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Introduction

= Carbon-carbon (C-C) bond forming reactions represent one of the most vital tools
for the synthesis of complex natural products, bioactive molecules developed as
drugs and agrochemicals.

= The important of the synthesis of carbon-carbon bonds is reflected by the fact that
Nobel Prizes in Chemistry have previously been given to this area: The Grignard
reaction (1912),

O MgBr
/
RZJ\R3 O H'/H.O OH
1 rR2| R? e r2| R3
R-MgBr , 1
R R

= the Diels-Alder reaction (1950),

= \
S — &

diene +  dienophile
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Introduction

= the Wittig reaction (1979),

R Ph3—P\+ R\1 /R3
C=0 ~+ /C'-R3 — /C:C\ + Ph3P=0
R2 R4 R2 R4

= and olefin metathesis to Y. Chauvin, R. H. Grubbs, and R. R. Schrock (2005)

R

\ R
LM=CHR + == —> L,,»&R' —> L,M=CH, + /=/
b R

3
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Strategies for selective C-C bond formation

= During the second half of the 20t" century, transition metals, and in particular
palladium, have been of importance for the development of reactions for the
formation of carbon-carbon bonds.

» Traditional coupling reaction for the construction of the C-C bond involves the
coupling of an electrophilic species (C-X) with an unactivated substrate (C-H) or
a reactive nucleophile, usually an organometallic reagent (C-M)

Catalyst

C-X + C-M + MX

Y
ﬁ’
@)

X =Cl, Br, |, OTf, OTs, OMs, etc.;
M =H, MgX, Li, BX,, SnX3 Zn etc.
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Strategies for selective C-C bond formation

= Mizoroki-Heck reaction

R’ H R’ H
RX  + > _ ( Pd-catalyst _ > _ < + HX

H H H R

= Suzuki reaction

RBY, + RX Pd-catalyst . RR + MX
base

= Negishi coupling reaction

RZnY + R'X Pd-catalyst . RR + MX

R, R' = aryl, vinyl, alkyl
X = halide, triflate, etc.

= Sonogashira coupling reaction

Pd cat., Cu cat.
HC=C-R + R'X > R'—C=C-R
base, rt
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Strategies for selective C-C bond formation

Richard. F. Heck Ei-ichi Negishi Akira Suzuki

» The year of 2010, the Nobel Prize in Chemistry is awarded to the formation of carbon-carbon
single bonds through palladium-catalyzed cross-coupling reactions. Three researchers
shared this Prize.

= 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.

6
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C-C bond formation via direct dehydrative coupling strategies

= Recently, a number of alternative strategies for C—C bond formation utilizing
abundantly available/unactivated precursors via C-H activation, decarboxylative
coupling, use of arylhydrazones as coupling partners etc., have been developed.

= |n particular, the direct use of aryl alcohols/tautomerizable heterocycles/phenols
(C—OH) as proelectrophiles is receiving huge attention because these building
blocks are abundant in nature, have a relatively low toxicity and are an
economical alternative for C-X species.

Dehydrative coupling approach

H—C

sp /sp“/sp

Chem. Soc. Rev., 2013, 42, 1121-1146

v
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C-C bond formation via direct dehydrative coupling strategies

= Direct dehydrative functionalization of the C;3—OH bond

= C,,3—C,, bond formation

Ph . oesis . Fe(OTf)3 (5 mol%), TFOH (10 mol%)  Ph
)+OH+ H=—Ar? : . Jeme=AP 4
A 1

Apl  onsAs DCE, reflux, 24 h '
54-86% vyield

Chem. Commun., 2009, 6487—-6489.

= C,,3—C,,2 bond formation

R2 Pd(OACc), (5 mol%) R2
(CF3C0O),0 (3.0 equiv.)

S
| X “OH /\©\ PPh; (20 mol%) | SN v 5
Y b CH. DMF, 100°C, 39 h AF CH,

3 R!

R'= OMe, R = H, 42%
R'=H, R =Ph, 56%

J. Organomet. Chem., 2008, 693, 283—-296.

8
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C-C bond formation via direct dehydrative coupling strategies

C,,3—Csp3 bond formation

OH
O O . ; 0
R . J\/U\ FeCl;-6H,0 (5-10 mol /oz
3 B
R? R MeNO,, 50-100 °C,
4-20 h
R' = H, Me, Et, Ph, 38-99% yield

R?, R3= Me, Et, OMe, Ph etc.
Synlett, 1996, 557-559.

= Direct dehydrative functionalization of the C,,—OH bond

= C,,2—C,, bond formation

PyBroP (1.2 equiv) R
(1) Et3N (6 equiv)

N N i

- Negz© 1,4-dioxane, r.t,, 2 h N R=(CH,)sCH3, 91%

IEI f # H——=—R - P R = CH,OH, 75%
NN

N R = Ph, 93%
P PdC|2(Pr’h3)2 (5 mol%) N A
©) Cul' B mol%h), rt 74-93%yield - TMS, 83%

Org. Lett., 2010, 12, 2286—-2289.

9
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C-C bond formation via direct dehydrative coupling strategies

= C,,2—C,,2 bond formation

23 (5 mol%)

i i p-TsCl (1.2 equiv) FG (7 Mg
AN AN KoCO3 (2.5 equiv) AN AN
R |l ~ R
oz X H,0, 100 °C, 18 h L
R2 or

toluene, 120°C, 18 h

i/ \ 23 (5 mol%)
N OH g : (/ \
. p-TsCl (1.2 equiv)
S g AL guad K,CO5 (2.5 equiv) N VD
L H., LH! & -
H,0, 100 °C, 18 h O +

( \
MeO COPh MeO PhOC / "

W L)
R' = OMe, Me (at ortho or para position), H O

R? = H, Me, CF3, C(O)Me, F, COOMe, etc. MeO

13%

\C’/

3 Org. Lett., 2012, 14, 2146-2149.

{ \ [\
FG= /N,N O. .N
-

10
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C-C bond formation via direct dehydrogenative coupling strategies

= The oxidative coupling of two different C-H bonds was termed cross-
dehydrogenative coupling (CDC) by Dr. Li in 2004 and has become a growing

field of interest.

Chao-jun Li

Feng Zhang @ Wipf Group

N\ [

R2 R C-C bond RZ R®
R!J=H+ H==—R*| formation R’ R*
S| Cemam gt S

l

catalyst
H,[O]
R2 R®

RI-C* + TM—GR4
R

cross-dehydrogenative coupling
(CDC)

Acc. Chem. Res. 2009, 42, 335 — 344.

Page 11 of 50
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Coupling of C 3 —H with C,, —H Bonds

= The group of Li succeeded in 2004 in developing the first catalytic alkynylation reaction
of C4,3 —H bonds adjacent to a nitrogen atom as a proof-of-concept for the CDC.

5 mol% CuBr

REN_N & gt _1equiviBuoH RET W/
\=H 100°C,3h — ——R! Aromatic alkynes
13 examples provide the desired
12-82% products in 60% to 82%

yield whereas the use
of aliphatic derivatives
generally resulted in

low to moderate yields
(12-58%). The

74% 82% 74% 60% 12% substiiuents on the

o 9 9 9 0 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-
O \ @ \ position resulted in a
Ph Ph \—_—Ph decrease of yield.

69% 73% 53%

J. Am. Chem. Soc. 2004, 126, 11810 — 11811.

12
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Feng Zhang @ Wipf Group

Coupling of C 3 —H with C,, —H Bonds

B 25moi AgoT
o . | | 1.5 equiv DDQ=
120 °C, 16 h

H R 12 examples | |
14-83% yield
R

: by: A silver-catalyzed
e v | oxidative coupling
: 1 O o o) of terminal alkynes
: o ! and benzylic ethers
' + !

' was introduced in
- | | | | | ‘ 2010 by the group
[Ag] of Li

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

Heterocycles 2010, 82, 555 — 562.

Silver-catalyst alkynylation of benzylic ethers

13
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Coupling of C 3 —H with C,, —H Bonds

H
1 equiv DDQ
@Q" S + |l Ty N
—R [Cu], ball-milling | <R
H | 1
= R | | =
10 examples

0/ i 1
67-87% yield R The group of Su showed

that tetrahydroisoquinolines

‘ O O could be alkynylated in the
presence of 1 equivalent

L o » N of the oxidant DDQ under
solvent-free, high-speed,

l l Il OMe || ball-milling conditions. The
reaction proceeded
smoothly with both aliphatic

O O O and aromatic alkynes.
8

78% 67% 75% 7% F

J. Org. Chem. 2011, 76, 9144 —
9150.

Functionalization of tetrahydroisoquinolines under ball-milling conditions

14
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Coupling of C 3 —H with C,, —H Bonds

1 mol% [(CuOTf),] toluene
1.5 equiv DDQ

120°C, 24 h

13 examples
29-83% yield

R‘—/
H N
= +
R+ | Il
N
-
by: o~ g
[
[Cu]

| |
J 0 T
R=H:74%
R=F:29%

e L)

R = Me: 83%
R =Cl: 69%

More recently, Li and
co-workers reported the
first alkynylation of
benzylic C-H bonds
which are not adjacent
to a heteroatom.
Aromatic alkynes were
smoothly converted,
and the use of electron-
rich derivatives resulted
in slightly improved
yields.

Adv. Synth. Catal. 2010, 352, 1446 — 1450.

CuOTf-catalyst CDC reaction of dephenylmethanes and aromatic alkynes

Feng Zhang @ Wipf Group
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Coupling of C 3 —H with C,, —H Bonds

2
y R? R! i _—
RLJ o 20 mol% ZnBr, S——ar

+ H—"Ar

100 °C, toluene;

R-N
24 h \_\\MR3

25 examples
29-83% yield

——Ph

A

50%!2

44% 29%

e
<A

82%

S

73%

The group of Nakamura
presented an original
approach for the synthesis
of N-tethered 1,6-enynes
by a zinc(ll)-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. 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 the
corresponding alkene.

J. Am. Chem. Soc. 2012, 134, 2504 - 2507.

Zinc-catalyst synthesis of N-tethered 1,6-enynes

Feng Zhang @ Wipf Group
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Coupling of C_ 3 —H with C_ .—H Bonds

sp2

Catalytic cross-dehydrogenative Friedel-Crafts-type arylations.

Schnirch: Che:
Ref. [25a] /~=a Ref. [25b]
(y '
I‘L‘\_‘/(]/\N/
N\
PG HN
15 examples Ar 15 examples The first catalytic
Prabhu:  34-99% 44-87% coupling of Cy,3 —H
Ref. [25h]
F

ch bonds with Cy,>—H
e(NO Fe(terpv)?t e bonds using a cross-
B( o ?_)ﬁ (terpy) Ref. [25C] dehydrogenative
(e @SBA-14 Friedel—Crafts
tBuO,H approach was reported
V705/0; by the group of Li in
/'Ar 2005. In the following

th f
[Ru(2,6-Clotpp)CO] years, the scope o

9 examples cross-dehydrogenative
55_9(-3‘?’/(J tBuO,H 19 examgles Friedel-Crafts-type
19-78% arylation was
Shirakawa and Hayashi: significantly
Refs. [25f,g] ! HRGs Cuk\ Huang: improved by the
o) (tBuO), tBuO,H Ref. [25d] development of highly
P - efficient catalyst
Ar II\J R! CuBr | N systems
R 0, HN
24 examples FeRamples
S N 52-78%
Zhang: ?
Ref. [25€]
20 examples Angew. Chem. Int. Ed. 2014, 53, 74 -100

25-93%
17

Feng Zhang @ Wipf Group Page 17 of 50 1/4/2014



Coupling of C ;3 —H with C_ . —H Bonds

sp2

H
1 i
H N7TR 7N
X N 1.5 mol% CuSOy,, 7.5 mol% Cul, 3.5 equiv pyridine X N
| R 1 equiv TFAOH, O2 (1atm), DMF, 110 °C, 14h | R

30 examples, 47-95%

Angew. Chem. 2012, 124, 8443 — 8446, Angew. Chem. Int. Ed. 2012, 51, 8318 — 8321.

Recently, an
intramolecular version
H R1 H R! of the dehydrogenative
l Ot 0 Friedel-Crafts-type
H N7 °R! [Cu]” SN [Cul' </ T~"N arylation has been
,11 [lj 1 (,{, \ developed. The
X “CH3 Cu/O, L CHj | \——R CHj reaction is
| /'“ R i R P believed to start with
the copper-catalyzed
‘ Py aerobic oxidation
R’ R of the hydrazone and
the obtained carbonyl
Z>N Z N intermediate is
1" " activated by the
n N SN +N\7CH copper-catalyst to
| LR —— | SR 3 undergo a Friedel—
= = Crafts cyclization.

Demethylation with
pyridine furnishes
the desired products.

18
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Coupling of C 3 —H with C_ >—H Bonds

sp2

» Friedl-Crafts-type cross-dehydrogenative benzylation

The group of
MeO,C MeO,C Shi introduced a

Ph  FeCl, (10 mol%), DDQ (2.5 equiv) Ph FeCl,-catalyzed

MeO —H + HA —< MeO benzylation

Ph DCE, 100 °C, 36h Ph reaction of
electron-rich
arenes with
diphenylmethan

es
Ph

Ph

Ph  FeCl, (10 mol%), DDQ (2.5 equiv Ph Ph
Meo@ v ( 2 t. DDA@5 equv) MeO@—< +  MeO
bh neat, 100 °C, 36h, 95% bh Ph

Ph
MeQ MeO Ph
Ph o ,
MeO £ ( FeCl, (10 mol%), DDQ (2.5 equiv) MeO
Ph neat, 100 °C, 36h, 95%
MeO MeG Ph
Ph

Angew. Chem Int Ed, 2009, 48: 3817-3820

19
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Coupling of C_ 3 —H with C

= Metal-Free Procedures

R
r -
N
3 equiv tBquH 10 mol% MsOH
H 105°C, 2-48h O,fBu  AcOH, RT Ar
0.5-15 min

—H Bonds

The group of Klussmann
introduced a two-step

0,
2 - (B3b2: ;2050 16 examples procedure for the
X = BOC;16°/ 0 24-97% arylation of N protected
= DbZ: (]

tetrahydroisoquinolines
in which the cationic

NerZ intermediates are
generated from the
X corresponding
| Peroxides in the
IF absence of a transition-
metal catalyst.
R =2,4,6-(OMe);: 83% R = OMe: 95% 51%
R = 4-OMe: 24% R =Br: 89%
R =4-OH: 72% R = CN: 86%

Eur. J. Org. Chem. 2013, 666 — 671.

Metal-free cross-dehydrogenative Friedel-Crafts arylation sequence

20
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Coupling of C

= Cross-Dehydrogenative Coupling Involving Radical Intermediates

= Intermolecular Radical Alkylations

sp3 —H with C

o 10 mol% [{(p-cymene)RuCl,},]
H 4 equiv (tBuO)s,, air (1 atm)

sp2

—H Bonds

R
- 135°C,6-16 h
H
\O) ne:(:ezss product a product b i
n 2 15 examples
42-75%

=

-
N

1:52% (a/b = 1:1)
2:70% (a/b=1.1:1)
3:75% (a/b = 1.1:1)

n
n
n

R = 4-OMe: 54% (a/b > 20:1)
R = 4-CO,Et: 63% (alb > 20:1)
R = 4-Ph: 63% (a/b = 5:1)

Various 2-aryl
pyridines were
successfully coupled
with cyclohexane,
cycloheptane, and
cyclooctane.

The reaction is
sensitive toward the
ring size.

However,
overalkylation was
observed in many
cases, and the
products were
obtained as
isomeric mixtures.

Angew. Chem. 2008, 120, 6374 —6378; Angew. Chem. Int. Ed. 2008, 47, 6278 — 6282.

Feng Zhang @ Wipf Group
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Coupling of C

sp3

= Intermolecular Radical Alkylations

Feng Zhang @ Wipf Group

—H with C

2 equiv (tBuO),
10 mol% Pd(OAc)

N

Y

150 °C, 12 h

J. Am. Chem. Soc. 2008, 130, 2900 — 2901.

Ar-Me
3
[Pd]
/A A
Me—[Pd]—Ar
3
Me
HO—J'—R
Me
E Me—[Pd]—O+R
Ar-H D
1

Page 22 of 50

sp2

13 examples

—H Bonds

33-95%

The peroxide compounds as
both methylating reagents
and hydrogen acceptor.

The methylation of the
heterocyclic palladacycle
might proceed through
radical intermediates which
are generated from the
thermal decomposition of
TBP.

Palladium species A, at a
lower oxidation state, inserts
into the weak O-O bond of
peroxide 2 to generate a
higher oxidation state
intermediate B. Heterolytic
B-methyl elimination of B
leads to ketone C and the
methyl palladium
intermediate D. Reaction of
D with arenes generates
alcohol E and intermediate
F, which leads to
methylation product 3 via
reductive elimination, and
regenerates the active
palladium species A.

22
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Coupling of C__3 —H with C_ >, —H Bonds

sp3 sp2

5 mol% PdCl,
< 2 5 mol% rac-binap F

—s R 3.5 equiv DCP, air (1atm) —
g SR L 4
& Y=N OH 120 °C, 16 h & Y=N

\

Vaaar | SRRWCRTIY |
L P awd

Org. Lett. 2011, 13, 4581 — 4583.

25-78%
2 : _R?
N Y O,R 4 equnv tBuO,H 0
QT’ + air (1 atm) N

Y AR “C.6h )R

R 120°C,6 h v R

excess
Y=NH, O, S 17 examples
50-90%

Org. Lett. 2011, 13, 5016 — 5019.

Feng Zhang @ Wipf Group Page 23 of 50

13 examples

the synthetic scope of the
radical cross
dehydrogenative
alkylations was
continuously

Improved.

The group of Li presented
the palladium-catalyzed
coupling of N-
heterocycles with simple
alcohols.

The group of Wang
disclosed the radical
coupling of
benzothiazoles,
benzoxazoles, and
benzimidazoles with
alcohols or ethers in the
presence of excess
TBHP.

23

1/4/2014



Coupling of C_ 3 —H with C_ > —H Bonds

the group of
Antonchick recently
2 equiv PIFA . introduced a combination
“ R H. 2 equiv NaN3‘ .r" \::\'—R gf (bis(trifluoroacetoxy)
+ alkyl = //\ iodo)benzene (PIFA) and
‘N~ H CH,Cly, RT, 4 h N alkyl sodium azide as
a synthetic alternative to
peroxide based oxidants.

oA

38 examples
31-92 %
starts with the generation

of a (trifluoroacetoxy)
iodobenzene radical and

OTFA

Ph—I

an azide radical. The
PIEA N3 /OTFA azide radical abstracts a
Ph—I, -~y hydrogen atom from the
. f & + Phl cyclic alkane and the
HN; N3

W resulting hydrazoic acid
N//\alkyl ¥ TEA reacts
R s with a second PIFA
H
. e A molecule under release of
' trifluoroacetic acid, which
Sk protonates the
l\.' H alkyl heterocycle and activates
H it for the addition of the
alkyl radical. The resulting
= heterocyclic radical cation
is oxidized into the
corresponding product by
the
Angew. Chem. 2013, 125, 3349 — 3353; Angew. Chem. Int. Ed. 2013, 52, 3267 — 3271.  (trifluoroacetoxy)
iodobenzene radical.

-~
Sy

alkyl—H alkyl

Py

-\\
Saggs
_l
T
>
~
-l

Ir-Z+

Fammw
.

24
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Coupling of C_ 3 —H with C_ > —H Bonds

» Intramolecular Radical Cyclizations

5 mol% Cu(OAc),-H,0 R!

: EWG
air (1 atm) ©\)S:
O
N

R
13 examples
53- 92%

‘f&

Y

mesitylene, 165 °C
1.5-6h

Sy

lCU/Oz

R’ «R’
~r-EWG | EWG
~ (=0

N0 N

R R

1EWG

_cuo,
kH/kD 0.8

Angew. Chem. 2009, 121, 1664 — 1667; Angew. Chem. Int. Ed. 2009, 48, 1636 — 1639,

Chem. Commun. 2009, 3249 — 3251; Org. Lett. 2010, 12, 3446 — 3449.

Copper-Catalyzedbic radicalindole synthesis

Feng Zhang @ Wipf Group Page 25 of 50

In 2010, the group of Taylor
succeeded in developing a
Cu(OAc),-catalyzed aerobic
variant.

The procedures are believed
to proceed by the generation
of benzyl radical
intermediates which
subsequently add to the
aniline moiety. Oxidation of
the resulting radical and re-
aromatization provides the
product.

25
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Coupling of C 3 —H with C

—H Bonds

= Cross-Dehydrogenative Alkylation by Transition-Metal-Catalyzed C-H Activation

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

O 10 mol% IPr o) o)
N 4 equiv NBE _ N . N
e cyclohexane, 150 °C - <
H 13 h
66% 17%
J. Am. Chem. Soc. 2004, 126, 6556 — 6557.
O 10 mol% Pd(OAc), 5
J N R? 20 mol% tBuONa A w2
Q R air (1 atm) //\
R™\=— H . R<= =
H PivOH, 120 °C
15h 10 examples
Organometallics 2008, 27, 4841 —4843 12-69%
0
R P 10 mol% Pd(OAc)2
R N 2 equiv LiCl
1.1 equiv Cu(OAC)2

H 1.1 equiv AGOAC

Ar = C4F5 CO,B

O
R N/ R
+ R y — R4
DMF, 120 °C, 12h |
N
HTN) BnO,C

NAr

16 examples
18-94%

J. Am. Chem. Soc. 2010, 132, 3680 — 3681

Feng Zhang @ Wipf Group Page 26 of 50

The group of Sames in 2004,
who demonstrated the
feasibility of an iridium-
catalyzed intramolecular
cyclization of 2,2-dimethyl-
vinyl acid pyrrolidine Amide.

The group of Fagnou
introduced an aerobic
cyclization of N-pivaloyl
pyrroles.

Yu and co-workers disclosed
a one-pot sequence for the
synthesis of functionalized
2-pyrrolidinones, and it starts
with an intramolecular

Cgp3 —H olefination of the
pivaloyl amides and
subsequent conjugate
addition.

26
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Feng Zhang @ Wipf Group

Coupling of C_ 3 —H with C_ > —H Bonds
1
ROC._CO2R 10 mol% Pd(OAc), 1
I 50 mol% (PhO),P(0)OH  ROC__COR
R®"H air (1 atm)
+ > R3 X
He omg AcOH/CH,Cl,, 25 °C | --EDG
=
OEDG 30 examples
39-87%
Chem. Eur. J. 2012, 18, 12590 — 12594.
by:
%Pd" ” L
; Pd° Pd'"- Ar
ROC\/ECOZR COzR
R3™ SAr
ROC. _CO.R’ COR!

fpd“H Pd“Ar
R3 H
\ COZR1
T Pd"

Arylation of 2-alkyl acetoacetates

Page 27 of 50

The group of Pihko reported an
aerobic palladium catalyzed
dehydrogenative arylation of 2-
alkyl-1,3-dicarbonyl
compounds.

The reaction is believed to
proceed by the palladation of
the arene and subsequent
coordination of the resulting aryl
complex with the nucleophilic
a-carbon atom of the ketoester.
Subsequent B-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.

27
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Coupling of C 3 —H with C 3

—H Bonds

= Various CH acidic compounds with pKa values ranging from pKa = 17 (e.g.
nitromethane in DMSO) to pKa = 26 (e.g. acetone in DMSO) have been
successfully used in CDC reactions. The procedures are categorized herein by

the related named reaction.

= Aza-Henry-Type reactions

R 2-5 mol% CuBr fla‘
| H : 2
N. R? 4 J\ 1.2 equiv IBuOQI-i R'N R
ROY R®NO, RT.6h I
H excess R3 NO,
9 examples
30-75 %
X
NoS oy
R®"NO, NO; R
R=Ph,R3=H: 75% 53% R* = H: 30%

R =Ph, R® = CHj: 53%

R* = CHg: 62%
R = 4-MeOCgH,, R® = H: 54%

J. Am. Chem. Soc. 2005, 127, 3672 — 3673.

Copper-catalyzed aza-Henry reaction

Feng Zhang @ Wipf Group Page 28 of 50

In 2005, the first broadly
applicable procedure for
the cross-dehydrogenative
aza-Henry reaction was
introduced by the group of
Li. Various N-arylated
tetrahydroisoquinolines
were successfully coupled
with an excess of the
nitroalkanes

in the presence of catalytic
quantities of CuBrand 1.2
equivalents of TBHP at
room temperature.

Other copper salts such as
CuBr, (92%), Cul (80%),
CuCl, (80%), Cu(OAc)
5'H,0 (80%), or CuCl
(75%) also catalyze the
reaction but higher catalyst
loadings (10 mol%) were
required.
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Coupling of C

= Aza-Henry-Type reactions

N‘R +

o

2 equiv

sp3

5 mol% CuBr
H 0, (1 atm)

—H with C

sp3

NO, H,O, 60°C, 16 h

Green Chem. 2007, 9, 1047 — 1050.

—H Bonds

N R
R'"” "NO,
8 examples
30-95%

Improved aerobic copper-catalyzed aza-Henry reaction in water

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% PtCl,, 4A M.S., —H,

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

H,0, 85 °C, 10-30 h
13 examples: 54-96%

H + H c) Zhg (Ref. [63c]):
J\ 3 mol% [(bipy)AuCl;]AuCl,
R?”"NO, air (1 atm)

RT,3h

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

ball mill, 30 Hz, 10-30 min

~|c) Liang (Ref. [68]):

1.2 equiv Phl(OAc),

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

d) Prabhu (Ref. [63d]):

5AM.S.,RT, 1.5-5h

d) ltoh (Ref. [69]):
10 mol% l,, 2 equiv H,O,

5 mol% V205, 02 (1 atm)

60 °C, 24 h
8 examples: 85-99%

Feng Zhang @ Wipf Group

40-60 °C, 12-24 h

Page 29 of 50

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

The atom economy
and process safety
were significantly
improved in 2007 by
developing an aerobic
protocol which
proceeds in water.
Various homogeneous
catalyst systems were
developed which
efficiently mediate the
aerobic cross-
dehydrogenative aza-
Henry reactions.
Metal-free
dehydrogenative
procedures and photo-
oxidation catalysts

b) Stephenson (Ref. [73b]):
1 mol% [(bipy)sRu]Cl,
3 equiv BrCClj, 4 equiv NEt;

systems were

DMF, blue LED light, 3 h

“|c) Rueping (Ref. [74]):

1 equiv TiO,

developed.
R =
N~ N. 1
.
R?” "NO,

EtOH, 11 W fluorescent lamp

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

neat, visible light

Angew. Chem. Int. Ed. 2014, 53, 74 — 100
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Coupling of C_ 3 —H with C_ ; —H Bonds

= 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.

= Mannich-type reactions with tertiary amines

The reaction proceeds
5 mol% CuBr smoothly at room

N. 1.0 equiv tBuO,H N temperature with 5 mol% of

R H > R CuBr and 1 equivalent of
+ RT, 16 h
H * , TBHP. Good results were

R102C C02R1 R102C COZR1 obtained even with an
9 e quirpolar que:jntity oftthe
examp substrates under nea
Eur. J. Org. Chem. 2005, 3173 — 3176. 56-82% conditions. Interestingly, the
addition of a solvent resulted
in significantly decreased
yields.

Copper-catalyzed cross-dehydrogenative Mannich reaction
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Feng Zhang @ Wipf Group Page 30 of 50 1/4/2014



Coupling of C_ 3 —H with C_ ; —H Bonds
= Mannich-type reactions with tertiary amines
NH 1) 1.1 equiv (Boc),O
2) 2 mol% [((R)-dm-segphos)Pd(OTf),] NBoc
= - iti ;
| /—R I;i 1.0 equiv DDQ (slow addition) . | A CO,iPr The use of the [(R)
H. .CO.P CH,Cl,, RT, 12 h —R _ dm-segphos)Pd(OTf)
Y 2P 2 = CO,iPr ,] complex in
CO,iPr 5 examples combination with

15-97%, up to 86% ee DDQ as the oxidant
- allowed the coupling

of isopropyl malonate
NBoc with a set of in situ
NBoc CO,iPr Boc-protected
CO,iPr tetrahydroisoquinolin
: es to deliver the
iorlizs product in high
OMe enantiomeric excess.

CO,iPr ~ MeO

O O
0
>
N

(R)-dm-segphos 15%, 82% ee 97%, 86% ee
Ar = 3,5-M8206H3

Enantioselective cross-dehydrogenative Mannich reaction.

J. Org. Chem. 2008, 73, 5859 — 5871.
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Coupling of C_ 3 —H with C_ ; —H Bonds

= Mannich-type reactions with tertiary amines

» Less C-H-acidic aldehydes or ketones (pKa = 25 in DMSO) have to be activated by a
cocatalyst to serve as substrates in cross-dehydrogenative Mannich reactions.

= Bronsted or Lewis acids in the reaction mixtures to facilitate the enolization of the carbonyl

compounds.
/RC o) 5 mol% Cul, O, (1 atm) RZ O
R. 3 equiv AcOH, 4A M.S.
N““H + oA s 3 €0uivAc - Ry =
£ _ 80 °C, 6 h 2!
R 3 equiv R
13 examples

Chem. Commun. 2009, 953 — 955.
24-73%

= The second method is based on the addition of a secondary amine which converts the
carbonyl compounds into the more reactive enamines in situ.

R2 5 10 mol% VO(acac)» R2 O
1.5 equiv tBuO,H
R.
NJ\H + H\)J\Rs 10 mol% L-proline R‘NMR:“
R 5 6LV MeOH, RT, 24-72h R
11 examples

Chem. Commun. 2009, 3169 — 3171. 30-69%
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Coupling of C_ 3 —H with C_ ; —H Bonds

= Mannich-type reactions with tertiary amines

an enantioselective procedure is feasible by adding a chiral organocatalyst.

10 mol% CuBr»
30 mol% _
organocatalyst:

organocatalyst
10 mol% AcOH ArAr
N° H 15equiv tBuO,H NaBH, N |
R,  “CHCI/ELO (1:1) EtOH, 0 °C A:*_ OSiMe;
H_CHO RT,12-42h =
f 3,5-(CF3),CeH3
R . 17 examples
5 equiv notisolated 34 _719%, up to 99% ee

Enantioselective cross-dehydrogenative Mannich reaction.

Angew. Chem. 2012, 124, 3709 — 3712; Angew. Chem. Int. Ed. 2012, 51, 3649 —3652.

High enantioselectivities and acceptable diastereoselectivities were obtained with a chiral
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.
The addition products were sensitive to racemization, and a final reduction step with NaBH,

simplified the isolation procedure and prevented unwanted side reactions.

33

Feng Zhang @ Wipf Group Page 33 of 50 1/4/2014



Coupling of C 3

—H with C

sp3

= Mannich-type reactions with tertiary amines

Feng Zhang @ Wipf Group

O
e

N .
R 5 equiv

10 mol% DDQ
10 mol% AIBN .

O, (1 atm)
60 °C, 24 h

Chem. Eur. J. 2012, 18, 5160 — 5164.

CN \< N-ph
H

O
5 )\ /rtl‘Ph

cn~ DDQH, DDQH

H
0
N-ph R)\f
R

o 0
R1

Page 34 of 50

—H Bonds

0
N R’

R
7 examples

79-92%

At around the same time,
alternative oxidants and
photocatalytic procedures
were disclosed for cross-
dehydrogenative Mannich
reactions of ketones and
aldehydes. The first metal-
free DDQ-catalyzed
dehydrogenative Mannich
reaction was introduced by
the group of Prabhu.

The 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
regenerates the DDQ
catalyst and liberates 2-
butyronitrile which

readily reacts with oxygen
to regenerate the radical
intermediates.
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Coupling of C 3 —H with C 3

= Mannich-type reactions with Glycine Derivatives

—H Bonds

= 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.

H : 2 equiv Cu(OAc),
RTNYCOzFi H 20 mol°/2 (2-py),CO . H o
& H %0 C/,\CO » 20 mol% CSZCO3= N7 2
2¥R3 V-2 toluene, 150 °C 9 ,
2 equiv 4 h R OQCRg CO,R
AcHN_ _CO,iPr  AcHN._ _CO,iPr RYK} COLPr
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%

Cu(OAc), which serves both
as catalyst and oxidant. The
yield was significantly
improved by the addition of
Cs,CO4 and di-(2-pyridyl)
ketone.

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.

Angew. Chem. 2008, 120, 7183 — 7186; Angew. Chem. Int. Ed. 2008, 47, 7075 — 7078.
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Coupling of C_ 3 —H with C_ ; —H Bonds

= Mannich-type reactions with Glycine Derivatives

= A Cu(OAc), H,O/pyrrolidine-catalyzed version of this reaction was developed by the group of

Huang in 2010.

10 mol% Cu(OAc),-H,0
O 30 mol% pyrrolidine

H 1.0 equiv DDQ or
)J\/ NHAr B

' ; 1.5 equiv tBuO,H
SRR :

O  NHAr
" “CO,R

X H” “CO,R neator CHCl3, 0 °C-RT * Y- j
5-10 equiv 8-48 h 21 examples
X = (CHy),, O, S 46-83%

d.r. (syn/anti) up to 5:9

O NHPMP O NHPMP

O  NHAr O  NH-ptol
CO,Et CO-R
/U\)\coza /U\/kcozR ’ ij% 2
X

neat, tBuO,H: neat, iBuO,H: CHCI3;, DDQ: CHCI3, DDQ:
Ar=4-MeCgH,4: 73% R =tBu:62% X =(CH;),:83% R=tBu:75%
Ar = 4-MeOCgHy4: 46% Ar=Bn:71% X=0:72% Ar = allyl: 80%
Ar = 4-BrCgH,: 58% X =8:63%

The a-
functionalization of
glycine derivatives
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.

Angew. Chem. 2010, 122, 10379 — 10383; Angew. Chem. Int. Ed. 2010, 49, 10181 — 10185.
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Coupling of C_ 3 —H with C_ ; —H Bonds

= Aldol-Type Reactions

= Aldol-reaction-type products are accessible by the oxidative activation of alkyl ethers and
the subsequent coupling with enolizable carbonyl compounds.

5 mol% Cu(OTf), g by:
1 H ; 5 mol% In(OTf), O O i M"O 7
R® 1.1 equivDDQ )\)L 5 & 5
CH,ClL, RT,24n T R R\/LR3
R R ) = o
16 examples Y i .
! R R1 .
17128 2l D b =

Angew. Chem. 2006, 118, 1983-1986; Angew. Chem. Int. Ed. 2006, 45, 1949-1952; J. Am. Chem. Soc. 2006, 128, 4242-4243.

DDQ converts the ether into the corresponding oxonium cation which is then intercepted by a
copper or indium enolate complex.

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 isochromanes
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Coupling of C_ 3 —H with C_ ; —H Bonds
= Aldol-Type Reactions
20 mol% NHPI
5 mol% Cu(OTf), 5 ©
5 mol% InCls, O, (1 atm)
> R R2
55-75 °C, 16 h | IR
= R!
Adv. Synth. Catal. 2001, 343, 393-427; Angew. Chem. 2008, 15 examples
120, 4868-4874; Angew. Chem. Int. Ed. 2008, 47, 4790-4796.  19-83%
by:
o O
NS H N-O°*
| SR
= PINO o
0,
S @)
R N-OH

NHPI O

Aerobic copper / indium-catalyzed alkylation of benzyl

Feng Zhang @ Wipf Group Page 38 of 50

The use of a catalytic
amount of NHPI (N-
hydroxyphthalimide) allowed
the development of an
aerobic version of the
indium/copper-catalyzed
dehydrogenative

coupling of cyclic
benzylethers with carbonyl
compounds.

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 subsequently
reacts with a molecule of
oxygen. The resulting
peroxide intermediate is
transferred to the
corresponding

hemiketal in the presence of
the indium/copper catalyst
and subsequently coupled
with the carbonyl compound.
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Coupling of C_ 3 —H with C_ ; —H Bonds
= Aldol-Type Reactions
O O
)H/U\ , 10mol% [FeCO)] |
R R' 3 equiv (tBuO), R R1
H+H > 3
L R3 reflux, 1 h R?2 X'R
R2™ "X’
excess 21 examples
X=0,S, NR? 52-98 %
R=Ph,R'=NHPh: 77%  88% 98% 53%

R = Me, R! = OEt: 56%

Iron-catalyzed a-functionalization of heterocycles. X=0,S,NR.

The group of Li
demonstrated that 1,3-
diketones are

efficiently coupled with
cyclic and alicyclic
saturated heterocycles
in the presence of
catalytic amount of [Fe,
(CO)glin

combination with 3
equivalents of TBP. The
heterocycles served both
as reagent and solvent.

Angew. Chem. 2008, 120, 7607 — 7610; Angew. Chem. Int. Ed. 2008, 47, 7497 — 7500.
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Coupling of C_ 3 —H with C_ ; —H Bonds
= Aldol-Type Reactions
10 mol% Fe(OTf), o)
1.2 equiv TEMPO-BF, N COQR2 The group of Mancheno
CH.ChL.RT - | R disclosed TEMPO as an
212, ¢ C02R2 alternative oxidant for
H 002R2 R this reaction class.
- 11 examples
O  COR? ,t,_BOF4 38-82%
NS \J\H —_—
| R' TEMPO
/\R O
H\(\L R 10 mol% Cu(OTf), Alighkat:c alde?gdes
. and ketones, the
R3 1.2 equiv TEMPO-BF, O O substrates required the
20 mol% (AcO), or TFA \J\')L ) activation by a catalytic
CH-Cl. RT i | R R R amount of either acetic
2~12 N R3 anhydride or aqueous
R trifluoroacetic acid.
25 examples
35-65%

Chem. Eur. J. 2011, 17, 11622 — 11627; Eur. J. Org. Chem. 2010, 4460 — 4467.

2,2,6,6-Tetramethylpiperidine-1-oxoammonium tetrafluoroborate mediated aldol reaction.
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Coupling of C_ 3 —H with C_ ; —H Bonds

= Aldol-Type Reactions

H O O O O
RJ\S,R1 - Rzl\)LRf, 1.5 equiv 2-chlorani|= R»E(U\R?
6 equiv H 80 °C, 30 min R S,R

8 examples
70-87%
by o 0 o B
1IN Ph OEt  Ph OEt
' 2 AN
| =S| Ph™ =8 Ph” s Ph
R R" | 87% 70%

Org. Lett. 2008, 10, 803 — 805.

Cross-dehydrogenative alkylation of thioethers.

Feng Zhang @ Wipf Group Page 41 of 50

The scope of the metal-
free, cross-
dehydrogenative, aldol
type reaction was
extended to thioethers
by the group of Li in
2008.

The coupling reaction is
believed to proceed by
the formation of
thionium intermediates
that

subsequently react with

the carbonyl compound.
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Coupling of C_ 3 —H with C_ ; —H Bonds

= Tsuji-Trost-Type Reactions

O R' 2.5 mol% CuBr Os R
5 x \Q 10 mol% CoCl, 5
H )n 2 equiv tBuOsH
R

o The reaction was
S5 equiv 80°C, 14 h R h disclosed by Li in
12 examples 2006
30-71% _
A series of 1,3-
Oo. R o @) dicarbonyl
compounds was
0 0 @) successfully coupled
with cyclic olefins in
the allylic position.
R The cycloalkene
53% 35% served both as

RR' =Et 61% reagent and
R =Ph, R" = Me: 64%, d.r. = 1:1 solvent.

R =Me, R' = OMe: 41%, d.r. = 1:1

R = CH,CI, R" = OEt: 55%, d.r. = 1:1

Copper/cobalt-catalyzed cross-dehydrogenative allylation.

J. Am. Chem. Soc. 2006, 128, 56 — 57.
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Coupling of C_ 3 —H with C__3 —H Bonds
sp sp
= Tsuji-Trost-Type Reactions
10 mol® QR19
H 0 .0 mol% [(CoH4(PhSO),Pd(OAC),] R
)\/ 5 R 1.3equivBQ,O;(1atm) R R2
Ar RJ\‘)L R? toluene, 60 °C, 48 h
H Ar
28 examples
4-82%

J. Am. Chem. Soc. 2008, 130, 12901 — 12903;

O,N_ _CO,Me 10 mol% [C,H4(PhSO),Pd(OAC),]
\HI/ , 15 equiv DMBQ, 0.5 equiv AcOH /OiNJ/COZMe
+ L
1,4-dioxane/DMSO (4:1) s
Ar/‘\/ 45°C, 24 h Ar
25 examples
42-83%

J. Am. Chem. Soc. 2008, 130, 14090 — 14091.
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In 2008, two
palladium-catalyzed
Cross-
dehydrogenative
allylation
procedures were
reported. Sulfur-
containing
ligands proved to
be crucial in both
protocols.
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Coupling of C_ 3 —H with C_ ; —H Bonds
Alkylation-Type Reactions
O R , 20 mol% FeCl, 0. _R!
H R 2 equiv tBuO,H
(@) - 2
H ' 1/, RT, 36 h 9 &
R 1.2 equiv R Ar
16 examples
__________________ 25-87%
: by O- _Ph 0 O OFt
=10, R
e l o} Ph O
CI)\ ,\. R2' O Ar
L Arr ! Ph Ar Ph Ar Ph
; ' Ar = 4-MeOCgH4: 64% Ar = 4-FCgH,: 66% 87%
L 5 Ar = 2-MeOCgH,: 40% dr.=1:1

Iron-catalyzed dehydrogenative benzylation.

In 2007, the first cross-
dehydrogenative
benzylation and
alkylation reactions of
C,p3 —H bonds were
reported: 1,3-diketones
are smoothly
benzylated in the
presence of a FeCl,
catalyst.

The authors proposed
that the reaction
proceeds by the
formation of benzyl
radicals which add to in
situ generated iron
enolate complexes.

Angew. Chem. 2007, 119, 6625 — 6627; Angew. Chem. Int. Ed. 2007, 46, 6505 — 6507.

Page 44 of 50
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Coupling of C_ 3 —H with C_ ; —H Bonds

Alkylation-Type Reactions

10 mol% Cu(OTf),

Ar? 12 mol% L7 iz
H_-CO2Bn 1.0 equivDDQ CO,Bn
' i 1/0 Bn CHCly/toluene (1'157 |
2=n . : CO,Bn
i Ar’ 0°C HN Ar 2
20 examples
O\X/o 63-99%, 70-96% ee
0 S,
N N
. @
Ph Ar?
COan COan
! I
CO,Bn CO,Bn
= San HN—N, CO2

Arl = 4-CgH4F: 99%, 93% ee
Ar! = 4-CgH Me: 70%, 94% ee

Ar? = 4-CgH,OMe: 74%, 86% ee
Ar? = 4-C4H4NO,: 98%, 90% ee

Enantioselective benzylation of malonates.

In 2010, the group of
Gong succeeded in
developing the

first enantioselective
copper-catalyzed
Cross
dehydrogenative
benzylation reaction
of malonic esters
with indole
derivatives.

Angew. Chem. 2010, 122, 5690 — 5694; Angew. Chem. Int. Ed. 2010, 49, 5558 — 5562.
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Coupling of C

sp3 —H with C_ 3 —H Bonds

= Alkylation-Type Reactions

Feng Zhang @ Wipf Group

7 mol% MeSO3H
O5 (1 atm)

40°C. 18-128 h

20 examples
26-95%

Angew. Chem. 2010, 122, 5124 — 5128; Angew. Chem. Int. Ed. 2010, 49, 5004 — 5007.

0.__R! 10 mol% FeCly:(H,0)4 O._ _R!
+ H 2 equiv tBuO;H
oyt ) "y
H n 100 °C, 12 h )
R n

20 equiv R
n=1234 20 examples
10-88%

Eur. J. Org. Chem. 2007, 4654 — 4657.

Page 46 of 50

The same year, the
group of Klussmann
reported the
development of an
interesting
autoxidative
benzylation

reaction of carbonyl
compounds with
xanthanes and
acridanes
catalyzed by methane
sulfonic acid.

The group of Li
succeeded in
developing a cross-
dehydrogenative
alkylation reaction of
various 1,3-
dicarbonyl
compounds in which
simple
nonfunctionalized
hydrocarbons
served as alkylation
reagents
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Coupling of C_ 3 —H with C_ ; —H Bonds

= Miscellaneous C; —H Coupling Reactions

H 5 mol% CuOBz
7 6 mol% 1,10-phen =
.0 : + .0
Ph /l\ 20 mol% NaHCO; ~ Ph” >N
)\+ H$ i 2 ?
MeO,C O 2 equiv tBuO,H MeO,C &
DMSO or H,O/CH3CN R
RT,0.5-9h 30 examples The reaction proceeds
14-89% yleld _by an a}ddl_tlonal C=N
= isomerization step
PhA + 0 ‘O after activation of the
ﬁ PR PMP PR benzylic position of
MeO-C the nitrone coupling
’ Meo2CM MeO,C MeO,C partner.
(MeO),HC
76% 56% 89% 67%
3.5h dr.=1:1,45h dr.=11,2h 45h
’& MeO,C OAc
MeO,C
LA S %%ri
4% 66% 58%
6h dr.=1:1,6h

Org. Lett. 2011, 13, 4288 — 4291; Chem. Rev. 2011, 111, 236 — 241, Chem. Asian J. 2012, 7, 2600 — 2606.

Oxidative migratory coupling reaction.
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Coupling of C_ 3 —H with C_ ; —H Bonds
= Miscellaneous C; —H Coupling Reactions
2 mol% FeCly-(H,0)g

sam. =N R P O 1
:r E \I/ ' " j\ - eqUiv K28208 r-/‘\EN\ )
LS = H -

N SN ©) air (1 atm) X ’:E/

R - N

excess 110 OC. 3 h

The procedure involves
22 examples a cross-

55-92% dehydrogenative
Cqp3 —Csp3 coupling

N\ R N\ Ph N R R x R which is followed by a
[ | final elimination
N/ / N/ o N/ s N/ ~ step to generate the

vinylic product.

R = CO,Me: 82% 75% R = Ph: 88% R = CO,Et: 86%
R = OMe: 55% R=H: 0% R=H: 0%
R=H: 0%

Cross-dehydrogenative vinylation of pyrazine derivatives.

Chem. Commun. 2012, 48, 11993 — 11995.
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Summary and Outlook

= C-H activation/C-C coupling reactions catalyzed by transition metals or metal-
free, which are one of the most popular approaches in modern organic
synthesis, have emerged as a powerful tool for making C-C bonds.

= Under ideal situations, water would be the only waste product formed by using
this methodology with molecular oxygen as the terminal oxidant. Air has yet to
be further established as a broadly available and safe terminal oxidant.

= The development of efficient catalyst systems that allow control of the
diastereoselectivity and the enantioselectivity still remains challenging.

= |t is of high interest to develop efficient catalyst systems for the selective
activation C 3—H bonds which are not in close proximity to a heteroatom.
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