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Over the last decade, substantial research has led to the introduction
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of an impressive number of efficient procedures which allow the

selective construction of C—C bonds by directly connecting two
different C—H bonds under oxidative conditions. Common to these
methodologies is the generation of the reactive intermediates in situ by
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activation of both C—H bonds. This strategy was introduced by the

group of Li as cross-dehydrogenative coupling (CDC) and discloses
waste-minimized synthetic alternatives to classic coupling procedures
which rely on the use of prefunctionalized starting materials. This
Review highlights the recent progress in the field of cross-dehydro-
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genative C,,;—C formations and provides a comprehensive overview

on existing procedures and employed methodologies.

1. Introduction

Transition-metal-catalyzed coupling reactions have
emerged as a powerful tool for the selective construction of
C—C bonds as well as an integral part of organic synthesis."
One reason for the great success of coupling reactions is the
predictable regioselectivity of the C—C bond formation. The
new C—C bond is selectively formed at positions which are
determined by the leaving groups on both substrates.
Substantial research has introduced highly efficient catalyst
systems which even allow the activation of challenging leaving
groups such as mesylates (methanesulfonates),” ethers® or
carboxylic acids.! However, the use of any kind of leaving
group inevitably results in the co-production of unwanted
stoichiometric amounts of chemical waste (Scheme 1, top).

classic cross-coupling
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Scheme 1. Strategies for selective C—C bond formation. LG =leaving
group, TM =transition metal.

In addition, every leaving group has to be installed on the
corresponding substrate in preceding synthetic steps. This is
unsatisfying from an ecological and economical point of
view.! To explore more efficient synthetic methodologies,
a one-pot, three-component aldehyde-amine-alkyne cou-
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pling, the A’-reaction, as well as various Grignard-Barb-
ier-type reactions in aqueous media were developed by us
earlier.” Inspired by the groundbreaking successes in cata-
lytic C—H functionalizations,® our group became interested
in developing catalytic methodologies which enable C—-C
formations directly from the coupling of two different C—H
bonds. For this strategy, one of the C—H bonds is hypotheti-
cally activated by the catalyst/mediator to form a carbon
nucleophile in situ and subsequently couples with a carbon
electrophile which is also generated in situ by oxidation of the
second C—H bond (Scheme 1, bottom). Under ideal situa-
tions, water would be the only waste product formed by using
this methodology with molecular oxygen as the terminal
oxidant. The oxidative coupling of two different C—H bonds
was termed cross-dehydrogenative coupling (CDC)®! by our
group in 2004 and has become a growing field of interest.

In the last 10 years, an impressive number of efficient
procedures and novel methodologies have been introduced
and they allow the connection of C,~H, C,—H, and even
C,—H bonds with each other.”'! In particular, the develop-
ment of chemo-, regio-, and stereoselective cross-dehydro-
genative C,—C bond formations is highly desirable but it is
still considered one of the most challenging tasks in organic
synthesis.

The focus of this review article is on the advances in the
field of cross-dehydrogenative C,,—C bond formations. The
existing procedures and methodologies have been summar-
ized and discussed. This article is structured by the hybrid-
ization of the C—H coupling partner. Cross-dehydrogenative
alkylations of terminal alkynes will be discussed first,
followed by coupling reactions with C,,—H bonds, and
concluded with the oxidative bond formation of two different
C,—H bonds. The intention of this article is to give
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a comprehensive overview on the topic, shed light on new
perspectives, and inspire the use, the completion, and the
improvement of cross-dehydrogenative Cy,-—H functionaliza-
tions. The appropriate discussion of the larger field of CDC
reactions for the formation of C,—C,, C,,—C,, and C,—C,,
bonds is far beyond the scope of this article and their recent
progress has already been extensively covered, and we refer
herein to these excellent contributions.”1%

2. Coupling of C.,,—H with C,,—H Bonds

Inspired by the groundbreaking work of Murahashi
et al.,' who demonstrated that preformed as well as in situ
generated iminium ions can smoothly react with cyanide
anions, the group of Li succeeded in 2004 in developing the
first catalytic alkynylation reaction of Cy,:—H bonds adjacent
to a nitrogen atom as a proof-of-concept for the CDC.['¥ The
oxidative cross-coupling of N,N-dimethylaniline with phenyl-
acetylene is mediated in the presence of catalytic amounts of
copper salts in combination with the oxidant tert-butyl
hydroperoxide (TBHP). Among the copper salts investigated,
CuBr and CuCl proved to be the most efficient catalysts, thus
furnishing the desired product in 77% and 75% yield,
respectively.

The reaction conditions were optimal with 5 mol% of
CuBr, 1equivalent of TBHP, and a 2:1 ratio of N,N-
dimethylaniline/phenylacetylene, thus affording the desired
a-alkynylation compound in 74% yield upon isolation
(Scheme 2). Interestingly, almost 1 equivalent of N,N-dime-
thylaniline remained in the reaction mixture after the
completion of the reaction. However, reducing the excess of
aniline resulted in a drop in the yield.

This catalyst system led to the successful alkynylation of
various aromatic N,N-dimethylanilines with a variety of
alkynes in low to good yields (12-82%). The stability and
electronic properties of the alkynes have a strong effect on the
reaction outcome. Aromatic alkynes provide the desired
products in 60 % to 82 % yield whereas the use of aliphatic
derivatives generally resulted in low to moderate yields (12—
58%). The substituents on the aniline coupling partner
influenced the reactivity, and the presence of either sterically
demanding groups in the 2-position or electron-withdrawing
groups on the 4-position resulted in a decrease of yield.

The Li group proposed a mechanistic rationale which
involves the generation of an iminium intermediate in the
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Scheme 2. Copper-catalyzed alkynylation of N,N-dimethylaniline.

presence of the copper catalyst. They thus envisaged that the
use of a chiral ligand could allow the development of an
enantioselective alkynylation. Consequently, the influence of
a series of chiral nitrogen-containing as well as phosphine
ligands was investigated (Scheme 3). In 2004, the authors
succeeded in demonstrating that an enantioselective CDC of
alkynes with tetrahydroisoquinolines is indeed feasible.!'”!
The best results were obtained with the PyBox-based chiral
ligand L1 in combination with CuOTf{. The phenylacetylene
partner smoothly coupled with N-phenyl tetrahydroisoquino-
line in the presence of molecular sieves to give the desired
product in a moderate 63% ee at 50°C in THF. Various
substrates were examined, and aromatic alkynes provided the
desired products in both good yields and enantiomeric
excesses. Substituents on the aryl ring did not show a signifi-
cant influence on either the yield or the enantioselectivity of
the reaction. However, the use of aliphatic alkynes resulted in
moderate to low enantiomeric excesses.

Recently, the group of Su showed that tetrahydroisoqui-
nolines could be alkynylated in the presence of 1 equivalent
of the oxidant DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none) under solvent-free, high-speed, ball-milling conditions
(Scheme 4)." The use of copper rather than stainless steel
balls affords the desired alkynylated product in 78 % after
20 minutes at 30 Hz. The reaction proceeded smoothly with
both aliphatic and aromatic alkynes. However, slightly better
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Scheme 3. Enantioselective alkynylation of tetrahydroisoquinolines.
TMS =trimethylsilyl, Tf=trifluoromethanesulfonyl.
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Scheme 4. Functionalization of tetrahydroisoquinolines under ball-mill-
ing conditions.
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yields were obtained with aromatic substrates. An enantiose-
lective version of this methodology has been recently
introduced by the same group using a PyBox ligand.!"”!

The CDC of N,N-dialkylanilines and tetrahydroisoquino-
lines with alkynes has been established as a reference system
for benchmarking the performance of new catalyst systems.

Similarly, the scope of the cross-dehydrogenative alkyny-
lation reaction was successfully extended to the use of
secondary amines as substrates. In 2008, the group of Li
introduced the first cross-dehydrogenative alkynylation of
glycine derivatives."® The reaction is catalyzed by CuBr in
combination with TBHP at room temperature. Under opti-
mized reaction conditions, various para-methoxyphenyl-
(PMP)-protected glycine derivatives were successfully func-
tionalized with aromatic alkynes (Scheme 5). However the

o,
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Scheme 5. Copper-catalyzed alkynylation of protected amino acids.

reaction appeared to be sensitive to sterically hindered groups
on the aromatic alkyne, and consequently a low yield was
obtained with 2-methoxyphenylacetylene. Interestingly, the
coupling reaction did not occur with 4-ethoxyphenyl- or N-
phenyl-protected tetrahydroisoquinolines. Moreover, the
reaction is broadly applicable on the conversion of both
secondary and tertiary amides, and the corresponding prod-
ucts were obtained in good yields. This methodology is also
applicable to the functionalization of simple peptides
(Scheme 5, bottom). The reaction conditions were re-opti-
mized for the coupling of dipeptides and the alkynylation
occurred regioselectively at the PMP-protected glycine ter-
minus under an inert atmosphere in DCE at 70°C. The
desired product was obtained in 63 % yield and the formation
of regioisomers was not detected. The catalyst system also
mediates cross-dehydrogenative site-specific Cg,—H aryla-
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tions, vinylations, and indolylations of glycine derivatives, and
these reactions will be discussed in detail in the following
sections.['”]

A silver-catalyzed oxidative coupling of terminal alkynes
and benzylic ethers was introduced in 2010 by the group of
Li."® By using 2.5 mol% of silver triflate, 1.5 equivalents of
DDQ, and a 4:1 mixture toluene/chlorobenzene at 120°C,
they successfully accessed functionalized benzylic ether
derivatives (Scheme 6). Acyclic methyl benzyl ethers could
be activated but the desired coupling product was obtained in
a poor yield.

2.5 mol% AgOTf
| 1.5 equiv DDQ

120°C, 16 h 12 | |
H R examples

14-83% yield

R =H: 83% R=CF3:15% R=H:28%
R=nBu:73% R =0OMe:44% R=Ph:14%
R=Me:52% R =0Ph: 53%

Scheme 6. Silver-catalyzed alkynylation of benzylic ethers.

More recently, Li and co-workers reported the first
alkynylation of benzylic C—H bonds which are not adjacent
to a heteroatom. Various alkynes were successfully coupled
with diphenylmethane derivatives using 1 mol % of a CuOTf
toluene complex in the presence of 1.5 equivalents of DDQ
(Scheme 7).""! Aromatic alkynes were smoothly converted,

Z
H R'= || 1mol% [(CuOTf),]toluene
1.5 equiv DDQ
= +
Rt | If 120 °C, 24 h
XN
H R
13 examples
_____________________ 29-83% yield
{by: R l
: fcul !
ey TO OC
i 2 R
5 : R = H: 74% R = Me: 83%

R =F:29% R =Cl: 69%

Scheme 7. CuOTf-catalyzed CDC reaction of diphenylmethanes and
aromatic alkynes.
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and the use of electron-rich derivatives resulted in slightly
improved yields. The authors rationalized this observation by
the nucleophilicity of the substrates. However, aliphatic
alkynes (e.g. n-hexyne) could not be converted using this
procedure. The authors proposed a mechanism which pro-
ceeds by the generation of radical intermediates. A benzylic
cation is formed in the presence of DDQ through two
successive single-electron transfer (SET) steps, and the
resulting hydroquinone subsequently abstracts the acidic
proton from the alkyne to form the copper acetylide which
adds to the benzylic cation to afford the desired product.
The mechanism of the copper-catalyzed cross-dehydro-
genative functionalization of tertiary amines was investigated
by the groups of Klussmann®” and Doyle.?!! Detailed studies
including isotope-labeling experiments and kinetic studies
were performed, and their results are summarized in
Scheme 8. Both groups proposed that the catalytic cycle

tBUOOH tBUOOH
{BuO’ . N
tBuOO A “Ar

CuBr(OH) tBuOH H

SET
- te-determini
k tBuOOH tBuOO rate- zt:;)m'mng
{BuOO . N
©i/\‘ CuBr(OOtBu) @BQI "
H

CuBr

tBuOOH
@@ {BUOO @G
tBuOO N,
c > Ar
Solvent CuBr(OOtBu)
=MeOH
e tBUOOH CuBr
Nu-H
—_— - + ——
N-ar Re? N-ar /N‘Ar N-ar
E Ome F 00tBu D G Nu

Scheme 8. Proposed mechanism for the oxidation of tetrahydroisoqui-
noline by TBHP in presence of CuBr.

starts with the reaction of CuBr with TBHP to form
a copper(II) species and a fert-butyloxy radical which then
reacts with a second molecule of TBHP to generate a fert-
butylperoxy radical and a copper-tert-butylperoxy complex.
The linear free energy relationship (LFER) analysis demon-
strated that the fert-butylperoxy radical is the thermodynami-
cally favored oxidant and that the single-electron transfer
with A is the rate-determining step of the reaction. A
difference between the kinetic isotope effect (KIE) and the
product isotope effect (PIE) were observed for the oxidation
of N,N-dimethylaniline. The group of Doyle rationalized this
observation by suggesting a competition between a reverse
SET and the irreversible proton-transfer (PT). The subse-
quent proton transfer occurs at the most acidic C—H bond of
the cation radical B. The regioselectivity in unsymmetrical
N,N-dialkylanilines can be rationalized using the report of
Albini, Falvey, Mariano, and co-workers on acidity of carbon
atoms adjacent to nitrogen atoms”? (note that steric effect
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might also be involved). The a-amino radical C is transformed
into the corresponding iminium species D by a second SET
with the fert-butylperoxy radical. Nucleophilic solvents such
as methanol can react with the cationic intermediate to form
the species E. The formation of E is thermodynamically less
favored and is formed under kinetic control. All three species
(D, E, F) are in an equilibrium which lies toward F with an
equilibrium constant K., =11.7. Test experiments demon-
strated that E and F are both precursors for the desired
product. Finally, the carbon nucleophile reacts with the
iminium intermediate to form the product G.

Very recently, the group of Nakamura presented an
original approach for the synthesis of N-tethered 1,6-enynes
by a zinc(IT)-catalyzed redox CDC reaction.” The use of
20 mol % of ZnBr, allowed the synthesis of various enynes
from the coupling reaction between propargylic amines and
terminal alkynes (Scheme 9.) The reaction does not require
the addition of an external oxidant as the propargylic amine
reacts as a hydrogen acceptor. The triple bond is reduced into

1R2

R2
R, 20mol% znBr, " —=—ar
- + H—=—Ar R-N
R-N 100 °C, toluene
\_\\M R3

=—R3 24 h
25 examples

29-83% yield
gTPh Q%Ph 4§—_—@OM6
N N
\_\\ \_\\

y —
—( \—\\
51% 50%(al 82%
g;Ph ‘é%iBu Aé%Ph
—N N N
S G ~
7

44% 29% 3%

Scheme 9. Zinc-catalyzed synthesis of N-tethered 1,6-enynes. [a] Used
50mol % ZnBr,.

the corresponding alkene during the alkynylation reaction
and, consequently, 1,6-enynes are obtained. Under the
optimized reaction conditions, both tertiary and secondary
C,»—H bonds adjacent to the nitrogen atom have been
successfully activated for the alkynylation reaction. The
reaction preferentially takes place on secondary rather than
on primary C—H bonds (Scheme 9, bottom left), and aromatic
alkynes generally give a better yield than aliphatic alkynes.
The proposed mechanism is illustrated in Scheme 10. The
authors investigated the reaction mechanism by isotope-
labeling experiments, and demonstrated that the reaction is
indeed an intramolecular process. In the case of terminal
alkynes, a proton exchange has been observed. The zinc
complex can coordinate to the propargylic amine H and
facilitates a 1,5-hydride shift from I to afford the iminium
intermediate J. In the meantime, the zinc bromide reacts with
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Scheme 10. Proposed mechanism for the ZnBr,-catalyzed CDC reaction
of propargylic amines with alkynes.

the alkyne to form the zinc acetylide K. The addition of the
acetylide onto the iminium cation and subsequent protona-
tion of the vinyl zinc complex furnishes the desired product M
and closes the catalytic cycle.

3. Coupling of C,,,—H with ,.—H Bonds

CDC reactions of Cys—H with C,,—H bonds have been
successfully achieved by using three major strategies. The first
consists of a Friedel-Crafts-type approach in which electron-
rich arenes are coupled with in situ generated cationic species.
The second strategy involves the generation of free radicals
which subsequently react with an olefin or an arene. Finally,
the third strategy relies on a transition-metal-catalyzed
activation of the Cy—H bond followed by a cross-coupling
step.

3.1. Friedel-Crafts-Type Reactions of Carbon Electrophiles and
Electron-Rich Arenes
3.1.1. Transition-Metal-Catalyzed Procedures

The first catalytic coupling of C>—H bonds with C,—H
bonds using a cross-dehydrogenative Friedel-Crafts approach
was reported by the group of Li in 2005.%*! A series of N-aryl
tetrahydroisoquinolines was successfully arylated with unpro-
tected indoles in the presence of catalytic quantities of CuBr
and a slight excess of the oxidant TBHP (Scheme 11). The
reaction proved to be insensitive toward traces of water and
air. The desired N-phenyl-1-(3-indolyl)tetrahydroisoquino-
line was still obtained in a reasonable yield of 50% in a 1:2
mixture of water and toluene. Interestingly, N-phenyl-1-(zert-
butyl peroxy)tetrahydroisoquinoline was obtained in 70 %
yield when the reaction was performed in the presence of
a large excess of water. The formation of this intermediate is
not very surprising in light of the mechanistic investigations of
the groups of Klussmann®! and Doyle®"! (Scheme 8). How-
ever, the best result was obtained under neat conditions and
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N,Ar = 5 mol% CuBr
+ H RIEY 1.3 equiv tBuO,H
—_—
H LS 50°C, 16 h
NH
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58-98%
.Ph
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Ar = Ph: 86% R = MeO: 89% 81%
Ar = 4-MeOCgHy: 95% R =CO,Me: 77%
R =NO;: 85%

Scheme 11. Copper-catalyzed cross-dehydrogenative Friedel-Crafts
arylation.

the desired product was isolated in 80 % yield. The optimized
reaction conditions were broadly applicable with regard to
the indole substrates. Electron-donating as well as electron-
withdrawing groups were well tolerated and the correspond-
ing products were isolated in good yields. The alkylation
occurred selectively at C3 and the C2 isomer was only
obtained when C3 was blocked.

Interestingly, unprotected indoles performed better (64—
98 % ) than N-methyl indole which yielded the corresponding
product in a moderate 58 % yield. The Li group proposed
a mechanism which proceeds by the copper-catalyzed gen-
eration of tetrahydroisoquinoline cations which subsequently
react with the indoles in an electrophilic aromatic substitu-
tion. The oxidative activation of the tetrahydroisoquinoline
with TBHP is believed to proceed as previously discussed in
Scheme 8. In the following years, the scope of cross-dehydro-
genative Friedel-Crafts-type arylation was significantly
improved by the development of highly efficient catalyst
systems, which are depicted in Scheme 12.!

Various proelectrophiles including N,N-dialkylanilines
and N-alkyl amides were successfully coupled with a broad
variety of electron-rich arenes such as indoles, indolizines,
furanes, and anisoles.

A photocatalytic protocol was recently developed by the
group of Stephenson® on the basis of their previous studies
on light-mediated reactions, and will be discussed in detail in
the context of the connection of two Cy—H bonds”>™ A
catalytic quantity of the photocatalyst [(bipy);Ru]CL-6 H,O
in combination with excess ammonium persulfate allowed the
arylation of N-alkylamides, such as DMF, DMA, and NMP,
with a set of anisoles and indoles (Scheme 13).% The reaction
proceeds smoothly at room temperature under irradiation
with blue light. The mechanism of the photocatalytic proce-
dures will be discussed later (Scheme 41).7%! Interestingly, the
arylation also occurs under thermal conditions in the absence
of the ruthenium photocatalyst at temperatures above 55°C.
In direct comparison, the photocatalytic protocol proved to
be more efficient than the thermal variant, and better yields
were detected. However, overalkylation and the formation of
regioisomers were observed with both protocols.

Recently, an intramolecular version of the dehydrogen-
ative Friedel-Crafts-type arylation has been developed by the

www.angewandte.org

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

C.-J. Li et al.
Schniirch: Che:
Ref. [25a] /7=, Ref. [25b]
€ v
\\\.‘,_(E/\N/
N\
PG HN
15 examples Ar 15 examples
Prabhu:  34-99% 44-87%
Ref. [25h]
F

LA,

o4 Che:
e(NO3)3 Fe(terpy) Ref. [25(:]
tBuO,H @SBA-14
tBquH

§ Vzos/oz @
Q NH
[Ru(2 6- Clgtpp)CO]
9 examples {BUO,H 19 examples
55-96% 2 19-78%
Shirakawa and Hayashi: "goc) .
Refs. [25f,g] o B Oe 3 CuBr Huang:
1 (tBuO), tBuO,H Ref. [25d]
e -
AT TNTR! CuBr 7N
HN

|
R 0,
24 examples — 7 examples
53-91% \ -

A _789
Zhang: ~N = N 52-78%
Ref. [25€]
20 examples
25-93%

Scheme 12. Catalytic cross-dehydrogenative Friedel-Crafts-type aryla-
tions. PG = protecting group, terpy =terpyridine, tpp =tetraphenylpor-
phyrin.
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Scheme 13. Photocatalytic cross-dehydrogenative amidation.
bipy=2,2"-bipyridine.

group of Ge, and it allows the copper-catalyzed aerobic
synthesis of functionalized cinnolines (Scheme 14).! The
cyclization is performed in DMF at 110°C under an atmos-
phere of molecular oxygen. The authors found that the
addition of a pyridine/trifluoroacetic acid buffer (3.5:1) was
crucial for obtaining high conversions. Interestingly, among
the tested copper catalysts, a combination of 1.5 mol%
CuSO, and 7.5mol% Cul showed the highest catalytic
activity.

The optimized reaction conditions were broadly applica-
ble with regard to the phenylhydrazones and electron-rich,
electron-deficient, or bulky substrates were smoothly con-
verted into the corresponding cinnolines. The reaction is
believed to start with the copper-catalyzed aerobic oxidation
of the hydrazone and the obtained carbonyl intermediate is
activated by the copper-catalyst to undergo a Friedel-Crafts

Angew. Chem. Int. Ed. 2014, 53, 74—100


http://www.angewandte.org

C—H Activation

H 1.5 mol% CuSOy4 R
7.5 mol% Cul
H N7 R! 3.5 equiv pyridine Z>N
U N 1"
N 1 equiv TFAOH, O, (1 atm) N
| Yr© DMF, 110 °C, 14 h | e
¥z ¥z
30 examples
47-95%
Ph Ph Ar
= hl Z N Z N
I 1"
N N N N
| R
R %
R=0OMe: 88% R=7-iPr:60% Ar=4-MeOCgH,: 61%
R =Cl: 76% R =6-Br: 91% Ar = 4-FCgHy: 80%
R =6-CN: 92%

Ar = 4-CNCgHy: 53%

Scheme 14. Cross-dehydrogenative cinnoline synthesis. DMF = N,N-
dimethylformamide, TFAOH =trifluoroacetic acid.

cyclization (Scheme 15). Demethylation with pyridine fur-
nishes the desired products.

Hl R R
H
.
T o T T SN
1
N N
N Noch, Cuo; “CHs Xy “CHs
| TR —_— | IR — || &R
= = =
1 Py
R’ R’
Z N A N
N \+K“CH
A\
| JR =— [ JrR 7F
= =

Scheme 15. Proposed mechanism of the cinnoline synthesis.

The previous procedures have focused on the oxidative
activation of nitrogen-containing proelectrophiles. In com-
plementary contributions, allylic compounds as well as
diphenylmethanes have been disclosed as substrate classes
for cross-dehydrogenative arylations.®® A PdCl,-catalyzed
allylation reaction of indole derivatives was introduced by the
group of Bao in 2009 (Scheme 16).2% DDQ proved to be the
oxidant of choice. Under optimized reaction conditions,
various indole derivatives were successfully coupled with
1,3-diarylpropenes. The authors propose that the reaction
proceeds by a DDQ-mediated oxidation of the allylic
substrates into palladium-stabilized allyl cations which sub-
sequently react with the indoles in a Friedel-Crafts-type
reaction.

The group of Shi introduced a FeCl,-catalyzed benzyla-
tion reaction of electron-rich arenes with diphenylmethanes
(Scheme 17).*) Among the tested oxidants, the best results
were also obtained with DDQ and the authors propose that
the reaction is initiated by a single-electron transfer (SET)
oxidation of the diphenylmethane by DDQ, thus generating
a diphenyl radical, which is supported by the detection of
trace amounts of the corresponding homocoupling products.
A second SET oxidation transfers the radical intermediate
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R2
2 0, N,
R? 5 mol% PdCl, ,
11equvDDQ R’ Z
MeCN,0°C,2h
Ar X Ar
16 examples
40-91%
by:
i Pdcl, AN
) + DDQl- DDQH,
H
Ar \i Ar o Ar S A
NH NH
&/— NH
Z I
IIDdCI Q/
AT AT
Scheme 16. Cross-dehydrogenative allylation.
Ar
o Ar 10 mol% FeCl
| + 2.5 equiv DDQ Xy Ar
X H™ A 5eeo0ec 360 v
EDG 6 equiv ’ ’ 2 EDG
20 examples
51-95%
Ph Ph Ph
|j©)\Ph M9020:©)\Ph Meozc:‘):‘! [
MeO MeS MeO
96 % 86% 51%

Scheme 17. Friedel—Crafts-type cross-dehydrogenative benzylation.
DCE =1,2-dichloroethane, EDG = electron-donating group.

into a carbocation which subsequently reacts with the
electron-rich arene.

3.1.2. Metal-Free Procedures

Very recently, the first cross-dehydrogenative Friedel-
Crafts-type arylations of Cy:—H bonds were disclosed which
proceed in the absence of a transition-metal catalyst. Based
on their mechanistic studies,” the group of Klussmann
introduced a two-step procedure for the arylation of N-
protected tetrahydroisoquinolines (Scheme 18) in which the
cationic intermediates are generated from the corresponding
peroxides.™ In the first step of the reaction sequence, a series
of tert-butyl peroxides was prepared simply by stirring the N-
protected tetrahydroisoquinolines with TBHP at 105°C. The
temperature proved to be crucial and low conversions were
obtained at different temperatures. The best results were
obtained with Cbz- and Boc-protected derivatives which
yielded the corresponding peroxides in 74 %. In the second
step, a catalytic quantity of methanesulfonic acid converts the
preformed peroxides into the corresponding iminium cations
which subsequently react with the arenes. Satisfying yields
were obtained with anisoles as well as with electron-rich
heterocycles such as indoles or pyrroles.

Prabhu and co-workers demonstrated that a catalytic
quantity of iodine in combination with oxygen mediates the
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R
Ar N’
3 equiv tBuOQH 10 mol% MsOH
H™105°C, 248 h | °C,2-48 h O,tBu  AcOH, RT Ar
0.5-15 min
R =Cbz: 74% 16 examples
R = Boc: 74
R= 82:046%/u 24-97%
N,Cbz
| X
I
R

R =2,4,6-(OMe);: 83% R = OMe: 95% 51%
R =4-OMe: 24% R =Br: 89%
R =4-OH: 72% R =CN: 86%

Scheme 18. Metal-free cross-dehydrogenative Friedel-Crafts arylation
sequence. Cbz =benzyloxycarbonyl, Ms = methanesulfonyl.

arylation of tetrahydroisoquinolines with indoles even at
room temperature.”

An interesting cross-dehydrogenative heterocycle syn-
thesis was recently introduced by the group of Garcia Man-
chefo in 2012.5Y Various polycyclic tetrahydro-1,3-oxazin-2-
one derivatives were obtained in good yields from the 4-
acetamido-2,2,6,6-tetramethylpiperidine-1-oxoammonium
tetrafluoro borate mediated coupling of tertiary amines with
aliphatic or aromatic olefins (Scheme 19) Interestingly, 4-

NHAc
BF,
1 i i
¢ N7 "OAd . & 1.1 equiv 1r'”‘NJ\o -
N H . CH,Cly, RT, 24 h R2
| H\)\ >
N R R!
R R 29 examples
38-99%
by: !
Lo 3 o
. 3 |

R = 4-tBu: 99% 40%
R = 4-OMe: 38%
R =3-CF3 51%

Scheme 19. Metal-free cross-dehydrogenative oxazinone synthesis.

acetamido-2,2,6,6-tetramethylpiperidine-1-oxoammonium
tetrafluoro borate outperformed other organic oxidants,
including DDQ and TBHP which gave the product in only
trace amounts. The reaction proceeds by the oxidation of the
protected amines into the corresponding cations, which
readily cyclize with the olefin and cleavage of the alkyl
substituent of the carbamate. Good results have been
obtained with adamantyl carbamates while the use of Boc-
protected derivatives resulted in the release of isoprene and
product mixtures were obtained. Electron-deficient styrenes
proved to be less reactive while highly electron-rich olefins
were sensitive toward polymerization.
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3.2. Cross-Dehydrogenative Couplings Involving Radical
Intermediates

In groundbreaking contributions, the group of Minisci
demonstrated that alkylated pyridine derivatives are acces-
sible from the reaction of free alkyl radicals with protonated
heterocycles.m] However, the relatively harsh reaction con-
ditions limit the applicability of these pioneering procedures
to robust substrates. Considerable efforts led to the develop-
ment of selective and efficient procedures which allow the
CDC of Cy—H with Cy:—H bonds through free-radical
intermediates under mild reactions conditions.

3.2.1. Intermolecular Radical Alkylations

In 2008, the group of Li demonstrated that 2-phenyl-
pyridines are smoothly methylated with di-tert-butyl peroxide
(TBP) in the presence of catalytic quantities of Pd(OAc), at
elevated temperatures (Scheme 20).5¥! The peroxide served

A A
| _N 2 equiv (tBuO), | _N
10 mol% Pd(OAC)Z
e 150 °C, 12 h A O
TR : TR
N X
13 examples
33-95%

Scheme 20. Palladium-catalyzed oxidative ortho-methylation.

both as the oxidant and the methylating reagent. The authors
suggested that the methylation of the heterocyclic pallada-
cycleP! might proceed through radical intermediates which
are generated from the thermal decomposition of TBP. This
procedure led to the basis for the development of the first
intermolecular radical CDC of arenes with simple non-
activated alkanes (Scheme 21).5

Various 2-aryl pyridines were successfully coupled with
cyclohexane, cycloheptane, and cyclooctane (Scheme 21).
Among the tested transition-metal salts, the best results

|
A N
| 10 mol% [{(p- cymene)RuCIz}z]
R/ Ay 4 equiv (tBuO),, air (1 atm) / P
+ 135°C,6-16 h

H
excess
O)n n=123

product a product b n
15 examples
42-75%
=
|
N
Jn
n=1:52% (alb = 1:1) R = 4-OMe: 54% (a/b > 20:1)
n=2:70% (alb =1.1:1) R = 4-CO,Et: 63% (a/b > 20:1)
n=23:75% (a/b =1.1:1) R =4-Ph: 63% (a/b = 5:1)

Scheme 21. Cross-dehydrogenative ortho-alkylation. p-cymene =4-iso-
propyltoluene.
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were obtained with 10 mol % [{(p-cymene)RuCl,},]. Interest-
ingly, Pd(OAc), was ineffective and only trace amounts of the
desired products have been detected. TBP proved to be the
most efficient oxidant, and high yields were obtained by using
it in excess (4 equiv). Under optimized reaction conditions,
electron-rich and electron-deficient 2-phenylpyridines were
alkylated in satisfactory yields. The reaction is sensitive
toward the ring size of the hydrocarbon and cyclooctane
showed the highest reactivity while the use of cyclohexane
resulted in moderate yields. However, overalkylation was
observed in many cases, and the products were obtained as
isomeric mixtures. The authors proposed a tentative mecha-
nism which starts with the chelation-assisted aromatic C-H
activation of the phenyl pyridine by the ruthenium catalyst
(Scheme 22).l The resulting complex reacts with the cyclo-

/P (Ru] |/ z
R

(tBuO),
H—alkyl

2 tBuOH

Scheme 22. Proposed mechanism of the ortho-alkylation.

alkane and the peroxide with formation of an aryl/alkyl/Ru
complex which reductively eliminates the product.

The same group further developed this methodology for
the para-selective CDC reaction of arenes and cycloal-
kanes.”! By using [Rus(CO);,] in combination with 1,4-
bis(diphenylphosphino)butane (dppb) in the presence of TBP
a wide range of arenes were functionalized with simple
cycloalkanes (Scheme 23).

10 mol% [Ru3(CO)42]

5 mol% dppb R
R\©\ H\O 2 equiv (tBuO)y, air (1 atm)
+
H ), 135°C, 12 h :
excess 22 examples "
n=0,12 26-95 %
(0] (o}
R
R
>
=
n
R = Me: 83% =0:26% (n.d.) R=Cl:75%
(p: 96%) n=1:41% (p: 95%) (o/lmlp = 4:1:6)
R = CF3: 95% R =Br:72%
(p: 94%) (o/mip = 3:1:13)
R = NHMe: 50% R =CN: 90%
(p: 91%) (o/mip = 3:1:4)

Scheme 23. Ruthenium-catalyzed para-selective alkylation of arenes.
dppe =1,2-bis(diphenylphosphino)ethane.
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Electron-deficient as well as electron-rich arenes were
both suited for this reaction. The corresponding coupling
products were isolated in good yields and with high para
selectivities, even with chelating ortho-directing substituents.
Beside cyclohexane, other cycloalkanes were also effective in
this reaction. However, the ring size had a dramatic influence
on the reaction yield, with the lowest yield obtained using
cyclopentane. A kinetic isotope effect (ky/kp =1.00) was not
observed with chlorobenzene/[D;s]chlorobenzene as sub-
strates, thus leading the authors to conclude that the reaction
proceeds most likely through a radical mechanism. Therefore
the regioselectivity could be rationalized by the stabilization
of the radical intermediate by both electron-donating and
electron-withdrawing groups through FMO interactions.”

In subsequent efforts, the group of Li succeeded in
introducing significantly improved variants of the Minisci
reaction.”? Pyridine-N-oxide proved to be reactive enough to
undergo radical alkylation with cyclic hydrocarbons, even in
the absence on an activator (Scheme 24).*! Catalytic quanti-

H
R
A
A
HOONTH
o \R
2 equiv (tBuO), ( l<<:>)>
135°C, 15 N "
H 1
. R
Ir:r'“‘ VA
LI
"

o
13 examples
40-81%, m=1-3

<O

e)iC?SS 5 mol% Sc(OTf)3 PN \/R
n=1-3 2 equiv (tBuO), e |L/}<<:>) >
Wl . o~
135°C, 15 h TN U

14 examples
51-91%,m=1,2

Scheme 24. Improved Minisci-type alkylations of heterocycles.

ties of scandium triflate efficiently activated various pyridines
and quinolines for the alkylation reaction under neutral
reaction conditions (Scheme 24).1*! The Lewis-acidic catalyst
decreases the electron density of the aromatic system by
coordinating to the nitrogen atom of the heterocycle and thus
facilitates the nucleophilic attack of the alkyl radical. How-
ever, overalkylation was observed in both procedures.

In subsequent contributions, the synthetic scope of the
radical cross-dehydrogenative alkylations was continuously
improved (Scheme 25). The group of Li presented the
palladium-catalyzed coupling of N-heterocycles with simple
alcohols. The reaction is initiated by an excess of dicumyl
peroxide (Scheme 25)."! The group of Wang and Wang
disclosed the radical coupling of benzothiazoles, benzoxa-
zoles, and benzimidazoles with alcohols or ethers in the
presence of excess TBHP (Scheme 25).1Y The groups of Qu
and Guo developed a TBP-mediated alkylation of various
purines and purine glycosides with cycloalkanes by using
a modified version of Li’s procedure!'”! (Scheme 25).! Patel
and co-workers extended the scope of the palladium-cata-
lyzed, chelation-assisted ortho alkylations to the synthesis of
benzophenone derivatives. Various 2-phenylpyridines were
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a) Li[Ref. 41]:

PN 5 mol% PdCl, AN
< 2 5 mol% rac-binap y

. A N S R
/ \ - H—< 3.5 equiv DCP, air (1atm)= - 7\
<, =N 120°C, 16 h ¢ Y=N OH

o R

13 examples
25-78%
b) Wang and Wang [Ref. 42]:
2 ; _R?
N _H o,R 4 equw tBuO,H o
\\I/ " /jv air (1 atm) N\'/(\ .
—_—
QY HORR! 120°C,6h TRR
excess Y
Y=NH, O, S 17 examples
50-90%
¢) Qu and Guo [Ref. 43]:
NH, NH,
K \>—H + H—alkyl 2 equiv (tBuO), Nk \>—a|ky|
Z excess  air (1atm)
—_——
RO 140°C,24 h RO
o o
20 examples
R'O  OR! R'O OR' 56-93%
d) Patel [Ref. 44]: o
H 10 mol% Pd(OAc),
d H A 2 equiv tBuOOH X A
RT * |_R'" 207, 14n Ry P
Z>pe Rl DG
10 equiv via 22 examples
67-90%

Scheme 25. Radical cross-dehydrogenative alkylations. binap =2,2"-bis-
(diphenylphosphanyl)-1,1"-binaphthyl, DCP = dicumylperoxide, DG =
directing group.

coupled with toluenes in the first step with subsequent
oxidation of the resulting diphenyl methanes into the
corresponding ketones (Scheme 25).14

In completion of the previous protocols, the group of
Antonchick recently introduced a combination of (bis(tri-
fluoroacetoxy)iodo)benzene (PIFA) and sodium azide as
a synthetic alternative to peroxide based oxidants
(Scheme 26).1 Under optimized reaction conditions, various
nitrogen-containing heterocycles were alkylated with cyclic
hydrocarbons even at room temperature. The authors pro-
pose a mechanism which starts with the generation of

~ 2 equiv PIFA
2 equiv NaN no
" —R HL 3 i "R
] Ikyl !
NS T 7Y TCHCL RT AN PNy
38 examples
31-92 %
Cl
N o]
X ;<N 4
Cy o N
P 4
cl N N
) N//kcy
72% 65%

Scheme 26. PIFA/NaN;-mediated metal-free alkylation.
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o TEA H
— L
N
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Scheme 27. Proposed mechanism of the PIFA-mediated alkylation.

a (trifluoroacetoxy)iodobenzene radical and an azide radical
(Scheme 27). The azide radical abstracts a hydrogen atom
from the cyclic alkane and the resulting hydrazoic acid reacts
with a second PIFA molecule under release of trifluoroacetic
acid, which protonates the heterocycle and activates it for the
addition of the alkyl radical. The resulting heterocyclic radical
cation is oxidized into the corresponding product by the
(trifluoroacetoxy)iodobenzene radical.

Interestingly, the group of Todd demonstrated that the
CuCly/DDQ-catalyzed arylations of isochromanes with ani-
soles proceed by the formation of aryl radicals rather than the
expected Friedel-Crafts reaction.!

3.2.2. Intramolecular Radical Cyclizations

Several efficient procedures have been developed for the
cross-dehydrogenative synthesis of oxindole derivatives by
intramolecular cyclizations of acetanilide radicals. The meth-
odology was independently explored by the groups of
Kiindig"” and Taylor™® in 2009. Both groups demonstrated
that phenylacetic acid anilides are converted into the
corresponding heterocycles in the presence of stoichiometric
amounts of copper salts. In 2010, the group of Taylor
succeeded in developing a Cu(OAc),-catalyzed aerobic
variant.”! The key to achieving a catalytic turnover was to
omit any basic additives and to perform the reaction in
a nonpolar, high-boiling-point solvent such as mesitylene
(Scheme 28). The procedures are believed to proceed by the
generation of benzyl radical intermediates which subse-
quently add to the aniline moiety. Oxidation of the resulting
radical and re-aromatization provides the product.

5 mol% Cu(OAc),-H,0 Rl ew

. G
air (1 atm) ©\)S:
(¢]
N

mesitylene, 165 °C

1.5-6 h
g R EWG R
13 examples
lcu/oz 53— 92%
R! H* R
~r—~ [ EWG EWG Cu/Oz
NS
R R

Scheme 28. Copper-catalyzed aerobic radical oxindole synthesis.
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3 _
5 mol% FeCl AN
A o R 10 mol% DBU
| Y— 2 equiv tBuO,H |
[ N = ¢ H—< e N
R o .. CgHe 120°C g |
ROR 12h R
Y=0,8 18 examples
5-87%
by: Y OEt
E Y—. |
oo o LIy
N0 N R N
L Y=0:77% R = 5-OMe: 73%
Y =S:52% R =8-I: 59%

Scheme 29. Radical cyclization sequence. DBU = 1,8-diazabicyclo-
[5.4.0]undec-7-ene.

Recently, the group of Li extended this strategy to the
synthesis of various 3-alkylated oxindole derivatives
(Scheme 29).% The reaction starts with the iron(III)-cata-
lyzed degradation of TBHP with subsequent formation of an
alkyl radical adjacent to the heteroatom which adds to the
double bond of the acrylanilide substrate. The resulting
radical undergoes an intramolecular 5-exo-trig cyclization and
subsequent oxidation step to afford the corresponding
products.

3.3. Cross-Dehydrogenative Alkylation by Transition-Metal-
Catalyzed C—H Activation

Transition-metal-catalyzed C—H activations represent the
third strategy for the CDC of Cy,—H with C,,—H bonds. This
strategy was pioneered by the group of Sames in 2004, who
demonstrated the feasibility of an iridium-catalyzed intra-
molecular cyclization of 2,2-dimethyl-vinylacid pyrrolidine
amide (Scheme 30).°Y The cyclization reaction starts with the

5 mol% [{(coe),IrCl},]

o 10 mol% IPr o] %
N 4 equiv NBE N . N
cyclohexane, 150 °C =~ ~
o 13h
66% 17%
by: H

N
/N IPr\l o /
o} 0 " N
H

OH

Scheme 30. Iridium-catalyzed cross-dehydrogenative cyclization. coe=
cyclooctane. NBE =norbornene.
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oxidative addition of an in situ generated [{(IPr)IrCl},]
carbene complex (IPr= N,N-(2,6-diisopropylphenyl)imida-
zole-2-ylidene) into the C—H bond adjacent to the nitrogen
atom. The bulky N-heterocyclic carbene (NHC) ligand
minimizes the rate of unproductive B-hydride elimination
and favors both the 5-exo-trig (Scheme 30) as well as the 6-
endo-trig cyclization. The resulting iridium complex liberates
the product after P-hydride elimination, and the initial
iridium catalyst is regenerated by hydride transfer onto
norbornene. The scope of this procedure was later extended
to intermolecular 1,2-additions with olefins and alkynes.”?
In subsequent contributions, several palladium-catalyzed
cross-dehydrogenative cyclizations were developed to effi-
ciently  synthesize  nitrogen-containing  heterocycles
(Scheme 31).%1 The group of Fagnou introduced an aerobic

a) Fagnou (Ref. [53a])‘

10 mol% Pd(OAc), o)
20 mol% tBuONa
¢ )KER‘ alr(1o atm) //\\/'\é(Rz
\/k R// R
P|vOH 120 °C
15h 10 examples
12-69%
b) Yu (Ref. [53b]):
o 10 mol% Pd(OAc),
R 2 equiv LiCl o (0]
R NHAr 1.1 equiv Cu(OAc), R R
H 1.1 equiv AGQOAC_ (g1 (I\IHAr R NAr
+ DMF, 120 °C, 12 h AN
AN
HTY Ar = CgFs CO,BnN BnO,C
COan
16 examples
18-94%

c) Sanford (Ref. [53c]):

CO,R? 10 mol% [Pd(MeCN),1(BF ),
3 mol% Hy[PMo41VOy0]
0,
1.1 equiv NaOTf or 10 mol% NaOAc /\ 002R3

2N *: air (1 atm) -
R! H AcOH, 110 °C, 18 h R
R2

X = OTf, BF,

18 examples
36-95%

Scheme 31. Cross-dehydrogenative cyclizations.

cyclization of N-pivaloyl pyrroles.’* Yu and co-workers
disclosed a one-pot sequence for the synthesis of functional-
ized 2-pyrrolidinones, and it starts with an intramolecular
Cy—H olefination of the pivaloyl amides and subsequent
conjugate addition.”®! An intramolecular aerobic palladium-
catalyzed synthesis of various 2,3-dihydroindolizinium salts
was provided by the group of Sanford.”*

The group of Liu reported in 2011 a palladium-catalyzed
cross-dehydrogenative synthesis of 3,3-dialkyloxindoles
(Scheme 32).* Various N-protected methacrylic acid anilides
were smoothly coupled with aliphatic nitriles, and the
corresponding heterocycles were obtained in good yields.
The reaction is mediated by a catalyst system which is
generated in situ from Pd(OAc), and 2,2’-bipyrimidine at
80°C and the corresponding nitrile serves both as reagent and
solvent. A combination of PhI(OPiv), and AgF serves as the
oxidant. Interestingly, silver fluoride proved to be crucial to
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5 mol% Pd(OAc),
7.5 mol% 2,2 -bipyrimidine o

o R , 1.1 equiv PhI(OPiV), R2 R
R1<\*N H . i 4 equiv AgF, MgSO, R~N N
7 N\ H7CN 80°C,12h 7\

P
R excess R/ _
32 examples
32-99 %

o
o o) " o
~N CN~N R ~N RL
CN CN CN
R

R =0OMe: 95% R?=CH,OAc: 92% RS = Et: 54% R' = Me: 90%
R=NO2 99% R?=4-CgH,OMe: 53% R3=OMe:32% R'=Ac:0%
R=Br:94% R2=H:0% R'=Ts: 0%

Scheme 32. Palladium-catalyzed synthesis of 3,3-dialkyloxindoles.
Piv = pivaloyl, Ts =4-toluenesulfonyl.

the reaction outcome, and no conversion of the substrate was
observed either in its absence or when it was replaced with
silver carbonate. The protocol is broadly applicable with
regard to the anilides and the methacrylic acid moieties. Many
functional groups including nitro, ester, trifluoromethyl, and
bromide groups are well tolerated. However, no product was
detected either in the absence of a functional group at the a-
position of the acrylate moiety or with electron-withdrawing
acyl or tosyl (4-tolylsulfonyl) protective groups on the anilide.
Among the tested nitriles, the best results were obtained with
acetonitrile whereas the use of butyronitrile and ispropylni-
trile resulted in moderate and trace yields, respectively.

The group of Liu proposed a mechanism (Scheme 33)
which starts with the coordination of the double bond to the
palladium catalyst. A nucleophilic attack of the arene onto
the activated olefin generates a palladium(II) alkyl complex
which is transferred into a palladium(IV) intermediate by
reacting with the nitrile in the presence of the oxidant.
Reductive elimination liberates the product and closes the
catalytic cycle. The scope of the protocol was extended to
methacrylic acid anilides with electron-withdrawing protec-

>/ N©

) v,
le] ! [Pd]

PhI(OPlv)/AgF [Pd"

Scheme 33. Proposed mechanism of the oxindole synthesis.

www.angewandte.org

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

C.-J. Li et al.

tive groups by the addition of a catalytic quantity of
pyridine.P

At about the same time, two procedures for a formal CDC
of Cy,,—H with C,,—H bonds were independently introduced.
Both methods proceed by the generation of an unsaturated
intermediate which is subsequently coupled with an arene or
an olefin.”® The group of Hong developed two complemen-
tary Pd(OTFA),-catalyzed protocols for the arylation and
olefination of a series of chromanones and dihydroquinoli-
nones (Scheme 34).°% Both substrate classes were selectively

H
\/\COZR o CO,R
20 mol% Pd(TFA), |
3 equiv Cup(COz)(OH), (=57, |
0 PivOH, 100 °C, 8 h Ry v
o H He 16 examples
e 1 Ar 42-89%
SNy Ny 20 mol% Pd(OTFA), o
2 equiv Cu(OTFA), R
Y =0,NR 3 equiv AgOAC e |
- N o
PivOH, 100 °C, 48 h Y
8 examples
50-93%

Scheme 34. Formal cross-dehydrogenative functionalization of chroma-
nones and dihydroquinolinones.

vinylated at the 3-position in the presence of basic CuCOs.
However, the arylation reaction proved to be more challeng-
ing, and good results were reported with chromanones. The
reaction required a combination of AgOAc and Cu(OTFA),
as the oxidant and the arylation occurred selectively at the 2-
position.

The group of Pihko reported an aerobic palladium-
catalyzed dehydrogenative arylation of 2-alkyl-1,3-dicarbonyl
compounds (Scheme 35).5%! The reaction is believed to
proceed by the palladation of the arene and subsequent

ROC.__CO,R’

10 mol% Pd(OAc), 1
I 50 mol% (PhO),P(0)OH ~ ROCL _COR
R “H air (1 atm)
+ R3 N
Hox AcOH/CH,Cl,, 25 °C | Lep
=
\OEDG 30 examples
39-87%
by: B
Y
Pd° I
ROC._COR! PIA" Roc j/COZR1
R®™ SAr R3
ROC._CO.R'’ ROC._' CO,R!
Pd'H pd'lAr
R®" Ar R3 H

ROC cosz/

T-Pd"-H

R3“~Ar
Scheme 35. Arylation of 2-alkyl acetoacetates. EDG = electron-donating
group.
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coordination of the resulting aryl complex with the nucleo-
philic a-carbon atom of the ketoester. Subsequent -hydride
elimination generates an acrylic species and the palladium
hydride aryl complex transfers the aryl group onto the double
bond. Protonolysis by the diphenylphosphoric acid or hydride
transfer liberates the product and releases a palladium(0)
species which is reoxidized into the initial catalyst.

4. Coupling of C,,—H with C ,—H Bonds

The rather challenging regio- and stereoselective CDC of
two C,,=—H bonds has been achieved by the development of
bifunctional catalyst systems which allow the simultaneous
activation of the proelectrophilic as well as the pronucleo-
philic C,,-—H bonds in situ. Following this strategy, various C-
H acidic compounds with pK, values ranging from pK,=17
(e.g. nitromethane in DMSO) to pK,=26 (e.g. acetone in
DMSO)P" have been successfully used in CDC reactions. The
procedures are categorized herein by the related named
reaction.

4.1. Aza-Henry-Type

The cross-dehydrogenative aza-Henry reaction™! dates
back to the pioneering studies of Leonard and Leubner in
1949.%1 The authors studied the reaction of phenylnitro-
methane with tetrahydroisoquinolinium iodide, which was
generated from the oxidation of tetrahydroisoquinoline with
iodine. Unfortunately, the desired product decomposed upon
characterization as the corresponding picrate salt and the
scope of the procedure was not investigated.

In 2005, the first broadly applicable procedure for the
cross-dehydrogenative aza-Henry reaction was introduced by
the group of Li* Various N-arylated tetrahydroisoquino-
lines were successfully coupled with an excess of the nitro-
alkanes in the presence of catalytic quantities of CuBr and
1.2 equivalents of TBHP at room temperature (Scheme 36).

Other copper salts such as CuBr, (92%), Cul (80%),
CuCl, (80%), Cu(OAc),H,O (80%), or CuCl (75%) also
catalyze the reaction but higher catalyst loadings (10 mol %)
were required. Nitromethane proved to be slightly more

R 2-5 mol% CuBr 31
) H i 2
N. R 4 J\ 1.2 equiv tBuO,H R’N R
RTY R®NO, RT,6h I
H excess R NO,
9 examples
30-75 %
N
o, T
R3"NO, NO, R4
R = Ph, R® = H: 75% 53% R*=H: 30%

R = Ph, R® = CHg: 53%

R*=CHg 62%
R = 4-MeOCgHy, R® = H: 54%

Scheme 36. Copper-catalyzed aza-Henry reaction.
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reactive than nitroethane which gave the corresponding
products in moderate yields as diastereomeric mixtures.

The atom economy™™ and process safety were significantly
improved in 2007 by developing an aerobic protocol which
proceeds in water (Scheme 37).°Y) The use of water as
solvent!® allowed reduction of the amount of nitroalkane to
2 equivalents. The coupling reaction proceeded smoothly in
the presence of 5 mol % CuBr at 100°C under an atmosphere
of molecular oxygen, which could be replaced by air when the
reaction time was increased to 24 h.

5 mol% CuBr
H 0O, (1 atm
©:|/HN‘ + J\ #» N‘R
R R">NO, H,0,60°C, 16 h

H 2 equiv R'"NO,
8 examples
30-95%
Nopp N-pn N-g
NO, R%2”NO, NO,
0,, 16 h: 90% R'=H: 90% R = 4-MeOCgH,: 95%
Air, 24 h: 85% R' = CHg: 90%
R' = Et: 95%

Scheme 37. Improved aerobic copper-catalyzed aza-Henry reaction in
water.

These seminal contributions provided the basis for the
development of various homogeneous catalyst systems which
efficiently mediate the aerobic cross-dehydrogenative aza-
Henry reactions depicted in Scheme 38.1%

In parallel efforts, recoverable heterogeneous nanoparti-
cles have been successfully introduced as catalysts for this
reaction class. The groups of Li, Song, and Moores pioneered
in this research area with the introduction of magnetic iron
oxide nanoparticles which efficiently catalyze the aerobic
coupling of N-arylated tetrahydroisoquinolines with nitro-

a) Xiang (Ref. [63a]):

2.5 mol% RuCls, O, (1 atm)
MeOH, 55 °C, 4-24 h
11 examples: 64-94%

b) Liang (Ref. [63b]):
10 mol% PtCly, 4A M.S., —H,

X H,0, 85 °C, 10-30 h N
RT _ N‘R* 13 examples: 54-96% R P |
H+H ]9 Zhu(Ref. [63c]): — R
J\ 3 mol% [(bipy)AuCl,]JAuCly
air (1 atm)

MeOH, 60°C, 1.5-30 h
11 examples: 52-95%

d) Prabhu (Ref. [63d]):
5 mol% V5,05, O, (1 atm)
60°C,24 h
8 examples: 85-99%

Scheme 38. Catalyst systems for cross-dehydrogenative aza-Henry
reactions. M.S.=molecular sieves.
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alkanes under neat conditions.™ The nanoparticles are easily
separated from the reaction mixture with a magnet and can be
reused without a significant loss of reactivity. Wu et al.
reported that the aerobic aza-Henry reaction is efficiently
catalyzed in water by RuO,-n H,O nanoparticles which have
been dispersed on the surface of a water-soluble sulfonated
graphene.® The nanocomposite catalyst can be recovered by
filtration, however a loss of reactivity was detected after the
fourth recyclization.

The introduction of alternative oxidants allowed the
development of several metal-free dehydrogenative proce-
dures (Scheme 39). In a seminal report by Todd et al. in 2009,
DDQ was introduced as an efficient oxidant to mediate the
aza-Henry reaction at room temperature under neat condi-
tions.® The intermediate N-phenyl tetrahydroisoquinoli-
nium 2 3-dicyano-3,4-dichloro-1,4-dihydroxybenzene salt
crystallized out of the reaction mixture and was characterized
by X-ray diffraction.[*”

a) Todd (Ref. [66]):
1.1 equiv DDQ

RT,3h

b) Su (Ref. [14]):
A 1.0 equiv DDQ, SiO,

ball mill, 30 Hz, 10-30 min R
H o+ —¢) Liang (Ref. [68]): — R
1 1.2 equiv Phi(OAc),

2" N0, 5AM.S.RT, 155 h

d) Itoh (Ref. [69]):

10 mol% l,, 2 equiv H,0,
40-60 °C, 12-24 h

Scheme 39. Metal-free aza-Henry reactions.

The reaction is also feasible under high-speed ball-milling
conditions, thus furnishing the products in good yields within
10-30 minutes depending on the reactivity of the sub-
strates.' However, the influence of stainless steel balls and
the reaction vessel was not investigated.

The organic oxidant (diacetoxy)iodobenzene (DIB) was
introduced for this reaction type by Liang and co-workers.[*"]
The group of Itoh demonstrated that catalytic amounts of
iodine in combination with hydrogen peroxide effectively
catalyze the nitroalkylation of various tetrahydroisoquinoline
derivatives by generating the catalytic active hypoiodous acid
(HIO) in situ.[®”

Encouraged by innovative contributions to the field of
electrochemical oxidations of tertiary amines,”"! the groups of
Li, Chan, and Lessard demonstrated that the CDC of N-
phenyl tetrahydroisoquinoline with nitromethane is also
feasible under electrochemical conditions.”!! The potentio-
static electrolysis (0.7 V) was performed with a large-area
platinum electrode in an electrochemical H-cell using the
ionic liquid [BMIm][BF,] (1-butyl-3-methylimidazolium tet-
rafluoroborate) as the solvent and triethylamine to trap the
protons which are generated during oxidation. The corre-
sponding iminium ions accumulate in the reaction mixture
and serve as a cationic pool.”?! The subsequent addition of
nitromethane furnished the product in 80 % yield and 93 %
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faradaic yield. Interestingly, the CuBr-catalyzed protocol
proceeds well in the ionic liquid under an oxygen atmosphere.
The catalyst-containing ionic liquid can be reused, without
loss of reactivity, after extraction of the product with diethyl
ether. However the scope of both protocols was not inves-
tigated.

In related work, photo-oxidation catalysts have been
successfully employed in cross-dehydrogenative aza-Henry
reactions and enables the use of visible light as a primary
oxidant (Scheme 40)."*7°! The group of Stephenson demon-

a) Stephenson (Ref. [73a]):
1 mol% [(dtbbipy)(bipy),Ir]PFg
neat, air, visible light, 10 h

b) Stephenson (Ref. [73b]):

AN 1 mol% [(bipy)sRu]Cl, N
R P 3 equiv BrCCly, 4 equivNEt; | gL
‘R DMF, blue LED light, 3 h AN Nogt

'j'\* H  —¢) Rueping (Ref. [74]): —
1 equiv TiO,
EtOH, 11 W fluorescent lamp

d) Kénig (Ref. [75]):
2 mol% eosin Y, air (1 atm)
neat, visible light

Scheme 40. Photoredox catalyst systems for light-mediated aza-Henry
reactions.

strated that both [(bipy);Ru]Cl, and [(ppy).(dtbpipy)Ir]PF;
catalyze the coupling of tetrahydroisoquinoline derivatives
with nitroalkanes under irradiation with visible light.””! The
iridium complex is slightly more effective in aza-Henry-type
reactions, whereas the ruthenium complex can be used in
various other CDC reactions such as alkynylations, Friedel-
Crafts-type arylations, or Mannich-type alkylations.”*%% The
alkylation did not occur in the dark, and the presence of
oxygen was found to be beneficial but not strictly required.

Cheap and broadly available TiO, nanoparticles were
introduced as photo-oxidation catalysts by the group of
Rueping in 2012.7 Good yields were obtained with stoichio-
metric amounts of the catalyst, which could be recovered by
centrifugation and reused several times without a detectable
loss of activity. The use of the organic dye eosin Y allowed the
group of Konig to develop the first metal-free photoredox
procedure.” The reaction proceeds smoothly under irradi-
ation with visible light at room temperature. The photo-
catalytic protocol is best performed under neat conditions in
the presence of air. The reaction mechanism was investigated
in detail by the group of Wu (Scheme 41),7 and the authors
propose that the reaction starts with a photoinduced electron
transfer from the tetrahydroisoquinoline derivative to the
excited triplet state of the eosin dye. The eosin radical anion
reacts with a molecule of oxygen with regeneration of the
photocatalyst and formation of a superoxide radical anion.
The tetrahydroisoquinoline radical cation first combines with
the superoxide radical anion with formation of a peroxide
intermediate which eliminates one equivalent of hydrogen
peroxide. The resulting iminium cation reacts with the
nitroalkane and generates the desired product. In an alter-
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Scheme 41. Proposed mechanism of the Eosin-Y-catalyzed aza-Henry
reaction.

native pathway, the iminium cation can also be generated
directly from the radical cation by quenching a second
molecule of excited eosin. The accumulation of tetrahydro-
isoquinoline peroxide is responsible for a significant product
generation after stopping initial light irradiation.

4.2. Mannich-Type Reactions

The coupling of in situ generated iminium cations with
in situ enolized carbonyl compounds resulted in the cross-
dehydrogenative access to Mannich-type””! products. Tertiary
amines and glycine derivatives have been successfully intro-
duced as substrates. The latter gives access to non-natural
amino acids and the progress in this field will be discussed in
a separate subchapter because of its great importance.[”®!

4.2.1. Mannich-Type Reactions with Tertiary Amines

In 2005, the group of Li carried out pioneering work which
led to the first cross-dehydrogenative Mannich-type reaction
in which tetrahydroisoquinolines were successfully coupled
with readily enolizable malonates (pK,~15 in DMSO,
Scheme 42).7! The reaction proceeds smoothly at room

©¢ 5 mol% CuBr

N. 1.0 equiv tBuO,H N

R, H —_—— R
H

RT, 16 h
R'0,C” ~CO,R! R'0,C” ~CO,R!
9 examples
56-82%

R = Ph: 74% R' = Et: 65%
N.p R=2-MeOCgHq: 71% N.p, R'=tBu:78%

R = 4-MeOCgHy4: 70% R'=Bn: 70%

MeO,C”~ ~CO,Me R'0,C” “CO,R!

Scheme 42. Copper-catalyzed cross-dehydrogenative Mannich reaction.
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temperature with 5mol% of CuBr and 1 equivalent of
TBHP. Good results were obtained even with an equimolar
quantity of the substrates under neat conditions. Interestingly,
the addition of a solvent resulted in significantly decreased
yields. Under optimized reaction conditions, a set of N-aryl
tetrahydroisoquinolines was coupled with various malonates
in good yields. The use of malonitrile resulted in a product
mixture consisting of 29% of the desired product analogue
with 7% of a cyanation product which was generated from the
competing oxidative coupling with cyanide anions™ originat-
ing from the decomposition of the malonitrile. The authors
proposed a mechanism in which the nucleophilicity of the
malonate is increased by formation of a copper enolate
complex which subsequently reacts with a copper-stabilized
iminium cation. The Mannich-type reaction of tetrahydroiso-
quinolines with malonates has become a reference tool to
benchmark the performance of new cross-dehydrogenative
catalysts.[61:63:68.69.730.75.76]

An enantioselective palladium-catalyzed protocol was
introduced by the group of Sodeoka (Scheme 43).51 In
previous studies, the authors demonstrated that malonates
could be enantioselectively coupled with imines in the
presence of chiral palladium phosphine complexes.*”! The

NH 1) 1.1 equiv (Boc),0

2) 2 mol% [((R)-dm-segphos)Pd(OTf),] NBoc
| N R H 1.0 equiv DDQ (slow addition) COyiPr
I X
Z at Cco,iPr CH,Clp, RT, 12 h | /—R COyiPr
CO,iPr 5 examples

15-97%, up to 86% ee

0
< O NBoc
0 PAr, NBoc CO,iPr

CO,iPr

0O PAI’Q
< O COyPr  MeO
(6] OMe

(R)-dm-segphos 15%, 82% ee 97%, 86% ee
Ar = 3,5-Me,CqHs

CO,iPr

Scheme 43. Enantioselective cross-dehydrogenative Mannich reaction.
Boc =tert-butoxycarbonyl.

use of the [((R)-dm-segphos)Pd(OTf),] complex in combina-
tion with DDQ as the oxidant allowed the coupling of
isopropyl malonate with a set of insitu Boc-protected
tetrahydroisoquinolines to deliver the product in high enan-
tiomeric excess (S enantiomer). The key to achieving high
enantioselectivities and good yields was the slow addition of
the oxidant.

Less C-H-acidic aldehydes or ketones (pK,=~25 in
DMSO)P have to be activated by a cocatalyst to serve as
substrates in cross-dehydrogenative Mannich reactions. Two
strategies proved to be successful for increasing the nucleo-
philicity at the a-carbon atom. The first strategy relies on the
presence of Brgnsted or Lewis acids in the reaction mixtures
to facilitate the enolization of the carbonyl compounds. The
second method is based on the addition of a secondary amine
which converts the carbonyl compounds into the more
reactive enamines in situ.
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In an innovative contribution, the group of Wanner
demonstrated in a series of trapping experiments that in situ
deprotected enol ethers couple with preformed tetrahydroi-
soquinolinium salts. However the desired products were only
obtained in low yields.®™ The first Cul-catalyzed aerobic
cross-dehydrogenative Mannich-type reaction of tertiary
amines with ketones was disclosed by the group of Tan and
Guo in 2009 (Scheme 44).*Y The key to achieving good

JR\Z O  5mol% Cul, O, (1 atm) R2 O
R. 3 equiv AcOH, 4A M.S.
N +H\)LR3 quiv Ac R‘NMR3
o ) 80°C,6h b
R 3 equiv R
13 examples
24-73%
o]
0 NN N 0
N R® Ph N
R! Ph
R' = Ph, R® = Ph: 62% 70% 24 %

R' = 4-MeOCgH,4, R® = Ph: 60%
R' = Ph, R® = 4-MeOCgH,: 51%
R" = Ph, R® = nBu: 55% (d.r. = 20:1)

@dr.=1.1:1)

Scheme 44. Copper-catalyzed aerobic dehydrogenative Mannich
reaction in acidic media.

conversions was the addition of acetic acid and molecular
sieves. Consequently, the use of asymmetric ketones resulted
in the formation of regioisomers. The presence of acetic acid
in combination with molecular sieves was also crucial in the
gold-catalyzed protocol as reported by the group of Zhu.*

Interestingly, the magnetically removable iron oxide
nanoparticles which had been introduced by Li, Moores,
and Song proved to be sufficiently Lewis-acidic to catalyze
the aerobic coupling of N-phenyl tetrahydroisoquinoline with
acetone under neat conditions.”

In pioneering work, the group of Klussmann demon-
strated that a set of simple ketones could be efficiently
activated to undergo [VO(acac),]-catalyzed cross-dehydro-
genative Mannich reactions by the addition of 10 mol % of L-
proline (Scheme 45).1%! The reaction is highly regioselective,
and asymmetric ketones were functionalized exclusively at

R2 10 mol% VO(acac), R2 O
9] 1.5 equiv tBuO,H
R. 2
NJ\H + H\)J\R3 10 mol% L-proline R‘NMR3
R' 5 equiv MeOH, RT, 24-72 h R
11 examples
30-69%
OMe
OMe
i (AL
R i )
Ph N R hygrine
R3 = CHj: 69% Ph 45%
R3 = nPr: 41% R® = CH3: 65%
R3 = CH,iPr: 32% R3 = Et: 36%

Scheme 45. Organocatalytic vanadium-catalyzed dehydrogenative Man-
nich reaction. acac = acetylacetonoate.
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the less bulky o-position. As a proof of concept, the authors
also demonstrated that the development of an enantioselec-
tive procedure is feasible by adding a chiral organocatalyst
(Scheme 46). An encouraging enantiomeric excess of 17 % ee
was obtained for the reference reaction in the presence of
10 mol % of a Jgrgensen-type catalysts.!

10 mol% VO(acac),
1.5 equiv tBuO,H o
10 mol% organocatalyst

MeOH, RT, 24-72 h

(0]
W NN

) .
Ph 5 equiv

N
Ph

L-proline: 69%, 7% ee
Jorgensen: 10%, 17% ee

organocatalysts:

[ ik
N~ ~COH N Ph
H H  OSiMes

L-proline Jorgensen-type

Scheme 46. Enantioselective organocatalytic dehydrogenative Mannich
reaction.

On the basis of this concept, the group of Chi succeeded in
developing an efficient enantioselective cross-dehydrogen-
ative Mannich reaction of N-aryl tetrahydroisoquinolines
with aliphatic aldehydes (Scheme 47).%! The addition prod-
ucts were sensitive to racemization, and a final reduction step

10 mol% CuBry

30 mol%
organocatalyst
10 mol% AcOH
N™ "H 1.5 equiv tBuO,H NaBH,
R, CHCI4/Et,0 (1:1) N H cHo| EtOH, 0°C
H._CHO RT, 12-42h Y h NH
\/1 R R R R
R ) 17 examples
5 equiv not isolated 31-71%, up to 99% ee
organocatalyst: H OH
Ar > :
Ar N
N OH
H  OSiMe,
Ar =
3,5-(CF3),CgH
(CF3)2CeH3 _ OMe
R = 4-BrCgHy: 60%, 31%
41:59 (synlanti) 62:38 (syn/anti) 32%

99/94% ee (synlanti) 88/72% ee (synlanti) 81% ee

Scheme 47. Enantioselective dehydrogenative Mannich reaction.

with NaBH, simplified the isolation procedure and prevented
unwanted side reactions. High enantioselectivities and
acceptable diastereoselectivities were obtained with a chiral
Jgrgensen-type catalyst’®! in combination with CuBr,, acetic
acid, and TBHP. A solvent mixture of chloroform and diethyl
ether proved to be crucial in achieving good selectivities.

At around the same time, alternative oxidants and
photocatalytic procedures were disclosed for cross-dehydro-
genative Mannich reactions of ketones and aldehydes./**7¢-5]
The first metal-free DDQ-catalyzed dehydrogenative Man-
nich reaction was introduced by the group of Prabhu
(Scheme 48).! The reaction is smoothly catalyzed by
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0 10 mol% DDQ o
0,

. H L, _10mol% AIBN )

N"H RW ————————" °N R
! 5 equiv 02 (1 atm) |
R q o R

60 °C, 24 h
7 examples
79-92%

%, U\ pbQ
CN \< N-ph

Hzo ©i>
_ +
“Ph
2 ol
cn~ DDQH,

DDQH"
H
Noph R)\fo
R ° R
R1

Scheme 48. DDQ-catalyzed dehydrogenative Mannich reaction.
AIBN =2,2"-azobis (2-methylpropionitrile).

10mol% DDQ and 10mol% AIBN under an oxygen
atmosphere. The authors proposed a mechanism which
starts with the oxidation of the tetrahydroisoquinoline by
DDQ. Hydrogen abstraction from the resulting 2,3-dicyano-
4,5-dichlorohydroquinone by butyronitrile radicals regener-
ates the DDQ catalyst and liberates 2-butyronitrile which
readily reacts with oxygen to regenerate the radical inter-
mediates. The protocol is also applicable to the conversion of
4-hydroxycoumarines.

4.2.2. Mannich-Type Reactions with Glycine Derivatives

Cross-dehydrogenative Mannich reactions introduced
a waste-minimized, regio- and stereoselective access to non-
natural a-amino acids.”® In a groundbreaking report, the
group of Li demonstrated in 2008 that various N-acetyl
glycine esters are selectively coupled at the a-position with
a series of malonates (Scheme 49)."! The reaction is medi-
ated by a stoichiometric quantity of Cu(OAc), which serves
both as catalyst and oxidant. The yield was significantly
improved by the addition of 20mol% of Cs,CO; and
20 mol % of di-(2-pyridyl) ketone. Interestingly, low yields
were detected with a catalytic amount of the copper salt under
an oxygen atmosphere. The reaction is broadly applicable

2 equiv Cu(OAc),
20 mol% (2-py),CO H

20 mol% Cs,CO; R v N Jicogw
_—

toluene, 150 °C

R CO,R! H

H
Ty

+
O H Rzozcgi\cosz X
RZOZCR3 CO,R?

2 equiv 4h
AcHN_ _CO,iPr  AcHN.___CO,iPr RYH COyiPr
NS SN S
R“0,C~ "CO,R EtO,C”/ "CO,Et EtO,C”/ ~CO,Et
R? = Et: 82% 94% R = Et: 75%
R? = iPr: 80% R = iPr: 53%
R = tBu: 0%

Scheme 49. Dehydrogenative functionalization of glycines.
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with regard to the malonate, and even sterically demanding
compounds were converted in good yields. In contrast, the
steric properties of the glycine derivatives showed a significant
impact on the reaction outcome. Bulky and electron-donating
ester groups, as well as small acetyl groups on the nitrogen
atom proved to be beneficial.

A Cu(OAc),-H,O/pyrrolidine-catalyzed version of this
reaction was developed by the group of Huang in 2010
(Scheme 50).”l The a-functionalization of glycine derivatives

10 mol% Cu(OAc),-H,O
(o} 30 mol% pyrrolidine

)K/H 1.0 equiv DDQ or 9 NHAr
/ . NHAr 1.5 equiv tBUO,H CO,R
S J | H
“X” H™ "CO;R neator CHCI3, 0 °C-RT * X ’
5-10 equiv 8-48h 21 examples
X=(CHy)p, O, § 46-83%
d.r. (syn/anti) up to 5:9
O NHPMP O  NHPMP
(0] NHAr O  NH-ptol
CO,Et CO-R
COLE /U\)\COZR z é)\ 2
X
neat, {BuO,H: neat, tBuO,H: CHCI3, DDQ: CHCI3, DDQ:

Ar =4-MeCgHy: 73% R =1Bu:62% X =(CH,),: 83% R ={Bu:75%
Ar = 4-MeOCgHy: 46% Ar=Bn:71% X=0:72% Ar = allyl: 80%
Ar = 4-BrCgHy: 58% X =8:63%

Scheme 50. Copper-catalyzed functionalization of glycine esters.

with acetone could be performed under neat conditions with
TBHP. The conversion of cyclic ketones required the use of
DDQ as an oxidant and CHCI; as solvent. A slight
enantiomeric excess of 15% ee was obtained when the
pyrrolidine cocatalyst was replaced by L-proline methyl ester.
The group of Hu extended the scope of this reaction to
various cyclic ketones by employing a FeCly/pyrrolidine
catalyst system.’!l The corresponding amino acids were
obtained in good yields as diastereomeric mixtures.
Recently, the group of Wang succeeded with the develop-
ment of the first highly enantioselective copper-catalyzed
cross-dehydrogenative Mannich-type functionalization of
glycine derivatives (Scheme 51)." The key to achieving
high enantioselectivities lay in the addition of a chiral-box-
type ligand. The optimal catalyst system is generated in situ
from 10 mol % of Cu(OTf),, 12 mol% of the chiral ligand,
and 1 equivalent of DDQ in THF at —40°C, and mediates the
coupling of various N-aryl glycine esters with 1,3-diketoesters.
The corresponding products were isolated in good yields with
enantioselectivities of greater than 80% ee as diastereomeric
mixtures. However, the development of efficient catalyst
systems that allow control of the diastereoselectivity and the
enantioselectivity still remains challenging.

4.3. Aldol-Type Reactions
Aldol-reaction-type!™ products are accessible by the
oxidative activation of alkyl ethers and the subsequent

coupling with enolizable carbonyl compounds. In 2006, the
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10 mol% Cu(OTf), NHAr
R02(31 NHAr 12 mol% ligand Rozcﬁ)\co <2
R 2 1.0 equiv. DDQ R! 2
COR H™ "COR™ i “40eC. 24 h COzR
18 examples
49-82%
up to 99% ee
ligand O  NHPMP O  NHPMP
H CO,Bn CO,Et
Al CO,Et CO,tBu
O/h 72% 49%
N 1:2 (synlanti) 1:5 (synlanti)
96% ee (anti) 91% ee (anti)
=N
(@) O  NHAr O NHAr
CO,Et Ph CO,Et
L7 CO,Et CO,Et
82% 69%

1:2 (synlanti)
90% ee (anti)

1:3 (synl/anti)
90% ee (anti)
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RY

o O
Hﬁ)LR‘% 1.2 equiv DDQ /K([L s
neat, 100 °C R , R
25h 15 examples

24-86%

o O
Ar
2 3
R CO,Et

Ar=Ph: 78% RQ-CHS 78%, d.r. = 1:1 0%

Ar = 4-MeOCgH,: 53%
Ar = 4-BrCgHy: 68%
o O

39%

= nPr: 60%, d.r. = 1:1

4

65%
dr.=1:0.8:1.2

o

59%
dr.=1:1

Scheme 51. Enantioselective functionalization of glycines. PMP =4-
MeOCH,.

use of DDQ enabled the group of Li to develop of the first
cross-dehydrogenative aldol reaction of isochromanes, phtha-
lanes, and even benzyl methyl ether with carbonyl com-
pounds.” Malonates and Meldrum’s acid were successfully
converted in the presence of a bimetallic Cu(OTf),/In(OTf);
catalyst system in dichloromethane at room temperature
(Scheme 52). The authors proposed a mechanism in which

5 mol% Cu(OTf), 1 by:

5mol% In0Tf); "> o M
1 H ' -
R%o })\R3 1.1 equiv DDQ )\)L , o
LR —————— R R® RZV/I\R3

CH,Cly, RT, 24 h

R H R C o
16 examples F .
17-71%
o)
CO,R® CO,Me
CO,R3 R? CO,Me
R® = Me: 71% R? = Me: 53% 72%
R® = iPr: 63% R? =Cl: 64%
CO,Me ~o
COzMe
CO,Me
OzMe
65% 48% 17%

Scheme 52. Copper/Indium-catalyzed cross-dehydrogenative aldol
reaction.

DDQ converts the ether into the corresponding oxonium
cation which is then intercepted by a copper or indium
enolate complex. However acyclic ethers were not fully
converted and low yields were obtained.*! The development
of an improved procedure using DDQ allowed the group of Li
to present the first metal- and solvent-free coupling of various
aliphatic ketones, acetophenones, and pyrovates with iso-
chromanes (Scheme 53).°*! The authors suggested that the
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Scheme 53. Improved metal-free dehydrogenative aldol reaction.

insitu  generated 2,3-dicyano-4,5-dichlorohydroquinone
anions facilitate the enolization of the carbonyl compounds.

The use of a catalytic amount of NHPI (N-hydroxy-
phthalimide)® allowed the development of an aerobic
version of the indium/copper-catalyzed dehydrogenative
coupling of cyclic benzylethers with carbonyl compounds
(Scheme 54).°1 The reaction proceeds smoothly under an

20 mol% NHPI

5 mol% Cu(OTf), o o
5 mol% InCl3, O, (1 atm)
2
55-75°C, 16 h | YrY R
~ R
15 examples
19-83%

Scheme 54. Aerobic copper/indium-catalyzed alkylation of benzyl
ethers.

atmosphere of molecular oxygen with of 20 mol% NHPI,
S5mol% Cu(OTf),, and 5mol% of InCl;., The reaction
temperature proved to be crucial in achieving good con-
versions. Malonates were efficiently converted at 55°C while
ketones required a slightly higher temperature of 75°C. The
reaction is believed to proceed by the aerobic generation of
a PINO radical which abstracts a hydrogen atom from the
cyclic ether, and the resulting benzyl ether radical subse-
quently reacts with a molecule of oxygen. The resulting
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peroxide intermediate is transferred to the corresponding
hemiketal in the presence of the indium/copper catalyst and
subsequently coupled with the carbonyl compound. In a con-
trol experiment, the authors demonstrated that the preformed
hemiketal was readily converted into the desired product
under the optimized reaction conditions.

The group of Li demonstrated that 1,3-diketones are
efficiently coupled with cyclic and alicyclic saturated hetero-
cycles in the presence of catalytic amount of [Fe,(CO),] in
combination with 3 equivalents of TBP (Scheme 55).””! The
heterocycles served both as reagent and solvent. Under
optimized reactions conditions, various ethers and tetrahy-
drothiophene were smoothly converted. However, N,N-
dimethylaniline was coupled in moderate yield.

o O
M | 10mol% [FexcO)l 9
R R 3 equiv (fBuO), R R!
JH: H flux, 1 h R3
3 reflux, R2 X
Rz R
excess 21 examples
X=0, S, NR? 52-98 %
0o O 6 o 0 o 0o o
R R Ph OEt py OEt Ph)ﬁ)kOEt
Ph.
o) o s III
R=Ph,R"=NHPh: 77%  88% 98% 53%

R = Me, R" = OEt: 56%

Scheme 55. Iron-catalyzed a-functionalization of heterocycles.
X=0,5,NR.

The group of Manchefio disclosed 2,2,6,6-tetramethylpi-
peridine-1-oxoammonium tetrafluoro borate as an alternative
oxidant for this reaction class (Scheme 56).”*! Isochromanes
were efficiently coupled with malonates in the presence of
catalytic quantities of Fe(OTf), whereas aliphatic aldehydes
and ketones were efficiently converted in the presence
a Cu(OTf), catalyst. The substrates required the activation
by a catalytic amount of either acetic anhydride or aqueous
trifluoroacetic acid. The copper catalyst is also efficient for
the cross-dehydrogenative Mannich-type reaction.

10 mol% Fe(OTf), (0]
1.2 equiv TEMPO-BF,4 COZR2
R
CH,Cly, RT | d R coRr?
H.__CO,R? R
- 11 examples
o  COR? ﬁ_BF‘* 38-82%
X \J\H —_— °
| R! TEMPO
/\’R [e)
|-|W)LR4 10 mol% Cu(OTf),
R3 1.2 equiv TEMPO-BF,4 O O
20 mol% (AcO), or TFA
A \R1 R*
CH,Cl,, RT | 0 RS
R
25 examples
35-65%

Scheme 56. 2,2,6,6-Tetramethylpiperidine-1-oxoammonium tetrafluoro-
borate mediated aldol reaction.
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1 . ) 2 3
e R el A 1se o ﬁ/m;
6 equiv H 80 °C, 30 min R s
8 examples
70-87%
: by:
me *ﬁ *ﬁ
' R2 \
HR C,s+ ~p
LR ' 87% 70%

Scheme 57. Cross-dehydrogenative alkylation of thioethers.

The scope of the metal-free, cross-dehydrogenative, aldol-
type reaction was extended to thioethers by the group of Li
(Scheme 57).”! The coupling of benzylic thioethers with 1,3-
dicarbonyl compounds was smoothly mediated by ortho-
chloranil (tetrachloro-1,2-benzoquinone) at 80°C and the
corresponding Pummerer-type products'”’! were isolated in
good yields. The alkylation occurs selectively at the more
reactive benzylic C—H bond, and the monoalkylation
product was formed exclusively when dibenzyl thioether
was used as substrate. The coupling reaction is believed to
proceed by the formation of thionium intermediates that
subsequently react with the carbonyl compound. Interest-
ingly, Knoevenagel-condensation"®!! products were obtained
at 100°C from overoxidation of the thioether followed by
elimination of the sulfoxide.

4.4. Tsuji—Trost-Type

The cross-dehydrogenative alkylation of allylic C—H
bonds provides a complementary way to access to Tsuji—
Trost coupling products.'”” The reaction was disclosed by Li
and Li in 2006 (Scheme 58).11 A series of 1,3-dicarbonyl
compounds was successfully coupled with cyclic olefins in the
allylic position. The cycloalkene served both as reagent and
solvent. The best results were obtained with a bimetallic
catalyst system consisting of 2.5 mol% CuBr and 10 mol %
CoCl, in combination with TBHP.

Among the tested substrates, 1,3-diketones possessed the
highest reactivity, and the corresponding products were

2.5 mol% CuBr O._R!
\Q _10 mol% CoCl, _
2 equiv tBquH
5 equiv 80°C,14h R )n
12 examples
30-71%
0._R! o 0
o o% o
R
RR'=Et 61% 53% 35%

R =Ph, R' = Me: 64%, d.r. = 1:1
R= MeR1 OMe: 41%, d.r. = 1:1
R = CH,CI, R = OEt: 55%, d.r. = 1:1

Scheme 58. Copper/cobalt-catalyzed cross-dehydrogenative allylation.
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obtained in good yields. Aliphatic -ketoesters were less
reactive, and low yields were obtained with cyclic ketoesters.
The ring size of the cycloalkenes showed a significant
influence on the reaction outcome. Good vyields were
obtained with five- and six-membered rings while the use of
cycloheptene and cyclooctene resulted in low conversions.
The authors propose a mechanism which starts with a TBHP-
mediated hydrogen abstraction, thus generating either a -
allyl copper or a cobalt complex which reacts with the
activated 1,3-dicarbonyl. A metal-free, DDQ-mediated ver-
sion of this reaction was introduced by the group of Bao'* in
2008 and further modified by Venkateswarlu and co-workers
in 2010.0%]

In 2008, two palladium-catalyzed cross-dehydrogenative
allylation procedures were reported.!'! Sulfur-containing
ligands!'®*1%l proved to be crucial in both protocols. The
group of Shi reported on the development of
a [(PhSOC,H,SOPh)Pd(OAc),]/benzoquinone-catalyzed
intra- and intermolecular allylic alkylation of various allyl-
benzenes with 1,3-dicarbonyls (Scheme 59).110%%

H o_,0 10 mol% [(C,H4(PhSO),Pd(OAC),] 0 i@
R 1.3 equiv BQ, O (1 atm) R R2
=+ i
A'/l\/ R)K‘)L R? toluene, 60 °C, 48 h \
H Ar
28 examples
4-82%
0O O
ROC coR? o o
’ ﬁ*
Ph X
R =R? = Ph: 65% R? = Ph: 82% R = 4-MeO: 64%
R =Me, R? = OEt: 44%  R? = OEt: 82% R =2-Me: 34%
R = 4-Cl: 59%

Scheme 59. Palladium-catalyzed allylic alkylation. BQ =1,4-benzoqui-
none.

The group of White disclosed methyl nitroacetate as
a versatile substrate for the cross-dehydrogenative Tsuji—
Trost-type allylation (Scheme 60).%®! Various electron-rich,
electron-deficient, and heterocyclic allyl arenes were coupled
in moderate yields in the presence of [(PhSOC,H,SOPh)Pd-
(OAc),], 2,6-dimethoxybenzoquinone (DMBQ), and acetic
acid in a 4:1 solvent mixture of 1,4-dioxane and DMSO.

4.5. Alkylation-Type Reactions

In 2007, the first cross-dehydrogenative benzylation and
alkylation reactions of C,—H bonds were reported. The
groups of Li and Li demonstrated that 1,3-diketones are
smoothly benzylated in the presence of a FeCl, catalyst
(Scheme 61).1%1 Other transition-metal salts such as CuBr or
CoCl, were far less efficient, and the benzylated products
were obtained in yields of less than 30 %. TBP gave the best
results among the tested oxidants. A decrease of the reaction
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O,N__CO,Me 10 mol% [CoH4(PhSO),Pd(OAC),]
\ll_i/ MRE equiv DMBQ, 0.5 equiv AcOH iN/Tcone
+
1,4-dioxane/DMSO (4:1) x
Ar)\/ 45°C, 24 h Ar
25 examples
42-83%
CO,Me CO,Me CO,Me
O,N O,N O,N
= =z =
N TBDPSO
X yR N
s N
R = 4-OMe: 50% o =N
R = 2-Me: 62% o
R = 4-CN: 65% 70% 68%

Scheme 6Go. Allylic alkylation with methyl nitroacetate. DMSO = dime-
thylsulfoxide, DMBQ = 2,6-dimethoxybenzoquinone, TBDPS =tert-
butyldiphenylsilyl.

O R ) 20 mol% FeCl, 0. _R!
HR® 2 equiv tBuO,H
(0] 2
JH * 1: RT,36h o R
R 1.2 equiv R Ar
16 examples
___________________ 25-87%
;Y- ; 0._Ph o 0. OEt
o \ " Ph o
O ,\'(Rz' o o Ar
H Ph
R Ar Ph Ar Ph Ar

: i Ar = 4-MeOCgH,: 64% Ar = 4-FCgH,: 66% 87%
e i Ar = 2-MeOCgH,: 40% dr.=1:1

Scheme 61. Iron-catalyzed dehydrogenative benzylation.

temperature from 80°C to room temperature resulted in
a significant improvement of the yields from 66 % to 80 %.

The reaction is applicable to both cyclic and acyclic
benzylic compounds, and the electronic properties of sub-
stituents showed a minor influence on the reaction outcome.
In contrast, decreased yields were obtained with substrates
which contained bulky groups, either in the ortho-position of
the diphenylmethane or on the 1,3-dicarbonyl compound. The
authors proposed that the reaction proceeds by the formation
of benzyl radicals which add to in situ generated iron enolate
complexes.

A DDQ-mediated, metal-free version of this procedure
was reported by the group of Venkateswarlu.'” Bao and co-
workers extended the scope of the benzylation procedure to
the DDQ-mediated coupling of 1,3-dicarbonyl compounds
with diarylpropargylic C,,~—H bonds."” The group of Cozzi
developed a DDQ-mediated diastereoselective a-benzylation
of aliphatic aldehydes which were activated insitu by
enamine condensation with a MacMillan-type!''”! organo-
catalyst.'!!

In 2010, the group of Gong succeeded in developing the
first enantioselective copper-catalyzed cross-dehydrogenative
benzylation reaction of malonic esters with indole derivatives
(Scheme 62)."?I The reaction is mediated by a catalyst system
that is generated in situ from Cu(OTf), and the chiral pybox
ligand L7 in combination with an equimolar amount of DDQ.
The pybox derivative L7 outperformed the other tested
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. 10 mol% Cu(OTf),
Ar 12 mol% L7 Ar?
H CO2Bn 1.0 equiv DDQ CO2Bn
I * CHCly/tol < I
CO,Bn 3/toluene (1:15) B
HN At 2 0°C HN " CO,Bn
20 examples
O\X/O 63-99%, 70-96% ee
| [ S,
NN
L7
Ph Ar?
CO,Bn CO,Bn
I I
HN Ar1COZBn HN Ph CO,Bn
Ar' = 4-CgH,4F: 99%, 93% ee Ar2 = 4-CgH,OMe: 74%, 86% ee

Ar' = 4-CgHyMe: 70%, 94% ee Ar® = 4-CgHyNO,: 98%, 90% ee

Scheme 62. Enantioselective benzylation of malonates.

ligands, and the best results were obtained with dibenzyl
malonate in a 1:15 mixture of chloroform and toluene at 0°C.
Under optimized reaction conditions, various 2-aryl-3-benzyl
indoles were coupled with dibenzyl malonates in excellent
yields and high enantioselectivities. Both electron-donating as
well as electron-withdrawing groups on the benzyl moiety
were well tolerated. However, indoles without an aryl group
at C2 were not investigated. The use of different 1,3-
dicarbonyl compounds such as dimethyl malonate resulted
in moderate yields (63 %) and enantioselectivities (70 % ee).
The authors postulated a mechanism in which DDQ transfers
the benzyl indole into the corresponding vinylogous iminium
cation which subsequently reacts with a chiral copper enolate
complex.

The same year, the group of Klussmann reported the
development of an interesting autoxidative benzylation
reaction of carbonyl compounds with xanthanes and acri-
danes catalyzed by methane sulfonic acid (Scheme 63).113

7 mol% MeSO3H

)\]// __Oy(tatm)
+ H
40°C, 181281 °C,18-128 h

1

Y =0, NR?

20 examples
26-95%

Scheme 63. Autoxidative acid-catalyzed benzylation. Y=0, NR.

The heterocycles smoothly underwent autoxidation with
molecular oxygen, thus generating in situ the corresponding
hydroperoxides which were subsequently converted into
benzyl cations by the strong Brgnsted acid. The subsequent
addition of the activated carbonyl compounds furnished the
desired coupling products.

The group of Li succeeded in developing a cross-dehy-
drogenative alkylation reaction of various 1,3-dicarbonyl
compounds in which simple nonfunctionalized hydrocarbons
served as alkylation reagents (Scheme 64).'"* The reaction is
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10 mol% FeCly-(Hp0)4 o._R!

2 equiv tBuOyH
U 100 °C, 12 h 0O )
20 equiv R n
=1234 20 examples
10-88%
Et O OFt O OEt
O
7 hex
Ph
X
R =H: 88% n=1:38% 82% 46%
R =4-OMe: 75% n=3:75% dr.=1:1 2-hex: 15%
R = 4-Cl: 64% n=4:77% 3-hex: 31%

Scheme 64. Iron-catalyzed cross-dehydrogenative alkylation.

mediated by a substoichiometric quantity of FeCl,-4H,O.
Among the tested oxidants, the best results were obtained
with TBP at 100°C. Under the optimized reaction conditions
electron-rich and electron-deficient (3-ketoesters were alky-
lated with cyclohexane, cyclooctane, norbornane, adaman-
tane, and even n-hexane. Unsurprisingly, the use of non-
symmetric hydrocarbons resulted in a mixture of regioisom-
ers.

4.6. Miscellaneous C,,—H Coupling Reactions

Recently, two innovative CDC procedures have been
disclosed and they involve additional isomerization or
elimination steps after the activation of both C,,—H bonds.

In 2011, the group of Oisaki and Kanai reported on the
development of a copper-catalyzed oxidative migratory syn-
thesis of non-natural a-amino acid derivatives from benzyl
nitrones and functionalized acetals (Scheme 65).'! The
reaction proceeds by an additional C=N isomerization step
after activation of the benzylic position of the nitrone

H 5 mol% CuOBz
6 mol% 1,10-phen
+ 0O ) O
Ph)\IN - o 20 mol% NaHCO;  Ph SN 0
MeO,C —'(\o 2 equiv tBuO,H MeOzCN
R DMSO or H,O/CH5CN R ©
RT,0.5-9h 30 examples

14-89% yield

P ,O_ — - + 0O
Ph SN ‘) Pe) 50
%\(0 PN PRTSNT pyp RN Oﬁ
MeO,C \é m MEOQCM MeOZCbLO

o MeO,C
(MeO),HC
76% 56% 89% 67%
35h dr.=1:1,45h dr.=1:1,2h 45h

el
N
L o~
MeO,C OAc
éf 0
MeO,C M’;o;cjj\ AcO, OAc
OAc

4% 66% 58% O O
6h dr.=11,6h

Scheme 65. Oxidative migratory coupling reaction. phen=1,10-phe-
nanthroline.
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coupling partner. The transformation is catalyzed by a cop-
per(I) benzoate/1,10-phenanthroline system in combination
with a substoichiometric amount of NaHCO; and 2 equiv-
alents of TBHP. Polar solvents proved to be beneficial, and
good results were both obtained in DMSO as well as in H,O/
CH;CN (1:1). Under the optimized reaction conditions, an
impressive number of diversely functionalized dimethyl
acetals, cyclic ethers, and a series of secondary amines were
successfully coupled in satisfactory yields and excellent
selectivities. The authors proposed a mechanism commencing
with the copper-mediated generation of a tert-butoxy radical
which subsequently abstracts a proton from an acetal
molecule (Scheme 66). The resulting radical intermediate is
readily oxidized by the copper catalyst into the corresponding
cationic species which subsequently reacts with the benzyli-
dene isomer of the nitrone coupling partner which was
generated by deprotonation of the benzylic C—H bond.

{BUO,H
I
[Cu'] oH-
[Cu"]+BuO"
R
X
H R
> tBuOH

[cu] +ci

1
N ST RN

Scheme 66. Mechanism of the oxidative migratory coupling.

The group of Xu recently reported an original protocol
that allows FeCl;-6 H,O/K,S,05-catalyzed vinylation of vari-
ous 2-methyl (benzo)-1,4-pyrazines with dimethyl acetamides
(Scheme 67)."% The procedure involves a cross-dehydrogen-
ative C,;—C,; coupling which is followed by a final elimi-
nation step to generate the vinylic product. The best results
were obtained with dimethyl acetamide as methylene source.
Slightly decreased yields were obtained with N,N-dimethyl-
benzamide whereas no conversion of the substrate was
detected in DMF or NMP. Under optimized reaction con-
ditions, various 2-methylated 1,4-prazines, 1,4-quinoxalines,
and pyridines were successfully converted into the corre-
sponding vinylated heterocycles. However, a substituent in
the 3-position was required for the reaction to occur. The
authors propose a mechanism in which the dimethyl acet-
amide is transferred onto an iron(II)-stabilized iminium
cation which reacts with the enamine tautomer of the 2-
methyl 1,4-pyrazine. A final elimination step of N-methyl
acetamide furnishes the desired product.

5. Summary and Outlook
Over the past few decades, impressive progress has been
made in CDC reactions of Cy,:—H bonds, and the developed

procedures have reached a remarkable level of versatility,
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2 mol% FeCI3-(H20)6

~._N R! A 1
Y R H '
NN o air (1 atm) R e
excess 110°C,3h R
22 examples
55-92%
N\ R N\ Ph x R R x R
N/]/\/ [Nl/ N/ >~ | N/ P~
R = CO,Me: 82% 75% R = Ph: 88% R = CO,Et: 86%
R = OMe: 55% R=H:0% R=H: 0%
R=H:0%
N, 7
by: N

Scheme 67. Cross-dehydrogenative vinylation of pyrazine derivatives.

selectivity, and efficiency. The oxidative coupling of C,,—H
with different C—H bonds supplements well-established
coupling reactions of prefunctionalized starting materials
and provides waste-minimized access to functionalized mol-
ecules more rapidly. However, several challenges still remain.
It is of high interest to develop efficient catalyst systems for
the selective activation Cy,-—H bonds which are not in close
proximity to a heteroatom. Air has yet to be further
established as a broadly available and safe terminal oxidant.
A deeper mechanistic understanding of cross-dehydrogen-
ative C—H coupling reactions would facilitate the rational
development of more enantioselective C,,»—H functionaliza-
tions. We are excited to witness future developments,
especially in the interest of of green chemistry, in the
coming years.
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