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GRAPHICAL ABSTRACT

®
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ABSTRACT

mi-Coordination of an arene to a metal fragment decreases its electron density and has been often utilized to accelerate nucle-
ophilic aromatic substitution, for example. By contrast, this strategy has only recently been applied to transition metal-
catalyzed C-H bond functionalization. This short review summarizes the development of the field, with the hope to further
stimulate interest in this methodology. Transition metal-catalyzed and -mediated C-H activation of arenes n°-coordinated to
chromium and other metals is mainly discussed; to highlight the potential of this strategy for organic synthesis, the activation
of other strong bonds, with a focus on C-0 bond activation, is also presented.
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1 Introduction

Transition-metal-catalyzed C-H bond activation has become an
important methodology in modern organic synthetic chemistry,’
allowing direct functionalization of arenes for the straightforward
construction of molecular complexity.? In order to activate the
strong C-H bond (the bond dissociation energy [BDE] for the C-H
bond in benzene: 113 kcal/mol)® and also to control the site selec-
tivity, various strategies have been developed,* mostly relying on
the modification of the substrate, such as the introduction of
directing groups,” of bulky substituents, heteroatoms, etc. By con-
trast, the activation of simple arenes lacking such groups is more
challenging® and typically requires highly active catalysts, often
bearing engineered, sophisticated ligands.

n®-Coordination of an arene to a metal fragment decreases the
electron density on the arene and has been used for a long time in
organic synthesis.” For example, the m-coordination strategy has
been used to accelerate nucleophilic aromatic substitution® or to
enhance transition metal-mediated or —catalyzed oxidative addi-
tion of aryl halides,® among many others. Moreover, the arene
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coordinated to the metal can undergo ligand exchange,’® and
therefore catalytic activation of a substrate through transient
m-coordination becomes possible, as it was demonstrated, for
example, in the nucleophilic aromatic substitution of fluoroarenes
and congeners through catalytic n°-coordination to ruthenium or
rhodium.?

Considering this background, the m-coordination strategy is
appealing as an enabler for the activation of simple arenes,
because decreasing electron density is expected to accelerate
transition metal-catalyzed C-H activation that proceeds through
oxidative addition or concerted metalation-deprotonation (CMD).
Moreover, in principle, catalytic n®-coordination could also be pos-
sible through ligand exchange with an appropriate precursor.'®
However, this research field'" is still in its infancy: the first reports
on palladium-mediated'? and -catalyzed'® C-H functionalization of
arenes coordinated to a chromium fragment were published in
2013; since then, the number of publications still remains limited.

This short review describes the state-of-the-art to date, with
the hope to further stimulate the interest of the community in
this methodology. Transition metal-catalyzed and -mediated
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C-H activation of arenes n°-coordinated to chromium will be
mainly discussed, together with coordination to other metals
such as ruthenium, iridium, or nickel. Chromium n®-complexes
have been the preferred choice to date, because they are well
investigated, easy to make, and bench stable.”'# In this review,
“fi-coordination” refers mostly to the n°-coordination mode,
with one example of n*/n*-coordination in Scheme 10. We
selected examples where the authors explicitly mention the
involvement of a key metal n®-complex (or n*/n?) intermediate,
even if in some cases the effect of complexation on the cleavage
step is not discussed in detail. A main approach has been the
increase of reactivity of an arene substrate through n®-coordina-
tion, mainly toward palladium/silver-catalyzed CMD-type C-H
cleavage; very recently, an example of acceleration of iridium-
catalyzed C-H activation that proceeds through oxidative addition
was reported.’® In the context of this review, we define “C-H acti-
vation” as the cleavage of a C-H bond that involves (catalytic) for-
mation of a C-metal bond. Thus, while according to this definition,
not a C-H activation reaction, but the borylation of arenes through
a proposed nucleophilic aromatic substitution mechanism and the
oxidation of arenes through m-coordination will also be briefly pre-
sented as an interesting mode of activation. Finally, functionaliza-
tion of other strong bonds, with a focus on C-O bond activation,
will also be briefly highlighted, with the intent to offer a perspec-
tive into the potential of this strategy for organic synthesis. The
functionalization of C-halogen (F and Cl) bonds will be just briefly
mentioned, because they have been previously reviewed.??

2 C-H Bond Functionalization Enabled by
n°-Coordination to Chromium

In 2013, Fuchter described the enhancement of stoichiometric
palladation of N-arylpyridines by coordination to a chromium
fragment (1), followed by functionalization of the resulting palla-
dacycle 3 with aryl boronic acids (Scheme 1).'2 The authors ratio-
nalized the reactivity through the known increase in acidity of the
C-H bond of the arene by m-coordination,” but control experi-
ments were not described. The palladacycle intermediate 3 was
isolated and characterized, and its stepwise and one-pot reaction
with aryl boronic acids was optimized to give complex 2 in high
yield. While the reaction requires a pyridine directing group and
a stoichiometric amount of palladium, this report is a conceptual
demonstration for the activation of a C-H bond through n®-
coordination to a chromium fragment.

The first catalytic C-H activation enhanced by n®-coordination
to chromium was reported by Larrosa and coworkers in 2013."3
They hypothesized that m-coordination would increase the acidity
of the C-H bond, resulting in an acceleration of the palladium-
catalyzed C-H cleavage step, known to proceed through a con-
certed metalation-deprotonation (CMD) mechanism.'® According
to this hypothesis, a fluoroarene n®-coordinated to a chromium
fragment (4) was efficiently arylated with iodoarenes in the pres-
ence of a catalytic amount of Pd(0)'” and a substoichiometric
amount of silver at 60 °C (Scheme 2a). The reaction also pro-
ceeded regioselectively to give the ortho-arylated product 5 as a
single isomer. Notably, control experiments showed that C-H ary-
lation does not proceed at all in the absence of m-coordination
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7 N
—N
1) [Pd(OAc),] (1 equiv) o
DCE, rt,20 h ]
wCr. 2 wCr.
oc / ~co ) - oc / ~co
oc (HO), oc
1 292%
(5 equiv)
2 M Na,CO3
[Pd(OAc),] benzoquinone (5 equiv)
(1 equiv) 60 °C, 20 min (HO),B
DCE, rt,20 h
(5 equiv)
/— > 2 M Na,CO3
N\ benzoquinone (5 equiv)
— £o DCE, 60 °C, 20 min

Scheme 1 Stoichiometric C-H arylation of 2-phenylpyridine in a
chromium complex. DCE = 1,2-dichloroethane.

a) C-H arylation of [Cr(CO)s(fluoroarene)] complexes

1) [Pd(PPh3)4] (5 mol%)
K;CO3 (2 equiv)
[Ag,CO3] (0.75 equiv)
1-AdCO,H (0.5 equiv)
toluene, 60 °C, 40 h

+ - =

2) MnO, (3 equiv)
I—©\0Me

AcOH, rt, 0.5 h
(1.5 equiv)
via

- selected examples

7% 63% 719% MeO
b) reaction without complexation
F
@H [Pd(PPh3)4] (5 mol%)
(1-10 equiv) [Ag,CO3] (0.75 equiv)
1-AdCO,H (0.5 equiv)
o
toluene, 60 °C, 40 h
IOOMe 5nd

K,CO3 (2 equiv) F
+ _—
(1.5 equiv)

Scheme 2 C-H Arylation of [Cr(CO)s(fluoroarene)] complexes. Ad =
adamantyl. nd = not detected.

under the same reaction conditions, even when an excess (up to
10 equiv) of fluoroarene was used (Scheme 2b). The biaryl product
was obtained as a chromium complex, and the authors developed
a MnO,/AcOH system for fast and practical in situ decomplexation.
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Substrates bearing functionalities sensitive to oxidative conditions
could be thermally decomplexed in DMSO at 80 °C, or under visible
light irradiation. The reaction proceeds under relatively mild reac-
tion conditions, and therefore various functional groups were toler-
ated. For example, the reaction tolerates Cl and Br substituents,
which allows for orthogonal functionalization. Simple benzene
could also be arylated upon coordination to chromium, albeit
harsher conditions (100 °C, 40 h) were needed, and the yield was
lower (42% after decomplexation).

A kinetic isotope effect (KIE) of 2.1 was measured for parallel
reactions, and the authors proposed that the C-H cleavage step is
a turnover-limiting step. The authors investigated the origins of
reactivity enhancement by DFT calculations, to find that C-H acti-
vation proceeds indeed via a concerted metalation—deprotonation
transition state and that n®-coordination to chromium lowers the
energy of the transition state (TS) by 5.7 kcal/mol. A distortion-
interaction analysis revealed that m-coordination decreases the
energy cost necessary for distorting the C-H bond of the arene in
the CMD TS. However, as detailed below (Schemes 5 and 6), later
studies revealed a crucial role of silver, which was proposed to
activate the C-H bond, rather than palladium.

One year later, the same group reported the palladium-
catalyzed arylation of anisoles using the T-coordination strategy.®
Under similar conditions with the reaction of fluoroarenes, chro-
mium anisole complex 7 could be arylated with aryl iodides to
obtain birayl derivative 8 after oxidative decomplexation with
MnO,/AcOH (Scheme 3a). The reaction proceeded regioselectively
at the ortho C-H site, even when using a sterically hindered isopro-
py! ether. Electron-rich arenes are typically less reactive under the
CMD conditions; however, the m-coordination strategy enabled
even the reaction of arenes containing two methoxy groups. As a
synthetic application, a steroid derivative was selectively arylated
ortho to a methoxy group after m-complexation, and the resulting
compound could be further functionalized (Scheme 3b).

A competition experiment showed that the anisole coordinated
to chromium is 4.7 times more reactive than 1,3,5-trifluorobenzene;
taking into account that anisole is about 10* times less reactive than
1,3,5-trifluorobenzene under standard CMD conditions,'%17 the
impact of m-coordination on reactivity is impressive. A KIE value of
2.0 was measured, similar to the one obtained for the reaction of
fluoroarenes,'® suggesting that a similar reaction mechanism is
operating.

The Larrosa group utilized the palladium-catalyzed ortho-
arylation of chromium fluoroarene complexes for the synthesis
of medium-sized cyclic compounds,’® which are challenging tar-
gets in organic synthesis.?? The palladium-catalyzed reaction of
chromium fluoroarene complex 9 with a 2-substituted iodoarene,
followed by one-pot cyclization and demetallation, gave the
oxygen- and nitrogen-containing medium-sized rings 10-12 in
good overall yields (Scheme 4). These reactions are a clever
example of using two advantages of m-coordination: enhance-
ment of palladium-catalyzed C-H ortho-arylation of fluoroarenes,
and acceleration of the intramolecular nucleophilic aromatic sub-
stitution of the resulting fluoroarene chromium complexes.

The group of Larrosa also developed an asymmetric palladium-
catalyzed arylation of fluoroarene chromium complexes, with
applications to the synthesis of planar-chiral phosphine ligands.?'
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a) C—H arylation of [Cr(CO)s(alkoxybenzene)] complexes

OCH,OEt
@H 1) [Pd(PPhg),4] (5 mol%)
K,CO3 (2.5 equiv)

| .
cr TMP (2 equiv)

ocm B [Ag,CO3] (0.75 equiv)
oc/ co 1-AdCO,H (0.5 equiv) PCHOE
7 toluene, 60 °C, 48 h
. - >
2) MnO; (3 equiv)
— N\ _ AcOH, 1t, 0.5 h 873%
(1.5 equiv)

- selected examples

Oi-Pr O

Me OMe
" & H o ﬂ o
64% 92% 91%

b) late-stage functionalization
OMe

1) complexation
2) C-H arylation

1) [PdCIy(PPh3),] (3 mol%)
LiHMDS (1.5 equiv)
4-bromoanisole (1.6 equiv)
THF, 60 °C ,1h

2) decomplexation

1) LiIHBEt3 (2 equiv)
THF, reflux, 2 h
2) decomplexation

Scheme 3 Ortho-selective C-H arylation of [Cr(CO)s(alkoxybenzene)]
complexes. TMP = 2,2,6,6-tetramethylpiperidine. Ad = adamantyl.

Thus, fluoroarene chromium complex 13 was arylated with
4-iodobenzonitrile in the presence of a catalytic amount of a
palladium salt, chiral phosphine ligand (R)-Hg-BINAPO, and the
additives previously optimized for these reactions: a substoichio-
metric amount of a silver salt, potassium carbonate, a carboxylic
acid, and TMP. Under these conditions, chiral biaryl chromium
complex 14 was obtained in moderate yield and high enantioselec-
tivity (Scheme 5a). The key to success was the choice of the chiral
phosphine ligand, a hemilabile ligand rarely used in asymmetric
catalysis,?? which has both a strong and a weak donor atom and
therefore can behave as a bi- or monodentate ligand. Under these
reaction conditions, the authors could synthesize a variety of chiral
ortho-fluorobiaryl compounds with typically moderate yields, high
enantioselectivity, and good functional group tolerance. The ortho
fluorine group on the biaryl product was used as a synthetic handle
for further functionalization: after converting it to the correspond-
ing phosphine through nucleophilic aromatic substitution, chiral
mono- and diphosphines could be synthesized.
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a) C—H arylation/C-O bond formation
1) [Pd(PPhg)4] (56 mol%)
K,CO3 (2.5 equiv)
[Ag,CO3] (0.5 equiv)
:< 1-AdCO,H (0.5 equiv) o
H,0 (2 equiv)
toluene, 70 °C, 16 h 7
_ >
m
oc / "~co 2) TBAF (1.5 equiv)
oC 9 (1.5 equiv) THF, rt, 3 h
3) MnO,, (3.5 equiv)
AcOH, rt, 3 h

F TIPSO

10 72%

- selected examples

[¢] 9) o
O-A OO~y
)
68% 62% 56%

b) C—H arylation/C—N bond formation
1) [Pd(PPh3)4] (5 mol%)
PPh3 (40 mol%)
K,CO3 (2.5 equiv)
F BocHN [Ag2CO3] (1 equiv)
1-AdCO,H (0.5 equiv) BocN

@— H,0 (2 equiv)
toluene, 70 °C, 16 h O 7
- & | _—
ocy ~do 2) NaH (2.2 equiv)
ocC 1.5 equiv MS 3A
9 (15eau) Py, 40°C, 16 1160%

3) MnO;, (3.5 equiv)
AcOH, rt, 3 h

¢) C—H arylation/C—C bond formation
1) [Pd(PPhg),] (5 mol%)
PPh; (40 mol%)
K;CO3 (2.5 equiv)
[Ag2CO3] (1 equiv)
1-AdCO,H (0.5 equiv)
H,0 (2 equiv)
toluene, 70 °C, 16 h
OC“' Cr —>‘
2) KOt-Bu (3 equiv)
OC (15 equnv) MS 3A
DMF, rt, 16 h
3) MnO, (3.5 equiv)
AcOH, rt, 3 h

MeOZC MeO,C,

/\

12 51%

Scheme 4 One-pot C-H arylation-SyAr cyclization to synthesize a
medium-sized ring structure. Ad = adamantyl. MS = molecular sieves.

The authors also conducted a detailed mechanistic study,
including H/D exchange experiments, and synthesis and charac-
terization of potential silver and palladium intermediates. From
these experiments and previous knowledge,?? they proposed a
bimetallic catalytic cycle, where the iodoarene oxidatively adds
to a Pd(0) complex, then ligand exchange gives arylpalladium
17, while the C-H bond in the fluoroarene chromium complex
13 is cleaved by silver carboxylate 15 to give intermediate 16,
which then transmetalates with 17 to afford 18 (Scheme 5b).
Two possible enantio-determining steps were proposed: enantio-
selective C-H activation followed by a fast reaction with 17, or a
fast reversible C-H activation, followed by an enantioselectivity-
determining transmetalation with 17.

One year later, the same group further studied the involve-
ment of silver in the C-H activation step and developed a reaction
catalytic in both palladium and silver.?* The model reaction was
the same arylation of fluoroarene chromium complexes 4, but
this time with less reactive bromoarenes (Scheme 6a). To over-
come the slower oxidative addition of aryl bromides and to
make the reaction catalytic in silver, two key modifications were
made: an ammonium salt, NMe4OC(CFs)3, was used as a halide
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Synthesis

a) Enantioselective C—H arylation of [Cr(CO)s(fluoroarene)] complexes

F [Pd(CH3CN)4](BF4), (5 mol%)
@H (R)-Hg-BINAPO (5.5 mol%)
K,CO3 (2 equiv)

1 .
S e i
2 2 .
OC/ €O VP (2.0 equiv) CN
13 -
H,0 (1 equiv) R |
+ = oo B
toluene, 50 °C, 16 h / Sco  1451%
C er=98:2

i~ Hon

(2 equiv) :' o !
oS!
: o Ph,P :
i O=P. !
] Phy) H
(R)-Hg-BINAPO 1
- selected examples
F F
] g
wee O "
oc / \CO 43% OC‘ / 519%
oC er=9 er=97:3
Cl
F F
O G0
R | R? é
e weCr.
oc / CO  40% oc / \CO R2 = OMe
oC er = 96: 44%
er=91:9

b) mechanistic considerations

00
Cy o— Ag—P

O=P
/\
Ph Ph
15
F F
L S
|

c R | O=FP.
oc N oc Cr\

\ 7\
ocC 13 ocC 16
Aryl
\ T O‘
Cy, O—Pc{—P
/\
Cy 170 PH Ph O‘
Aryl
@ H
> R o=R
oc"‘yor\co PH Ph
ocC 18

Scheme 5 Enantioselective C-H arylation of [Cr(CO);(fluoroarene)]
complexes. TMP = 2,2,6,6-tetramethylpiperidine.

Cy. (0]

00
A\

Ag—P

abstractor to regenerate the silver active species, and a Buchwald-
type palladium precursor was used. Under these conditions, the
reaction showed a large scope, and good to excellent yields were
achieved, with tolerance of various functional groups. Moreover,
the authors developed a one-pot two-step protocol to directly use
fluoroarenes as the substrate, upon ligand exchange with a pyrene
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a) Palladium/silver-cocatalyzed C—H arylation with aryl bromides

F
@H 1) [Ad,BUP Pd G4] (5 mol%)
Ad,BuP (20 mol%)

catalytic amount of silver species
[Ad,BuP Pd G4] responsible for C—H activation

eeCr AgBr (20 mol%)
0C™ /" >co K,CO; (4 equiv) F
ocC 4 Me4NOC(CF3); (1.5 equiv)
toluene, 75 °C, 16 h
+ > OMe
2) MnO;, (3 equiv)
Br@OMe AcOH, rt, 0.5 h 578%

(1.5 equiv)
. PAd,Bu + AgBr + MesNOC(CFy);:
H l\llle :
i HN —Me,NBr !
' | H
' P Pd i
E Msé O [Ag(PAd,Bu{OC(CF3)3}] 19 :
i ]

- selected examples

99%

Ph F
MeO diarylation 74%
w/ Br—Ph (3 equiv)

b) one-pot complexation/C—H arylation/decomplexation

F
e
F e | S
ocC [
d weCr. + pyrene
dioxane, 90 °C, 16 h ocC \CO
(1.2 equiv) oc 4
1) PhBr (1.5 equiv)
[Ad,BuP Pd G4] (5 mol%)
Ad,BUP (20 mol%)
AgBr (20 mol%)
K,CO3 (4 equiv) .
Me4NOC(CF3)3 (1.5 equiv)
removal of volatiles toluene, 75 °C, 16 h 7\
2) MnO, (3 equiv) —
AcOH, rt, 0.5 h S

Scheme 6 Palladium/silver-cocatalyzed C-H arylation of [Cr
(CO)5(fluoroarene)] complexes with bromoarenes.

chromium complex?®> (Scheme 6b). The bimetallic catalytic cycle
was probed mechanistically through H/D exchange experiments,
characterization of [(PBuAd,)AgOC(CFs)s] (19), reaction progress
kinetic analysis, and variable-time normalization analysis to deter-
mine kinetic orders, to conclude that a phosphine-ligated Ag(l) alk-
oxide (19) cleaves the C-H bond of the fluoroarene coordinated
to chromium (4), then the resulting arylsilver species trans-
metalates with an arylpalladium bromide formed by oxidative
addition of the aryl bromide to palladium, to regenerate silver and
produce a diarylpalladium complex, which then gives 5 upon reduc-
tive elimination.

Very recently, Bunescu and coauthors reported that m-coordi-
nation accelerates iridium-catalyzed C-H borylation (Scheme 7).
Thus, chromium n®-arene complex 20 reacted in the presence of
an iridium catalyst and a bipyridine ligand under mild conditions
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a) C-H borylation of [Cr(arene)(CO)3] complexes
MeO

Meo—C—H

wCr.
oc" ~
OC/ zgo [{Ir(cod)(OMe)},] (1.5 mol%) _©_ B(pin)

DTBPY (3.0 mol%)

* oc Cr
By(pin), THF, 30°C, 2h ~co
(1.05 equiv) OC  2108%

- selected examples

Et MeO.
—@LB(pin) B(pin) MeO,C B(pin)
[® |

weCr. we-Cr. e Cr
ocC \CO oc / \CO ocC
ocC ocC OC
91% (4 h) 78% (10 h) 84% (4 h)
(4-/5-=1.5:1)

b) competition experiment

MeO. MeO.
MeO H eO@-B(pin)
|
we-Cr. wCr.
OC™/"™Sco  Hir(cod)(OMe)}] (1.5 mol%) 0C™ /" >co
oc . DTBPY (3.0 mol%) ocC
(1 equiv) B, (pin), (1.0 equiv) 28
+ - +
MeO THF, 30 °C, 40 min MeO
(21/21a = 131:1)
MeO H MeO B(pin)
(50 equiv) 21a

c) selective polyaromatic boronic acid ester synthesis

o+

weCr.

oc ~

oC

1) [{Ir(cod)(OMe)},] (3.0 mol%)
DTBPY (6.0 mol%)
B, (pin), (1.0 equiv)
HBpin (1.0 equiv)
THF,30°C,4.5h

2) 370 nm LED
rt, 20 h

CO

[{Ir(cod)(OMe)},] (3.0 mol%)
DTBPY (6.0 mol%)
2(pin), (1.0 equiv)
HBpm (1 0 equiv)
THF, 30 °C, 24 h

(~80% conversion)

a mixture of

single isomer >10 borylated products

Scheme 7 C-H borylation of [Cr(n®-arene)(CO)s] complexes. DTBPY =
4,4'-di-tert-butyl-2,2"'-bipyridyl.

with high yield (Scheme 7a). As oxidative addition is considered
to be the turnover-limiting step, electron-rich arenes typically react
slower; a control experiment showed that m-coordination strongly
accelerates the reaction of 1,2-dimethoxybenzene (Scheme 7b).
Moreover, the reaction of polyaromatic compounds proceeded
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a) C—H borylation of arenes through transient -coordination

B,(pin), (1 equiv)

[Cr(CO)3(n°®-np)] (1 equiv)
KF (1 equiv) MnO,
H -
THF, 100 °C AcOH, it

(1 equiv)

oy

64% (77% by NMR)
(no Cr: 0%)

AcOH
MnO, / —[Cr]

np = naphthalene

[Cr(CO)3(n°np)]
-NP

B(pin
@u ; F<p 2 @ S
weCr.
oc \CO oc™ /Cr\CO
oC ocC

b) Preliminary example of C—H borylation through catalytic transient -coordination
B, (pin), (1 equiv)

P& [CHCON(rP-np)] (10 mol%) M0z "6
KF (1 equiv) (30 mol%)
F3C H FiC B(pin)
THF, 100 °C, 24 h AcOH
i Sl 37%
c) Proposed mechanism: nucleophilic aromatic borylation
'T :
(pin)B—B(pin) e
7KH _
<: :>—H <: :>—B(pin)
| | T h
oc O~ > oo > oo N
CO  _Fapin co /{ ~co
oc oc ocC

Scheme 8 C-H borylation of arenes through transient m-coordination.

selectively at the ring coordinated to chromium; in the absence of
mi-coordination, the polyaromatic compound gave a mixture of iso-
mers (Scheme 7c).

Also very recently, our group reported the borylation of simple
arenes through transient m-coordination (Scheme 8).2° For exam-
ple, 1 equiv of ortho-xylene could be borylated with Bx(pin), in
the presence of KF, upon transient activation through in situ
arene exchange with a chromium n®-naphthalene complex;
notably, the reaction did not proceed at all in the absence of the
chromium precursor (Scheme 8a). A preliminary experiment
demonstrated the possibility of catalytic n®-coordination to chro-
mium to activate an electron-deficient arene, albeit in low yield
(Scheme 8b). A nucleophilic aromatic substitution mechanism
was proposed based on the experiment and computation
(Scheme 8c).

An example of nucleophilic aromatic substitution of benzene
enabled by n°-coordination to ruthenium was recently reported.?”

3 C-H Bond Functionalization Enabled by
n°-Coordination to Other Metals

In 2017, Walton reported that palladium-catalyzed arylation of
electron-deficient arenes is accelerated by n®-cordination to ruthe-
nium.?® Fluoroarene complex 22 was arylated with iodoarenes
under similar reaction conditions to those employed by Larrosa,
to produce ortho-biaryl complex 23 with moderate to high con-
version, but low yield (Scheme 9a). The reaction proceeded with
good conversion and ortho selectivity with fluoroarenes, but

Mutoh Yuichiro et al. doi: 10.1055/a-2655-4268

Synthesis
a) C-H arylation of [Ru(Cp)(fluoroarene)] complexes
F PFg
fe s
| [Pd(OAc),] (10 mol%)
Ru DavePhos (20 mol%) F "] PR
22 TMP (1.5 equiv) 7\

[Ag2CO3] (0 equiv) o —OMe
1-AdCO,H (0.5 equiv) |

_— Ru

23 33%
(83% conv)

+

DCE, 120 °C, 18 h
I@/OMe Q
(1.5 equiv)

- selected examples

O O 3

= <£ - =V
Q (68% conv) Q (83% conv) Q (54% conv)

b) decomplexation

F | PR
OMe x
] 365 nm (9 W)
atat

Ru —_—
23 CDsCN, 1,6 h
5

99% conv

Scheme 9 C-H arylation of [Ru(Cp)(fluoroarene)] (Cp = CsHs")
complexes. DavePhos = 2-dicyclohexylphosphino-2'-
(N,N-dimethylamino)biphenyl. TMP = 2,2,6,6-tetramethylpiperidine,
Ad = adamantyl, DCE = 1,2-dichloroethane.

other arenes were less successful. The ruthenium complexes 23
could be readily demetallated under photochemical conditions
(Scheme 9b). The use of ruthenium complexes is of interest
because it could potentially be extended to a catalytic process,
as nucleophilic aromatic substitutions through transient ruthe-
nium complexes are known.®

While the arene activations discussed previously involved the
n®-coordination mode, Sergeev and coauthors reported an intri-
guing activation of alkylbenzenes through n*/n3-coordination to
iridium, resulting in ortho-selective C-H functionalization through
transient benzylic C-H activation.?®3% A Cp*Ir precursor was
reacted with an alkylbenzene such as isopropylbenzene under
mild conditions to produce n*-arene iridium complex 24 in high
yield; upon treatment of this complex with trimethylphosphine at
100 °C, the ortho C-H bond was selectively cleaved to give iridium
complex 25 in quantitative yield (Scheme 10). Counterintuitively,
the ortho selectivity increased with the steric bulk of the alkyl
group. A mechanistic study revealed that the alkyl group acts as
a “directing group” through the transient formation of a key
n>-benzyl hydride complex 26, which promotes oxidative addition
of the adjacent ortho C-H bond to iridium to give metallacycle 27.
Reductive elimination, followed by coordination of PMe;, gives the
observed product 25. Both kinetic and thermodynamic factors
were proposed to favor the activation of the ortho C-H bond over
the benzylic C-H. While the reaction requires a stoichiometric
amount of iridium, this proof-of-principle study is expected to lay
the foundation for future developments toward catalytic ortho-
functionalization.
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. 1) [Cp*IrCly], (1 equiv) .
iPr AgBF, (4 equiv) < >_"Pr _
@ acetone, rt, 16 h | PMej3 (4 equiv)
H ————> Ir B —
2) CpCo; (2 equiv) hexane, 100 °C, 1 h
(8 equiv) benzene, rt, 1 h
24 97%

i-Pr
/H H PM
. €3
<| — Ir/ — Ir
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25 99%
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- selected examples
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Ir Ir i
91% 99% 94%
79% ortho 72% ortho ortho:benzyl = 70:30

Scheme 10 Ortho-Selective C—H activation of simple arenes in an iridium
complex.

While not involving a C-H activation step, functionalization of
alkylbenzene through (3+2) cycloaddition with 1,1-bis(phenylsul-
fonyl)ethylene, enabled by catalytic m-coordination to rhodium,
was reported by Shi and coworkers.>'

While mi-coordination is not directly involved in the C-H cleav-
age step, the nickel-catalyzed hydroarylation of unactivated are-
nes with alkenes reported by Nakao and Hartwig3? involves a key
nickel n®-arene complex, which coordinates an alkene, and then
the C-H bond is cleaved by ligand-to-ligand transfer of a proton
from the arene to the bound alkene. It should be mentioned that
ruthenium(ll) n®-arene complexes have also been used as catalyst
precursors for C-H activation. This topic was reviewed else-
where.?3

While not strictly a C-H bond activation process, the oxi-
dation of benzene enabled by m-coordination to iridium was
reported by the groups of Ritter>* and Chirik.3> The authors
hypothesized that m-coordination to iridium decreases the elec-
tron density on the arene and makes it more susceptible to
nucleophilic attack.”

The Ritter group used NaOCl, as the oxidant in combination
with an alkene as an HOCI scavenger to oxidize n®-arene iridium
complex 28 to n°-phenoxo complex 29 in high yield at 23 °C;
treatment of 29 with HBF, in acetonitrile released the phenol
and gave the dicationic iridium complex [Cp*Ir(NCMe)s](BF4)2,
which could be reconverted to starting complex 28 upon treat-
ment with benzene/acetone (Scheme 11a). Direct conversion of
phenoxo complex 29 into starting arene complex 28 with release
of phenol was possible by using N-methyl-2-oxazolidinone, show-
ing promise toward a catalytic reaction.

The Chirik group further explored the scope of this protocol to
achieve the oxidation of monosubstituted, disubstituted, and tri-
substituted arenes, with a focus on site selectivity; they also
investigated the functionalization of electron-rich and sterically
hindered arenes (Scheme 11b).
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a) stoichiometric cycle for C—H hydroxylation of benzene in a Cp*Ir complex

NaOCl, (2 equiv) O | BF,
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80°C,24h
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b) C-H oxidation of substituted arene derivatives in a Cp*Ir complex

o
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H
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[
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=
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K
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Scheme 11 C-H oxidation of arenes in an iridium complex. NMOx = N-
methyl-2-oxazolidinone.

4 C-0 Bond Functionalization

While the main topic of this short review is the activation (and/or
functionalization) of C-H bonds, in order to illustrate the poten-
tial of the m-coordination strategy for organic synthesis, we
briefly discuss in the following sections the activation of other
strong bonds.

The oxidative addition of pseudohalides such as aryl triflates to
palladium is accelerated by m-coordination to chromium.3® Thus,
the Migita-Kosugi-Stille reaction of aryl triflate chromium com-
plex 30 with tributylvinylstannane proceeds well in the presence
of [Pd(PPhs),] as a catalyst (Scheme 12a); by contrast, the unco-
ordinated triflate 31 does not react at all under the same condi-
tions, presumably because of the reluctance of this electron-rich
aryl triflate to undergo oxidative addition by palladium. Suzuki-
Miyaura cross-coupling of aryl triflate complex 30 with phenyl
boronic acid also proceeded well to give biphenylarene complex
32 in good yield (Scheme 12b).

The C-0 bond in aryl ethers is a strong bond (in anisole,
BDE for Ph—-OMe: 100 kcal/mol; in diphenyl ether: 78 kcal/mol);
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a) Migita-Kosugi-Stille cross coupling

1) [Pd(PPhg),] (2 mol%)
oTf LiCI (3 equiv)
THF, 65°C, 17 h

MeO CI + BusSn
" I' 3
oc / N\ 2)1, (6 equiv) \
oc 30 (1 equiv) t,45h MeG Pr
87%
[Pd(PPh3),] (2 mol%)
LiCl (3 equiv)
OTf + BusSn
N\ DMF, 65°C,80h N\
MeO Pr (1 equiv) MeO Pr
31 nd

(80% recovery of 31)

;E i;—Ph
NazPO, (1.5 equiv) MeO |
_— >

b) Suzuki-Miyaura cross coupling

OoTf [Pd(PPh3)4] (2 mol%)
MeO” | “Pr Pr
. + (HO),B—Ph e
oC™ / co - THF, 65°C, 40 0C™ co
ol (1.5 equiv) od
30 3271%

Scheme 12 Cross-coupling of an electron-rich and sterically hindered
aryl triflate in a chromium complex. nd = not detected.

nickel has been one of the most investigated catalysts for C-O
activation to date.3” The group of Hartwig reported that an
Ni(0)/NHC catalyst can hydrogenolyze diarylethers with 1 atm of
hydrogen (Scheme 13a).3® Subsequent mechanistic studies re-
vealed that nickel transiently n®-coordinates the aryl ether to
facilitate the oxidative addition of the C-O bond.3° As a synthetic
application, the authors demonstrated the hydrogenolysis of the
diaryl ether models of lignin under 1 atm of hydrogen at 120 °C
to obtain anisole, benzene, and phenols in moderate yields
(Scheme 13b). A computational study by Surawantanawong*® sug-
gested that isomerization between the n®- and n-complexes pre-
cedes oxidative addition. A mechanistic study by Agapie and
coworkers on the hydrogenolysis of aryl alkyl ethers by nickel
concluded that an n?-arene nickel(0) complex is involved in the
key C-0O bond cleavage step.*'

Another interesting application of m-coordination for C-0O
bond functionalization is the rhodium-catalyzed amination of
phenols, where rhodium n®-coordinates the phenol substrate to
enable its tautomerization to a ketone intermediate, which then
undergoes condensation with an aniline to give the corre-
sponding imine, which finally rearomatizes to give the aniline
product.#?? A similar reaction using ruthenium as the catalyst
was also reported.42b

5 C-Halogen Bond Functionalization

Among C-halogen bonds, C-F (in fluorobenzene, BDE = 126 kcal/
mol) and C-Cl (in chlorobenzene: BDE = 96 kcal/mol)? are consid-
ered strong bonds, typically requiring highly active metal catalysts
and/or harsh reaction conditions to activate.*>** As also mentioned
in the introduction, one of the most investigated applications of the
mi-coordination strategy is the nucleophilic aromatic substitution of
fluoroarenes (Scheme 14a), which was extensively reviewed to
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a) hydrogenolysis of diphenyl ether
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b) reaction of a model of lignin
47%
[Ni(cod),] (20 mol%) + o

SIPr-HCI (40 mol%)
NaOt-Bu (2.5 equiv)
(0] OMe + Hp R 15%

(1bar) m-xylene, 120 °C, 48 h
OMe *
4-0-5 linkage in lignin model
OH
66%
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Scheme 13 Nickel-catalyzed hydrogenolysis of diaryl ethers.

a) SpAr of aryl fluoride via in-situ activation

QF ge; catMl ©_ ©_

[M] M
b) cross coupling of [Cr(CO)(aryl halide)]

)

M = Ru, Rh

©—X R-metal Pd=X
| cat. [Pd] | Q
we-Cr. —— we-Cr. — R
oc / ~co oc / ~co
0C x=fc oc

Scheme 14 SyAr and cross-coupling of aryl fluorides and chlorides
through m-coordination.

date,”8 and therefore will not be detailed here.*> Because the oxida-
tive addition of a C-halogen bond to a transition metal proceeds
faster for electron-deficient aryl halides, the m-coordination strategy
was used to accelerate the oxidative addition of aryl fluorides and
aryl chlorides to nickel or palladium, including applications to cata-
lytic cross-coupling, amination, etc. (Scheme 14b).°

The radical cleavage of a C-Cl bond in a chloroarene can also
be accelerated by n®-coordination to chromium,* and this reac-
tivity was recently exploited for the radical coupling of chloroar-
enes with arenes.4’ Thus, a chromium n®-chloroarene complex
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a) C—Cl phenylation of [Cr(CO)s(chlorotoluene)]
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removal of volatiles 120°C, 14 h

56% [62% (GC)]

2) MnO, (6 equiv)
AcOH, rt, 3h

Scheme 15 Radical cross-coupling of [Cr(CO)s(chlorotoluene)] with
benzene.

33 reacted with a solvent amount of an arene in the presence of
potassium tert-butoxide and a spirobipyridine compound#® as
radical initiators (Scheme 15a); the chloroarene could also be
reacted upon ligand exchange with a chromium n®-naphthalene
complex precursor in a one-pot, two-step process (Scheme 15b).
The reaction did not proceed at all without m-coordination.

6 Conclusions

In conclusion, the n®-coordination of an arene to a metal frag-
ment is a promising strategy for activating simple arenes toward
transition metal-catalyzed C-H functionalization that proceeds
through oxidative addition or CMD, for example, which favors
electron-deficient substrates. Most of the reports to date have
focused on palladium-catalyzed arylation of arene chromium
complexes, and while developments remain slow, other reactions
have also been reported. A main limitation is the need to synthe-
size and isolate the arene metal complex as a starting material
and then to remove the metal in order to release the product.
The conditions required for these steps (high temperature, metal
oxidants, photoirradiation, etc.) are sometimes incompatible with
sensitive functional groups. From an atom economy point of view,
the use of a stoichiometric amount of a transition metal such as
chromium, often in combination with catalytic or stoichiometric
amounts of palladium and silver, is not synthetically attractive.
We expect that further efforts will target catalytic activation
through transient n®-coordination to achieve a general and syn-
thetically appealing strategy for the functionalization of arenes.
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In this context, an effort toward this goal was recently reported
by our group.?® While just briefly discussed in this short review,
the activation of other strong bonds using the m-coordination
strategy is also expected to expand the repertoire of molecular
activation in organic synthesis.
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