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or Traceless Directing Group Strategy
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Fengzhi Zhang*®™ and David R. Spring*®

The use of coordinating moieties as directing groups for the functionalisation of aromatic
carbon—hydrogen (C—H) bonds has become an efficient strategy for the selective construction
of new carbon—carbon (C—C) and carbon—heteroatom (C—X) bonds in arenes. However many
directing groups cannot be easily removed/modified from the products after C-H
functionalisation, thus limiting the structural diversity of the products. This limitation can be
overcome by employing removable/modifiable or traceless directing groups which can be
easily attached to the starting materials and detached from the products. In this tutorial review,
we give an overview of recent advances in this emerging field which have dramatically

increased the synthetic applicability of C—H functionalisation processes.

Key Learning Points

(1
2
3)
4
(5)

Traditionally inert C—H bonds can be functionalised.

1. Introduction

The direct cleavage of an unreactive C—H bond, followed by
the formation of new C—C or C—X bond formation at a specific
site within a molecule would constitute an ideal synthetic
operation,' avoiding the traditional requirement for preinstalled
functional handles such as halide, triflate, boron or tin.
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Site-selective functionalisation of aromatic derivatives can be achieved with the assistance of directing groups.

Carefully designed directing groups can be readily removed or converted into other useful functional groups efficiently.
The functionalised aromatic compounds have use in natural product chemistry, medicinal chemistry and material chemistry.
The field is fast growing and has great potential to expedite the synthesis of complex molecules.

As early as 1968, the pioneering organometallic chemist
Jack Halpern stated that "the development of successful
approaches to the activation of C—H bonds remains to be
achieved and presently constitutes one of the most important
and challenging problems in this whole field”.” Since then, the
discovery of new methods for C-H bond cleavage by
transition-metal complexes has been a long-standing goal in the
synthetic community.

In 1967, Fujiwara reported the first olefination of benzene
with a styrene-palladium chloride complex.” However, when
mono-substituted arenes such as chlorobenzene 2 were exposed
to the complex, a mixture of different isomers (3a, 3b and 3c¢)
was obtained (Scheme 1).
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One key limitation for this transformation is the poor
regioselectivity as there is little difference in reactivity between
the various C—H bonds in substrate. A common strategy to
address this problem involves the use of substrates that contain
metal-coordinating functional groups, directing the metal to

activate  proximal C-H Dbonds via cyclometallated
intermediates.
= 1
PdCl; (1 equiv) s s 9 3a:0Cl,12%
©/\ 3b: m-Cl, 20%
HOAc, NaOAc 3c: p-Cl, 30%
2solvent 110°C 3

Scheme 1 Pd-mediated arene C—H olefination of chlorobenzene

In 1963, Kleiman and Dubeck reported the formation of an
azobenzenenickel complex 5 by treatment of azobenzene 4 with
dicyclopentadienylnickel at 135 °C for 4 h (Scheme 2).* The
azo functional group, working as a metal-coordinating directing
group, brings the metal in close proximity to the ortho C—H
bond to be activated, resulting in high levels of regioselectivity.
After reduction of the five-membered metallacycle 5 with
lithium aluminium deuteride, the metal atom in the ortho-
position of the azobenzene was replaced by deuterium to give
product 6. Cyclic platinum and palladium complexes and their
corresponding deuterium substituted products were also
reported.

_ Nicp, D
135°C, 4h @ @ @“Ni@

Scheme 2 First example of Ni-catalysed arene C—H bond
activation
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This was the first example of using a metal-coordinating
functional group to control the regioselectivity of the transition-
metal insertion into a C—H bond. This early report demonstrates
the impressive reactivity of transition-metal catalysts in
activating C—H bonds with the assistance of metal-coordinating
directing groups, and opened the door for aromatic C—H
functionalisation through this method. Since then many
examples of stoichiometric C—H bond cleavage by various
metals were discovered,' the development of a catalytic method
as a key step towards a synthetically useful process was not
realised until the pioneering work of Murai in 1993 on
ruthenium catalysed ortho-alkylations of aromatic ketones with
olefins.’

Cyclopalladation of C-H bond containing aromatic
compounds has been extensively investigated and has been
found to proceed along different pathways (Scheme 3).'°

Me Me Me
[\lfMe N-Me N-Me
:H“Pd:OAc ) Pdl,’OAc HH ) Pd’OAC
H /8 o)
o Me O/QMe 0/4

SgAr-type metallation concerted metallation deprotonation

Scheme 3 Cyclopalladation models

A strongly coordinating nitrogen-containing directing group
was typically required to promote the facile cyclopalladation,
which severely limits the substrate scope. Nevertheless, these
studies have served as a pivotal platform for further discovering

This journal is © The Royal Society of Chemistry 2012

and optimising this unprecedented mode of catalysis. Thus
interest in directing group strategies for catalytic C—H bond
functionalisation processes has increased dramatically.

An elegant report by Yu and co-workers in 2011 exemplifies
how directing group strategies can enable the diverse C—H
functionalisations of privileged molecular frameworks (Scheme
4).7 Sulfonamides are an important pharmacophore found in
nearly 200 drugs currently on the market, including the non-
steroidal anti-inflammatory blockbuster drug Celecoxib 7b.
One of the potential bottlenecks in identifying promising drug
candidates is the rapid access to molecular diversity. Taking
advantage of the directing ability of the sulfonamide, Yu and
co-workers applied their newly developed Pd(II)-catalysed C—H
functionalisaton reaction to a broad range of C—C and C-X
bond-forming processes. Six distinct analogues (8-13) of
Celecoxib 7b were prepared using this approach, including
carboxylation, carbonylation, olefination, iodination, arylation
or alkylation process. Remarkably, the coordinating ability of
the sulfonamide group was able to override that of the diazine,
which is itself a commonly employed heterocyclic directing
group, affording exclusive site-selectivity in the presence of
multiple potentially reactive C—H bonds. The N-aryl moiety of
the sulfonamide can be kept as part of the pharmacophore or
readily removed by hydrolysis with TFA in order to prepare
other derivatives. Two years later, Yu and Baran successfully
applied the same strategy for the divergent functionalisation of
the core of bioactive natural product (+)-hongoquercin through
the use of readily removable carboxylic acid and amide
directing groups.” These two examples demonstrate the power
of the directing group assisted C—H functionalisation to late-
stage modify a privileged molecular framework which would
have otherwise required many steps to make prior to the
development of these unprecedented transformations.

Various directing groups, such as heterocycles, carbonyl-
related functional groups, amines and alcohols, have been
employed for catalytic arene C—H bond functionalisation and
can be categorised into three different approaches (Scheme 5):

Approach 1: After the C—H bond functionalisation of substrate
14, the directing group remains part of the product 15, or
undergoes further cyclisation to form a heterocycle 16. These
directing groups cannot be conveniently removed or undergo
further versatile transformations, which limits the structural
diversity of the products.'

Approach 2: After the C-H bond functionalisation of
substrate 17, the directing group can be readily removed or
further modified by additional steps to give functionalised
product 19. Such directing groups are classified as removable
or modifiable.®

Approach 3: The C—H bond functionalisation of substrate 20
and directing group removal of functionalised product 21 can
be carried out in one-pot. In some cases, the directing group
introduction can also be done in the same pot. Such directing
groups are classified as traceless.

Given the rapid expansion of this still growing field, it is not
possible to cover all of the representative chemistry in the
confines of this tutorial review. Therefore, in this tutorial
review, we will only feature some recent representative
examples of arene C—H functionalisation using removable or
modifiable directing groups (Scheme 5, approach 2). We will
mainly focus on the C—C and C—X bond-forming reactions
based on arene substrates using traceless directing groups
(Scheme 5, approach 3).

J. Name., 2012, 00, 1-3 | 2
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Scheme 4 Selective arene C—H functionalisation directed by a sulfonamide group
- readily available aromatic carboxylic acids in cross-coupling
Approach 1 _non-removable DG - i with arylorganometallic reagents.'® Based on reports of
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Scheme 5 Transition-Metal catalysed C—H functionalisation
using directing group strategy

2. C-C Bond Formation
2.1 Arylation

The biaryl motif is ubiquitous in bioactive natural products,
pharmaceuticals and functional materials. While Pd-catalysed
cross-couplings such as Stille and Suzuki couplings have been
successfully employed for biaryl synthesis, the requirement for
prefunctionalisation of both coupling partners can limit their
application. Direct arylation (the coupling of an unactivated
aromatic C—H bond with an activated arene) using a directing
group strategy has emerged as an attractive alternative to
traditional cross-coupling reactions.’

2.1.1 Carbonyl-Derived Directing Groups

Arenes substituted with carbonyl derivatives provide an
effective handle for cyclometallation. With respect to Pd-
catalysis, Yu and co-workers have pioneered the use of cheap,

This journal is © The Royal Society of Chemistry 2012

protodecarboxylation of ortho-substituted benzoic acids under
Ag catalysis and the suitability of carboxylic acids to act as
directing groups to mediate ortho-C—H functionalisation,
Larrosa and co-workers developed a formal meta-selective
direct C—H arylation using iodoarenes 24 as coupling partners.
(Scheme 6).'"" With carboxylic acids as a traceless directing
group, a tandem ortho-arylation/protodecarboxylation process
gave various meta-substituted biaryl compounds 25 in one step.
The direct decarboxylative ipso-arylation and protodecarboxy-
lation of starting material 23 before the desired arylation were
successfully avoided.

Pd(OAG), (2 mol%)

CO,H c
R H | Ag,CO;3 (1 equiv)
X A
I A ® | /7R3 AcOH (3.5 equiv),
e 130 °C, 16 h
up to 85% yield
23 24 18 examples
MeO.
Me CO,Me
F 25a:83% B 25p: 55% 25¢: 78%

Scheme 6 Tandem ortho-selective arylation/protodecarboxylation of
2-substituted benzoic acids

Recently, Larrosa and co-workers have reported a one-pot
direct meta-selective arylation of phenols 26 with a traceless
directing group relay strategy (Scheme 7).'> After extensive
optimisation of conditions, it was found that treating phenol
with KOH under 25 atm of CO, at 190 °C for 2 h, followed by
the addition of the iodoarene 27, Pd catalyst, Ag,CO;, and
AcOH, and further reaction at 130 °C for 16 h, generated the
desired meta-arylated product 28 successfully. Various
substituents such as electron-donating and withdrawing groups,
were compatible with the reaction conditions. However the

J. Name., 2012, 00, 1-3 | 3
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meta-NO,-substituted phenol led to no reaction as the initial
carboxylation step was prevented. Heteroarenes such as
iodoindole and iodopyridine were also used as coupling
partners. Thus various meta-aryl phenols were prepared from
readily available phenols via a one-pot ortho-carboxylation,
ortho-arylation and protodecarboxylation process. Finally, this
methodology was applied to the synthesis of a y-selective
inhibitor 30 in only three steps, an improvement over the eight
steps previously required (Scheme 8). This is the ideal arene
C—H functionalisation using traceless directing group strategy
since the directing group introduction/removal and C-H
functionalisation take place in a one-pot process.

OH phenol, KOH (3 equiv), 50 °C, 10 min; OH
O | N then CO, (25 atm), 190 °C, 2 h; then N
RE )+ T R RIE

= / iodide, PEPPSI-IPr (2 mol%), Ag,CO3 = N

h o 1 2
2% 27 (0.5 equiv), AcOH, 130 °C, 16 h 55 | R

3 equiv 1 equiv up to 83% yield
29 examples

OH OH OH OH
9 C : e :
O i N Cl Me
cl N CHO
28a: 65% 28b: 48% ClI 28c¢: 50% 28d: 83% Me

Scheme 7 One-pot meta-arylation of phenols with iodoarenes

1) meta-arylation
2) O-arylation

OH
3) a-alkylation 8 steps

©\ Br W 6% overall
CO,H
29 bl CFs yield

Scheme 8 Efficient synthesis of y-selective inhibitor

Br/©\ Br

3 steps,
41% overall yield

Compared to carbonyl-based directing groups, an imine
directing group would be less electron-withdrawing, and so the
C-H bond palladation event would require milder reaction
conditions, which may enable the functionalisation of substrates
displaying sensitive functionality. In 2011, Gaunt and co-
workers developed a Pd(Il)-catalysed C-H arylation for
benzaldimines 32 with aryl-BF;K salts 33 (Scheme 9).'°
Remarkably, electron-deficient arenes could even be arylated at
room temperature. Using modified conditions, it was further
demonstrated that the dehydrogenative cross-coupling with
benzene could even be achieved on benzaldimines containing
further electron-withdrawing functionality. The imine directing
group itself could be removed readily using Et;N and AcCl in
THF at room temperature to give aromatic aldehyde 34.

iPr.
1) Pd(OAc), (10 mol%)
N BQ, tBuO,H, Ac,0 (0]
o 4A MS, CH,Cly/iPrOH, r.t.
P A Y- X RIC ]
R'T P 2) EtsN, AcCl, THF, r.t. ANAr
up to 93% yield
32 e 23 examples 34

Scheme 9 Pd-catalysed ortho-arylation of benzaldimines

Other carbonyl-based directing groups such as amide
derivatives, ketones, and oximes have also been developed for
catalytic C—H bond functionalisation.' In 2011, Yu and co-
workers reported a Pd(I)-catalysed para-selective C-H
arylation of monosubstituted arenes 36 via cross-
dehydrogenative couplings (CDC) (Scheme 10).'"* Reactions

This journal is © The Royal Society of Chemistry 2012

that directly couple two aryl C—H bonds have received much
attention, as they require no prefunctionalisation of the
coupling partners and only produce hydrogen as the sole
byproduct. However the low reactivity of C—H bonds and issues
of selectivity make this synthetic method particularly
challenging. With Pd(OAc), as a catalyst, an acidic amide
directing group 35 and a F' oxidant for the double C-H
activation, the highly para-selective C-H arylation of
monosubstituted arenes 36 was achieved. No ortho-arylation
was observed. Electron-withdrawing groups were tolerated on
one of the coupling partners. The arylated amide products could
be readily converted into useful carboxylic acids 37 by treating
with TFA/H,0 at 90 °C. One limitation for this protocol is the
use of arene 36 as the solvent. Further development to reduce
this towards a single equivalent of arene could lead to practical
new tools for the synthesis of para-substituted biaryls.

g}ﬁm

Scheme 10 Pd(Il)-catalysed para-C—H arylation of monosubstituted
arenes

1) Pd(OAc); (10 mol%)
DMF ( 2equnv) 70°C HO. _O R2
NFSI (1.5 equiv), 48 h

2) CFsCOHIM0 (4/1), 90°C
T

up to 85% yield
20 examples

37

In recent years, bidentate auxiliaries have attracted
considerable attention owing to their unique potential for the
activation of otherwise inert C—H bonds. Ackermann and co-
workers recently reported an iron-catalysed direct C-H
arylell;[ion using a triazole-based bidentate auxiliary (Scheme
11).

1) FeCl; (10 mol %), ArMgBr, o
dppe (10 mol%), ZnBr,
CICMe,CH,CI, THF, 55°C  gaft Ny~ OH

N=N =
H 2) aq. HCI Bh
38 up to 92% yield 39
17 examples

unreactive amide or ester backbones:

e, B X B
Ar N)S%N,Bn ATTNTTRATONT YT A OAQ/\N_B,1
Me N=y N~ N=N
40 41 R = Me/Ph 42 43

Scheme 11 Iron-catalysed direct C—H arylation

After a screening of various amide or ester based directing
groups, they identified that the triazolyldimethylmethyl (TAM)
amide based arene substrates 38 underwent efficient direct C—H
arylation with inexpensive iron catalyst under mild reaction
conditions. Tertiary amides 40, simple amides 41 and 42
without the triazole moiety, and the corresponding esters 43
failed to give the desired products. The TAM directing group
can be easily removed under acidic conditions to give the
functionalised aromatic carboxylic acids. It is worth mentioning
that this catalytic system also enabled the successful arylation
of unactivated C(sp>)—H bonds.

2.1.2 Nitrile-Containing Templates/Directing Groups

The ortho-functionalisation of aromatic C—H bonds is often
achieved through the formation of a conformationally rigid six-
or seven-membered cyclic pre-transition state by using a-
chelating directing groups. This proximity-driven reactivity
prevents the activation of remote C—H bonds despite the broad

J. Name., 2012, 00, 1-3 | 4
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utility of this approach. Yu and co-workers extended this
concept and developed the first example of Pd-catalysed cross-
coupling of meta-C—H bonds with arylboronic acid esters 45
using a novel long-range directing group strategy (Scheme
12).'® The observed meta-selectivity was achieved through
directed C—H palladation via an U-shaped nitrile template 44,
which was suggested to weakly coordinated to the Pd(II)
catalyst. During their investigation they found that the addition
of a mono-protected amino acid (MPAA) was vital to the
successful  coupling.  Furthermore, the addition of
tetrabutylammonium salts were found to have a dramatic
influence on the catalytic performance of palladium by
preventing the undesired agglomeration of Pd(0) species that
form the non-catalytically active palladium black. For
unsubstituted or meta-substituted substrates, minor ortho- and
para-arylated isomers were also formed. There was almost no
reactivity for the di-ortho-substituted substrates. The template
can be removed under mild conditions (LiOH-H,O,
MeOH/THEF, r.t.) leading to useful 3-phenylpropanoic acid 46.

OMe
O’\,(O /© 1) PA(OPiv), (10 mol%)
_ Ag,CO;3 (2 equiv), CsF

\,
= i _ Ac-Gly-OH (20 mol%) N
| + ArBpin @ — > (PN
NC CN TBAPFg, HFIP, 70 °C HO Yo
2) LiOH=H,0, MeOH/THF, r.t. Ar
44 OMe 45 up to 85% yield 46

24 examples

Scheme 12 meta-Arylation of 3-phenylpropanoic acid and phenolic
derivatives.

2.1.3 Amine-derived directing groups

In 2009, Phipps and Gaunt found that reaction of pivanilides 47
with hypervalent iodine arylating reagents 48 in the presence of
copper catalysts gave the meta-substututed products 49
exclusively (Scheme 13)."” This method allowed direct access
to a range of meta-substituted aromatic compounds in a single
step, which would otherwise require multiple synthetic steps
using traditional chemistry. Later, Gaunt and co-workers
extended this Cu-catalysed meta-selective arylation method to
the a-aryl carbonyl scaffold with a remote and versatile
Weinreb amide directing group. A range of arenes displaying
diverse substitutions, benzylic chirality and quaternary centers
were prepared in one simple step under identical conditions for
the arylation of pivanilides.'’

NH,

)
OTi Me 1) Cu(OT, (10 mol%) il

DCE, 50-70 °C =

H
N__CMe I
REY T * Rl
i 5 L 2) conc. HCI/EOH (1:1)
Z Me Me 100°C,24h oy

up to 93% yield st 49

47 48
26 examples

Scheme 13 Cu-catalysed meta-C—H arylation of pivanilides

2.1.4 Phenol-Derived Directing Groups

One class of reaction that provides particular challenges for
novel catalytic chemistry is the synthesis of ortho-arylated
phenols. Currently, the most commonly used catalytic routes to
these compounds employ Suzuki or Stille coupling reactions.
From both synthetic and atom-economic points of view, it
would be highly desirable to couple an aryl halide directly with
a phenol. In 2003, Bedford and co-workers reported the first
catalytic intermolecular ortho-arylation of phenols 50 (Scheme
14)."* In the presence of a phosphinite cocatalyst 51, the facile

This journal is © The Royal Society of Chemistry 2012
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ortho-metalation of the simple phenols 50 occurred to give
five-membered metallacycles 53. Subsequent reductive
elimination of the new ligand and the aryl group led to the
reformation of the active catalyst and the liberation of a new 2-
arylated aryl dialkylphosphinite ligand 54. This ligand
underwent catalytic transesterification with the starting phenol
50 to regenerate the co-catalyst 51 and liberate the 2-arylated
phenol product 52. It is necessary to have a bulky group in the
2-position of the phenol 50 for the reaction to proceed
efficiently. For example, the yield of 52d was lowered to 21%
when using 2-methylphenol as the substrate, 1-Naphthol could
be used as a substrate to give a 2,8-arylated product. Alhough
further research is required to examine the scope of this
reaction with a broad range of coupling partners, this is a very
novel approach since the directing group is essentially catalytic.

R2
1@/OH 1i(j/OP/F’I‘z
R'T + Ry

— =

[RhCI(PPh3)3] (5 mol%)
ArBr or ArCl (1.5 equiv)
ol e
Cs,CO;3 (1.7 equiv),
toluene, reflux, 18 h

50: 1 equiv 51: 0.15 equiv 52
ortho- phenol up to 100% yield
metalation trans- 13 examples
esterification

RZ
R‘iiO\P‘Pr reductive N OP/Pr,
T PiPry — 1
= RhL, elimination R >

"Ar
54

tBu Me
O OMe O OMe

52¢: 79% 52d: 21%

tBu tBu
OH OH
I SN I @
Me ©
52b: 96%

52a: 100%
Scheme 14 Catalytic ortho-arylation of phenols

Various N-containing heterocycles, such as pyrazole,
oxazoline and imidazoline, have been employed as directing
groups for direct C—H arylation processes.® Although these
heterocycles are efficient directing groups for controlling the
functionalisation of C-H bonds, subsequent manipulation of
these motifs is difficult or restrictive. To overcome this
limitation, Ackermann developed a Ru-catalysed direct
arylation of arenes S5 bearing a removable pyridinyl directing
group (Scheme 15)." Interestingly, the most efficient catalysis
was achieved with catalysts derived from MesCO,H, and when
using K,CO; as the base. Both electron-rich and deficient
arenes reacted efficiently with aryl bromides or chlorides 56.
The directing group could easily be removed to give the free
phenols 57.

=
1) [RuCly(p-cymene)], (3-5 mol%)
ey | Br/Cl MesCO,H (30 mol%) oH P,
X X NS
O + v K,COj3, PhMe, 120 °C R
R - Rz 2) MeOTf, PhMe; then Na, MeOH Z
55 56 up to 99% yield 57
28 examples

Scheme 15 Ru-catalysed direct arylation of 2-phenoxypyridines

2.2 Alkylation

Friedel—Crafts alkylation has been known for many years, yet
the application of this method is typically plagued by limited
substrate scope, poor regioselectivity, and undesired over
alkylation. However, transition-metal catalysed C—H alkylation

J. Name., 2012, 00, 1-3 | 5
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methodologies are able to provide access to mono-alkylated
arenes with excellent regio- and chemo- selectivities.?

2.2.1 Carbonyl-Related Directing Groups

The directed ortho-alkylation of acetanilides, pioneered by
Tremont in 1984, provided the conceptual basis for later
approaches.”® In 2007, Yu and co-workers reported the first
catalytic protocol for the coupling of ortho-C—H bonds of
benzoic acids 58 and (-C-H bonds in aliphatic acids with
organoboron reagents via Pd(II)/Pd(0) catalysis.”' Only two
examples of the methylation of ortho-C—H bonds in benzoic
acids were demonstrated on substrates 58, where f-hydride
elimination is a possible side reaction (Scheme 16). Further
optimisation would be required to encompass a broad range of
alkylborons. The carboxylic acid group is highly versatile, and
can be removed or transformed into a variety of functional

groups easily.
COH
X COZH R17:<i[
R‘O/ * MeB(OH), Ve
60a: R' = 2-Me, 75%

58 59
60b: R" = 3-OMe, 71%

Pd(OAc), (10 mol%)
BQ (0.5 equiv)

0,/AgCO3, ‘BUOH
K,HPO,, 100 °C

Scheme 16 Pd-catalysed methylation of benzoic acids

In 2013, Glorius and co-workers reported a mild Rh(III)-
catalysed direct ortho-C—H allylation of arenes 61 with allyl
carbonates 62 (Scheme 17).2 With [(Cp*RhCL,),] (2.5 mol%)
as a catalyst, by tuning the amount of PivOH (1.0 equiv) and
AgSbFs (30 mol%), the thermodynamically more stable
disubstituted alkene by-products could be inhibited efficiently,
leading to the desired products 63 in good yields after
hydrolysis. No diallylated product was observed. Many
benzamides containing various functional groups, regardless of
electron-donating, neutral or withdrawing properties, were
compatible with the mild reaction conditions.

1) {Cp*RhCly},] (2.5 mol%)

o AgSbFg (30 mol%) %
MG el i) S

R > N'Pry PivOH (1.0 equiv) R Sy OH

L PhCl, 35-50 °C L~ N

2) hydrolysis

61
62 up to 87% yield 63

20 examples

+ ~0CO:Me

Scheme 17 Rh(III)-catalysed allylation of benzamides.

In 2013, Chatani and co-workers reported a Ni-catalysed
ortho-alkylation of C—H bonds in benzamides and acrylamides
containing an 8-aminoquinoline moiety as a bidentate directing
group (Scheme 18).%* Unactivated alkyl bromides and iodides
reacted with various aromatic amides 64 to give the desired
products 66 via a 5-membered Ni metalacycle. Ackermann and
co-workers also recently reported a first Nickel-catalysed direct
secondary alkylations and trifluoroethylations of arenes.”*

1) Ni(OTf), (10 mol%)
PPhg, Na,CO5

+ R%Br _ toluene, 140 °C 4 XY OH

: N
R R
! H | 2) NaOH, EtOH, 90 °C _

up to 95% yield

64 ‘RZ2=
65: RE=alig) 36 examples 66

Scheme 18 Ni-catalysed alkylation with alkyl halide via bidentate-
chelation assistance

This journal is © The Royal Society of Chemistry 2012

2.2.2 Amine-Derived Directing Groups

In 2010, Yu and co-workers reported a Pd(Il)-catalysed ortho-
trifluoromethylation of arenes wusing an electrophilic
trifluoromethylating agent.”> However, the substrate scope was
limited to arenes with a N-containing heterocyclic directing
group which is not readily removable. In 2012, Hafner and
Brise reported a highly ortho-selective trifluoromethylation of
aromatic triazenes 67 (Scheme 19).?° Various functional groups
were tolerated, including halogens, which are not compatible
with many metal-mediated trifluoromethylation reactions.
Finally, triazene, a useful equivalent to a protected diazonium
salt can be easily transformed into various functional groups,
such as halides 68a, azides 68b, nitriles and phenols, or back to
the starting anilines.

/L J\ 1) AgF (4 equiv)
N TMSCF; (2 equiv) X
N CoF 12,100 °C, 4 h L CFs
N R1+
\ 2) MesSi-X, CH,Cl, P
RIC
N up to 74% yield 68a: X =1
11 examples 68b: X =Nj

Scheme 19 Trifluoromethylation of triazenes

2.3 Alkenylation

The oxidative Heck reaction and hydroarylation of alkynes are
two methodologies for the introduction of an olefin moiety into
arenes, which has an advantage over the traditional Mizoroki-
Heck reaction by eliminating the need for pre-activation of
arenes. A number of directing groups, including N-
oxide/nitroso, amines, alcohols and carbonyl-related functional
groups, have been developed recently for this particular
transformation.'

2.3.1 Carbonyl-Related Directing Groups

Many carbonyl-related directing groups, such as carboxylic
acids, esters, ketones, aldehydes and amides, have been
employed for (hetero)arene C—H olefination.' In 2010, Yu and
co-workers developed a Pd(II)-catalysed ortho-olefination of
phenylacetic acid 69 and 3-phenylpropionic acid substrates,
using oxygen at atmospheric pressure as the terminal oxidant
(Scheme 20).%’

Ha Ha
Rl RS Pd (Il R
COLH CO,H
+
H ﬂ protecting group-controlled = R3
B or ligand-controlled

R? 69 70 RZ 71
Scheme 20 Pd(II)-catalysed position-selective ortho-olefination

A wide range of phenylacetic acid substrates 69 were found
to be compatible with this protocol by reacting with ethyl
acrylate. When using 1-hexene as the olefin substrate, a class of
alkenes beyond the scope of traditional Mizoroki-Heck-type
chemistry, the authors found the non-conjugated product was
predominantly formed as a mixture of E/Z isomers. However,
the 1,2-disubstituted methyl acrylate only gave the desired
product in 16% yield. Remarkably, the use of amino acid
derived ligands in this reaction not only enhanced the reactivity,
but also enabled the control of positional selectivity. In cases
when the two ortho positions are equivalent, the desired
product can be obtained in good yields by this approach alone.
When the two ortho positions on the ring are different, the
CO,H directs the catalyst to the ortho-position, whilst the
ligand is able to distinguish between the subtle electronic or
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steric environments of the two ortho-positions. They further
demonstrated the versatility of the method through direct
elaboration of commercial drug scaffolds, and the efficient
synthesis of 2-tetralone and naphthoic acid natural product
cores.

2.3.2 Nitrile-Containing Templates/Directing Groups

Recently, Yu and co-workers applied their nitrile-containing
templates to the activation of distal meta-C—H bonds in three
distinct classes of substrates (toluene 72, hydrocinnamic acid
44 and N-methylaniline derivatives 77) (Scheme 21).® The
template design is predicated on a weak interaction between
Pd(IT) and the nitrile group. Remarkably, the template overrides
the intrinsic electronic and steric biases as well as ortho-
directing effects of the arene substrates, consistently delivering
high meta-selectivity in most cases. After the coupling, the
ether templates can be removed readily through Pd/C-mediated
hydrogenolysis to give the meta-olefinated toluene products 74.
The amide template can be hydrolysed using LiOH as a base at
room temperature to give the diacid 76. The cleavage of the
template on the aniline derivatives can be done with the mixture
of HCI and EtOH (1:5) at 90 °C to give product 78.

Bu ‘Bu 1) Pd(OPiv), (10 mol%) M
i AgOPiv (3 equiv) N s
w@ﬂoj%:u + IL _DCE®Cc | R
P e R 2)H(1atm), PA/C, rt.
7 73

up to 98% yield
29 examples 74

1) PA(OPiv), (10 mol%)
AgOAc (3 equiv) B OH
acetyl glycine (20 mol%) R'
HFIP, 90 °C

S e e

2) LIOH*H,0, r.t. P
THF/H,0/MeOH

up to 87% yield

5a 8 examples 76

CO Et

O“@

1) Pd(OPiv), (10 mol%) H
R? AgOPiv (3 equiv) A N
l Ac-Gly-OH (20 mol%) R'%

R® HFIP, 90 °C, 24-48 h RS
. R?
2) HCI/EtOH (1:5), 90 °C
73 up to 84% yield 78
25 examples

[ F
S 0
gl
N o ©/CN
77

Scheme 21 Template-directed meta-selective C—H olefination of
toluene, hydrocinnamic acid and N-methylaniline derivatives

2.3.3 Amine-Derived Directing Groups

The importance of amines in organic synthesis makes them
very attractive functional groups for C—H functionalisation
chemistry. One of the first amine-directed C—H functionalis-
ation reactions was reported by Shi and co-workers on the
olefination of N, N-dimethylbenzylamine 79 (Scheme 22).%’

Me,N
2 RYOC PdCl; (5 mol%) . Me .
Nt \X\Ra Cu(OAc), NN COR COR
R, TFE/AcOH, 85 °C

Pd/C
_

(1 atm)
up to 86% yield up to 90% yield
23 examples 10 examples

Scheme 22 Pd(Il)-catalysed arene C—H ortho-olefination of
N,N-dimethylbenzylamine

Amines can be protonated easily under acidic condition
inhibiting the coordination to metal. They can also be oxidised
or form stable and unreactive bis-amino-Pd(II) species in the

This journal is © The Royal Society of Chemistry 2012
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presence of a Pd catalyst. Therefore, it is critical to control the
acidity of the reaction conditions. The authors found that the
ortho-alkenylated products 81 were obtained in good yields by
reacting with PdCl, (5 mol%) and Cu(OAc), (1 equiv) in the
presence of AcOH (16 equiv) with 2,2,2-trifluoroethanol (TFE)
as solvent. The alkenylated products 81 could subsequently be
hydrogenated to give useful substituted toluene derivatives 82.

In 2012, Huang and co-workers reported a Rh(III)-catalysed
direct arene C—H olefination using a removable triazene
directing group 83 (Scheme 23).*° With [(Cp*RhCL,),]
(5 mol%) as a catalyst, it was found that the addition of acetate
was crucial for efficient catalyst turnover. In most cases, a
mixture of mono- and di-olefinated products (84a and 84b)
were obtained in good yields under the optimised conditions.
The electron-withdrawing effects of the two appending
nitrogens on the triazene moiety, significantly weaken the C—N
bond attached to the arenes, allowing for mild removal
conditions and subsequent modification. For example, the
triazene moiety can be quantitatively removed using BF;-Et,O
in DME at room temperature to give 86. The triazene group
can also be converted into the corresponding iodide 87 and used
in cross-coupling reactions.

[(RhCP*Cl,),] (5 mol%)

CO,R?  Cu(OAc)2*H,0 (2 equnv)
10 _—
R > + = AgOAc (0.3 equiv)
MeOH, 90 °C > Co,R?
83 75 up to 95% yield 84a: R=H

20 examples

: : CO,Me

84b: R = CHCHCO,R?

H 85: 93% |
‘ Pd(OAC), EIA
= TFA, MeOH
€81 | styrene A = CO,Bn
86: 98% \ v 87: 97%
BF°Et,0 O Mel
<j\ACO R2
CH4CN, TFA _PdC, Hz
TFA H
benzene N 0]
Ac NHAc
5
COan 90: 75%
88: 73% COaMe

89: 60%

Scheme 23 Rh(Ill)-catalysed direct arene C—H olefination and
further transformation

In 2013, You and co-workers reported a Rh-catalysed C—H
olefination of tertiary anilines 91 using the N-oxide as a
traceless directing group (Scheme 24).*' For transition-metal
catalysed C—H activation chemistry, an external oxidant is
generally required to regenerate the catalyst. However, in this
protocol, the N-oxide was used as both a traceless directing
group and an internal oxidant. Interestingly, it was possible to
isolate a five-membered cyclometalated Rh(III) complex and
established its structure by X-ray crystallographic analysis. The
successful olefination of tertiary anilines catalysed by this
complex implies it may be one of the intermediates in the
catalytic cycle. Finally, various useful 2-alkenylated tertiary
anilines 93 were prepared efficiently at room temperature.

In 2011, Carretero and co-workers developed a Pd(II)-
catalysed direct C—H olefination of N-(2-pyridyl)sulfonyl
anilines 94 (Scheme 25).>* With Pd(OAc), (10 mol%) as a
catalyst and  N-fluoro-2,4,6-trimethylpyridinium triflate
(2 equiv) as an oxidant, various N-alkyl derivatives 94 reacted
with monosubstituted electrophilic alkenes 95 smoothly to give
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the corresponding olefinated products in good yields. In some
cases the formation of a minor amount of the diolefinated
product was observed. By increasing the amount of both the
alkene and oxidant to three equivalent, the diolefinated
products could be obtained in high yields. Interestingly, this
method could also be applied to benzylamine and phenylethyl
amine derivatives. The N-(2-pyridyl)sulfonyl directing group
can be removed readily under acidic conditions using Zn
powder to give the olefinated anilines 96.

32
N.
R?N,R3 R [(RNCP'Clo)y] (25 mol%)  gifl SR
X ) + ¥
10 @0, =
R'G P © Z AgSbF (10 mol%) |
PivOH, MeOH, r.t. R4
91 92 93

up to 82% yield
27 examples

P (o | |
Et Et CONH, CN P
93a: 66% 93b: 81% 93c: 56% 93d: 41% 93e: 58% ('5

(OMe),

Scheme 24 Rh-catalysed C—H olefination of tertiary anilines with
the N-oxide as a traceless directing group

0. 0 1) Pd(OAc), (10 mol%)
R2, 7S’ N-fluoro-2,4,6-trimethyl- R2 H
N | = EW pyridinium triflate (2 equiv)

L DCE, 110 °C

N
N~ NS EWG
TLE
L 2) Zn (excess), r.t. R _

R * /
THF/ag. NH4CI (1:1)
96: EWG = CO,Bu, SO,Ph

up to 93% yield
24 examples CN, PO(OMe),

94: R2= alkyl 95
1-2 equiv
Scheme 25 Pd-catalysed olefinaton of N-(2-pyridyl)sulfonyl
anilines

2.3.4 Phenol-Derived Directing Groups

In 2008, You and co-workers reported a Pd-catalysed C—H
alkenylation of phenols using 2-pyridylmethyl ether as
directing group (Scheme 26).*® It was found that the addition of
Boc-Val-OH was critical for successful olefination. A wide
range of phenols 97 and alkenes 98 were employed in this
transformation, affording the ortho-alkenylated products with
high regioselectivity. Notably, non-activated linear alkenes
could serve as coupling partners. This methodology was also
applied to the diolefination of phenols, providing symmetrical
or unsymmetrical divinylphenol derivatives. The 2-pyridyl-
methyl directing group was removed readily by BBr; in CH,Cl,
to give the corresponding alkenylated phenols 99.

1) Pd(OAC), (10 mol%)

_CH,Py Boc-Val-OH (20 mol%)
o R? KHCO3(2-4 equiv.) OH
~R?
RIC S - 0, (1atm), tAmylOH, 90°C  gifl >
Z 2) BBr3, CH,Cly, -40 °C to rt. F
97 98 up to 95% yield 99
27 examples

Scheme 26 Pd-catalysed direct C—H olefination of phenol ethers

Inspired by successful C—H functionalisation directed by
alcohol or silicon-tethered directing groups, Gevorgyan and co-
workers developed a Pd-catalysed ortho-alkenylation of
phenols 100 with electron-deficient alkenes 98 directed by a
traceless silanol functional group (Scheme 27).** This reaction
is monoselective because the bulky tert-butyl groups at the
silanol moiety prevent orientation of the silanol directing group

This journal is © The Royal Society of Chemistry 2012
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towards the less hindered C—H site. A range of alkenylated
phenols 99 including benzofuranone and alkenylated estrone
derivative were prepared efficiently using this semi-one-pot
process.

tBu,_,tBu 1) Pd(OAc), (10 mol%)
Ho o (+)-menthyl(O,C)-Leu-OH OH
+ R2 - Li,CO; (1 equiv), DCE, N R2
S i
R B AgOAG (4 equiv), 100 °C R,
2) TBAF/THF
100 98 up to 97% yield 99

21 examples

Scheme 27 Pd(II)-catalysed silanol-directed alkenylation of phenol
derivatives

In 2013, Lu and co-workers reported a mild Rh(III)-
catalysed direct C—H olefination of N-phenoxyacetamides 101
(Scheme 28).* Using [(Cp*RhCl,),]/CsOAc catalytic system,
both alkenes 98 and alkynes 102 could react with N-phenoxy-
acetamides 101 to give the corresponding olefinated phenol
products 99 or 103 in one step. It is worth mentioning that the
high atom economy was achieved when alkynes were reacted
with N-phenoxyacetamides. The acetamido group was
employed as both a directing group and an internal oxidant in
these protocols.

. ~OH
LS o\N)k . [(CP*RNCly);] (2.5 mol%) AN R2
A oF CsOAC (25-50 mol%) 99 ‘or i
101 RI=_R¢ MeOH or EtOH, rt or 50 °C R R NHAC
102 up to 85% yield AN R4
40 examples
P 103 R,
OH OH OH OH OH
Ph Me
| \ \ | \
CO,Bu CeFs CN AcHN Ph AcHN™ ~CO,Me
99a: 84% 99b: 50% 99c: 34% 103a: 82% 103b: 69%
Scheme 28 Rh-catalysed direct C—H olefination of N-
phenoxyacetamide
2.4 Alkynylation

Alkynylarenes, most frequently prepared by Sonogashira-
Hagihara cross coupling, are an important class of building
blocks. Another complementary and powerful method for the
synthesis of alkynylarenes is catalytic aromatic C—H bond
functionalisation using a readily available alkynyl source.' In
2009, Chatani and co-workers reported a Pd-catalysed direct
ortho-C—H alkynylation of anilides 104 (Scheme 29).*® Various
functional groups including halogen and ester were tolerated
under this reaction conditions. The alkynylated amide products
can be hydrolysed readily to give the corresponding anilines
106. The triisopropylsilyl groups in the products can also be
removed under mild conditions to liberate terminal alkynes.

Me 1) Pd(OAc), (10 mol%) ",{"'e
N AgOTf (1 equiv) BN H
RIC Y+ Br——si(Pn, R'T
= o K,CO3, toluene, 70 °C ZNS
2) hydrolysis Si(i-Pr)s
104 105 up to 96% yield 106
14 examples

Scheme 29 Pd-catalysed direct alkynylation of aromatic ortho-C-H
bonds in anilides and further transformations
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Very recently, the groups of both Loh and Li reported a
mild, Rh-catalysed, amide directed C—H alkynylation of arenes
107 using a hypervalent iodine reagent 108 (Scheme 30).*’

& - 1) {RhCp*Clal] (2 mol%) o
) —I—==—TIPS  NaOAc or CsOAc N OH
NP & DCEorMeOH, rt. _ R'f
R 2) hydrolysi X
) hydrolysis TIPS
107 108 up to 99% yield 109

>30 examples
Scheme 30 Rh-catalysed direct C—H alkynylation of arenes

Despite being demonstrated using only TIPS-substituted
ethynyl benziodoxones, the compatibility of heterocycles and
various functional groups, the very mild reaction conditions
(room temperature) and high mono-selectivity would make
these protocols powerful tools for the late-stage
functionalisation of complex molecules. Li also demonstrated
that many other commonly used directing groups could be used
for this Rh-catalysed arene C—H alkynylation. Furthermore, an
Ir(IlI)-catalysed C—H alknylation of N-methoxycarboxamides
with TIPS-substituted ethynyl benziodoxones was further
developed.

2.5 Carbonylation

Carbonylation of organic compounds is an attractive synthetic
transformation since it utilises CO as an economical carbon
source for the formation of a new C—C bond with concomitant
introduction of a highly oxidised functional group. Yu and co-
workers developed a Pd(II)-catalysed reaction for the direct
ortho-C—H carboxylation of anilides 110 to form N-acyl
anthranilic acids 111 (Scheme 31).*® During their investigation,
it was found that the presence of toluenesulfonic acid
monohydrate (0.5 equiv) in the solvent mixture of acetic acid
and dioxane was crucial for the reaction. Interestingly, the N-
benzoylanthranilic acids 111 could be treated with PCl; in the
presence of aniline to generate quinazolinones 112 in excellent
yields. A range of biologically active benzoxazinone and
quinazolinone derivatives from simple anilides were also
prepared using this reaction protocol without the need to install
or remove an external directing group.

R2 O R?_O
m Pd(OAC), (10 mol%) NH  AINH Pl ™ N\\l/R
2Ry — - R\t > L N.
RL\ P BQ, pTsOH, CO (1 atm) &CO H CH3;CN, 50 °C Ar
HOAC/dioxane, 60 °C 2 e}
110 53-97% yields 111 85-96% yields 112
14 examples 6 examples

Scheme 31 Pd(II)-catalysed carboxylation of anilides and further
manipulation

In 2009, Lloyd-Jones and co-workers reported a urea-
directed, Pd-catalysed methoxycarbonylation of aniline
derivatives 113 at room temperature (Scheme 32).*° The
diisopropyl urea moiety can be selectively removed under
neutral conditions in the presence of an ester group to give the
methoxycarbonylated anilines 114. Methoxycarbonylation
followed by the addition of potassium carbonate and heating
afforded the one-pot synthesis of quinazolinone, a key
heterocyclic pharmacophore in many drug substances.

In 2010, Ge and co-workers reported a Pd-catalysed
decarboxylative ortho-acylation of acetanilides 110 with o-
oxocarboxylic acids 115 (Scheme 33).*C With Pd(TFA), (10
mol%) as a catalyst and (NH,),S,05 as an oxidant, this new
method is complementary to the classical directed

This journal is © The Royal Society of Chemistry 2012
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lithiation/acylation = process and provides useful o-
acylacetanilides. Both aromatic and aliphatic a-oxocarboxylic
acids were compatible to the reaction conditions. Various
substituted acetanilide, with the exception of O-substituted
acetanilides, were amenable to this transformation.

. R? 1) [(MeCN),Pd(OTs),] (5 mol%)
N__N__3 BQ (2 equiv), TsOH (0.5 equiv) ~ - NH2
RETTOR R1C/L
~ 0 CO (1 atm), THF/ MeOH (1:1), r.t. FNCoMe
113 2) Hy0, reflux 14
up to 90% yield
20 examples

Scheme 32 Pd(II)-catalysed methoxycarbonylation of aniline
derivatives

1) PA(TFA); (10 mol%)

H ’
N__O Oy_OH (NH,),S,05 (2 equiv) NH,
RIT = \}? + diglyme, r.t. R‘—; A
A R RS —_— N0
2) hydrolysis R3
110 R2= alkyl/NMe, 115 R® = alkyl/Ar up to 96% yield 116
38 examples

Scheme 33 Pd-catalysed ortho-C—H acylation of acetanilides

3. C-X Bond Formation

The construction of C—X bonds directly from arene C—H bonds
is of great importance because the C—X functionalities can be
further modified to introduce interesting molecular
complexity.! In this section, recent progress on the C-O,
C—halogen, C-N, C-B and C-Si bond formation using
removable or traceless directing groups will be discussed.

3.1 C-O/C-Halogen Bond Formation

In 2008, Yu and co-workers developed the Pd(II)-catalysed
ortho-C—H halogenation of aromatic carboxylic acids 58
(Scheme 34).%!

Pd(OAC), (5 mol%)

~CO:H
RO/
=

10AC (2-3 equiv)
DMF or DCE, 100 °C
58 up to 89% yield N7:X=H,Y=1
18 examples M8 X=Y=I
N CO,H Pd(OAc), (10 mol%) it X CO,H
R'T BQ, KOAG, O, (1 3
’ , Oz (1 atm) =
7 DMA, 115 °C OH
58 up to 82% yield 119

20 examples

1) Pd(OPiv), (10 mol%), HFIP
Phi(OAc); (2 equiv), Ac,0 (7 equiv)
Ac-Gly-OH (20 mol%), 90 °C, 30-40 h I XY

T =
O/ @/CN ) HCI/AGOH (1:2), 90 °C Q

OH

ZT

up to 66% yield
9 examples 120

Scheme 34 Pd(II)-catalysed C-H halogenation/hydroxylation of
aromatic carboxylic acids and aniline derivatives

For substrates lacking an ortho-substituent, a mixture of
mono- and di-halogenated products 117 and 118  were
obtained. It was found that the use of tetra-alkyl ammonium
salts could boost monoselectivity. They also developed a
Pd(Il)-catalysed ortho-C-H hydroxylation of aromatic
carboxylic acids 58 using 1 atm of O, or air under nonacidic
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conditions to give product 119.*' Labelling studies using both
"0, and H,"O supported a direct oxygenation of the
arylpalladium intermediates rather than an acetoxylation-
/hydrolysis pathway. More recently, they applied their nitrile-
containing template-directed remote C—H functionalisation
approach to the acetoxylation of N-methylanilines 58.%%
Excellent levels of meta-selectivity were obtained with various
substituted anilines using Pd(OAc), (10 mol%) as a catalyst and
PhI(OAc), as an oxidant. Notably, these transformations
proceed via Pd(II)/Pd(IV) redox chemistry as opposed to the
Pd(0)/Pd(Il) catalytic cycle in the C—H olefination. The
hydrolytic removal of the template also converted the acetate to
a hydroxyl group of aniline 120 in one pot (Scheme 34).

In 2010, Gevorgyan and co-workers developed an efficient
Pd(IT)-catalysed acetoxylation/pivaloxylation of aromatic C—H
bonds of 121 using a silicon-tethered directing group (Scheme
35). Only the mono-oxygenated product 122 was obtained in
this reaction. For the substrates containing meta-substituents,
the acetoxylation and pivaloxylation took place only at the less
hindered ortho-position. The directing group can be efficiently
cleaved or converted into various synthetic useful functional
groups such as iodide 125 and boronate 127 etc.*?

= ; 0, = i
| ier Pd(OAc), (10 mol%) o | Jpr
X, S/iﬂPr PhI(OR); (2 equiv) N~ Si—iPr
N AgOAc (1 equiv), DCE, 90 °C N OR
R'T R
L 60-93% yield Z
24 examples 122a: R = Ac
121 122b: R = Piv

D
OPiv
H |
. Me

/©/OPIV 124: 95% /©/0Piv
Me \ AgF Me
123:92% AgF THF/D,0 / 125: 100%
MeOH = . AgF, NIS
[| ipr
X /
N Si-ipr

Pd,(dba);*CHCl,
Phl, TBAF, -BuONa

1) BCla, DCM
THEEO 2) pinacol, TEA, DCM
O 1) BCl, DCM
2) H,0,, NaOH B(pin)
O OH OH /©/OPIV
Me
57a: 93% 127: 94%
Me
126a: 89%

Scheme 35 Pd(II)-catalysed ortho-C—H oxygenation of arenes and
further transformation

By using 2-pyrimidyldiisopropylsilyl as a directing group
they further achieved the bis-oxygenation of aromatic C-H
bonds in the presence of LiOAc as cocatalyst. The tolerance of
ortho-substituents in the oxygenation reaction with the 2-
pyrimidyldiisopropylsilyl directing group allowed for the
development of a twofold unsymmetrical C—H functionalisation
process. Twofold aromatic C-H functionalisation is
synthetically appealing as it allows for the introduction of two
substituents in a one-pot or a two-step procedure. Prior to this
report however, twofold C—H functionalisation has been used
only for the introduction of the same or similar functionalities.
By combining the Pd(II)-catalysed C—H halogenation reaction
with the C-H oxygenation reaction, substituted meta-
halophenols 130 as well as polyfunctionalised arenes were
pre[)gred successfully from the simple aryl iodides (Scheme
36).

This journal is © The Royal Society of Chemistry 2012

H
Pr ﬁ Pd(OAC), (10 mol%)  iPr ﬁ ) PA(OAC), (10 mol%)
,F,r)sl/k "_PhI(OAC), (15 mol%) ,Pr,\s.’LN PhI OR), 1 _PNI(OR), (1-2 equiv) RO X
X
NXS, DCE, 50 °C Iélgéc 8(8‘00510'%)

1
2) HF/AgF, MeOH/THF, rt R
up to 84% yield
18 examples

R! up to 94% yield R
18 examples
128 129: X = Br/Cl/|

130: X = Br/Cl/l
R = Ac/Piv

Scheme 36 Pd(II)-catalysed sequential halogenations/oxygenation of
of arenes

Gevorgyan and co-workers further developed a Pd(II)-
catalysed silanol-directed C—H oxygenation of phenols 100 into
catechols 126 (Scheme 37).** This method operates via a
silanol-directed acetoxylation, followed by a subsequent acid-
catalysed cyclisation reaction into a cyclic silicon-protected
catechol 129. A routine desilylation of the silacyle with TBAF
unveils the catechol product 126. In contrast to other alcohol
and phenol directed C-O cyclisation methods, where the
directing group also serves as the oxygen source, the oxygen
atom of the newly installed hydroxyl group in this method was
delivered by the oxidant.

tBu

tBu_ ,tBu
s Pd(OAC), (5 mol%) i . OH
HO™"" 0 Phi(OAC), (2 equiv) 1% Eo U TBAF/THF [_oH
11 = R1%
RIC Y PhMe, 100 °C Rig =
7
Z <
up to 94% yield
100 21 examples 131 126

Scheme 37 Pd(II)-catalysed C—H oxygenation of phenol derivatives

Fluorine can provide many beneficial properties when
incorporated into a molecule. Recently, Daugulis and co-
workers developed a Cu-catalysed aminoquinoline directed
selective mono-fluorination protocol with AgF as the fluoride
sour4cse to give the fluorinated aromatic carboxylic acid (Scheme
38).

1) Cul (10-25 mol%) )
o AgF (3.5-6 equiv) R 0
NMO (4.5-8 equiv)

NN — T . i Y oH
R H | DMF, 50-125 °C Rt
z Ny 2) hydrolysis R3
64 up to 80% yield 132:R*=H,R3=F
18 examples 133: R2=R% =F

Scheme 38 Cu-catalysed fluorination of benzamide

Both electron-rich and deficient benzamides 64 containing
various functional groups were compatible with the fluorination
conditions. Heterocyclic carboxamides containing indole and
pyridine moieties were also fluorinated in good yields. The
clean difluorination can also be achieved simply by increasing
the Cu catalyst, fluoride source loading and the reaction time.
Given that the aminoquinoline amides stabilise high oxidation
states in transition-metal complexes, it was proposed that the
Cu-catalysed aminoquinoline amide fluorination proceeds via a
Cu(IIl) intermediate.

3.2 C-N Bond Formation

Since Buchwald reported his pioneering work on Pd-catalysed
intramolecular amination for the synthesis of carbazoles,*®
many excellent tranisition-metal catalysed C—N bond forming
protocols using directing group strategies have been
developed.' Recently, Daugulis and co-workers reported a Cu-
catalysed directed amination of carboxylic acid derivatives with
a removable aminoquinoline directing group (Scheme 39).
Simple amine coupling partners such as morpholine can be
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used to install the nitrogen moiety in the presence of an
inexpensive Cu-Ag catalytic system. The aminoquinoline
directing group can be removed readily under basic conditions.
Using arenes with the same quinolinylamide directing group,
Nakamura and co-workers also reported an iron-catalysed
ortho-C—H amination with N-chloroamines.*’

o
S N 2R3
R“Q)LH Iy +  HNR?R
N
64 134

Scheme 39 Cu-catalysed C—H amination of arenes.

1) Cu(OAc), (10-25 mol%)
Ag,CO;3 (12-25 mol%)
————————— Rif N OH
NMO, NMP, 110 °C l =
2) hydrolysis
up to 87% yield
20 examples

NR?R®
135

Yu and Dai recently reported a Cu(Il)-mediated amination and
amidation of (hetero)arenes through the use of a readily removable
amide-tethered oxazoline directing group (Scheme 40).*® Aryl
substrates 136 with various substituents were reacted with
sulphonamides amides or anilines to give the corresponding products
in good yields. Furthermore, many heteroarenes including furan,
benzofuran, pyrole, indole and pyridine, reacted smoothly to give the
corresponding amidation products in moderate to good yields. The
amide-oxazoline directing group can be removed under basic
conditions to give the corresponding functionalised aromatic
carboxylic acids 135. While this protocol is stoichiometric in copper
at this stage, the unprecedented level of compatibility of this
reaction with heterocyclic arenes and amine donors is a practical and
important feature for medicinal chemists.

o 1) Cu(OAC), (1 equiv) O
Na,CO;3 (2 equiv,
RN . HNRRS  eCOs@ea) il 7 oA
L Y DMSO, 80 °C P p_—
N o . NRZR
2) KOH/EtOH, 80 °C
136 1

up to 95% yield 135
>50 examples

34

Scheme 40 Cu-mediated C—H amidation/amination of arenes

3.3 C-B Bond Formation

Traditionally, arylboron reagents were prepared by the addition
of organolithium or magnesium species to borates. In 2008,
Hartwig and Boebel developed a silyl-directed, Ir-catalysed
ortho-borylation of arenes. Substituted aryl trifluoroborate salts
138 were prepared in one-pot from simple phenols 26 (Scheme
41). However, only seven examples were demonstrated in this
reaction. They further extended this methodology to the
borylation of nitrogen-containing heterocycles such as indole,
carbazole, phenothiazine, and tetrahydroquinoline.*’

In 2012, Lassaletta and co-workers reported an Ir-catalysed
diborylation of benzaldehyde derivatives 139 with hydrazone as
the directing group (Scheme 42).>° Remarkably, in the presence
of Ir catalyst (1 mol%), pyridine-hydrazone ligand (2 mol%)
and HBpin (5 mol%), various substituted arene substrates
reacted with B,pin, (2 equiv) to give the desired diborylated
products 140 in excellent yields. Interestingly, the diborylated
products can undergo sequential Suzuki-Miyaura cross
coupling with two different aryl bromides to give densely
functionalised arenes, which was attributed to the
unsymmetrical interaction of the hydrazone with the two Bpin
moieties. The hydrazone directing group itself can be
transformed into aldehyde 141 or nitrile by ozonolysis or
oxidative cleavage using magnesium monoperoxyphthalate.

This journal is © The Royal Society of Chemistry 2012
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1) [Ir(cod)Cl], i
LN OH " Et,SiH,, CoHg R1®OSIEQH 4 M aq. KHF, R1—'©[0H
I . i T !
= 2) B,pin,, HBpin, 3 Bpin THF Z BF3;K
[Ir(cod)Cl],, dtbpy
26 THE. 80 °C 137 138
! up to 100% yield
7 examples
Me OMe Cl Ph
i OH i :OH OH i :OH OH
BF;K BF3K BF;K BF3K ‘ ‘ :BF3K
138a: 96% 138b: 89% 138c: 100% 138d: 86% 138e: 94%

Scheme 41 One-pot ortho-borylation of phenols and heterocycles

[Ir(u-OMe)(cod)]2, py- Bpin Ary H
X, ,-NMe, hydrazone ligand
RIE S N 2 y N \N NMe, . R BN 0
L~ B,ping, HBpin, THE R U — "
. Bpin Ary
>95% yields
139 14 examples 140 141

Scheme 42 Ir-catalysed diborylations of benzaldehyde derivatives

Recently, Krska and co-workers demonstrated that the
(pinacolato)boron (Bpin) group can be employed as a traceless
directing group for C-H borylation of anilines 142 and
aminopyridines (Scheme 43).>' Traceless Bpin protection
enables the regioselective functionalisation of C—H bonds in the
parent compound without the need for separate installation and
removal of a directing group. The resulting reactions are
operationally simpler and generally higher yielding than Boc-
directed counterparts previously developed by the group. One
of the limitations for this protocol is that secondary and ortho-
substituted anilines substrates were not reactive under these
conditions.

x NH,
=

[Ir(OMe)(cod)]»
(0.25-2.5 mol%)

R1(i[NHBpln
s

HBpin (3 equiv), THF Bpin
tmphen (1-5 mol%), 80 °C

142 up to 93% yield 143 144
16 examples
/@NHZ CIJ@NW CID@NHZ /©:NH2
Br Bpin Br Bpin HO Bpin FsC Bpin
144a: 88% 144b: 92% 144c: 63% 144d: 87%

Scheme 43 Traceless Bpin-directed ortho-borylation of anilines

In 2012, Dai and Yu reported the first example of Pd-catalysed
oxidative ortho-C—H borylation of arenes 145 with a diboron
reagent 146 using an amide auxiliary (Scheme 44).>> It was found
the use of a weak base such as TsONa was essential for obtaining
good yields, as both the diboron reagent and the arylboronate
decomposed in the presence of K3PO,. Various arenes with different
functionalities (Cl, F, CF3, NO, and OAc) were borylated in good
yields. In most cases only the monoborylated products were isolated.
The borylated products can be further converted into various useful
synthons using known transformations.

1) Pd(OAc), (10 mol%)
dba ligand (30 mol%)

o /©/CF3
K2S,04 (2 equiv), CH;CN A
R1_\ A H + szil"l2 —— RL;— o
L TsONa (1.5 equiv), 80 °C ZBpin
145 2) hydrolysis

up to 85% yield
16 examples

146 147

Scheme 44 Pd-catalysed borylation of N-arylbenzamides
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3.4 C-Si/C-S Bond Formation

In 2009, Suginome and Ihara reported a Ru-catalysed ortho-
C-H silylation of aromatic boronic acids 148 with an easily
attachable and detachable 2-pyrazol-5-ylaniline directing group
149 (Scheme 45).>* Almost no formation of double silylation
products were detected in these reactions. Highly regioselective
silylation at the less sterically hindered ortho-position was
observed for the meta-substituted boronic acids. After acid
treatment, the corresponding boronic acid can be used as a
handle for further transformations.

1) toluene, reflux, 1 h
2) HSiEt3, norbornene
B(pin)

(OH), RuH,(CO)(PPhj); (6 mol%) AN
O/ = > 135°C, 12h R'g
Ne
NH NH\N 3) pinacol, TsOH*H,0 one-pot SiEty
150

up to 75% yield

11 examples
o o o o
SiEt; MeO SiEt3 F3C SiEts SiEts
150a: 75% 150b: 64% 150c: 61% 150d: 66%

Scheme 45 One-pot ortho-silylation of arylboronic acids using
pyrazolylaniline as a directing group

In 2012, Daugulis and co-workers developed a copper mediated
sulfenylation of benzoic acid derivative 64 using 8-aminoquinoline
auxiliaries as removable directing groups (Scheme 46).** In the
presence of Cu(OAc), (0.5 equiv), various carboxylic acid
derivatives with different functionalities were sulfenylated by
employing aryl or alkyl disulfides 151 (2.5 equiv) in DMSO.
Selective monosulfenylation of substrates without ortho-substituents
could not be achieved. Either low conversion or about 1/1 mixture of
mono and disulfenylated products 152 were obtained. The 8-
aminoquinoline group can be efficiently removed by base hydrolysis
after amide N-methylation to give the corresponding sulfenylated
aromatic carboxylic acids.

2
1) Cu(OAc), (0.5 equiv) SR* O
DMSO, 90-110 °C
RN | + RS-SR? RIC ] OH
¥ Ny 2) hydrolysis ¥ SR2
64 151: R? = CF, up to 90% yield 152
alkyloraryl 16 examples

Scheme 46 Copper-promoted sulfenylation of benzoic acid
derivatives

4. Conclusions and Outlook

The capacity to activate a specific aromatic C—H bond and
transform it to a more versatile functional group is one of the
fastest growing areas in synthetic chemistry. The fundamental
challenges of enhancing the reactivity and regioselectivity
associated with these transformations are efficiently addressed
by using substrates with a readily removable or traceless
directing group capable of pre-coordinating the metal catalyst.
Various directing groups have been designed and employed
successfully for the arene C-H bonds ortho- and meta-
functionalisations (arylation, alkylation, olefination, alkynylat-
ion, carbonylation, oxygenation and halogenations). However,
very few directing groups can be applied to a broad range of
transformations. The use of carbonyl-derived directing groups
for C—H functionalisation is probably the most versatile and

This journal is © The Royal Society of Chemistry 2012

successful approach investigated to date. In the future, we
expect more elegant traceless directing groups will be
developed, so that C—H bonds can be activated as required in
any molecule, and applied to diverse arene C—H functionalis-
ations. Furthermore, we anticipate the development of more
powerful novel catalytic processes, with lower catalyst loadings
under mild conditions, and greater functional group
compatibility, will be further developed.

In summary, functionalisation of unactivated aromatic C—H
bonds with removable or traceless directing groups is an
efficient strategy for the rapid generation of relatively complex
molecules from simpler starting materials. Advances in these
areas will change the way we approach the synthesis of arenes
and find their way into industrial applications.

Acknowledgements

FZ acknowledges support from Medical Research Council and
Zhejiang University of Technology. DRS is supported by the
European Union, Engineering and Physical Sciences Research
Council, Biotechnology and Biological Sciences Research Council,
Medical Research Council, Frances and Augustus Newman
Foundation, Wellcome Trust, Isaac Newton Trust.

References

1. For selected reviews on transition-metal catalysed arene C-H
functionalisation, see: X. Chen, K. M. Engle, D.-H. Wang and J.-Q.
Yu, Angew. Chem. Int. Ed. 2009, 48, 5094-5115; D. A. Colby, R. G.
Bergman and J. A. Ellmann, Chem. Rev., 2010, 110, 624-655; T. W.
Lyons, and M. S. Sanford, Chem. Rev., 2010, 110, 1147-1169; J.
Wencel-Delord, T. Droge, F. Liu, and F. Glorius, Chem. Soc. Rev.,
2011, 40, 4740-4761; P. B. Arockiam, C. B. Bruneau, and P. H.
Dixneuf, Chem. Rev., 2012, 112, 5879-5918; L. Ackermann, Acc.
Chem. Res., 2014, 47, 281-295.

2. R. G. Bergman, Nature, 2007, 446, 391-393.

3. L. Moritani and Y. Fujiwara, Tetrahedron Lett., 1967, 1119—-1122.

4. F. A. Cottox, J. Organomet. Chem., 1963, 85, 1544—1545.

5. M. S. and N. C. S. Murai, F. Kakiuchi, S. Sekine, Y. Tanaka, A.
Kamatani, Nature, 1993, 366, 529-531.

6. For early examples of cyclopalladation reactions, see: P. A. Holton

and K. J. Natalie, Tetrahedron Lett., 1981, 22, 267-270; H. Horino
and N. Inoue, J. Org. Chem., 1981, 46, 4416-4422; S. J. Tremont and
H. U. Rahman, J. Am. Chem. Soc., 1984, 106, 5759-5760; For
development of mechanistic modes of cyclopalladation reactions, see:
A. J. Canty and G. van Koten, Acc. Chem. Res. 1995, 28, 406-413;
M. Lafrance and K. Fagnou, J. Am. Chem. Soc. 2006, 128,16496-
16497; D. Garcia-Cuadrado, P. de Mendoza, A. A. C. Braga, F.
Maseras, A. M. Echavarren, J. Am. Chem. Soc. 2007, 129, 6880-
6886.

7. H.-X. Dai, A. F. Stepan, M. S. Plummer, Y.-H. Zhang, and J.-Q. Yu,
J. Am. Chem. Soc., 2011, 133, 7222-7228; B. R. Rosen, L. R. Simke,
P. S. Thuy-Boun, D. D. Dixon, J.-Q. Yu, and P. S. Baran, Angew,
Chem. Int. Ed. 2013, 52, 7317-7320.

8. G. Rousseau and B. Breit, Angew. Chem. Int. Ed., 2011, 50, 2450—
2494,

9. For reviews on direct arylation, see: D. Alberico, M. E. Scott, and M.
Lautens, Chem. Rev., 2007, 107, 174-238; O. Daugulis, H.-Q. Do,
and D. Shabashov, 4Acc. Chem. Res., 2009, 42, 1074-1086; L.
Ackermann, R. Vicente and A. R. Kapdi, Angew, Chem. Int. Ed.
2009, 48, 9792-9826.

10. K. M. Engle, T.-S. Mei, M. Wasa, and J.-Q. Yu, Acc. Chem. Res,
2012, 45, 788-802, and reference therein.

11. J. Cornella, M. Righi, and I. Larrosa, Angew. Chem. Int. Ed., 2011,
50, 9429-9432.

12. J.-F. Luo, S. Preciado, and 1. Larrosa, J. Am. Chem. Soc., 2014, 136,
4109-4112.

J. Name., 2012, 00, 1-3 | 12

Page 12 of 13



Page 13 of 13

13.

14.

15.

16.

17.

18.
19.
20.
21.
22.

23.
24.

25.
26.

27.

28.
29.

30.

31.
32.
33.
34,
35.
36.
37.
38.

39.

40.

41.

42.

43.

M. J. Tredwell, M. Gulias, N. G. Bremeyer, C. C. C. Johansson, B. S.
L. Collins, and M. J. Gaunt, Angew. Chem. Int. Ed., 2011, 50, 1076—
1079.

X.-S. Wang, D. Leow, and J.-Q. Yu, J. Am. Chem. Soc., 2011, 133,
13864-13867.

Q. Gu, H. H. Al Mamari, K. Graczyk, E. Diers, and L. Ackermann,
Angew. Chem. Int. Ed., 2014, 53, 3868-3871; For a recent review on
C-H functionalisation using bidentate auxiliaries, see: G. Rouquet
and N. Chatani, Angew. Chem. Int. Ed., 2013, 52, 11726-11743.

L. Wan, N. Dastbaravardeh, G. Li, and J.-Q. Yu, J. Am. Chem. Soc.,
2013, 135, 18056—18059.

R. J. Phipps and M. J. Gaunt, Science, 2009, 323, 1593—-1597; H. A.
Duong, R. E. Gilligan, M. L. Cooke, R. J. Phipps, and M. J. Gaunt,
Angew. Chem. Int. Ed., 2011, 50, 463—466.

R. B. Bedford, S. J. Coles, M. B. Hursthouse, and M. E. Limmert,
Angew. Chem. Int. Ed., 2003, 42, 112—-114.

L. Ackermann, E. Diers, and A. Manvar, Org. Lett., 2012, 14, 1154—
1157.

For review on direct C—H alkylation, see: L. Ackermann, Chem.
Commun., 2010, 46, 48664877, and references therein.

R. Giri, N. Maugel, J.-J. Li, D.-H. Wang, S. P. Breazzano, L. B.
Saunders, and J.-Q. Yu, J. Am. Chem. Soc.,2007,129,3510-3511.
H.-G. Song, N. Schroder, and F. Glorius, Angew. Chem. Int. Ed.,
2013, 52, 5386-5389.

Y. Aihara and N. Chatani, J. Am. Chem. Soc., 2013, 135, 5308-5311.
W. Song, S. Lackner, and L. Ackermann, Angew. Chem. Int. Ed.,
2014, 53, 2477-2480.

X. Wang, L. Truesdale, and J.-Q. Yu, J. Am. Chem. Soc., 2010, 132,
3648-3649.

A. Hafner and S. Bridse, Angew. Chem. Int. Ed., 2012, 51, 3713—
3715.

D.-H. Wang, K. M. Engle, B.-F. Shi, J.-Q. Yu, Science, 2010, 327,
315-319; H. Dai, G. Li, X. Zhang, A. F. Stepan, and J. Yu, J.
Organomet. Chem., 2013, 135, 7567-7571.

D. Leow, G. Li, T.-S. Mei, and J.-Q. Yu, Nature, 2012, 486, 518—
522; R.-Y. Tang, G. Li, and J.-Q. Yu, Nature, 2014, 507, 215-220.

G. Cai, Y. Fu, Y. Li, X. Wan, and Z. Shi, J. Am. Chem. Soc., 2007,
129, 7666-7673.

C.-M. Wang, H. Chen, Z.-F. Wang, J. Chen, and Y. Huang, Angew.
Chem. Int. Ed., 2012, 51, 7242-7245; C.-M. Wang, H. Sun, Y. Fang,
and Y. Huang, Angew. Chem. Int. Ed., 2013, 52, 5795-5798.

X. Huang, J. Huang, C. Du, X. Zhang, F. Song, and J. You, Angew.
Chem. Int. Ed., 2013, 52, 12970-12974, and references therein.

A. Garcia-Rubia, B. Urones, R. G. Arrayas, J. C. Carrettero, Angew.
Chem. Int. Ed., 2011, 50, 10927-10931.

X. Cong, J. You, G. Gao, and J. Lan, Chem. Commun., 2013, 49,
662—664.

C. Huang, B. Chattopadhyay, and V. Gevorgyan, J. Am. Chem. Soc.,
2011, 133, 12406-12409.

Y.-Y. Shen, G.-X. Liu, Z. Zhou, and X.-Y. Lu, Org. Lett., 2013, 15,
3366-3369; G.-X. Liu, Y.-Y. Shen, Z. Zhou, and X.-Y. Lu, Angew.
Chem. Int. Ed., 2013, 52, 6033-6037.

M. Tobisu, Y. Ano, and N. Chatani, Org. Lett., 2009, 11, 3250-3252.
C. Feng and T.-P. Loh, Angew. Chem. Int. Ed., 2014, 53, 2722-2726;
F. Xie, Z. Qi, S. Yu, and X.-W. Li, J. Am. Chem. Soc., 2014, 136,
4780-4787.

R. Giri, J. K. Lam, and J.-Q. Yu, J. Am. Chem. Soc., 2010, 132, 686—
693.

C. E. Houlden, M. Hutchby, C. D. Bailey, J. G. Ford, S. N. G. Tyler,
M. R. Gagné, G. C. Lloyd-Jones, and K. I. Booker-Milburn, Angew.
Chem. Int. Ed., 2009, 48, 1830-1833.

P. Fang, M.-Z. Li, and H.-B.Ge, J. Am. Chem. Soc., 2010, 132,
11898-11899.

T.-S. Mei, R. Giri, N. Maugel, and J.-Q. Yu, Angew. Chem. Int. Ed.,
2008, 47, 5215-5219; Y.-H. Zhang, and J.-Q. Yu, J. Am. Chem. Soc.,
2009, 131, 14654-14655.

N. Chernyak, A. S. Dudnik, C. Huang, and V. Gevorgyan, J. Am.
Chem. Soc., 2010, 132, 8270-8272.

A. S. Dudnik, N. Chernyak, C. Huang, and V. Gevorgyan, Angew.
Chem. Int. Ed., 2010, 49, 8729-8732; A. V. Gulevich, F. S.
Melkonyan, D. Sarkar and V. Gevorgyan, J. Am. Chem. Soc., 2012,
134, 5528-5531; D. Sarkar, F. S. Melkonyan, A. V Gulevich, and V.
Gevorgyan, Angew. Chem. Int. Ed., 2013, 52, 10800—-10804.

This journal is © The Royal Society of Chemistry 2012

44

45.

46.

47.

48.

49.

50.

51.

52.

54.

Chemical Society Reviews

. C. Huang, N. Ghavtadze, B. Chattopadhyay, and V. Gevorgyan, J.
Am. Chem. Soc., 2011, 133, 17630-17633.

T. Truong, K. Klimovica, and O. Daugulis, J. Am. Chem. Soc., 2013,
135, 9342-9345, and references therein.

W. C. P. Tsang, N. Zheng, and S. L. Buchwald, J. Am. Chem. Soc.,
2005, 127, 14560-14561.

L. D. Tran, J. Roane, O. Daugulis, Angew. Chem. Int. Ed., 2013, 52,
6043-6046; T. Matsubara, S. Asako, L. Ilies, and E. Nakamura, J.
Am. Chem. Soc., 2014, 136, 646—649.

M. Shang, S.-Z. Sun, H.-X. Dai, and J.-Q. Yu, J. Am. Chem. Soc.,
2014, 136, 3354-3357.

T. a Boebel and J. F. Hartwig, J. Am. Chem. Soc., 2008, 130, 7534—
7535.

A. Ros, R. Lopez-Rodriguez, B. Estepa, E. Alvarez, R. Fernandez,
and J. M. Lassaletta, J. Am. Chem. Soc., 2012, 134, 4573-4576.

S. M. Preshlock, D. L. Plattner, P. E. Maligres, S. W. Krska, R. E.
Maleczka, and M. R. Smith, Angew. Chem. Int. Ed., 2013, 52,
12915-12919.

H.-X. Dai and J.-Q. Yu, J. Am. Chem. Soc., 2012, 134, 134-137.

. H. Thara and M. Suginome, J. Am. Chem. Soc., 2009, 131, 7502—
7503.

L. D. Tran, I. Popov and O. Daugulis, J. Am. Chem. Soc., 2012, 134,
18237-18240.

J. Name., 2012, 00, 1-3 | 13



