalyzed
C(sp®)-H alkynylation of amides using (triisopropylsilyl)ethynyl
bromide with the assistance of 8-aminoquinoline as a bidentate
directing group (Scheme 44a). The reaction was performed with
Na,CO; as a base, Ni(OTf), as a catalyst and benzoic acid as
an additive. Various benzamides were efficiently converted,
leading to mono- and bis-alkynylated products 50a-d. This
protocol was also applied to the reaction of acrylamide, giving
the corresponding alkynylated product 50e in 56% yield.
A possible mechanism is shown in Scheme 44b. The coordination
of the amide to Ni(ii) followed by a ligand exchange provides I
with the aid of base due to the acidic N-H bond of 8-amino-
quinoline. Then C-H cyclometallation occurs to afford II via a
concerted metalation-deprotonation mechanism. After that, oxi-
dative addition of TIPS-alkynyl bromide provides intermediate III,
which is converted to intermediate IV by reductive elimination.

a :
) Ry i ; ° TIPS NiCl, (10 mol%) Ri NHQ
N [ / BDMAE (40 mol%) ‘
R " : B Br Na,COj3 (5 equiv) R
2 N B 1.2 equiv toluene, 100 °C, 24-36 h 49 TIPS
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49d, 77%
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Scheme 43 Ni-Catalyzed C—H alkynylation of acrylamides (Li, 2015).”>
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Scheme 44 Nickel-catalyzed C—H alkynylation of acrylamides (Balara-
man, 2016).”*

The final protonation leads to alkynylated product 50 and regene-
rates the active Ni(ii) species which enters the next catalytic cycle.”

In 2018, the Echavarren group demonstrated a vinylic and aro-
matic C-H alkynylation using bromoalkynes (inverse-Sonogashira
reaction) directed by synthetically useful ester and ketone groups
under rhodium catalysis (51a-e). Other less common directing
groups such as amine, thioether, sulfoxide, sulfone, phenol ester,
and carbamate groups are also suitable directing groups in
olefinic or aromatic C(sp’)-H alkynylation (51f-j). The mecha-
nistic experiments of aromatic substrates show that sequential
electrophilic C-H activation, bromoalkyne insertion and AgOAc-
assisted bromide elimination are involved in this transformation
of aromatic substrates (Scheme 45).”°

2.4 Vicinal group-directed olefinic C-H alkylation

Directed C-H alkylation represents an important organic reac-
tion to construct C—C bonds. In the past two decades, a series
of alkylation methods have been demonstrated by chelation-
assisted olefin C-H bond activation. Compared to traditional
methods using alkylating agents such as sulfonates or alkyl
halides, addition of C-H bonds across electronically biased
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Scheme 45 Rh-Catalyzed olefinic C—H alkynylation of acrylates and vinyl
ketones (Echavarren, 2018).”°
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alkenes, carbonyls or imines for alkylations is more appealing
from the viewpoint of atom efficiency, redox economy, and
streamlined synthesis.”®

The first report on olefinic C-H alkylation was demonstrated
by the Murai group in 1995, using RuH,(CO)(PPh;); as the
catalyst (Scheme 46). In this protocol, a,B-enones reacted well
with alkenes such as triethoxyvinylsilane, styrenes, trimethyl-
vinylsilane and vinylcyclohexane to give the corresponding
alkylation products 52a-j in 20% to quantitative yields. However,
the substrate scope of this protocol was only restricted to five- and
six-membered cyclic enones.”

(—)-Incarvillateine, a monoterpene alkaloid, has attracted
attention due to its potent analgesic properties. In 2008, the
Bergman and Ellman group reported an asymmetric synthesis
of (—)-incarvillateine employing an intramolecular alkenyl C-H
alkylation to stereoselectively construct an exocyclic and tetra-
substituted olefin moiety with the simultaneous formation of
two stereocenters. The formation of cyclopentane 53 bearing an
exocyclic double bond is proposed to proceed by imine-directed
olefinic C-H activation, syn-type olefin insertion and reductive
elimination, exclusively leading to an anti-configuration of
ester and methyl groups. Ferrocenyl (Fc) dialkyl phosphines
and 4-(dimethylamino)phenyl (DMAPh) based phosphines were
examined, and many of the ligands were active, leading to
quantitative cyclization of 53-S. (DMAPh)-PEt, was the optimal
ligand to provide diastereomers 53 and 53’ in an ~5:1 ratio
using only 2.5 mol% catalyst loading (Scheme 47).”®

The Kuninobu and Takai group reported a C-H alkylation of
olefins bearing an imine directing group with unsaturated
carbonyl compounds, alkynes, or aldehydes in the presence of
a rhenium catalyst [ReBr(CO);(thf)],, giving y,d-unsaturated
carbonyl compounds 54, dienes 55, and allyl silyl ethers 56,
respectively (Scheme 48a). A possible mechanism including
insertion of unsaturated molecules into an olefinic C-H bond
is proposed (represented by the reaction of aldehydes). Firstly,
oxidative addition of an olefinic C-H bond to the rhenium
center provides a metallocycle intermediate. Secondly, inser-
tion of an unsaturated molecule into the rhenium-carbon bond
produces a seven-membered metallocycle intermediate. In the
final step, silyl protection by dehydrogenation produces the
desired silyl ethers 56 (Scheme 48b).”
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Scheme 46 Ruthenium-catalyzed C-H alkylation of o,B-enones (Murai,
1995).”7
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Scheme 48 Rhenium-catalyzed olefinic C-H alkylation/alkenylation
(Kuninobu and Takai, 2009).”°

The Shi group reported the first example of olefinic C-H
addition to N-sulfonylaldimines and aryl aldehydes using rhodium
catalyst [Cp*Rh(MeCN);][SbFg],. This strategy offered a concise and
highly atom-economic approach to vinyl amines 57 and vinyl
alcohols 58. However, this protocol was restricted to cyclic vinylic
substrates, and the ring size of vinyl substrates was investigated
with N-tosyl benzaldimines. The five-, six- and seven-membered
substrates gave 84%, 69% and 36% isolated yields, respectively,
presumably reflected by torsional effects (57a—c). Notably, hetero-
cyclic substrates were smoothly converted and acceptable yields
were obtained (57d and 57e; Scheme 49a). The alkenyl C-H
addition to aldehydes was also realized with a decreased
amount of PivOH using 1,1,1-trichloroethane as solvent instead
(58a-e). Similarly, the five-membered substrate showed the best
results, while the seven-membered ring led to no desired
product (Scheme 49b).%°

The a-C-H alkylation of ketones is fundamental and widely
utilized in organic synthesis, although it requires stoichio-
metric amounts of strong base and toxic halides. The Dong
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Scheme 49 Rh-Catalyzed olefinic C—H addition to N-sulfonylaldimines
and aryl aldehydes (Shi, 2012).8°

58a, 73% 58b, 43% ~# 58e,49%

group developed a more atom-economical and ““greener” addi-
tion of o-C-H bonds of cyclic 1,2-diketones across alkenes to
prepare enolate-alkylation products. Their strategy is shown in
Scheme 50a, using 2-aminopyridine as a directing group
to activate the o-C-H bond of cyclic 1,2-diketones at a less
hindered site. The reaction was proposed to proceed by
condensation to generate an enamine and then olefinic C-H
activation to afford a six-membered rhodacycle. The subse-
quent alkene insertion and reductive elimination would lead
to a C-H alkylation product, and the 2-aminopyridine was
released by acidic hydrolysis. After optimization of conditions,
enamines, generated from ketones and 2-aminopyridine,
coupled with a wide range of terminal olefins to afford the
corresponding alkylation products 59 (Scheme 50b). Among
them, while catalyst Rh(PPh;);Cl (5 mol%) was the most
effective in the reaction with aliphatic alkenes, [Rh(coe),Cl],
(2.5 mol%) (coe = cyclooctene) was proved to be the best catalyst
for aromatic olefins. A series of functionalities such as F, CI
and TMS were well tolerated. A tandem sequence including
enamine formation and C-H alkylation was also successful,
and neutral alumina was crucial to promote the enamine
formation (Scheme 50c). Both aliphatic and aromatic alkenes
converted well with five-membered diketones; however, six-
membered cyclic substrates are still challenging for this tan-
dem transformation presumably due to the decomposition to
arenes in the enamine-generation step.®"

In 2014, Ilies and Nakamura reported an iron-catalyzed
olefinic C-H alkylation of acrylamides, using an 8-
quinolylamide as the directing group (Scheme 51). This C-H
alkylation proceeded stereospecifically in the presence of pri-
mary and secondary alkyl tosylates, mesylates, and halides
using Fe(acac); as a catalyst with the assistance of diphosphine
dppen possessing a m bridge and ArZnBr as a base. Interest-
ingly, complete ring opening of the cyclopropyl ring was
observed in the reaction of cyclopropylmethyl bromide and
tosylate, suggesting a radical-like character of the alkyliron
intermediate (60h and 60i). However, the starting secondary
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Scheme 50 Rhodium-catalyzed addition of a-C-H bonds of cyclic
1,2-diketones across alkenes (Dong, 2012) 8!
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Scheme 51 Iron-catalyzed olefinic C—H alkylation of acrylamides (llies
and Nakamura, 2014).82

tosylate reacted without loss of regioselective integrity but with
erosion of the stereoselectivity of the chirality (60j).5*

In 2014, the Dong group developed a o-C-H alkylation of
ketones using simple olefins as the alkylating agents. This
reaction was performed using [Rh(coe),Cl], and 7-azaindoline
as a bifunctional catalyst to activate ketones and olefins. A wide
variety of functionalities were well tolerated under the C-H
alkylation conditions, including ether, aryl bromide, ester,
nitrile, thioether, amide, phenol, and even tertiary and primary
alcohols (61a-k, Scheme 52a). Both cyclic and acyclic ketones
were successfully reacted with simple terminal olefins to afford
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Scheme 52 Rhodium-catalyzed o-C-H alkylation of simple ketones
using olefins (Dong, 2014) &

alkyl-substituted ketones; however, the ketones were employed
as the solvents and the turnover numbers (TONs) based on
the Rh catalyst were used to determine the reaction efficiency
(61l-u, Scheme 52b). Notably, addition of a catalytic amount
of 2,4,4-trimethylpentan-2-amine efficiently promoted the o-alky-
lation of ketones, although the reason remains elusive. Meanwhile,
additional water facilitated the selectivity for monoalkylation of
ketones. Control experiments were also conducted to support
the proposed mechanism: the amine reacted with the ketone to
generate an enamine, and then insertion of Rh(i) species into the
enamine C-H bonds occurred to give rhodium hydride species
II, which was facilitated by the directing group. The subsequent
olefin insertion and reductive elimination produced the desired
alkylated enamine IV, which led to a-alkylation product 61 by
hydrolysis and regenerated the catalyst.*?

After their advance in intermolecular ketone o-alkylation
using the bifunctional ligand 7-azaindoline, the same group
reported two complementary protocols for Conia-ene-type
reactions which proceeded by Rh(i)-catalyzed intramolecular
C-H alkylation of ketones with unactivated alkenes. The pro-
tocols are atom-economical and obviate the use of any oxidants
or reductants using 2-aminopyridine as a cocatalyst, and
5-methyl-2-aminobenzoic acid was used to promote condensa-
tion of 2-aminopyridine with the ketone (Cond. A). Five- to
eight-membered cyclic ketones were all smoothly converted to
provide the corresponding products (62a-62c¢ and 62f-62p)
under (modified) Cond. A and/or Cond. B. Although acyclic
and aryl ketones led to low reactivity under Cond. A, they
afforded the desired cyclization products 62d and 62e in
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Scheme 53 Rhodium-catalyzed o-alkylation using 7-azaindoline as a
bifunctional ligand (Dong, 2015) 84

synthetically useful yields under modified Cond. B. A wide
variety of functionalities were well tolerated in the reaction
with cyclohexanone substrates, showing the robustness of the
protocols. Although aryl alkenes were known to be unstable
under strongly acidic conditions, they were also successful
in this dual activation reaction. Surprisingly, in the reaction
of cyclobutanone, C-C bond activation occurred to provide
bridged bicycle 62q in 56%yield (Scheme 53).5*

After their advances in Rh-catalyzed linear-selective o-C-H
alkylation,® the Dong group demonstrated a branched-selective
a-alkylation of ketones using a cationic iridium catalyst, employing
isoindolin-1-one derived enamides as directing templates
(Scheme 54). The cationic iridium system previously exhibited
a broad range of applications in branched-selective hydroaryla-
tion of olefins assisted by suitable directing groups. In this
protocol, a catalytic amount of ‘BuNHPr was used as an
additive to improve both reactivity and regioselectivity, and
the bidentate phosphine ligand DIOP gave optimal results, using
cyclopentyl methyl ether (CPME) as a solvent. a-Alkylation of
enamides followed by a one-pot hydrolysis successfully afforded
the corresponding branched alkylated ketones with good regio-
selectivity and high yields, using both aliphatic and aromatic
alkenes (Scheme 54a, 63a—f). Notably, small quantities of alkeny-
lation products were formed with substrates such as para-Me
styrenes (63e). One-pot c-alkylation of enamides, which was
successfully applied to the synthesis of bioactive dihydro-
ar-turmerone (631) (Scheme 54b), was also successful with cyclic
or acyclic ketones/dimethyl ketal substrates. Deuterium/control
experiments show that both reversible 1,2- and 2,1-migratory

Chem. Soc. Rev.

View Article Online

Chem Soc Rev

a) [I(COD),IBAIF (5 mol%)

N DIOP (5 mol%) Q PPh,
; o
N /\R t-BuNHi-Pr (20 mol%) R Me o PPh,

CPME, 130 °C, 24 h
then HCI, toluene, 1 h 63 DIOP

o R = n-CoHlra, 63a, 71%, b/ > 20:1, dr: 1.2:1 o
1-C4Hg, 63b, 63%, bil > 20:1, dr: 1.6:1
R Me, 63c, 52%, bl > 20:1 OTIPS
Ph, 63d, 70%, b:/> 20:1, dr: 1.1:1 63f, 56%
Tol, 63€, 61%, b/ = 19:1, dr: 1.1:1 bil> 20:1. dr: 1.4:1

b) one-pot a-alkylation 2 R
N )J\ ) ©i{/ Q [I(COD),IBATF (5 mol%)
. . DIOP (5 mol%) M
or 0 -

E£BUNHEPr (20 mol%)_ ¢~ R
MeQ OMe TSOHH,0 (2 mol%) - H CPME, 130 °C, 24 h [
R . t-BuNHi-Pr(20 mol%) ! then HCI, toluene, 1 h 63

toluene, 130 °C

(o]
O
CgH i
n-CeH n-CeH13 M
n CeH13 6113 1-Cobrs
63a, 71%, bI>201 Me 63g, 67% bI 4:1 63h, 20%, b:/ > 20:1 63i, 71%
dr: 1.2 dr:1.2:1 b:l>20:1

/\)U\ \/\)J\)\ i
n-CgHys B2° -Cokis

R N n-CeHiz
63j, 56%, b:l > 20:1 !

63k, 63%, b:/ > 20:1 >
R=H, 63m, 73%, b:l>20:1

dihydro-ar-turmerone 4-F, 63n, 57%, b:l>20:1
4-Me, 630, 71%, b:l>20:1
2-Cl, 63p, 36%, b:/>20:1

631, 64%, b:I > 20:1

3-Me, 63q, 70%, b:/> 20:1

N ir-H |
path b flf ~H N i,l ] H
¢ 7 H I
C-migratory / H-migratory é/
R insertion R i insertion R

C-C reductive
elimination

)
C-H reductive L/N>: H

elimination

Scheme 54 Enamide-directed branched-selective ketone a-alkylation
using olefins by iridium catalysis (Dong, 2017).8°

insertions of Ir-H species into the olefin are possible
(Scheme 54c, path a/a’) and a small amount of alkenylation
product is formed by Ir—C migratory insertion into the olefin
(Scheme 54c, path b). Using cis-p-methylstyrene as a ‘“probe
reagent”, further mechanistic experiments demonstrate that
the Ir—C migratory insertion/C-H reductive elimination leads
to the product (Scheme 54c, path b).*

The Wang group developed a manganese-catalyzed direct
nucleophilic addition of olefinic and aromatic C-H bonds to
aldehydes to provide the corresponding alcohols 64a-g by a
dual activation strategy. The reaction required mild reaction
conditions, and exhibited excellent regio- and stereoselectivity
and a wide substrate scope. Due to the directing effect of the
pyridine group, 2-vinylpyridines were well converted to their
Z- stereoisomers by a C-H cyclomanganation event using
MnBr(CO);s as the catalyst, and dimethylzinc (Me,Zn) and zinc
bromide (ZnBr,) were essential to obtain high efficiency. Using
pyridine, pyrimidine or pyrazole as the directing group, this
manganese-catalyzed protocol was also applied to C-H nucleo-
philic addition to nitriles bearing the more challenging C-N
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Scheme 55 Mn-Catalyzed nucleophilic addition of olefinic C—H bonds to
aldehydes (Wang, 2015) 8¢

triple bonds, affording ketones 65a-f after acidic hydrolysis.
Deuterium-labeling experiments indicated the C-H activation step
to be irreversible, which also implied that the C-H bond cleavage
was not involved in the rate-determining step (Scheme 55).%

Ilies and Nakamura reported N,N-bidentate-chelation-assisted
olefinic C-H alkylation of acrylamides with primary or secondary
alkylzinc halides, using iron/diphosphine as a catalyst and
dichloroalkane as an oxidant (Scheme 56). Various acyclic and
cyclic acrylamides converted stereoselectively with Fe(acac);
(10 mol%), dppen (10 mol%), ZnCl,- TMEDA (3 equiv.), alkyl-
magnesium chloride (4 equiv.), and DCIB (2 equiv.) in THF at
70 °C. Notably, 4 equiv. of Grignard reagent were used to
deprotonate the amide and generate an organozinc halide. The
formed organozinc halide acts not only as the alkylating reagent
but also as a base to remove the -hydrogen of the acrylamide and
to generate an organoiron species. This protocol was suitable for a
variety of acyclic and cyclic N-(quinolin-8-yl)acrylamides (66a-h).>”

Trifluoromethylated compounds have recently received
great attention due to their wide application in pharmaceutical,
agricultural, and materials sciences. The Yu group reported
a rhodium(ur)-catalyzed conjugate addition of aromatic and
olefinic C-H bonds to trifluoromethyl-substituted unsaturated
ketones. A variety of CF; substituted unsaturated ketones coupled
with cyclopentenes containing a pyridine group efficiently to

o 127" Fe(acac)/dppen (10 mol%) o 3 DCIB = ></CI
at : i RIMCI (4 equiv) R at ¢
| H E | : ZnCl,* TMEDA (3 equiv) | H : dppen=  PhyP.
o N DCIB (2 equiv) R? R3 H |
R® "H T THF,70°C,15h v

Me
Ph Me
66c,95% R =Me, 66d,99% X =CH,, 66f,84%  66h, 99%
Et, 66e, 83% O, 66g,88%

66a, 85% 66b, 89%

Scheme 56 Iron-catalyzed olefinic C-H alkylation with primary or
secondary alkylzinc halides (llies and Nakamura, 2015).8”
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Scheme 57 Rh(i)-Catalyzed conjugate addition of olefinic C—H bonds to
CFs-substituted unsaturated ketones (Yu, 2016).58

afford alkylation products 67a—f in good to excellent yields.
However, the corresponding six- and seven-membered cyclic
olefin analogues exhibited much lower reactivities even at a
higher temperature and/or catalyst loading (Scheme 57).%

The Kim group reported a rhodium(m)-catalyzed direct C-H
alkylation reaction of enol carbamates with maleimides to
afford enol carbamates 68 bearing succinimide (Scheme 58a).
This transformation has been applied to a wide range of
substrates, and typically proceeds with excellent chemoselectivity
as well as with high functional group tolerance. The enol carba-
mate group of the products can readily be converted into other
useful functionalities. A plausible reaction mechanism is outlined
in Scheme 58b. The coordination of a cationic Rh(m) catalyst and
subsequent vinylic C-H bond cleavage of enol carbamate afford
six-membered rhodacycle intermediate I, which undergoes coor-
dination and migratory insertion of maleimide to afford eight-
membered rhodacycle species II. Finally, protonation by PivOH
takes place to generate alkylated product 68 and recycle the active
Rh(m) species which enters the next catalytic cycle. However, the
corresponding Heck-type product by B-H elimination was not
observed due to the absence of a syn-planar B-H atom relative to
the transition metal.®’

The Ellman group previously reported an aromatic or alke-
nyl C-H bond addition across enones and aldehydes in a highly
stereoselective manner under cobalt catalysis (Scheme 59a).
Various aromatic and alkyl aldehydes and enones were suitable
for this three-component cascade reaction, leading to C(sp”)-H

a) NR, o [RhCp*Cly], (2.5 mol%) NRy o
,g AgSbFg (20 mol%) oo
o~ "o . BES PivOH (2 equiv) N-R?®
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o
Me?N . pra— o NMe2
o
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Me N Me,N

T
Rh,
o L W Ph/J\r »
H
/&):é !
\/Z °
%
68¢c, 51% 68d, 75% \N
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o

Scheme 58 Rh(i)-Catalyzed olefinic C-H alkylation reaction of enol
carbamates using maleimides (Kim, 2016).5°
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Scheme 59 Stereoselective three-component C(sp?)—H bond addition
across alkenes and aldehydes (Ellman, 2016).°°

alkylation using directing groups such as pyrazole. Alkenyl
pyrazole reacted with benzaldehyde and ethyl vinyl ketone to
produce 69d in 77% yield and with 87:13 diastereoselectivity.
A tentative mechanism is shown in Scheme 59b. Directed C-H
bond activation occurred to afford cobaltacycle I, which under-
went conjugate addition into an enone to form racemic cobalt
enolate II. Next, cobalt enolate II added diastereoselectively to
the aldehyde via a chair transition state to afford cobalt
alkoxide III, and the subsequent proto-demetalation yielded
alcohol 69 and regenerated the active Co(m) species. Reaction of
Z-Co(m) enolate with the aldehyde via a boat transition state
could alternatively give an explanation for the high diastereo-
selectivity of the transformation.*”

The Ellman group reported a rhodium-catalyzed C-H bond
addition to nitro-alkenes, which are suitable for a broad range of
nitroalkenes, including aliphatic, aromatic, and f,B-disubstituted
derivatives (Scheme 60a). Additionally, various directing groups
were effective in both aromatic and alkenyl C-H alkylation
reactions. Representative nitroalkane products were converted to
dihydroisoquinolones and dihydropyridones in a single step and
in high yield by iron-mediated reduction and in situ cyclization.
Moreover, preliminary success in enantioselective Rh(i)-catalyzed
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Scheme 60 Rh-Catalyzed olefinic C—H bond addition to nitro-alkenes
(Ellman, 2017).
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C-H bond addition to nitroalkenes was achieved. A plausible
mechanism for the Rh(m)-catalyzed C-H bond addition to
nitroalkenes is shown in Scheme 60b. Concerted metalation/
deprotonation of acrylamides generates rhodacycle III. Coordi-
nation of the nitroalkene provides complex I, which upon
insertion into the nitroalkene provides the Rh(im) nitronate II.
Then, coordination of acrylamide followed by concerted metalation/
deprotonation releases product 70 and regenerates rhodacycle IIL**
Very recently, Loh and Xu also demonstrated a palladium-
catalyzed stereospecific C-H alkylation of allylamines with primary
and secondary alkyl iodides to generate cis-configured multi-
substituted alkenes 71, with the assistance of isoquinoline-1-
carboxamide (IQA) as the directing group (Scheme 61a). Various
1,1-disubstituted aliphatic and aromatic alkenes bearing different
functionalities reacted well, affording the C-H alkylation products
71a-i in moderate to high yields. Unfortunately, the monosubsti-
tuted alkene and homoallylamine substrate led to unsuccessful
results. Secondary alkyl iodides were less reactive than primary
alkyl iodides to give moderate yields using increased catalyst
loading and iodoalkanes (71j). Mechanistic studies suggest that
alkenyl C-H bond activation is the rate-determining step. A plau-
sible catalytic cycle is proposed in Scheme 61b. First, the palladium
complex I generated from Pd(OAc), and allylamine underwent
alkenyl C-H activation by concerted base-assisted metalation-
deprotonation to afford intermediate II. The subsequent oxidative
addition of iodoalkane and reductive elimination led to the desired
alkylation product 71 and catalytic species were generated with
base and another allyl isoquinoline-1-carboxamide substrate.*>
Hu and co-workers developed an amide-directed olefinic
C-H aminomethylation of enamides by ruthenium catalysis,
using 1,2-oxazetidines as nontrivial but effective aminomethyl
reagents (Scheme 62a). This protocol provides a novel synthesis
of Z-aminomethyl substituted enamides 72a-j by integrating
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Scheme 61 Pd-Catalyzed alkenyl C—H alkylation of allylamines (Xu and
Loh, 2019).%2
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Scheme 62 Ru-Catalyzed amide-directed olefinic C—H aminomethyla-
tion of enamides (Hu, 2020).

alkenyl C-H activation and ring-opening of 1,2-oxazetidines. A
plausible catalytic cycle for this Ru-catalyzed aminomethylation
is depicted in Scheme 62b. The alkenyl C-H bond cleavage of the
enamide delivered a six-membered ruthenacycle intermediate, II.
Then coordination of 1,2-oxazetidine to intermediate I and
B-carbon elimination occurred to release a molecule of form-
aldehyde. Finally, migratory insertion of formaldimine and proto-
nolysis led to the formation of aminomethyl substituted enamides
72, along with the regeneration of Ru(u) species I. However,
an alternative pathway involving the Ru(w) species by oxidative
addition of the Ru() complex cannot be fully ruled out.”

2.5 Vicinal group-directed olefinic C-H allylation

1,4-Dienes represent ubiquitous components in many biologically
active molecules, and they are also versatile building blocks in
synthetic organic chemistry. Directed alkenyl C-H allylation
provides powerful access to selective preparation of 1,4-dienes.

In 2014, the Wang group reported a rhodium(im)-catalyzed
direct C-H allylation reaction of N-OMe acrylamides with
4-vinyl-1,3-dioxolan-2-ones (Scheme 63a). The reaction provides
facile and stereoselective access to multi-functionalized skipped
dienes 73 in good yields. A tentative mechanism for this
transformation is depicted in Scheme 63b. Firstly, complex
[Cp*Rh(MeCN);](SbFg), reacted with CsOAc to give active
Cp*Rh(OAc), by ligand exchange, which inserted into the
olefinic C-H bond to afford rhodacycle A and liberated an
acetic acid. Coordination and migratory insertion of the 4-vinyl-
1,3-dioxolan-2-one generated intermediate B. The E/Z ratio of the
product might be determined by n-facial-selectivity of this step
influenced by the substituent. Subsequently, intermediate B
underwent f-oxygen elimination and protonation to produce allyl
alcohol 73 and one molecule of CO,, as well as rhodium catalyst.**

The Glorius group demonstrated a cobalt(ur)-catalyzed amide-
directed C-H activation/allylation of arenes, heteroarenes, and
olefins, using Cp*Co(m) catalyst with the assistance of AgBF,
and HOAc (Scheme 64a). A variety of differently substituted allyl
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Scheme 63 Rh(i)-Catalyzed alkenyl C—H allylation reaction using 4-
vinyl-1,3-dioxolan-2-ones (Wang, 2014).%4

carbonates can be employed. The C-H allylation proceeded well
with 2-substituted secondary and tertiary acrylamides, and alkyl
and phenyl substituents and bromo- and methoxy groups were
tolerated, leading to moderate yields (74a-e). The kinetic iso-
tope effect was determined to be 2.0 and 6.4 in parallel and
competition experiments, respectively, indicating that C-H
activation likely occurred in the rate-limiting step. Also, H/D
scrambling was observed and showed a reversible C-H activation.
A proposed mechanism is shown in Scheme 64b. The formation
of a catalytically active cobalt species (I) from the precursors is
followed by C-H activation to produce cobaltacycle II. Olefin
insertion leads to intermediate III that is stabilized by intra-
molecular coordination. In this geometry, B-hydride elimination
is disfavored, and B-oxygen elimination occurs and leads to the
allylated product 74. However, some other pathways such as the
formation of m-allyl species from the allyl precursors cannot be
excluded at this stage.”

In the same year, the Loh group reported a rhodium-
catalyzed C-H allylation of acrylamides with allyl acetates using
[RhCp*Cl,], as the catalyst (Scheme 65a). The use of weakly

o
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Scheme 64 Col(in)-Catalyzed amide-directed C—H allylation using allyl
carbonates (Glorius, 2015).°

Chem. Soc. Rev.


https://doi.org/10.1039/d0cs00447b

Published on 25 January 2021. Downloaded by Beijing Normal University on 1/26/2021 2:32:28 AM.

Review Article

o
R!

jl\)J\NHTs
R¥ H *

75-S

[o]

R1
R* [CP*RhCly]; (2 mol%) I NHTs
%\(OAC NaOAc (1 equiv) R2 R*
R RS MeOH, 80 °C :, \ -

R =4-Me, 75a, 81%

R
A 19 4-OMe, 75b, 75% NHTS NHT
t )
x NHTs  4-BU 75¢,76% NHTs
I 4-Cl, 75d, 83%

TS 4-F,75e,81% 75f, 77% 759, 82% 75h, 25%

o 0
Ar NHTs
A NHT
Ph NHTs ,/\ﬁ\s * ‘
| Ph ~

==
- r = Ph, 78%, 75k:75K' = 88/12
751, 61% Ar = 4-BrCqHg, 80%, 751:751" = 88/12

75-S

C-H activation ' III
[Rh-OAc] \
o

m
R ‘ NTs
RA]m
SOAc elimination |
olefin insertion, £
/\/OAC AcO™ 1
[Rh]ﬂ-o \g:[Rh]'"/

Scheme 65 Rh-Catalyzed C—H allylation of acrylamides with allyl acet-
ates (Loh, 2015).°¢

coordinating NH-Ts amide as the directing group resulted in broad
functionality tolerance and excellent site- and stereo-selectivity,
leading to efficient access to skipped dienes 75. When benzyl
substituted acrylamide was used, the formation of a small amount
of diene isomers was noticed as well (75k’ and 75l'). The catalytic
cycle is initiated by the NHTs amide directed C-H activation by
rhodium catalyst [Rh™-OAc] to deliver intermediate I via a CMD
pathway. The subsequent migratory insertion of the allyl C-C
double bond allows the formation of the seven-membered rhoda-
cycle II, where the carbonyl coordination to the rhodium center
facilitates B-acetate elimination to afford allylation product 75 and
regenerates the active rhodium catalyst. As for the formation
of dienes 75', intermediate I undergoes migratory insertion of
allyl acetate with reversed regioselectivity followed by hydride
elimination/re-insertion through I’ and affords IV/, which finally
undergoes B-OAc elimination to deliver the isomer (Scheme 65b).°

The Kim group developed a Rh(m)-catalyzed olefinic C-H
allylation of (hetero)aryl or alkyl enol carbamates with the
assistance of carbamoyl groups such as pyrrolidinyl, diethyl,
and morpholinyl amides (Scheme 66). While 4-vinyl-1,3-
dioxolan-2-one led to allylic alcohols 76 with the cis-isomer as
the major product, allylic carbonates produced terminal ally-
lated products 77. A possible reaction mechanism is depicted in
Scheme 66b. Coordination of a carbamoyl group to active Rh(ur)
catalyst followed by C-H activation affords rhodacycle species I,
which undergoes migratory insertion of 4-vinyl-1,3-dioxolan-2-one
to produce an eight-membered rhodacycle (II) and a more
favorable III. While intermediate III undergoes anti-B-oxygen
elimination to afford 76-Z, syn-B-oxygen elimination of II produces
76-E and liberates 1 mol of CO,.””

The Zhang group reported a Cp*Co(m)-catalyzed olefinic
C-H allylation of enamides to prepare allylated Z-enamides 78.
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Scheme 66 Allylation of enol carbamates with allylic carbonates under

rhodium catalysis (Kim, 2016).”

The reaction was performed using 10 mol% Cp*Co(CO)I, and
20 mol% AgOAc in CF;CH,O0H at 90 °C. The protocol tolerated a
wide range of functionalities such as OMe, F, Cl and Br, regardless
of their electron-donating or electron-withdrawing properties
(Scheme 67).®

Recently, the Ji group also disclosed an interesting Ru(u)-
catalyzed C-H allylation of NH-OMe acrylamides with allyl
alcohols in aqueous solution (Scheme 68a). With the assistance
of the N-methoxycarbamoyl as the directing group, this C-H
allylation reaction provided straightforward and efficient
access to 1,4-diene skeletons 79, featuring a broad substrate
scope with good functional group tolerance, and excellent
regio- and stereoselectivity. The mechanistic studies indicated
that the process of the reversible C-H bond ruthenation was
assisted by acetate, and the rate-determining step was unlikely
to be the C-H bond cleavage step. The mechanism was initiated
by N-methoxycarbamoyl group directed C-H activation of acryl-
amide by the active catalyst from [RuCl,(p-cymene)], catalyst
and cesium acetate, giving five-membered ruthenacycle I via
acetate assistance. Subsequently, coordination and insertion of
an olefin afforded intermediate II, which underwent B-hydroxide
elimination to generate product 79 (Scheme 68b).”

In 2019, our group developed atom-economic cross-coupling
reactions between arylamides and 1,3-dienes, leading to site- and
stereo-selective preparation of 1,4-dienes 80 by directed alkenyl
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Scheme 68 Ru(i)-Catalyzed C—-H allylation of NH-OMe acrylamides
with allyl alcohols (Ji, 2018).°°

C-H allylation. This additive-free and mild protocol simply
employs [IrOMe(cod)], as the catalyst and is performed in
MeOH at 70 °C, and a series of valuable functional groups
are well tolerated, including CF;, F, Cl and Br (Scheme 69a).
The method is also highlighted by successful conversion of
artemisic amide and preparative scale synthesis, as well as easy
removal of NH-Ts amide by methylation/hydrolysis. A deuterium-
labeling study suggested a fast and reversible C(alkenyl)-H activa-
tion step as well as hydro-metalation. The catalytic cycle possibly
starts with the generation of amidoiridium(r) A from the catalyst
and acrylamide. Then, reversible olefinic C-H activation occurs to
provide iridacycle B, and the subsequent insertion of 1,3-diene to
B affords m-allyliridium(ur) C. The final reductive elimination and
ligand exchange by NHTs amide produces 80 with the liberation of
A. The regioselectivity is governed by a combination of electronic
and steric effects in the migratory insertion of the diene into the
Ir-C(alkenyl) bond (Scheme 69b)."*

With our ongoing interest in this research field, we recently
developed an asymmetric variant of this alkenyl C-H allylation.
Neither chiral bisphosphine such as binap nor bisoxazole
ligands exhibited enantioselectivity under iridium catalysis.
Fortunately, the reaction between acrylamide and 1,3-diene
(Ar = Ph) afforded chiral 1,4-diene 81a in 58% with 79% ee,
using [IrCl((S,S)-Fec-tfb*)], as a chiral catalyst and NaOMe as a
base in a mixed solvent of MeOH/H,O (v/v = 1/1). 1,3-Diene
bearing a bulky naphthyl group was also tested, leading to
81b in 51% yield with 79% ee. This is the first example of
Ir-catalyzed asymmetric olefinic C-H allylation. These results
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Scheme 69 Iridium-catalyzed C—H allylation of acrylamides with con-
jugated dienes (Zhang and Zhong, 2019).1°°
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Scheme 70 Iridium-catalyzed asymmetric C—H allylation of acrylamides
with conjugated dienes (Zhang and Zhong, 2020).1°

showed that the enantioselectivity of the reaction could be
further improved and chiral dienes are promising ligands
(Scheme 70)."*

2.6 Annulation by vicinal group-directed olefinic C-H
activation

Chelation-assisted C-H activation induced tandem C-H activa-
tion/coupling/cyclization represents one powerful method toward
the synthesis of (hetero)cycle molecules in a step- and atom-
economic fashion, using unsaturated molecules such as alkenes,
alkynes, allenes, sulfoxonium ylides, 1-alkynyl triazenes, isocyanates,
diazo compounds, and even CO.

In 2008, Kuninobu and Takai reported a domino synthesis
of Cp-Re complexes 82 by using o,B-unsaturated ketimines and
carbonyl compounds, in the presence of 50 mol% Re,(CO)y,
complex, which acts as both the catalyst and substrate. The
reaction mechanism is proposed in Scheme 71b. The ketimine
undergoes an olefinic C-H bond activation with the rhenium
center to afford 5-membered rhenacycle I, and alkene insertion
followed by intramolecular nucleophilic annulation leads to
intermediate III. The subsequent reductive elimination and
aniline liberation give a cyclopentadiene, V, which coordinates
with the rhenium complex to produce Cp-Re complexes 82.'%%

In the same year, the Cheng group developed a Rh-catalyzed
annulation between o,B-unsaturated ketoximes and alkynes
to afford highly substituted pyridines 83. The reaction was
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Scheme 71 Synthesis of Cp—Re complexes via olefinic C—H activation
(Kuninobu and Takai, 2008).1°2

performed simply with complex RhCI(PPh;); (3 mol%) in
toluene by heating at 130 °C. Various cyclic and acyclic unsa-
turated ketoximes reacted well with aromatic and alkyl alkynes,
exhibiting a broad substrate scope. The reaction mechanism
initially involved N-Rh coordination followed by alkenyl C-H
activation to generate hydrometallacycle II, and syn-addition of the
Rh-H bond to the coordinated alkyne to form III. Intermediate III
underwent reductive elimination to afford IV, which was converted
to final pyridine 83 by electrocyclization and then water elimination
(Scheme 72)."*

Ackermann et al. previously reported ruthenium-catalyzed
oxidative C-H activation/annulations using acrylamides and
alkynes, leading to efficient preparation of valuable 2-pyridones
84. Various electron-rich and electron-deficient acrylamides as
well as aryl- and alkyl-substituted internal alkynes can be used as
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Scheme 72 Rh-Catalyzed synthesis of pyridines from unsaturated ketox-
imes and alkynes (Cheng, 2008).1%®
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Scheme 73 Ru-Catalyzed oxidative C—H activation/annulations of acry-
lamides to prepare 2-pyridones (Ackermann, 2011). 1%

suitable substrates. The protocol is simple and without the use of
silver salt. Notably, unsymmetrically substituted alkynes proved to
be converted with remarkably high regioselectivity (84f). A possible
mechanism includes the initial intermolecular carboruthenation
of alkynes, along with a subsequent intramolecular C-N bond
formation by reductive elimination (Scheme 73)."%*

After their advance in the synthesis of 2-pyridones, the same
group disclosed an efficient pyrrole (85) synthesis from
electron-rich enamines and alkynes, under an aerobic atmo-
sphere using the same ruthenium complex [Ru(p-cymene)Cl,],
as the catalyst (Scheme 74). Intermolecular competition experi-
ments with alkynes revealed the more electron-rich alkyne to
react preferentially. Meanwhile, competition experiments with
differently substituted enamines highlighted electron-donating
substituents on the aryl moiety to be beneficial. Isotopically
labelled experiments demonstrated the C-H bond activation on
enamines to be reversible.'*

The Yoshikai group reported a cobalt-catalyzed annulation
reaction of o,B-unsaturated imines with internal alkynes to
synthesise multi-substituted dihydropyridine derivatives 86,
using triarylphosphine as the ligand and Grignard reagent
i-PrMgBr as the effective reducing agent (Scheme 75a). A possible
mechanism is proposed in Scheme 75b. In the presence of a low-
valent cobalt species, imine-directed C(alkenyl}-H activation
occurred to generate a five-membered cobaltacycle, I, which
underwent alkyne insertion and reductive elimination to provide
an azatriene intermediate, II. Finally, 6m electrocyclization of aza-
triene 1 furnishes the formation of dihydropyridine product 86.'°

1 3 R
R R [Ru(p-cymene)Cly], (5 mol%) R2
R2 Cu(OAC),"H,0 (1 equiv) r%, "
\%I}IH * |‘| EE ) | e
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f\g* Ph /E\g* Ph r\>*5t /\/th [ Y—pn
EtOOC N Meooc >~ N
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85a, 68% 85b, 52% 85c, 71% 85d, 48% N 85e, 32%

Scheme 74 Ruthenium-catalyzed pyrrole synthesis from electron-rich
enamines and alkynes (Ackermann, 2013).10°

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0cs00447b

Published on 25 January 2021. Downloaded by Beijing Normal University on 1/26/2021 2:32:28 AM.

Chem Soc Rev

CoBry (5-10 mol%)

4
a) H R  P(3-CICeHy); (1020 mol%) R N-PMP
RIA N-PMP PPrigBr (22.5-45 mol%) |
4 + || RN NR3
o
2 RO 1e THF, 40°C pa
86
Ph
PMP [T
: b) no NPYP
H R |
Me : I A
iR _PMP c
R R=H, 86a, 91%' Z N [Col Me
Me, 86b, 95% ! N

OMe, 86c, 95% ; M€

Cl, 86d, 85% 07 electro-
Br, 86e, 70% icyclization
CN, 86f, 84% |

reductive oxidative
imination addition

N Ph : 1 H—ICoIN
o~y Ph PP /EO])N\ Me)\)\Me
Me | P B Me Mmigratory 1

Ph ' M \\W
869, 77% 86h,79% |
R———R

Scheme 75 Co-Catalyzed annulation of o,B-unsaturated imines and
internal alkynes to access dihydropyridines (Yoshikai, 2013).1°¢

In the same year, Li and Zhou reported a rhodium-catalyzed
addition of an alkenyl C-H bond to isocyanates followed by
an intramolecular cyclization, leading to biologically active
5-ylidene pyrrol-2(5H) ones 87. This atom-economic transfor-
mation proceeded under mild and neutral conditions in the
absence of any additives and no hazardous waste was pro-
duced. Phenyl isocyanates, and primary and secondary alkyl
isocyanates were all suitable substrates in this reaction, as well
as a range of o,B-unsaturated cyclic and acyclic oximes
(Scheme 76a). The annulation reaction was initiated by the
oxime-directed alkenyl C-H bond activation to form a five-
membered rhodacycle, I, with the liberation of a proton.
Selective insertion of an isocyanate into the Rh-C bond of
intermediate I gave the seven membered rhodacycle II, which
was converted to intermediate III by protonation, and inter-
mediate III was observed during the reaction performed at
85 °C for 5 h. Finally, intramolecular nucleophilic addition
followed by elimination of one molecule of methoxyamine
provided 5-ylidene pyrrol-2(5H)ones 87 and regenerated the
catalyst (Scheme 76b).*%”
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Scheme 76 Rh(in)-Catalyzed addition of an alkenyl C—H bond to iso-
cyanates and intramolecular cyclization (Zhou and Li, 2013).1%7
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Scheme 77 Pd-Catalyzed direct carboxylation of alkenyl C—H bonds with

carbon dioxide (lwasawa, 2013).1%8

The Iwasawa group reported a Pd-catalyzed direct carboxyl-
ation of alkenyl C-H bonds of 2-hydroxystyrenes with carbon
dioxide to afford valuable coumarins 88 (Scheme 77a). The
reaction was performed using a catalytic amount of Pd(OAc),
with Cs,CO; under atmospheric pressure of CO,. The reaction
was proposed to start with the formation of six-membered
alkenyl palladium intermediate II by chelation-assisted alkenyl
C-H bond activation and coordination of the second 2-hydroxy-
styrene with Pd(OAc), and the cesium salt. Subsequently,
alkenyl palladium(u) species I underwent reversible nucleophilic
carboxylation to afford palladium carboxylate intermediate I,
which reacted with another molecule of 2-hydroxystyrene and
base to give coumarin 88 with regeneration of intermediate II
(Scheme 77b). Notably, the key alkenylpalladium intermediate
was isolated and characterized. Moreover, treatment of cesium
carboxylate from coumarin hydrolysis with Pd(OAc), led to easy
decarboxylation, exhibiting the reversibility of the carboxylation,
with the equilibrium favoring the decarboxylation.'®®

The Glorius group reported a synthesis of multi-substituted
pyridine N-oxides 89 and isoquinolines 89’ by Rh(ui)-catalyzed
cyclization of oximes and diazo compounds by aryl and vinylic
C-H activation and carbene insertion (Scheme 78a). This
tandem C-H activation/coupling/annulation sequence proceeded
under mild conditions in the absence of any oxidant with the
liberation of nitrogen and water as the byproducts, and exhibited
a broad substrate scope. The reaction was proposed to proceed by
the coordination of the substrate to a [Rh"™'Cp*] species as the key
step for the regioselective C-H bond cleavage to afford rhodacycle
I. This rhodacycle could coordinate with the diazo compound to
give rhodium species II by carbene insertion. Subsequently,
protonolysis of II delivered alkylated intermediate I, and the
subsequent tautomerization provided enol intermediate IV in situ.
With oxime and imine substrates, the formed enol species IV
could selectively undergo 6n electrocyclization and water elimina-
tion to give products 89 and 89'. However, an alternative cycliza-
tion pathway by the nucleophilic attack of the N atom on
the carbonyl group in III to afford V and V' was also possible
(Scheme 78b)."*°
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Scheme 78 Rh(in)-Catalyzed cyclization of oximes and diazo compounds
(Glorius, 2013).1°°

The Guan group developed a palladium-catalyzed carbonyla-
tion of alkenyl C-H bonds of enamides with CO to prepare
1,3-oxazin-6-ones 90 (Scheme 79a). The reaction proceeds
under mildly basic conditions and employs KI and Ac,O as
simple additives, DABCO (1,4-diazabicyclo[2.2.2]octane) as the
base, Cu(OAc), as the oxidant and Pd(OAc), as the catalyst.
A wide range of functional groups can be well tolerated and this
carbonylation reaction provides rapid elaboration of enamides
into a variety of substituted 1,3-oxazin-6 ones under atmo-
spheric pressure of CO. A tentative mechanism for this carbo-
nylation was proposed by the authors. Alkenyl C-H activation by
Pd(OAc), formed the vinylpalladium species I, which provided the
acylpalladium species II by CO coordination/insertion and then
intermediate III with DABCO. Finally, intermediate III underwent
reductive elimination to produce 1,3-oxazin-6 one 90 with the
formation of Pd(0), which was converted to an active Pd(u) species
via oxidation by Cu(u) (Scheme 79b).**°
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Scheme 79 Palladium-catalyzed alkenyl C—H carbonylation of enamides
to afford 1,3-oxazin-6-ones (Guan, 2013).11°
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The Ellman group developed a type of annulation for
the synthesis of substituted furans 91 and pyrroles 92, using
a,B-unsaturated oximes and aldehydes or imines as substrates.
The transformation proceeded by Rh(ui)-catalyzed and imine-
directed olefinic C-H bond activation/addition across C—0O
or C=N double bonds, followed by annulation and the final
aromatization. A number of a,f-unsaturated oximes bearing
different substituents were suitable in this operationally simple
reaction. However, the R? substituent was crucial because no
product was obtained when R* was H. The terminal substituent
R® was not essential for the success of the reaction, and
variations at R' with different alkyl groups also worked well
in this transformation. A broad range of aromatic and aliphatic
aldehydes smoothly worked in the reaction to provide excellent
functionality tolerance (Scheme 80).'"!

After their advances in alkenyl C-H carbonylation of
enamides, the Guan group demonstrated another palladium(u)-
catalyzed oxidative annulation of enamides with alkynes by
alkenyl C-H activation, providing valuable substituted pyrroles

3 (Scheme 81a). A wide range of functional groups are well
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Scheme 80 Rh(i)-Catalyzed annulation using unsaturated oximes for the
synthesis of furans and pyrroles (Ellman, 2013).11
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tolerated, leading to a reliable approach toward triaryl-substituted
pyrroles. A tentative mechanism is initiated by alkenyl C-H
activation of the enamide to form a palladacycle intermediate, I
Coordinative insertion of an alkyne into the Pd-C bond leads
to intermediate II. Intramolecular deprotonated cyclization of
intermediate II generates a six-membered palladacycle, III, and
the final reductive elimination affords the N-acetyl-substituted
pyrroles 93 and Pd(0) species, which were reoxidized by
Cu(OAc), to regenerate the active Pd(u) species. Reductive elimina-
tion of Pd(u) from the vinylamido complex III is supposed to be the
rate-determining step as the C-H activation of the enamide is fast.
The Xantphos ligand likely promotes reductive elimination
of Pd(un) from intermediate I due to the wide bite-angle of
bisphosphine (Scheme 81b).*?

Cyclopropane represents one challenging target to prepare
due to its high ring strain. The Rovis group reported a cyclo-
propanation of electron deficient alkenes initiated by Rh(u)-
catalyzed olefinic C-H activation of N-enoxyphthalimides,
using a newly designed isopropyl cyclopentadienyl ligand
(Scheme 82a). Deuterium experiments showed the olefinic
C-H functionalization to be irreversible and chemoselective
for the double bond at the expense of the neighboring phenyl
ring. If the reaction is performed in the absence of cesium
acetate or using triethylamine as a base instead, no cyclo-
propane product is obtained, supporting a C-H activation event
by a concerted metalation-deprotonation (CMD) mechanism.
The reaction mechanism proposed is shown in Scheme 82b.
After the formation of the active Rh(m) catalyst I, irreversible
alkenyl C-H activation occurred to afford rhodacycle intermediate
II, which underwent migratory insertion of an olefin to afford
c-alkyl Rh(m) species III. Then, a 3-exo-trig intramolecular
carborhodation occurred to generate intermediate IV. B-Hydride
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Scheme 82 Rh(in)-Catalyzed C-H activation initiated cyclopropanation
of N-enoxyphthalimides (Rovis, 2014).1*
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elimination could give the Rh-H complex V after C-C bond
rotation. After that, two different pathways are possible.
One mechanism involved collapse of V to afford Rh(x) species VI,
insertion of Rh(i) into the N-O bond and protonation/tautomeri-
zation of VIL. Alternatively, reversible re-insertion of V into a
double bond to afford IV followed by B-elimination could produce
94, with the N-O bond cleaved.**?

The Gulias group developed a practical and atom-
economical synthesis of benzoxepine derivatives 95 by a formal
(5+2) cycloaddition from readily available O-vinylphenols and
alkynes using a catalytic amount of [Cp*RhCl,], and a quanti-
tative amount of Cu(OAc),. By using unsubstituted O-vinyl-
phenols instead of a-substituted 2-alkenylphenols, appealing
seven-membered benzoxepine derivatives were smoothly obtained
(Scheme 83a). A tentative reaction mechanism is outlined which
starts with the phenolic substrate replacing one of the acetates of
the catalyst to give intermediate I. This complex I then evolves into
rhodacycle I by a concerted-metalation—deprotonation (CMD)
mechanism. Alternatively, rhodacycle II is presumably generated
from I by intramolecular addition of electrophilic Rh(1) to the
conjugated olefin and a subsequent deprotonation assisted by
base. After that, intermediate II involves alkyne coordination
followed by migratory insertion to give intermediate III, which
undergoes reductive elimination to the final product 95 and a
Rh(1) species which is then reoxidized to re-enter the next catalytic
cycle (Scheme 83b)."**

In the same year, Gulias and co-workers reported another
Rh(m)-catalyzed formal [3C+2C] cycloaddition of a-substituted
2-alkenylphenols and alkynes using copper(u) acetate as the
oxidant to afford highly appealing spirocyclic skeletons 96
(Scheme 84a). Intermolecular competition KIE experiments
suggest that the C-H bond cleavage is involved in a rate
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Scheme 83 Synthesis of benzoxepine derivatives by a formal (5+2)
cycloaddition using O-vinylphenols and alkynes (Gulias, 2014). 4
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determining step, and the deuterium labelled experiments
support the alkyne carbometalation to be irreversible. The
catalytic cycle is likely initiated by the ligand exchange of
the catalyst by the phenolic substrate to afford intermediate I
The subsequent C-H activation leads to rhodacycle II. The
subsequent alkyne coordination and migratory insertion give
the eight-membered rhodacycle III that is in equilibrium with
its keto form IV. In the case of alkenylphenol substrates
equipped with a nonsubstituted vinyl group, the reductive
elimination yields oxepine products 96’, but the presence of
the R substituent in the alkenyl moiety generates a steric push
that favors a reductive elimination from the less strained
rhodacyclohexane IV to afford 96. After the reductive elimina-
tion, the Rh(1) species is reoxidized by Cu(OAc), to enter the
next catalytic cycle (Scheme 84b).***

The Daugulis group reported a cobalt-catalyzed carbonyla-
tion of aminoquinoline acrylamides and benzamides to afford
cyclic imide derivatives (97a-i, Scheme 85). The reaction
proceeds in trifluoroethanol using Co(acac), as a catalyst,
NaOPiv as a base, and Mn(OAc);-2H,0 as a cocatalyst under
1 atm of CO. Functional groups such as Br, CF3, CN, OCF;, and
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Scheme 85 Cobalt-catalyzed imide synthesis by C-H carbonylation
(Daugulis, 2014).116

Chem. Soc. Rev.

View Article Online

Chem Soc Rev

esters are all well tolerated. Moreover, the directing group can
be easily removed by treatment with NHz;/MeOH to obtain
phthalimide derivative 98 in 73% yield."'®

The Jia group disclosed a Pd-catalyzed preparation of
benzofurans 99 which proceeded by a tandem C-H activation/
oxidation process, using 2-hydroxystyrenes and iodobenzenes
as the substrates (Scheme 86a). A control experiment showed
a phenol directed olefinic C-H activation, which was further
confirmed by a KIE experiment (ky/kp = 1.9) to be the rate
determining step in the reaction. Mechanistic studies
prompted the authors to propose the possible mechanisms
(Scheme 86b). The reaction starts with the generation of aryl-
Pd(u) species by oxidative addition of Arl by Pd(0), and the
subsequent ligand exchange with phenol leads to intermediate
I. Next, I undergoes vinylic C-H cleavage to form six-membered
palladacycle I, which delivers the cross-coupling Z-isomer III
and palladium(0) upon reductive elimination. The isomer III
coordinates with the Ar-Pd(u)-I species to afford the palladium
aryl phenoxide species IV. Intramolecular syn-insertion of the
alkene into the Pd-O bond gives intermediate V, which subse-
quently undergoes syn-p-hydride elimination to provide the
desired benzofuran 99 and H-Pd-Ar species, which again leads
to Pd(0) and an arene by reductive elimination.'"”

The use of 1,6-dienes as directed olefinic C-H functionaliza-
tion substrates has been rarely demonstrated. In 2014, the Aissa
group disclosed a Rh(i)-catalyzed synthesis of [2,2,1]-cyclo-
heptanes 100 containing three stereogenic centers, using pro-
chiral 1,6-heptadienes by rearrangement reaction (Scheme 87a).
Based on deuterium-labeling studies and the key intermediate
characterization, the reaction mechanism is proposed as follows
(Scheme 87b). Firstly, pyridine-directed C(alkenyl}-H bond activa-
tion occurred to afford rhodacycle A, and then the insertion of a
double bond into the [Rh]-H bond of A gave intermediates B-syn
and B-anti rapidly and reversibly. In the case of B-anti, the second
olefin insertion is disfavored, leading to a four-membered ring via
reductive elimination. Notably, the formation of this strained
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Scheme 86 Pd-Catalyzed synthesis of benzofurans from 2-hydroxy-
styrenes and iodobenzenes (Jia, 2014).1Y
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Scheme 87 Rh()-Catalyzed rearrangement of prochiral 1,6-heptadienes
into [2,2,1]-cycloheptane derivatives (Aissa, 2014) .18

molecule is reversible and it can be converted back to B-anti by
directed C-C bond activation. In contrast, intramolecular alkene
insertion in B-syn is more favorable, leading to species C
and finally 100 by reductive elimination. Moreover, if the second
olefin is also substituted or if the substrate bears a sterically
undemanding R group, the formation of D from A is more
competitive than the generation of C, thus providing 101."*
Pyridinium salts are important structural motifs occurring
in many natural and bioactive compounds. The Cheng group
demonstrated a rhodium-catalyzed preparation of highly
substituted pyridinium salts 102 from simple vinyl ketones/
aldehydes, amines, and alkynes, which was performed in the
presence of [RhCl,Cp*],, Cu(OAc),-H,0, and NaBF, in MeOH
(Scheme 88a). Not only symmetrical alkynes but also unsym-
metrical alkynes underwent [4+2] cyclization smoothly to
form pyridinium salts in high yield with good regioselectivity.
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Scheme 88 Rh-Catalyzed preparation of pyridinium salts from vinyl
ketones/aldehydes, amines, and alkynes (Cheng, 2015).1*°
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The N-methylpyridinium salts obtained can be easily trans-
formed into corresponding neutral pyridine products by heating
in a pyridine solvent. The catalytic reaction is proposed to be
initiated by the coordination of o,B-unsaturated imine I in situ
formed from the ketone and amine to Rh(iii)-species, followed by
vinylic C-H cleavage to give a five-membered rhodacycle, II
Coordination of the internal alkyne to intermediate II and regio-
selective insertion into the carbon-rhodium bond affords a seven-
membered rhodacycle, IV. Facile C-N bond forming reductive
elimination of intermediate IV affords pyridinium salt 102 and a
Rh(i) species. The latter is oxidized by Cu(u) salt to generate the
active Rh(iii) species for the next catalytic cycle (Scheme 88b).'"

The Mascarenas and Gulias group demonstrated a synthesis
of valuable 2,2-disubstituted 2H-chromenes 103 employing
alkenylphenols and allenes under rhodium catalysis. The cycli-
zation was demonstrated to be a simple, versatile, and atom-
economical (5+1) heteroannulation under the catalysis of
Cp*Rh(iii), using Cu(u) as the oxidant under aerobic conditions
(Scheme 89a). The reaction tolerates a broad range of substi-
tuents both in the alkenylphenol and in the allene. The catalytic
cycle is initiated by the formation of intermediate I by intra-
molecular attack of the conjugated alkene on the O-coordinated
metal, followed by a fast subsequent rearomatization to gene-
rate rhodacycle II. Deuterium-labeled experiments exhibited
that this rhodacycle intermediate is generated from a dearo-
matization/rearomatization process instead of a CMD process.
Next, allene coordination followed by migratory insertion gives
the m-allylic rhodacycle III. Then species III undergoes
B-hydride elimination to give the conjugated diene IV, and this
intermediate undergoes a [1,7]-proton transfer to generate
the dearomatized enone V. Finally, V evolves and leads to
chromenes 103 by means of an electrocyclic annulation. Again,
the Rh(i) species generated in the catalytic cycle is reoxidized by
Cu(n) to be re-activated (Scheme 89b)."*°

The Glorius group successfully developed a cobalt(m)-catalyzed
coupling of diazo compounds with aromatic compounds via C-H
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Cu(OAQ) H,0 (05 equiy)
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Scheme 89 Synthesis of 2,2-disubstituted 2H-chromenes using alkenyl-

phenols and allenes (Mascarefias and Gulias, 2015).12°

Chem. Soc. Rev.


https://doi.org/10.1039/d0cs00447b

Published on 25 January 2021. Downloaded by Beijing Normal University on 1/26/2021 2:32:28 AM.

Review Article

=z
| \ N [CP*Co(CO)l] (10 mol%)  Mex A~y
Me N )]i AgSbFg (20 mol%), KOAc S
| MeOOC” ~COOMe TFE, 120 °C, 24 h 0
COOMe
______________________________________________________________________ 104,89% .
104, MeOH N/
= . -
+ H H* Z
/l H\N oo [Cp*CoOAC] ‘_{\«/ |
R o Co, “OAc aromatization 1 C-H activation | ;\'
OMe Koo ~co-OAC
R KOAc| AgSbF, Co*
Vi gSbFe n Cp
[Cp*Coly(CO)] N
OMe
Lewis acid-assisted metal-carbene
nucleophilic addition formation
< o | 7" Toac
oY Z o N
40 £ 0pc | '/| Nep 1
So- =0 HOAC = A g Al CP

R” " ome \4 K,l Co

proto-demetalation R migratory

OMe insertion m )

Scheme 90 Cobalt(i)-catalyzed coupling of diazo compounds with
2-(propenyl)pyridine (Glorius, 2015).1%

activation towards extended m-systems. This efficient protocol is
also suitable for the C-H coupling of olefins such as 2-(prope-
nyl)pyridine via alkenyl C-H activation, leading to pharmaceuti-
cally valuable 4H-quinolizin-4-one 104. The authors proposed a
directed reversible C-H bond activation to form cobaltacycle II as
the first step after generation of the Cp*Co(m) species I. Further
reaction with the diazo compound forms the metal-carbene
intermediate III by dediazonization. Subsequently, cobalt-carbene
migratory insertion in intermediate III affords the cobaltacycle IV,
which undergoes proto-demetalation and Lewis acid promoted
nucleophilic addition to form intermediate VI. Finally, aromatiza-
tion gives the desired product 104 and regenerates the active
species I. The dual role of the Cp*Co(m) complex as both a
transition metal and a Lewis acid catalyst might be vital to C-H
activation and sequential annulation (Scheme 90)."**

The Ellman group developed a synthesis of highly functio-
nalized furans 105 from o,B-unsaturated oximes and aldehydes
which proceeded by alkenyl C-H bond activation, aldehyde
insertion, annulation and aromatization, using an air stable
cationic Co(mr) catalyst, 106 (Scheme 91). A wide range of
a,B-unsaturated oximes and aldehydes were suitable, leading
to tri- and tetra-substituted furans. Valuable functional groups
such as F, Cl, Br and CF; were all compatible. Notably, this
Co(ur)-catalyzed protocol afforded comparable yields to the
previous preparation using Rh(u) catalysis.'>*
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R, ome o AcOH (10 mol%) W:((o
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A
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4-CO,Me, 105f, 67% [B(CsF5)4]z
4-CF, 1059, 73% 105h,48%  105i,40%  105j, 84% ; 106

Scheme 91 Synthesis of furans from a,f-unsaturated oximes and alde-
hydes by Co(in)-catalysis (Ellman, 2015).1%2

Chem. Soc. Rev.

View Article Online

Chem Soc Rev

R!

RZ
a) [RuCl,(p-cymene)], (2.5 mol %) ' R?
g\ COOH . I Cu(OAC),H;0 (1 equiv) I
2
R2 +AmOH, 90 °C, 20 h 070" R
P ] o
~ Bu b) LRuCl, === [LRuCl,],
Cu(OAc]
0” 0" “Bu (Ohele
OH
2Cu0Ac CuCl,
R =H, 107a, 88% 107e, 80% MO
4-Me, 107b, 92% ;
4-OMe, 107¢, 79% {2 cuiono),

4-F, 107d, 76%

AcO /\‘M\%/ AcOH

/ : ;
Ph OCH, @ v
Ph 1 | Me—<§ 2>—’Pr
¢ | ¢ | R2 Ru] oN
BgTen g7 oRT | | 2 Ph/\)l\ PRy &Me
: R!
107f,83%  X=0,1079,85% | )
0 S, 107h, 84% | PH
: v
Ph o ;
Lo XX
OO g | Rl_— 4—«
107i, 71% 107j, 86% Il

Scheme 92 Synthesis of a-pyrones from cinnamic acids and alkynes
(Gogoi, 2015).*%

Gogoi and co-workers reported a Ru-catalyzed oxidative
annulation between cinnamic acid and alkynes to produce
multi-substituted o-pyrones 107. Both diaryl- and dialkyl-
substituted alkynes reacted smoothly with various cinnamic
acids, exhibiting a broad substrate scope (Scheme 92). A tentative
mechanism was proposed by the authors. Reversible C-H cyclo-
ruthenation of cinnamic acid with I occurred to afford ruthena-
cycle III, which underwent subsequent alkyne insertion and
reductive elimination to produce compound 107."*

Cook et al. demonstrated a novel cascade integrating
ruthenium-catalyzed olefinic C-H functionalization/cyclization
and amide alcoholysis for the synthesis of 2-aminopyridines
109 (Scheme 93a). The reaction worked well by the use of
[Ru(p-cymene)Cl,],, AgOAc/Cu(OAc), and TFA in a mixed solvent
(dioxane/TFE), and other alcohols such as MeOH, EtOH and
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Scheme 93 Synthesis of 2-aminopyridines by integrating olefinic C-H
functionalization/cyclization and amide alcoholysis (Cook, 2016).12*
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iPrOH are inferior for alcoholysis. Deuterium-labelled experi-
ments demonstrated a reversible C-H activation to form a ruthe-
nacycle intermediate. Parallel and competitive KIE experiments
suggest the C-H activation to be the rate-determining step, which
is in good agreement with a concerted acetate-assisted metalation
transition state. The reaction started with the removal of the
chloride ligand from the Ru-complex by AgOAc, providing the
cationic ruthenium acetate species I. Then, concerted acetate-
assisted C-H activation occurred to afford five-membered
ruthenacycle II. Alkyne coordination and migratory insertion
generated the seven-membered ruthenacycle IV. Subsequently,
reductive elimination led to pyrido[2,1-b]quinazolin-11-ones
108, which were converted to products 109 by amide alcoholysis
(Scheme 93b). Unsymmetric alkylarylacetylene led to regio-
selective annulation (109h), supporting that C-C bond for-
mation occurred prior to C-N bond formation.'**

The Mascarefas and Gulias group also disclosed a regio-
and diastereoselective synthesis of benzoxepines 110 from
2-alkenylphenols and allenes by Pd(m)-catalysis using Cu(u) as
the oxidant under aerobic conditions. The transformation
represents versatile and atom economical access to a wide variety
of benzoxepine skeletons. Notably, as the geometry of the
palladium is square planar, the reductive elimination is favor-
able for producing oxepines, which is supported by computa-
tional studies. A plausible catalytic cycle was proposed to
proceed by a concerted metalation-deprotonation C-H activation,
or a base-induced rearomatization to form a six-membered
palladacycle, followed by coordination and regioselective
migratory insertion of allenes to give a m-allylic palladacycle,
110-I, which underwent a reductive elimination step to afford
the benzoxepine products 110. The selectivity of the ring
closing depends on the allene structure and electronic charac-
teristics of the substituents (Scheme 94).'*

In the same year, the Cheng group reported a cobalt-
catalyzed phenolic OH-directed C-H functionalization of 2-vinyl-
phenols using allenes to give various 2H-chromene derivatives
111 via oxidative [5+1] annulation (Scheme 95a). Substrate scope
analysis revealed that meta- and ortho-substituted 2-vinylphenols
gave lower yields of the expected products than the corres-
ponding para ones. Notably, the presence of an alkyl and aryl
group at the internal carbon of the vinyl group of 2-vinylphenols
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Scheme 94 Synthesis of benzoxepines from 2-alkenylphenols and
allenes (Mascarefias and Gulias, 2016).1%
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Scheme 95 OH-Directed C—H functionalization of 2-vinylphenols using
allenes to give 2H-chromenes (Cheng, 2016).*2°

did not significantly affect the reaction and gave excellent
product yields, but the substituent at terminal carbon totally
retarded the reaction. Intermolecular competition experiments
suggest that the electron-deficient vinylic arene and allene
reacted preferentially. Experimental KIE values suggest that the
C-H bond cleavage is probably involved in the rate-determining
step. The catalytic reaction is proposed to proceed via the C-H
activation of the vinyl group to afford IV. Then, allene coordina-
tion and regioselective insertion give m-allylic cobaltacycle VI,
which undergoes cyclization via intra-molecular addition of the
Co-O bond to the m-allylic moiety to afford VII by protonation
with AcOH, and the final B-H elimination produces 111
(Scheme 95b). Although there are two possible pathways for
the formation of intermediate IV from II, KIE experimental
results suggest that the C-H metalation occurs via a CMD
pathway (path A).">°

In 2016, Lu and Liu reported a selective [4+1] annulation of
vinylic amides with a-allenols to prepare pyrrol-2-ones 112
containing a tetra-substituted carbon center (Scheme 96).
The excellent chemo- and site-selectivities of the reaction are
controlled by the hydroxyl group in allenes, presumably due
to its coordination to the rhodium center. Both mono- and
di-substituted N-methoxyacrylamides reacted well with repre-
sentative o-allenols to afford the corresponding lactams in
moderate to excellent yields. However, the absence of an
a-substituent in acrylamides significantly decreases the reac-
tion efficiency (112f). The reaction mechanism may be initiated
by olefinic C-H activation to generate rhodacycle A, and the
subsequent site-selective allene insertion affords a seven-
membered rhodacycle, B, where the site-selectivity is governed
by the binding affinity of hydroxyl to the Rh center. Thus, the
formation of m-allyl rhodium species B’ is disfavored. After that,
B-H elimination and then the enol—keto tautomerism lead
to species C’, which undergoes insertion of an olefin into the
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Scheme 96 Annulation of vinylic amides with a-allenols to prepare
pyrrol-2-ones (Liu and Lu, 2016).22”

Rh-H bond to afford intermediate D, which finally gives rise to
product 112 by reductive elimination (path a). However, reductive
elimination of intermediate C’ to form E followed by intra-
molecular hydro-amination provides an alternative pathway
toward 112 (path b)."”’

Nakamura and Ilies reported an iron-catalyzed synthesis
of 2-pyridones 113 from acrylamides and internal alkynes.
The reaction was mild and was performed using Fe(acac)s/
dppen (catalyst), bis(trimethylsilylmethyl)zinc (base) and 1,2-
dichloropropane (oxidant) in THF at 40-50 °C. Both acyclic and
cyclic olefins bearing an N-8-quinoline group reacted well with
internal alkynes without isomerization of the acrylamide sub-
strate. Alkynes containing alkenyl, allyl, alkynyl, thienyl and silyl
groups were all smoothly converted, showing the robustness of
the protocol. Notably, even unsymmetrical alkynes provided
pyridines with excellent site-selectivity presumably due to the
compact size of iron (Scheme 97)."%®

The Li group demonstrated a Rh(im)-catalyzed synthesis of
cyclic imides 114 from acrylic acids and aryl isocyanates which
proceeded by COOH-directed alkenyl C-H bond activation
followed by intramolecular cyclization (Scheme 98). This
protocol was applied to cyclic and acyclic alkenyl carboxylic
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Scheme 97 Iron-catalyzed synthesis of 2-pyridones from acrylamides
and internal alkynes (Nakamura and llies, 2016).128
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Scheme 98 Rh(in)-Catalyzed synthesis of cyclic imides from acrylic acids
and aryl isocyanates (Li, 2016).12°

acids such as 1-cyclohexene-1-carboxylic acid and 2-methyl-
propenoic acid, albeit leading to moderate yields in most of
the cases. A plausible mechanism involves Cp*Rh(ui)-catalyzed
olefinic C-H activation and isocyanate insertion to afford a
rhodium alkoxide, V, which underwent protonation and water
elimination to produce the desired cyclic imides 114."*°

A cobalt(m)-catalyzed (3+2) oxidative annulation of enamides
and alkynes was reported by the Pawar group, for the synthesis
of pyrroles 115 under Cp*Co(mi) catalysis (Scheme 99a). The
reaction was generally performed at room temperature using
various internal alkynes, affording N-acetyl pyrroles with broad
substrate scopes and functionality tolerance. However, valuable
N-H pyrroles were successfully prepared by simply heating
the reaction mixture to 120 °C. The reaction was likely to be
initiated by the reaction of Cp*Co(CO)I, and AgSbFs with
Cu(OAc), to generate the catalytically active species I, which
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Scheme 99 Co(in)-Catalyzed (3+2) oxidative annulation of enamides and
alkynes for the synthesis of pyrroles (Pawar, 2016).1*°
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underwent vinylic C-H bond activation to form cobaltacycle II.
Then species II underwent migratory insertion of an alkyne
to form the six-membered cobaltacycle III, which produced
pyrrole and cobalt(i) species IV by reductive elimination.
The N-acetyl group was deprotected in the presence of AgSbF,
at elevated temperature to produce N-H pyrroles 115
(Scheme 99b)."*°

v-Alkylidenebutenolides are an important class of organic
compounds with biological significance and structural diversity.
Our group developed a tandem -cross-coupling/oxa-Michael
addition/dehydrogenation process by rhodium catalysis, providing
a straightforward and atom-economical protocol for the synthesis
of a wide range of valuable y-alkylidenebutenolides 116, with
disfavored the formation of butenolides 117. This method is of
particular interest employing widely available and inexpensive
vinyl carboxylic acids and electron-deficient alkenes such as
acrylates as building blocks. Notably, vinyl carboxylic acid bearing
a cyclopentenyl unit produced only dienoic acid 116j’ presumably
due to the disfavored ring strain. Moreover, the methodology can
be applied to a gram scale synthesis with 1 mol% catalyst loading.
Deuterium labelled experiments revealed a reversible C-H cyclo-
metalation mode, and a KIE value of 4.0 was determined, which
suggested the C-H bond cleavage to be involved in the rate-
limiting step (Scheme 100)."**

Recently, You’s group disclosed a preparation of multiaryl-
substituted furans 118 using a-aryl enones and internal alkynes
under rhodium catalysis, which proceeded by tandem ketone-
directed C(alkenyl)-H cleavage, [4+2] cyclization and aerobic
ring contraction by copper catalysis (Scheme 101a). Addition of
2 equivalents of TEMPO to the reaction led to no reaction,
indicating that radical intermediates were probably involved.
A tentative mechanism is proposed in Scheme 101b. The
reaction starts with an irreversible vinylic C-H activation of
vinyl ketone to give a five-membered rhodacycle, I. The alkyne
insertion forms the seven-membered intermediate II. The
direct reductive elimination generates the pyrylium salt III
and releases the Rh(i) species, which is oxidized to regenerate
the Rh(m) complex. Then III undergoes nucleophilic attack at
the a-position by the superoxide radical generated from the

o [RhCp*Cl] (2 mol%) R
R! Cu(OAc), H,0 (2 equiv)
| OH + AR T
CH4CN, 120 °C
R¥H
116-. Z 116 E
0 R=H,  116b, 64% (Z/E = 67/33); 117b, 0%
Me™ 5 o 4-OMe, 116¢, 55% (Z/E = 67/33); 117¢, 0%
\ OBu 4-Bu, 116d, 52% (Z/E = 73/27); 117d, 0%
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Scheme 100 y-Alkylidenebutenolide synthesis from vinyl carboxylic
acids and electron-deficient alkenes (Zhang and Zhong, 2017).1*
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Scheme 101 Rh-Catalyzed ketone-directed vinylic C—H activation/[4+2]
O-annulation of aryl enones and internal alkynes (You, 2017).3%2

single electron transfer (SET) from Cu(r) to oxygen, forming
a-hydroperoxide IV after protonation. Further protonation
promotes heterolysis of the O-O bond, generating a 4-acetoxy-
1,3-diene cation, VI, which is stabilized by an aryl substituent
(R' = aryl). The intramolecular cyclization gives O-acylated
furanium VII, which is hydrolyzed to release furan 118.
Pyrylium salt III was obtained and treated with optimal condi-
tions to yield a furan in good yield, identifying its formation as
the key intermediate.'*

The isoselenazolone skeleton is attracting increasing interest
as a biologically active molecule. The Nishihara group developed
a nickel-catalyzed and chelate-assisted direct selenation of aryl
and alkenyl C-H bonds with elemental selenium, which provides
a new synthetic route to isoselenazolone derivatives 119 via
C-Se and N-Se bond formation (Scheme 102a). The reaction

o Ni(OAC)54H,0 (10 mol%)
a) Lo .Q PPh3 (20 mpl%), Se (2 equiv) .
R ﬁ Na,COj (2 equiv), "BuyNCI (3 equiv)
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O  CN, 119d, 89%

@( L, 11%e, 72% o
| N-Q PN
Se N

119f, 58%

Ph Ph : 0 R o
N-Q N Q! Ir;,r \|

Sy NIl
> Se " NG 7/

1199 64% 119h, 50%

Scheme 102 Ni-Catalyzed C-H selenation toward isoselenazolone
derivatives via C—Se and N-Se bond formation (Nishihara, 2017).1*3
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was conducted under mild conditions and showed excellent
functionality tolerance, under the chelation-assistance of an
8-quinolyl auxiliary. Mechanistic analysis shows that the reaction
proceeds through a rate-determining C-H bond cleavage. As the
oxygen atmosphere remarkably promotes the reductive elimina-
tion step, a possible mechanism based on high-valent nickel
species is as follows. N,N-Bidentate chelation-assisted C-H acti-
vation gives an aza nickelacycle intermediate, II. Insertion of
elemental selenium into the C-Ni bond generates a 6-membered
nickelacycle, III. Aerobic oxidation of nickel(n) prompts the
subsequent reductive elimination to provide 119 with the libera-
tion of a nickel(r) species, which is converted to the initial
nickel(n) species by oxidation. An alternative mechanism
involving reductive elimination from C and generation of a
nickel(0) species was less likely to occur (Scheme 102b)."**

In 2017, Jun and co-workers reported a synthesis of benzo-
quinolizinium salts 120 from allylamines and internal alkynes,
which was performed with [Cp*RhCl,],/Cu(OAc), complexes
and HBF, in MeOH. A wide variety of primary allylamines
and aromatic internal alkynes were suitable. Unsubstituted
allylamine also led to 79% yield, and diphenylacetylenes bearing
para-OMe, NMe,, and F groups underwent efficient double
N-annulations. Notably, 3-phenylprop-2-en-1-amine exhibited
much lower reactivity due to steric hindrance between phenyl
groups which disfavored the formation of a seven-membered
rhodacycle. A plausible mechanism is depicted in Scheme 103b.
The initial Rh(m)-catalyzed olefinic C-H bond activation occurs to
afford five-membered rhodacycle II, which undergoes carbo-
metallation with acetylene to form seven-membered rhodacycle
III. Reductive elimination of I leads to dihydropyridine IV,

Rs
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Scheme 103 Synthesis of benzoquinolizinium salts from allylamines and
internal alkynes (Jun, 2017).3%4
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which is converted to diphenylpyridine V by oxidation with
Cu(OAc),. Then, aromatic C-H activation occurs to V to form
five-membered rhodacycle VI, and the subsequent alkyne inser-
tion provides rhodacycle VII. Finally, reaction of rhodacycle VII
with HBF, produces benzoquinolizinium salt 120, and the liber-
ated Rh(1) species is oxidized by copper(u) to regenerate the Rh(u)
species.”**

In the same year, Radhakrishnan and John reported a
Pd-catalyzed synthesis of cyclopentene fused 2-pyrrolines 121
using simple aryl enamides with diazabicyclic olefins as the
substrates. The reaction is simply performed with a combi-
nation of Pd(OAc),/dppe and Cu(OAc), in MeCN by heating to
80 °C. A two-stage mechanism was proposed based on control
experiments (Scheme 104b). In the first stage, amide-directed
alkenyl C-H bond activation occurs to enamide with Pd(OAc),
to afford six-membered palladacycle I, and endo-coordination of
an alkene to I followed by carbopalladation leads to the genera-
tion of II, which undergoes aminopalladation and exo-ring open-
ing to produce species III. In the second stage, intramolecular
olefin insertion into aminopalladated species affords IV, and
subsequent f-hydride elimination leads to product 121. The
authors also developed a rhodium-catalyzed preparation of 3,4-bis-
functionalized cyclopentenes 122 which proceeded by olefinic C-H
activation followed by the ring opening of diazabicyclic alkenes.
The reaction was performed using a simple combination of
[Cp*RhCL,], and Cu(OAc),-H,O in MeCN, and the generality of
the protocol was featured by the smooth conversion of various
diazabicyclic olefins and aromatic enamides (Scheme 104c).'*>

The Sahoo group reported a Ru-catalyzed double cyclization
between acrylamides and alkynes, promoted by the methylphenyl
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Scheme 104 Directed olefinic C—H functionalization of enamides using
diazabicyclic olefins (Radhakrishnan and John, 2017).1%%
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sulfoximine (MPS) group. A wide range of pyrido-fused-isoquino-
linones 123 were efficiently obtained by the formation of two
C-C and C-N bonds in a one-pot fashion. The reaction was
performed using a combination of [RuCl,(p-cymene)],/AgSbFs
and Cu(OAc),yH,O in a solvent of 1,4-dioxane at 120 °C.
Such double annulation could involve MPS-N-chelation-assisted
olefinic C-H activation to form a five-membered ruthenacycle, I,
and the subsequent migratory insertion of an alkyne formed a
seven-membered ruthenacycle, II. Subsequent reductive elimina-
tion led to monoannulation product III and released methyl
phenylsulfoxide. The formation of five-membered ruthenacycle
V via Ru species IV and annulation with alkynes would eventually
give the cyclization product 123. Copper acetate not only
behaves as an oxidant but also helps in activating the catalyst
(Scheme 105b)."%¢

Primary pyridinylamines are versatile intermediates for diverse
synthetically and pharmaceutically important compounds. Zhu
and co-workers developed an oxadiazolone-directed alkenyl
C-H coupling with alkynes under rhodium(m) catalysis to
prepare primary pyridinylamines 124, representing an intri-
guing associative covalent relay mode. Based on deuterium-
labelled and control experiments, the authors proposed that a
possible mechanism proceeds by deprotonation of oxadiazo-
lone by KOAc, coordination of Rh(u), C-H activation assisted by
acetate, migratory insertion of the alkyne, proton exchange
between oxadiazolone and an alkenylated Rh(m) intermediate
and coordination of deprotonated oxadiazolone, simultaneous
C-H activation of oxadiazolone, and the final liberation of
primary pyridinylamine product 124 (Scheme 106)."*’

In 2018, Gao and co-workers reported a synthesis of 1H-
benzo[ flchromene derivatives 125 by a Rh-catalyzed vinylic
C-H activation/annulation reaction between exo-cyclic a,3-enones
and alkynes by the formation of active pyrylium intermediates
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Scheme 105 Sulfoximine directed double annulation of olefinic C-H
bonds with alkynes (Sahoo, 2017).1%¢
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Scheme 106 Oxadiazolone-directed alkenyl C—H coupling with alkynes
by rhodium catalysis (Zhu, 2017).%%7

(Scheme 107a). The H/D exchange experiment showed that the
initial vinylic C-H bond cleavage was irreversible, and the KIE
value was determined to be 1.5, suggesting that the vinylic C-H
bond cleavage was not involved in the turnover-limiting step.
A plausible mechanism is depicted in Scheme 107b. The reaction
started with an irreversible vinylic C-H bond activation to give the
five-membered rhodacycle I, followed by the alkyne insertion
to generate the seven-membered rhodacycle II. Direct reductive
elimination delivered the key pyrylium intermediate III and
released the Rh(1) species, which was oxidized by Cu(u) to regene-
rate the Rh(m) catalyst. Then intermediate I evolved into a
conjugated triene (IV) by deprotonation at the benzylic position
of the pyrylium ring with base, and IV was further aromatized into
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Scheme 107 Rh-Catalyzed vinylic C-H annulation reaction between
exocyclic o,B-enones and alkynes (Gao, 2018).1%8
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the more stable 1H-benzo[ f]chromene 125 through [1,5]-H shift,
which has been confirmed by control experiments."*®

Next, Gulias and co-workers reported an unusual cyclization
between alkynes and 2-alkenyl anilides to form appealing
2-substituted indolines 126 using a Rh(m) catalyst with an
electron-deficient cyclopentadienyl ligand under aerobic condi-
tions (Scheme 108a). Herein, the use of an electron-deficient Cp®
ligand in the Rh(m) catalysis and the nitrogen substituents are
both important in terms of selectivity and efficiency of the
transformation. Mechanistic experiments suggest that the trans-
formation starts with the acetate exchange by the amide of the
anilide on rhodium complexes, and the resulting intermediate I
then undergoes alkenyl C-H bond activation to afford rhodocycle
IIa, and the subsequent migratory insertion of the alkyne and
rhodium C-C migration with a simultaneous [1,5]-H-shift lead
to the formation of intermediate IV. The final reductive elimi-
nation occurs to produce 126 (Scheme 108b). Another mecha-
nism including m-allyl IIb by allylic C-H activation, alkyne
carbometalation and 1,3-rhodium migration is less likely to
occur based on deuterium-labeling experiments.*°

Recently, Zeng and co-workers also reported a synthesis of
multifunctionalized indoles 127 by a palladium-catalyzed
vinylic C-H arylation/amination sequence from 2-vinylanilines
and aryl boronic acids (Scheme 109a). This protocol tolerates a
wide range of typical functional groups and represents a
selective and successive 1,1-difunctionalization of the terminal
vinyl on 2-vinylanlines to construct indoles. A possible mecha-
nism starts with the formation of palladacycle I via vinylic C-H
bond activation with the liberation of AcOH. Then, the Pd(u)
species transmetalates with boronic acid and the reductive
elimination affords the intermediate product 127’ and gene-
rates a palladium(0) species, which is reoxidized to the active
Pd(u) species by Ag,COj;. After that, an intramolecular nucleo-
philic attack of the conjugated alkene on the Pd(u) center,
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Scheme 108 Rh(i)-Catalyzed cyclization between alkynes and 2-alkenyl
anilides to form 2-substituted indolines (Gulias, 2018).*%°
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followed by a base-assisted deprotonation, results in product
127 after reductive elimination. However, there is another
possible pathway by a benzylic carbon cation and radical
mechanism which cannot be excluded (Scheme 109b).**°

Zhu and co-workers reported a Rh(m)-catalyzed enaminone-
directed alkenyl C-H activation/coupling with alkynes for the
synthesis of salicylaldehydes 128 bearing two reactive aldehyde
and hydroxy groups. Notably, a wide range of (1E,4E)-1-
(dimethylamino)-5-phenylpenta-1,4-dien-3-one derivatives and
alkynes are compatible with the protocol (Scheme 110a).
Deuterium labelled experiments showed that the reversible
C-H activation step is the rate-determining step. A plausible
reaction mechanism is proposed to be initiated by coordination
of the ketone group and olefinic C-H activation to afford
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Scheme 110 Rh(i)-Catalyzed enaminone-directed alkenyl C—H activation/
coupling with alkynes for the synthesis of salicylaldehydes (Zhu, 2018).24
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rhodacycle complex II, and further coordination and migratory
insertion of the alkyne yield IV. After that, migratory insertion
of the C-C double bond of the enaminone moiety and $-H
elimination provide intermediate V and then VI along with the
formation of 128-N, which leads to 128 by hydrolysis. The
selectivity for 6-exo (insertion of the alkene) rather than 5-exo
(insertion of the ketone) cyclization likely reflects the domi-
nance of the steric effect in this process (Scheme 110b).**!

In 2019, Ma and Nan reported a ruthenium-catalyzed [5+1]
annulation of 2-alkenylanilines with sulfoxonium ylides for the
preparation of quinolines 129 (Scheme 111a). In this catalytic
process, the free amino functionality was used to achieve
alkenyl C-H activation and sulfoxonium ylides were used as
one-carbon coupling partners. Intermolecular competition
reactions revealed the electron-rich 2-alkenylaniline to be more
reactive. Next, related H/D scrambling experiments disclosed a
reversible C-H cycloruthenation process. The KIE experiment
suggested that the ruthenium-mediated C-H cleavage might
not be involved in the turnover-determining step. A tentative
catalyzed process is proposed in Scheme 111b. The reaction is
induced by olefinic C-H activation to afford cycloruthenium II,
generated from intermediate I by rearomatization. The coordi-
nation of the sulfoxonium ylide occurs to afford alkyl-Ru()
species III, followed by extrusion of DMSO to deliver ruthenium
carbene IV. Subsequently, carbene migratory insertion leads to
the formation of seven-membered ruthenacycle V. Notably, this
key intermediate undergoes reductive elimination to produce
VI instead of protonation. The final oxidation of VI affords
product 129.1%?

In the same year, with their ongoing interest in cyclopropa-
nation using N-enoxyphthalimide as a unique one-carbon
component, the Rovis group demonstrated a Rh(m)-catalyzed
directed diastereoselective [2+1] annulation employing allyl
alcohols initiated by alkenyl C-H activation for the synthesis of
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Scheme 111 Ru-Catalyzed [5+1] annulation of 2-alkenylanilines with
sulfoxonium ylides toward quinolines (Ma and Nan, 2019).242
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Scheme 112 Rh(i)-Catalyzed diastereoselective cyclopropanation of
N-enoxyphthalimides (Rovis, 2019).14

substituted cyclopropyl-ketones 130 (Scheme 112a). This intri-
guing protocol employed traceless oxyphthalimide functionality
exhibiting three functions: directing group, oxidation of Rh(m),
and directing cyclopropanation with allylic alcohol. The proposed
mechanism involves acylation of allyl alcohol with ring-opening of
the phthalimide to provide intermediate I, which undergoes
irreversible C-H activation to give rhodacycle III. At this stage,
the authors hypothesized the formation of Rh-carbene IV by
N-O bond cleavage. Due to the prior acylation of the allylic alcohol,
intermediate V is formed via the intramolecular cyclopropanation
in a stereoselective fashion. Proto-demetalation and subsequent
phthalimide ring closure release cyclopropyl-ketones 130 and
the rhodium species II (Scheme 112b)."*

Chiral 2H-pyrrol-2-ones and their derivatives represent the
cores of numerous natural products and biologically active
compounds. Cramer and co-workers reported a Cp*Rh(im)-
catalyzed enantioselective alkenyl C-H functionalization/[4+1]
annulation of acryl amides and allenes, producing quaternary
stereocenter containing lactams 131 (Scheme 113a). This mild
protocol exhibits a broad substrate scope and functionality
tolerance, leading to excellent enantio-selectivity by using a
chiral cyclopentadienyl ligand. A possible mechanism is
proposed based on previous reports. The catalytic cycle begins
with a carboxylate-assisted and amide directed CMD-type C-H
activation to afford rhodacycle intermediate I. Herein, the
chiral Cp*Rh™ complex binds to the nitrogen atom due to the
increased acidity of the TsN-H groups of the acrylamide. Then,
migratory insertion of the allene affords seven-membered
rhodacycle intermediate IIa, which was interconverted to allyl-
rhodium species IIb and Ilc. The subsequent B-H elimination
affords diene III, in which rhodium hydride adds across
the double bond in the enantio determining step to provide
six-membered rhodacycle IV. The final reductive elimination
produced chiral lactam 131 (Scheme 113b)."**
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annulation of acryl amides and allenes (Cramer, 2019).244

After their advances in the synthesis of oxepines and spiro-
cyclic products from 2-alkenyl phenols and alkynes, Mascarefias
and Gulias extended this chemistry to the annulation using
o-alkenyl N-triflylanilide and alkynes to produce various
naphthylamides 132 and 133 involving double C-H bond
activation (Scheme 114a). Symmetrical diarylacetylenes pro-
vided the expected naphthylamides 132 in good site-selectivity
and isomeric ratios of up to 132/133 = 4.6:1. Unsymmetrical
alkyl arylalkynes also led to only one regioisomer. However, the
employment of aliphatic alkynes led to a total change in
selectivity to afford mainly the rearranged products 133. The
catalytic process might start with the alkenyl C-H activation to
give rhodacycle I. The second C-H activation step occurred by
rhodium rolling over to afford intermediate I, and the sub-
sequent alkyne migratory insertion and reductive elimination
provided product 132 (Scheme 114b, path a). In the reaction of

TINH R'
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Scheme 114 Rhodium-catalyzed annulation of o-alkenyl anilides with
alkynes (Mascarefias and Gulias, 2019).24°
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aliphatic alkynes, intermediate I might alternatively evolve to
afford intermediate III after migratory insertion of the alkyne,
which underwent a [1,3'] reductive elimination to provide
spirocycles IV (path b). The Rh(i) spirocyclic complexes could
readily convert to the cyclopropyl tricyclic intermediates Va or
Vb, but with a kinetic preference for the formation of Vb when
using aliphatic alkynes, which are supported by DFT calculations.
It is supposed that the presence of the alkyl substituents generates
a more sterically congested transition-state to afford Va. The
lower activation barrier to Vb is consistent with the preferred
experimental formation of the rearranged adducts 132.
Aromatization through ring expansion generates the naphthyl-
amides 132 and 133.""°

Recently, Loh and Hu reported a Ru-catalyzed synthesis of
multi-substituted pyrimidin-4-ones 134 from enamides and
isocyanates. The protocol is supposed to proceed by a tandem
alkenyl C-H aminocarbonylation and hetero-cyclization with
the liberation of water as the sole by-product. A broad range of
enamides and isocyanates were well converted, and many valuable
functional groups were nicely tolerated (Scheme 115).'4¢

Electrochemical olefinic C-H functionalization is rare due to
the easier electrochemical oxidation of the n-bond than olefinic
C-H activation. However, in 2019, the Mei group developed
an electrochemical olefinic C-H functionalization/annulation
of acrylic acids and alkynes, leading to o-pyrones 135 in an
undivided cell. This protocol employs an iridium -catalyst,
[Cp*IrClL,],, and anodic oxidation is found to be crucial
for Ir(m) regeneration from the diene-Ir(1) species and the
product liberation. A plausible catalytic cycle is depicted in
Scheme 116b. An initial olefinic C-H activation occurs to
provide five-membered iridacycle B, and the subsequent ligand
exchange and migratory insertion of an alkyne lead to seven-
membered iridium species D. The final reductive elimination
affords Ir(1) complex E, which is converted to a-pyrone 135 and
releases species A upon anodic oxidation.**”

Carboxylate groups are widely occurring functional groups
that are relatively convenient to install and to remove, but
COOH-directed olefinic C-H functionalization remains under-
explored. The Li group developed a cascade reaction of acrylic
acids with yndienones to obtain cis-hydrobenzofuranones 136
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2
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Scheme 115 Ru-Catalyzed annulation of enamides with isocyanates to
afford pyrimidin-4-ones (Loh and Hu, 2019).24¢
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Scheme 117 Rh(i)-Catalyzed cascade reaction between acrylic acids and
yndienones toward cis-hydrobenzofuranones (Li, 2020).24®

under rhodium catalysis (Scheme 117a). The mild and redox-
neutral protocol exhibits excellent site- and stereoselectivity,
using Cp*Rh(OAc),-H,O as the catalyst in the absence of any
base. Deuterium labeling experiments indicate the reversibility
of the olefinic C-H activation, and KIE experiments support the
C(alkenyl)-H bond activation to be involved in the turnover-
limiting step. The reaction is supposed to proceed via a
sequence of carboxylic acid-directed olefinic C-H activation,
alkyne insertion, and Michael addition (Scheme 117b)."*®
Fluorinated pyridones are an important class of scaffolds
showing relevant biological activities, but the regioselective
construction of fluorinated pyridones is a formidable challenge.
Cramer and co-workers reported a regioselective synthesis of
4-fluoro-2-pyridones 138 using 1-alkynyl triazenes as fluoroalkyne
surrogates (Scheme 118a). The protocol comprises an alkenyl C-H
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Scheme 118 Synthesis of 4-fluoro-2-pyridones using 1-alkynyl triazenes
(Cramer, 2020).**°

annulation with 1-alkynyl triazenes followed by a treatment with
HF-pyridine, smoothly delivering a broad range of 4-fluoro-2-
pyridones in a one-pot fashion. Notably, the triazenyl pyridones
was also converted to fluorinated alkoxy pyridines and trifluoro-
methyl pyridones. Interestingly, benzoyl hydroxamate resulted in
the formation of triazenyl-isoquinolone without the formation of
an isocyanate by Lossen rearrangement. The authors proposed a
plausible catalytic cycle for the formation of 137. C-H activation
occurs by the CMD-pathway with the Cp*Rh(m) catalyst, delivering
rhodacyclopentene I. Migratory insertion of a triazenyl alkyne
provides 7-membered rhodacycle II. The high regioselectivity of
the carborhodation step can be attributed to the strong polariza-
tion of the alkyne, which favors metalation at the -carbon atom.
Reductive C-N bond formation is slower than a competing Lossen
rearrangement forming presumed isocyanate III. Subsequent
intramolecular addition of the vinyl rhodium across the C-N
forms IV. The final protolysis affords rearranged product 137
(Scheme 118b)."*°

2.7 Vicinal group-directed olefinic C-H halogenation

Z-Haloacrylic acid derivatives represent attractive building
blocks for the selective construction of the ubiquitous Z-configured
olefin motif. The Glorius group disclosed a site- and stereoselective
iodination and bromination of acrylamides to produce a variety
of Z-halo acrylamide derivatives 139. The mild protocol allowed
the tolerance of broad functional groups and moieties. Inter-
estingly, the o- and -brominated acrylamides smoothly reacted
under standard reaction conditions, providing the corres-
ponding dihalogenated products 1391 and 139m in excellent
yields (Scheme 119)."*°

2.8 Vicinal group-directed olefinic C-H cyanation

Alkenylnitriles are highly versatile and widely occurring in
countless dyes, herbicides and natural products. Direct cyana-
tion through C-H bond functionalization is an attractive strat-
egy without pre-functionalization. In 2015, the Fu group
reported a Rh(um)-catalyzed direct vinylic C-H cyanation
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Scheme 120 Rh(iii)-Catalyzed vinylic C—H cyanation reaction for the
synthesis of alkenyl nitriles (Fu, 2015).25

reaction for the synthesis of alkenyl nitriles 140, using N-cyano-
N-phenyl-p-methyl benzenesulfonamide (NCTS) as a cyanation
reagent (Scheme 120a). Both acrylamides and ketoximes can be
employed in this C-H cyanation process. When dehydropreg-
nenolone derivatives were treated with the Rh-catalyzed C-H
cyanation process, cyanated products 140k were successfully
obtained in 66% isolated yield. A possible mechanism was
proposed based on previous reports. Firstly, the Rh(u) catalyst
reacted with acrylamide through the alkenyl C-H activation
step to generate a rhodacycle(m) intermediate, I. Secondly,
intermediate I was coordinated with NCTS followed by inser-
tion of the C-N triple bond into the C-Rh(iii) bond to produce
II. Finally, elimination of a tosyl aniline-coordinated Rh(iii)
complex from II took place to generate the target product 140
and the active Rh(iii) species which re-entered the catalytic
cycle (Scheme 120b).*>!

In the same year, Anbarasan and co-workers also developed
an alkenyl C-H cyanation using the same cyanating reagent
NCTS under rhodium catalysis. The reaction was simply
performed with [Cp*RhCl,], and Cu(OAc),-H,O in +-AmOH at
100 °C, leading to a wide variety of substituted acrylonitriles
141 in good to excellent yields. The C-H cyanation was
proposed to proceed by the formation of rhodacycle B by
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olefinic C-H bond activation, and the subsequent coordination
and migratory insertion of NCTS afforded intermediate D,
which was converted to product 141 and released rhodium
species A. Active rhodium species A could be regenerated by
ligand exchange in E with XH. Alternatively, the reaction of E
with the alkene substrate to form rhodacycle B provided

another possible pathway (Scheme 121)."*?

2.9 Vicinal group-directed olefinic C-H silylation

Vinylsilanes represent an important class of valuable building
blocks widely utilized in organic synthesis, polymer chemistry,
and medicinal chemistry. Numerous transformations have
been developed for the preparation of vinylsilane compounds,
such as hydrosilylation, silylmetalation, metathesis, silyl-Heck
coupling, silylative coupling and dehydrogenative silylation. In
particular, transition-metal-catalyzed olefinic C-H silylation is
one of the most attractive synthetic approaches due to its high
efficiency and atom economy.

The Zhang group developed a palladium-catalyzed olefinic
C-H silylation of acrylamides using a bidentate directing group.
In this protocol, disilanes were used as the silicon sources to
provide a regio- and stereoselective method for the preparation
of Z-vinylsilanes 142 with broad functional group compatibility
(Scheme 122a). A primary kinetic isotope effect (~1.0) was
determined, indicating that the C-H palladation was not the rate-
limiting step. The effects of other directing groups were carefully
investigated, demonstrating that the N,N-bidentate directing
group plays a critical role. A plausible reaction mechanistic path-
way is shown in Scheme 122b. First, Pd(u) species I was afforded
by the initial chelation of the acrylamide with Pd(u) catalyst
followed by ligand exchange. The key palladacycle intermediate
II was produced via a CMD process. Subsequently, intermediate
III was formed by insertion of the Si-Si bond and simultaneous
transfer of the trimethylsilyl group. Finally, a reductive elimina-
tion and a final protonation of the amide gave the desired
silylation product 142 with the generation of a Pd(0) species,
which will be reoxidized to Pd(u) with the assistance of
1,4-benzoquinone to continue the catalytic cycle.'>
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Scheme 122 Palladium-catalyzed olefinic C—H silylation of acrylamides
(Zhang, 2017).*%3

2.10 Vicinal group-directed olefinic C-H aminocarbonylation

Bergman and Ellman reported a Rh(m)-catalyzed C-H amidation
of enamides using isocyanates to provide direct and efficient
preparation of enamine amides 143, using [Cp*Rh(MeCN);}-
(SbFg), as the catalyst and THF as the solvent at room temperature
(Scheme 123a). All phenyl isocyanates and primary and secondary
alkyl isocyanate substrates reacted well with enamines to afford
excellent yields. However, tertiary 1-adamantyl isocyanate led to a
moderate yield (143d). Interestingly, an isocyanate generated
from phenylalanine was also a good amidation reagent (143e).
Some other suitable substrates include enamides generated from
1-acetyl-cyclohexene and cyclohexanone, as well as anilides to
generate anthranilamides 143f-h. Moreover, enamides bearing
the phenyl or tert-butyl group reacted with phenylisocyanate at
105 °C, affording pyrimidin-4-ones 144a and 144b in excellent
yields, using the same catalyst. This transformation proceeded by
isocyanate coupling and then cyclodehydration (Scheme 123b).">*
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Scheme 123 Rh(i)-Catalyzed C—H amidation of enamides using isocya-

nates (Bergman and Ellman, 2011).154
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isocyanates

Ackermann and co-workers reported expedient C-H amino-
carbonylations of unactivated (hetero)arenes and alkenes using
isocyanates for stereo-selective synthesis of multi-substituted
benzamides and acrylamides 145 (Scheme 124a). Complex
[Cp*ColI,(CO)] was highly effective with the assistance of AgO-
Piv with AgNTf,, showing high functional group tolerance. It is
proposed that the catalytic cycle starts with a reversible carbox-
ylate assisted C-H activation to afford II, which is followed by
coordination of the isocyanate and a rate-determining insertion
to generate intermediate IV. The final protodemetalation gives
the desired acrylamides 145 and regenerates the catalytically
active complex I (Scheme 124b).""*

In 2017, Luo and Liang reported a palladium-catalyzed
preparation of N-acyl enamine amides 146 which proceeded
by amide-directed olefinic C-H activation followed by isocyanide
insertion. This mild C-H carboxamidation tolerated a wide range
of functionalities such as F, Cl, Br, CF; and even NO,. The
reaction starts with the amide directed vinylic C-H activation
to afford 6-membered palladacycle I, which then undergoes
isocyanide insertion to form II. Ligand exchange and reductive
elimination give rise to 146a’ which converts to 146 via isomeri-
zation, and the generated Pd(0) is oxidized to active Pd(u) which
enters the next catalytic cycle (Scheme 125).'%°

2.11 Vicinal group-directed olefinic C-H acyloxylation

Li and Xu developed Rh(m)-catalyzed C(sp*)-H acyloxylation
of alkenes and arenes bearing amides or N-heterocycles as
directing groups. A broad range of alkyl, alkenyl and aryl
carboxylic acids were converted smoothly to afford various
acyloxylated products 147. A plausible reaction mechanism
proposed is shown in Scheme 126b. A 5-membered rhodacycle
(A) was generated via a reversible chelation-assisted C-H
carbometallation, and the subsequent reaction of A with carboxylic
acid resulted in the generation of intermediate B. Subsequently,
reductive elimination led to the acyloxylated product 147 with
the liberation of a Rh(1) species, which was re-oxidized by AgF to
regenerate the active Rh(ur) species.'””
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Scheme 126 Rh(i)-Catalyzed C(sp?)—H acyloxylation of alkenes and are-
nes (Li and Xu, 2018).*’

2.12 Vicinal group-directed olefinic C-H thiolation

Directed C-H thiolation represents one step- and atom-
economic approach to prepare sulfur-containing compounds,
which play key roles in organic synthesis. The Zhang group
developed an alkenyl C-H thiolation using diaryl disulfides by
nickel catalysis, with the assistance of an 8-aminoquinolyl
auxiliary. The transformation displayed a wide range of func-
tional tolerance and both mono- and disubstituted alkenes
reacted well to afford various multi-substituted Z-alkenyl sul-
fides 148. As addition of 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) did not influence the reaction under the standard
conditions, a possible radical involved Ni(1)/Ni(ur) mechanism
could be excluded. A tentative mechanism involves the for-
mation of a five-membered nickelacycle by proton abstraction,
oxidative addition of a disulfide to metal and the final reductive
elimination to form the C-S bond (Scheme 127)."*®

Molecules bearing the SCF; group exhibited specific bio-
logical activities due to its unique Hansch hydrophobic
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Scheme 127 Alkenyl C—H thiolation of alkenes by nickel catalysis (Zhang,
2015).*8

parameter as well as high electron-withdrawing character.
Bouillon and Besset reported an olefinic C-H trifluoro-
methylthiolation of acrylamides with Munavalli reagent 149-S’
under palladium catalysis. This operationally simple protocol
was performed with 10 mol% PdCl, in DMF at 80 °C in air,
leading to Z-configured trifluoromethylthiolated alkenes 149,
using 8-aminoquinoline as a directing group. A broad range of
mono- and disubstituted acrylamides were smoothly converted,
also exhibiting good tolerance of sensitive functionalities
such as Cl, Br, I and CF;. Deuterium labelled experiments
showed the C-H activation step to be reversible and the rate-
determining step. The reaction is proposed to start with the
bidentate-chelation of the directing group to the metal to form
intermediate A, and the subsequent olefinic C-H activation
occurs to afford palladacycle B. Subsequently, the electrophilic
SCF;-source reacts with B to generate a putative Pd(v) species
(C) by oxidative addition, and the final reductive elimina-
tion produces 149 and regenerates the active Pd(u) species
(Scheme 128)."*°

In 2018, Ji and Wang reported a Rh-catalyzed alkenyl C-H
thiolation of N-tosyl acrylamides using disulfides, leading to
(2)-alkenyl sulfides. Also, (Z)-B-alkenyl selenides were also
successfully obtained with diphenyl diselenide under identical

o
1
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Scheme 128 Pd-Catalyzed alkenyl C-H trifluoromethylthiolation of
acrylamides (Bouillon and Besset, 2017).1%°
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Scheme 129 Rh-Catalyzed alkenyl C—H thiolation of N-tosyl acrylamides
(Ji and Wang, 2018).16°

conditions. Notably, utilization of only 0.01 mol% Rh(im)
catalyst still led to 71% product yield, exhibiting a high turn-
over number (TON) of 7100. A plausible reaction mechanism was
proposed to be initiated by the reaction between [Cp*RhCl,],,
Ag,CO; and Cu(OAc), to afford active Rh(m) species I, which
reacted with the acrylamide to give the five-membered rhodacycle
II by olefinic C-H activation. Subsequent nucleophilic substitu-
tion of I with disulfide afforded product 150 and intermediate III,
and the latter one was converted to active species I by oxidation
with Ag,CO; (Scheme 129).'°°

3. Geminal-group-directed olefinic C—
H functionalization

According to previous reports, examples of the formation of
exo-metallocycle intermediates are rare, presumably due to
their disfavored formation under transition-metal-catalysis.'®"**
The Dong group demonstrated aliphatic C-H functionalizations
using an exo-directing-group, leading to B-acetoxylation,
tosyloxylation, and y/8-arylation."®"'®> The Yu group developed
a Pd-catalyzed a-olefinic C-H activation of simple o,f-
unsaturated olefins to produce 4-imino-B-lactams by the for-
mation of a proposed exo-palladacycle intermediate, generated
by 1,1-insertion of t-BuNC into the Pd-N bond, acyl migration
and the subsequent C-H activation.'® Herein, we will intro-
duce recent progress in geminal-group-directed olefinic C-H
functionalization by the formation of exo-metallocycle inter-
mediates, including alkenylation, allylation, iodination and
alkynylation reactions.'®>'”? In particular, distal C(alkenyl)-H
functionalization under Pd/NBE cooperative catalysis initiated
by geminal-group-directed olefinic C-H functionalization is

also covered.'”*

3.1 Geminal-group-directed olefinic C-H alkenylation

In 2018, the Chou group disclosed a straightforward method for
the synthesis of ortho-alkyl substituted styrene derivatives 151
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Scheme 130 Synthesis of ortho-alkyl substituted styrene derivatives
using benzoic acids (Chou, 2018).1%°

using benzoic acids as the starting materials. This two-step
synthetic transformation involves the dearomatization of
benzoic acids by Birch reduction to provide alkylated cyclohexa-
2,5-dienyl-1-carboxylic acids 151-S and subsequent tandem
decarboxylative C-H olefination/rearomatization to deliver
ortho-alkyl substituted styrenes 151 (Scheme 130a). It has been
demonstrated that the Pd/Ag bimetallic system is critical for
decarboxylative C-H olefination under optimal conditions.
A plausible mechanism is proposed in Scheme 130b. Carboxylate-
directed olefinic C-H activation of the Ag-carboxylate substrate
generated a fiveemembered and less sterically hindered cyclo-
palladated intermediate, A. Olefin migratory insertion followed
by B-H elimination and reductive elimination occurred to deliver
the olefinated Ag-carboxylate adduct D, which finally underwent
decarboxylation and rearomatization to produce ortho-alkylated
styrenes 151."%°

Very recently, the Chou group developed a Pd-catalyzed
proaromatic alkenyl C-H alkenylation using carboxylic acid as
a directing group. This transformation employs 1,4-cyclo-
hexadienes and various alkenes as the substrates to construct
densely functionalized 1,3-dienes 152. This reaction also pro-
ceeds by a reversible olefinic C-H bond activation to generate a
proaromatic exo-palladacycle, I, which undergoes alkene inser-
tion and B-H elimination to afford olefinated product 152
(Scheme 131).%°°

In 2018, Engle and co-workers reported a N,N-bidentate
chelation-assisted alkenyl C-H alkenylation of nonconjugated
alkenes by palladium(ii) catalysis, leading to highly substituted
1,3-dienes 153 (Scheme 132a). The transformation exhibits a
broad scope across three synthetically useful substrate classes
including 4-pentenoic acids, allylic alcohols, and bishomo-
allylic amines bearing suitable bidentate auxiliaries such as
Daugulis’s 8-aminoquinolinamide and picolinamide. The cata-
Iytic reaction is enabled by either MnO, as the stoichiometric
oxidant or co-catalytic Co(OAc), and O, (1 atm). The transfor-
mation allows gram-scale preparation and a broad substrate
scope, and the amide auxiliary can be removed under nickel-
catalyzed methanolysis conditions with slight erosion of Z/E
stereochemistry. Notably, treatment of alkenes and carboxylic
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Scheme 131 Pd-Catalyzed proaromatic C(alkenyl)-H olefination to

synthesise densely functionalized 1,3-dienes (Chou, 2020).*%®
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acid additives with stoichiometric quantities of Pd(OAc), leads
to m-alkene complex 153-A and alkenylpalladium(un) dimer
153-B bearing a six-membered exo-palladacycle, and both of
them were found to be catalytically competent in the reaction.
A plausible catalytic cycle is initiated by N’N-bidentate chelation-
assisted alkenyl C-H activation to afford six-membered exo-
palladacycle I from a r-alkene palladium complex, I. Coordination
and migratory insertion of the electron-deficient alkene deliver
eight-membered exo-palladacycle IV. The subsequent B-H elimina-
tion and ligand exchange provide product 153 (Scheme 132b).
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Unfortunately, the formation of only a six-membered exo-
palladacycle leads to the activation of specific olefinic C-H
bonds, representing a major limitation of this protocol.
Furthermore, practical application of the protocol could be
remarkably impeded due to the tedious installation of a directing
group as well as its removal procedure.'®”

Our group reported on hydroxyl-, carbamate- or amide-
directed C(alkenyl)-H functionalization by the formation of
small- to medium-sized exo-palladacycles, leading to C-H alke-
nylation of a variety of allyl, homoallyl- and bishomoallyl-
alcohols and carbamates, as well as amides (Schemes 133-135).'%®

As shown in Scheme 133, a wide range of primary and
secondary homoallyl alcohols smoothly reacted with electron-
deficient alkenes to afford branched 1,3-dienes 154. Notably,
simple allyl alcohols, widely used as allylation reagents, also
led to C-H alkenylation in moderate yields, which proceeded
via a four-membered metallocycle which is very rare in cata-
Iytic C-H activation reactions (154j and 154k). Moreover, cis-4-
decen-1-ol was proved to be reactive by a six-membered
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Scheme 133 Geminal C-H alkenylation of alkenyl alcohols (Zhang and
Zhong, 2019) .18
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Scheme 134 Geminal C-H alkenylation of alkenyl carbamates (Zhang
and Zhong, 2019) 168
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Scheme 135 Geminal C—H alkenylation of alkenyl amides (Zhang and
Zhong, 2019).1¢®

metallocycle, albeit with reduced efficiency (1541). The syn-
thetic flexibility afforded by homoallyl-, allyl- and bishomoallyl
alcohols greatly expands the range of substrates of our protocol.
Gratifyingly, these protocols were successful in C-H modifications
of sensitive geraniol and ricinoleate derivatives (154m and 154n).

Although allyl alcohols showed moderate reactivity, allyl
alcohol derived allyl carbamate could be well C-H functiona-
lized with the help of the Ac-Gly-OH ligand instead. Installation
of a bulky isopropyl group was found to promote the reaction
significantly. 3-Hydroxyl cyclohexene is a widely occurring
skeleton in bioactive molecules, and carbamate masked
3-hydroxyl cyclohexene provided good yields (155h and 155i).
Notably, cyclohexenes bearing quaternary carbon and sensitive
benzyl and even cinnamyl moieties led to 95% yield (155j-1551).
Methyl-1-testosterone is an anabolic steroid derivative to
treat male testosterone deficiency. Herein, three different C-H
alkenylation analogs from steroid-derived carbamates were readily
accessed (155m-o0, 55-76% yields) (Scheme 134).

The substrate scope of alkyl amide directed geminal
C(alkenyl)-H functionalization showed that unsaturated
carbonyl coupling partners and differently N-substituted
secondary/tertiary amides led to good to moderate yields.
Notably, this protocol allowed the alkenylation of the
C(alkenyl)-H bond by five-, six-, seven- and eight-membered
exo-cyclopalladation (156a-q). Previously, C-H activation by
the formation of seven- and eight-membered metallocycles is
challenging due to the increased entropic barrier by free
rotation (Scheme 135).

Furthermore, competition experiments were performed for
alkenyl alcohols or alkenyl amides under optimal conditions to
rank the relative reactivities, showing the formation of either
exo- or endo-palladacycles in the C-H cleavage to be controlled
by both conformation and chelation properties. Mechanistic
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experiments suggested that the irreversible C-H activation step
originated the regio-selectivity of the reaction.

3.2 Geminal-group-directed olefinic C-H allylation

Recently, our group developed a cross-coupling reaction
between (Z)-alkenyl amides and allyl carbonates which pro-
ceeded by C-H allylation via exo-cyclopalladation, with the
assistance of 8-aminoquinoline (AQ) amide as a directing group
(Scheme 136a). This operationally simple protocol was per-
formed under mild conditions, using Pd(OAc), as the catalyst
and PivOH as the additive. Daugulis’s picolinamide (PA)
directing group also assisted C(alkenyl)-H allylation of a
bishomoallylic amine substrate (157n, 52% yield). However,
the E-substituted alkene showed no reactivity, only leading to
Z/E-isomerization of the substrate. Mechanistic experiments
exhibited a reversible and rate-determining C(alkenyl)-H bond
cleavage, which is much slower than the subsequent allylation
step. Interestingly, if an inseparable Z/E-isomeric alkene was
used under optimal conditions, only the Z-isomer was con-
verted smoothly, with nearly the total recovery of the E-isomer.
A plausible catalytic cycle for this reaction is shown in
Scheme 136. Following substrate and metal coordination to
give a m-alkene palladium complex, I, a reversible y-C(alkenyl)-
H activation took place to generate the six-membered pallada-
cycle II. Coordination of the allyl carbonate, followed by alkene
insertion and B-oxygen elimination, produced 1,4-diene 157
(Scheme 136b)."*°

3.3 Geminal-group-directed olefinic C-H iodination

In 2019, the Carreira group reported a palladium-catalyzed
geminal olefinic C-H iodination of (Z)-alkenes, using picolina-
mide as the directing group. By using a quantitative amount of

a : ' AQ
) o ' O AQ
d : 5 Pd(OAC), (20 mol%)
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Scheme 136 Alkenyl C-H allylation by exo-palladacycles (Zhang and
Zhong, 2019).16°
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Scheme 137 Palladium-catalyzed olefinic C—H iodination of (2)-alkenes
(Carreira, 2019).2°

di(pivaloyloxy)-iodobenzene and TBAI as C-H iodination reagent,
Pd(OAc), as catalyst and PivOH as an additive in aqueous acet-
onitrile, this protocol enables selective C-H iodination of a wide
range of olefins to produce alkenyl iodides (158a-i). The synthetic
versatility of the alkenyl iodides was demonstrated by easy
removal of the picolinamide auxiliary and intramolecular Ull-
mann amidation, as well as palladium catalyzed alkylation and
alkynylation. A deuterium-labelled experiment with B-substituted
styrenes led to selective deuterium incorporation at the f-carbon,
exhibiting a reversible formation of exo-palladacycles. Measure-
ment of the initial rate constant by parallel reactions shows that
C-H cleavage is the turnover-limiting step and the magnitude of
the KIE suggests a CMD mechanism induced C-H bond activation
(Scheme 137)."7°

3.4 Geminal-group-directed olefinic C-H alkynylation

After their advance in olefinic C-H iodination, the Carreira
group extended the N,N-bidentate-chelation-assisted geminal
C-H activation toward the C-H alkynylation of electronically
unbiased olefins using bromoalkynes, under palladium cataly-
sis. The protocol also employed picolinamide as the directing
group to enable the formation of 5-/6-exo-metallacycles to
provide conjugated 1,3-enynes 159 in a stereospecific fashion.
Notably, facile removal of the picolinamide auxiliary and the
TIPS acetylene is successful, thus greatly extending its synthetic
utility (Scheme 138)."”"
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Scheme 138 Palladium-catalyzed olefinic C—H alkynylation of (2)-alkenes
(Carreira, 2020).”*
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3.5 Geminal-group-directed olefinic C-H arylation

Peptide macrocycles are widely utilized in drug discovery and
occurring in many natural products. The Chen group reported a
Pd-catalyzed intramolecular C(alkenyl)-H arylation reaction to
construct aryl—alkene-braced peptide macrocycles from easily
accessible linear N-terminal allylglycines, using picolinamide
as a directing group. The reaction was simply performed with
catalyst Pd(OAc), and additive AgOAc in HFIP solvent, provid-
ing y-arylated peptide macrocycles 160 in moderate to good
yields (Scheme 139). The reaction was proposed to proceed by
the formation of five-membered exo-palladacycle intermediate
160-1. Peptide macrocycles 160a-e were obtained in 45-56%
yields followed by the generation of their d-regioisomers in less
than 10% yield; however, a smaller-sized macrocyclization
increased d-arylation significantly and afforded a 1:1 mixture
of y- and &-regioisomers (160f and 160f') (Scheme 139).'7>

3.6 Geminal-group-directed olefinic C-H alkenylation under
Pd/NBE cooperative catalysis

Recently, palladium/norbornene (Pd/NBE) catalysis, originally
discovered by Catellani, has emerged as a powerful tool for
arene functionalization."”® An intriguing question is whether
such a distal C-H functionalization strategy could be extended
to alkenes; however, there exist several challenges such as the
easier decomposition and higher reactivity of alkenes, as well as
the easy cyclopropanation via alkene insertion. Recently, the
Dong group developed a distal-selective alkenyl C-H arylation
through a directed Pd/NBE cooperative catalysis, which was
performed with catalytic conditions comprising Pd(OAc),,
imide-based NBE, 3-CF;-2-pyridone, and AgOAc in CHCI; at
100 °C, using oxime-ether as the “exo”-type directing group
(Scheme 140a). Protected allylic and homoallylic amines

MeOQC

i fé

O:S L g 71 panne

HN Pd(OACc), (10 mol%)

w

AgOAc (1.5 equiv) CO;Me
HFIP 25 mM, 120 130°C, 12 h

160a, 55%
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HN Pr
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160e, 45% 160f', 31%
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Scheme 139 Synthesis of peptide macrocycles by intramolecular olefinic
C-H arylation (Chen, 2020).172
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Scheme 140 Alkenyl C-H functionalization under Pd/NBE cooperative
catalysis (Dong, 2020).74

worked well with a different DG2. The reaction was initiated by
a geminal-group directed C(alkenyl)-H palladation to form I,
which underwent NBE insertion and a distal C(vinylic)-H
activation to generate palladacycle II. The subsequent reaction
of intermediate II with electrophiles, followed by NBE extrusion
and then protonation, led to distal C(vinylic)-H functionalization
products 161 (Scheme 140b). Deuterium labeling experiments
indicated the reversible formation of C-H cyclopalladation inter-
mediates I and II as the alkene substrate was recovered with 20%
and 22% deuterium incorporation at both the distal and proximal
vinyl positions with CD;CO,D, showing the reversible formations
of I and II. A four-membered-ring side product was isolated in
10% yield, which also implied the formation of alkenyl-norbornyl
palladacycle II. An (E)-alkene substrate gave no arylation product,
and Z/E isomerization was not observed under optimal conditions,
which excluded an alkene isomerization-then-Heck or a Heck-

then-alkene isomerization mechanism.'”*

4. Conclusions

The chelation-assisted alkenyl C-H functionalization by cyclo-
metallation has been rapidly growing over the past few decades.
This review highlights the well-defined vicinal-group-directed
C(alkenyl)-H functionalization by endo-cyclometallation, as
well as the very recent successes in geminal C(alkenyl)-H
activation by an exo-cyclometallation process. These methods
represent versatile and powerful synthetic tools that comple-
ment traditional metal-catalyzed vinylic C-H functionalization
by addition/elimination mechanisms. Despite the remarkable
progress, there is still a high demand for indepth investigations
in this exciting and developing area, and these will no doubt
be applied in the late stage functionalisation of biologically
relevant molecules, in drug development, and in the creation of
novel building blocks.
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