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1. INTRODUCTION

Inspired by the need for green and sustainable chemistry,’
synthetic chemists seek more efficient ways to construct carbon—
carbon (C—C) bonds, the essential link in all organic mole-
cules.” In recent years, building a carbon—carbon linkage directly
from two simple carbon—hydrogen (C—H) bonds has emerged
as an attractive and challenging goal in catalysis (Figure 1).
Tandem oxidation of C—H bonds allows use of simple (i.e., less
functionalized) reagents and often reduces the number of steps
to the target molecule.” The benefits of this strategy include
lower cost and less waste, but the challenges to achieving
oxidative cross-coupling are many. Despite being termed catalytic
dehydrogenative cross-coupling (CDC),* hydrogen gas is not
usually the byproduct of these transformations. The thermo-
dynamics of making a C—C bond with loss of H, is typically
unfavorable and thus requires an external driving force, namely,
an appropriate sacrificial oxidant. Other challenges include over-
coming the low reactivity of C—H bonds, achieving site selective
functionalization of one C—H bond in the presence of all others,
and outcompeting dimerization.® Yet, examples of oxidative
cross-coupling have been demonstrated—a survey of the litera-
ture reveals isolated reports dating back to the early 1960s and a
steady increase in accounts over the last 10 years.

In the following article, we review transformations that can be
categorized as catalytic dehydrogenative cross-couplings. These
couplings are arranged by their proposed mechanisms,’ includ-
ing those that involve Heck-type processes,” direct arylations,>”
jonic intermediates,” or radical intermediates. Our goal is to
highlight the scope and limits of this general strategy, as well as its
specific application in asymmetric catalysis and natural product
synthesis. Oxidative C—C bond formation has been achieved by
various catalysts, including transition metals, organocatalysts, the
combined use of metal and organocatalysts, and enzymes. It is a
topic that spans different modes of activation and a challenge that
will continue to drive discoveries in organic chemistry. We hope
this review will serve as a handy reference for chemists interested
in using catalytic dehydrogenative coupling in multistep synthesis
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Figure 1. General scheme for oxidative C—C cross-coupling.
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Figure 2. General cross-couplings via Heck-type mechanisms.
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Figure 3. Overview of cross-couplings via Heck-type mechanisms.

and those interested in inventing greener methods for C—C
bond construction.

2. CROSS-COUPLING VIA A HECK-TYPE MECHANISM

Olefins represent basic building blocks, and stereoselective
methods for their preparation are highly valued. A promising
method for making alkenes combines C—H bond functionaliza-
tion with a Heck-type alkenylation (Figure 2)."° In this process, a
transition metal promotes selective C—H bond activation to
generate an organometallic complex with a M—C bond that can
subsequently insert into C=C double bonds, yielding an inter-
mediate that undergoes -H elimination to furnish the desired

a) Oxidative Heck-type alkenylation by C—H palladation
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Figure 4. General mechanisms for Pd-catalyzed oxidative C—C cross-
coupling involving Heck-type alkenylation.

product (Figure 2, eq 1). The regioselectivity for C—H functio-
nalization of the alkene partner can be predicted based on the
well-established mechanism of the Heck reaction. Depending on
the olefin substrate chosen, 3-H elimination can also occur with
translocation of the C=C double bond (Figure 2, eq 2). Figure 3
depicts different substrates that cross-couple to alkenes, includ-
ing arenes bearing Lewis basic groups (e.g, amides, carbo-
xylates), electron-rich heteroarenes, other alkenes, and substrates
with reactive sp> C—H bonds.

In oxidative Heck-type alkenylations, palladium salts have
been the catalyst of choice. Fujiwara and co-workers reported
initial accounts on Pd-mediated cross-coupling between arenes
and olefins in the late 1960s."' As shown in Figure 4a, the
mechanism involves the electrophilic palladation of arene ring 3b
with a Pd(II) catalyst to generate arylpalladium intermediate 3c.
Subsequent carbopalladation of olefin 3d leads to alkylpalladium
complex 3e that undergoes syn-(3-H elimination to yield styrenyl
product 3fand Pd(0) (3g). The final step of the catalytic cycle is
oxidation of Pd(0) to Pd(II), using Cu salts, Ag salts, benzoczlui-
none, O,, and peroxides, among other oxidants examined.”'? In
an alternative mechanism, the Pd(Il) catalyst is proposed to
coordinate to the olefin, which enhances its electrophilicity and
propensity to undergo nucleophilic addition with electron-rich
aromatic rings (Figure 4b)." Intermediate 3e is also intercepted
in this pathway.

2.1. Recent Advances in Arene—Alkene Coupling

Oxidative arene alkenylations has been reviewed,” and se-
lected recent examples will be discussed here. In 2002, the groups
of de Vries and van Leeuwen reported an exceptionally mild
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Figure S. Pd-catalyzed oxidative ortho-alkenylation of anilides at room
temperature.**
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Figure 6. Kinetic isotope effect study for Pd-catalyzed oxidative ortho-
alkenylation of anilides at room temperature.'*
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Figure 7. Pd-catalyzed ortho-alkenylation of anilides at room tempera-
ture in water.">

oxidative Heck-type olefination that uses amide dlrectmg groups
to control reactivity and regioselectivity (Figure 5).'* Selective
ortho-alkenylation of anilides (4a) takes place under palladium
catalysis, whereas other metal complexes, including Ruj
(Co)lz, [RuClz(p—cymene)]z, Ptclz, NI(OAC)z, Pdclz, and Pd-
(PPh;),Cl,, are ineffective. Whereas the addition of inorganic
acids is detrimental to reaction efficiency, p-toluenesulfonic acid
has a large beneficial effect, because counterion exchange produces
Pd(OTs), (7a), a highly electrophilic catalyst capable of under-
going facile C—H palladation. As such, coordinating solvents
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Figure 8. Proposed mechanism for Pd-catalyzed ortho-alkenylation of
anilides.

(e.g, NMP) hamper the desired reaction. Benzoquinone is the
optimal oxidant, superior to both Cu(OAc), and H,0,, and may
additionally play a role as a ligand for palladium. A free N—H
bond on the amide functionality is crucial—protected anilides
(e.g, N—Me) exhibit no observed reactivity. de Vries and van
Leeuwen conducted competition experiments revealing that
electron-rich anilides react at a faster rate than electron-deficient
ones (p* = 2.2). A large kinetic isotope effect on the anilide
cross-coupling partner was measured (ky/kp = 3) (Figure 6). To
further study this mechanism, the authors prepared a pallada-
cycle derived from an anilide coupling partner via ortho-C—H
activation and found that this palladium complex displays higher
reaction rates than in situ generated catalysts. On the basis of this
data, the authors proposed that electrophilic palladation of the
anilide starting material 7b is the turnover-limiting step (Figure
8). The resulting palladacycle 7c undergoes carbopalladation to
install the new C—C bond and subsequent 3-H elimination to
furnish the ortho-alkenylation product 7f. Lipshutz and co-work-
ers reported a similar reaction using cationic Pd catalysts in
water in the presence of a suitable surfactant, with PTS (i.e.,
polyoxyethanyl «-tocopheryl sebacate) being superior to
Brij 35, Triton X-100, and Solutol (Figure 7)."* Both amide
and urea directing groups promote this oxidative ortho-
alkenylation.

Lloyd-Jones, Booker-Milburn, and co-workers demonstrated
that intermolecular oxidative cross-coupling between phenylur-
eas (8a) and dienes (8b) affords indoline products by ortho-
alkenylation followed by cyclization (8¢, Figure 9). In this
interrupted Heck reaction, carbopalladation yields a Pd s-allyl
intermediate 9b that can undergo nucleophilic displacement as
highlighted in Figure 10. Although oxidative conditions are used
for this transformation, overoxidation to the corresponding
indoles is not observed. The authors note that Ac,O is added
to keep the conditions anhydrous; accordingly, 3A MS can be
used instead without changing the overall catalytic efficiency.
The highly electrophilic species Pd(OTs), is proposed to be the
active catalyst for this cyclization. In the case where either R* or
R’ = H (see Figure 9), Lloyd-Jones and Booker-Milburn
observe a second cyclization event by a conjugate addition
mechanism to afford tricyclic product 8d as a single diastereomer.
In this reaction, one C—C bond and two C—N bonds are formed
at the expense of two C—H bonds, a C=C double bond, and
benzoquinone.

1217 dx.doi.org/10.1021/cr100280d |Chem. Rev. 2011, 111, 12151292
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Figure 9. Pd—catalyzed ortho-alkenylation of ureas toward indoline
synthesis.'®
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Figure 10. Proposed mechanism for Pd-catalyzed ortho-alkenylation of
ureas toward indoline synthesis.

A related alkenylation of homobenzyl- and bishomobenzyla-
mides (10a) was reported by the Yu group to provide pharma-
ceutically relevant motifs (Figure 11)."7 It is proposed that
cyclopalladation initiates this transformation: homobenzylamides
form a six-membered palladacycle, whereas bishomobenzyla-
mides result in a seven-membered palladacycle. When methyl
vinyl ketone is the olefin partner, an intramolecular conjugate
addition reaction results in tetrahydroisoquinoline products
(e.g, 10d); this tandem C—C bond dehydrogenation/cycliza-
tion occurs with excellent diastereoselectivity and complements
traditional Pictet-Spengler and Bischler-Napieralski reactions.'®
Yu’s olefination shows high compatibility with functional
groups—even a sensitive C—OTf can be tolerated under these
mild conditions (e.g., 10d). 7 Triflimide 11a can undergo difunc-
tionalization via C—H alkenylation of both C2 and C4 positions
(Figure 12) to make useful tryptophan analogues by a late-stage
C—H oxidation."”

In a complementary oxidative coupling of phenylacetic acids
(12a) and olefins (12b), Yu proposes that weak interactions
between the C=O0 of the carboxylate and Pd(OAc), promote
ortho-C—H bond functionalization (Figure 13).2° These mild
conditions afford functionalized phenylacetic acid derivatives in
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Figure 11. Pd-catalyzed ortho-alkenylation of homoallyl- and
bishomoallylamides."”
“Reaction conducted in 10:1 DCE/DMF.
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Figure 12. Pd-catalyzed bisalkenylation of (S)-tryptophan N-triflimide
methyl ester.'”
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Figure 13. Pd-catalyzed ortho-alkenylation of phenylacetic acids.*’
“Product derived from ortho-alkenylation of ketoprofen.
"Product derived from ortho-alkenylation of ibuprofen.
‘Product derived from ortho-alkenylation of naproxen.

moderate to excellent efficiencies with broad functional group
compatibility. Nonsteroidal anti-inflammatory drugs (NSAIDs)
ketoprofen, ibuprofen, and naproxen react smoothly with a range
of alkene coupling partners. Optically pure naproxen (97% ee)
affords the olefination product with an eroded enantiomeric
excess (72% ee). Substituting KHCO; with Li,CO3, however,

1218 dx.doi.org/10.1021/cr100280d |Chem. Rev. 2011, 111, 12151292
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Figure 14. Pd-catalyzed regioselective ortho-alkenylation of flurbiprofen (13a).*°
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Figure 15. Pd-catalyzed bisalkenylation of phenylacetic and benzylace-
tic acids.>'

“Experiment conducted with 15 mol % Pd(OAc), and 30 mol
% Ac-Val-OH.

gives the enantioenriched product (97% ee) in lower chemi-
cal yield (24%). Introducing amino acid ligands enhances both
the regioselectivity (Figure 14) and the efficiency (Figure 15) of
ortho-alkenylation. Otherwise unreactive substrates, including
benzylacetic acids, now undergo facile olefination.”* With this
approach, the naphthoic acid cores of both neocarzinostatin and
kedarcidin were prepared.* Iterative C—H bond alkenylation
with different olefin coupling partners is also possible (Figures 16
and 17): in a two-step sequence, Pd catalysis provides phenyl-
acetic acids with different ortho-alkene substituents.”" Terminal
alkenes typically undergo coupling at the terminal C—H bond,
but unactivated olefins such as 1-hexene afford unique noncon-
jugated products resulting from a different -H elimination (e.g,,
15f). Isomerization to the more thermodynamically favorable
conjugated system is not observed.

Yu’s oxidative alkenylations can be performed with catalyst
loadings as low as 0.2 mol % for electron-deficient phenylacetic
acids with TON =455 in the presence of Ac-Ile-OH (Figure 18).
This olefination is a rare example of ligand-accelerated catalysis in
oxidative couplings, and one that operates at practical catalyst
loadings (Figure 19). In contrast to other Heck reactions, this

CO,Bn
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H CO,H 5mol% BQ S CO,H
2 eq. KHCO3
{AMOH, 90 °C
MeO H 1 atm O, MeO H
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Figure 16. Iterative Pd-catalyzed bisalkenylation of 4-methoxypheny-
lacetic acid.*'

“1 equiv 1-hexene was used as the Heck acceptor in the second
iteration.

reaction is more green and generates water (formed via reduction
of O,) as the only waste product.

The Yu group performed mechanistic studies to better under-
stand the high reactivities afforded by protected amino acid
ligands.”> A competition study between 2-(2-(trifluoromethyl)-
phenyl)acetic acid (17a) and 2-o-tolylacetic acid (19a) reveals
preferential alkenylation of the more electron-rich phenylacetic
acid. However, in the presence of Ac-lle-OH, this selectivity is
reversed (Figure 20). Initial rate studies for oxidative olefinations
of 17a and 19a revealed a similar trend. In an intermolecular

1219 dx.doi.org/10.1021/cr100280d |Chem. Rev. 2011, 111, 12151292
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Figure 18. Pd-catalyzed ortho-alkenylation of 2-(2-(trifluoromethyl)-
phenyl)acetic acid (17a) at low catalyst loadings.>*
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Figure 19. Pd-catalyzed ortho-alkenylation of 2-(2-nitrophenyl)acetic
acid (18a) using a protected amino acid ligand.22

kinetic isotope effect study, the authors found a strong depen-
dence of kyy/kp on the ligand (Figure 21). On the basis of these
investigations, Yu and co-workers proposed a ligand-assisted
C—H activation mechanism that depends on the coordination
mode adopted by the protected amino acid (Figure 22). Under
bidentate coordination, the Pd(II) center is coordinatively
saturated and deprotonation can occur by either an external base
(e.g., acetate, bicarbonate) or by the Lewis basic C=0O group of
the amino acid ligand (e.g,, amide, carbamate). Alternatively,
under monodentate coordination, the Pd(Il) center remains
ligated to an acetate and intramolecular C—H deprotonation
occurs. Palladacycle formation may involve agostic interactions>>
or may occur through concerted metalation deprotonation.”* It is
unknown whether Ac-Ile-OH adopts bidentate or monodentate
coordination.

L = no ligand (after 120 min): 3% 19b, 14% 17b (kygp/k17p = 0.22)%
= Ac-lle-OH (after 10 min): 40% 19b, 21% 17b (Kygp/k47p = 1.87)>¢

Figure 20. Competition study for Pd-catalyzed alkenylation of pheny-
lacetic acids.”

“Independently determined initial rates give kygp,/k175 = 0.37.

bIndependently determined initial rates give k;op/ky7, = 1.38.

‘Using Boc-Val-OH, 18% 19b and 21% 17b was observed
(kyou/k176 = 0.58). Although the reaction exhibits significant ligand
acceleration, the authors hypothesize that the moderate change in
selectivity using the different protected amino acid ligands can be
attributed to the different steric and electronic properties of the
protecting groups (i.e., Boc versus Ac). Independently determined
initial rates give kjop/k17, = 0.90.

CXs 5 mol% Pd(OAc), CXs
X 10 mol% L
CO,H 2 eq. KHCO3 CO,H
t o
X X AmOH, 90 °C ¢ = CO,Et
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19a, 19a-d; (13b, 2 eq.)

L = no ligand : kyl/kp = 6.1
= Ac-lle-OH : kylkp = 1.77

Figure 21. Kinetic isotope effect study for Pd-catalyzed oxidative ortho-
alkenylations of phenylacetic acids.>”

“Using Boc-Val-OH, ky/kp = 5.5. Although the reaction
exhibits dramatic ligand acceleration, the authors hypothesize that
the moderate change in selectivity using the different protected
amino acid ligands can be attributed to the different steric and
electronic nature of the protecting groups (i.e., Boc versus Ac).

1220 dx.doi.org/10.1021/cr100280d |Chem. Rev. 2011, 111, 12151292
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Figure 22. Proposed transition states for Pd-catalyzed oxidative ortho-alkeny-
lations of phenylacetic acids promoted by protected amino acid ligands.
Adapted with permission from ref 22. Copyright 2010 American Chemical
Society.
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Figure 23. Enantioselective Pd-catalyzed ortho-alkenylation of diphe-
nylacetic acids.>®

In Yu’s ortho-alkenylations, ligands can be used to enhance
rate and regioselectivity, as well as to control enantioselectivity.
With a chiral amino acid, diphenylacetate sodium salt 20a
undergoes an asymmetric Heck-type desymmetrization to afford
20b (Figure 23) in modest to excellent enantioselectivities (see
Figure 24 for a model for enantioinduction).”® Yu's asymmetric
transformation provides valuable enantioenriched carboxylic acids
bearing stereogenic quaternary carbons, but products with an o-
proton are prone to racemize under these conditions. The car-
boxylic acid group can remain intact in this coupling, but when an
acrylate is used instead of a styrene, in situ cyclization by Michael
addition gives a six-membered lactone instead (not shown). 2

The Yu lab reported Pd-catalyzed olefination of electron-defi-
cient arenes 21a that occurs with meta-selectivity (Figure 25). 2627
Pyridine ligands, which are known to promote oxidation of Pd(0),
were chosen for this transformation.”® Common pyridine ligands

Figure 24. Proposed model for enantioinduction for enantioselective
(Boc-lle-OH)Pd-catalyzed ortho-alkenylation of diphenylacetic acids.
Adapted with permission from ref 25. Copyright 2010 American
Chemical Society.
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Figure 25. Pd-catalyzed meta-alkenylation of electron-deficient
2
arenes.
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Figure 26. Pd-catalyzed alkenylation of perfluorinated arenes.”

resulted in low reactivities, however, likely because strong Pd—
N coordination disfavors productive association with the elec-
tron-deficient arene partners. To this end, Yu envisioned a
novel ligand Pyr with steric encumbrance at the exterior of the
ligand (i.e., removed from the Lewis basic N atom). In this
design, a strong Pd—N interaction is maintained while impart-
ing the necessary destabilization in dimers required to promote
substrate coordination. In contrast, ligands bearing steric bulk
in the immediate vicinity of the Pd(II) center (e.g., 2,6-di-tert-
butylpyridine), as well as those exhibiting decreased electron
density at the N (e.g,, ethyl nicotinate), led to catalyst decom-
position (i.e., palladium black formation). In the presence
of Pyr, arenes bearing electron-withdrawing groups (e.g.,
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Figure 27. Pd-catalyzed alkenylation of pyridine N-oxides.*
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Figure 28. Kinetic isotope effect study for Pd-catalyzed alkenylation of
pyridine N-oxides.*
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Figure 29. Pd-catalyzed alkenylation of quinoline N-oxides in the
absence of external oxidants.>!

trifluoromethyl, nitro, ester, ketone) were able to coordinate to
the Pd catalyst and undergo sp> C—H bond activation. Oxida-
tive alkenylation occurs regioselectively due to enhanced acid-
ity of the C—H bonds meta to the electron-withdrawing groups.
Alternatively, meta-selectivity may be attributed to an electro-
philic substitution mechanism. Ac,O is necessary for this
reaction and cannot be replaced with molecular sieves, which
suggests that this additive helps convert H—Pd—OAc to Pd-
(OAc), under aerobic conditions.”

Extending oxidative coupling to perfluoroarenes is considered
nontrivial because C—H activation results in an intermediate
bearing a strong Pd Arg bond, and this complex may be too
stable for catalysis.”® Zhang and co-workers have shown, how-
ever, that perfluorinated arenes 22a will undergo Pd-catalyzed
alkenylation (Figure 26).”” Ag,CO; functions as both a base
and an oxidant. Other Pd catalysts (e.g, PdCl,, Pd(TFA),,
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Figure 30. Pd-catalyzed alkenylation of sp> C—H bonds.**
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Figure 31. Proposed mechanism for Pd-catalyzed alkenylation of sp’
C—H bonds.
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Figure 32. Total synthesis of (+)-clavicipitic acid via a Pd-mediated C3
alkenylation of an indole derivative.*®
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Figure 33. Total synthesis of (4)-hydratoaustamide (29c¢), (+)-aus-
tamide (29d), and (+)-deoxyisoaustamide (29e) via intramolecular
oxidative indole—alkene Heck-type olefinations.>”
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Figure 34. Proposed mechanism for intramolecular oxidative indole—
alkene Heck-type olefinations.>”

Pd,(dba);) and oxidants (e.g., Cu(OAc),, Oxone, benzoqui-
none, PhI(OAc),, O,) were ineffective. Zhang’s dehydrogenative
cross-coupling accommodates a wide range of alkenes (22b),

Me 1 eq. Pd(OAC),
TBSO DMSO, ‘BUOH TBsO
H  AcOH,60°C
74%
HO 7 | °
© N
SEM
31a
Br
< NH

(+)-dragmacidin F (31c)

Figure 35. Total synthesis of (+)-dragmacidin F (31c) via an intra-
molecular oxidative indole—alkene Heck-type olefination.*®

including acrylates, acrylamides, and vinylphosphates, and Lewis
basic functionalities, including pyridines, were tolerated. With
this approach, the authors performed a 2 g scale synthesis of (E)-
ethyl 3-(perfluorophenyl)acrylate (22d) in 71% yield from
commercially available pentafluorobenzene and ethyl acrylate.
Chang and co-workers reported the analogous oxidative
coupling between pyridine N-oxides (23a) and alkenes (23b)
with Ag,COj as the sacrificial oxidant (Figure 27).*° Pyridine N-
oxide (24a) is observed to form a 1:1 coordination complex with
palladium via O-binding. Yet, this palladium complex is cataly-
tically inactive under the reaction conditions, which suggests that
this coordination is nonproductive. Studies with deuterium-
labeled pyridine N-oxide (24a-ds) revealed a primary kinetic
isotope effect (Figure 28). Subsequently, the groups of Cui and
Wu demonstrated that quinoline N-oxides (25a) undergo an
olefination in the absence of external oxidants to afford 2-alkenyl-
quinolines (25c, Figure 29).>' The addition of metal salts, for
example, Ag,O, leads to decreased reaction efliciencies. When a
mixture of quinoline N-oxide and 2-alkenylquinoline N-oxide is
treated with Pd,(dba)s, only the latter is reduced to the correspond-
ing quinoline. 2-Alkenylquinoline N-oxides are thus terminal oxi-
dants in Cui and Wu’s coupling. Azine N-oxide alkenylation occurs
via rate-limiting C—H activation of the pyridine or quinoline N-
oxide, alkene carbopalladation, 5-H elimination, and oxidation of
Pd(0) to Pd(II). Either Ag,COj or the 2-alkenylquinoline N-oxide
product formed in situ acts as the terminal electron acceptor.
Although functionalizing sp>-hybridized C—H bonds is chal-
lenging, Yu and co-workers recently demonstrated the first
example of alkane olefination (Figure 30).*> Amide-assisted
cyclopalladation of propionamides 26a generates five-membered
metallacycle 27b, which undergoes carbopalladation to form 27c¢.
This seven-membered palladacycle (27c) -hydride eliminates
to form 27d, which cyclizes to afford 26b (Figure 31). Lactami-
zation of 27d (by hydroamination) produces a 1:1 mixture of
diastereomers. A combination of Cu(OAc), and AgOAc oxi-
dants provides the best yields. LiCl serves as a source of chloride
anions that stabilize Pd(0) and aid formation of chloride-bridged
bimetallic palladium species, complexes known to undergo
carbopalladation with ease.®® In Yu’s transformation, sub-
strates bearing f-hydrogens (ie, if R' = H or R* = H) are
accommodated, and olefination of cyclopropane C—H bonds is

also possible (not shown).*
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Figure 36. Total synthesis of (4)-rhazinicine via a Pd-catalyzed intramolecular oxidative pyrrole—alkene Heck-type olefination.*”
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Figure 37. Proposed mechanism for Pd-catalyzed intramolecular oxi-
dative pyrrole—alkene Heck-type olefination.

Electron-rich heteroaromatic compounds undergo intermole-
cular oxidative Heck couplings.>* Ergot alkaloid (=)-clavicipitic
acid (28d) (isolated as a mixture of diastereomers) was synthe-
sized using this approach (Figure 32).* In 1995, Yokoyama and
Murakami reported a Pd-mediated indole—dehydroamino acid
ester cross-coupling that afforded 3-vinylindole derivative 28¢ in
87% vyield and high regioselectivity. In Yokoyama’s synthesis,
stoichiometric Pd is used because catalytic amounts resulted in
poor yield (cf. 38%). Chloranil, a benzoquinone derivative, was
the sacrificial oxidizing agent. Other oxidants, including DDQ,
MnO,, Ag,CO3, Co(salen),, and Cu(OAc),, were less efficient.
The C—Br bond of 28a remains intact during indole palladation
and serves as a handle for further manipulations.

2.2. Intramolecular Arene—Alkene Coupling

Intramolecular alkenylations are well precedented* and have
been applied to total synthesis. Baran and Corey achieved the
syntheses of (+)-hydratoaustamide (29c), (+)-austamide
(29d), and (+)-deoxyisoaustamide (29e) from (S)-tryptophan
methyl ester derivative 29a via a challenging eight-membered
ring closure using the Fujiwara—Moritani reaction (Figures 33
and 34).” The key step in the synthesis proceeds in a modest
29% yield, 45% brsm (based on recovering starting material) due
to competing seven-membered ring formation (affording a side-
product that also arises from dehydrogenative coupling). The

presence of the methyl ester group on the backbone helps to
promote the desired cyclization. To probe the mechanism, the
authors prepared an arylmercury reagent (by C2 mercuration of
the starting material with HgCl,) and found that it undergoes
intramolecular coupling with similar efficiencies. Corey’s pro-
posed mechanism for his indole—alkene coupling involves indole
palladation to give arylpalladium 30b, which then undergoes
alkene insertion to yield benzazepine 30c. Ring expansion by
indole migration and subsequent (-H elimination liberates
product 29b as shown in Figure 33. Alternatively, 5-H elimina-
tion from seven-membered cycloalkylpalladium complex 30e
results in byproduct formation.

Stoltz and co-workers used a similar oxidative pyrrole—alkene
Heck-type olefination in their synthesis of (+)-dragmacidin F
(31c), an alkaloid extracted from the Mediterranean sponge
Halicortex sp: that displays potent activity against HIV-1
(Figure 35).”® In these studies, the more conventional aromatic
halide coupling partner (i.e., a bromopyrrole derivative) led to
competitive byproduct formation. Electrophilic palladation of
the pyrrole ring is believed to occur prior to intramolecular cis-
carbopalladation. Cyclization takes place exclusively on the face
closest to the pyrrole.

The Gaunt group achieved the synthesis of (+)-rhazinicine
(32¢) using an intramolecular dehydrogenative coupling as the
key step (Figure 36).> Pd-catalyzed cyclization affords a single
regioisomer—a tetrahydroindolizine ring system bearing a qua-
ternary carbon stereocenter. Pd(TFA), is superior to Pd(OAc),
in this transformation (Figure 37). The Trauner group reported a
related strategy toward (+)-rhazinal (34c) with tert-butylhydro-
peroxide as the oxidant (Figure 38). *0 The reaction could be
conducted under an aerobic atmosphere in the absence of this
peroxide if desired.

Enantioselectlve variants of Ferreira and Stoltz’s oxidative
cyclizations®® have been investigated by Oestreich and co-
workers (Figure 39).*' Indoles 35a,c and pyrrole 35e undergo
S-exo-trig cyclizations in the presence of palladium, PyOx-X
(a chiral pyridine—oxazoline ligand), and an oxidant (e.g., ‘BuO-
OBz, benzoquinone, 0,) with moderate enantiomeric excesses.
Oestreich found that subjecting the (E)-isomer of the alkene
starting material to the chiral catalyst favors one enantiomer of
the annulated product, whereas the (Z)-isomer produces the
opposite enantiomer. This stereospecific dehydrogenative cou-
pling is currently limited to making enantioenriched five-
membered rings.

2.3. Arene—Benzoquinone Coupling

In comparison to other olefins, benzoquinones are highly
electrophilic and exhibit redox activity (i.e., they can undergo
oxidation state changes during the course of the reaction).
Yet, benzoquinone derivatives will undergo formal oxidative
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Figure 38. Total synthesis of (4)-rhazinal via a Pd-catalyzed intramolecular oxidative pyrrole—alkene Heck-type olefination.*’
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Figure 39. Enantioselective Pd-catalyzed intramolecular oxidative in-
dole—alkene and pyrrole—alkene Heck-type olefinations.*!

cross-coupling with aromatic C—H bonds. The Pd-mediated
coupling of arenes and heteroarenes with quinones was first
reported in 1981 by Itahara.** Later, a catalytic variant was found
using Na,$,Og as the stoichiometric oxidant.* Catalyst loadings
as low as 0.8 mol % promote the desired oxidative coupling.
Persulfate salts such as Na,S,Og are better oxidants than Cu-
(OAc),, FeCl;, KMnO,, and K,Cr,O-.

Intramolecular coupling between an aniline and benzoqui-
none provides straightforward access to the carbazomycins, a
class of antibiotics and antioxidants.** Knélker and co-workers
reported cyclizations of benzoquinone-tethered anilines (36a) as
key steps for the syntheses of carbazomycins G (36¢) and H
(36d) and carbazoquinocin C (36e, Figure 40). Stoichiometric
(1 equiv) and catalytic (0.1—0.3 equiv) amounts of palladium
yield similar results. These reactions are more efficient,
however, in air than under argon, and it is believed that atmos-
pheric O, may be an auxiliary oxidant for this dehydrogenative
cyclization.

Indol-3-ylbenzoquinones are structural motifs common in
natural products. Electron-rich aromatic heterocycles, such as

o 0.1 eq. PA(OAT), _ o ou
2.5 eq. Cu(OAc), e
R=H, 78% Me
N Me "= oMe, 73% N
H o} H O
36a 36b
|
MeLi, THF, ZRSt_eﬂs
~7810 25 °C

(e}
O \ Me "C7Hys
N Me carbazoquinocin C (36e)

R = H, carbazomycin G (36c), 71%
= OMe, carbazomycin H (36d), 41%

Figure 40. Total synthesis of carbazomycins G (36¢) and H (36d) and

carbazoquinocin C (36e) via intramolecular oxidative aniline—alkene
Heck-type olefinations.**
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Figure 41. Bicatalyzed C3 alkenylation of indoles with benzoquinone.*”
The second equivalent of quinone acts as the terminal oxidant.

indoles, will undergo Michael addition to benzoquinones to
afford these motifs in the absence of any transition metal
catalyst.* Nucleophilic addition between indoles and benzoqui-
nones (ie., electrophilic aromatic substitution®®) generates hy-
droquinone intermediates that can reoxidize to yield indol-3-
ylbenzoquinones. The oxidant used can be an external additive or
the quinone starting material itself. Because of the inherent
nucleophilicity of the C3 position of indoles, this oxidative
coupling occurs with high regioselectivity. Lewis and protic acid
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Figure 43. Total synthesis of demethylasterriquinone B (39d) via a Zn-
mediated C3 alkenylation of indoles with benzoquinone.*® The second
equivalent of quinone acts as the terminal oxidant.

catalysts are typically used to improve reaction efficiency and
generality. In 2003, Yadav and co-workers reported dehydro-
genative couplings using Bi(OTf); (Figure 41).47 Later, Pirrung
and co-workers demonstrated that stoichiometric amounts of
Zn(OTf),-H,0 and Ag,CO; on Celite promote intermolecular
indole—benzoquinone coupling (Figure 42).*®* While Dy(OTf),
is also effective, other Lewis acids, such as BF5+ OEt,, Cu(OTf),,
and Sc(OTf);, fail to yield any indol-3-ylbenzoquinone products
(38c). Demethylasterriquinone B (39d) was prepared by this
route (Figure 43).

In water, In(OTf); is an excellent catalyst for oxidative arene—
benzoquinone olefinations in the absence of external oxidants

o o
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o} o}

(40b, 2 eq.) 40c
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33-93%
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Figure 44. In-catalyzed intermolecular oxidative arene—benzoquinone
olefination.*” The second equivalent of quinone acts as the terminal

oxidant.
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Figure 45. Organocatal 5ytlc oxidative alkylation of catechols with car-
bon-based nucleophiles.*® The conjugate addition between quinone 42a
and 41b is subject to nucleophilic catalysis with BEMP (not shown).

(Figure 44).* Li and co-workers found that HOTf displays
comparable catalytic activity and suggest that In(OTf); may be a
source of HOTY. If the benzoquinone starting material bears
Lewis basic groups (e.g,, OMe), chelation control provides cross-
coupling products regioselectively (e.g., 40d).

In a similar approach, the Dixon group reported an organo-
catalytic two-step process for dehydrogenative C—C bond forma-
tion using catechols as the coupling partners (Figure 45).>° In the
first step, the catechol starting material (41a) is converted to its
corresponding o-quinone (42a) via oxidation (Figure 46). In the
second step, Michael addition of a stabilized enolate (41b)
generates the new C—C bond. Finally, a reductive workup pro-
cedure restores the catechol oxidation state. The overall transfor-
mation, thus, involves formal oxidative coupling of a phenol
C—H bond. While sodium periodate (NalO,) works, the oxidant
of choice is polymer-supported periodate (PS-10,~).>" Dixon’s
transformation requires the addition of an orgamc base (e.g,
BEMP) that also acts as a nucleophilic catalyst.*® The products of
this cross-coupling contain quaternary carbons; as such, the
authors prepared (4)-powelline (43d) and (=)-buphanidrine
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Figure 46. Proposed mechanism for organocatalytic oxidative alkyla-
tion of catechols with carbon-based nucleophiles.*’
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Figure 47. Total synthesis of (£)-powelline (43d) and (=)-buphani-
drine (43e) via organocatalytic oxidative alkylation of catechols with
carbon-based nucleophiles.>

(43e), crinane-type Amaryllidaceae alkaloids (Figure 47). An
asymmetric variant using organocatalysts derived from cinchona
alkaloids has been achieved with moderate to good enantiocontrol
(CA-«, Figure 48).

2.4. Arene—Alkene Coupling Catalyzed by Metals Other
than Palladium

Besides palladium, other transition metal catalysts have been
reported for the Fujiwara—Moritani reaction. Rh complexes
were first shown to catalyze the oxidative Heck-type alkenyla-
tions in the late 1970s.°* >* Most of these examples, however,
were low yielding and hmlted in scope. Copper salts and O, were
the terminal oxidants,>* and photoly51s was applied in some cases,
rather than thermal heating.>* A rare example of Rh-catalyzed
alkenylation of sp> C—H bonds was achieved by Ueura, Satoh,
and Miura in 2007 (Figure 49).>° Using a mixed Rh/Cu system at
low catalyst loadings, olefination of benzoic acid (45a) results in
ortho-alkenylated lactones, which arise from di-ortho-substitution
and subsequent intramolecular Michael addition. This reaction
involves four independent C—H bonds undergoing concomitant
functionalization with oxygen as the sacrificial oxidant.
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Figure 48. Enantioselective cinchona alkaloid-catalyzed oxidative alky-
lation of catechols with carbon-based nucleophiles.>

CO,R
H 1 mol% [Cp*RhCl,], =
Co,H 5 mol% Cu(OAc), H,0 O
o-xylene, 120 °C 0
H 1 atm air
45a H P cor COR

R = "Bu (5b), 2.4 eq.
= Et (13b), 4 eq.

R = "Bu (45b), 66%
= Et (45c), 76%

Figure 49. Rh/Cu-catalyzed bis-ortho-alkenylation of benzoic acid
(45a).%°

Tandem oxidative alkenylation/intramolecular Michael addi-
tion has been extended to benzamide substrates (46a) for the
synthesis of phthalimides (46b, Figure 50).°° Remarkably,
oxidative functionalization is selective for the more hindered
C—H bond (e.g,, 46d,e). Using less electron-deficient alkenes
such as styrenes, cyclization is not observed. With heteroaryl-
derived amides (47a), Rh-catalyzed dehydrogenation occurs in
the absence of cyclization predominantly (Figure 51). Li and co-
workers reported that isoquinolin-1(2H)-one (48a) could un-
dergo ortho-olefination followed by intermolecular Michael addi-
tion (Figure 52).

The Satoh and Miura groups demonstrated that catalytic
amounts of (Cp*RhCl,), effect the oxidative ortho-alkenylation
of N-phenylpyrazoles, 2-phenylpyridines, and 1-phenylimida-
zoles (49a, Figure 53).%” With Cu(OAc),+H,O as the oxidant,
mono- and diolefination occur. Although stoichiometric amounts
of copper are required to turn over the Rh catalyst, as little as 10
mol % of Cu(OAc), under aerobic conditions can be used
instead. This reaction can produce differentially functionalized
ortho-alkenylated products by sequential addition of olefin coupl-
ing partners (Figure 54). The proposed mechanism involves a
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Figure 50. Rh-catalyzed 1ntermolecu1ar oxidative ortho-alkenylation/
hydroamination of benzamides.*®

“The starting material was recovered in 39% yield.

"The intramolecular Michael reaction was not observed.
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Figure 51. Rh- catalyzed intermolecular oxidative ortho-alkenylation of
heteroarylcarboxamides.*®
“The starting material was recovered in 44%.
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Figure 52. Rh-catalyzed intermolecular oxidative ortho-alkenylation of
isoquinolin-1( 2H)-one.>®

Rh(III/1) catalytic cycle similar to that proposed for Pd(11/0):
C—H activation, carbometalation, 5-H elimination, and then
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Figure 53. Rh-catalyzed intermolecular oxidative mono- and di-ortho-
alkenylation of N-phenylpyrazoles, 2-phenylpyrroles, and 1-pheny-
limidazoles.””
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Figure 54. Rh-catalyzed iterative intermolecular oxidative di-ortho-
alkenylation of N-phenylpyrazoles.®”
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Figure 55. Rh-catalyzed intermolecular oxidative ortho-alkenylation of
anilides.*®

catalyst oxidation. Patureau and Glorius achieved a related Rh-
catalyzed ortho-alkenylation of anilides using a cationic rhodium salt
(51a, Figure SS). %% The challenging ortho-ethenylation reaction
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Figure 56. Ru-catalyzed intermolecular oxidative arene—alkene Heck-
type olefination.*

1
REN_,
— rate-limiting
53b step
HZO h+ C—-H bond
[Ru] activation
oxidation 53a
Oz R\, I
[H—Ru"']* 7 Ru
53g —

L S NS
— \ R3 . R U H
R? RYN 1™ s34
53f syn f-H @_3; ) carboruthenation
elimination —R

Rull |i3
53e

Figure 57. Proposed mechanism for Ru- catalyzed intermolecular oxi-
dative arene—alkene Heck-type olefination.”
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Figure 58. Ru-catalyzed O.-alkenylation of cyclic amines toward the
synthesis of ot-alkylimines.®*

“Reaction conducted with S mol % RuHCI(CO)(PCys;), at
80 °C.

PReaction conducted with 10 mol % RuHCI(CO)(PCys), at
120 °C.

‘Reaction conducted with 10 mol % RuHCI(CO)(PCys), at 80 °C.

“Reaction conducted with 3 mol % RuHCI(CO)(PCys3), at 70 °C.

was realized using an ethylene atmosphere at elevated pressures (2
bar, 4 mol % [Rh], dioxane). In Glorius’ reaction, N-methyl-
substituted tertiary amides react with lower efficiency (13% yield)
than corresponding secondary amides.

In 2001, Milstein and co-workers demonstrated that coupling
arenes (52a) and alkenes (52b) can be achieved using Ru
catalysts (Figure 56).>” Although a CO atmosphere is required,
a range of ruthenium salts (e.g,, RuCl;-3H,O, [Ru(CO);Cl,],,

1
R [Ru] H
54

coordination
olefin insertion/
H R2 reductive elimination
54b
N H
Ru] 4 ) R?
1
b n [Ru]—ll\j ) R
55e H n
55b
R2
H \/\R2 )\‘ H H \/\R 2
55d N 54b
p-H elimination/ "7 4} c-H bond
isomerization R activation/
55¢ olefin insertion

Figure 59. Proposed mechanism for Ru-catalyzed ot-alkenylation of
cyclic amines toward the synthesis of ot-alkylimines.®"

Figure 60. ORTEP plot of cationic Ru—H complex derived from
pyrrolidine and RuHCI(CO)(PCys3),. All H atoms, except the Ru—H
have been omitted for clarity. Anisotropic displacement ellipsoids are
shown at the 50% probability level. The POV-Ray drawing was created
from coordinates obtained from Yi et al.®' Legend: black = carbon, red =
oxygen, blue = nitrogen, silver = ruthenium, white = hydrogen, green =
chlorine, violet = phosphorus, and yellow = sodium.

[(7°-C¢Hg)RuCl, ], Ru(NO)Cl;-SH,0, and Ru(Fg-acac),)
enable catalysis except Ruz(CO);,, which exhibits low activity.
The authors observed that chloride anions (e.g., CuCl, or CsCl)
and amine bases (e.g, lutidine) inhibit catalysis by coordination
to the Ru complex. Carbon monoxide, on the other hand, is
proposed to stabilize cationic Ru species; indeed, Ru—CO
stretches can be observed by in situ IR spectroscopy. Radical
and heterogeneous catalysis is ruled out because galvinoxyl
(aradical inhibitor) and Hg have no effect on reaction efficiency.
The authors propose a mechanism involving cationic ruthenium
intermediates as depicted in Figure 57. First, C—H bond activation
of unactivated arene 53b occurs to form 53¢, which carbometal-
lates olefin 53d. The resulting complex $3e undergoes S-H
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Figure 61. Ir-catalyzed intramolecular dehydrogenative oxidative pyr-
rolidine—alkene Heck-type olefinations.®

“3,3-Dimethyl-1-butene (TBE) was used as the hydrogen
acceptor.

elimination to liberate product 53f and ruthenium hydride $3g
(which is reoxidized). Milstein favors an electrophilic metalation of
arene 52a% because electron-rich arenes react faster than electron-
deficient arenes (p = —1.16 for Opm), and benzene reacts faster
than its deuterated analogue (kii/kp = 2).

Most dehydrogenative Heck-type cross-couplings occur
with hazardous byproduct formation (e.g, copper and silver
salts). In contrast, Yi and co-workers reported one of the first
dehydrogenative couplings where 1 equiv of H, is generated, as
exemplified by his RuHCl(CO)(PCy3)2—catalgrzed cyclic amine
a-alkenylation (54a) reaction (Figure 58).°" The proposed
mechanism involves coordination of 54a to Ru (55a), followed
by a-C—H activation (of an sp>-hybridized C—H bond) to
generate a ruthenium hydride that is immediately trapped by the
olefin (54b, Figure 59). Intermediate $Sc undergoes [5-H
elimination and isomerization, liberating 1 equiv of alkane 55d.
The resulting ot-ruthenated imine complex $5e is the formal o-
C—H activation product of a cyclic imine. Insertion across a
second equiv of alkene 54b, followed by reductive elimina-
tion, yields S4c. In support of this proposal, the Yi group iso-
lated a catalytically competent ruthenium hydride pyrrolidide
(Figure 60). The equiv of H, that is formed in the reaction
reduces excess equiv of the alkene starting material. Byproducts
from overreduction to O-alkylated amines were observed, and
competing N-alkylation can also take place. For a mechanisti-
cally distinct approach to Q-functionalization of amines, see
section 4.1.

Concurrently, an intramolecular dehydrogenative couplirg
was achieved by Sames and co-workers as depicted in Figure 61.
In this reaction, [Ir(COE)Cl], promotes the oxidative cycliza-
tion of N-acylated pyrrolidines $6a to give bicyclic 2,3-dihydro-
1H-pyrrolizin-5(6H)-one derivatives $6b. S-exo-Cyclization is
favored over competing 6-endo-cyclization. While various Rh
catalysts resulted in unproductive intramolecular transfer hydro-
genation reactions, Ir complexes catalyze the desired sp> C—H
bond activation and olefin insertion sequence. N-Heterocyclic
carbene (NHC) ligand IPr (ie., N,N'-bis(2,6-di-iso-propylphe-
nyl)imidazolyl carbene) performs better than other phosphine
ligands tried. Sames and co-workers propose a mechanism that
parallels the well-accepted Heck-type addition/elimination se-
quence within an Ir(I/III) catalytic cycle (Figure 62). During
catalysis, liberation of 1 equiv of H, forms catalytically inactive
Ir(1I1) complex 57d. Hence, norbornene (NBE) is critical as a
hydrogen acceptor because it reduces Ir(III) back to catalytically

\
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Figure 62. Proposed mechanism for Ir-catalyzed intramolecular dehy-
drogenative oxidative pyrrolidine—alkene Heck-type olefination.”
Ar = DIPP.

HTON Me
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N Ir= 7 g Me o]
<\/Y Y Me Me Me
N\Ar 58b, 63% 58¢c, 8%
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Figure 63. Stoichiometric study for Ir-catalyzed intramolecular dehy-
drogenative oxidative pyrrolidine—alkene Heck-type olefination.”
Ar = DIPP.

active Ir(I) (57a); additionally, NBE suppresses the aforemen-
tioned transfer hydrogenation process. Substrate-bound Ir com-
plex $8a converts smoothly to cyclized product $8b upon
heating (Figure 63).

It is worthwhile to mention that couplings between arenes and
benzoquinones are also catalyzed by metals other than palladium
(see section 2.3). In these examples, the metal salt typically acts
as a Lewis acid catalyst rather than being intimately involved in
C—H bond activation.*’”** For related indole syntheses by
intramolecular cyclizations of N-arylenamines via non-Heck-type
pathways, see section 7.1.

2.5. Alkene—Alkene Cross-Coupling

In comparison to arene—alkene Heck-type olefinations,
alkene—alkene couplings are much less common because of
difficulties associated in promoting desired cross-coupling over
homocoupling and a relatively limited understanding in the
mechanism of alkene C—H bond palladation. In addition to
discovering that simple arenes can react with benzoquinones in
the presence of palladium salts,** Itahara reported that N-
methylpyridone and 4H-pyran-4-one are suitable substrates for
dehydrogenative bond formation with olefins.** (Although these
coupling partners can also be classified as heterocycles, we will
cover them within the context of alkene—alkene cross-coupling
because they are more similar to acrylates than electron-rich
heteroaromatic compounds). N-Methylpyridone alkenylation
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Figure 64. Pd-catalyzed intermolecular oxidative pyrimidone—alkene
Heck-type olefination.®*
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Figure 65. Pd-catalyzed intermolecular oxidative pyridone—alkene
Heck-type olefination.®*
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Figure 66. Stoichiometric palladation of pyridone derivative en route to
oxidative Heck-type olefination.**

occurs with competing C3- and CS-functionalization. Subse-
quent to this work, Pd-catalyzed functionalization of pyrimi-
dones (59a), structural motifs found in uracil derivatives,
was achieved with excellent regio- and diastereocontrol
(Figure 64).°> Alkene—alkene oxidative cross-coupling was next
extended to include Cé-substituted pyridones (60a) by Cheng
and Gallagher (Figure 65).5* The authors obtained NMR
spectroscopic evidence for the existence of alkenylpalladium
complex 61a (obtained from starting material 60a). This result
supports C—H palladation as the first step in the catalytic cycle
for alkene—alkene dehydrogenation (Figures 66 and 67). The
presence of an electron-donating substituent at C6 favors
regioselective alkenylation at C3.

Cross-coupling between two acyclic alkenes remained elusive
until the work of Ishii and co-workers. In this vinylcarboxylate—
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Figure 67. Proposed mechanism for Pd-catalyzed intermolecular oxi-
dative pyridone—alkene Heck-type olefination.®*
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Figure 68. Pd-catalyzed intermolecular oxidative vinylcarboxylate—
acrylate Heck-type olefination.*®
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Figure 69. Pd-catalyzed intermolecular oxidative alkene—acrylate
Heck-type olefination.®®

acrylate dehydrogenation, palladium catalysis affords diene prod-
ucts (63c) in the presence of vanadomolybdophosphoric acid
and an O, atmosphere (Figure 68).%° Unfortunately, the olefin
geometry of products 63c is not well controlled. Following this
account, the Loh group achieved a Pd-catalyzed alkene—acrylate
cross-coupling with enhanced substrate scope and enhanced
diastereoselectivities (Figure 69).°° Replacing Pd(OAc), with
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Figure 70. Possible mechanisms for Pd-catalyzed intermolecular oxi-
dative alkene—acrylate Heck-type olefination (i.e., cross-coupling of o.-
CD5-styrene (65a-d3) and fert-butyl acrylate (16b)).%¢
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Figure 71. Pd-catalyzed intermolecular alkene—alkene oxidative cross-
coupling.67

PdCl, or Pd(TFA), leads to decreased reactivities; Pd-
(PPh;),Cl,, on the other hand, is not an effective catalyst and
phosphine ligands inhibit catalysis completely. The combination
of Cu(OAc), and O, is the best oxidant for Loh’s coupling. In
this reaction, selectivity for (E)-dienes (63c) is improved over
Ishii’s original work, and both simple alkenes and styrenes can
participate in this coupling. Loh performed a deuterium labeling
study and found that a-CDj-styrene (65a) couples without
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Figure 72. Pd-catalyzed intramolecular oxidative alkene—alkene Heck-
type olefination.®®
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Figure 73. Proposed mechanism for Pd-catalyzed intramolecular oxi-
dative alkene—alkene Heck-type olefination.®®

scrambling of the deuterium atoms—this result suggests that
Pd 7t-allyl complexes are not intermediates (Figure 70). Instead,
a Pd—C bond generated from styrene 65b is proposed to
undergo either direct C—H activation (Figure 70a) or acetox-
ypalladation (Figure 70b) to generate an organopalladium
intermediate 65¢ or 65f, respectively, both of which can partici-
pate in Heck-type olefination (ie., carbopalladation and -H
elimination).

The Yu group reported a complementary oxidative alkenyla-
tion with cyclic dithiane directing groups (Figure 71).57
Although O, is not a suitable oxidant, Yu’s reaction can be
conducted under air with Cu(OAc),, benzoquinone, or Phl-
(OAc),. Replacing Pd(OAc), with PdCl,, Pd(PPh;),Cl,, or
Pd(PPh;),, however, decreased reaction efficiencies. Yu and
co-workers synthesized a number of 1,3-butadienes (66¢) bear-
ing various functional groups, including aldehydes and aryl
bromides. The S atoms of the cyclic dithiane direct selective
C—H activation of 66a, while minimizing reactivity at other
olefinic C—H bonds. The diethylthiane derivative, however, is
unreactive to dehydrogenative coupling (<5% yield).

Cyclizations by oxidative alkene—alkene cross-coupling have
been disclosed by the Tius group. In particularly, an oxidative
Heck variant of the Nazarov reaction affords cyclopentenone
products 67b in moderate yields (Figure 72).% In the traditional
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Nazarov reaction, divinyl ketones cyclize in the presence of Lewis
acids;* Tius’ variation involves the Pd-catalyzed intramolecular
coupling of electronically differentiated cross-conjugated ke-
tones in the presence of a sacrificial oxidant (e.g, O,). o8
Intermolecular carbopalladation of the electron-deficient alkene
occurs between the electron-rich vinyl group and the Pd(OAc),
catalyst. The resulting organopalladium intermediate undergoes
B-H elimination to liberate product 67b and expel Pd(0) (3g,
Figure 73).

2.6. Enolate—Alkene Coupling

An alternative strategy for oxidative cross-couplings by Heck-
type mechanisms is the direct addition of enolates to alkenes.
Olefin coordination to palladium results in enhanced electro-
philicity of the C=C double bond. In 1997, Backvall and co-
workers reported an intramolecular oxidative enolate—alkene
coupling, an olefination in which a diene was functionalized with
an enolate stabilized by sulfone, nitro, and ester functionalities
(Figure 74).70 Reaction yields, however, were low because of
competing diene carbooxygenation (ie., formal addition of a
C—O0 bond across a C=C double bond). Although this transforma-
tion can be considered an early example of dehydrogenative
allylic alkylation, its mechanism does not involve allylic C—H
bond oxidation (see section 2.3).

Backvall’s work was extended to simple alkenes by Widen-
hoefer and co-workers, who used stoichiometric amounts of a
CuCl, oxidant (Figure 75).”"”* Cyclohexenone (70b) formation
is possible for 3-diketones and [-ketoesters attached to olefins
(70a), both with and without substituents on the tether.
Although the mechanism differs depending on the substrate, it
is generally accepted that alkene carbopalladation between enolate
and Pd catalyst occurs. This reaction can follow one of two pathways:
(1) formation of alkylpalladium complex 71b via carbopalladation,
followed by olefin insertion, or (2) direct nucleophilic addition to the
C=C double bond coordinated to the Pd catalyst (see Figure 76).

20 mol% Pd(OAc), .M
m 6 eq. LIOAC
HSO2Ph  puso, 40 °c /\S0,Ph
EWG 1 atm O, H Ewc
69b

EWG = NO,: 43%
= CO,Me: 55%

69a

Figure 74. Pd-catalyzed intramolecular enolate—diene Heck-type
olefination.”

o O
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DCE R L g
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R 24 examples
70a 35-94%
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Me Me
80% 65% 76% 65%

Figure 75. Pd-catalyzed intramolecular enolate—alkene Heck-type
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s
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Figure 76. Proposed mechanism for Pd-catalyzed intramolecular
enolate—alkene Heck-type olefination.”

o)
CONMe, 10 mol% PdCly(MeCN), o
R%)\( 1eq. Yb(OTf); CONMe,
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72b
X=NR, O, CH,
“13 9 examples
”72 68-98%
a
CONMe,
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Figure 77. Pd-catalyzed intramolecular [(3-ketoamide—alkene Heck-
type olefination.”®

10 mol% PdCl,(MeCN), o O

3 eq. CuCl,
0+ 1 2
MR JJ L 1 M %R
35 R=H:200psi Me™ 'R
= Me: 50 psi 73c
73b 7 examples
45-86%
)KEU\”CSHﬂ Bu J\iLfBu BU'J\EJ\OEt Pr')fL
77%, 1 4 1 ZE 2% 9% 51%°

Figure 78. Pd-catalyzed intermolecular oxidative enolate—alkene
Heck-type olefination.”*
“1 equiv EuCl;, 100 °C.

The resulting alkylpalladium complex 71b undergoes 8-H elimina-
tion to generate another palladium-bound alkene 71c. Hydropalla-
dation (ie, reinsertion) with the opposite regiochemistry affords
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alkylpalladium complex 71d, which is subject to a second -H
elimination to generate Knoevenagel-type products 70b.”*

Shortly thereafter, the Yang group achieved an intramolecular
aerobic oxidative coupling between [3-ketoamides and alkenes
(Figure 77).”* In addition to a Pd catalyst, the Lewis acid
Yb(OTTY); is required to promote enolization of the 5-ketoamide
and subsequent dehydrogenative ring closure. This carbocycliza-
tion operates best to afford six-membered products (72b) but
can be extended to seven- and eight-membered rings by prolong-

E E
R 1 mol% Pd(TFA), R
conditions
R? R?

E = CO,Me 7ab
74a _N 11 examples
N I\\l 64-96%
2NV
=N N \
\N §
FePc

78%°

84%% (86%%)  78%7 (90%°)  64%? (90%¢)

Figure 79. Pd-cata?zed intramolecular oxidative alkene—allene Heck-
type olefination.”®”

“Conditions: 2 equiv BQ, THF, reflux.

bConditions: 4 mol % BQ, 1 mol % FePc, toluene, 95 °C.

‘Conditions: 5 mol % Pd(TFA),, 20 mol % BQ, 5 mol % FePc,
toluene, 95 °C.

Conditions: 2 mol % Pd(OAc),, 2 equiv BQ, toluene, reflux.

ing reaction times. Oxygen serves as the oxidant in this reaction
under copper-free conditions.

The only example of intermolecular vinylation of enolates was
reported by Wang and Widenhoefer in 2004 (Figure 78).”* In the
presence of CuCl, and PdCL,(MeCN),, activated methylenes
73a including f3-diketones and [3-ketoesters undergo @t-vinyla-
tion under elevated pressures of either ethylene or propylene gas
(50—200 psi). The addition of a stoichiometric amount of EuCl,
a Lewis acid, is required for propenylation. At low pressures,
competing Ot-alkylation resulting from protonolysis (instead of
f-H elimination) is observed. When propylene is chosen as the
coupling partner, oxidative coupling occurs preferentially at the
internal C—H bond, but competing protonolysis can lead to
regioisomeric furan byproduct formation (not shown).”*

2.7. Miscellaneous Examples

Thus far, we have described the addition of arene, alkene, and
enolate C—H bonds and palladium across C=C unsaturations as
strategies for Heck-type dehydrogenations. Allylic C—H activa-
tion, on the other hand, remains an attractive alternative. Franzén
and Backvall discovered an intramolecular oxidative carbocycli-
zation between an alkene and allene catalyzed by palladium
(Figure 79).” A range of cyclopentenes (74b) can be prepared
by this strategy, including compounds bearing allylic acetate
functionalities that are typically reactive to palladium salts.
Benzoquinone is the sacrificial oxidant. The Backvall group
further demonstrated that catalytic amounts of benzoquinone
can be used in combination with iron phthalocyanine (FePc), an
oxygen-activating macrocyclic metal complex based on a porphyrin
framework.”® This FePc co-oxidant is optionally attached to a resin
for easy recovery and reuse. Backvall's coupling occurs through
allylic C—H activation, followed by allene carbopalladation and f3-
H elimination (Figure 80).”® Alternatively, palladation of the allene
can initiate the reaction sequence, followed by carbopalladation of
the olefinic C=C bond and subsequent 3-H elimination. When O,
is the terminal oxidant, benzoquinone, FePc, and palladium
participate in three interconnected catalytic cycles in a mechanism
similar to those proposed for biologically relevant oxidative pro-
cesses (Figure 81).° FePc exists in either the oxidized form
(FePc,,, 76b) or the reduced form (FePc,.q, 76a) during catalysis.

T [ ] H
Me o
75f
syn B-H eliminationL Pd(0) OH
3g
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oxidation HE E
E E D',
Me
75h
Me™ Me carbopalladation
75b
E E
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\—* |
Dll.
Me H “Pd"
75g Me

allylic C-H
activation
- — DI"
D “Pd'- H
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Figure 80. Proposed mechanism for Pd-catalyzed intramolecular oxidative alkene—allene Heck-type olefination of a D-labeled substrate 75b.”®
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3. CROSS-COUPLING OF TWO ARENES CATALYZED BY
PALLADIUM

The biaryl motif is a common structure found in molecules
relevant to fields ranging from medicinal chemistry to material
science. Most cross-couplings (e.g., Suzuki, Negishi, Stille, Hiyama,
Kumada) make C—C bonds by combining an aryl halide (or
pseudohalide) with an appropriate organometallic reagent.”
Although broadly applicable, these classical couplings require
independent synthesis and isolation of aryl halide and arylmetal
starting materials. Additionally, these reactions generate stoichio-
metric amounts of inorganic salts as byproduct. Direct arylation
is an attractive alternative in Wthh one coupling partner is a
simple arene. As such, an sp hybrldlzed C—H bond reacts
instead of a C—X or C—M bond.” In the cross-coupling of two
simple arenes (known as tandem direct arylation or 2-fold C—H
activation), neither the aryl halide nor the arylmetal coupling partner
is required (Figure 82)8 To date, electron-rich arenes, arenes
bearing pyridine, amide, carbamate, and other oxazoline directing
groups, and pyridine N-oxides and other electron-deficient arenes
can undergo oxidative biaryl C—C bond formation (Figure 83).

Palladium catalysis dominates in tandem direct arylation. In
these dehydrogenations, two independent C—H activations take
place (Figure 84). Depending on catalytic conditions and sub-
strates involved, these two events occur through various mechan—
isms, such as cyclopalladation,”® electrophilic metalation,®
concerted metalatlon deprotonation (by either an internal or
external base),”* and o-bond metathesis.”” In reactions involving
electron-rich heteroarenes, Heck-type pathways have also been

E E
R? o
R2 [§1d”] FePcoy
E= 70402 Me c I 76b H,0
a
; oH 1/2 Oz
Pd (0) FePc eq
2 76a
R? OH

74b

Figure 81. Triple-coupled catalytic system for Pd-catalyzed intramole-
cular oxidative alkene—allene Heck-type olefination.”®

a) Transition metal catalyzed cross-coupling

Ar'-M +  Ar’-X Ar'-Ar2 + MX salts

M = B(OR),, Suzuki X = halogen,
= ZnX, Negishi N,*, OTf
= SnR3, Stille
= SiR3, Hiyama
= MgX, Kumada

b) Direct arylation

cat.
Ar'-H + ArP-X ——— Ar'-Ar? + HXsalts

Ar'-M  +  ArP-X Ar'-Ar2 + Msalts

at.
[O]

c) Tandem direct arylation

Ar'-H + ArP-H Ar'-Ar?

cat.
[0]
Figure 82. Generic scheme for cross-couplings of two arenes catalyzed
by palladium.
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Dong (2010) You (2007)  Chang (2008)  Su (2010)

Figure 83. Overview of cross-couplings of two arenes catalyzed by
palladium.
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Figure 84. General mechanism for oxidative C—C cross-coupling

involving direct arylation.
X Ph
X X
Lo
X X
X X

X X 25 mol% Pd(OAc),
X O O X 3eq.KyS,04
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X x PhH
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X=HorD 78c, 78¢-dg, 21%
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CeX
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kyl/kp (prod) =9

Figure 85. Kinetic isotope effect study for Pd-catalyzed oxidative
arylation of naphthalene.*’
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Figure 86. Pd-catalyzed oxidative C3 arylation of N-acetylindoles.*
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Figure 87. Pd-catalyzed oxidative C2 arylation of N-protected pyrroles
and indoles.*®
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Figure 88. Pd-catalyzed oxidative C2 arylation of benzofurans.**
“Using 2-phenylbenzofuran as the starting material, 2,3-diphe-
nylbenzofuran was obtained in 20% yield.
"The arylation product was obtained in a 5:3:2 mixture of isomers.

suggested (see section 2). To achieve high regioselectivity, one of
the coupling partners is usually an electron-rich arene or an arene
bearing a directing group. Tandem C—H activation leads
to diarylpalladium complex 77e that ultimately undergoes reduc-
tive elimination to afford biaryl product 77f and regenerate

Pd(0) (3g).

10 mol% Pd(OAc),

R 3 eq. AgOAc R
NC 2.5 eq. PivOH NG
I+ am SR N
NN (82b, 120°C, 1w XN
R' ~300 eq.) R’
82a 82¢
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14-97%
OMe
V N,MOM Y N/SEM _SEM
E f N N/SEM z N,SEM
56%" 72%° 65% 65% 14%
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Figure 89. Pd- catalyzed oxidative C2 arylation of electron-rich N-
protected indoles.*®
“Conventional heating was used.
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Figure 90. Proposed mechanisms for C2 palladation of N-protected
indoles.®®
10 mol% Pd(OAC),
A 3 eq. AgOAc . Ph
H 2.5 eq. PivOH />
R N+ PhH . N
\SEM (78b, 120 °C, mw R \SEM
~300 eq.)
R = OMe (84a) R = OMe (84d)
= H (84b) = H (84e)
= NO, (84c) = NO, (84f)

k84alk84b =1.34
k84b/k84c =0.33

Figure 91. Competition study for Pd-catalyzed oxidative C2 arylation
of electron-rich N-protected indoles.*®

3.1. Intermolecular Biaryl Bond Formation

One of the earliest accounts of regioselective arene cross-
coupling was the contribution of Lu and co-workers in 2006.
Dehydrogenative C—C bond formation was achieved between
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Figure 92. Intramolecular competition study for Pd-catalyzed oxidative
C2 arylation of electron-rich N-protected indoles.®
“Conducted with no PivOH.

®Conducted with 2.5 or 10 equiv PivOH.
3 eq. AgOAc
N—H 2.5 eq. PivOH O
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SEM |,
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Figure 93. Intermolecular study for Pd-catalyzed oxidative C2 arylation
of electron-rich N-protected indoles.*®

“The ratio of 86b/86¢ was found to be unchanged with no
PivOH, 2.5 equiv PivOH, or 10 equiv PivOH.
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Figure 94. Kinetic isotope effect studies for Pd-catalyzed oxidative C2
arylation of electron-rich N-protected indoles.*® Observed kinetic iso-
tope effects (KIEs) were found to be relatively invariant with concentra-
tion of PivOH.

naphthalene and simple arenes using K,S,05 as the terminal
oxidant.*® Selective cross-coupling was achieved by optimizing
the relative concentration of each arene starting material and the
amount of trifluoroacetic acid (TFA). TFA is believed to enhance
the electrophilicity of Pd(II) complexes, thus facilitating electro-
philic palladations.®" Competition studies reveal no product
kinetic isotope effect for the naphthalene coupling partner
(78a, kiy/kp (prod) = 1) but a large primary kinetic isotope
effect for the simple arene coupling partners (78b, ky/kp
(prod) =9) (Figure 85).%° Thus, two distinct C—H activation
steps (involving different mechanisms) are implicated in this
tandem direct arylation.

In 2007, Fagnou and co-workers published a seminal report on
the oxidative cross-coupling of indoles and simple arenes. With
Cu(OAc), as the oxidant, C3 arylation of N-acetylindoles 79a
was achieved using 79b as the solvent (Figure 86).%% The reaction
tolerates electron-rich, -neutral, and -deficient simple arenes
(79b). In contrast to N-acetylindoles, unprotected indoles and
N-alkylindoles are inert under the same conditions. 3-Nitropyr-
idine is added to this reaction and presumably plays an important
role in stabilizing Pd(0) formed in the catalytic cycle. Although
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Figure 95. Pd-catalyzed oxidative 2-arylation of N-containing
heterocycles.*

“Arylation product derived from caffeine.

%10 mol % CuCl was used as an additive.

A second arylation occurring at C5 was observed (10% yield).

%20 mol % CuCl and 20 mol % 1,10-phenanthroline was used as
an additive, and the reaction was conducted in DMA.

conventional heating is effective, Fagnou favored microwave
heating because this method enhanced the reaction rate. Choos-
ing AgOAc as the terminal oxidant instead of Cu(OAc),, a
reversal in regioselectivity and preference for C2 indole and
pyrrole (80a) arylation is observed (Figure 87).%> In the absence
of Pd catalysts, Cu(OAc), and AgOAc do not effect H/D
exchange of either indole or pyrrole starting materials in
AcOH-d,. Using Pd(TFA), with CsOAc, however, promotes
C2 arylation. Additionally, C3 selectivity and palladium concen-
tration is positively correlated (i.e., the ratio between 3-aryl- and
2-arylindole products increases with higher Pd catalyst loadings).
To explain these findings, the authors propose higher-order Pd
and/or Pd—Cu clusters that favor C3 arylation in the absence of
external bases such as AgOAc; acetates are believed to prevent
cluster formation, thus promoting cross-coupling at C2.
Concurrently, DeBoef and co-workers investigated the oxida-
tive arylation of indoles and benzofurans with O, as the terminal
oxidant (Figure 88).5* Using O, is advantageous to other metal
oxidants because C—C formation occurs with loss of water as the
sole byproduct. Heteropolymolybdovanadic acid (H,PMo;;-
VO,) promoted oxidative arylation of benzofuran, favoring
functionalization at C2. In a later study,*® the DeBoef group
observed that C2 and C3 regioselectivity depends on the oxidant
chosen, because copper salts lead to the formation of polyme-
tallic catalytlcally active clusters including Cu,Pd(OAc)s and
Cu,Pd,(0AC) .5 Cu(OAc), favors benzofuran arylation at C2,
while AgOAC facilitates functionalization at C3.% Product kinetic
isotope effects obtained for this reaction range from 1.9 to 4.0
and suggest that proton abstraction is the rate-limiting step. For
indoles, C2 arylation predominates in the presence of copper,
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a) Transition state model for thiophene palladation
with Pd(OAc),

v v

b) Transition state model for N-methylimidazole
palladation with Pd(OAc)(thiophene)

E A

. ”
s oo ’
Figure 96. Transition state models for Pd-catalyzed oxidative 2-aryla-
tion of N-containing heterocycles. The POV Ray drawing was created
from coordinates obtained from Xi et al.® Legend black = carbon, red =

oxygen, blue = nitrogen, white = hydrogen, yellow = sulfur, and silver =
palladium.

10 mol% Pd(OAc),
0.5 eq. BQ
2 eq. Ag,CO;4

t A T e DMSO
(88b, eq. D
~80 eq) 130 °C
88c
14 examples
46-93%
| X = |
~
O N O cl Ph
Ph O
Cl
89% 93% 46%

1:2.6:3.3 o:m:p

Figure 97. Pd-catalyzed oxidative arylation of benzo[h]quinoline and
2-phenylpyridines.”

while C3 arylation is favored with silver, in agreement with
Fagnou’s work (vide supra). A proton abstraction mechanism is
also consistent with the product kinetic isotope effects measured
for indole arylation (2.4—4.0). It is important to note that the
mechanistic intricacies concerning Pd-catalyzed functionaliza-
tion of indoles, however, remain a subject of debate and can vary
from reaction to reaction.'”®’

The DeBoef group demonstrated that electron-rich indoles
are excellent cross-coupling partners in tandem direct arylations
(Figure 89).*® With ac1d1c oxidative cross-coupling conditions
(e.g, HyPMo HVO40 ), these electron-rich heterocyclic arenes

10 mol% Pd(OAc),

0.5 eq. BQ
2 eq. Ag,CO3
4 eq. DMSO
130 °C
Me
Me
H X X =OMe, 89d, 41%
= NO,, 89e, 29%
Me

R = OMe, 89b, ~40 eq.
=NO,, 89c, ~40 eq.

Figure 98. Competition study for Pd-catalyzed oxidative arylation of
benzo[h]quinoline and 2-phenylpyridines.”®
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Figure 99. Ligand study for Pd- catalyzed oxidative arylation of benzo-
[h]quinoline and 2-phenylpyridines.”
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Figure 100. Proposed mechanism for Pd- catalyzed oxidative arylation
of benzo[h]quinoline and 2-phenylpyridines.”!

undergo decomposition; DeBoef’s strategy to overcome this
limitation involves modulating the acidity of the reaction med-
ijum by judicious selection of acid and base added (i.e., using a
suitable buffer). Using catalytic quantities of palladium and
stoichiometric amounts of pivalic acid and AgOAc (in slight
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Figure 101. ORTEDP plot of dimeric palladium complex resulting from
the C—H activation of benzo[h]quinoline. All H atoms have been
omitted for clarity. Anisotropic displacement ellipsoids are shown at the
50% probability level. The POV-Ray drawing was created from coordi-
nates obtained from Powers and Ritter.”* Selected bond lengths (A):
Pd(1)—Pd(2) = 2.842. Legend: black = carbon, red = oxygen, blue =
nitrogen, and silver = palladium.
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Figure 102. Kinetic isotope effect study for Pd-catalyzed oxidative
arylation of benzo[h]quinoline and 2-phenylpyridines.”*

excess to pivalic acid), a broad-scope oxidative C3 arylation of
electron-rich N-protected indoles is possible. Azaindoles are also
reactive under these reaction conditions.

DeBoef considered two possibilities for indole palladation: (1)
electrophilic palladation® at C3, followed by palladium migra-
tion to C2, and (2) direct concerted metalation deprotonation24
at the C2 position (Figure 90).** The authors conducted a
competition study between 6-methoxy-N-[2-(trimethylsilyl)-
ethoxy]methylindole (84a), N-[2-(trimethylsilylJethoxy methy-
lindole (84b), and 6-nitro-N-[2-(trimethylsilyl)ethoxy]|meth-
ylindole (84c, Figure 91). Kinetic analysis revealed that oxidative
arylation occurs with pseudo-zero-order kinetics, which suggests
that relative rates can be determined from reaction conversions
directly. Electron-rich indole 84a undergoes arylation at a faster
rate than electron-neutral 84b (kgso/kgs, = 1.34), whereas 84b
arylates faster than electron-deficient 84c (kgqp/ksqe = 0.33).
Although electrophilic palladation can explain the higher reac-
tion rates of methoxyindole 84a, SgAr of nitroindole 84cleads to
abenzylic cation intermediate that is destabilized by the electron-
withdrawing 6-nitro group; this result is inconsistent with the
high efficiencies reported. Hence, DeBoef favors concerted
metalation deprotonation as a general mechanism for indole
palladation, supported by computational studies highlighting
that the electronic character of the indole exhibits the strongest
impact on reactivity (i.e,, more electron-rich indoles such as 84a
exhibit a stronger interaction with the Pd catalyst than less
electron-rich analogues such as 84c).
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Figure 103. Pd-catalyzed oxidative phenylation of 8-methylquinoline.”
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Figure 104. Pd-catalyzed oxidative ortho-arylation of anilides.”®
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N
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4-deoxycarbazomycin B (95¢c)

Figure 10S. Total synthesis of 4-deoxycarbazomycin B (95¢) via Pd-
catalyzed oxidative ortho-phenylation of an anilide.”

To probe the mechanism for arene palladation, a competition
study between o-dichlorobenzene (85a) and o-dimethylbenzene
(85b) revealed only a slight preference for the more electron-rich
arene (kgsa/kgsp = 1.1, Figure 92).% An intramolecular competi-
tion study using 1-methyl-2-(trifluoromethyl)benzene (86a)
also showed slight preference for arylation at the more elec-
tron-rich C—H bond (Figure 93). Observed kinetic isotope
effects were large (ky/kp = 4.1—5.0, Figure 94) and relatively
invariant with the concentration of PivOH. This result led the
authors to propose rate-limiting C—H bond activation of the
simple arene viaa CMD mechanism.** In DeBoef’s system, both
C—H palladation steps are believed to occur via acetate-assisted
deprotonations.®®

Independently, the groups of Hu and You demonstrated that
other classes of nitrogen-containing heterocycles (e.g., xanthines,
imidazoles, benzimidazoles) undergo facile and regioselec-
tive arylation with stoichiometric amounts of Cu(OAc),
(Figure 95).*° These compounds are prevalent in natural pro-
ducts, and hence, efficient strategies for synthesizing derivatives
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Figure 106. Pd-catalyzed, Cu-free oxidative ortho-arylation of anilides.”*
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Figure 107. Pd-catalyzed oxidative ortho-arylation of O-phenyl-
carbamates.”

would be valuable to the drug-discovery process. Hu and You’s
reaction exhibits excellent functional group compatibility, toler-
ating unprotected aldehydes, ketones, and nitriles. A preliminary
computational study using density functlonal theory (DFT)
provided support for CMD mechanisms>* for both C—H bond
palladations (Figure 96). The lack of observed homocoupling
was consistent with theoretical investigations.

In contrast to the Fagnou, DeBoef, and Hu and You strategies,
Hull and Sanford used directing groups to achieve regioselective
tandem arylation by mechanisms involving ligand-assisted cyclo-
palladation (Figure 97).”° Benzo[h]quinolines and 2-phenylpyr-
idines (78a) undergo oxidative cross-coupling with simple arenes
(78b) in the presence of Ag,COj;. A range of electron-rich,
-neutral, and -deficient arene coupling partners are suitable.
DMSO is added to prevent both aggregation and precipitation
of Pd(0). Homocoupling of either benzo[h]quinoline (78a) or
arene (78b) partners is not observed under Sanford’s optimized
conditions. As highlighted in Figure 98, the authors conducted a
competition experiment to demonstrate that electron-rich arenes

R! 10 mol% Pd(OAc), R'
@iHﬁCONHRZ 5eq. TFA @:%cwm2
= H 3 eq?gaéSZOg = Ar
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Figure 108. Pd- catalyzed oxidative ortho-arylation of phenylacetamides
and benzamides.”®
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Figure 109 Pd-catalyzed oxidative ortho-arylation of anilides with
N2,8,05.°

Figure 110. ORTEP plot of dimeric palladium complex resulting from
C—H activation of m-tolyl dimethylcarbamate. All H atoms have been
omitted for clarity. Anisotropic displacement ellipsoids are shown at the
50% probability level. The POV-Ray drawing was created from coordi-
nates obtained from Zhao et al. Selected bond lengths (A): Pd(1)—
Pd(2) = 2.9163(10). Legend: black = carbon, red = oxygen, blue =
nitrogen, pink = fluorine, and silver = palladium. Adapted with permis-
sion from ref 95. Copyright 2010 American Chemical Society.

exhibit slightly higher arylation rates than electron-deficient
arenes, which suggests that chemoselectivities are primarily
dependent on steric considerations. In dehydrogenative coupling
with anisole (i.e., methoxybenzene, 80b), the ratio between the
ortho, meta, and para isomers is strongly influenced by the
structure of the benzoquinone additive (Figure 99). Although
this was initially attributed to a ligand effect, later studies suggest
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that benzoquinone promotes reductive elimination of a

diarylpalladium(1I) complex (vide infra).
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Figure 111. Competition study for Pd-catalyzed oxidative ortho-aryla-
tion of O-phenylcarbamates.”®
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Figure 112. Kinetic isotope effect study for Pd-catalyzed oxidative
ortho-arylation of O-phenylcarbamates.”

The Sanford group proposed a mechanism involving a Pd(11/
0) catalytic cycle with the following steps: (1) C—H activation of
benzo[h]quinoline 89a by cyclopalladation to form 91a,”® (2)
C—H activation of 88b by o-bond metathesis, (3) reductive
elimination from 91c to furnish the biaryl C—C bond, and (4)
oxidation of Pd(0) to Pd(Il) in the presence of Ag,CO;
(Figure 100).”" Because electron-rich arenes react slightly faster
than their electron-deficient counterparts, Sanford reasoned that
CMD?* is not a viable pathway for the second C—H activation
event. Additionally, the mild preference for electron-rich arenes
appears inconsistent with a traditional electrophilic mech-
anism.%® Thus, the authors propose a dissociative 0-bond me-
tathesis mechanism”’® for reasons described below.

Sanford and co-workers prepared palladium dimer 91a°* (by
treatment of benzo[h]quinoline 89a with Pd(OAc),) to study
the second C—H activation step (Figure 101).°* As shown in
Figure 83, heating complex 91a in the presence of arene, DMSO,
and benzoquinone formed biaryl product 91d. Kinetic analysis of
this stoichiometric reaction displays half-order kinetics with
dimer 91a, first-order kinetics with arene 88b, zero-order kinetics
with DMSO, and inverse first-order kinetics with AcOH.
Sanford’s reaction exhibits saturation kinetics with benzoqui-
none. Subjecting 91a to o-dimethoxybenzene (i.e., veratrole) in
the presence of AcOH-d, results in deuteration of both 4- and
S-positions of the aromatic ring and is consistent with a reversible
second C—H activation. Under saturating concentrations of
benzoquinone, the authors observed a significant primary kinetic
isotope effect for the simple arene (92a, 92a-d,, kyy/kp = 3.39)
(Figure 102). Thus, in the presence of excess benzoquinone,
C—H palladation of 88b is irreversible, is rate-limiting, and goes
through dissociative 0-bond metathesis. On the other hand, with
substoichiometric amounts of benzoquinone (or added AcOH),
benzoquinone-promoted reductive elimination is rate-limiting.

Using a quinoline directing group in the presence of benzo-
quinone and Ag,COj, the Sanford group has achieved the only
example of directing group facﬂltated sp> C—H bond arylation
with simple arenes (Figure 103).°

Shi and co-workers reported a complementary oxidative arene
cross-coupling with amide directing groups (Figure 104).°°
Instead of stoichiometric silver salts, O, was used as a green
oxidant for tandem direct arylation in conjunction with either
catalytic or stoichiometric copper salts. ortho-Arylation of ani-
lides (94a) proceeds smoothly with as little as 10 equiv of the

Pd(OAC),
30a M
| DG Ar'-Ar?
ligand "|~2 HX 99%e duct]
idati reductive
Na,S,0g OXidation —exchange s, Hoac Jeductive.
Pd(0 It DG
30 958 CpoPdV-Ar?
M ~ Ar 99g
DG Ar'-Ar? | bG ain
99e
reductive Pd(0/ll) Pd(1l/1V)
elimination catalysis N catalysis HX
DG\ HX )
C Pd'-Ar? Ar>=H
DG\ DG~ 99c
99d CA 1/Pd"X Ar1/PdIVX
\% W\~ 99f
electrophilic Ar’—H Na,S,0g oxidation
metalation HX 99¢c
Figure 113. Proposed mechanism for Pd-catalyzed oxidative ortho-arylation of anilides with Na,$,04.”® X = TFA.
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a) Bimetallic Pd complex derived from N-(m-tolyl)-
pivanilide

b) Bimetallic Pd complex derived from N-phenyl-
pyrrolidine

Figure 114. ORTEP plots of dimeric palladium complexes resulting
from C—H activation of (a) N-(m-tolyl)pivalamide and (b) N-phenyl-
pyrrolidine. All H atoms except the anilide N—H have been omitted for
clarity. Anisotropic displacement ellipsoids are shown at the 50%
probability level. The POV- Ray drawing was created from coordinates
obtained from Yeung et al.”® Selected bond lengths (A): Pd(1)—Pd-
(2) =2.9233(9) and 2.9515(9) for (a), and Pd(1)—Pd(2) = 2.8779(5)
for (b). Legend: black = carbon, red = oxygen, blue = nitrogen, pink =
fluorine, and silver = palladium. Adapted with permission from ref 96.
Copyright 2010 Royal Society of Chemistry.

(typically electron-rich) unactivated arenes (94b). Additionally,
this coupling can be conducted on a 10 mmol scale with
moderate efficiencies (73%). Using 2,3-dihydrobenzofuran as
the starting material, selective dehydrogenative coupling occurs
without overoxidation of the arylation product to the corre-
sponding benzofuran. Shi achieved a short synthesis of 4-deox-
ycarbazomycin B (95c) by this approach (Figure 105).

Shortly thereafter, Buchwald and co-workers described
ortho-arylations using oxygen without the need for copper
(Figure 106),”* further reducing waste production. TFA was
added to enhance the electrophilicity of the Pd catalyst and
promote C—H activation. Buchwald’s arylation works well with
electron-rich arenes but not arenes bearing strong electron-
withdrawing groups (e.g, trifluoromethyl-, nitro-, or ester-sub-
stituted arenes). Regioselective functionalization of the simple
arene coupling partner occurs at the least sterlcally hindered
C—H bond. In accord with Sanford’s studies,”® DMSO helps
inhibit the formation of palladium black.”* Although other
oxidative arylation methods require a large excess of one arene,

1 eq. Pd(OAc), or

0
H \}Me 10 mol% Pd(OAc), VAT ‘)(Me
N 2 eq Cu(OAc),
Fe H Me Fe Ar
& P 5
100a Ar—H 100c
(100b, ~100 eq.) 6 ﬁ’;ﬁ%&'}es

<Y Ph
%}Me ~-© O\)(Me %4\@?:23
@ =

63%, 13.3:9:1 o:m:p? < 17%" 39%"

Figure 115. Pd-catalyzed oxidative ortho-arylation of ferrocenes.'®

“Stoichiometric in Pd(OAc),.
"Catalytic in Pd(OAc),.

Figure 116. ORTEDP plot of dimeric palladium complex resulting from
C—H activation of ferrocene derivative. All H atoms have been omitted
for clarity. Anisotropic displacement ellipsoids are shown at the 50%
probability level. The POV-Ray drawing was created from coordinates
obtained from Xia and You.'”® Selected bond lengths (A): Pd(1)—
Pd(2) = 2.858. Legend: black = carbon, red = oxygen, blue = nitrogen,
orange = iron, and silver = palladium.

Buchwald’s work demonstrates that highly selective arylations
are possible with as little as 4—10 equiv of the simple arene.
Dong and co-workers reported catalytic conditions amenable
to a relatively broad class of arenes, including O-carbamates,
phenylacetamides, benzamides and anilides (Figures 107—109).
Their ortho-arylations occurred under Fujiwara-type conditions
using TFA in combination with Na,S,0Og, a relatively benign and
inexpensive oxidant.”>”® The ortho-arylation of O-phenylcarba-
mates (88a) provides a way to make protected 2-arylphenol
derivatives (88c, Figure 107).” Because of the high reactivity of
the catalyst, O-phenylcarbamates bearing two reactive C—H
bonds undergo facile diarylation in a 4-fold C—H functionaliza-
tion process. Although used in large excess (~40 equiv), a wide
range of electron-deficient, electron-neutral, and electron-rich
arenes (88b) are well-suited for this process. In contrast,
phenylacetamide and benzamide substrates undergo arylation
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Figure 117. Kinetic isotope effect study for Pd-catalyzed oxidative
ortho-arylation of ferrocenes.'®
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Figure 118. Pd-catalyzed oxidative 2-arylation of azine N-oxides.>
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Figure 119. Pd-catalyzed oxidative 2-arylation of azine N-oxides.”
“Conducted at 120 °C.

best with electron-neutral and electron-rich arenes (89a,
Figure 108).”® For benzamides, the presence of electron-donat-
ing groups, such as methoxy, is required to promote reactivity.
Arylation of anilides exhibited reactivities and regioselectivities
similar to that of Buchwald’s’ and could be conducted ona 1 g
scale (88%, 1.30 g, Figure 109).”

To study the mechanism of Na,S,0g oxidative coupling,
Dong and co-workers prepared and characterized a cyclopalla-
date derived from an O-phenylcarbamate (Figure 110).>"
Subjecting this bimetallic palladium complex to simple arenes
in the absence of any external oxidant affords the ortho-arylation
products in excellent yields. A series of competition studies
revealed that electron-rich arenes react faster than electron-poor
arenes (Figure 111). Both benzene (78b) and o-dichlorobenzene
(85a) undergo cross-coupling in preference to their deuterated
analogues (Figure 112). Together, these results are consistent with
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Figure 120. Pd-catalyzed oxidative arylation of perfluoroarenes.'**
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Figure 121. Kinetic isotope effect studies for Pd-catalyzed oxidative
arylation of perfluoroarenes.'**

the Pd(I1/0) mechanism shown in Figure 113. Cyclopalladation
generates palladacycle 99b that can undergo electrophilic metala-
tion with simple arene 99¢.%° The authors note, however, that a
concerted metalation deprotonation cannot be ruled out. In CMD
mechanisms,** electron-deficient arenes typically react faster due to
enhanced C—H acidity. However, Fagnou and Gorelsky’s compu-
tational studies suggest that acidity is not the only critical parameter
in (trifluoro)acetate-assisted deprotonations, and so the CMD
mechanism may be more widespread than previously believed.

In related studies, the Dong group prepared palladium com-
plexes derived from cyclopalladation with N-(m-tolyl)pivalamide
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and N-phenylpyrrolidine (Figure 114).°° In contrast to their
previous work (vide supra), subjecting these bimetallic pallada-
cycles to arenes does not give expected ortho-arylation product.
Additives such as TFA and DMSO failed to effect cross-coupling.
Yet, the addition of Na,S,Og results in smooth transformation to
the final product. Because persulfate salts have a high redox
potential (i.e., 2.01 €V)*® and are thought to promote Pd(II/IV)
catalytic manifolds,””'* a mechanism involving oxidation of the
bimetallic palladacycle (99b) to PA(IIT)*>*°" or PA(IV)'%* can be
considered (Figure 113). These results emphasize that the mech-
anisms of oxidative cross-couplings may differ greatly depending
on the type of directing group and oxidant involved.

The You group used oxazoline as a directing group for oxidative
arylation of a ferrocene derivative 100a (Figure 115).'” The

mH 20 mol% Pd(OAC), A
N R 1eq.CuOAc N O
R

AcOH, 120 °C

O 3 atm O, 4

H R =H, 105b, 29%
105a = OMe, 105¢, 82%

Figure 122. Pd-catalyzed intramolecular oxidative cyclization of N-
benzoylindoles.**
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Figure 123. Pd-catalyzed intramolecular oxidative cyclization of diary-
lanilines and diarylethers.'%

stoichiometric version of this transformation proved more suc-
cessful than the corresponding catalytic variant and accommodates
electron-rich, -neutral, and -deficient arene coupling partners
(100b, 26—70% yields). Isolating the palladium bimetallic com-
plex (Figure 116) and subjecting it to a mixture of benzene and
deuterated benzene (78b, 78b-dg) with an external base (i.e.,
K,CO;3) reveals a primary product kinetic isotope effect. This
result suggests that the second palladation step occurs with
significant bond breaking of the arene C—H bond (ie., kiz/kp
(prod) = 1.8, Figure 117).

Other than N-protected indoles,** ** pyrroles,* and ben-
zofurans,®* azine N-oxides can undergo intermolecular arene
cross-couplings (Figure 118).%° Chang and co-workers demon-
strated that Ag,COj; can effect the 2-arylation of pyridine N-
oxides (102a) and other related heterocycles under Pd-catalyzed
dehydrogenation. In another account, Hu, You, and co-workers
developed conditions for catalytic arylation of heteroarenes
(Figure 119).* Functionalization occurs regioselectively at the
C2 position of electron-rich heteroaromatic rings. Hu and You’s
method can be performed on a gram scale without loss in
reaction efficiency.

Next, the group of Su cross-coupled perfluorinated arenes
with unfunctionalized arenes using Pd catalysts and stoichio-
metric Cu(OAc), as the oxidant (Figure 120)."** Silver salts,
however, afforded lower yields of the desired biaryl product
103c. This reaction tolerates sensitive and Lewis basic function-
alities such as unprotected anilines. Su’s arylations are highly
regioselective, typically favoring the least sterically hindered
C—H bond on the unactivated arene coupling partner (103b).
In substrates bearing electronically differentiated C—H bonds
exhibiting similar steric encumbrances, functionalization occurs
at the more electron-rich site. Intermolecular competition stud-
ies suggest that palladation of the perfluoroarene is not the rate-
limiting step (kg/kp (prod) = 1.3), but rather it is C—H
activation of the arene partner (ky/kp (prod) = 4.8—6.5,
Figure 121). A CMD mechanism”* involving C—H deprotona-
tion is likely.

3.2. Intramolecular Biaryl Bond Formation

Intramolecular oxidative arylation using palladium is a well-
precedented process. In 1978, Shiotani and Itatani demonstrated
that dibenzofurans could be derived from unsymmetrically
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Figure 124. Total syntheses of murrayafoline A (107b), clausenine (107c), and mukonine (107d) via Pd-catalyzed intramolecular oxidative cyclization

of diarylanilines.'°
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Figure 125. Total syntheses of murrayafoline A (107b) and glycozolidine (108b) via Pd-catalyzed oxidative cyclization."®”
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substituted diaryl ethers.'® The first catalytic example of in-
tramolecular oxidative arylation was developed by DeBoef and
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Figure 126. One-pot Pd-catalyzed synthesis of carbazoles from aryl

triflates and anilines.'®®
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Figure 127. Total synthesis of clausine L (110c) via one-pot Pd-
catalyzed synthesis of carbazoles from aryl triflates and anilines.'**
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111a 111b, 111b- d1,111b-d2

| kulkp (prod, 'Bu) = 0.16 |
| kulko (prod, F) =1.1]

Figure 128. Intramolecular kinetic isotope effect study for one-pot Pd-
catalyzed synthesis of carbazoles from aryl triflates and anilines.'**

co-workers in 2007 (Figure 122).% Using stoichiometric
amounts of CuOAc under elevated pressures of O,, cyclization
of N-benzoylindoles (105a) affords the 6H-isoindolo[2,1-
aJindol-6-ones (105b,c). The Fagnou group later extended this
method to the ring closure of unsymmetrically substituted
diarylanilines and diarylethers (106a) toward carbazoles and
dibenzo[b,d]furans (106b), respectively (Figure 123). 1% Pivalic
acid is a superior solvent to acetic acid and helps to improve reaction
efficiency while minimizing byproduct formation. Fagnou synthe-
sized murrayafoline A (107b), clausenine (107c), and mukonine
(1074, Figure 124) by intramolecular tandem direct arylation. In
combination with microwave technology, the total syntheses of
alkaloids murrayfoline A (107b) and glycozolidine (108b) were
later developed by Menéndez and co-workers (Figure 125).'"

The groups of Fujii and Ohno developed a one-pot carbazole
synthesis that combines a Buchwald—Hartwig cross-coupling
and intramolecular oxidative arylation (Figure 126). 198 In this
transformation, Pd(0/II)-catalyzed coupling between an aryl
triflate (109a) and an aniline derivative (109b) takes place to
afford a diarylamine intermediate. Next, intramolecular C—C
bond formation ensues in the presence of O, as the terminal
oxidant, analogous to Fagnou and Menéndez’s work. Many
functionalities can be tolerated in Fujii and Ohno’s reaction,
including ketones and esters, and the total synthesis of clausine L
(110c) was achieved by this method (Figure 127). Subjecting
isotopically labeled diarylamine 111a produces carbazole pro-
duct 111b but with significant loss of the deuterium label on
the tert-butyl-substituted aromatic ring. This result suggests
reversible ortho-palladation of diarylamine 111a. Additionally,
a secondary kinetic isotope effect is observed for the fluorine-
substituted aromatic ring (Figure 128). Overall, these inves-
tigations are consistent with a mechanism involving carbopal-
ladation of the aromatic ring to give complex 112f, which
undergoes [(-H elimination to yield carbazole 109¢
(Figure 129). The mechanism bears resemblance to Heck
couplings (see section 2). It is also reasonable to propose a
pathway involving electrophilic metalation.®

Synthesis of six-membered rings by Pd-catalyzed oxidative
cyclization was first reported by Liégault and Fagnou.'®” Dong
and co-workers developed a complementary strategy for anilides
110a via an intramolecular biaryl bond formation (Figure 130).7
Direct synthesis of six-membered lactams (110b) can be
achieved in the presence of Na,S,0s. Electron-donating groups

reductive
elimination

>
OTf

@\HJ@
L,Pd(0
R 109a 112;) <\

R

oxidative 1124 Ppalladation Pd”X
addition ; 112e carbopalladation
Buchwald- d”L Pd'Xz Oxidative
Hartwig 112f cyclization ] Pd”X

R1 coupling Rz% \
JPd''L, \_%v\ 112c
112b CsOTf + CsHCO4

H
ligand
Cs,CO5 + exchange
HoN

Figure 129. Proposed mechanism for one-pot Pd-catalyzed synthesis of carbazoles from aryl triflates and anilines."®
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110b
6 examples
30-77%
MeO
e ¢ e | MeO
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Figure 130. Pd-catalyzed oxidative cyclization of anilides.”

O 10 mol% Pd(OAc),
3 eq. Nazszos MeN
“wn O O
DCE, 70 °C
111a 30% N- methylcrlnasmdlne (111b)

Figure 131. Total synthesis of N-methylcrinasiadine (111b) via Pd-
catalyzed oxidative cyclization.”®
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X=0,C 22 examples
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Figure 132. Pd-catalyzed intramolecular oxidative cyclization.""°

on the benzamide ring are preferred. N-Methylcrinasiadine
(110b), a natural product isolated from Hippeastrum equestre
and Lapiedra martinezii, can be synthesized via this dehydro-
genative reaction, albeit in low yield (Figure 131).

Ackermann and co-workers coupled a triazole sp> C—H bond
with an arene sp> C—H bond using Pd(OAc), and Cu(OAc),
(Figure 132).""" Neither air nor AgOAc was as effective as
Cu(OAc),. On the basis of the observed regioselectivities,
Ackermann proposes a mechanism involving triazole pallada-
tion followed by arene activation. This second C—H bond
palladation may occur by a pathway distinct from base-assisted
deprotonation (such as 0-bond metathesis or electrophilic
metalation).

Intramolecular cyclization of N-pivaloyl pyrroles (111a) was
reported by the Fagnou group, a reaction involving a rare sp”—
sp’ coupling in air (Figure 133).'” The use of other oxidants

10 mol% Pd(OAc),

R2
i 2
R1OC / N R3 20 mol% NaO'Bu Ar— N R3
P|vOH 120 °C = R

air R'OC yH

1 13a 113b
14 examples
12-69%
47% eOZC 0% eOZC

Figure 133. Pd-catalyzed oxidative intramolecular cyclization.'%’

10 mol% Pd(OAC),

n
. 0, ¢ n
MeO,C / N CX 20 mol% NaO'Bu 20 mol% NaO'By o, /N Pr )
CX; PlvOH 120 °C = CX'3

air MeO,C X X
X or X' HorD 114b, 114b-d,, 114b-d;

Figure 134. Kinetic 1sotoge effect study on Pd-catalyzed oxidative

intramolecular cyclization."
H O R
R@C@JIW
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A "k

113a
H0 Pd"XZ palladat/on
s 115a
oxidation
Iy
0, d’X
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Pd(0) R'oc—~(_
3g
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N /N R2 elimination o
= R? R? HX
R'oc HH a—d N R® C-H bond
13b M N\= A—H__ activation
Pd -
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R'OC 445¢ step

Figure 135. Proposed mechanism for Pd-catalyzed oxidative intramo-
lecular cyclization.'”

(e.g,, 1 atm dry O,, Cu(OAc),, AgOAc) and bases (e.g.,, Na,COs,
CsOPiv, DABCO) decreased the overall reaction efficiency.
Regioselectivity is high for the C—H bond adjacent to elec-
tron-withdrawing groups present on the pyrrole (113a). In the
presence of deuterium-labeled pivalic acid, D atoms are incor-
porated in the isolated starting material (113a) and product
(113b), which suggests reversible arene palladation. A large
primary intramolecular kinetic isotope effect on the sp® C—H
bond reveals significant C—H or C—D bond breaking in the
rate-limiting step (Figure 134). Thus, Fagnou proposes a
mechanism involving reversible palladation of the arene as
the first step, followed by rate-limiting sp> C—H activation.
Reductive elimination generates the desired product and liber-
ates Pd(0), which undergoes oxidation by the O, present in air
(Figure 135).
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3.3. Miscellaneous Examples

Intramolecular 2-fold C—H activation has been coupled to
alkyne carbopalladation in a domino sequence for the synthesis
of quinolin-2(1H)-ones (116c) and 3-methyleneoxindoles (116d,
Figure 136).""" The Li group discovered that N-methyl-N-aryl-
ynamides (116a) can undergo either S-exo- or 6-endo-cyclization
and arylation with an unactivated arene (116b) to afford the
corresponding S-membered and 6-membered N-containing het-
erocycles, quinolin-2(1H)-one (116c) and 3-methyleneoxindole
(116d), respectively, with the former being favored in the
presence of pivalic acid. p-Nitrobenzoic acid also performs
the same task. Oxypalladation is a major byproduct when pivalic
acid is present. On the basis of kinetic isotope effect data
(Figure 137), Li and co-workers propose that C—H activation
competes with alkyne oxypalladation but is favored in the
presence of pivalic acid (Figure 138).

e

Ar! 5 mol% Pd(OAc),
5 mol% PPhy
3 eq AgOAc

ArZ-H

Me 116b, 60 e
116a ( ) wi 6 eq. PlvOH 116,,
116¢c 9 examples
12 examples 47-65%
12-51%
Ph Ph PMP
N~ ~0 N~ ~O N~ ~O
Me Me Me
51% 43% 49%
Me
Ph Ph
Ph Ph
/ cl / Ph
0 o /
N N
Me Me Me O 0
N
Me
51% 57% 47%, 2:1 p:m

Figure 136. Pd-catalyzed synthesis of quinolin-2(1H)-ones and 3-met-
hyleneoxindoles via C—H activation and tandem direct arylation.""!

A domino intramolecular C—H activation/enolate arylation
approach to phenanthrone derivatives (119¢) was reported by
the Cheng group,112 and this method complements other
oxidative enolate arylations (see section 5.2). Secondary alkylar-
ylketone 119a undergoes ortho-C—H arylation by direct cou-
pling with aryl iodide 119b to form an intermediate biph-
enylalkylketone, which then cyclizes (Figure 139). Catalytic
amounts of Pd(OAc), are optimal in the presence of an Ag,O
oxidant. A cyclopalladate derived from ortho-C—H activation of
cyclohexylphenylketone (Figure 140) converts to the corre-
sponding phenanthrone product when subjected to the reaction
conditions. Hence, the proposed mechanism involves direct
arylation (i.e., a C—H and C—1I bond undergo cross-coupling)”
between the alkylarylketone (119a) and the iodoarene (119b)
via cyclopalladation and may involve a Pd(II/IV) catalytic
cycle.'® Intermediate 120c coordinates weakly to the Pd center
and directs a second cyclopalladation on the distal aromatic ring.
Seven-membered palladacycle 120d undergoes deprotonation
and, finally, reductive ehmmatlon to furnish cross-coupling
product 119¢ (Figure 141).""* Using primary alkylarylketones,
oxidative carbocyclization does not take place and the reaction
halts after the direct arylation. An alternative mechanism invol-
ving a Lewis-acid catalyzed 677-electrocyclization is also possible,
because Ag,O alone can promote conversion of 120c to 119c,
albeit in reduced efliciencies.

4. CROSS-COUPLING VIA IONIC INTERMEDIATES

In sections 2 and 3, we described mechanistic strategies for
dehydrogenative coupling involving Pd catalysis, which primarily
involve the intermediacy of complexes containing Pd—C bonds
via direct C—H bond activation. In a complementary approach,
transition metals can promote oxidative C—C bond formation by
polar bond formation between an electrophilic carbon species
(e.g, a carbocation) and a carbon-based nucleophile (e.g., a
carbanion, enamine, or heteroaromatic). Carbocations can be
generated by C—H bond oxidation of a suitable precursor,
whereas carbanions can be prepared by deprotonation of relatively
acidic C—H bonds (Figure 142). Facile and mild oxidation of
substrates including amines, ethers, and simple allylic and
benzylic compounds and subsequent cross-coupling with a wide
range of nucleophiles is possible (Figure 143). Ionic-type

5 mol% Pd(OAc),

5 mol% PPhs

3 eq. AgOAc
PAH —m%——
(78b, 140 °C
60 eq.)

117a

5 mol% Pd(OAc),

5 mol% PPhs

X Ph
X X 3 eq. AgOAc
| ‘ + PhH 479
(78b, 140 °C
X N~ ~O 60 eq.
1 Me eq.)

X=HorD
(117a, 117a-ds,
0.5 eq. each)

Ph. o
/
HID Me Me
H/D

(w/ 6 eq. PivOH)

117b, 117b-d, 117¢, 117c-d,

ki/kp (prod) = 1.6 \

‘kHIkD (prod) = 2.1 \

T

(w/ 6 eq. PivOH)

117b, 117b-d, 117¢, 117¢c-d,

]kH/kD (prod) = 3.2 \

[ klkp (prod) = 1

Figure 137. Kineticisotope effect studies for Pd-catalyzed synthesis of quinolin-2(1H)-ones and 3-methyleneoxindoles via C—H activation and tandem

direct arylation.'"*
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Figure 138. Proposed mechanism for Pd-catalyzed synthesis of quinolin-2(1H)-ones and 3-methyleneoxindoles via C—H activation and tandem direct
arylation.""!
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Figure 139. Pd-catalyzed synthesis of phenanthrones via cross-cou-
pling of secondary alkylarylketones and iodoarenes.'">

couplings generally occur with minimal homocoupling because
the polarized intermediates (i.e., the carbocation or carbanion)
have a greater propensity to react with each other instead of with
themselves.

4.1. a-Functionalization of Amines

The electrochemical oxidation of alkylamines is a green
process that generates iminium ions by using electrical energy
to promote the loss of electrons.'"* These iminium ions will react
with various C-based nucleophiles to yield an overall dehydro-
genative cross-coupling. To achieve efficient coupling, the imi-
nium ions generated must react with a nucleophile faster than it
undergoes decomposition.'"* Oxidative C—C bond formations

the C—H activation of cyclohexylphenylketone. All H atoms have been
omitted for clarity. Anisotropic displacement ellipsoids are shown at the
50% probability level. The POV-Ray drawing was created from coordi-
nates obtained from Gandeepan et al.''*> Selected bond lengths (A):
Pd(1)—Pd(2) = 2.863. Legend: black = carbon, red = oxygen, green =
chlorine, and silver = palladium.

via in situ generation of carbocations is challenging because the
nucleophile (e.g., enolate) is susceptible oxidative degradation.
The o-functionalization of amines (and also p-functionalization
of arylamines'"®) with cyanide anions, however, has been known
since the late 1960s using both anodic''® and chemical'!”
oxidation methods. This strategy can tolerate cyanide anions
because cyamdes exhibit higher oxidation potentials than other
carbanions.'

In 2003, Murahashi and co-workers developed a general
strategy for the O-cyanation of amines (139a) with HCN
(139b) in the presence of Ru catalysts under nonelectrochemical
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Figure 141. Proposed mechanism for Pd-catalyzed synthesis of phe-
nanthrones via cross-coupling of secondary alkylarylketones and
iodoarenes.'"”
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Figure 142. General scheme for cross-couplings via ionic inter-
mediates.
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Figure 143. Overview of cross-couplings via ionic intermediates.

conditions (Figure 144)."'®""? In this reaction, either H,O, or
O, act as the stoichiometric chemical oxidant and promote

RL R 5mol% RuCl,  Riy-Re
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e
3 3
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10 examples
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Figure 144. Ru-catalyzed Q-cyanation of amines."'®""

“Conditions A: 2.5 equiv H,O,; conditions B: 60 °C, 1 atm O,.
Neither AcOH nor NaCN were added to the reaction.
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Figure 145. Synthesis of N-arylamino acids and 1,2-diamines from o
cyanoamines.118

oxidation of the alkylamine starting material (139a) to the
corresponding iminium cation. Nucleophilic addition of cyanide
anions derived either from AcOH/NaCN or HCN directly
quenches the positively charged intermediates, resulting in the
formation of a new C—C bond. For the aerobic system, some
ruthenium salts (e.g., K,[RuCls(H,0)], Ru,(OAc),Cl, RuCl,-
(PPhs);, Ru(bipy),Cl,, "Pr,NRuO,, RuO,), as well as other
metals (e.g,, MnCl,, CuCl,), demonstrated catalytic activity. For
the H,0O, system, RuCl,(PPh;); and "Pr,NRuQ, are effective,
but K,Ru(CN)g inhibits the desired a-functionalization. A
Hammett study revealed p = —3.35 and —3.61 for O,- and
H,0,-mediated oxidations, respectively, supporting the exis-
tence of the proposed iminium cations. The O.-cyanoamine pro-
ducts (140a) are useful building blocks for the synthesis of both
N-arylamino acids (140c) and 1,2-diamines (140d, Figure 145).

To expand the scope of nucleophiles that undergo oxidative o.-
C—Cbond formation with aliphatic amines, iminium ions can be
formed in a separate step. The Yoshida group pioneered the idea
of “cation pools”, the generation of high concentrations of long-
lived carbocations at low temperatures (—70 °C)."'* This
method employs dichloromethane as the solvent and tetrabuty-
lammonium _tetrafluoroborate (N"BuyBF,) as the supporting
electrolyte.""*"*° Yoshida described the oxidative C—C cross-
coupling between aliphatic carbamates (which are known to
undergo oxidation to their corresponding N-acyliminium ions)
and a variety of carbon nucleophiles using a graphitic anode
(Figure 146)."'* Reactive nucleophiles such as allylsilanes and
silyl enol ethers were suitable, as well as coupling partners

1249 dx.doi.org/10.1021/cr100280d |Chem. Rev. 2011, 111, 12151292



Chemical Reviews

1) N"BuyBF 4, CH,Cl,
H/O\H (2.5 F mol™), -72 °C H/O\Nuc

N N
2) Nuc-H
O)\OMe ) O)\OMe
124a 124b
6 examples
46-76%
CO,Me
N~co,Me N~co,Me Q\(
|
MeO OMe OMe  MeOOC  CO:Me
46%°
OMe Me N
76% Meooc ~ COMe
53%° 3:1 major:minor®? 71%°

Figure 146. Electrochemical o-arylation and alkylation of methyl
pyrrolidine-1-carboxylate (124a).'**

“1 equiv of the nucleophile was used.

"The product was isolated as a mixture of regioisomers.

220 equiv of the nucleophile was used at 0 °C.
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Figure 147. Electrochemical oxidation of methyl pyrrolidine-1-carbox-
ylate (124a).'"*

including simple arenes and activated methylenes. The existence
of electrochemically produced N-acyliminium ions was con-
firmed by NMR spectroscopy, which provides support for the
proposed “cation pool” (Figure 147). With a robotic synthesizer,
this method has been extended to solution-phase combinatorial
synthesis''* and flow chemistry.'*'

Li and co-workers were among the first to realize ionic-type
dehydrogenative couplings using chemical oxidants. In 2004,
they achieved an at-alkynylation of N,N-dimethylanilines (126a)
under neat conditions,'** a formal C(sp3)—C(sp) Cross-cou-
pling (Figure 148). Both Cu(I) and Cu(II) halides are suitable
catalysts, with CuBr giving the best results. tert-Butylhydroper-
oxide is the oxidant of choice, and aromatic alkynes (126b) are
the best coupling partners. Functional groups including pyridines
(36% vyield) and aliphatic alcohols (40% yield) are tolerated
despite the oxidative conditions. For N,N-dimethylbenzylamine
(127a), alkynylation takes place selectively at the methyl C—H
bond in preference to the benzylic C—H bond (Figure 149).
Using tetrahydroisoquinolines as the substrates (128a), cross-
coupling occurs at the benzylic position instead of the homo-
benzylic carbon. In the presence of a chiral ligand (e.g., PyBOx),
enantioenriched t-alkynyltetrahydroisoquinolines (128c) can
be synthesized in up to 74% ee, a result that suzpports the
existence of Cu-bound iminium ions (Figure 150).'** Comple-
mentary to this work, Fu and co-workers described a NBS-medi-
ated oxidative alkynylation under copper catalysis (Figure 151)."**

Li’s proposed mechanism involves copper acetylide 130e
undergoing nucleophilic addition to iminium ion 130c, which
is generated by Cu-catalyzed oxidation of alkylamine 130b
(Figure 152)."** The authors noted that a peroxide may be a
reactive intermediate (131a, Figure 153), although subjecting
the peroxide to asymmetric oxidative coupling gave the desired
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1.0-1.2 eq. '‘BUOOH Me
Me (5-6 Min decane) Ar—N
Ar—N  + H——R - — R
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Fh Ph Ph Ph Ph
N‘Me N\Me N‘Me N‘Me N‘Me
=~ "N OH
. |
OMe Br
74% 82% 74% 36% 40%

Figure 148. Cu-catalyzed a-alkynylation of amines.'** A decane solu-
tion of ‘BuOOH is commercially available from Sigma-Aldrich.
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Figure 149. Site-selectivity in Cu-catalyzed «-alkynylation of
amines.'**
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Figure 150. Enantioselective ~Cu-catalyzed a-alkynylation of
tetrahydroisoquinolines.'>®

product with decreased enantioselectivities.'>> The oxidation
state and specific identity of the active copper complexes
remains unknown. Cu-catalyzed (and -mediated) dehydro-
genations may involve iminium radical cations in the mecha-
nism and, hence, could be classified as radical C—C couplings
(see section S).

Amino acid amide derivatives can be prepared by oxidative
a-alkynylation of protected glycines (132c, Figure 154)."* Both
secondary and tertiary amides are tolerated, but replacing the
amide group with an ester functionality (i.e., an amino acid ester)
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Figure 151. Cu-catalyzed a-alkynylation of amines with NBS.'**
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Figure 153. Formation of peroxide intermediates in Cu-catalyzed
a-alkynylation of amines.'**
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(132b, 3 eq.) 50-78%
PMP-. J\H/NHMe PMP-. J\’( OPMP\ J\’( VLLOEt
8% 7% 132d, 63% (DCE 70 °C)

Figure 154. Cu-catalyzed at-alkynylation of glycine derivatives.'*®

results in a loss of reactivity (e.g, 132d). Li synthesized (=)-homo-
phenylalanine N-methyl amide (133d) from glycine N-methyl
amide (133a) in three steps, providing a straightforward and

10 mol% CuBr

" Ph
1.0 eq. ‘BUuOOH
H (5-6 M in decane) l
PMP\N)\H/NHMe
H CHzCIz PMP- NHMe
lycine N. (ch I amid e H
glycine N-methyl amide 127b 3e 0
(133a) g @ 133
68%
10% Pd/C
MeOH | 84%
50 psi H,
Ph Ph
TCAA, HCI (aq.
HCFHAN NHMe A PMP< NHMe
-Hy MeCN/H,O (1:1) H
o 88% o
(+)-homophenylalanine 133c

N-methyl amide (133d)

Figure 155. Synthesis of (4)-homophenylalanine N-methyl amide
(133d)."**

H H
10 mol% CuBr
N._ * Ar-H P N.
Ph  434p 1.0-1.3 eq. BuOOH Ph
(5-6 M in decane) Ar
134a 50 °C 134¢
17 examples
49-85%
N
CO C, GO OO
Ph Ph Ph Ph
O NH NH =2 O NH O N,
cl Me
79% 73% 85% 44%
Ph
ey O OO O
OMe
53% 49% 55%
49% (5 mol% CuBr,) (5 mol% CuBr,) (5 mol% CuBry)

Figure 156. Cu-catalyzed oi-arylation of tetrahydroisoquinolines.*'2®

CuBr was the optimal catalyst for indole alkylation, whereas CuBr,
was optimal for 2-naphthol alkylation. Under optimized conditions,
tetrahydroisoquinoline/indole = 1:1.2 and tetrahydroisoquinoline/
naphthol =

expeditious route to this class of unnatural amino acid derivatives
in racemic form (Figure 155).

Electron-rich aromatic rings (134b) are another class of
carbon-based nucleophiles for amine at-functionalizations. Arenes,
including indoles and naphthols, undergo amine @t-arylations by a
Friedel—Crafts-type mechanism (134a, Figure 156).*'>° With
indoles (134b), C3 alkylation is typically predommant as expected
for an electrophilic aromatic substitution.*® This reaction tolerates
both N-H and N-alkylindoles, as well as other functional groups
including chloro- (73% yield) and nitroaromatics (85% yleld)
With naphthols (134b), derivatives of (4)-1-(0-aminobenzyl)-2-
naphthol are produced, compounds commonly called Betti
bases.'”” In these reactions, undesired oxidative homocoupling
of 2-naphthol starting materlals to BINOL derivatives can be
observed in some cases,'>® analogous to many radical-type phe-
nolic couplings (see section S.1). The proposed mechanism
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Figure 157. Proposed mechanism for Cu-catalyzed ot-arylation of
amines.

H
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Ne - | X A 5 mol% CuBr Ne | )
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136a 136b 40°C 7 examples
52-68%
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e\N e\N
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Figure 158. Cu-catalyzed ai-arylation of N,N-dimethylanilines."*®

involves Qt-oxidation to generate an iminium ion intermediate
135c¢, followed by nucleophilic addition by the aromatic or
heteroaromatic r1n§ (135d) to yield a Wheland intermediate
(135e, Figure 157). © Arenium cation 135e undergoes subsequent
deprotonation and rearomatization to give product 135f£.

Huang and co-workers demonstrated that N,N-dimethylani-
lines can undergo ot-arylation under Cu catalysis (Figure 158),"**
whereas Itami and co-workers developed a Fe-catalyzed variant
(Figure 159).'* The Huang group observed regioselective
C3 functionalization of indoles under copper catalysis with
tert-butylhydroperoxide as the oxidant."*® In Itami’s method,
FeCl;/bipy is the best catalyst, but other iron halides (e.g., FeF,,
FeBr,, Fel,) and Rul; also promote the desired reaction. 29 1n
contrast to reports from the Li and Huang groups (vide supra),
CuBr fails to generate the desired product. Pyridine N-oxide
serves as the stoichiometric oxidant for this cross-coupling.
Heterocycles including thiophenes, furans, indoles, and azain-
doles (137b) are suitable substrates for Itami’s tandem C—H
bond dehydrogenation.

In a study by Tsuchimoto and Shirakawa’s groups, coupling
between electron-rich heteroaromatic rings (138c) and the
S-position of 1-methylpyrrolidin-2-one (138a) and 4-position
of 3-methyloxazolidin-2-one (138b) was achieved with catalytic
Zr(OTf), (Figure 160)."%° Regioselectivity of the C—H bond
alkylation depends on the coupling partner, with indoles favoring
C3 alkylation and pyrroles and thiophenes favoring C2 alkyla-

tion. The authors propose that, under an aerobic atmosphere, the

RiyR 10 mol% FeClydH,0  RL-R
+ Het-H
k 10 mol% bi
(137a, 2 g‘eq ) 1370 20 molgb Kply Het
T 2 eq. pyridine N-oxide 137¢
DMA, 130 °C 6 examples
26-61%
Etozc
BnMeN BnMeN_ BnMeN NMeBn
eO e’N _ _ | N
- 's MeO ~ S ~ O _
= Me N
OMe Me
60% 6%  4T% 40% 56%?

Figure 159. Fe-catalyzed O-arylation of amines with electron-rich
heteroaromatics.'>

“Reaction conducted with S equiv 30% H,0, (aq.) at 80 °C.

H X
X R 0.5 mol% Zr(0TfH, R "'Ji =0

J:N):O - 1 )m : \J\>7NMe

HON y 130°c [ H—H

1 atm O, Y
X =CH,, 138a,20 eq. 138¢c 138d
=0,138b,20eq. y=NR, S 11 examples
9-58%
é]m ng E%I 8?
24% 58%  godercy  22% 14%

Figure 160. Zr-catalyzed arylation of 1-methylpyrrolidin-2-one (138a)
and 3-methyloxazolidin-2-one (138b) with electron-rich hetero-
aromatics.'*°

presence of the Lewis acid promotes oxidation of 138a and 138b
to their corresponding N-acyliminium cations via cation radical
intermediates. Indeed, 1 mol % of TEMPO, a radical scavenger,
inhibits the reaction. Zr(OTf), is believed to enhance the
electrophilic aromatic substitution reaction that takes place
between the heteroaromatlc ring and the pyrrolidinone/oxazo-
lidinone coupling partner.*® Other Lewis acids (e.g,, Sc(OTf)s,
In(OTf);) and also Bronsted acids (e.g., TFOH) are catalytically
active."*

Enolates undergo nucleophilic additions to iminium ions
generated via O-oxidation of amines. The direct coupling be-
tween nitroalkanes (139b) and amines (139a) in the presence of
a copper catalyst was described by Li and Li (Figure 161)."*" This
formal C(sp®)—C(sp) coupling provides facile access to 1,2-
diamines, a common motif found in natural products and chiral
ligands."** Although the nitroalkane starting material 139b is
typically used as the solvent (~80 equiv), decreasing the amount
to 1 equiv does not dramatically reduce reaction efficiency."
When N-phenylpyrrolidine is subjected to catalysis, in addition
to the monoalkylation product (139e, 53% yield), a side product
resulting from two a-alkylations (ie., difunctionalization) is
observed (4% yield, not shown). This reaction can be conducted
under aqueous conditions using oxygen to reglace tert-butylhy-
droperoxide as the terminal electron acceptor."* Judicious choice
of the oxidant is critical in controlling mono- over didehydrogena-
tion (i.e, where the nitroalkane product is oxidized to its
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4 iti a
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10 examples
30-82%

Me
Nopp Nopp \©\N.Me Q\/
|
NO, OzN\) Ph

139d 139
A: 75% A:53%,1.7:1dr A: 62% A: 53%°
B: 79% B: 75%, 1.7:1 dr B: 63%

Figure 161. Cu-catalyzed o-alkylation of amines with nitro-
alkanes.'3"'3?

“Conditions A: ~80 equiv nitroalkane, 1.0—12 equiv
‘BuOOH (5—6 M in decane); conditions B: 5 equiv nitroalkane,
1 atm O,, H,0, 40—60 °C.

¥ Additionally, a product resulting from two o-alkylation reactions
was observed in 4% yield.

R\ .R?
N
1 2 + IBUOOH
RANR nucleophilic 3J\
J\/N o, addition __ [cy] R1393H
R 2 140a
R4
139¢ H,0
o oxidation
®
CU’O\ -0 Rtﬁ,Rz
RY Jteu-o'su
140¢c R*  140b
deprotonation
NO,
A, rleu
H™ R* 140a
139b

Figure 162. Proposed mechanism for Cu-catalyzed o-alkylation of
amines with nitroalkanes.'*"'3?

corresponding nitroalkene). CuBr is critical for both amine (139a)
oxidation and nitroalkane (139b) deprotonation/enolization
steps (Figure 162).

The Stephenson group invented a photocatalytic version of
this reaction using Ir(ppy),(dtbpy)PF (Figure 163)."** They
found that nitroalkanes (141b) and amines (141a) can undergo
dehydrogenative cross-coupling with moderate to good yields.
Removing either the Ir catalyst or light, however, leads to
decreased efficiencies. Stephenson’s oxidative C—C bond for-
mation proceeds in the absence of O, and suggests that nitro-
alkane itself acts as an electron acceptor and visible light is simply
used to initiate a sequence of single-electron transfer processes
that culminates in the oxidation of the amine (136d) to its
corresponding iminium cation (136g, Figure 164). The catalyst
chosen is a variant of Ru(bipy);Cl,, a complex known for its
ability to undergo Photoexcitation via metal-to-ligand charge
transfer using light.”*> This Ru complex has also enabled new
catalytic methods using visible light,"*® as described indepen-
dently by the MacMillan"*” and Yoon groups.'*®

Lessard, Li, and co-workers reported cross-dehydrogenative
coupling between enolates and amines in the presence of
ionic liquid (IL) [BMIm][BF,] (Figure 165)."*° The reaction

NR'R2 NO, 1 mol% Ir(ppy),(dtbpy)PFs R'R*N_ NO,
.
R3"H H R4 visible light R3 R4
141a (141b,5-7.5 eq.) 141c

10 examples
27-96%

N

\P‘BTCGH4Q\\
Ph  NO,

0,N” Ph

100%, 5:1 dr?  27% (68% brsm)

NO, Me” “NO

2

92% (139d) 96%, 2:1 dr

Figure 163. Ir-catalyzed photomediated oi-alkylation of amines with
nitroalkanes.'*

“Reaction conducted in DMF. Conversion is based on
'"H NMR.

single 152
electron NR'R
oxidation

Ir(l)*

R® “H

141a
142a\§\ .
NR'R

photoexcitation
visible |r(||) J\
light 142b R® “H
Ir(liT) 142d
142¢ X | hydride
X reduction | abstraction
X= 02 or (’?R»]Rz
R4CH,NO, I
141b RS
142e
nucleophilic | R*CHNO,
addition 141b
R'R? NO,
RS R*

Figure 164. Proposed mechanism for Ir-catalyzed photomediated o
alkylation of amines with nitroalkanes.'**

7e'
N, ,, — N.
2 *"Ph single- -+ Ph
H electron H
134a transfer 143a
. N.
deprotonation Ph
H
134a
+ N:H
N"Ph ® Ph
) H
143b 143c
L single-electron
transfer
O,N__H
N. 143e
Ph " N
nucleophilic Z@® Ph
NO, addition 143d

139d

Figure 165. Proposed mechanism for oxidative oO-alkylation of N-
phenyltetrahydroisoquinoline (134a) with nitromethane.'*

between N-phenyltetrahydroisoquinoline (134a) and nitro-
methane yielding f-nitroamine 139d, for example, can be
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recycled up to nine times without significant decreases in
catalytic efficiency. Because of the robust nature of ILs and their
ability to accommodate charged intermediates, the authors
envisaged accomplishing dehydrogenative coupling electroche-
mically. Cyclic voltammetry experiments suggest that amine
134a oxidation is a viable process. A two-step procedure was
thus developed using a Pt electrode (Figure 166) and can be
classified as a “cation pool”'** strategy. In this case, carbocations
are generated electrochemically in the IL in the absence of
nucleophiles.'* Trapping the proposed cation 143d with diethyl-
phosphite resulted in a product from formal oxidative C—P bond
formation via tandem oxidation of a C—H and P—H bond (not
This work also provides support for the radical inter-
medlates proposed in other Cu-catalyzed dehydrogenations.

Next, Li and co-workers extended ionic-type dehydrogena-
tions to malonate nucleophiles (144b) under both neat'* and
aqueous'** conditions (Figure 167). The mechanism proposed is
analogous to that of nitroalkane—aminoalkane coupling. Cross-

No2
(143e
—2e 2F mol” 2eq)
[BMIm][BF4] NEt; ®/ N
Ph NO,
134a 143d 139d
80%

93% Faradaic yield

Figure 166. Electrochemical oxidative O-oxidation of N-phenyltetra-
hydroisoquinoline (134a) with nitromethane.">

H
CO,R? 5 mol% CuBr
N+ N-g
Ry H” “CO,R? conditions A or B2 !
H 144b R20,C” “CO,R?
144a 144c

10 examples
56-86%

S0, O, C0L D

MeO,C~ ~CO,Me EtO,C~ “CO,Et BnO,C~ “CO,Bn
A: 74% A: 65% A: 70% Me Me
0, 0,
B: 63% B: 59% A: 86% (in
hexanes)

Figure 167. Cu-catalyzed a-alkylation of tetrahydroisoquinolines with
malonates. "33

“Conditions A: 2.5 equiv H,O,; conditions B: 60 °C, 1 atm O,,
HZO-

coupling N-phenyltetrahydroisoquinoline (134a) and maloni-
trile (145a) gives products derived from both the desired C—C
bond formation (145b) and the competing O.-cyanation (145c¢)
depending on the amount of oxidant used (Figure 168). Addi-
tional equiv of 145a also promote Qt-alkylation. The authors
believe that oxidative degradation of malonitrile with Cu(1I) to
2-oxomalonitrile and cyanide anions leads to the formation of
this byproduct, in analogy to Murahashi’s earlier work."'®'"?

To achieve oxidative coupling between ketones and the o
carbon of an alkylamine, Klussmann and co-workers combined
transition metal catalysis and organocatalysis. In 2009, VO-
(acac), and L-proline were found to effect cross-coupling be-
tween simple ketones (146b) and amines such as tetrahydro-
isoquinolines and N-methylpyrrolidines (146a, Figure 169)."*"
VO(acac), displays higher catalytic activity than Cu(acac),,
Fe(acac)s, and Co(acac), salts. L-Proline is the optimal second-
ary amine catalyst for converting the ketone into an enamine
nucleophile. In this reaction system, these two catalysts are
mutually compatible and play independent roles. The proposed
mechanism involves nucleophilic addition of enamine 147b to
iminium ion 147d, which in turn is derived from amine 146a
(Figure 170). The authors mention that amine N-oxides are
unreactive under the reaction conditions and are thus not likely
intermediates. Oxidation of amine 146a to iminium 147d,
however, may involve radical species because adding 2,6-di-tert-
butylphenol inhibits catalysis. Although the organocatalyst used
is enantiomerically pure, low levels of enantioinduction are
observed (7% ee), possibly due to racemization of the [3-
aminoketone products under the reaction conditions. Regard-
less, this method provides a short route to (4)-hygrine (148c)
(Figure 171). In a related account, Huang and co-workers
reported a similar cross-dehydrogenative couplmg between methyl
ketones and N,N-dimethylanilines (Figure 172)"** using copper
and pyrrolidine/benzoic acid as catalysts. Although other copper
and iron salts are also efficient metal catalysts for this transformation,
the addition of the pyrrolidine cocatalyst is crucial.

10 mol% VO(acac),

RLN'Ri H\)CL 10 mol% L-proline R\N—Rzo
R3KH R4 1.5 eq. 'BuOOH R3J\/[LR4
146a  (146b, 5 eq.) MeOH 146¢
11 examples
32-69%
o) o)
Nepn Nepn
Me Et N N
Me Me
o) o)
69%, 7% ee 65% 30%, 1:1.8dr  37%, 1:2.8 dr

Figure 169. V- and proline-catalyzed oi-alkylation of tetrahydroisoqui-
nolines and N-methylpyrrolidines."*!

H CN
134a 145a

5 mol% CuBr

H (5-6 M in decane) ;Z

X €q. tBuOOH

145b 122d
x=1.0: 29% 7%
x =20: 36%

Figure 168. Cu-catalyzed at-alkylation and o-cyanation of tetrahydroisoquinolines with malonitrile.'*’
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Figure 170. Proposed mechanism for V- and proline-catalyzed o-
alkylation of tetrahydroisoquinolines and N-methylpyrrolidines."*'
(0] 10 mol% L-proline

3
M {3 Hve
N HQLMQ 15eq. BUOOH N

Me MeOH Me
148a (148b, 5 eq) 45%, (i)-hygrine (148C)

10 mol% VO(acac),

Figure 171. Total synthesis of (£)-hygrine (148c) via an oxidative O.-
alkylation of N-methylpyrrolidine."*

5 mol% CuBr

30 mol% CN>

Me L n R HPhCOH N R
AT/N\/H /\(f)I/ 1.5 eq. 'BUOOH Ar \/\ﬂ/
150a 150b (5.5 M in decane) 150c
(5eq.) MeOH, 70 °C 11 examples
42-73%

/HkEt /HLMe /H‘\Me J)LMe
Me. Me. Me\ Me. N
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Figure 172. Cu- and pyrrolidine-catalyzed «a-alkylation of N,N-
dimethylanilines.'*®

The Huang group applied this strategy to the synthesis
of protected amlno acid esters from glycine derivatives
(Figure 173)."** Using a combined Cu/pyrrolidine catalytic
system, oxidative C—C cross-coupling occurs with high yields
(and diastereoselectivities where relevant). Using acetone
(148b) as the starting material, dehydrogenative coupling is
found to be optimal with tert-butylhydroperoxide, while for cyclic
ketones, DDQ_is preferred. In accordance with Klussman (vide
supra), the authors note that replacing the organocatalyst
pyrrolidine with r-proline derivatives provides the desired

Ar
Ar\ ﬁ)L 10 mol% Cu(OAc),H,0  NH O
RS — = " o1 M 3
R'0, C 30 mol% [ ) o R? i
mol*7
149a (149b 15-68 eq.) ” 149¢
conditions 20 examples
46-83%
CO,Et COEt PMP. o PMP G o
p—TolHN)l PhHN)l BUOth)\é EtOZC)\Euj
Me (e} Me (e} s
73%?2 54%32 75%7 63%¢
47%, 15% ee 51 dr 41 dr

36%, —12% ee®

Figure 173. Cu- and pyrrolidine catalyzed o-alkylation of glycine
derivatives."

“Conditions: 68 equiv acetone, 1.5 equiv ‘BuOOH (5.5 M in
decane).

®Conditions: 30 mol % L-proline methyl ester was used, 1.5 equiv
PhCOOH.

‘Conditions: 30 mol % L-proline n-butylamide was used, 1.5 equiv
PhCOOH.

dConditions: 15 equiv ketone, 1 equiv DDQ, CHCl3, 0 °C to rt.

H 5 mol% CuBr H
H EwG 10 mol% DABCO
Noy ¥ \H/ f N\Ar
Ar 1.0 eq. ‘BuOOH
H (151b, 2 eq.) (5-6 M in decane) EWG
151a 50 °C 151¢c
4 examples
29-69%
Ac CN CN OMe
30% 58% 69%

Figure 174. Cu-catalyzed a-vinylation of tetrahydroisoquinolines.*

coupling products with low levels of enantioinduction (<15%
ee). This transformation is proposed to involve radicals because
radical inhibitors (e.g, 2,6-di-tert-butyl-4-methylphenol) de-
creased yields significantly. For a related o-alkylation with
dibenzylic cations, see section S.4. For a related O-arylation
under organo-SOMO catalysis, see section 5.2.

Li developed the a-vinylation of tetrahydroisoquinolines
(151a) using an alternative transition metal catalysis and orga-
nocatalysis strategy (Figure 174).* In this case, DABCO is the
nucleophilic cocatalyst used to generate a reactive enolate that
can subsequently undergo addition to the iminium cation, which
is formed via Cu-catalyzed oxidation of the amine coupling
partner 151a. This reaction is formally an aza-Morita—Baylis—
Hillman reaction'*® with an alkylamine instead of an imine as the
starting material. Other phosphine cocatalysts commonly used
for these reactions, such as triphenylphosphine, are effective
due to detrimental oxidation to their corresponding phosphine
oxides.

4.2. o-Functionalization of Ethers

In analogy to the a-functionalization of amines, ionic-type
oxidative C—C coupling is possible with benzylic ethers. In 2006,
the Li group achieved the ai-alkylation of ethers (152a) using a
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Figure 175. In- and Cu-catalyzed ct-alkylation of benzylic ethers.'**
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Figure 177. a-Alkylation of benzylic ethers mediated by DDQ."*
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Figure 176. Proposed mechanism for In- and Cu-catalyzed a-alkyla-
tion of benzylic ethers."**

combined In/Cu catalytic system in the presence of DDQ
(Figure 175)."** A number of different enolates can undergo
cross-coupling with moderate to good yields. Sensitive functional
groups such as alkyl chlorides remain intact under the optimized
conditions. The authors found no reaction in the absence of
either catalyst or oxidant. It is believed that the high oxidation
potential of DDQ_facilitates oxidation of the benzylic ether
(152a) to the corresponding oxonium ion (153b) in the
presence of InCly (Figure 176). A copper or indium enolate
(153d) is the proposed nucleophile. It was later discovered that a
variant of this transformation could be achieved at elevated
temperatures under neat conditions without a catalyst, which
provides support for Li’s mechanistic proposal:'** a transition
metal free oxidation of benz hc ethers to their corresponding
oxonium ions (Figure 177). !

4.3. Allylic C—H Bond Functionalization

Allylic C—H bonds, like 0-C—H bonds of amines and ethers,
can undergo functionalization by dehydrogenative cross-cou-
pling. Because s-allyl intermediates have widespread use in
organic synthesis, there is much interest in generatlng these
reactive species by allylic C—H bond activation."*® Li and Li
discovered that the combination of copper and cobalt salts can
catalyze coupling between simple allylic compounds (155a) and
activated methylenes (155b, Figure 178)."*” Using tert-butylhy-
droperoxide as the sacrificial oxidant, five-, six-, and seven-

2.5 mol% CuBr
EWG' 10 mol% CoCl, EWG'

Rl H + Hk

B — 1
R2 EWG2 2.0 eq. BUOOH Rz/\/ SEWG2
(155a, 5 eq.) R

(5-6 M in decane)

155b 80 G 155¢
15 examples
18-71%
MeOC._ _COMe o o MeOC. _COMe
Cl< JE ECOzEt COMe
34% 55%, 1:1 dr 31% 41%

Figure 178. Cu- and Co-catalyzed allylic alkylation of activated methy-
lenes with simple allyls.'*”

membered cyclic alkenes (155a) undergo efficient C—C bond
formation with a variety of stabilized carbanions. Functionalities
that are typically reactive with carbon nucleophiles (e.g., alkyl
chlorides) are tolerated. Whereas copper improves reaction
efficiency, removal of cobalt leads to complete inhibition of the
allylic alkylation. Li performed a deuterium labeling study to
provide support for the intermediacy of a metal 7-allyl complex
(157b) and found that alkylation occurs at the both the vinylic
and allylic carbons (i.e., generating formal Sy2 and Sy2’ prod-
ucts, Figure 179). On the basis of this mechanistic data, the Li
group proposes a dehydrogenative coupling that involves allylic
C—H bond abstraction, followed by nucleophilic substitution of
the incoming nucleophile (Figure 180). The exact role of the
added copper and cobalt salts and synergy between the two
catalysts remains unknown.

The Shi group reported a complementary Pd-catalyzed allylic
alkylation of simple allyls (158a) using benzoquinone as the
sacrificial oxidant and 1,2-bis(phenylsulfinyl)ethane (BS) as
the ligand under an aerobic atmosphere (Figure 181).'*
intermolecular tandem C—H bond functionalization, the hnear
product dominates. In intramolecular dehydrogenation, cycliza-
tions yielding five- and six-membered rings proceed efhiciently
and with excellent diastereoselectivity. Although Shi’s reaction
employs palladium salts as catalysts, aryl bromides and aryl
chlorides are maintained under the reaction conditions. The
authors confirmed that palladium was required because both
benzoquinone and DDQ were ineffective in the absence of
Pd(OAc),. The addition of a radical inhibitor (e.g, 4-meth-
oxyphenol) does not affect the observed reactivity, which pro-
vides evidence against single-electron transfer steps. Addi-
tionally, Wacker-type mechanisms'*® are ruled out based on
the observation that 1-aryl-1-propenes could not act as suitable
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Figure 181. Pd-catalyzed allylic alkylation of activated methylenes with
simple allyls."*® BS is a mixture of meso and racemic isomers.

surrogates for allylarenes (although degenerate 7t-allyl intermedi-
ates would be formed). Indeed, a Pd s-allyl complex derived
from allylbenzene can be detected by mass spectrometry (ESI-
MS)."*® In contrast to traditional Tsuji—Trost reactions,'*®
allylic acetate 152b is unreactive under Shi’s optimized condi-
tions (Figure 182). A competition study between deuterated and
undeuterated allylarenes (160a) revealed that allylic C—H
activation is rate-limiting (Figure 183): ky/kp (intra-
molecular) = 2.7 and ky/kp (intermolecular) = 2.2. Thus, the
mechanism proposed is rate-limiting sp> C—H bond activation
of simple allyl 158a to generate Pd s-allyl complex 161b,
followed by nucleophilic substitution with activated methylene
158b and oxidation of the resulting Pd(0) to active Pd(II)
catalyst (Figure 184). Although Pd(0) is formed during catalysis,
aromatic C—Cl and C—Br (as well as allylic acetates) are
maintained, likely because oxidative addition is not favored in
the absence of phosphine ligands.

The White group concurrently discovered a similar allylic
alkylation with exquisite selectivity for the linear isomer using the

same bis(sulfoxide) ligand BS (Figure 185)."*° With methylni-
troacetate (162b) as the cross-coupling partner, a wide range of
allylarenes (162a) can undergo allylic alkylation with excellent
yields and functional group compatibility. Benzoylnitromethane
and (phenylsulfonyl)nitromethane are also suitable coupling
reagents. In contrast to other allylarenes, 3-allylindole under-
goes dehydrogenative coupling with a minor preference for
the branched isomer (1.2:1 dr). White isolated a Pd s-allyl
complex resulting from C—H activation and examined its
reactivity in stoichiometric experiments. DMSO is required
for catalysis.

An analogous C3 alkylation of indoles 163b with simple allyls
163a was demonstrated by the Bao group (Figure 186)."'
Catalytic PdCl, and stoichiometric DDQ are required to drive
this reaction, but CuBr, NiCl,, and ZrCl, also demonstrated
some activity. This dehydrogenative coupling exhibits good
functional group compatibility and accommodates reactive sp”
C—Br bonds. Although direct allylic C—H palladation is a
reasonable mechanism to consider, simple DDQ-mediated allylic
cation formation is an alternative that is favored by the authors.
Bao and co-workers propose a mechanism where Pd(II) acts as a
templating agent by coordinating both allylic cation and indole
and thereby promoting electrophilic aromatic substitution.*
With 3-substituted indole substrates, alkylation of the C2 posi-
tion is observed.""

Allylic alkylation with allylarenes is possible in the absence of
transition metal catalysts and has been achieved with some
success, as exemplified by Bao’s discovery of cross-coupling
between (E)-1,3-diarylprop-1-enes (164a) and activated methy-
lenes (164b) with DDQ (Figure 187)."*> The aromatic substit-
uents on allylic partner 164a impart a stabilizing effect that is
crucial for reactivity. Bao’s proposed mechanism for this coupling
is analogous to Li’s mechanism'** for DDQ-mediated alkylation
of benzylic ethers, namely, oxidation to a carbocation, followed
by nucleophilic addition with a carbon enolate (Figure 188). A
propargylic variant of this cross-coupling was later achieved by
the same group (Figure 189).">* In substrates where propargylic
cross-coupling partner 166a is unsymmetrical, alkylation takes
place adjacent to the aromatic ring bearing an electron-releasing
substituent (e.g., methoxy, chloro).

4.4. Benzylic C—H Bond Functionalization

On the basis of the known ability of allylic C—H bonds to
undergo dehydrogenative C—C bond formation, the Shi group
developed the first direct cross-coupling of benzylic C—H bonds
in 2009. They discovered that an iron catalyst in combination
with DDQ_effects the direct arylation of diphenylmethanes
(167b) with electron-rich arenes (167a), a reaction that
has been termed “cross-dehydrogenative arylation” (CDA)
(Figure 190)."* DDQ_ is superior to other commonly used
oxidants (e.g, ‘BuOO'Bu, dicumyl peroxide, ‘BuOOAc, and
benzoquinone), and FeCl, promotes coupling with higher
efficiency than other transition metal salts (e.g, NiCl,, CoCl,
PdCl,, and CuCl,). Shi’s transformation exhibits excellent
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activated methylenes.'*®

functional group compatibility and accommodates unpro-
tected aldehydes, aryl halides, and thioethers.'>* The observed
regioselectivity on the aromatic ring coupling partner 167a
favors alkylation ortho and para to electron- donatlng groups,
which provides evidence for an SgAr pathway.*® Accordingly,
electron-withdrawing aromatic substituents on diphenyl-
methane partner 167b led to reduced reaction efficiencies in
comparison to their electron-rich counterparts. Small
amounts of a byproduct resulting from homocoupling of
167b can be detected in some cases. Shi observed a large
primary kinetic isotope effect for diphenylmethane (168b, ki;/
kp = 6.0), which suggests that benzylic C—H bond cleavage is the
rate-limiting step (Figure 191). Although single-electron transfer
steps are likely involved, the authors favor a mechanism involving
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=
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Figure 185. Pd-catalyzed allylic alkylation of methylnitroacetate.'** BS
is a mixture of meso and racemic isomers. DMBQ = 2,S-dimethyl-
benzoquinone.
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Figure 186. Pd-catalyzed C3 allylic alkylation of indoles."*!

electrophilic aromatic substitution of dibenzylic cation 169c¢
(Figure 192). For a related study involving radical intermediates,
see section 5.4

An organocatalytic variant of this transformation was achieved
by the group of Cozzi using a MacMillan imidazolidinone catalyst
(Im-1) (Figure 193)."*> With DDQ as the terminal oxidant, o.-
alkylation of aldehydes (170a) with diarylmethanes (170b) is
possible with moderate to good enantioselectivities. Cozzi’s
coupling tolerates a wide range of functional groups, including
free N—H indoles, and exhibits moderate to good levels of
both diastereo- and enantiocontrol. The proposed mechanism
involves formation of enamine 171a, followed by subsequent
nucleophilic addition to dibenzylic cation 171b, which in turn
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Figure 189. DDQ-mediated propargylic alkylation of activated methy-
lenes.'>

results from DDQ_oxidation of the diarylmethane starting material
170b (Figure 194). Asymmetric induction is achieved by selective
addition to the less-hindered face of the enamine as depicted in
Figure 195S. In addition to diarylmethanes, diallylic and allylbenzylic
substrates 172b undergo oxidative cross-coupling with aldehydes
(172a, Figure 196). For a related enantioselective Ot-arylation of
aldehydes under SOMO catalysis, see section 5.2.

Gong and co-workers developed a highly enantioselective Cu-
catalyzed coupling between activated methylenes (173b) and
3-benzylindoles (173a) under Lewis acid catalysis (Figure 197). 156
Cu(OTH), performs better than Mg(OTf), or Zn(OTf), in the
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Figure 190. Fe-catalyzed arylation of diphenylmethanes.'>*
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Figure 191. Kinetic isotope effect study for Fe-catalyzed arylation of
diphenylmethanes.'*
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Figure 192. Proposed mechanism for Fe-catalyzed arylation of diphe-
nylmethanes.154 Ar'OH represents reduced DDQ, i.e., 2,3-dichloro-5,6-
dicyanohydroquinone.

presence of bis(oxazoline) (ie, BOx) ligands. A large number of
chiral indole products 173c can be prepared via this strategy.
Preliminary mechanistic studies suggest the intermediacy of di-
benzylic cationic intermediates (174b, Figure 198), in agreement
with Shi’s original CDA reaction (vide supra). Stereoselective
nucleophilic addition with chiral copper enolate 174c¢ is thought to
be the enantiodetermining step, which results in the formation of a
new C—C bond with enantiocontrol.

Shi and co-workers have demonstrated that Fe catalysis can be
applied to an analogous oxidative functionalization of dibenzylic
compounds with simple alkenes (175a); the olefin acts as a nucleo-
phile for the carbocation formed from the oxidation of diphenyl-
methane (168b, Figure 199)."” Although the product appears to
arise from a formal Heck-type reaction, the mechanism invoked
does not involve carbometalation and /3-H elimination steps (see
section 2).
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catalyzed at-alkylation of aldehydes with diarylmethanes.">®

Complementary to enolate alkylations, alkyne alkylation by
dehydrogenative coupling of dibenzyls (176b) is possible. The Li
group reported CuOTTf as a catalyst for oxidative C—C bond
formation between terminal alkynes (176a) and dibenzyls (176b)
in the presence of DDQ, a strong oxidant (Figure 200)."*® FeCl,
did not demonstrate catalytic activity, and InCl catalyzed
cross-coupling with reduced yields. The authors observed mod-
erate to good reactivity for aromatic alkynes but could not extend
this method to aliphatic variants.

4.5. Biaryl Bond Formation

Biaryl bond formation from two unactivated C—H bonds can
be achieved via transition metal catalysis (see section 4) or
phenolic type radical cross-couplings (see section S.1). Direct
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Figure 196. Enantioselective amine-catalyzed tt-alkylation of aldehydes
with diallylmethanes and allylbenzenes.'>
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Figure 197. Cu-catalyzed enantioselective alkylation of activated
methylenes."

arylations by mechanisms involving polar bond formation are an
alternative strategy. In 2009, Kita et al. used Koser’s reagent (i.e.,
PhI(OH)OTs) to couple heteroaromatic rings (177a) with
other heteroaromatic rings or electron-rich arenes (177b,
Figure 201). 159 This reaction was discovered based on the known
ability of thiophenes and other electron-rich heterocycles to
undergo 2-iodination in the presence of the hypervalent iodine-
(T1I) salts and fluorinated solvents (e.g., hexafluoro-2-propanol).
TMSBr is required as an additive to promote the desired
dehydrogenative C—C bond formation by exchanging the OTs
ligand on the I(III) intermediate with a Br ligand, which reduces
the electron density of the iodoarene intermediate. In light of
these observations, Kita et al. propose a mechanism involving
iodination of the heteroaromatic ring 177a with Koser’s reagent,
ligand exchange with TMSBr, hydroarylation with unactivated
arene 177b, and subsequent elimination of Phl and HBr to
liberate final product 177c (Figure 202). In a stoichiometric
study, the authors prepared the iodine(III) reagent (with either
an OTs or Brligand, i.e., 178a or 178b, respectively), subjected it
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Figure 200. Cu-catalyzed alkynylation of diphenylmethanes.'*®

to the reaction conditions, and observed the cross-coupled
product 177c¢ in excellent yields.

The group of Canesi used stoichiometric amounts of Phl-
(OAc), to achieve an oxidative C—C coupling between
p-substituted anilides and phenols (179a) with thiophenes
(179b, Figure 203)."" Aliphatic alcohols, aryl chlorides, and
aryl bromides are all tolerated under these reaction conditions,
among many other functional groups. During the course of their
studies, the authors identified a polycyclic byproduct believed to
arise from a formal [4 + 3]-cycloaddition between an anilinium
cation and thiophene. This observation supports a mechanistic
proposal involving oxidation of anilide 179a to anilinium cation
180a, followed by nucleophilic addition of thiophene 179b.
Intermediate 180b then follows one of two pathways. Either

1.05 eq. PhI(OH)OTs
2 eq. TMSBr X

RUN

X
¢ M+ A
R/

(177b, HFIP
X=S,NPh 2eq.) 177¢c
177a 11 examples
42-98%
"CeHis
=
NPh
S
~
—
60% 2% 78% 42%

Figure 201. PhI(OH)OTs-mediated oxidative intermolecular biaryl
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Figure 203. PhI(OAc),-mediated oxidative intermolecular biaryl C—C
coupling.'*

direct proton transfer ensues, liberating the final biaryl product in
one step (180e), or cyclization to furnish a new C—N bond,
generating the aforementioned polycyclic byproduct, and subse-
quent rearrangement occurs (Figure 204). To improve reaction
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Figure 20S. Intramolecular Friedel—Crafts acylation with alde-
hydes.'®>

yields, protic acids such as trifluoroacetic acid or camphorsulfonic
acid can be added to promote the final rearrangement step. This
work parallels the well-known ability for polyphenylenes to undergo
intramolecular oxidative C—C cross-coupling (ie., the Scholl

. 161y . . O .
reaction *') via the action of appropriate Lewis acids and oxidants
via Friedel—Crafts-type intermediates.

4.6. Miscellaneous Examples

An alternative and complementary method for oxidative C—C
bond formation by ionic intermediates involves the direct
coupling of an aldehydic C—H bond with an arene C—H bond
via a Friedel —Crafts type mechanism. Barluenga and co-workers
discovered an intramolecular reaction of polyaromatic aldehydes
to yield ketone products using stoichiometric amounts of IPy,BF,
as an activating agent (Figure 205)."% This cyclization results in
the formation of diarylketone products. Although the mechanistic
understanding remains elusive, Barluenga proposes the interme-
diacy of an iodonium-activated aldehyde (182a, Figure 206). This
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Figure 206. Proposed mechanism for intramolecular Friedel—Crafts
acylation with aldehydes.'®>
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Figure 207. Generic scheme for cross-couplings via radical inter-
mediates.
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Figure 208. Overview of cross-couplings via radical intermediates.

activated electrophile is prone to nucleophilic attack of the nearby
aromatic ring, followed by -1 elimination to afford final product
181b. Alternatively, the BF, anion may undergo addition to the
iodonium-activated aldehyde 182a to generate acyl fluoride inter-
mediate 182d, which liberates the desired product by a sequence
of addition and elimination events.

5. CROSS-COUPLING VIA RADICAL INTERMEDIATES

Forming C—C bonds by using radical intermediates is rela-
tively versatile because radicals can undergo couplings with
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Figure 210. Cu-catalyzed diastereoselective intermolecular oxidative
phenolic coupling.'®®

carbocations, carbanions, and other radicals, as well as additions
to C=C multiple bonds (Figure 207). In many cases, transition
metals can be used to catalyze selective C—H bond oxidation to
single-electron intermediates. Phenols, sp> C—H bonds o~ to
carbonyl functionalities (e.g., aldehydes, ketones, and esters),
electron-rich arenes (e.g, indoles and pyrroles), and simple
benzylic compounds can all undergo oxidative radical C—C
bond formation (Figure 208).

5.1. Biaryl Bond Formation

The cross-coupling between two phenols (or naphthols)
yields valuable bisphenol (or binaphthol) products that make
up a class of privileged ligands (e.g, BINOLSs)'®® and natural

o
OO Ph F&V o
10 mol% ! |
oH o H,Cul O Ph

! ¢
(186a, 4 eq) 32 CH:Cl/MeCN OH
+ 40°C,1atm O, OH
H
oH PMP
9@ :
PMP 186b, 68%, 90% ee
o
185b

Figure 211. Cu-catalyzed enantioselective intermolecular oxidative
phenolic coupling.'® The carbonyl found ortho to the phenolic OH is
essential for high enantiomeric excesses.
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OH
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R R
O,Cu'L,, O/Cu"Ln

188d ~ 188c
single-electron transfer

Figure 212. Proposed mechanism for Cu-catalyzed enantioselective
intermolecular oxidative phenolic coupling.

products.'®* In general, to achieve oxidative cross-coupling
between two distinct phenols, their oxidation potential must
differ enough such that an oxidant will selectively oxidize one
phenol and not the other; otherwise, competitive homocoupling
occurs. In 1987, Yamamoto and co-workers reported the selec-
tive cross-coupling between naphthol and phenanthren-9-ol in
the presence of stoichiometric amounts of a chiral Cu—DPEN
complex,'® and this method was later extended to include
differentially substituted naphthols.'®® A diastereoselective in-
tramolecular variant was developed by Lipshutz to make a
new class of BINOL derivatives termed cyclo-BINOLs (184b,
Figure 209).'¢7 Using a chiral tether (obtained in enantioen-
riched form by asymmetric dihydroxylation), excellent levels of
diastereocontrol are possible. Lipshutz’s reaction requires stoi-
chiometric amounts of a Mn(acac); oxidant, but catalytic quan-
tities of CuCI(OH) - TMEDA (i.e., 8 mol %) in the presence of
O, may be used instead. The Collins group developed an
alternative Cu-catalyzed method using N-heterocyclic carbenes
as ligands and Oxone as the terminal oxidant. A menthol auxiliary
controls the biaryl coupling to provide chiral BINOL derivatives
diastereoselectively (Figure 210).'¢®8

Complementary to this work, the Kozlowski group reported a
Cu-catalyzed enantioselective oxidative C—C bond formation
between two different naphthols 181a and 181b using O, as the
sole oxidant (Figure 211)."® In cases where phenolic cross-
coupling is favored over homocoupling, the authors propose a
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Figure 213. Fe-catalyzed enantioselective intermolecular oxidative
phenolic coupling.'”
“Two equiv of coupling partner 189b was used.

radical combination with a second equiv of the naphthol starting
material as depicted in Figure 212. The Cu catalyst acts as an
oxidizing agent that is itself reoxidized by an external sacrificial
oxidant such as O,. Single-electron transfer is more facile in the
presence of electron-donating substituents on the naphthol
cross-coupling partner. The authors suggest that the redox step
from Cu(1I) to Cu(1) is likely the slow step in the catalytic cycle.

The Katsuki group disclosed a highly stereoselective variant of
this transformation under Fe catalysis (Figure 213).'”° Using a
salan ligand, hydroxy-bridged iron dimer 190a catalyzes oxidative
cross-coupling of electronically differentiated 2-naphthols (i.e., an
electron-rich naphthol 189a with an electron-poor naphthol
189b). The transformation favors cross-coupled binaphthol
products 189c with moderate to excellent selectivities (up to
20:1); both homocoupling (of the more electron-rich naphthol)
and cross-coupling occurred with excellent levels of enantiocon-
trol (up to 96% ee). Catalytic homodimerization of 2-naphthols
occurs with a first-order dependence on substrate concentration
and partial pressure of O,. Additionally, this reaction displayed a
linear relationship between enantiomeric excesses of the catalyst
and isolated product. As depicted in Figure 214, the proposed
mechanism involves an Fe(III/IV) catalytic cycle for the phe-
nolic cross-coupling, with ligand exchange, oxidation, nucleophi-
lic coupling, and rearomatization as key steps. The mechanism
likely involves radical cation intermediates and is related to
biologically relevant oxidative couplings (see section 6). Electro-
nic differentiation of the 2-naphthol starting materials affects two
key parameters: (1) rate of oxidation by O, and (2) strength of
coordination to the Fe center.

A related oxidative cross-coupling between naphthols and
naphthylamines is possible'”" and can be achieved enantio-
selectively.'”> Although stoichiometric amounts of copper and
chiral ligand (ie., (R)-0-methylbenzylamine) are required, the
Kocovsky group found that coupling 2-naphthol (191b) and
2-naphthylamine (191a) results in fortuitous precipitation of the
product enriched in (—)-isomer 191c, while the mother liquor is
enriched in the (+)-isomer 191d (Figure 215)."”* In another
study, Lipshutz et al. used a tether approach to synthesize cyclic
variants of these compounds, termed cyclo-NOBINS, via intra-
molecular dehydrogenation (191b, Figure 216)."”

Nonphenolic biaryl bond formation has previously been
described (see sections 2.5 and 4). In 1973, using VOF; in TFA,
Kupchan and co-workers were able to synthesize (+)-glaucine
(193b) and (:i:)-N—formylnoréglaucine by intramolecular biaryl
coupling (193d, Figure 217)."”* Presumably, the more electron-
rich aromatic ring undergoes oxidation to an arenium cation
194b via a formal two-electron process that likely involves two
single-electron transfer steps (Figure 218). Although the me-
chanistic details are unknown, we classify this C—C bond
formation as a radical-type oxidative cross-coupling due to
similarities to biological oxidations (see section 6). A photo-
chemical variant of this transformation was disclosed in 1984
for the synthesis of (&)-cryptopleurine (195c¢, Figure 219)."7°
Mechanistic understanding remains sparse, but it is believed
that photochemical excitation generates intermediates with
unpaired electrons. These species undergo cyclization by a
sequence of radical addition and elimination steps to afford the
product. Alternatively, a mechanism involving 6s7-electrocycli-
zation may also be involved.

Prior to transition metal-catalyzed approaches to C—H activa-
tion, direct thallation and subsequent oxidative cross-coupling
provided a strategy for direct C—C bond formation.'”® Syntheses
of (&)-ocoteine (196b), also known as (& )-thalicimine;'”” (£)-
3-methoxy-N-acetylnornantenine (196d, a nonbasic norapor-
phine alkaloid from the heartwood of Liriodendron tulipifera);
(2£)-kreysigine (196f, an alkaloid from Kreysigia multiflora);
(£)-O-methylkreysigine (196h) ;'7% and (£)-deoxytylophorinine
(196)'7 were achieved via oxidative biaryl coupling in the
presence of stoichiometric amounts of TI(TFA); (Figure 220).
Electrophilic thallation of the electron-rich aromatic ring occurs
via single-electron oxidations and forms radical cation inter-
mediates that undergo subsequent cyclization and finally oxida-
tion to liberate the biaryl product.'”® Another possible
mechanism involving electron-transfer steps that do not involve
C—Tl bond cannot be ruled out.

An Fe-mediated dehydrogenative cyclization was developed
by the Wang group for the total synthesis of (4)-deoxytylophor-
inine (196j) and ()-antofine (197c, Figure 221)."*" A mixture
of E and Z isomers of the starting materials 197a and 197d
provides the desired phenanthrene products (197b and 197,
respectively) with high efficiency. The authors propose a radical
mechanism for this cyclization based on ESR spectroscopic
studies on their related catalytic studies (g = 2.0025) with m-
CPBA as the terminal oxidant (Figure 222).'*

Most intramolecular oxidative biaryl C—C couplings result in
six-membered ring formation. Larger rings, however, can be
formed by this dehydrogenative approach. Kita and co-workers
observed selective formation of seven- and eight-membered rings
using phenyliodine bis(trifluoroacetate) (PIFA) as an oxidant
(Figure 223).'® BF,-OFEt, is added to promote the desired
intramolecular coupling by rendering PIFA more reactive.
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Figure 214. Proposed mechanism for Fe-catalyzed enantioselective intermolecular oxidative phenolic coupling.'”
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Figure 215. Cu-mediated enantioselective intermolecular oxidative
coupling between 2-naphthol and 2-naphthylamine.'”> The precipitate
isolated from the reaction is enriched in (—)-isomer 191c, whereas the
mother liquor is enriched in the (+)-isomer 191d.

Cyclization to form eight-membered rings is difficult, and oxida-
tion to the corresponding quinone byproduct competes.'®* In
Kita’s reaction, the desired C—C bond-forming event can be
favored by choosing substituents on the starting material that
favor cyclization over overoxidation to quinones. As such, the
proposed mechanism involves single-electron oxidation of the

H,N OH

OH
H 0 4 eq. CuCl, /
NH, Q 16 eq. )

Q O oa-methylbenzylamine

o

H MeOH, 0 °C
O O O O
O:XO 6. 0
Me Me Me Me
192a 192b, 79%

Figure 216. Cu-mediated intramolecular oxidative phenolic coupling
toward cyclo-NOBINs.'7?

more electron-rich aromatic ring, followed by SpAr to 199c,
oxidation to arenium cation 199d, and finally ring-expansion to
give the desired product 199f (Figure 224).

An intermolecular PIFA-mediated biaryl coupling between
arenes (200a) and mesitylene derivatives (200b) has been
achieved by the Kita group (Figure 225)."** The Koser reagent,
PhI(OH)OTs, can be a substitute, but using other metal salts,
including FeCl; and TI(TFA)s, leads to significantly reduced
reaction efficiencies. Other common oxidants, including DMP,
DDQ, and CAN, give no desired cross-coupled product (200c).
The Kita group found that naphthalenes, thiophenes, and anisole
derivatives (200a) are suitable cross-coupling partners. Concep-
tually related but mechanistically distinct strategies for oxidative
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Figure 218. Proposed mechanism for intramolecular oxidative biaryl
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C—C cross-coupling using Koser’s reagent or iodobenzene
diacetate between electron-rich heteroarenes and electron-rich
arenes were discussed in section 2.5.

5.2. a-Arylation of Aldehydes by Organo-SOMO Catalysis

Organocatalysis enables enantioselective oxidative coupling
via radical intermediates. In 2009, the groups of Nicolaou'® and
MacMillan'®® independently reported the enantioselective o-
arylation of aldehydes (201a, 202a) by organo-SOMO cataly-
sis."®” With an amine catalyst and an appropriate oxidant (e.g,,
CAN or [Fe(phen);]PF), high levels of enantioinduction are
possible (Figures 226 and 227).185186 1 general, electron-rich
aromatic rings undergo efficient oxidative C—C bond formation.
Using this approach, Nicolaou and co-workers achieved the total
synthesis of (—)-demethyl calamenene (206¢, Figure 228),'*°
while MacMillan and co-workers prepared (—)-tashiromine
(207¢, Figure 229)."%

While Nicolaou suggested a Friedel—Crafts mechanism in-
volving ionic intermediates*® (see section 4),"®® MacMillan and

~10 mol% I,
dioxane

hv
48%

MeO

195b

~25 eq. LiAIH,
THF, reflux l95%

OMe

MeO
(£)-cryptopleurine (195c)

Figure 219. Total syntheses of (£ )-cryptopleurine (195¢c) via photo-
chemical oxidative intramolecular biaryl C—C coupling.'”®

co-workers proposed an alternative radical-based 8pathway. On
the basis of related studies on SOMO catalysis,'®” MacMillan
favors a mechanism involving formation of iminium ion 208b,
which undergoes a one-electron oxidation to enammonium
radical cation 208c, which then cyclizes to afford an arenium
radical cation 208d (Figure 230)."% 208d undergoes a second
one-electron oxidation to arenium cation 208e, followed by
rearomatization (by deprotonation) and hydrolysis to regenerate
the amine catalyst (Im-2). In a collaborative study, MacMillan
and Houk supported the existence of open-shell radical inter-
mediates in this intramolecular dehydrogenative coupling by
DEFT calculations. The best theoretical description of prochiral
enammonium radical cation 208c was determined to be an alkyl
radical stabilized by an adjacent iminium ion. MacMillan and
Houk’s calculations support ortho-selective cyclization via a
tightly ordered six-membered transition state (Figure 231); in
contrast, a Friedel —Crafts mechanism would favor para-selective

alkylation.

5.3. Enolate—Enolate Cross-Coupling

Two different enolates can undergo cross-coupling at their o.-
positions to provide direct access to 1,4-dicarbonyl compounds
by dehydrogenative C—C bond formation. Dienolate homocou-
pling was first reported in 1971."%% As early as 1975, oxidative
coupling from two enolates was reported using CuCl, as the
stoichiometric oxidant, presumably occurring via radical inter-
mediates. Typically, one enolate coupling partner is used in
excess to minimize competitive homocoupling. With this ap-
proach, expeditious syntheses of several natural products, includ-
ing dihydrojasmone (209c¢), cis-jasmone (209f), allylrethrone
(209i), and ipomeanine (209k), were realized (Figure 232)."”
Regioselectivity of these dehydrogenation reactions is dictated by
the inherent reactivities of the .-C—H bonds (i.e., formation of a
kinetic versus thermodynamic enolate by selective deprotona-
tion). Concurrent with this work, cross-coupling between two
ester enolates was developed.'”!

Baran and co-workers were first to apply oxidative dienolate
coupling to complex molecule total synthesis in their synthesis of
the stephacidins, a family of alkaloids that exhibit potent in vitro
cytotoxicity a%ainst a number of human tumor cell lines
(Figure 233).">7"* Intramolecular coupling between the .-
carbons of an amide and an ester afforded the basic polycyclic
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framework required for ent-(—)-stephacidin A (210c, 61%, 66%
brsm). Fe(acac); was the optimal oxidant, and Cp,FePF, FeCls,
CuCl,, Cu(OTf),, and Cu(2-ethylhexanoate), (Cu(2-EH),)
gave lower yields. Carefully tuning the oxidation potential is
necessary to promote the desired oxidation over competing ones.
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Figure 220. Total syntheses of (£)-ocoteine (196b), (=£)-3-methoxy-
N-acetylnornantenine (196d), (+)-kreysigine (196f), (£)-O-methylk-
reysigine (196h), and (+£)- deoxgtylophonmne (196j) via Tl-mediated
oxidative biaryl C—C coupling."

By repeating the same sequence with the opposite enantiomer of
the starting reagents, (4 )-stephacidin A (210c) was prepared
and ultimately transformed into (—)-avrainvillamide (211a,
Figure 234) and subsequently (+)-stephacidin B (not shown).

Overman and co-workers used a similar oxidative ketone—
ester cross-coupling to achieve the first total synthesis of (+)-
actinophyllic acid (212c), an indole alkaloid obtained from
Alstonia actinophylla that demonstrates promising inhibition of
carboxypeptidase U (Figure 235)."” In the presence of excess
amounts of strong base, indole derivative 212a underwent
chemo- and stereoselective intramolecular oxidative C—H bond
cross-coupling to afford polycyclic compound 212b in a single
step. The authors identified [Fe(DMF);Cl,] [FeCl,]"° as the
best oxidant for this dehydrogenative cyclization. Product 212b
was subsequently converted to (&)-actinophyllic acid hydro-
chloride (212¢) in four steps.'” In a subsequent account,
enantioenriched (4 )-actinophyllic acid was prepared from com-
mercially available y-aminobutyric acid in a total synthesis
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Figure 222. Proposed mechanism for Fe-mediated oxidative arylation.
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featuring an asymmetric hydrogenation.'”” The Overman group
used this approach toward Strychnos alkaloids (+)-condylocarpine
(212d), (+)-isocondylocarpine (212e), and (+)-tubotaiwine
(212f).

Baran and co-workers have conducted an in-depth study on
their intermolecular oxidative dienolate cross-coupling reaction
(Figure 236).""%'%° Distinct diastereomers can be generated by
varying the oxidant (i.e., Fe(III) or Cu(II)). Using this method,
(—)-bursehernin (214d), alignan lactone that exhibits antitumor
activity, was synthesized using a chiral auxiliary to control the
absolute stereochemistry (Figure 237).

Baran performed radical clock experiments to support the
existence of radical intermediates (Figure 238)."7%1%° Whereas
the Cu(II)-mediated coupling leads to ring-opening of the
adjacent cyclopropane ring (i.e., suggesting radical character at
the o-carbon), the analogous Fe(III)-mediated reaction does
not. A Hammett analysis on both the oxazolidinone and propio-

R' R2?

R1
RS R?

1 eq. PIFA O
H 2 eq. BF5-OEt, R

X CH,Cl,, 40 °C X

« H 2% M5 O
R4

R5

R* RS 198b
X =CH,, N-TFA, O, SO 13 examples
n=1,2 12-92%
198a
OMe
OMe OBn
OTBS
o™ A -
. TFA-N —_—
O ® o
OMe OMe OMe e
OMe
91% 64% 47%2

Figure 223. PIFA-mediated oxidative intramolecular biaryl C—C
coupling.'**
“1.1 equiv PIFA in TFE at —40 °C with no BF;- OEt,.

phenone components identified linear relationships for Fe(III)-
mediated oxidations for both partners (Pgxazolidinone = —0-63;
Ppropiophenone = —0.25), which provides support for partial loss of
electrons during the course of the reaction. For Cu(II), an inverse
parabolic relationship is observed for both partners, which
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Figure 225. PIFA-mediated oxidative intermolecular biaryl C—C
coupling.'®*
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indicates a change in rate-determining step. The mechanistic
intricacies of both Cu(II)- and Fe(IIl)-mediated dehydrogenative
enolate cross-coupling warrant further investigation both experi-
mentally and theoretically.

Extending the scope of enolate cross-coupling, Baran and co-
workers reported a novel indole—enolate heterocoupling for the
expeditious synthesis of (+)-hapalindole Q (216d), (—)-ent-12-
epi-hapalindole D (216e), and (—)-12-epi-fischerindole U iso-
thiocyanate (216f, Figure 239)."” >°" A brief examination of
reaction conditions revealed that indole (216a) undergoes
dehydrogenative C—C bond formation with (R)-carvone
(216b) in the presence of Pb(OAc),, FeCls, TiCl,, Mn(acac)s,
and CAN, with Cu(2-ethylhexanoate), being the optimal stoi-
chiometric oxidant. Using a more advanced coupling partner,
(—)-ent-12-epi-fischerindole G (217c), (—)-12-epi-fischerindole
I (217d), and (+)-welwitindolinone A (217e) can also be
accessed (Figure 240). Similarly, (4)-acremoauxin A (218c), a
plant growth inhibitor, and (+)-oxazinin C (218f) can be
prepared by this route (Figure 241).”°" These tandem C—H bond
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OHC 7 H Tt
A ;
N

202b
202a 10 examples
61-96%
58-98% ee
CHO OMe CHO CHO
S (0]
|y |y
B: 80%, A:70%, B: 96%, B: 96%,
98% ee? 97% ee® 94% ee® 90% ee®

Figure 227. MacMillan’s amine-catalyzed enantioselective Q-arylation
of aldehydes."

“2.5 equiv [Fe(phen);]PFs, S equiv NaHCO;, MeCN,
—20 °C.

2.5 equiv [Fe(phen);]PFs, 1 equiv Na,HPO,, acetone,
—30°C.

2 equiv CAN, 2 equiv NaHCO;, 2 equiv NaTFA, acetone,
—30°C.

oxidations typically occur with excellent levels of diastereoselectivity
and can be applied to a wide range of ketone and ester enolates
(Figure 242). Functionalizing the 0.-position of ketones (219a)
with indole (216a) yields structural motifs that are present in
many naturally occurring compounds and may be a useful tool
for the drug-discovery process.

To study the oxidative coupling between indoles and enolates,
Baran constructed a series of Hammett plots for CS- and C6-
substituted indoles.”®" For CS-substituted indole coupling part-
ners, a nonlinear relationship between the observed reaction rate
and 0 is observed. The reactivity trend, however, dictates that
electron-withdrawing substituents enhance coupling. On the
other hand, for C6-substituted indoles, a negative linear correla-
tion is observed (with p = —0.61). Thus, Baran can conclude
significant anionic character at both C3 and N1 positions in
the transition state. Dimerization of indole itself does not occur
in the absence of the ketone, which suggests that oxidation of
the ketone takes place first. Because free N—H indoles are
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HC._H
- 2 eq. NaHCO3, 2 eq. NaTFA
(%, N
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o) H
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N
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Figure 229. Total synthesis of (—)-tashiromine (207c¢) via oxidative enantioselective ot-arylation of aldehydes.'*
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required for the C—C bond formation, the authors favor a radical
anion mechanism involving a templated radical addition that
may help to explain the excellent diastereocontrol observed
(Figure 243).

Figure 231. Transition state model for amine-catalyzed enantioselec-
tive Q-arylation of aldehyde S-(3-methoxyphenyl)pentanal. The POV-
Ray drawing was created from coordinates obtained from Um et al."*®
Legend: black = carbon, red = oxygen, blue = nitrogen, and white =
hydrogen.

Ma and co-workers used an intramolecular indole—enolate
dehydrogenative cougling in the synthesis of (—)-communesin F
(221d, Figure 244).”* In contrast to work from the Baran group
(vide supra), this reaction proceeds with I, as the stoichiometric
oxidant in the absence of transition metals. Although the
mechanistic details for this oxidative cross-coupling remain
elusive, model studies suggest that oxidative cyclization occurs
selectively between the C3 position of the indole and the o-
carbon of an amide. The reaction efficiency depends on the pK,
of the O-proton, with nitro-substituted phenylacetamides being
the best substrates. Ma used indole derivative 221a substituted
with a TBS-protected (S)-phenylglycinol to synthesize com-
pound 221b, which upon reduction of the aromatic nitro group
liberated pentacyclic compound 221c¢ with good levels of dia-
stereoselectivity. The chiral auxiliary tethered to the amide N
induced stereoselectivity in the C—C bond coupling. The Ma
group transformed compound 221c to (—)-communesin F
(221d) in 13 steps.

Extending dehydrogenative cross-coupling to the C2 alkyla-
tion of pyrroles (222b) was demonstrated by the Baran lab
(Figure 245).2°"2% Although pyrroles bearing electron-deficient
substituents are ineflicient in oxidative coupling, electron-rich
pyrroles participate in efficient oxidative C—C bond formation to
yield products containing highly sterically congested quaternary
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o] o Mc H
+ 613 —,
H —
Me)l\/"' \)J‘"csHm 2) 4.5 eq. CuCl,, DMF, 78 °Cto 1t " i
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10% NaOH _
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53% Me I 80% Me
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209h v ( )
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2)45eq.CuCh, DMF, -78°Ctort | |
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(148b, 3 eq.) 209a 73%
(0]
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o
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+
Me)l\/H
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O
O H 1) 4.5 eq. LDA, THF, -78 °C
Ht
Me)l\/ \)KE\>
(148b, 3 eq.) o 59%
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Figure 232. Formal synthesis of dihydrojasmone (209c) and total syntheses of cis-jasmone (209f), allylrethrone (209i), and ipomeanine (209k) via

oxidative ketone dienolate cross-coupling.'”

H
CO,Me
H _7g o
\-OMe 1) 2.2 eq. LDA, THF, -78 °C
o NN o 2) 2.2 eq. Fe(acac)s, THF, =78 °C to rt
Me N 61%
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Figure 233. Total synthesis of (—)-stephacidin A (210c) via oxidative ester—amide dienolate cross-coupling.

(-)-stephacidin A (210c)

192—194
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carbons. Baran used this approach in his synthesis of (S)-
ketorolac (223c) with a ferrocenium hexafluorophosphate oxi-
dant (Figure 246). As in the case of indole—enolate heterocou-
plings and enolate cross-couplings, Baran proposes a radical
mechanism that involves an outer-sphere single-electron transfer
process from the Fe center.

5.4. Functionalization of Simple Alkanes

Benzylic radical formation can provide an alternative route
for oxidative C—C cross-coupling (see section 2.4 for benzylic
cation formation). In 2008, Powell and co-workers demon-
strated that C—H bonds adjacent to aromatic rings undergo
dehydrogenative alkylation with activated methylene com-
pounds (224b) under copper catalysis in the presence of a
‘BuOOBz oxidant (Figure 247).2°* In this reaction, bath-
ophenanthroline (BP) was the ligand of choice. A primary
intramolecular kinetic isotope effect was observed for the
diphenylmethane partner (ky/kp = 1.6) (Figure 248). Be-
cause 1-phenylethyl benzoate undergoes smooth conversion

(+)-stephacidin A (ent-210c)

ll 2 steps

(-)-avrainvillamide (211a)

Figure 234. Total synthesis of (—)-avrainvillamide (211a) via oxidative
ester—amide dienolate cross-coupling.'*****

to the desired product under the reaction conditions, the
authors propose a mechanism involving two distinct steps: (1)
C—H bond oxygenation, followed by (2) nucleophilic sub-
stitution (Figure 249).

In contrast to transition metal-catalyzed C—H activation and
ion formation, radicals derived from simple unfunctionalized
alkanes can undergo selective oxidative C—C bond formation.
Zhang and Li reported an Fe-catalyzed alkylation of activated
methylenes (227a) using simple cycloalkanes (227b) as the
coupling partners in the presence of di-fert-butylperoxide

o R®
H RC
RWN&H * ﬁ)L R1R2NM
then [O] N4
R3 R* R®R* O
213a 213b 213c

41 examples
9-91%

Me 0 Me

1 g°
0" °N o o] Me ©
J ol O o)
. o N
Bn N MOM
Me
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OMe
i 7 S o ~__NH
0" "N Ay
\—Q CO,tBu
ipPh \_< CO,tBu
|Pr

65%, 1.9:1 dr” 58%, 1.5:1 dr”

Figure 236. Oxidative intermolecular ester—amide dienolate cross-
coupling."****?

“2.1 equiv LDA, THF, —78 °C to rt, then 2.0 equiv Fe-
(‘BuCOCHCOMe)s,

b3 equiv LDA, 5 equiv LiCl, toluene, —78 °C to rt, then 2.75
equiv Cu(2-EH), with 1.75 equiv 213b.

2.1 equiv LDA, THF, —78 °C to 1t, then 2.0 equiv Fe(acac)s.

NBoc 3.2 eq. LDA, 78 °C, THF

H  then 3.5 eq. [Fe(DMF)sCL][FeCl,]

~78°C'o it N
g E EE
H 57-59% yield 212b
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91% ee lleteps
Me Me
\ et _H
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. - \ q 2 k N
\ O EtOH
1 atm H,
CO,Me H COMe H CO,Me
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(+)-isocondylocarpine (212e)

(+)-tubotaiwine (212f)

Figure 235. Total syntheses of (—)-actinophyllic acid (212c) (4+)-condylocarpine (212d), (+)-isocondylocarpine (212e), and (+)-tubotaiwine

(212f) via oxidative ketone—ester dienolate cross- couphng
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X
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Pr
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Figure 237. Total syntheses of (—)-bursehernin (214d) via oxidative intermolecular ester—amide dienolate cross-coupling.
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Figure 238. Radical probe experiments for oxidative intermolecular ester—amide dienolate cross-coupling.
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216b
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Me
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Figure 239. Total syntheses of (4)-hapalindole Q (216d), (—)-ent-12-epi-hapalindole D (216e), and (—)-12-epi-fischerindole U isothiocyanate
9—201

(216f) via oxidative indole—enolate cross-coupling,'”

(Figure 250).2%° Of the metal salts screened (e.g., FeBr,,
FeCly, FeCl,-xH,0, Fe(NO;);-9H,0, Fe(acac)s,
CuCl-SH,0, Cu(OAc),, CuSO,4-5SH,0, CuCl,), FeCl, is
optimal. Presumably, the reaction involves the combination
of an Fe(III) enolate (228b) with an unstabilized alkyl radical
(228c, Figure 251).

In another study, Li and co-workers developed an oxidative
cross-coupling between arenes bearing directin% groups
(229a) and cycloalkanes (229b, Figure 252).2% Using
[Ru(p-cymene)Cl, ], as the catalyst and di-tert-butylperoxide
as the oxidant, a number of 2-phenylpyridine derivatives
(229a) can undergo mono- and dialkylation with unfunctio-
nalized cyclic alkanes (229b). Functional groups such as
ethers and esters are well accommodated in this dehydro-

genative C—C bond formation. Selectivities for monoalkyla-
tion over dialkylation are typically higher if the aryl ring of
229a is substituted at either the meta or para positions. The
proposed mechanism involves directed sp” C—H bond activa-
tion (i.e., cycloruthenation), followed by sp’> C—H bond
activation of the cyclic alkane (229b) in the presence of di-
tert-butylperoxide. The resulting alkylarylruthenium complex
(230c) undergoes reductive elimination to liberate the pro-
duct (229c, Figure 253).

An alternative Cu-mediated intramolecular oxidative C—C
bond formation between an enolate C—H bond and an aromatic
C—H bond via radical intermediates was independently de-
scribed by Jia and Kiindig”®” and Taylor and co-workers®®®
(Figures 254 and 255, respectively). The Kiindig group found
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Figure 240. Total syntheses of (—)-ent-12- egt -fischerindole G (217c¢), (—)-12-epi-fischerindole I (217d), and (+)-welwitindolinone A (217e) via
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oxidative indole—enolate cross-coupling.
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Figure 241. Total syntheses of (4 )-acremoauxin A (218c) and (+)-oxazinin C (218f) via oxidative indole—enolate cross-coupling.
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that oxidants including inorganic salts (e.g, CuBr, Cu-
(OTf),, Ag,0O, and Mn(OAc);) and organic reagents (e.g,
benzoquinone) could be used, although CAN and K,S,0O5 were
inefective (Figure 254).%°” In Taylor’s system, the presence of an
electron-withdrawing group adjacent to the amide carbonyl
group was crucial and provided a synthetic handle for further
manipulations, particularly for oxindole synthesis via decarbox-
ylation (Figure 255).”®® To probe the mechanism, the Taylor
group prepared a substrate bearing a cyclopropane o to the
amide (233a) and subjected this compound to the copper salt.

Because the authors observed ring-opening under the reaction
conditions (Figure 256), they favor an open-shell pathway
(Figure 257).

Taylor has extended this cross-coupling methodology
to a catalytic variant using air as the terminal oxidant
(Figure 258).”% The pH of the reaction mixture is indepen-
dent of reaction conversion, which suggests that dehydrogena-
tion liberates H,O instead of H'. Using this approach, a
formal synthesis of (&)-horsfiline (236c) was achieved
(Figure 259). Taylor and co-workers favor a mechanism
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o analogous to the corresponding stoichiometric C—C coupling

2

(vide supra).

o) _ ; R
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1
R then 15.eq. CUREH), — — N\
H H

219a ~/ 6. ENZYME-CATALYZED OXIDATIVE COUPLING

[I\g 219b Biological dehydrogenative C—C bond-forming reactions
33 examples . . . .
25.62% primarily involve catalysis promoted by cytochrome P450
(216a, 2 eq.) (CYP) enzymes*'* in the presence of O, as the terminal oxidant.
‘BUO,C Perhaps the most common class of oxidative couplings in nature
o o are those involved in the synthesis of secondary metabolites
N OJ\N /ZSQH o containing the bisphenol functionality,"®* particularly those
\_( involving tyrosine residues. These enzymatic C—C couplings
N n Me occur via the intermediacy of radicals (see section 5). Typically,
64% brsm 43%, 5:1 dr

Me MeO
30%

heme-dependent phenolic couplings in natural product bio-
synthesis involve a cytochrome P450 monooxygenase, a class
of enzymes that contain a porphyrin ligated to an iron center.
During cross-coupling, oxidation of either the iron center or the
porphyrin ligand can occur. The mechanism involves several
one-electron transfer steps that result in the formation of Fe-
(IV)oxo/porphyrin radical cation 237b, a high-energy inter-

mediate capable of abstracting a H atom from an otherwise
Figure 242. Oxidative indole—enolate cross-coupling.'* %! unreactive C—H bond (Figure 260). The intricate details of
this mechanism remain sparse and are an active topic of

oLi debate.

Me

220a H
. cudlly + N\ pling reactions as a response to oxidative stress (e.g., ionizing and
efg;?,gn ! ultraviolet radiation) resulting from reactive oxygen species

transfer

Phenolic coupling by tandem C—H bond oxidation is an

LiIHMDS important process in the biosynthesis of many natural products,
deprotonation including alkaloids (e.g., (—)-isoboldine (238a)*'") and glyco-
peptides (e.g., vancomycin (238b)"'**) (Figure 261). In addition,
tyrosine residues are known to undergo dehydrogenative cou-

cu() (ROS),*"* including hydroxyl radicals and superoxide radical

21 63 anions, and are particularly important in cross-linking and repair
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Figure 243. Proposed mechanism for oxidative indole—(R)-carvone
cross-coupling.**" Figure 245. Oxidative pyrrole—enolate cross-coupling.**"*%
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Figure 244. Total synthesis of (—)-communesin F via intramolecular oxidative amide—indole cross-coupling.**>
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Figure 246. Total synthesis of (S)-ketorolac (223c¢) via intramolecular oxidative pyrrole—enolate cross-coupling.
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Figure 247. Cu-catalyzed benzylation of activated methylenes with
simple benzyls.”**
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Figure 248. Kinetic isotope effect study for Cu-catalyzed benzylation of
activated methylenes with simple benzyls.>**
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Figure 249. Proposed mechanism for Cu-catalyzed benzylation of
activated methylenes with simple benzyls.>**

processes.”"* For instance, tyrosine is known to trimerize to yield
unsymmetrical products, including pulcherosine (238¢)*'* and
isotrityrosine (238d).”'*> A similar type of oligomerization has
been reported for ferulic acid, yielding 4-0-8',5',5"-dehydrotri-
ferulic acid (238e), a metabolite isolated from maize bran.*'®
Oxidative cross-linking between phenolic C—H bonds and
nucleotides have also been observed, exemplified by model
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ArMW + ZJV gyg———> Ar R
RZTRR 100 °C .
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Figure 250. Fe-catalyzed alkylation of activated methylenes with simple
alkanes.*"°

“Using benzene as the solvent.

o O
Ar R! Fe''cl, one-electron
" 169a oxidation
R? R§ addition/single BuOOBu
227¢ electron transfer
il
of®%
P - 'Buo-Fe'lCl,
Ar 228b R 228a
+ +
e AN
Rz/vg abstraction
R
228c
(0] (0]

2 'BUOH

H
Aer - e
R
H

227a 227b

Figure 251. Proposed mechanism for Fe-catalyzed alkylation of acti-
vated methylenes with simple alkanes.**

compounds 238f—h shown in Figure 261. DFT calculations
suggest radical pathways for cross-coupling reactions of tyrosine
residues.

Other than bisphenols, certain pyrrole alkaloids are biosynthe-
sized by dehydrogenative C—C bond formation. For example,
oxidative cyclization is proposed to be a key step in the enzymatic
synthesis of the prodiginines, a class of pyrrole alkaloids exhibitin§
antibacterial, antifungal, and anticancer properties (Figure 262).”"
In addition, butyl-meta-cycloheptylprodiginine (or streptorubin B,
239c¢) is thought to arise from a formal two-electron oxidation
via site-selective C—H activation of undecylprodiginine (240a,
Figure 263).'” An enzyme can achieve this large-size ring-closure
with efficiency and selectivity that is unrivaled by synthetic systems.

The Challis group studied the prodigiosine biosynthesis gene
cluster of Streptomyces coelicolor A3(2) and discovered an enzyme
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Figure 252. Ru—catalyzed ortho-alkylation of 2-phenylpyridines with
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Figure 253. Proposed mechanism for Ru-catalyzed ortho-alkylation of
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Figure 254. Kundig’s Cu-mediated synthesis of oxindoles from
anilides.*”’

redG that may effect the oxidative cyclization of undecylprodigi-
nine (240a) to butyl-meta-cycloheptylprodiginine (239¢).”"
The mechanism of this transformation remains unknown and
RedG has not been fully characterized, but evidence suggests that
the active enzyme is a nonheme iron-dependent dioxygenase®'®
(e.g, Rieske dioxygenase). Dioxygenases are typically exemplified
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Figure 255. Taylor’s Cu-mediated synthesis of oxindoles from
anilides.**®
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Figure 256. Radical clock experiment for Cu-mediated synthesis of
oxindoles from anilides.>*®
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Figure 257. Proposed mechanism for Cu-mediated synthesis of oxi-
ndoles from anilides.>*®

by Fe,S,-clusters (i.e., a ferredoxin) and universally conserved
His and Asp Fe-binding residues and act via radical pathways. On
the basis of the known chemistry of this class of enzymes, the
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authors suggest that RedG could interact directly with molecular
O, to achieve the regioselective removal of a H atom 219 yia either
radical or cationic intermediates. The pyrrole ring then intercepts
the alkyl radical/cation, furnishing the new C—C bond. Site-
selective C—H functionalization is controlled by the active site of
the enzyme.

7. OTHER MECHANISMS FOR CROSS-COUPLING

7.1. Indole Synthesis by Intramolecular Coupling

Indoles are biologically relevant motlfs, and many methods for
making indoles have been pursued,”* from Fischer’s synthesis
(using arylhydrazines and aldehydes or ketones)**' to Larock’s
catalytic reaction (with ortho-iodoanilines and disubstituted
alkynes).*** Glorius and co-workers have invented a novel indole
synthesis by Pd-catalyzed intramolecular oxidative dehydrogena-
tion of N-arylenamines (Figure 264). 23 In this react1on, Cc—C
bond formation occurs between alkenyl and aryl sp> C—H
bonds. The optimal oxidant is Cu(OAc),; Ag,CO3 promotes
the coupling in dramatically reduces yields. The addition of
ligands (e.g,, PPh;) reduces catalytic efficiencies, although other
additives, including NaCl, have minimal impact. Glorius’ reaction
tolerates electron-rich, electron-neutral, and electron-poor N-
arylenamines and a wide range of functional groups, such as
ketones, esters, and nitriles. The Pd-catalyzed synthesis of methyl
2-methyl-1H-indole-3-carboxylate (242d) can be accomplished
in a one-pot, two-step procedure from aniline and methyl
acetoacetate (Figure 265). A competition study revealed that
electron-rich N-arylenamines undergo cyclization at faster rates
than electron-deficient N-arylenamines. Additionally, a kinetic
isotope effect investigation demonstrated that ortho-C—H bond
cleavage is involved in the rate-limiting step (ki;/kp (prod) = 4.6,
Figure 266). Thus, Glorius proposes a mechanism involving
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O
N
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69% 83%
CO,Et
Et0,C COEt
(0]
N
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9% 53% 68%

Figure 258. Cu-catalyzed synthesis of oxindoles from anilides.*"’

alkene palladation followed by arene functionalization via o-
bond metathesis or base-assisted deprotonation (Figure 267). In
contrast to Heck-type processes (see section 2), this pathway
does not include directing-group-promoted cyclopalladation of
the arene as the first step.

A Cu-catalyzed variant was subsequently described by Cacchi
and co-workers (Figure 268).** In this reaction, an unprotected
N—H indole (245b) can be prepared via oxidative cyclization of
N-arylenamines (245a). Surprisingly, this reaction does not
require O, to proceed—the reaction can be conducted under
completely anaerobic conditions without loss in reaction effi-
ciencies. In a study using D-labeled anilide starting material,
Cacchi observed no significant kinetic isotope effect (246a,
Figure 269). Thus, the proposed mechanism involves base-
assisted cupration of enaminone 2435a, followed by intramole-
cular nucleophilic addition by the adjacent arene ring. Isomeriza-
tion and rearomatization liberate alkenylarylcopper intermediate
247d, which then undergoes reductive elimination. The active
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N——N —l—
4 Fe'd £ Fe" { single-electron
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HO + H S-Cys H R 237¢
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Figure 260. Proposed mechanism for enzyme-mediated oxidative
phenolic coupling.**
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CO,Et 5 steps
N
DMB
236b (+)-horsfiline (236¢)

Figure 259. Formal synthesis of (%)-horsfiline (236¢) via Cu-catalyzed synthesis of oxindoles from anilides.”*
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Figure 263. Proposed biosynthesis of butyl-meta-cycloheptylprodigi-
nine (239¢)."®

catalyst 247a is generated by loss of H, (Figure 270). This
reaction is a dehydrogenative C—C bond formation because H,
is generated as the only byproduct.

Liang and co-workers discovered a complementary Fe-cata-
lyzed dehydrogenative cyclization of N-arylenamines (248a,

Figure 271).>*° In the presence of catalytic FeCly (>99.99%
purity) and stoichiometric Cu(OAc), - CuCl,, indole forma-
tion occurs with moderate to good yields. This strategy, in
accordance with Cacchi’s work (vide supra), also tolerates
functionalities traditionally reactive under Pd catalysis (e.g.,
aryl bromides and aryl iodides). Although the mechanistic
details have not been elucidated, the authors propose intra-
molecular nucleophilic addition of the electron-rich aromatic
ring to the pendant electron-deficient olefin coordinated to
FeCl; (Figure 272). This step is a formal S-endo-trig cycliza-
tion. The Fe catalyst is thought to act as a Lewis acid to
promote cyclization by coordination to the Lewis basic ester;
the copper oxidant, on the other hand, is believed to form a
covalent linkage with the substrate by deprotonating the N—
H bond of the enamine. On the basis of this mechanism,
Liang’s cyclization can be classified as an ionic-type oxidative
dehydrogenation.
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Figure 264. Pd-catalyzed indole synthesis from N-arylenamines.***
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Figure 267. Proposed mechanism for Pd-catalyzed indole synthesis
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Figure 265. One-pot, two-step synthesis of methyl 2-methyl-1H-in-
dole-3-carboxylate by Pd catalysis.”**
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Figure 266. Kinetic isotope effect study for Pd-catalyzed indole synthe-
sis from N-arylenamines.”**

In a related account, Zhao and co-workers were able to
completely eliminate the need for transmon metals for oxidative
indole formation from N-arylenamines.*” Usmg PhI(OAc), as
the sacrificial oxidant, dehydrogenative C—C coupling affords
the desired cyclic products 250b in moderate to good yields
(Figure 273). PIFA was found to be a suitable surrogate for
iodobenzene diacetate, but cryogenic conditions (—78 °C) were
required. Zhao’s transformation tolerates nitriles, nitroaromatics,
and aryl halides. This reaction resembles Liang’s Fe-catalyzed
coupling (vide supra), because PhI(OAc), can form a covalent

R 5 mol% Cul o
‘\ X Ar! 172.5 moLI%Cpct;en R Ar?
eq. Li,CO;
H
= NTX \ X N\ .
L H DMF, 100 °C \ P Ar
A7 S0 N
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25 examples
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N N
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Figure 268. Cu-catalyzed indole synthesis from N-arylenamines.”**
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246b, 246b-d,, 79%
kylkp (intra) =1

Figure 269. Kinetic isotope effect study for Cu-catalyzed indole synthe-
sis from N-arylenamines.”**

complex with substrate 250a, followed by intramolecular SgAr*
and subsequent rearomatization by deprotonation and tauto-
merization (Figure 274). As such, Zhao’s PhI(OAc),-mediated
intramolecular coupling can also be considered a dehydrogena-
tive reaction involving ionic intermediates (see section 4).

7.2. Sonogashira-Type Cross-Coupling

On the basis of known biaryl bond formations via tandem
direct arylation and oxidative alkene—alkene cross-couplings via
Heck- type processes, a modern variant of the Sonogashira
coupling®” using terminal alkynes bearing sp-hybridized C—
H bonds instead of traditional C—X bonds was described by Li
and co-workers (Figure 275).>*® By subjecting an N-protected
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Figure 271. Fe-catalyzed indole synthesis from N-arylenamines.**®

“2 equiv "BuyCl was added.

indole (252a) to a Pd catalyst, base, and pivalic acid under
aerobic conditions, oxidative C—C bond formation is possible.
Aryl- and silylacetylenes are superior to alkylacetylenes in their
ability to undergo cross-coupling. The authors propose a
mechanism involving electrophilic palladation of the alkyne
starting material (252b) to Pd—acetylide 253b, followed by a
second palladation of the indole coupling partner (252a) to
afford alkynylarylpalladium intermediate 253c (Figure 276).
This complex is subject to reductive elimination that liberates
product 252c.

Intermolecular catalytic alkynylation of perfluoroarenes (234a)
was reported by the Su group (Figure 277).>*° This Cu-catalyzed
transformation can accommodate many functional groups, includ-
ing acetals, amines, thiophenes, and pyridines, among others. A
strong base, LiOBy, is required and may serve to deprotonate
either the alkyne (254b), the perfluoroarene (254a), or both.
Adding catalytic amounts of DDQ_improves reaction efficiency,
possibly due to its ability to serve as a single-electron mediator
during the oxidant-induced reductive elimination step. Su
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Figure 272. Proposed mechanism for Fe-catalyzed indole synthesis
from N-arylenamines.*>®
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Figure 273. PhI(OAc),-mediated indole synthesis from N-aryle-
namines.”*®

proposes a mechanism involving cupric halide 255a undergoing
sequential substitution with either lithiated alkyne or perfluoroar-
ene to generate an alkynylarylcuprate 255c (Figure 278). Complex
255c undergoes reductive elimination to furnish the desired C—C
bond. In a related study, Miura and co-workers also published
catalytic alkynylation of perfluoroarenes using Cu(OTf), instead
of CuCl, (256a, Figure 279).>*

In analogy to indole and perfluoroarene alkynylation, Cu-
mediated and -catalyzed alkynylation of azoles (e.g, oxazoles,
oxadiazoles, 257a) has been achieved (Figure 280).>' Miura’s
group later disclosed a variant of this transformation using Ni
catalysts (i.e., NiBr, - diglyme) and extended the substrate scope to
encompass benzoxazoles and benzthiazoles as well (Figure 281).2%°
The mechanism of both of these transformations is believed to
parallel that of perfluoroarene alkynylation (ie, a sequential
alkynylation of the catalytic Cu and Ni complexes).

de Haro and Nevado described a related and complementary
Au-catalyzed oxidative C—C cross-coupling of alkynes.”** Using
Ph;PAuCl in the presence of an PhI(OAc), oxidant, catalytic
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Figure 276. Proposed mechanism for Pd-catalyzed C2-alkynylation of
N-protected indoles with alkynes.”

alkynylation of electron-rich arenes and heteroarenes (259a) was
reported (Figure 282). The substrates chosen for alkyne cou-
pling have a known propensity to undergo C—H bond auration
in the presence of Au complexes. In particular, cationic Au
complexes (e.g., PhsPAuNTS, and Ph;PAuOTS) demonstrated
inferior reactivity in comparison to the neutral Ph3PAuCl salt.
Other metals, including Pd(II) and Cu(I), failed to produce the
desired products. PhI(OAc), is optimal and cannot be replaced
with other oxidants, such as Selectfluor or BuOOH. To
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Figure 277. Cu-catalyzed alkynylation of perfluoroarenes.”*’

PN\,
254a 254b
+ LiO'Bu ot )
deprotonation + LIOBu deprotonation
‘BuOH ‘BuOH
cu'lX,
255a
F”}/ N\ Il /N =
/) X reductive == XCu'—=-R
255b elimination F, 254c 255d
F
Y 7N\
deprotonation
+LiOBu deprotonation tguoH  254a
‘BuOH + LiOBu
Figure 278. Pro})osed mechanism for Cu-catalyzed alkynylation of
perfluoroarenes.”
H 20 mol% Cu(OTf),
F -L = + H—R </ N — R
NG~ 256 40 mol% phenH,0 \=|=
1 eq. LIOBu F,
(256a, 3 eq.) DMSO 256¢
air 8 examples
25-76%
OMe
F F
CeFs  CéFs CeFs Cer O
[ It F F
OMe NMe, Me CO,Me O
OMe NMe,
76% 72% 68% 25% 45% 33%

Figure 279. Cu-catalyzed alkynylation of perfluoroarenes.”*’

understand the mechanism, the authors confirmed the existence
of Au(T) —acetylide intermediates by >'P NMR spectroscopy and
also conducted preliminary kinetic analysis. The reaction rate of
Nevado’s arene—alkyne coupling is first order in both alkyne
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Figure 281. Ni-catalyzed alkynylation of azoles.”°
“Reaction conducted at 120 °C.

259b and arene 259a starting materials. Studies on deuterium-
labeled analogues revealed, however, negligible kinetic isotope
effects on both cross-coupling partners (kyy/kp(alkyne) = 0.92;
kii/kp(arene) = 1.1S, Figure 283). Hence, two mechanisms are
possible (Figure 284): (1) a PhI(OAc),-mediated oxidation of
an Au(I)—acetylide (261b), electrophilic auration, and reductive
elimination, or (2) iodination,”** arylauration, and subsequent
p-elimination (although this step is unprecedented). Nevado’s
conditions are also applicable to alkenes (262a)—oxidative
bond formation between an sp> and sp carbon is possible
(Figure 285).>%

Two different terminal alkynes (263a,b) can undergo oxida-
tive cross—cougling, as described by Lei and co-workers in 2009
(Figure 286).”** This reaction is a modern variant of the Glaser
coupling (i.e.,, homocoupling of a terminal alkyne).® Lei’s dehy-
drogenative alkyne cross-coupling requires catalytic amounts of
both nickel and copper salts.”** Reaction eficiencies are good to
excellent, and the system tolerates many functional groups,
including free OH, basic tertiary amines, and sp> C—Br and
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Figure 282. Au-catalyzed alkynylation of electron-rich arenes and
heteroarenes.”*
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Figure 283. Kinetic isotope effect study for Au-catalyzed alkynylation
of electron-rich arenes and heteroarenes.**
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Figure 284. Proposed mechanism for Au-catalyzed alkynylation of
electron-rich arenes and heteroarenes.**>

C—I bonds. The authors propose a mechanism where copper
acetylides 264c and 264d are generated from the alkyne starting
materials 263a and 263D, respectively, in analogy to the traditional
Sonogashira reaction (Figure 287). Next, these copper acetylides
(264c,d) undergo transmetalation to Ni(II), followed by subse-
quent reductive elimination to the 1,3-butadiyne products (263c).
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Figure 288. Cu-catalyzed intramolecular oxidative aldehyde—arene
cross-coupling toward indoline-2,3-diones.”*®
Cu R' [cu H R’
coordination/ Q 264c 264b 263a good yields. The best catalyst is CuCl,; using CuOTf or Cu-
oxidation — L,Ni"C cu r2 c‘_upraﬁon ’ :+ R2 (OTH), gives a product resulting from intramolecular Friedel—
0, 264a Crafts addition to the C=O of the aldehyde (e, an o-hydro-
264d 263b . .
xyamide), a byproduct that does not transform to the desired
indoline-2,3-dione. Functional groups including ketones and
R1 thiophenes are tolerated under the reaction conditions. Li and
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LNi(©0) L,Ni \\\ tion mechanism (Figure 289) based on FTIR spectroscopy, ESI-
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c

Figure 287. Proposed mechanism for Ni- and Cu-catalyzed alkynyla-
tion of alkynes.”**

The fate of the resulting Cu salt remains unknown. Chemoselec-
tivities for differentially substituted 1,3-butadiyne products 263c
over the corresponding homocoupling reactions are achieved by
using one of the alkyne starting materials in excess.

7.3. Cross-Coupling Aldehydic C—H Bonds

Transition metals are known to activate aldehydic C—H
bonds,** and this type of C—H activation has been used in
oxidative coupling to make ketones. In section 4.6, we covered
Barluenga’s work on Friedel—Crafts-type intramolecular cycliza-
tion of aldehydes to yield diarylketones."®* Complementary to
this work, the Li group developed a Cu-catalyzed cyclization of
formyl-N-arylformamides (265a) for the synthesis of indoline-
2,3-diones (265b, Figure 288).>*° Under an atmosphere of either
O, or air, heterocyclic products 265b are obtained in moderate to

which rules out radical pathways. In contrast to Barluenga’s
experiments, the use of IPy,BF, did not produce the desired
product 265b.

Cheng and co-workers reported an aldehyde sp” C—H func-
tionalization mvolvmg an alternative mechanism (Flgure 291) 237
Using Pd catalysts, arenes bearing a directing group (e.g.,
pyridine, oxazole, 268a) undergo ortho-arylcarbonylation with
air as the terminal oxidant. Cheng’s conditions are compatible
with functional groups, including aryl bromides and nitriles.
Preliminary mechanistic studies revealed a large intramolecular
primary kinetic isotope effect when using a deuterated pyridine
partner (269a-d;, Figure 292), a result that suggests a slow
cyclopalladation step. The authors synthesized a palladacycle
derived from 2-phenylpyridine (269a) and found that it is a
competent catalyst for this coupling. The proposed mechanism
involves (1) rate-limiting cyclopalladation of arene with the
directing group 268a, (2) carbopalladation of the C=0 bond
of the aldehyde 268b, (3) 5-H elimination, and (4) oxidation of
Pd(0) to Pd(II) (Figure 293).
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A related coupling between aryloximes (271a) and aldehydes
(271b) was reported by the Yu group (Figure 294). 238 Among
Pd catalysts examined, Pd(OAc), was optimal, although decent
reactivity was observed for PACl,(PhCN), and PdCl,(PPhs),.
Like Cheng’s reaction (vide supra), aryloxime—aldehyde cross-
coupling occurs with good functional group tolerance, and sub-
strates bearing Lewis basic thiophenes and reactive sp> C—Br
bonds undergo oxidative C—C bond formation with moder-
ate to good efficiencies. The products generated in Yu’s reaction
exhibit a 1,4-relationship between C=O groups and, hence, can
be transformed into phthalazines (not shown), structural motifs
common in organic materials and anticancer drugs. In studying
the mechanism, Yu and co-workers observed dramatic decreases
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Figure 291. Pd-catalyzed ortho-arylcarbonylation of arenes with alde-
hydes.”’

“1 equiv of 268a was used instead of 1.5 equiv.

"Reaction was conducted at 130 °C.
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Figure 293. Proposed mechanism for Pd-catalyzed ortho-arylcarbony-
lation of arenes with aldehydes.””

in reaction yields when radical scavengers (e.g., ascorbic acid) are
added. Hence, a radical pathway involving hydrogen abstraction
from the aldehyde (271b) is proposed (Figure 295). Presumably,
oxidation of palladacycle 270c with a carbon-centered carbonyl
radical 270e forms a putative Pd(III) or Pd(IV) complex 270f.
This intermediate then undergoes reductive elimination to
regenerate the active Pd(I) catalyst. On the basis of the
similarity to Cheng’s system (vide supra), however, it is
possible that an alternative C=O carbopalladation/-H
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elimination sequence may be involved as described previously
in Figure 293.

7.4. Miscellaneous Examples

Oxidative cross-couplings may occur via a wide array of
pathways. In 2010, dehydrogenative cyclization of allenes invol-
ving Au catalysis was demonstrated by Gouverneur and co-
workers (Figure 296). 3 In this reaction, allene (273a) cycliza-
tion to produce a butenolide equivalent is combined with
intramolecular oxidative C—C bond formation with a nearby
arene C—H bond. This reaction uses Selectfluor as the sacrificial
oxidant, although no F atom is incorporated into the final
product. While N-fluorobenzenesulfonimide (NFSI) and Oxone
also afforded small amounts of the product (273b), other
oxidants, such as PhI(OAc), and Ph,SO, failed to promote the
desired cyclization completely. In Gouverneur’s studies, chiral
tricyclic alkene 273c¢ arising from the corresponding chiral allene
starting material can be formed under the reaction conditions
without loss of stereochemical information. Although the
mechanistic details of this transformation are unclear, the
authors demonstrated that a butenolide bearing an olefinic
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Figure 296. Au-catalyzed tandem cyclization/oxidative arene
alkenylation.”*
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Figure 297. Proposed mechanism for Au-catalyzed tandem cycliza-
tion/oxidative arene alkenylation.>*’

sp> C—F bond is not a viable reaction intermediate. Hence, a
mechanism involving coordination and oxyauration is pro-
posed, followed by oxidation to Au(III) (274d, Figure 297).
This Au complex (274d) can undergo subsequent C—C bond
formation by either C—H activation or electrophilic aromatic
substitution*® pathways.

8. CONCLUSIONS AND OUTLOOK

There is a growing interest and appreciation for inventing
chemical technologies that are green and sustainable." As a
result, the oxidative Fujiwara—Heck and enolate cross-cou-
plings (first reported in the late 1960s and early 1970s) have
received a renewed interest in recent years. On the basis of
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improved mechanistic understanding, useful variants of these
transformations have been invented and applied in natural product
synthesis. In addition, novel strategies such as Li’s cross-dehydro-
genative coupling* and catalytic tandem direct arylation® have
been devised. Overall, oxidative coupling complements its well-
established counterparts, such as Heck reactions, organome-
tallic additions, and Suzuki cross-couplings. Although using
simple and inexpensive building blocks is an attractive alter-
native to consuming more functionalized and costly reagents,
chemo- and regioselectivity remain issues that limit the broad
usage of these methods. In addition, many current dehydro-
genative couplings require stoichiometric oxidants, such as
silver or copper salts. Practical approaches to C—H bond
oxidation using reagents that are more environmentally
friendly, such as oxygen, electricity, and visible light, are
desirable and are being developed.”*°

There remains ample opportunity for discovering versatile
catalysts, useful transformations, and new mechanistic manifolds
for catalytic dehydrogenative cross-coupling. While many me-
chanisms are proposed, few are supported by detailed studies
(e.g., characterization of intermediates, kinetic investigations,
computational studies). In terms of asymmetric catalysis, en-
antioselective C—C bond formation by C—H bond oxidation is
still in its infancy, although ligand-accelerated transition metal
catalysis and organocatalysis has enabled some growth. Future
advances in oxidative cross-coupling depend on designing
chiral ligand scaffolds and catalysts specific for oxidation
chemistry. Dehydrogenative couplings have the potential to
provide bulk and fine chemicals from simple and/or sustainable
feedstocks. For example, the oxidation of methane to ethane,
once achieved, would be a green way to make alkanes**'—
without using petroleum cracking or steam reforming
(i.e., synthesis from syngas). Finally, practitioners in total
synthesis will further demonstrate how these methods can be
used to make structurally complex and biologically relevant
molecules.
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ABBREVIATIONS

Ac acetyl

acac acetoacetonate

aq aqueous

Ar aryl

Arg perfluoroaryl

Asp aspartic acid

BEMP 2-tert-butylimino-2-diethylamino-1,3-di-

methylperhydro-1,3,2-diazaphosphorine

BINOL 1,1’-bi-2-naphthol
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TCAA trichloroisocyanuric acid

TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl

TES triethylsilyl
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