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Preface

The metal-catalysed C—H bond dual activation and functionalisation have brought
in the last two decades a revolution for the direct synthesis of complex molecules
and molecular materials. Now the functionalisation of sp?C—H bond for cross-
coupled C—C or C-heteroatom bond formation presents advantages to replace,
with better atom economy, the classical catalytic cross-coupling reactions involving
a stoichiometric amount of an organometallic. In parallel the sp’C—H bond activa-
tion, besides a faster access to natural products, is offering the possibility to
functionalise alkanes in connection with renewable energy.

Whereas functional groups have shown efficiency to direct activation of
neighbouring C-H bonds, as molecules containing multiple C—H bonds, the suc-
cessive activations of several of these C—H bonds remain a challenge. Initially
expensive metal catalysts have shown their efficiency to activate C—H bonds, but
now many examples of cheap and environment-tolerant first-row metal catalysts are
promoting useful activations. Examples of C—H bond functionalisation can now be
performed in green solvents and even in water.

This volume gathers innovative contributions for a wide range of catalytic C-H
bond functionalisations. They involve a variety of metal catalysts from Pd, Rh,
Ir and Ru complexes to Fe, Ni, Cu and Ag derivatives, including surface organo-
metallics, and they point out the importance of ancillary or transient ligands forcing
the metal site to activate C—H bonds by several complementary processes. In
addition this volume presents many new applications for cross C-C and
C-heteroatom bond couplings and new synthetic methods, supported by mechanis-
tic and computational studies, and examples of functionalisation of cyclopropanes
or fullerenes and addresses problems of regioselectivity. The sp?C—H bond activa-
tion reveals crucial aspects for the synthesis of natural products and for the
dehydrogenation and functionalisation of alkanes.

The wide range of innovations presented here, on the concepts of C—H bond
activations and their multiple profits, should be a source of inspiration for
researchers and industry engineers to discover more efficient catalysts or to transfer
the processes to industrial applications. They should attract teachers and students
motivated by innovations, catalysis and sustainable development. They are
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expected to initiate new ideas to discover new catalytic and cascade
transformations.

We are grateful to all the chapter authors, experts in various complementary
fields, who have contributed to create this multiple-facet volume.

We dedicate this volume to all chemists and students who are contributing, via
C-H bond activation and functionalisation, to discover safe, catalytic transforma-
tions that will be profitable for our society.

Rennes, France Pierre H. Dixneuf
Henri Doucet
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Iron-Catalyzed C-H Bond Activation

Laurean Ilies and Eiichi Nakamura

Abstract Iron-catalyzed C—H bond activation followed by C—C bond formation
has received much attention in recent years, motivated by the environmental and
economical merits of iron, as well as the scientific challenge in controlling and
understanding the reactivity of iron species. This review describes the utilization of
iron as a catalyst for directed C—H bond activation, followed by C—C bond forma-
tion. Catalytic activation of C(sp”)-H and C(sp’-H) bonds, followed by oxidative
reaction with nucleophiles, or reaction with electrophiles is described. Reactions of
substrates possessing a directing group are mainly discussed, but other substrates
are also presented. Carbon-heteroatom bond formation is also briefly discussed.

Keywords C—C bond formation - C—H bond activation - Iron
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2 L. Ilies and E. Nakamura
1 Introduction

Transition-metal-catalyzed carbon—hydrogen (C-H) activation followed by carbon—
carbon (C—C) bond formation has become one of the most active research topics in
recent synthetic chemistry, because it could enable the straightforward, step-efficient
construction of the framework of target molecules [1-5]. However, there are serious
challenges to overcome for the development of these reactions: the C—H bond is
thermodynamically stable and difficult to cleave, especially in the presence of other
functional groups, typically more labile; also, to differentiate between the many C-H
bonds in an organic molecule is a formidable task. Utilization of a directing group,
which coordinates the metal catalyst and cleaves the proximity C—H bond selectively
in an intramolecular-like fashion, has been a popular strategy to overcome these
problems. Late-transition metals such as Pd, Ru, Rh, Ir, etc. have been extensively
investigated for this purpose, and versatile and efficient catalytic systems based on
these metals have been achieved. However, economic and environmental incentives
shifted the interest to first-row transition metals (base metals) for C—H bond activation
[6]. Among these, iron is the most abundant transition metal, inexpensive, and
nontoxic, and therefore, it has attracted special attention for catalysis [7, 8].

This review describes the utilization of iron as a catalyst for directed C—H bond
activation, followed by C—C bond formation. Nondirected reactions, many of which
proceed through radical pathways, are briefly discussed. Carbon—heteroatom bond
formation is briefly discussed, and reactions where iron acts as a Lewis acid or
simply as a radical initiator are outside the scope of this review. Several reviews or
minireviews discussing iron-catalyzed C—H bond activation have been published
recently [9-16].

2 Functionalization of C(spz)—H Bonds

2.1 Substrates Possessing a Directing Group

Cyclometalation reactions using iron complexes have been known for a long time
[17-20]. Of special interest for the development of a catalytic reaction under mild
conditions are the reports that iron(0) complexes can oxidatively add into the ortho
C-H bond of an aromatic imine (Eq. 1), and alkyliron(II) complexes can cleave an
ortho C—H bond with elimination of alkane (Eq. 2) [21, 22].

@YFBU
©Yt-8u + Fo(PMeg); —» MePrl LNH (1)

- e\
NH pentane, H ‘ PMej;
—70t0 20 °C PMeg
—PMeg
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@w
©\(H + [Fe(CHg)o(PMes)4] MedP . NMe (2)

e
pentane, —70 °C HC™ ‘ ‘PMea

NMe -PMeg, ~CH, PMeg

2.1.1 Catalytic Reactions with Nucleophilic Reagents

After the relatively numerous reports on cyclometalation reactions using iron
complexes, the first example of a catalytic reaction was reported in 2008, when
Nakamura and collaborators reported that arylpyridines and congeners can be
arylated with diarylzinc generated in situ from a Grignard reagent and
ZnCl,-TMEDA in the presence of a catalytic amount of Fe(III) salt, a bipyridine-
type ligand, and a dihaloalkane oxidant (Eq. 3) [23]. The reaction proceeded in high
yield at 0°C, with selectivity for the monoarylated product.

N Fe(acac) (10 mol %) A
_ 2PhMgBr phen (10 mol %)
N™ + +
O ZnCly* TMEDA DCIB (2 equiv) O
THF, 0°C

(3 equiv) 99%

Selected Examples:

Ph N Ph) N™™ (Ph) =
®h) (Ph) ‘@ N@
N N
EtO,C Ph Ph Ph
77% +13% R=F 78% R 81% + 9% 81% + 9%
(mono + di) OMe 76% (mono + di) (mono + di)

The same group reported 1 year later that aromatic imines can also be ortho
arylated under similar conditions, and the resulting imine was hydrolyzed during
acidic workup to the corresponding ketone (Eq. 4) [24]. The C-H bond was
preferentially functionalized in the presence of a reactive bromide, triflate, or
tosylate group, in contrast with palladium catalysis, where the halide reacts selec-
tively (Eq. 5). Nakamura group also demonstrated that dioxygen can be used as an
alternative oxidant, albeit the reaction efficiency decreased [25].

Fe(acac)z (10 mol %)
dtbpy (10 mol %) H+ Br o
—_— - -
DCIB (2 equiv) Ph
Br THF, 0°C
NHAr 2PhMgBr 88%
+ + -
ZnCl,» TMEDA
H 32 ) [PACl,(dppf)] (47 5)
(3 equiv) (10 mol %) H*+ Ph o
Ar = p-MeOCH5 -
t-Bu t-Bu THF, 60 °C H

— c— 97%
dtbpy = p \
\_ N7

Under similar reaction conditions, N-methylbenzamides were ortho arylated
with diarylzinc (Eq. 6) [26]. The reaction proceeded selectively and only the
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monoarylated product was obtained, presumably because of the steric bias induced
by the ortho substituent, which disturbs the cyclometalation step.

o PhMgBr Fe(acac) (20 mol %)
7 i dtbpy (20 mol %)
H,Me+ ( efulv) (6)
ZnCl»»TMEDA DCIB (2 equiv)

i THF,0°C, 24 h
(3 equiv) 78% y|e|d not observed

The oxidative reaction of amides with diarylzinc reagents was reported by
Ackermann [27]. The use of a bidentate directing group containing a triazole
moiety (TAM) was crucial for the efficiency of the reaction (Eq. 7).

PhMgBr (7 equiv)

ZnCl,» TMEDA (3 equiv) o

FeCl3 (10 mol %)

XK\ dppe (10 mol %) H'TAM

- @ @ @ .
DCIB (2 equiv) Ph

THF, 55°C, 36 h

Other directing groups:

exay FENRpTIE

0% 0% 0%

The arylation of arylpyridines (Eq. 8) and aromatic amines (Eq. 9) can also be
achieved using Grignard reagents [28]. For these reactions, the slow addition of the
Grignard reagent proved crucial in order to prevent excessive homocoupling of the
organometallic reagent [29, 30], and under the slow addition condition, the ortho-
arylated compounds were obtained in high yield. DuBois used similar reaction
conditions to investigate the arylation of various heterocyclic substrates such as
pyridines, thiophenes, and furans (Eq. 10) [31].

7N\
_ Fe(acac)s (10 mol %) PhMgBr/THF .
N dtbpy (10 mol %) (3.2 equiv) (8)
Q DCIB (2 equiv) 0°C,1h O Ar
CeHeg, 0°C

slow addition
91%

Fe(acac); (10 mol %) PhMgBr/THF

dtbpy (15 mol % 3.2 equiv, HCI

P dibpy ( ) (32equiv) o (9)
DCIB (2 equiv) 0°C,1h Ph
PhCI, 0°C slow addition 98%

Fe(acac)z (10 mol %)
dtbpy (20 mol %) PhMgBr/THF

= ] N -Ph KF (20 mol %) (6 equiv) = ‘ \N -Ph
Ny DCIB (2 equiv) 0°C,15min  NSNpp (10)
PhCl, 0°C slow addition 88%

(upon hydrolysis: 34%)

The mechanism of these reactions is largely unknown. Nakamura showed [28]
that the reaction requires an oxidant for catalyst turnover and to accelerate reductive
elimination, and the reaction with a stoichiometric amount of iron in the absence of
an oxidant, followed by high deuterium incorporation upon quenching with
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Fig.1 A proposed catalytic 7\
cycle for the iron-catalyzed =N
oxidative C-H 7 N\

N
n
functionalization with =N y Fe"Am

L
organometallic reagents '_% 5 \‘J ArH

7 N\
Fe(acac)s ArmgBr =N
+ — LFeMAr, \ (o]
dtbpy

A Fe"Ar, 4L

m MgBrCl

o Xoc
LFe"Cl

m ArMgBr D 7\
N + /&
Ar

deuterium oxide (Eq. 11), suggested the intermediacy of a ferracycle. Kinetic
isotope effect experiments showed a large value for the intermolecular (3.4) and
intramolecular (3.1) competition, indicating that coordination of the pyridyl group
to the iron catalyst takes place in a reversible manner and that the following C—H
bond-cleavage step is the first irreversible step of the catalytic cycle [32]. Taking
also into account the cyclometalation reaction with diorganoiron complexes
depicted in Eq. 2, the authors proposed the catalytic cycle in Fig. 1. An organoiron
species A generated from the iron(IIl) salt and the organometallic reagent [33]
reversibly coordinates the substrate and then cleaves the ortho C—H bond to
generate metallacycle C. This complex is stable in the absence of the oxidant as
shown by the deuterium-labeling experiment but readily undergoes reductive
elimination in the presence of a dichloroalkane oxidant to give the ortho-arylated
product and regenerate the catalyst. The valence of iron during this catalytic cycle is
unclear: formation of a homocoupling product (Ar—Ar) suggests that iron is reduced
to a lower valence; however, subsequent work from Nakamura group (vide infra)
showed that an iron(I1I) species is competent for C—H activation, and therefore, the
reduction of iron may occur outside the catalytic cycle.

[ | Fe(acac)s (1 equiv)  PhMgBITHF [ ([
< dtbpy (2 equiv) (4 equiv) D0 E E
N N7, N 1
PhCI, 0 °C 0°C,1h 5 o (11)
6%

80% yield
86% D incorp.

The group of Nakamura reported that an alkene possessing a pyridine or imine
group can be arylated with Grignard reagents in a stereoselective fashion (Eq. 12)
[34]. The reaction proceeded within 5 min at 0°C to give the Z product when
chlorobenzene was used as a solvent or the E product when THF was used as a
solvent. Control experiments showed that the Z product forms first and then
isomerizes in the presence of THF.
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=
|| Fe(acac)s (10 mol %) |

dtbpy (15 mol %) PhMgBr (3 equiv) SN
|

4

N

DCIB (2 equiv) 0°C, 5min
slow addition

solvent = PhCI/Et,0  91% (E/Z=3:97)
solvent = THF 94% (E/Z = 95:5)

Ph

Selected Examples:

4 “ “

SN q SN +Bu | SN o

Ph Ph Ph Ph
85%

96% 75% 99%
(after hydrolysis)

To circumvent the use of organometallic reagents, the group of Nakamura used
aryl bromides in the presence of metallic magnesium for the ortho arylation of
arylpyridines and aromatic imines (Eq. 13) [35]. It was assumed that a Grignard
reagent is generated in situ, possibly facilitated by the iron catalyst [36—38]. Diox-
ane was used as a cosolvent in order to retard the generation rate of the Grignard
reagent and its subsequent homocoupling, rather than to generate a
diarylmagnesium reagent, which a control experiment showed to be low yielding.

Fe(acac); (2.5 mol %)
A dtbpy (2.5 mol %) ‘ A
‘ _ Mg (3.3 equiv) >
O N 4 PBr O N
DCIB (2 equiv
(3.0 equiv) (2 ogut) Ph (13)

solvent, 0 °C
solvent = THF/dioxane ~ 92% (1.42 g)
THF 17%

dioxane 0%

A common problem of these reactions was the rather restricted reaction scope and
versatility. Because a significant amount of homocoupling of the organometallic
reagent was observed and based on previous knowledge [33], it was assumed that
iron was reduced to a lower-valent species (or a mixture of species) and combined
with the use of a reactive organozinc or organomagnesium reagent, the reaction scope
and functional group tolerance were poor. Ilies and Nakamura found a solution to this
problem: if iron could be stabilized as an iron(IIl) species by the use of appropriate
ligands and a milder organometallic reagent, a more versatile catalytic system was
expected. And indeed, by using an organoborate as the organometallic reagent [39,
40] in the presence of an iron(III) salt, a diphosphine ligand, a zinc salt cocatalyst, and
a dihalide oxidant, the coupling of a variety of aryl, heteroaryl, and alkenyl amides
possessing a bidentate 8-quinolylamide group [41-43] with aryl and alkenyl boron
reagents was achieved (Eq. 14) [44]. The stereospecific alkene—alkene coupling to
produce (Z,E) or (Z,Z) dienes or trienes is especially noteworthy. The homocoupling
of the organometallic reagent was observed in a trace amount for the catalytic
reaction, and in small amount (13%) for the reaction using a stoichiometric amount
of iron, demonstrating that the iron(IIl) species is not reduced by the organometallic
reagent. Combined with the poor activity of an Fe(Il) precursor, the authors con-
cluded that an organoiron(III) species is responsible for cleaving the C—H bond. The
zinc salt was considered to assist the transfer of the organic group from borate to iron
[45, 46]. The authors also suggested the low-valent iron species that is generated after
reductive elimination may be stabilized by spin delocalization over the diphosphine
ligand and quinolylamine directing group [47].
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pinB \ (4 equiv)
ZIE =937
BuLi
-78°C
Fe(acac)z (10 mol %)

_  dppen (10 mol %)
A Bu ZnBryTMEDA (1 equiv) ° A\
[0} pinB \ | L DCIB (2 equiv) _
NH N=/ _— NH N
\ THF, 70 °C, 24 h
H
90%
ZZIZE =82:18
f "
e”'/N N

Selected Examples:

81% yield 96% 90% 89%
>99% ZE.E E/Z 1684 E/Z>99:1
Ilies and Nakamura recently reported the alkylation of alkene-, arene-, and

heteroareneamides possessing the 8-aminoquinolyl group with alkylzinc halides
(Eq. 15) [48]. The use of a bidentate directing group was crucial in order to prevent
the f-hydride elimination of the alky liron intermediate; the reaction of a substrate
possessing a monodentate directing group such as pyridine with phenethylzinc
halide resulted in the recovery of the starting material together with formation of
styrene. Notably, the homocoupling of the organometallic reagent was also
suppressed, suggesting that an organoiron(IIl) species is the active species. The
stereospecific reaction of acrylamide is especially noteworthy, because the reaction
of this substrate is typically sluggish under C—H bond activation conditions.

PhCH,CH,MgCl (4 equlv
o ZnCl,» TMEDA (3 equiv)
HJ\N Fe(acac)aldppen (10 mol %)
H | %
| NS DCIB (2 equiv) < 5/

THF, 70°C, 15 h

1.0g + Ph(CH,),Ph
<1%

(E: z 1 >99
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 15
Selected Examples: ( )

[e]
iY ﬁw @tw @ﬂ“ e
89% 95% 92% 95% 81%

2.1.2 Catalytic Reactions with Electrophilic Reagents

The reactions described in the previous paragraph utilize an organometallic reagent
as the reaction partner under oxidative conditions. From a practical point of view,
the use of an electrophilic, neutral reagent as the reaction partner is more attractive.
However, if an organometallic reagent is used as a base in the presence of an
electrophile, the oxidative reaction between the C-H substrate and the
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organometallic reagent and the reaction between the organometallic reagent and the
electrophile compete with the desired reaction of the C—H substrate with the
electrophile.

The first successful example of this type of reaction was reported by Ilies and
Nakamura in 2013 (Eq. 16) [49]. They utilized a bidentate 8-quinolylamide
directing group, a diphosphine ligand, and a bulky organozinc reagent as the
base, to succeed in coupling an aromatic carboxamide with allyl phenyl ether in
high yield, and with suppression of the oxidative reaction of the substrate with the
organometallic reagent, or the cross-coupling between the allyl ether and the
diorganozinc. Various aromatic carboxamides reacted well, but the scope of the
allyl ether was limited. A deuterium-labeling experiment showed that the allylation
reaction proceeds with y-selectivity, and an intermolecular KIE experiment showed
that the C—H bond activation step is not involved in the turnover-limiting step. The
authors also showed that 1-arylpyrazoles and congeners can also be allylated with
allyl phenyl ether using iron catalysis [50]. The authors also achieved an amination
reaction under similar conditions, where an N-chloroamine was used as the elec-
trophile (Eq. 17) [51].

Fe(acac)s (5 mol %)
dppen (5 mol %) o

ZnCI2 TMEDA (1.2 equiv)
1 BuCHzMgBr (3.4 equiv) NH-Q NH-Q
+
THF, 70 C 4h
1.00 g (1.2 equiv) 1,12 g (96%) X 1% tBu
Selected Examples: ( 16)
i R e IO v
N
NH-Q NH-Q ‘O NH-Q i oNea
X X= OMe 96%
Cl 93%
A Br 92% X A
COMe 74% 74% 68% 91%
(o] Fe(acac); (10 mol %) ¢|—N o) [e}
F-dppbz (15 mol %) _/
OO NH-Q PhMgBr (1.2 equiv) (2.7 equiv) OO NH-Q
H THF, 65 °C PhMgBr N
(3 equiv) /\o ( 1 7)
slow addition 99%

P(4-FCgHy)o 82% (1 g scale)
F-dppbz = @[
P(4-FCgH,),

Iron-catalyzed alkylation of carboxamides possessing an 8-aminoquinolyl group
with alkyl tosylates and halides was reported by Ilies and Nakamura [52], and at the
same time the reaction of similar substrates with alkyl halides was reported by Cook
[53, 54].

Ilies and Nakamura reported the iron/diphosphine-catalyzed reaction of arene-,
heteroarene-, and alkeneamides with primary and secondary alkyl tosylates or halides
(Eq. 18) [52]. The reaction of acyclic alkenes substrated proceeded stereoselectively,
and acyclic secondary tosylates could be introduced without isomerization of the alkyl
group to the linear one. A chiral alkyl center underwent isomerization, and a cyclopro-
pylalkyl group reacted with the opening of the cyclopropyl ring, suggesting that the
alkyl iron species has a radical character. Homocoupling of the organozinc halide that
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was used as a base was not observed, suggesting that an organoiron(Ill) may be the
active species. Control experiments showed that under the reaction conditions, alkyl
tosylates and chlorides are converted into the corresponding bromides.

Fe(acac); (10 mol %)

dppen (10 mol %) (o]
p-AnisMgBr (3 equiv)
ZnBry TMEDA (2 equiv) | NH-Q
\ +pp O —————————
Nal (1.5 equiv)
(1.5 equiv) THF 70°C

75% (gram scale)

Selecled Examples:

85% 77% 63% 83%
o
M
From CgHysl 89% eN
CeH1gBr 79% e
NH-Q CeH15Cl 70%
" CeH150Ts 70% Ph
CeHia CeH13OTs/Nal  83% 81%

Cook reported the iron/diphosphine-catalyzed alkylation of arene-, heteroarene-,
and alkeneamides with primary alkyl halides (Eq. 19) [53] and, shortly after, the
alkylation of aromatic amides with benzyl chlorides and secondary alkyl bromides
(Eq. 20) [54]. The reaction with primary alkyl bromides proceeded well for
aromatic, heteroaromatic, and alkenyl amides; despite using phenylmagnesium
bromide as a base, the reaction with benzyl chlorides proceeded well under air.
As previously observed by Nakamura [28, 34], the slow addition of the Grignard
reagent was crucial in order to achieve high yields, presumably because of the
competing homocoupling [29]. Secondary alkyl bromides and iodides could be
employed in the reaction with benzamides, but acyclic secondary alkyls underwent
partial isomerization to the linear alkyl.

o) Fe(acac); (10 mol %) 0
dppe (15 mol %) Q
N = PhMgBr (3.45 equiv) N
@H N + BwBr ——m > H
H (S 2-MeTHF, 65 °C, 9 min Bu
(3 equiv)

Selected Examples: (19)

Me O o) o o)
\
Bu Bu COMe Ph

74% 63% 53% 72%
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Fe(acac); (10 mol %) 0

dppe (15 mol %) Q

PhMgBr (3.25 equiv) N’
©\)\ | + PMBC| —————————> H

THF, 65 °C, 8 min PMB

(8 equi) der Ny 83%
- under Ny o
PMB = p-methoxybenzyl under air 82%

Selected Examples: (20)

e

(branched:linear = 5:1) (branched:linear = 1:0.8)

*From the corresponding alkyl bromide.
Butylated hydroxytoluene (BHT, 1 equiv) was used as an additive.

79%

The iron-catalyzed directed C—H alkylation and alkenylation of indole deriva-
tives possessing an imine group with alkenes and alkynes, respectively, was
reported by Yoshikai (Eqgs. 21 and 22) [55]. Inspired by an analogy with cobalt
catalysis [56], they used an N-heterocyclic carbene as a ligand, cyclohexyl-
magnesium chloride as a base, and TMEDA as an essential additive for the reaction
with alkenes, whereas phenylmagnesium bromide was the base of choice, and
TMEDA was not necessary for the reaction with alkynes. The reaction with styrene
derivatives proceeded regioselectively to give the branched product; however, other
terminal alkenes such as 1-octene did not react. f-Substituted styrenes could also be
employed in this reaction. Diaryl-, arylsilyl-, and alkylsilyl-substituted alkynes
gave the (E)-alkenylated product, but in some cases isomerization was observed.
A dialkylalkyne was much less reactive. Based on deuterium-labeling experiments,
the authors proposed that the Grignard reagent reduces the iron precatalyst to a
low-valent iron-NHC species, which after coordination to the imine directing group
oxidatively adds the C—H bond. Next the alkene or alkyne undergoes migratory
insertion into the iron hydride complex, followed by reductive elimination to give
the product.

Fe(acac)3 (10 mol %)
NPMP SIXyl-HGI (10 mol %) =0
CyMgCI (1 equiv) H*
A\ Y > ——> N
EDA (2 equiv) N Ph
Me (1.5 equiv) EtZO 60°C,6h Me

PMP = p-methoxypheny!

/\
SIXyI-HCI = é{"‘;f’l‘ﬁ (21)

58% 34% 67%
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Fe(acac)3 (10 mol %)

=NPMP Ph  SIXyl-HGI (20 mol %) =0
i + Ph
\ . / PhMgBr (1.1 equiv)  H Ly
N Ph TMEDA (2 equiv) N Ph
Me ) THF, 60 °C, 18 h Me
(2 equiv) 84%
(EIZ= 94/6) (22)
—0 o] —0
Mes Mes SiMe
N—y/ N—y/ N—v/ 8
N Ph N Ph N Me
e e e
70% 79% 59%
(EIZ=>9911) (EIZ=76/24) (EIZ=>9911)

2.2 Other Substrates

It has been known from the 1970s that an iron complex can cleave the C—H bond of
an arene [57, 58]. However, the exploitation of this reactivity for the development
of a catalytic reaction has been largely neglected to date. An early attempt was
described in 1987 [59], when Jones reported that an iron—isocyanide complex can
insert the isocyanide group into the C—H bond of benzene upon irradiation with
light, and in the presence of added isonitrile and high dilution, the reaction was
catalytic in iron, albeit the turnover was low (Eq. 23).

H Fe(PMe;),(CNCH,t-Bu)s
+ tBuCH,-NC ——————> H
©/ z hv, high dilution (23)
(solvent) TON up to 8.4

In 2010, the groups of Charette and Lei independently reported an iron/diamine-
catalyzed reaction of aryl iodides or bromides with a solvent amount of arene at 80—
90°C (Eqgs. 24 and 25) [60, 61]. A mixture of ortho-, meta-, and para-isomers was
obtained when substituted arenes were used as the substrate, the ortho-isomer being
the major product. The Charette group reported a KIE value of 1.04, while Lei
group measured a KIE of 1.7. Based also on reaction inhibition by a radical
scavenger, Charette suggested that radical processes are involved. Recent studies
have revealed that cross-coupling of an aryl halide with an arene can proceed in the
absence of a transition metal catalyst ([62] and references therein).

Fe(OAc), (5 mol %)
bathophen (10 mol %)

KOt-Bu (2 equiv)
wo-{ Yt (O SRR o ()
90 °C

100 equiv 93%
( quiv) Ph Ph
bathophen= ¢ N\_/ N\
- N=

FeCl3 (15 mol %)
DMEDA (30 mol %)

LiHMDS (2 equiv)
wo- (Do (O BEEET o (340
80°C, 48h
(90 equiv) 81% (25)

SiMeg

DMEDA = /N i = Li—
MeHN NHMe LIHMDS Li NSiMe

3
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Hu and Yu reported an iron/macrocyclic polyamine-catalyzed reaction of
arylboronic acids with a large excess of pyrrole or pyridine at 130°C under air
(Egs. 26 and 27) [63], based on their previous studies on iron-mediated reactions
(initial report using a stoichiometric amount of iron: [64]). Pyrrole derivatives were
arylated at 2-position in good yield (Eq. 26), but when pyridine was used as a
substrate, the catalyst turnover was poor and 2-arylpyridine was obtained together
with a small amount of 3-aryl- and 4-arylpyridine (Eq. 27). Because a catalytic
amount of a radical scavenger did not inhibit the reaction, the authors proposed an
oxoiron complex as the active species to activate the ortho-hydrogen of the
heterocycle via c-bond metathesis and also performed a DFT analysis of the
mechanism. A related iron-catalyzed reaction of aryl boronic acids with
heteroarenes was reported by Singh and Vishwakarma [65].

FeC0,4-2H,0 (20 mol %)

ligand (20 mol %)
PhB(OH), + { > bt e @Ph
H 130 °C, under air H
(75 equiv) ‘ A 66% (26)
ligand = N
NH NH
H
LR
FeCly*6H,0 (50 mol %)
Xy ligand (50 mol %) Z
PRBOH), + | ] ————————— |
N AcOH, 110 °C, under air N~ "Ph
(solvent) 41% (GC) (27)

N ol(m + p) = 80:20
H

ligand= NH NH
H

N

Shirakawa and Hayashi reported the iron-catalyzed oxidative coupling of
arylboronic acids with arenes and heteroarenes (Eq. 28) [66]. They used iron(III)
triflate, a bipyridine-type ligand, and a peroxide as an oxidant. For substituted
arenes, a mixture of ortho-, meta-, and para-substituted compounds was obtained,
with modest selectivity for the ortho-isomer. The authors propose that Fe(III)
mediates generation of 7-BuO radical from the peroxide, which oxidizes the
arylboronic acid to generate an aryl radical that adds to the arene substrate.

Fe(OTf); (10 mol %)
ligand (10 mol %)

( ; t-BuOOt-Bu (2 equiv)
B @ 80C24h Meo Q O

(100 equiv) 73% (28)

Ar Ar

ligand= 7 N\_/ \y Ar=4-CFyCeH,
— =

Nakamura reported that 2-biphenylmagnesium and congeners could be
annulated with alkynes under mild reaction conditions in the presence of an iron
catalyst and a dihalide oxidant to produce a variety of phenanthrene derivatives
(Eq. 29) [67]. Based on deuterium-labeling experiments, the authors proposed the
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intermediacy of a biphenyl metallacycle, formed through intramolecular activation
of the ortho-hydrogen.

MgBr Fe(acac)s (10 mol %)  Ph Ph

dtbpy (10 mol %)
e O o 54
DCIB (3 equiv) Q Q
(2.2 equiv) THF
96% (29)

Fe“m\ [Fel } Ai: Ph

Nakamura group also reported the reaction of aryl Grignard reagents with two
molecules of alkynes to produce polysubstituted naphthalenes (Eq. 30)
[68]. Diarylalkynes reacted in good yield, but dialkylalkynes gave lower yield. A
limitation of this reaction was the lack of regioselectivity when differently
substituted substrates were used. The authors proposed that in situ-generated
aryliron species carbometalate the alkyne [69—73], followed by C—H bond activa-
tion, insertion of a second molecule of alkyne, and finally reductive elimination to
give the product.

H Fe(acac); (10 mol %) Ph
phen (10 mol %) Ph
+ Ph——Ph — > Oe
MgBr DCIB (3 equiv) Ph
THF, 0°C

(3 equiv)

73% yield Ph

thFeLl /}F>: + ClgFel (30)

Th o Graclp

Iron-catalyzed silylation and borylation of a C—H bond has received much
attention recently. Sunada and Nagashima reported that a disilaferracycle iron
carbonyl complex can catalyze the C-3-selective silylation of indoles [74]. Ito
and Nishiyama reported that a similar reaction can be catalyzed by a pincer iron
complex containing a silyl ligand [75]. Ohki and Tatsumi reported that Cp*Fe
complexes bearing imidazolium salts catalyze the borylation of furans and thio-
phenes [76]. The borylation of arenes catalyzed by nano-Fe20O3 was reported by
Kuang and Wang [77]; a similar reaction was reported by Mankand, who used an
iron—copper heterobimetallic complex under photochemical conditions [78], and by
Bontemps, Sortais, Sabo-Etienne, and Darcel, who used a bis(diphosphine)iron
complex under UV irradiation [79].
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3 Functionalization of C(sp3)—H Bonds

3.1 Substrates Possessing a Directing Group

Directed activation of a C(sp*)—H bond by an iron complex was much less inves-
tigated than the reaction of C(sp*)—H bonds. Li reported the phosphine-directed C
(sp>)-H to form an iron pincer complex (e.g., [80]). Ohki and Tatsumi reported that
Cp*Fe complexes bearing imidazolium salts undergo cyclometalation through C—H
activation or can cleave the C—H bond of a heteroarene [81].

Nakamura reported the first iron-catalyzed directed functionalization of C(sp)—
H bonds in 2013 (Eq. 31) [82]. Propionamides bearing a bidentate directing group
could be arylated with diarylzinc reagents in the presence of an iron/diphosphine
catalyst and a dichloroalkane oxidant. The nature of the directing group and of the
diphosphine ligand was crucial for the success of this reaction, presumably because
of stabilization of the putative organoiron intermediate. The reaction proceeded
exclusive at the methyl C—H in the presence of a benzyl C-H, suggesting the
intermediacy of organometallic species rather than a radical mechanism. The
distance between the C—H bond and the directing group proved also important,
and elongation of this distance resulted in shutting off the reaction.

p-MeOCgH 4MgBr (7 equiv)
ZnCly* TMEDA (3 equiv)

(o] Fe(acac); (10 mol %) (o]
dppbz (10 mol %)
Ph NTNF T ewe—— NH-Q
HooNe DCIB (2 equiv)
H THF, 50 °C >-MeOCgH,
dopbz = 85% (1.40 g) (3 1 )

75% yield
69% yield
no reaction
no reaction

n(CH2) <, \N'Q

0
A

oo
o =N w

53333

Ackermann showed that a bidentate directing group containing a triazole moiety
can also be used for this reaction, under otherwise very similar conditions (Eq. 32) [27].

PhMgBr (7 equiv)

9 ><(\ ZnCl»TMEDA (3 equiv)

Fe(acac); (20 mol %) .TAM

Ph /Ykﬁ Nf N=Bn  dppbz (20 mol %) Ph N (32)

=N _
H

DCIB (2 equiv)
toluene, 80 °C, 48 h

3.2 Other Substrates

Hartwig showed in 1997 that an iron boryl complex can cleave the C—H bond of a
simple alkane under photochemical conditions [83, 84], but this reactivity was not
exploited for C—C bond formation to date.

Nakamura observed the a-arylation of THF by an diorganozinc reagent in the
presence of an iron/bipyridine-type ligand and 4-iodotoluene that presumably acted
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as an oxidant (Eq. 33) [85]. Based on this initial lead, a reaction that combines
radical and organometallic reactivity of iron to achieve a-functionalization of
aliphatic amines through 1,5-hydrogen transfer was designed (Eq. 34).

PhMgBr/ZnCl, TMEDA
o cat. Fe/dtbpy

(_7 4-iodotoluene &Ph (33)

solvent

U Q—F’h

N | PhMgBr (2 equiv)
Fe(acac)s (2.5 mol %)
t-BuOMe, 50 °C
84% yield
Ph[Fe]l |—[Fe]| (34)

Ph

D I D N I G S
N i . N H . N

The a-arylation of ethers was further developed by Vishwakarma [86, 87], who
reported that in situ-prepared Grignard reagents react with THF to give the
corresponding 2-arylated compounds (Eq. 35). Despite its low solubility, iron
oxide was the catalyst of choice, and high yields were reported.

o

Br Mg, 1, FeyO3(1 mol %) Ph
O e - O (35)

dry THF 0°C,5h
95%

The arylation of cyclic and acyclic alkenes at the allylic position with Grignard
reagents was accomplished by Nakamura by using an iron/xantphos catalyst and
mesityl iodide as an oxidant (Eqs. 36 and 37) [88]. The alkene was used in large
excess, and the TON of the reaction reached 240. Control experiments supported
the intermediacy of a m-allyliron rather than a Heck-type mechanism.

Fe(acac)z (5 mol %)

xantphos (5 mol %)
PhMgBr  + C> S TEEE—— Ph
Mesl (1 equiv)
(20 equiv) THROC 57% yield

(TON = 240 with 0.1 mol % Fe)

PhMgBr + W L wph (36’37>

(20 equiv) 34%

xantphos = O O
o

PPh,

A large number of cross-dehydrogenative couplings using iron catalysis under
oxidative conditions have been reported [89, 90]. The coupling of sp>—sp>, sp’—sp~,
and sp’—sp bonds has been achieved. These reactions proceed through iron-
mediated electron-transfer processes and are outside the scope of this review.
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4 Conclusion

Iron-catalyzed C—H bond activation followed by C—C bond formation has received
much attention in recent years, motivated by the environmental and economical
merits of iron, as well as the scientific challenge in controlling and understanding
the reactivity of iron species. Robust catalytic systems have been developed for
directed C-H bond functionalization with organometallic reagents or with electro-
philes, and in some cases versatility and efficiency rivaling precious metal catalysis
have been achieved. Several examples of directed C(sp®)—H activation have also
been reported. Nondirected reactions have mostly relied on electron-transfer pro-
cesses, especially the reactions of C(sp’)-H bonds. While the pace of recent
developments is impressive, it can be said that the potential of iron catalysis for
C-H bond functionalization is far from being fulfilled. The repertoire of reactions is
still limited, as is the variety of substrates available; many of these reactions use
reactive organometallics as a base, and in many cases functional group tolerance or
product selectivity is unsatisfactory. Two of the biggest obstacles in the develop-
ment of these reactions are the lack of mechanistic understanding and implicitly the
lack of guidelines for controlling the reactivity of iron species. It is the belief of the
authors that in the near future these challenges will be successfully addressed, and
efficient iron catalysts for versatile C—H bond functionalization will be achieved.
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Nickel-Catalyzed C-H Bond
Functionalization Utilizing an N,N'-Bidentate
Directing Group

Naoto Chatani

Abstract This review discusses the use of nickel catalysts and N,N’'-bidentate
directing groups, such as 2-pyridinylmethylamine, 8-aminoquinoline, and deriva-
tives thereof, which constitute a powerful combination for the chelation-assisted

functionalization of C—H bonds.
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1 Introduction

A wide variety of transition metal complexes, such as Pd, Ru, Rh, and Ir, have been
used as catalysts in a variety of catalytic functionalizations of C—H bonds, such as
arylation, alkenylation, alkylation, carbonylation, dehydrogenation, amination, oxi-
dation, silylation, and borylation [1-9]. Among the transition metal complexes used
thus far in the functionalization of C—H bonds, the most powerful and extensively
studied involve Pd complexes. Pd complexes are known to show a high catalytic
activity in a wide variety of functionalization reactions of C—H bonds. Because of
this, many groups are now using Pd catalysts in the development of such functiona-
lization reactions. Mechanistic studies of the Pd-catalyzed functionalization of C—H
bonds, including stoichiometric reactions, have also been conducted. However, the
recent focus on developing synthetic methodology for various functionalization
reactions using less costly and more abundant first row metals, such as Fe, Co, Ni,
and Cu, is a challenging task. Ni catalysts are of particular interest in this area
[10, 11].

In 1963, an early example of the stoichiometric cyclometalation of C—H bonds
was reported by Kleiman and Dubeck (Scheme 1) [12]. Thus, the reaction of
azobenzene with NiCp, resulted in the formation of a cyclometalated complex.
Although the mechanism responsible was not discussed, the cleavage appeared to
proceed through 6-bond metathesis. A chelation-assisted cylometalation using Pd
complexes was also reported by Cope and coworkers in 1965 [13]. Since then,
cyclopalladation has been extensively studied [14, 15], in which the cleavage of C—
H bonds proceeds through an SgAr-type or concerted metalation—deprotonation
(CMD) mechanism. A wide variety of new reactions have arisen from the
cyclopalladated intermediates. In contrast, examples of stoichiometric amounts of
Ni complexes involving the activation of C—H bonds are still very rare. In 2014,
Zargarian finally reported on a stoichiometric reaction of bis(phosphinite) deriva-
tives with NiBr,, in which the cleavage of C—H bonds was proposed to proceed
through a SgAr-type mechanism based on the observation that electron-donating
substituents facilitate the reaction (Scheme 2) [16].

A pioneering example of the Ni-catalyzed functionalization of C—H bonds was
reported by Cavell, who reported on the Ni(0)-catalyzed alkylation of C—H bonds in
imidazolium salts with alkenes leading to the production of linear alkylation
products [17]. The addition of 2 equiv. of PPhj; is essential for the effective catalytic
reaction. The oxidative addition of C—H bonds to Ni(PPhj3),, which is generated in
situ, was proposed to initiate the catalytic cycle (Scheme 3).
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Scheme 1 Cyclometalation using NiCp, complex
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Fig. 1 Representative substrates applicable to the Ni-catalyzed functionalization of C-H bonds

Following this pioneering report, a number of the Ni-catalyzed functionalization
of C—H bonds have been reported. However, the functionalization of C—H bonds
catalyzed by Ni complexes is limited to C—H bonds in specific aromatic systems,
such as pyridine or activated pyridine derivatives and highly perfluorinated benzene
and azole derivatives, in which an acidic C—H bond is present (Fig. 1) [18]. On the
other hand, examples of the nickel-catalyzed activation of non-acidic C—H bonds in
benzene rings are rare. Recently, Chatani reported on the use of a powerful
combination of a Ni catalyst and an N,N'-bidentate directing group in the
chelation-assisted functionalization of C—H bonds, which is a promising chelation
system for developing new types of Ni-catalyzed functionalization of C—H bonds.
Since then, various transformations of C—H bonds catalyzed by Ni complexes have
been reported [19, 20]. This review focuses on the Ni-catalyzed functionalization of
C-H bonds by taking advantage of N,N'-bidentate directing groups. A pioneering
example of an N,N'-bidentate directing group was reported by Daugulis [21].

2 C(sp®)-H Activation
2.1 Oxidative Cycloaddition of C(sp’)-H Bonds with Alkynes

In 2011, Chatani and coworkers reported on the Ni(0)-catalyzed oxidative cyclo-
addition of aromatic amides 1 to internal alkynes for the synthesis of isoquinolone
derivatives 2 (Scheme 4) [22]. A similar transformation was previously reported
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Scheme 4 Ni-catalyzed oxidative cycloaddition reaction with alkynes

using Rh(III) as the catalyst [23, 24]. However, the reaction does not require the
addition of a metal oxidant or an intramolecular sacrificed oxidizing substituent in
the substrate, in contrast to the Rh(III) system. Instead, an alkyne functioned as the
hydrogen acceptor. Later, Pd(Il) [25] and Ru(Il) were also found to catalyze
oxidative cycloaddition of aromatic amides to internal alkynes leading to
isoquinolones [26] (for the Ru(Il)-catalyzed isoquinolone synthesis utilizing an
8-aminoquinoline directing group, see [27]). However, the use of an inexpensive
and abundant metal, such as Ni as the catalyst, is significant. A key to the success of
this reaction was the utilization of a 2-pyridinylmethylamine moiety as the directing
group. Among the directing groups examined, a 2-pyridinylmethylamine was found
to be a superior directing group.

Various functional groups, such as methoxy, amino, trifluoromethoxy, acetyl,
cyano, and acetal groups, are tolerated in the reaction. The reaction of a meta-
methyl- and trifluoromethoxy-substituted aromatic amide gave 3 and 4, respec-
tively, in which the less-hindered C—H bond was selectively cleaved. In sharp
contrast, in the case of a meta-methoxy-substituted substrate, the hindered C-H
bonds were cleaved to afford 5. The difference in regioselectivity between 4 and
5 is worthy of attention. These results suggest that steric effects are a major factor in
this type of reaction, but the electronic nature of the substituents also can have a
significant effect on the regioselectivity of the reaction if they contain a lone pair of
electrons. Diphenylacetylene also participates in the oxidative cycloaddition, as in
6. Unsymmetrical alkynes and phenyl alkyl alkynes regioselectively gave the
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Scheme 5 A proposed reaction mechanism for the Ni-catalyzed oxidative cycloaddition with
alkynes

corresponding isoquinolones 7, in which the phenyl group is attached to the carbon
adjacent to a nitrogen atom. The regioselectivity increased with increasing size of
the alkyl group.

A proposed mechanism for the oxidative cycloaddition with alkynes is shown in
Scheme 5. The reaction starts from the coordination of the pyridine nitrogen in the
amide 1 to the nickel(0) center followed by the oxidative addition of a N-H bond to
give the nickel hydride complex 8. The insertion of the alkyne into the Ni-H bond
of 8 affords the vinyl nickel complex 9. Cleavage of the ortho-C—H bond with the
concomitant formation of an alkene (experimentally detected) gives the ortho-
metalated complex 10. The cleavage of C—H bonds is proposed to proceed through
o-bond metathesis. Insertion of the alkyne into the C-Ni bond in complex 10,
followed by a reductive elimination, results in the formation of an isoquinolone 2,
with regeneration of the active nickel(0) species. The proposed intermediate, which
switches the regioselectivity of meta-methoxy substrate, is depicted as the complex
11. According to the proposed mechanism, in which the alkyne functions as a
hydrogen acceptor, 2 equiv. of alkynes is required and 1 equiv. of alkenes would be
formed. In fact, stilbene was formed in 81% yield, which is comparable to that for
6 (92%) in the reaction of 1 with diphenylacetylene.
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Scheme 6 Ni-catalyzed alkylation of C—H bonds with primary alkyl halides

2.2 Alkylation of C(sp’)-H Bonds

The direct arylation of C—H bonds with aryl halides or pseudo halides has been
extensively studied to construct biaryls as one of the alternative cross-coupling
reactions because biaryls find widespread applications as building blocks for
organic materials, fine chemicals, and pharmaceuticals. In sharp contrast, examples
of the direct alkylation of C—H bonds with alkyl halides are limited because the
oxidative addition of alkyl halides to transition metal complexes is an unfavorable
process and the resulting alkylmetal complexes tend to undergo pB-hydride elimi-
nation (for a review on C—H alkylation, see [28]). In 2013, Chatani reported on the
Ni(II)-catalyzed alkylation of C—H bonds in aromatic amides 12 with alkyl halides
(Scheme 6) [29, 30]. Among various directing groups tested, only an
8-aminoquinoline directing group gave the alkylation products 13. The addition
of PPh; was essential for the success of the reaction. In the absence of PPhs, no
product was formed. The addition of Nal was also found to promote the reaction.
An alkyl chloride showed no reactivity, but the reaction with an alkyl chloride in the
presence of 2 equiv. of Nal dramatically increased the product yield, as in 14. The
addition of Nal was also effective in the case of reactions with relatively less-
reactive alkyl bromides, as in 15. Not only alkyl halides but also benzyl bromide
and allyl bromide were also applicable to the reaction, as in 16 and 17. Because
examples of the methylation of C(sp’)-H bonds with methyl halides
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Scheme 7 A proposed reaction mechanism for the Ni-catalyzed alkylation of C—H bonds

(or pseudohalide) are very rare, the methylation of C—H bonds continues to be a
significant challenge. The use of a combination of methyl tosylate/Nal afforded the
methylation product 18 in 91% yield.

To gain insights into the reaction mechanism, various mechanistic experiments,
including deuterium-labeling experiments, competition experiments, radical clock
experiments, and radical trap experiments, have been carried out. These mechanis-
tic studies indicated that (1) the cleavage of C—H bonds is reversible, (2) a free
radical is not involved, and (3) Ni(Il) is a key catalytic species. A proposed
mechanism for the Ni-catalyzed alkylation of C—H bonds is shown in Scheme 7
[29, 30]. The coordination of amide 12 to the Ni(II) center gives the nickel complex
19 with the concomitant generation of HX. This step is accelerated by the base. The
complex 19 undergoes cyclometalation to give the ortho-metalated complex 20.
The cleavage of C—H bonds appears to proceed via a CMD (concerted metalation
deprotonation) mechanism [31]. This step is a reversible and rapid step and is not
the rate-determining step. The oxidative addition of R—X gives the Ni(IV) species
21, which undergoes reductive elimination followed by protonation to afford the
alkylation product 13 with the regeneration of Ni(II) species.

The reaction with secondary halides under the reaction conditions suitable for
the reaction with primary alkyl bromides gave no alkylation products (Scheme 6).
However, Ackermann recently successfully found the optimal reaction conditions
for the Ni(II)-catalyzed alkylation of C—H bonds with secondary alkyl halides using
essentially the same chelation system (Scheme 8) [32]. The reaction gave the mono-
alkylation products 22 with excellent selectivity. More significantly, less-reactive
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Scheme 8 Ni-catalyzed alkylation of C—H bonds with secondary alkyl halides and trifluoroethyl
halide

secondary alkyl chlorides were also applicable to the reaction, as in 23. Various
secondary alkyl bromides including cyclic and acyclic halides participate in the
reaction without any evidence of isomerization or rearrangement. Similar to the
results reported by Chatani and coworkers [29, 30], H/D exchange took place only
at the ortho-position, providing a strong support for the occurrence of a reversible
C-H bond cleavage. In addition, competition experiments showed that electron-
withdrawing groups on the aromatic ring facilitate the reaction. The trifluor-
oethylation of C—H bonds was also achieved, as in 24.

It was found that a variety of groups, such as alkyl, benzyl, allyl, and methyl
groups, can be installed at the ortho-position in the Ni-catalyzed reaction of C—H
bonds with alkyl halides or pseudohalides (Schemes 6 and 8) [29, 30, 32]. Zeng
recently reported on the Ni(0)-catalyzed ortho-allylation of C—H bonds in aromatic
amides using an 8-aminoquinoline as the directing group with allyl phosphates
(Scheme 9) [33]. In this reaction, Ni(II) complexes also showed catalytic activity,
but Ni(cod),/PCy; was the most active catalyst. This C—H allylation proceeds with
complete a- and E-selectivity. The addition of 2,4-di-fert-butyl-4-methylphenol
(BHT), a radical scavenger, had no obvious effect on the conversion, suggesting
that a free radical is not involved in the reaction pathway.
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Scheme 9 Ni-catalyzed allylation of C—H bonds with ally phosphates

2.3 Arylation of C(sp’)-H Bonds

Chatani recently developed the Ni(Il)-catalyzed arylation of aromatic amides
containing an §-aminoquinoline as the directing group with aryl iodides as coupling
partners (Scheme 10) [34]. In this system only the 8-aminoquinoline moiety gave
the desired ortho-phenylation product. Unlike the alkylation of C—H bonds shown
in Scheme 6 [29, 30], the addition of a phosphine ligand was not required for the
reaction to proceed. The reaction showed a high efficiency with broad functional
group tolerance. The scope of the reaction is broad with regard to both aromatic
amide and coupling partner. The reaction with 1,4-diiodebenzene gave 26, in which
one of the iodides remained intact. Some heteroaromatic iodides, such as 7-iodo-
1H-indole and 2-iodothiophene, also participate in the arylation of C—H bonds as
coupling partners to give 27 and 28, respectively.

To gain insights into the reaction mechanism, several mechanistic experiments,
including deuterium-labeling experiments, competition experiments, radical trap-
ping experiments, and Hammett studies, have been conducted. The results of
deuterium-labeling experiments indicated that the cleavage of C—H bonds is revers-
ible and it does not appear to be the rate-determining step. The competition
experiments and Hammett studies indicated that the presence of an electron-
withdrawing group in the aromatic amides and an electron-donating group in the
aryl iodides accelerates the reaction, suggesting that the reductive elimination step
appears to be the rate-determining step. The reaction was not completely inhibited
in the presence of the radical scavenger, 2,2,6,6-tetramethylpiperidine 1-oxyl
(TEMPO). A proposed mechanism, based on the above observations, for the
Ni-catalyzed alkylation of C—H bonds is shown in Scheme 11. The mechanism is
essentially the same as that proposed for the alkylation of C—H bonds shown in
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Scheme 10 Ni-catalyzed arylation of C—H bonds with aryl iodides

Scheme 7. The oxidative addition of Ar—I to the cyclometalated Ni(II) complex 20
leads to the formation of the Ni(IV) species 29, which undergoes a reductive
elimination followed by protonation to give the final arylation product 25 with
the regeneration of the active Ni(II) species. Based on competition experiments and
Hammett studies, the reductive elimination, which appears to be the rate-
determining step, would proceed through the transition state 30 in which a devel-
oping negative charge is stabilized by electron-withdrawing groups R on the
aromatic amides and a developing positive charge is stabilized by electron-donating
groups Z on the aryl iodides.

2.4 Alkynylation of C(sp’)-H Bonds

Shi recently reported on the Ni(II)-catalyzed alkynylation of aromatic amides
containing a (pyridine-2-yl)isopropylamine (PIP) as the directing group with ethy-
nyl bromides as coupling partners (Scheme 12) [35]. When meta-substituted aro-
matic amides were employed, the alkynylation occurred at the sterically more
accessible position. A wide variety of functional group were tolerated. The scope
of the reaction with respect to ethynyl bromides was wide. Not only a triisopro-
pylsilyl (TIPS) group but also a trimethylsilyl (TMS), alkyl, and aryl-substituted
alkynes were applicable to the reaction. The reaction proceeded with a high catalyst
turnover number (TON) of up to 196.
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29



30 N. Chatani

iCsF7l 1.2 equiv

cl Ni(OTf), 10 mol% o cl
% PPh; 10 mol%
N AN Na,CO; 2 equiv N | A
Ho + H-CHAr ————————> Ho
H N~ ‘Bubenzene Z
3 10 equiv 140°C, 20 h Ar 32
Selected Examples:
Me O Me O (0] O
N,Q N,Q MeO N/Q MeOOC N/Q
H H H H
O g g
O NHAc
52% 74% 33 91% 34 78%
(0] (0]
O Q : iL Q N
O N~ N~
H H H
Ph Ph
o Me )
75% 49% 81% (Ni 15 mol%)

Scheme 13 Ni(Il)-catalyzed benzylation of C—H bonds via cross-dehydrogenative coupling of C—
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2.5 Cross-Dehydrogenative Coupling of C(sp°)-H Bonds
with Toluene C—H Bonds

Among catalytic functionalizations of C-H bonds developed so far, cross-
dehydrogenative coupling of C—H bonds is one of the most ideal C—H functiona-
lizations because the new C—C bond is formed by the direct connection of two
different C—H bonds, thus avoiding the generation of stoichiometric amounts of
halogenated or organometallic byproducts [36—-38]. However, most of the examples
reported so far involve the coupling of C(sp*)~H/C(sp?)—H bonds. Chatani reported
on the Ni(Il)-catalyzed benzylation of ortho-C—H bonds in aromatic amides with
toluene derivatives using an 8-amino-5-choloroquinoline as the directing group
(Scheme 13) [39]. The reaction is tolerant to a wide variety of functional groups.
When meta-substituted aromatic amides were used, benzylation products were
selectively obtained through the cleavage of the less-hindered C—H bonds, as in
33 and 34.

A proposed mechanism is depicted in Scheme 14. The most important issue to be
understood is the nature of the actual benzylation species and how it is generated.
The generation of a benzyl radical species is proposed as the key species, which is
generated by the SET (single-electron transfer) from the base, Na,CO; to ‘C5F;1 to
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generate a ‘C5F; radical. The radical abstracts a hydrogen from toluene to give a
benzyl radical, which reacts with the cyclometalated complex 35 to generate a Ni
(III) complex 36. Reductive elimination from 36 releases the benzylation product
32 and a Ni(I) complex. The Ni(I) complex abstracts an iodine atom from ‘C5F;I to
generate Ni(Il) complex and a 'C5F; radical. In fact, the addition of TEMPO
completely quenched the reaction, suggesting that a free radical species is involved
in the reaction. The generation of benzyl iodide as the electrophilic counter partner
also cannot be excluded.

2.6 Carbonylation of C(sp’)-H Bonds

The use of N,N'-bidentate directing group in the carbonylation of C—H bonds has
been achieved by the use of carbon monoxide (CO) as the carbonyl source in
conjunction with Ru3(CO);, [40] or Co(acac), as the catalysts [41]. Ge recently
reported on the Ni(II)/Cu(Il)-catalyzed carbonylation of benzamides containing an
8-aminoquinoline as the directing group with DMF as the carbonyl source
(Scheme 15) [42]. The presence of both a Ni and a Cu catalyst was required for
the reaction to proceed. The product yield was improved by the addition of a
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Scheme 15 Ni(Il)-catalyzed carbonylation of C-H bonds

quaternary ammonium salt, tetraheptylammonium bromide (THAB). The reaction
shows a high functional group compatibility. When '*C-labeled DMF, the carbonyl
group being labeled, was used as the solvent, only a trace amount of '*C was
incorporated into the product 38, indicating that the carbonyl group in DMF is not
the source of CO. The results from some control experiments with various nitrogen-
containing solvents resulted in the suggestion that the source of the incorporated
CO in 38 is mainly the methyl group in DMF.

A deuterium-labeling experiment was carried out to probe the reaction mecha-
nism. The results indicated that the H/D exchange at the ortho-position is revers-
ible. A proposed mechanism is shown in Scheme 16. An iminium species 39, which
is proposed as the CO source, is generated in situ from DMF via a multistep process
under Cu(Il) catalyst with O,. The reaction of cyclometalated complex 20 with 39
resulted in the formation of 40, which is oxidized by Cu(II) under O, to give 41. An
intramolecular nucleophilic addition gives the intermediate 42, which is followed
by oxidation and hydrolysis to afford the phthalimide 38.

2.7 C=S Bond Formation

Around the same time, the Lu, Shi, and Zhang groups independently reported on the
Ni(IT)-catalyzed thiolation of C—H bonds with disulfides, in which two different N,
N'-directing groups were used as the directing group (Scheme 17). Lu (Scheme 17a)
[43] and Shi (Scheme 17b) [44] used a PIP directing group and Zhang used an
8-aminoquinoline as the directing group (Scheme 17c) [45]. In all cases, the
reactions showed a high degree of functional group tolerance. The scope of the
reaction regarding aromatic amides and diaryl disulfides was broad. Curiously, Lu
found that the addition of TEMPO inhibited the reaction, but in Shi and Zhang’s
systems, the addition of TEMPO had no effect on the efficiency of the reaction.
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Scheme 16 A proposed reaction mechanism for the Ni-catalyzed carbonylation reaction

Based on their contradictory results, a different mechanism was proposed. Lu
proposed a Ni(II)/Ni(IIT) catalytic cycle, in which the cyclometalated complex 20
reacts with a phenylsulfide radical to generate a Ni(Ill) intermediate, which is
similar to the pathway from 35 to 37 in Scheme 14. However, Shi and Zhang
proposed a Ni(II)/Ni(IV) cycle, in which diaryl disulfides undergo oxidative addi-
tion to the cyclometalated complex 20 to afford a Ni(IV) intermediate.

Chatani recently reported that the reaction of aromatic amides that contain a
5-chloro-8-aminoquinoine moiety as the directing group with arylsulfonyl chlo-
rides in the presence of Ni(OTf), as the catalyst results in sulfonylation at the ortho-
position (Scheme 18) [46]. A blocking substituent, chloride, is required to avoid the
sulfonylation at the quinoline ring at the 5-position. Various arylsulfonyl chlorides
can be used as the coupling partner, as in 43—45.
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Scheme 17 Ni-catalyzed thiolation of C—H bonds with disulfides
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Scheme 18 Ni-catalyzed sulfonylation of C—H bonds

3 C(sp3)—H Activation

3.1 Arylation of C(sp’)-H Bonds

A wide variety of catalytic functionalizations of C(sp?)-H have already been
developed to date and have had a significant impact not only in the field of organic
chemistry but also in related fields of chemistry. The methods have been applied to
the synthesis of synthetically useful compounds, such as materials, fine chemicals,
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Scheme 19 Ni-catalyzed arylation of C-H bonds with aryl iodides

and pharmaceuticals. Much attention has been currently focused on the functiona-
lization of C(sp®)-H bonds, which continues to be a challenging issue. In 2014,
Chatani reported the first example of the Ni(II)-catalyzed p-arylation of C(sp”)-H
bonds in aliphatic amides with aryl iodides (Scheme 19) [47]. Among the directing
groups evaluated, only an 8-aminoquinoline was successful directing group. The
addition of a sterically bulky carboxylic acid, such as 2,4,6-trimethylbenzoic acid
(MesCOOH) as an additive, improved the efficiency of the reaction. The reaction
was also significantly affected by the base used. Na,CO; was found to be the best
base for this reaction. Among the solvents examined, DMF was the solvent of
choice. Curiously, not only Ni(II) complexes, such as Ni(OTf),, NiCl,, and Ni
(OAc),, but also a Ni(0) complex Ni(cod), showed a high catalytic activity. The
reaction took place only at the -position. The reaction shows a high efficiency with
a broad functional group tolerance. Even an iodide survived under the reaction
conditions, as in 48.

The reaction mechanism appears to be similar to those proposed for the alkyl-
ation and arylation of C(sp®)~H bonds (Schemes 7 and 11). Mechanistic studies
indicated that (1) the C—H bond cleavage is reversible and is not a difficult process,
even in the case of strong C(sp3)—H bonds; (2) the oxidation of a Ni(0) species to a
Ni(II) species occurs, which is the actual catalytic species, by the Ar—I with the
generation of the respective Ar-H; and (3) a single-electron transfer (SET) was not
involved, based on radical trapping experiments with TEMPO. A proposed mech-
anism for the reaction is shown in Scheme 20. Coordination of the amide 46 to the
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Scheme 20 A proposed reaction mechanism for the Ni-catalyzed arylation of C—H bonds

Ni(IT) center followed by ligand exchange with the concomitant generation of HX
gives the Ni complex 49. The C-H bond in complex 49 undergoes cleavage at the
B-position to give 50 via a CMD mechanism. The oxidative addition of an aryl
iodide gives the high-valent Ni(IV) complex 51, which undergoes reductive elim-
ination followed by protonation to complete the catalytic cycle with the formation
of the desired arylation product 47 with the regeneration of Ni(II). The cleavage of
C-H bonds is reversible. The role of the carboxylic acid appears to be to accelerate
the cleavage of C—H bonds and the reductive elimination step.

You also reported on the use of a similar system for the Ni(Il)-catalyzed
arylation of C(sp®)-H bonds in aliphatic amides using an 8-aminoquinoline as a
bidentate auxiliary directing group (Scheme 21) [48]. The addition of PPh; and
DMSO improved the product yield. It is noteworthy that aryl bromides can be used
as the coupling partner in this system, but the yield of the corresponding arylation
products was slightly lower than those in the reaction with aryl iodides. The
reaction was compatible with various functional groups, such as ketones, esters,
amides, aldehydes, and cyano groups.

Since Sanford reported the first example of the Pd-catalyzed arylation of C—H
bonds with diaryliodonium salts as coupling partners [49], the utilization of
diaryliodonium salts in the functionalization of C—H bonds has been of great
interest. However, all examples involved the use of Pd, Pt, and Cu as the catalyst.
Chatani reported that diaryliodonium salts can also be used as coupling partners for
the arylation of C(sp>)—H bonds in place of aryl iodides using Ni(II) as the catalyst
(Scheme 22) [50]. Arylated products were obtained in good yields even in the
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Scheme 22 Ni-catalyzed arylation of C—H bonds with diaryliodonium salts

absence of a carboxylic acid. The effect of the counter anion of the diaryliodonium
salt was examined. Among the anions screened, a triflate was found to be a superior
counterion. The use of tetrafluoroborates (BF, ) and hexafluorophosphates (PF¢ ")
as counterions resulted in no reaction. Among the solvents examined, 4-methylte-
trahydro-2H-pyrane (MTHP) was determined to be the solvent of choice. A com-
petition experiment using electronically different diaryliodonium salts indicated
that an electron-donating group facilitates the reaction, which is a similar tendency
to that observed in the reaction with aryl iodides [47]. The addition of TEMPO had
no effect on the reaction.

Alkenylation was also achieved using a Ni(II) catalyst and an 8-aminoquinoline
directing group (Scheme 23) [51]. BINOL (1,1’-bi-2-naphthol) provided the best
results among the various additives examined. The yield was improved when a
combination of Li,CO;5 and potassium trifluoroacetate (KTFA) along with BINOL
was used. Various functional groups were tolerated under the reaction conditions.
Even a bromo group remained intact, as in 52. As a synthetic application of this
alkenylation, a highly functionalized carboxamide 53 was prepared via a sequence
involving a Ni(Il)-catalyzed arylation step, Ni(II)-alkenylation, hydrogenation
under Pd/C, and Ni(II)-catalyzed alkenylation.
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Scheme 23 Ni-catalyzed alkenylation of C—H bonds with aryl iodides

3.2 Alkylation of C(sp’)-H Bonds

Ge reported on the Ni(II)-catalyzed alkylation of C(sp”)—H bonds with alkyl halides
by taking advantage of an 8-aminoquinoline directing group (Scheme 24) [52]. In
sharp contrast to the arylation of C(SpS)—H bonds [47], Ni(cod), was not active as a
catalyst. It was found that various phosphine ligands improved the product yield.
Among the phosphine ligands screened, 1,2-bis(diphenylphosphino)benzene
(dppbz) gave the best result. The reaction tolerated various functional groups,
such as terminal alkenes (55), esters (56), cyano groups (57), and trifluoromethyl
groups (58). It was found that alkyl iodides could be replaced with alkyl bromides
with the addition of Csl, as in 55-57.

In contrast to the mechanism proposed by Chatani (Schemes 7, 11, and 20),
which involves a Ni(I)/Ni(IV) catalytic cycle, a Ni(II)/Ni(IIl) cycle was proposed.
When TEMPO was added, the yield of the product 54 was decreased: 0 equiv. 86%,
3 equiv. 46%, and 8 equiv. trace. In addition, the corresponding pentyl TEMP ether
was isolated. On the basis of these observations, a Ni(I[)/Ni(III) catalytic cycle was
proposed. The cyclometalated complex 50 reacts with an alkyl radical, which is
generated through SET from a Ni(I) species to an alkyl halide with the concomitant
generation of a Ni(Il) species. In this catalytic system, H/D exchange did not take
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Scheme 24 Ni-catalyzed alkylation of C-H bonds with primary alkyl halides

place, suggesting that the cleavage of C—H bonds is irreversible, which is contrary
to finding reported by Chatani [47].

3.3 Carbonylation of C(sp’)-H Bonds

Ge reported on the Ni(II)/Cu(Il)-catalyzed carbonylation of C(spz)—H bonds in
aromatic amides containing an 8-aminoquinoline as the directing group with
DMF as the carbonyl source (Scheme 15) [42]. This catalytic system was applicable
to the carbonylation of C(sp®)—H bonds (Scheme 25) [42]. A quaternary a-carbon to
the carbonyl group in the substrates is required for the carbonylation to proceed.
Contrary to the carbonylation of C(sp*)—~H bonds, in which the cleavage of C-H
bonds is reversible, the cleavage of C—H bonds was irreversible in the carbonylation
of C(sp>)-H bonds, suggesting that the rate-determining step is the cyclometalation.

3.4 C-S Bond Formation

Zhang reported on the Ni(I)-catalyzed thiolation of C(sp’)~H bonds in aliphatic
amides containing an 8-aminoquinoline directing group with diaryl disulfides
(Scheme 26) [53]. All examples involved the use of aliphatic amides having no
hydrogen at the a-position. Diphenyl diselenide was also applicable to the reaction,
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Scheme 26 Ni-catalyzed thiolation of C—H bonds with diaryl sulfides

as in 5§9. The addition of TEMPO or BHF had a negligible effect on the reaction,
suggesting that the reaction does not proceed through a free radical mechanism. The
results of deuterium-labeling experiments indicated that H/D exchange took place
only at the B-position indicating that the cleavage of C—H bonds is reversible.
Around the same time, Shi also developed the Ni(II)-catalyzed thiolation of C
(sp3)—H bonds in aliphatic amides with diaryl disulfides (Scheme 27) [54]. Mecha-
nistic experiments using 1,4-dinitrobenzene, TEMPO, and 1,4-diphenylethylene
indicated that a thioaryl radical is not involved in the reaction. Zhang and Shi
proposed a Ni(II)/Ni(IV) catalytic cycle for the Ni(II)-catalyzed thiolation.
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Scheme 27 Ni-catalyzed thiolation of C—H bonds with diaryl sulfides

3.5 C-N Bond Formation

Ge reported on the TEMPO-assisted Ni(II)-catalyzed intramolecular cyclization of
C—H bonds in aliphatic amides leading to the formation of f-lactam derivatives with
the assistance of an 8-aminoquinoline directing group (Scheme 28) [55]. Amidation
took place at the methyl C—H bond preferentially over phenyl C—H bonds, as in 61.
If the substrate did not contain a methyl group at the B-position, the reaction took
place at the benzylic C—H bonds, as in 62 and 63. A 5-methoxy-8-aminoquinoline
can be used as the directing group, as in 64, and the directing group can be easily
removed under oxidation conditions using cerium (IV) ammonium nitrate (CAN).

A Ni(IT)/Ni(IIT) catalytic cycle is proposed (Scheme 29). Catalysis is initiated by
the coordination of 46 to Ni(II) followed by a ligand exchange and the cleavage of
C—H bonds gives the cyclometalated Ni(I) complex 50, which is oxidized to the Ni
(IIT) species 65 by TEMPO. Reductive elimination gives the desired product 60
with the generation of a Ni(I) species that is oxidized to Ni(II) species by TEMPO.

4 Elaboration of Directing Groups

Three different directing groups, such as 2-pyridinylmethylamine,
8-aminoquinoline or derivatives thereof, and (pyridine-2-yl)isopropylamine moie-
ties, have been used as the directing group in Ni-catalyzed chelation-assisted C—H
functionalization reactions. These directing groups are easily converted to other
synthetically useful functional groups. Deprotection of an 8-aminoquinline moiety
to carboxylic acids was easily achieved by hydrolysis under acidic conditions
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Scheme 29 A proposed reaction mechanism for the Ni-catalyzed amidation of C—H bonds

(Scheme 30a) [56] or basic conditions [57] (Scheme 30b). The 8-aminoquinoline
moiety was removed by treatment with HCI in refluxing methanol [58] or BF;<Et,O
in methanol at 100°C to give the corresponding ester [59]. The 8-aminoquinoline
moiety was converted into the corresponding aldehydes via a reaction with
Schwartz’s reagent (ZrHCICp,) [60] (Scheme 30c). The 2-pyridinyl-
isopropylamine moiety can also be easily removed by a mild sequence consisting
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of N-nitrosylation, treatment with LiOOH, and reduction with Na,SO; [61]
(Scheme 30d).

5 Conclusions

A new chelation system using an N,N'-bidentate directing group has enabled the
development of various types of Ni-catalyzed functionalizations of C—H bonds. In
the case of previously reported systems, substrates that were applicable to the
Ni-catalyzed functionalization of C—H bonds were limited to specific structures,
such as pyridine or activated pyridine derivatives and highly perfluorinated benzene
and azole derivatives, all of which contain an acidic C-H bond (Fig. 1) [17]. How-
ever, the combination of a Ni catalyst and an N,N’-bidentate directing group was
found to be an excellent combination for the development of various Ni-catalyzed
chelation-assisted functionalizations of C—H bonds, since the report by Chatani and
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coworkers in 2011, on the use of an N,N'-bidentate directing group in the first
example of the Ni-catalyzed chelation-assisted functionalization of C-H
bonds [20].

The cleavage of C—H bonds in these Ni-catalyzed chelation systems appears to
involve two different mechanisms depending on the system in use (Scheme 31).
Substrates applicable to the N,N'-bidentate chelation system involve amides, which
contain both an sp® nitrogen and the NH bonds. In both cases, the coordination of
the sp” nitrogen to the Ni center initiates the catalysis. In the case of the Ni(0)/2-
pyridineylmethylamine system, the cleavage of C—H bonds proceeds via o-bond
metathesis. In contrast, a CMD mechanism is operative in the case of Ni(II)/8-
aminoquinoline. In any case, the catalytic Ni species forms a chemical bond to an
sp° nitrogen by the coordination of sp? nitrogen followed by the reaction with a NH
bond, as in 8 and 19. This N-Ni bond formation is a key for the activation of ortho-
C-H bonds.

One of the most important issues to be addressed in this area involves the
mechanism responsible for the reaction. In sharp contrast to the Pd-catalyzed
functionalization of C-H bonds, mechanistic studies dealing with the
Ni-catalyzed functionalization of C—H bonds are limited. The oxidation state of
the Ni intermediates is unclear. Catalytic Ni(II)/Ni(IV) or Ni(I[)/Ni(IIl) cycles have
been proposed, although no direct experimental evidences exist [62, 63]. The role
of the guinoline ring is also unclear. In addition to serving as a directing group [64],
it is likely that it plays other roles in the overall reaction. One possibility is that the
8-aminoquinoline moiety functions as an electron reservoir to stabilize the high-
valent and unstable Ni(III) or Ni(IV) complex (for a review on redox non-innocent
ligands, see [65]).

Reactions using a Ni catalyst and an N,N'-bidentate directing group have started
to appear in the literature only in the last few years. As more mechanistic informa-
tion emerges, new and more exciting advances can be anticipated.
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Copper-Mediated Intermolecular C-H/C-H
and C-H/N-H Couplings via Aromatic C-H
Cleavage

Koji Hirano and Masahiro Miura

Abstract Copper salts and complexes have recently received significant attention as
less expensive and abundant alternatives to some noble transition metal catalysts such as
palladium, rhodium, and ruthenium, in the research field of C—H activation. They not
only replace the above precious metal catalysts in the known C—H transformations but
also mediate unique, otherwise challenging, cross-coupling reactions involving C-H
bond cleavage. This chapter mainly focuses on recent advances in the copper-mediated or
copper-catalyzed intermolecular C—-H/C-H and C-H/N-H aromatic couplings. Seminal
mechanistic studies on the copper-mediated C—H functionalization are also discussed.

Keywords Aromatic compounds - C—C formation - C-N formation - Copper -
Dehydrogenative coupling
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1 Introduction

Since the pioneering work on the ruthenium-catalyzed directed C-H alkylation by
Murai and coworkers [1], the transition metal-mediated C—H functionalization has
grown rapidly because of its possibility for transformation of ubiquitous C—H bonds
to versatile functional groups in atom- and step-economical manners. While the
second- and third-row transition metal catalysts such as palladium, rhodium, and
ruthenium have initially been developed, for the realistic catalyst loading, many
researchers then turned attention into less expensive and easy-to-handle first-row
transition metals. Particularly, less toxic and abundant copper salts are attractive
alternatives for the above noble metal catalysts and have great potential for ideal
but greatly challenging intermolecular C—H/C—H and C-H/N—H couplings [2-6]. In
2006, two seminal examples for the C—H/N—H coupling were reported concurrently
by Yu [7] and Chatani [8]. While not catalytic in copper, 2-phenylpyridine was
found to undergo dehydrogenative amination with tosylamide or aniline without
employing any precious metal catalysts (Eqs. 1 and 2). Since then, this research
field has greatly progressed and is now one of the hottest areas in C—H functiona-
lization. In this chapter, recent advances in the copper-mediated intermolecular
dehydrogenative C—C and C-N aromatic couplings are summarized; the intramo-
lecular version is not covered because the excellent review is now available
[9]. Additionally, some related couplings with miscellaneous heteroatom nucleo-
philes and seminal mechanistic studies on the Cu-promoted C-H functionalization
are also referred.

= = |

o Cu(OAc); (1.0 eq) Sy ;
NT o+ HNTTS TeeN 130 °C air s @

H  74%

= = ‘

| R Cu(OAc), (1.2 eq x 2) Sy
N 2 mesitylene, 160 °C Ph @

H 55%

2 C-H/C-H Coupling

The transition metal-promoted C—C cross-coupling reaction ranks as the most
important bond-forming strategy in modern organic synthesis. Traditionally,
organic halides and organometallic reagents are employed as prefunctionalized
starting materials [10—12]. On the other hand, the metal-mediated C—H activation
can skip prefunctionalization steps such as halogenation and stoichiometric
metalation. In particular, the dehydrogenative C—H/C-H coupling can be an ulti-
mate C—C formation because no preactivation of both starting materials are needed.
In this section, copper-mediated C—H/C—H aromatic couplings are divided into
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three types of alkynylation, arylation, and alkylation, and their scope and limita-
tions are described.

2.1 Alkynylation

Arylacetylenes are among the most fundamental and important n-conjugated sys-
tems in various areas of organic chemistry. A powerful and reliable approach to
these molecules is the palladium/copper-catalyzed cross-coupling of aryl halides
with terminal alkynes, also known as the Sonogashira coupling [13-16]. However,
the stoichiometric halogenation of arenes is inevitable for the preparation of the
starting halogenated arenes. Ultimately, the direct coupling between arenes and
terminal alkynes via twofold C—H bond cleavage of both substrates is an ideal goal
since no preactivation step is required. The first copper-mediated dehydrogenative
alkynylation of aromatic compounds was reported by Miura and coworkers in 2010
(Eq. 3) [17]. The aromatic substrate is limited to some acidic 1,3-azoles, but
preliminary attempts to apply catalytic conditions are also successful by using
molecular oxygen as a terminal oxidant. Subsequently, the same group [18] and
Su [19], independently, succeeded in the related direct alkynylation of
polyfluoroarenes (Eqs. 4 and 5). A relatively strong base, LiOrBu, is necessary,
but the reaction proceeds well under mild conditions without special slow addition
techniques.

CuClj, (25 mol%)
DMEDA (50 mol%)

-N -N
N Na,CO; (2.0 N _
Y+ = NagC0;20eq) N y=-w 0
o N DMAc, 120 °C o
Ph (slow addition) 0, (1 atm) 559,

DMEDA = MeHN NHMe

Cu(OTf), (20 mol%)
phen+OH, (40 mol%)

C.F—H Ph LiOtBu (1.0 eq) C.F h ()
H O+ F =p
s ' DMSO, tt, air oS '

CuCl, (30 mol%)
phen (30 mol%)
DDQ (15 mol%)

LiOBu (3.0 eq) _ /=
CeFs—H + = CeFs—— ®
oo < > DMSO, 40°C, 0,  °° \_/

72%

phen = 4 N
- N=
In the above leading work, the aromatic C-H cleavage step is apparently
dependent on the acidity of aromatic C—H. The theoretical pK, values of represen-
tative (hetero)aromatic compounds are shown in Table 1 [20].
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Table 1 Theoretical pK, values of some representative (hetero)aromatic compounds in DMSO

38.4 39.0

0350 0335 6396 06()271 09 ()295 351()351

oy G b

On the other hand, recent development of the bidentate coordination strategy
[21, 22] successfully expands the substrate scope into the more general benzene
derivatives. The first applicable directing group is the aminoquinoline-based N,N-
bidentate amide, which was originally developed by Daugulis [23]. Although the
dehydrogenative alkynylation occurs smoothly, probably because of the relatively
high acidic nature of the aminoquinoline NH, the in situ generated alkynylated
product spontaneously undergoes the subsequent annulation to provide the methy-
lene isoindolinone skeleton (Egs. 6 and 7) [24, 25]. More recently, Dai and Yu [26]
and Shi [27] successfully suppress the undesired annulation by the oxazoliny-
laniline- and pyridinylpropylamine-modified coordinating moieties, respectively,
and the desired alkynylated products were obtained in good yields (Eqs. 8 and 9).
The latter two directing groups are easily removed under base-promoted hydrolysis
conditions after the coupling reaction.
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0
Cu(OAc), SOeq
yﬂ 1 =" Ttamom, 120G

Ph  91%

CuBr; (10 mol%)
0 neocuproine (20 mol%)

o
o CsOAc (1.2 eq) N
N I Ph DMF, 70°C, O, (1 atm) HoW
I \\
8

Ph  91%
neocuproine =

0 Cu(OAc), (1.0 eq) o)
NaOAc (1.0 eq)
N + =—Ph —— N (8)
H DMSO, 60 °C, air H
70
N”"O > N
— Ph 52%
Cu(OAC), (30 mol%)
o Ag2CO3 (2.0 eq) o]
Na,CO3 (1.0 eq)
EtsN (0.8 e N A
NN - =—sigey, S0 08D, R )@
N 1,4-dioxane, 140 °C N_ -~
air \\

Si(iPr)3
90% (mono/di = 6.5/1)

2.2 Arylation

Since the biaryl structures are prevalent cores in pharmaceutical targets and func-
tional materials [28, 29], the dehydrogenative biaryl coupling of nonfunctionalized
simple arenes has been extensively studied in recent years. Early successful exam-
ples with copper salts alone involve the cross-coupling reaction of relatively acidic
1,3-azoles and polyfluoroarenes (Eqs. 10-13) [30-33].
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N N Cu(OAc), (1.2 eq
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84%
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N N _LiOfBu (4.0 eq) _
N 2 > </
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71%

Cu(OAc), (20 mol%)
AgoCO3 (1.5 eq)

N N
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s /N xylene, 140 °C, O,
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CuBr (1.0 eq)
N F F phen (1.0 eq) N F F
N- LiOfBu (3.0 eq) N~
X9+ v weonmor L {} -
Ph 0 MeCN, rt, O, Ph lo)
F F FF

51%

The application to less acidic, general arenes was first reported by the group of
Hirano and Miura in 2011. Under Cu(OAc),/PivOH-promoted conditions,
2-phenylpyridine directly cross-couples with some 1,3-azoles (Eq. 14) [34]. The
related dehydrogenative biaryl couplings of indoles, benzamides, and naphthyl-
amines also proceed in the presence of Cu(OAc),, with the assistance of appropriate
directing groups, to make the corresponding bi(hetero)aryl linkages efficiently
(Egs. 15-17) [35-37]. The directors except for the 2-phenylpyridine are readily
attachable and detachable: 2-pyrimidyl (Eq. 16) and 8-aminoquinolinyl (Eq. 17)
groups were removed smoothly by sodium alkoxide-mediated alcoholysis. Addi-
tionally, in some cases, the molecular oxygen renders the reaction catalytic in
copper. The copper-based C—H/C—H coupling strategy can also be applicable to
the regioselective direct heteroarylation of 2-pyridones at the C6 position
(Eq. 18) [38].
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72% (mono/di = 9/1)

Cu(OAc), (20 mol%)
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(0]
Cu(OAc), (3.0 eq)
D P|vOH10eq) O NS
o-xylene, 165 C NN (17)
735 OQ
F3C _
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The same research group also developed the formal dehydrogenative construc-
tion of benzofuran- and indole—azole conjugations via an annulative metalation of
ortho-alkynylphenols and ortho-anilines (Scheme 1) [39, 40]. In the case of the
aniline, the substituent on the nitrogen is spontaneously removed after the C—C

formation to form the free NH indole exclusively. This protocol requires the alkyne
and heteroatom functions in one coupling partner but can provide a unique
approach to the biologically important bi(heteroaryl)s from nonhalogenated and

nonmetalated starting materials.

2.3 Alkylation

The copper-mediated dehydrogenative alkylation of aromatic compounds is less
investigated, compared to the alkynylation and arylation in Sects. 2.1 and 2.2. The
limited successful example includes the quinoline-containing benzamide and
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Ph CuF, (2.0-3.0 eq) N__Ph
= phen (1.0-3.0 eq) N \\1/
N-N K4PO, (3.0-4.5 eq) O
¥ </ k DMF, rt-65 °C, air
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Y = 0, NCO(2-FCgH,) Y
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N NS XCu )
o] \_ 0O H CuX
| via N\
\ Srn | ©\/ ®R
0o N : base

75% 75%

Scheme 1 Formal dehydrogenative construction of bi(heteroaryl)s via annulative metalation

relatively acidic active methylene compound, namely, ethyl cyanoacetate (Eq. 19)
[41]. An initially formed alkylated product undergoes the intramolecular nucleo-
philic addition/tautomerization sequence to furnish the formally annulated product,
isoquinolinone, in a good yield. Very recently, Dai and Yu succeeded in the
annulation reaction of benzamide with malonates by the action of the oxazoliny-
laniline auxiliary (Eq. 20) [42]. While not dehydrogenative, the oxidative C—H
trifluoromethylation with TMS-CF; also appears (Eq. 21) [43].

Cu(OAc)2 (3.0 eq)
NayCO3 (3.0 eq)

DMSO, 90 °C

o Cu(OAc)2 (20 mol%)

Ag2COs (1.5 eq)
COMe | C0, (1.0 eq)

CO,Me DMSO, 80 °C, air

Cu(OAc)2 (1.0 eq)

o) KF (4.0 eq)
xa Ag>CO3 (1.5 eq)
NN + Tms—cF, —NMO(20e
\_N DMSO, 100 °C, air
S\ .0
NMO= 0O N7
/>

3 C-H/N-H Coupling

2!
o
.Q
N2 NG N
— == a9
CN NH NH,

CO,Et
88%

o
N-Oxa (20)

MeO,C CO,Me
69%

F;C

\ N,Oxa
A o H (21)

80%

Due to the ubiquity of (hetero)arylamines in biologically active compounds, natural
products, and organic functional materials, the aromatic C—N formation has been

widely explored over the last two decades [44, 45].

Among them, the
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dehydrogenative coupling with readily available (hetero)arenes and amines is ideal
but difficult, particularly in an intermolecular manner, even with the noble transi-
tion metals such as palladium. The challenging aromatic C—-H/N-H coupling has
been recently achieved in copper-based systems.

The first copper-catalyzed intermolecular C-H/N-H coupling was reported by
Mori and Schreiber, independently, in 2009 (Egs. 22 and 23) [46, 47]. Although the
scope of the aromatic compound is limited to the acidic 1,3-azoles, the catalytic
turnover of copper is realized by an ideal oxidant, molecular oxygen. Subsequently,
similar aminations of polyfluoroarenes (Eq. 24) and pyridine N-oxides (Eq. 25)
were developed by Su [48] and the groups of Li [49], Wu, and Cui [50], respec-
tively. When the biologically important sulfoximine is employed as a nitrogen
source, the reaction proceeds smoothly even under ambient conditions, and the
enantiopure substrate is converted into the product without affecting the enantio-
meric excess (Eq. 26) [51].

Cu(OAc), (20 mol%)

N Ph 0 N Ph
@[ S 4 opoy | PPhs(Omore) @[ SN (22)
s \ xylene, 140 °C s \

O, (1 atm) 81%

Cu(OAc), (20 mol%)
Na,CO3 (2.0 eq

o}
N
pyndme (20 eq)
T - w3 ' o
N toluene 120 °C
\

O, (balloon) \ 829%
o

Cu(OAc), (20 mol%)
FoF HAN TEMPO (0.5 eq
KO1Bu (2.5 eq)
MeO + Q (24)

DMF, 40 °C, O, (1 atm)

F
NO: 88%

o Q-

Nt O Cul (10 mol%) N*_N
CU HN toluene, 50 °C, air @/ (25)

91%
N Cu(OAC),*OH, (10 mol%) N
HN. O  KqPO, (3.0 eq) @[ SN 0

- L 3704 N €

@E % S., DMF, t, air o_ .S, (26)

o Ph” Ph”
>99% ee 91%, >99% ee

Meanwhile, Nicholas succeeded in the development of catalytic variants of work
by Yu and Chatani in Egs. (1) and (2). The key to the success is a careful choice of
the solvent: an anisole/DMSO cosolvent system is essential for the good conversion
(Eq. 27) [52]. Li and coworkers also reported the catalytic system with fert-butyl
peroxide (TBP) as an oxidant (Eq. 28) [53]. In the latter case, an aminyl radical
species might be involved in the C-N forming step [54], although the details are not
clear. Additionally, the sulfoximine is also a promising coupling partner for
2-phenylpyridine, albeit with a stoichiometric amount of Cu(OAc), (Eq. 29) [55].
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Cu(OAc), (20 mol%) N |

N
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160 °C, O, (1 atm)
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—_— NT (28
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=
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AcOH (0.5 eq) \N 29)
_S.py  ECON, 150 °C, O, (1 atm)
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More general arenes and heteroarenes can be employed by the introduction of
appropriate directing groups. Shen and coworkers reported the CuOAc/O,-cata-
lyzed C2-selective amination of N-(2-pyrimidyl)indoles with phthalimide
(Eq. 30) [56].

o o
CuOAc (20 mol%)
N+ HN —_— DN 30
©E,} toluenelo-ClyCafl (171 N (30)
bym 4 150 °C, O (1 atm) bymd
pym = 2-pyrimidyl 86%

Similar to the C—-H/C-H coupling mentioned in Section 2, some N,N-bidentate
coordinating groups also work well in the C—-H/N-H coupling. Benzamides bearing
the quinoline moiety are directly aminated under the copper/silver bimetallic
catalyst system, although the exact role of the silver salt is not clear (Eq. 31)
[57]. The oxazoline-based double coordination strategy allows the otherwise diffi-
cult dehydrogenative C-N coupling of various heteroarenes and heteroarylamines
to afford heteroatom-rich diarylamines of pharmaceutical importance (Eq. 32)
[58]. Intriguingly, the scope of amines is complementary: in the former case,
strongly basic alkylamines are applicable whereas the latter conditions accommo-
date less basic arylamines and amides.
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87%
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By using a picoline-type director, anilides can also couple with alkylamines in a
dehydrogenative manner to form the corresponding 1,2-diaminobenzene deriva-
tives (Egs. 33 and 34) [59, 60]. The hypervalent I(IlIl) reagent, PhI(OAc), is a
critical oxidant, and the reaction occurs under relatively mild conditions (rt—80 °C).
The unique ortho-regioselectivity observed in the reaction of 1-naphthylamine and
preliminary deuterium-labeling experiments suggests a single electron transfer
(SET) mechanism, although the detailed pathway still remains obscure.

[ S

_N ‘ _N

o NH Cu(OAc), (15 mol%)
VAR PhlI(OAc), (1.2 e (0] NH O
+ HN O M» ﬁ (33)
OO N/ p-xylene, 80 °C N
g O 50%
X X
‘ _N Cu(OAc),*OH; (10 mol%) ‘ _N
PhI(OAc), (2.0 eq)
I\ MgCl, (20 mol%) (34)
+
O”“>NH + HN_ NBoc 1 a-dioxano, A 07 NH [ NBoc
A X

_N -N  89%

4 C-H/X-H Coupling with Other Heteroatom
Nucleophiles

Some heteroatom nucleophiles other than amines also couples with aromatic C—H
bonds under appropriate copper-based conditions to make the corresponding C—X
bonds efficiently.
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4.1 S-Nucleophiles

Several copper salts have been found to promote the dehydrogenative thiolation of
1,3-azoles with both aromatic and aliphatic thiols [61-66]. Especially, N-heterocy-
clic carbenes (NHCs)-ligated copper complexes show the high catalytic activity
(Eq. 35) [66]. The thiolation of less acidic aromatic substrates is possible with the
aid of Daugulis’s quinoline-type bidentate coordinating group (Eq. 36) [67]. In this
case, the corresponding disulfides, for example, F3CS—-SCF;, are also effective
thiolation reagents (Eq. 37) [68].

N IPrCul (20 mol%) IPr =
S + Heph —2Qs(20ed) _KeCO5(2.0eq) \>—SPh 35)
s DMF, 140 °C, air

81%

(0]
Cu(OAc), (20 mol%) Q
bathophen (40 mol%) N’
© _Ag,CO5(20eq H  (36)

NMP, 110 °C

< _ O @
2 O <
SCF40

(0]
.Q .Q
N Cu(OAc), (0.5 e
@AH RSO, T ﬁiﬁ(” ‘37)
Bu ’ Bu SCF3

74%

bathophen =

4.2 O-Nucleophiles

The C-H/O-H coupling of 2-phenylpyridine with primary and secondary aliphatic
alcohols occurs in the presence of a Cu(OAc), catalyst and AgOT{/O, dual oxidants
(Eq. 38) [69]. Unfortunately, phenols in place of the alcohols result in no formation
of the C-O coupling products, due to the dominant self-coupling under oxidative
conditions. The use of the quinoline auxiliary overcomes this limitation, and phenol
derivatives as well as easily-oxidizable allylic and benzylic alcohols can be
employed (Eq. 39) [70]. Interestingly, with 3-aminophenol, the selective C-O
formation over C—N formation is observed. Very recently, the group of Niu and
Song introduced the unique N,O-bidentate directing group based on
2-aminopyridine N-oxide and succeeded in the copper-mediated dehydrogenative
C-O coupling of aromatic compounds with both aromatic and aliphatic alcohols
(Egs. 40 and 41) [71, 72]. Unusual compatibility with aryl iodide as well as
hexafluoro-2-propanol (HFIP) is observed.
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4.3 Miscellaneous Nucleophiles

The potential of P-based nucleophiles in the copper-promoted dehydrogenative
aromatic coupling was reported by the research group of Chen and Yu (Eq. 42)
[73]. With the assistance of the N,N-bidentate coordination of the aminoquinoline,
the copper-catalyzed C—P formation of aromatics with dialkylphosphonates pro-
ceeds to produce the corresponding aryl phosphonates in good yields.

o Cu(OAC); (20 mol%) o)
aQ H _ 3%803 (1.0 eq) N Q
nY o, poiPy, _NMO(20eq) H (42)
H 8 DMSO, 55 °C POPY),
O 78%

Some halogen sources, such as LiCl, NCS, and NIS, also couple with aromatic
C-H bonds to form the corresponding C-halogen bonds under appropriate copper
catalysis [7, 74-78]. Some representative examples are illustrated in Eqgs. (43) to
(45).
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5 Mechanistic Studies

The detailed mechanism of copper-mediated dehydrogenative couplings mentioned
above remains largely elusive because under oxidative conditions, copper com-
plexes can have several oxidation states including Cu(0), Cu(I), Cu(Il), and Cu(III).
Despite such complications, seminal studies recently appear. In an early work by
Yu in 2006 (Eq. 1) [7], a SET mechanism is proposed on the basis of deuterium-
labeling experiments: no kinetic isotope effect (KIE) is observed in the intramo-
lecular competition (Scheme 2). As exemplified by the chlorination, the pyridine
directing group can coordinate to the Cu center to form ate-type complexes and
induce the one-electron oxidation followed by ligand transfer regioselectively at the
ortho-position. The second SET process by an additional Cu(Il) species provides
the observed C—H functionalized product.

On the other hand, a very unique redox system involving Cu(I)/Cu(Il)/Cu(III)
oxidation states was reported by Ribas, Stahl, and coworkers [79-81]. They exten-
sively studied the reactivity of the triazamacrocyclic ligand with Cu(Il) and suc-
cessfully characterized C—H activated Ar—Cu(II) and Cu(I) complexes. The careful
investigation of the reaction stoichiometry revealed that 0.5 eq of Ar—Cu(III) and
0.5 eq of Ar—Cu(I) are formed from 1.0 eq of Cu(Il), thus suggesting an dispropor-
tionation of Cu(Il) into Cu(IIl) and Cu(I) during the C—H activation event (Eq. 46).
Upon treatment of the isolated Ar—Cu(Ill) complex with MeOH as an oxygen
nucleophile, the C—H alkoxylated product and Cu(I) salt are obtained quantitatively
(Eq. 47). A similar C-N bond formation occurs when NH pyridone is used as a
nitrogen nucleophile.
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Based on the above outcomes, the mechanism of the Cu(Il)/O,-catalyzed C—H/
O-H coupling of the macrocyclic arene with MeOH is proposed as shown in
Scheme 3. An initial complexation of the arene with Cu(Il) (A) is followed by C—
H cupration with concomitant disproportionation by additional Cu(II) to form Ar—
Cu(III) intermediate (B). Subsequent reaction with MeOH probably through reduc-
tive elimination furnish the C-O coupling product-ligated Cu(I) complex (C). The
formed Cu(l) species is reoxidized by O, (D), and final ligand exchange with the
starting arene liberates the product and regenerates the starting Cu(Il) complex (A)
to complete the catalytic cycle.

Additionally, the research group of Ertem and Stahl recently reported a
condition-dependent, divergent mechanism in the Cu(Il)-mediated C—H functiona-
lization of the benzamide with Daugulis’s auxiliary (Scheme 4) [82]. Under acidic
chlorination conditions with a CuCl catalyst and LiCl in AcOH, the SET mecha-
nism is operative, and the C—H chlorination occurs selectively at C5 position of the
quinoline ring. A KIE value of 1.0 also supports the electron transfer system. In
sharp contrast, under relatively basic conditions, the Cu(OAc),-mediated C—-H/O-H
coupling with MeOH proceeds exclusively at the ortho-position of the benzamide
ring. A large KIE value of 5.7 as well as the observed site selectivity apparently
indicates a different C—H activation mechanism. In the latter case, the reaction
involves a Cu(I)/Cu(II)/Cu(IIl) organometallic pathway similar to that in Scheme 3.
Particularly notable is the C—H activation at the Cu(Il) center prior to the oxidation
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Scheme 3 A unique one-electron redox mechanism in Cu(II)-mediated C—H/O-H coupling
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Scheme 4 A condition-dependent, divergent mechanism in Cu(II)-mediated C—H activation: SET
vs organometallic pathway

(disproportionation) into the Cu(Ill), which is supported by DFT calculations
(Scheme 5).

6 Conclusion

Over the last decade, the copper-mediated or copper-catalyzed C—H functiona-
lization has been developed rapidly and greatly by significant efforts of many
researchers, and cheap and abundant copper salts now can replace, to some extent,
precedented noble transition metal catalysts such as Pd, Rh, and Ru. Moreover,
some unique features of copper salts and complexes are observed. The
intermolecular dehydrogenative cross-couplings mentioned in this chapter are
such good examples, and they are otherwise challenging even under known noble
transition metal catalysis. However, there is still a large room for further
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Scheme 5 DFT calculations for C-H activation: Cu(II) vs Cu(III)

development: improvement of turnover number (or frequency), use of atmospheric
oxygen as an ideal terminal oxidant, activation of even more challenging sp®> C—H
bonds [83-85], and application to asymmetric catalysis. The clarification of
detailed mechanisms and design of new Cu-based catalysis can address these
problems and open a door to truly useful and practical synthetic transformation
based on C—H activation chemistry.
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The Effects of Ancillary Ligands on
Metal-Carbon Bond Strengths as
Determined by C-H Activation

William D. Jones

Abstract The activation of C—H bonds by oxidative addition in about 30 different
substrates has been examined with three closely related metal species, [Tp’RhL],
where L = CNneopentyl, PMe;, and P(OMe);. Kinetic studies of the reductive
elimination of R—H provided data to ascertain the relative metal-carbon bond
strengths for a wide range of compounds. Trends in these bond strengths reveal
that there are two classes of C—H substrates: parent hydrocarbons and substituted
methanes. DFT calculations are used to support the observed trends, and some
generalizations are made by comparison to other metal systems.

Keywords Bond strengths - Kinetics - Oxidative addition - Reductive elimination -
Rhodium - Thermodynamics
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1 Introduction

Carbon-hydrogen bond activation by transition metals has found its way to becom-
ing an important aspect of organic synthesis. Metals have been found to break C—H
bonds and then participate in follow-up reactions, oftentimes insertions of olefins or
alkynes, that permit functionalization of a substrate or the formation of fused-ring
systems. As this chemistry is developed, it is clear that selectivity in C—H bond
activation is a critical issue that must be controlled to make a given functiona-
lization reaction valuable.

In this chapter, we will present a summary of results that have been reported over
the last 25 years with a transition metal complex that activates a wide variety of C—
H bonds. As this chemistry developed, additional insight has been obtained that
permitted further extensions of the work that have led to a deeper understanding of
the factors that influence metal—carbon bond strengths. These bond strengths play
an important role in determining the selectivity in reactions such as regioselective
olefin insertions, so it is important to be able to predict how the formation of one
bond vs. another will affect the thermodynamics. The importance of these factors
will be revealed, and the effects of ancillary or “spectator” ligands on metal-carbon
bond strengths will also be quantitatively analyzed and interpreted. This is all
possible because the unsaturated metal fragment [Tp’'RhL] where L =CNR,
PMes;, or P(OMe); has proven to be very reactive toward a wide variety of C-H
bonds, allowing the necessary comparisons to be made.

2 Hydrocarbon Activation by [Tp’'Rh(CNR)]

We first reported that the 16-electron rhodium fragment [Tp’Rh(CNR)] where
CNR =neopentyl isocyanide could activate hydrocarbon C—H bonds by irradiation
of the carbodiimide precursor in benzene [1]. 366 nm irradiation of the yellow
complex 1 led to the colorless phenyl hydride product in good yield. The quantum
yield was determined to be 1.0 £ 0.3, which is higher than for many other organ-
ometallic photoprecursors [2—6]. Compound 1 is readily prepared by the reaction of
phenyl azide with the Tp'/Rh(CNR),.
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Benzene loss from 2 occurs upon warming to 80°C, with AG* = 29.8 kcal/mol in
Cg¢Dg. The 16-electron fragment that apparently forms is rapidly trapped by the
solvent to give 2-dg. The true mechanism, however, is one in which the benzene is
displaced. If neopentyl isocyanide is added to 2, a bimolecular reaction occurs to
generate Tp’Rh(CNR),. The rate is first order in [CNR] at low isocyanide concen-
trations but zero order in [CNR] at high isocyanide concentrations, which is
consistent with a pre-equilibrium between 2 and the n* complex (k*-Tp)Rh(n*-
C¢Hg)(CNR) followed by associative substitution of the benzene at a square planar
coordinatively unsaturated intermediate (Eq. 2). Further evidence for reversible
formation of an n*-benzene intermediate came from the observation of scrambling
in the complex Tp'Rh(CNR)(C¢Ds)H. The hydride appears in all five locations on
the phenyl group at the same rate, implying that the n>-C¢DsH complex is fluxional.
Rh-phenyl rotation is hindered at room temperature, and at low T, five distinct
phenyl resonances can be observed in the 'H NMR spectrum [7].
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Complex 1 was found to activate a wide variety of hydrocarbons, including
propane, pentane, cyclohexane, cyclopentane, methane, mesitylene, isobutene, and
t-butylethylene [8, 9]. For linear hydrocarbons, a kinetic preference was observed
for the exclusive activation of the C—H bonds of the terminal methyl groups. The
activation of secondary C—H bonds was only observed when no other primary C—H
bonds were available (e.g., cyclohexane, cyclopentane, cyclopropane [10]). With
mesitylene, both aromatic and benzylic C—H bonds were cleaved. These observa-
tions were interpreted in terms of initial coordination of the hydrocarbon C—H bond
to the 16-electron rhodium fragment, followed by rapid migration along the chain to
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the end methyl group, where oxidative cleavage was rapid. This hypothesis was
supported by experiments using deuterium-labeled alkyl deuterides. By monitoring
the rates at which the deuterium appeared in the o and distal positions of the alkyl
group vs. dissociation, the relative rates could be established as

kC—H cleavage > kmigration > kdissociation (Eq 3) [1 1]

M | d | M
fast — H medium H /
X M 1, fast
becdh—— ‘C*C‘H ‘,CMCA\H_. H ¢
HT HY I HH (3)
H H H
\ slow /

[M] + CzHs

Further evidence for the intermediacy of alkane complexes came from studies of
the reductive elimination of methane from Tp'Rh(CNR)(Me)H, 3. Here, the rate of
reaction with C¢Dg to produce 2-dg was found to be dependent on the concentration
of C¢Dg in inert C¢Fg solvent. As with the reaction with isocyanide in Eq. 2, the rate
was first order in [C¢Dg] at low concentrations but less than first order at higher
[Ce¢Dgl. These observations were treated in terms of a reversible equilibrium
between 3 and an n*-methane complex that then underwent bimolecular displace-
ment by benzene. The reaction also shows a “solvent kinetic isotope effect,” with
the rate being faster in CgHg than in C¢Dg (kcon,/kc,p, = 1.08). Since the rate-
determining step involves bimolecular reaction with benzene, the rate is slightly
different with C¢Dg vs. CgHg [12].
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Terminal alkynes also add to [Tp’Rh(CNR)]. Irradiation of the carbodiimide
complex 1 in neat 1-alkyne leads to the activation of the sp C—H bond. In cases
where other “activatable” C—H bonds were presented, competitive C—H activation
at these positions was observed. For example, f-butylacetylene and trifluoromethyl
acetylene give exclusively alkynyl hydride products, whereas 1-octyne and
trimethylsilylacetylene also give products resulting from methyl group activation.
In both of the latter cases, the sp® C—H activation products are unstable and convert
to the terminal alkynyl products at room temperature after a few days (Scheme 1).
Similarly, the activation of arylalkynes leads to mixtures of sp and sp®> C-H
activation products. The unsaturated fragment [Tp’Rh(CNR)] was prepared either
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Scheme 1 Reactions of [Tp’Rh(CNR)] with terminal alkynes

by irradiation of 1 or by reductive elimination of methane from 3 in the presence of
the alkyne [13].

The fragment [Tp'Rh(CNR)], prepared from irradiation of 1 or reductive elim-
ination of methane from 3, was found to react with a wide variety of substituted
methanes. In each case, exclusive activation of the methyl C—H bond was observed,
giving products of the type Tp’'Rh(CNR)(CH,X)H (X = m-xylyl, 2-propenyl, OMEe,
O'Bu, CN, Cl, F, CF;, C=CMe, or C(=0)Me, Eq. 5) [14]. Difluoromethane also
underwent clean oxidative addition of the C—H bond, but trifluoromethane proved
unreactive, perhaps due to steric hindrance from the fluorines.
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Irradiation of 1 in a series of linear nitriles was also examined and found to give
terminal methyl activation products as the dominant species in all cases. Traces
(~5%) of a-cyano C—H activation could be seen with propionitrile and butyronitrile
(Eq. 6).
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3 Thermodynamic Determination of Rhodium-Carbon
Bond Strengths in Tp’'Rh(CNR)(R)H

Through our studies of the above C—H activation reactions, we have found that we
could do additional kinetic experiments to provide thermodynamic information on
the stability of the various derivatives. These complexes all vary only in the
hydrocarbyl group attached to rhodium — the spectator ligands are kept constant —
so that relative bond strengths can be extracted from these studies.

The method employed uses three kinetic measurements to obtain the basic data
needed to establish relative thermodynamic stabilities. The first two measurements
needed to compare two complexes is the rate at which they reductively eliminate
hydrocarbon. This is obtained by dissolving the pure compound in benzene-dg and
then measuring the rate of the first-order reductive elimination. This rate constant
can then be converted to a barrier height using the Eyring equation. The third
kinetic measurement needed is to perform a competition between the two substrate
hydrocarbons when they react with the [Tp’Rh(CNR)] fragment. This is accom-
plished by irradiation a solution of 1 in a 1:1 molar ratio of the two substrates. The
ratio of the products gives the difference in the two barrier heights for C—H
activation. The experiments are summarized in Scheme 2 for benzene
vs. t-butylethylene, and the thermodynamic analysis is shown in Fig. 1.

From the two barrier heights for reductive elimination, combined with the
kinetic selectivity, one can obtain the driving force AG® for the exchange of
benzene for t-butylethylene in Tp'Rh(CNR)(R)H as shown in Fig. 1. This driving
force has both enthalpic and entropic contributions. The enthalpic contributions
depend on the relative Rh—C bond strengths (D,;(Rh—C)) and the relative C—H
bond strengths (Dr>_g — Dr_p) in the bonds that are being broken and formed. The
entropic contributions largely cancel out, since most of the molecule is the same on
both sides of the reaction. There is one important entropic contribution that should
be considered, however, and that is to account for the number of hydrogens that are
available for activation.

In the present example, benzene has six hydrogens that can react, whereas
t-butylethylene has only one hydrogen that can react (only the frans isomer is
formed). Therefore, benzene is six times more likely to react compared to
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Fig. 2 Thermodynamic analysis of R-H activation equilibrium for several hydrocarbons.
Reproduced with permission of the ACS from Jones and Wick [9]

t-butylethylene, and this statistical difference amounts to an entropic contribution to
AG®. Equation 7 summarizes how these terms combine for any two hydrocarbons to
give the relative metal-carbon bond strength, D, (Rh—C), from the free energy of
reaction:

Dyi(Rh — C) = AG® — [Dro_y — Dri—_n] — RTIn(#H, /#H,) (7)

This analysis can be applied to all of the hydrocarbon activations discussed thus
far, some of which are summarized in Fig. 2. The only requirement is that the C—-H
activation must give a single product and that the reductive elimination must
cleanly give 2-dg. If the reductive elimination leads to a rearranged product, then
Eq. 7 cannot be used. For example, the activation of cyclopropane leads to the C-H
oxidative addition product. However, reductive elimination in C¢Dg does not give
2-dg but rather produces the metallocyclobutane. Therefore, cyclopropane does not
appear in this scheme.

At this point, it is worth commenting on these hydrocarbon activations. First,
from the competition experiments, all of the hydrocarbons are activated with
similar barriers — that is, the AAG* only spans 1.8 kcal/mol, which corresponds
to a 22:1 ratio at 25°C. This is because in the rate-determining step, the substrate is
coordinating to the [Tp’Rh(CNR)] fragment via its C-H bond, and all of the
hydrocarbons have similar binding affinities. For aromatic substrates, the arene
can bind through its n-system, and this is why benzene and mesitylene are the
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fastest substrates to be activated. After this, the kinetic selectivity largely follows
steric accessibility to the C—H bond. The range for thermodynamic preference spans
a much larger range, 220 million:1 or 11.5 kcal/mol. It is also noteworthy that the
most preferred product is the one in which the strongest C—H bond has been broken,
the phenyl hydride. This thermodynamic preference for breaking the strongest C—H
bond can only be accounted for by the formation of an even more favorable
rhodium—phenyl bond. It is the strength of the metal-carbon bond that is formed
that drives these equilibria, not the strength of the C—H bond that must be broken.
These are product driven equilibria, so the focus on the C-H bond strength to
predict favorability is not warranted.

While all of the substrates discussed above are not shown in Fig. 2, the same
analysis can be performed with all of them (alkynes, substituted methanes). One
caveat that we encountered was that many of these substituted derivatives proved to
be very stable. Loss of alkane from the n-pentyl hydride complex has a half-life of
about an hour at 25°C. Methane loss from 3 has a half-life of about 5 h. Loss of
benzene from 2, however, is extremely slow (months), and therefore, the rate of
benzene reductive elimination at 25°C was determined by extrapolation from the
rate at higher temperatures. The Eyring plot of In(k/T) vs. 1/T gave activation
parameters for reductive elimination of benzene AH*=37.8 (1.1) kcal/mol and
AS*=23 (3) e.u., which can be used to calculate the rate at other temperatures. As
mentioned above, the substituted derivatives are much more stable. Reductive
elimination of the alkynyl hydrides was examined at 100°C, as was the elimination
of many of the substituted methyl derivatives. In these cases, the rate of benzene
elimination was calculated from the Eyring parameters at the same temperature as
that where the rate of reductive elimination was measured, so that the barriers could
be directly compared as in Fig. 2. The determination of AG® for all substrates
allows Eq. 7 to be used to determine relative metal-carbon bond strengths for these
compounds. Table 1 summarizes these data, giving AAG*, AG®, and D,;(Rh—C) for
all substrates.

With D, (Rh—C) now available for all substrates, the data can be compared
visually by plotting D, ;(Rh—C) vs. the C—H bond strength of the substrate. Figure 3
shows the resulting plot. The data fall into two classes of substrates. The parent
hydrocarbon data are shown in blue, with the M—Cy, bonds being strongest and then
the M—Cy,, followed by the M—Cy,3. The line has a slope of 1.4, indicating that the
range of metal-carbon bond strengths is about 40% greater than the range of
carbon-hydrogen bond strengths. The data for the substituted methanes is shown
in red. It is parallel with a slope of 1.4 also but is offset vertically by about 7 kcal/
mol. This offset reflects the fact that the metal-carbon bonds are about 7 kcal/mol
stronger than what you would expect based upon the strength of the C—H bond that
is being broken. Also, while chloro and fluoro substituents are seen to strengthen the
metal-methyl bond, all of the other substituents actually weaken the metal-methyl
bond. This is actually to be expected, as bond strengths are based on homolysis, and
these radicals are all stabilized by resonance. The unexpected 7 kcal/mol “increase”
in bond strength is believed to be attributable to a greater ionic contribution to the
metal—carbon bond with these substituents on the a-carbon.
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Table 1 Kinetic and thermodynamic data for Tp’Rh(CNneopentyl)(R)H complexes

AAG,} AG°
R D(C-H)*| vs. PhH | AG,* T..(R-H) |vs.PhH |#H |D,;(M-C)
Ph- 1129 |0 30.95 296 0 6 0.0
t-Butylvinyl- 1111 [1.36 26.91 295 5.47 1| —62
Methyl- 1050 |0.70 23.52 296 8.17 4 |-158
n-Pentyl- 1002 |0.79 22.43 296 9.35 6 |—22.1
c-Pentyl- 956 | 1.78 21.18 296 1159 |10 |—29.2
c-Hexyl- 99.5 |1.80 21.40 296 1139 |12 |-252
CF5C=C- 1354* 10.75 30.10 373 —0.13 1| 237
n-HexylC=C- 131.0° |1.19 30.39 373 0.02 1| 191
Me;SiC=C- 131.6* |0.62 32.50 373 —2.66 1| 224
Me;CC=C- 1314* 096 30.83 373 —0.65 1| 202
PhC=C- 133.2* 10.50 31.53 373 —1.81 1| 232
p-CF;CH,C=C-  [127.8* | —0.09 |31.83 373 —2.70 1| 187
p-MeOCgH,C=C- | 122.7* [0.29 30.78 373 —127 1| 121
-C,H,CN 103.0° |1.26 25.47 299 6.71 3 |-162
-C3H(CN 101.3* |1.17 23.64 299 8.45 3 [-19.6
-C4HgCN 101.2* |1.04 22.88 299 9.09 3 |—204
-CsH,(CN 101.2* | 1.04 22.38 299 9.58 3 | =209
-CH,CN 94.8 | 1.48 31.36 373 —0.66 3 [-17.0
-CH,C(Me)=CH, 89.1 |0.74 23.92 296 7.81 6 |—31.6
a-Mesityl- 89.4 0.13 24.49 296 6.63 9 |-304
-CH,C=CCH; 90.7 |0.44 26.98 340 3.44 6 | —25.6
-CH,C(O)CH, 9.0 |0.73 27.71 340 3.00 6 |—19.9
-CH,O'Bu 930 |0.84 25.43 340 5.39 3 |—249
-CH,OCH, 96.1 |0.48 26.24 340 422 6 |—21.0
-CH,F 101.3  |0.81 28.48 340 2.31 3 |-135
-CHF, 1032|233 30.36 373 1.19 2 [-102
-CH,CI 100.1 |0.14 27.90 353 1.92 3 |-143
-CgFs’ 1165 |1.92 36.81 412 —6.57 1| 112
-CH,CF; 106.7 | 1.63 27.90 340 3.71 3 —95

Terminal C—H bond strengths in italics for alkynes and nitriles were calculated using DFT; B3LYP/
6-31G**

“Energies are in kcal mol ™'

®From Evans et al. [15]

For comparison with the experimental values, we have also calculated these
same bond strength data using DFT with Tp'Rh(CNMe)(R)H as a model, with
methylisocyanide replacing neopentylisocyanide. A plot of calculated relative Rh—
C bond strengths vs. C—H bond strengths with these substrates also shows two
distinct linear correlations with slopes of 1.59 and 1.46 for the two analogous sets of
compounds (Fig. 4). While there is generally good agreement with the observed
experimental trends in Rh—C bond strengths, DFT overestimates the range of Rh—C
bond strengths by 10-15%.
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Fig. 3 Plot of relative experimental M—C bond strengths vs. C—H bond strengths. The solid line is
fit to the hydrocarbons and aliphatic nitriles —(CH,),—~CN (n=2-5) (blue filled box,
y=1.376x — 159.5), and the dashed line is fit to the —CH,X substrates and —CHF, (red filled
triangle,y = 1.4024x — 154.6). Also shown are —C¢F5 and —CH,CF3 (A), which are not included in
either fit. Experimental C—H bond strengths were used for all substrates except the alkynes and
nitriles other than acetonitrile. Alkyne and nitrile C—H bond strengths were calculated (B3LYP)
since experimental values are unavailable or have large errors [13]. The vertical separation of the
lines at Dc_g; = 100 keal mol ™' is 7.5 keal mol ™. Reproduced with permission of the ACS from
Jiao et al. [14]

4 Hydrocarbon Activation by [Tp’'Rh(PMej3)]

In order to investigate the effect of the ancillary ligands on the metal-carbon bond
strengths, we also examined the reactivity of the fragment [Tp'Rh(PMes)] with
hydrocarbons and substituted methyl derivatives. Here, the strongly electron-
donating PMe; ligand replaces the electron-withdrawing neopentyl isocyanide
ligand in the above studies and was anticipated to have a significant effect on the
bond strengths.

To generate the 16-electron fragment, Tp’'Rh(PMe3)H, (4) was used as a photo-
chemical precursor of the reactive intermediate [16, 17]. Irradiation of 4 in a variety
of hydrocarbons led to the formation of oxidative addition products of the type
Tp'Rh(PMe;)(R)H (R =a-mesityl, tert-butylvinyl, CH,0'Bu, CH,C=CMe,
CH,C(=0)CHs;, pentyl, cyclopentyl) along with a small amount of by-products
Tp'Rh(PMes), and Tp'Rh(PMe3)R,. The latter are formed as a result of photolysis
of the product(s). As an alternative, Tp’'Rh(PMe3;)MeH (5) was prepared by the
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Fig. 4 DFT-calculated plot of relative M—C bond strengths vs. C-H bond strengths for Tp'Rh
(CNMe)(R)H. The lower line is fit to the hydrocarbons (blue filled box, y =1.593x — 179.6), and
the upper line is fit to the -CH,X and CHF, substrates (red filled triangle, y =1.457x — 156.2).
Data for C¢FsH and CH;CF;3 activation is also shown (A), but not included in the fits. M062X
method and basis set 6-31g** for first row atoms and pseudopotentials, additional functions
optimized by Stuttgart group for atoms beyond the second row (see [13] for details on the choice
of method). Experimental C—H bond strengths were used for all substrates except the alkynes.
Alkyne C-H bond strengths were calculated (B3LYP) since experimental values are unavailable
or have large errors [13]. The vertical separation of the lines at Dy =100 kcal mol ™! is
9.7 keal mol ™. Reproduced with permission of the ACS from Jiao et al. [14]

reaction of Tp'Rh(PMe;)MeCl with Cp,ZrH,. Loss of methane occurs rapidly at
30°C (71, =35 min), giving rise to an alternate thermal source of [Tp'Rh(PMe3)].
During the isolation of §, some methane loss and activation of the THF solvent used
in the synthesis produced variable quantities of Tp’'Rh(PMejs)(tetrahydrofuranyl)H,
which is also a labile source of [Tp'Rh(PMes)]. Using 5, many hydrocarbon and
substituted methyl products could be prepared (Scheme 3) [18].

Reaction of mesitylene with 5 gave only the product of benzylic C—H activation,
unlike the reaction with 1 which gave a 3:1 mixture of benzylic/aromatic C—H
activation. The isonitrile ligand appears to induce less crowding at the metal center.
As with 1, CF;H proved unreactive. Once again, steric inaccessibility of the C—-H
bond is believed to be responsible.

Irradiation of dihydride 4 in neat terminal alkyne led to C—H activation products,
but the lengthy photolysis times led to decomposition products with many of the
acetylenes. Methyl hydride 5 proved to be a good precursor for the activation of
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Scheme 3 Reactions of Tp’'Rh(PMes) with hydrocarbon substrates

terminal alkynes to give products of the type Tp'Rh(PMe3)(C=CR)H (R =
SiMes. n-hexyl, p-MeOCgH,, CF;, Ph, p-CF3CgH,). In the latter three cases,
competitive formation of the m-bound acetylene complex was also observed.
Heating these samples to 140°C for several hours resulted in their complete
conversion to the alkynyl hydride products (Eq. 8). These alkynyl hydride products
proved to be very stable, as they could be chromatographed in air on the benchtop
and the X-ray crystal structures of many of them could be obtained without
derivatization [18].
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5 Thermodynamic Determination of Rhodium—Carbon
Bond Strengths in Tp’'Rh(PMe;)(R)H

As was done previously, the kinetics of reductive elimination, combined with
kinetic competition data, were used to obtain rhodium—carbon bond strengths
with [Tp’'Rh(PMes)] as the metal fragment. Thermolysis of each compound in
C¢Dg at 30°C was found to follow first-order reductive elimination kinetics, giving
Tp'Rh(PMes3)(C¢Ds)D (6-d,). The only exception was the 2-butynyl hydride
Tp/Rh(PMe;3)(CH,C=CCH3)H, which gave the nz-butyne complex as confirmed
by X-ray crystallography. This complex could therefore not be employed in the
thermodynamic analysis. In comparison with the earlier case with Tp'Rh
(neopentyl)(CH,C=CCH3)H, the elimination of 2-butyne cleanly led to the forma-
tion of 2-dg. Apparently the stronger donor PMe; allows for significant stabilization
of the n-bound alkyne complexes.

Some of the compounds underwent reductive elimination far too slowly at 30°C
for convenient measurement (e.g., alkynes), and therefore, they were conducted at
elevated temperatures (140°C). In addition, since 6-d, is unstable at this tempera-
ture, CgFsH was added to trap the metal fragment following reductive elimination.
To compare these barriers to those of the reductive elimination of 6, the temperature
dependence of the rate of elimination for 6 in C¢D¢ was measured, giving activation
parameters AH* =32.6 +3.3 kcal mol~' and AS*=10.9+£0.2 kcal mol™" K"
Using these data, the barrier heights could be compared at the same temperature.

Kinetic competitions between a substrate and C¢Hg were accomplished by
irradiation of a solution of 4 in a mixture of the two substrates. The samples were
irradiated for only a short time to avoid problems arising from secondary photolysis
of the products. The ratio of the two products could be easily determined by 'H
NMR spectroscopy, giving the value for AAG*, Competition data for methane was
measured vs. pentane and then referred to benzene using the competition between

pentane and benzene: kpni/kch, = (kphrt/kpentane ) (Kpentane /kc, )

As described above for [Tp’'Rh(CNneopentyl)], the analysis of the data in Table 2
as in Fig. 1 and using Eq. 7 allows the determination of D, (Rh—C) for a large
number of substrates. These Rh—C bond strengths can be plotted vs. the
corresponding C—H bond strengths to give the overall trend as shown in Fig. 5.
As before two trends clearly emerge. The first trend is seen joining the unsubstituted
hydrocarbons with a slope of 1.54(4). This compares to the value seen with
CNneopentyl as the ancillary ligand of 1.38(3). The effect of replacing the strong
isocyanide m-acceptor with the strong PMe; c-donor is to increase the slope of the
line. This corresponds to a “stretching out” of the range of Rh—C bond strengths
with the better o-donor ligand; i.e., the PMe; derivative shows a wider range of
selectivity. The second trend seen is in the methyl-substituted derivatives Rh—
CH,X. Again, a parallel line is observed with a slope of 1.71(8), which compares
to the slope seen with L = CNneopentyl of 1.40(14). The line is offset vertically by
about 8 kcal/mol, very similar to the values seen with L = CNneopentyl. The range
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Table 2 Kinetic and thermodynamic data for Tp'Rh(PMe3)(R)H complexes

AAG,} AG°
R D(C-H)*| vs. PhAH | AG,* |T.(R-H) |vs.PhH |#H |D,;(M-C)
Ph- 1129 |0 29.34 |303 0.00 6 0.0
t-Butylvinyl- 111.1  |0.83 27.99 | 303 2.18 1| =29
Methyl- 105.0 | 0.49 22.58 {303 7.25 4 | —149
n-Pentyl- 1002|047 21.00 |282 9.04 6 |—217
c-Pentyl- 956 |145 2034|271 10.80 |10 |—28.4
CF;C=C- 1354 | 077"  |36.56 |413 —9.19 1| 327
n-HexylC=C- 131.0° 036 3431 | 413 —-5.81 1| 250
Me;SiC=C- 131.6* |0.27 37.50 | 413 —9.09 1| 288
Me;CC=C- 1314* {031 3494 | 413 —6.49 1| 261
PhC=C- 133.2% 043 3485 | 413 —6.28 1| 276
p-CF3phenylC=C- 127.8* | —0.05 36.01 |413 -791 1| 239
p-MeOphenylC=C- | 122.7* |0.28 35.83 | 413 —7.41 1| 183
Mesityl- 89.4 0.16 22.19 {303 7.31 9 | -31.1
-CH,C(0)CH;, 96.0 |0.97 26.67 |303 3.64 6 |—205
-CH,O'Bu 930 |0.66 2570|303 430 3 |-238
-CH,OCH; 9.1 |0.34 2631 |303 3.37 6 |—202
-CH,F 1013 |0.03 28.75 |340 022 3 |—114
-CHF, 1032 | —0.26 3095 |373 —2.63 2 | —64
-CH,CF; 106.7 | 0.91 25.95 |303 430 3 | —10.1

Terminal C—H bond strengths in italics for alkynes were calculated using DFT; B3LYP/6-31g**
Energies are in kcal mol ™'

of strengths for the substituted methyl derivatives is also “stretched out” for
L =PMe; vs. L = CNneopentyl.

These trends can also be calculated using DFT and the full [Tp’Rh(PMes)]
fragment as the model. The results are shown in Fig. 6. Two nearly parallel lines
are seen, with the substituted methyl derivatives lying about 12 kcal/mol higher
than the hydrocarbons. As before, the slopes by DFT show about 12—-13% variance
with experiment. The calculated slope for the hydrocarbons is too large, whereas
the calculated slope for the substituted methyl derivatives is too small.

The larger slopes for L =PMe; vs. L = CNneopentyl indicate that the range of
Rh-C bond strengths for the 6-donor complex is larger than for the m-acceptor
complex. This has the experimental ramification that the weakest complexes with
L =PMe; appear less stable than with L =CNneopentyl and that the strongest
complexes with L =PMe; appear much more stable than with L =neopentyl. For
example, Tp'Rh(CNneopentyl)(n-pentyl)H loses pentane with a half-life of about
1 h at 30°C, whereas Tp'/Rh(PMes)(n-pentyl)H loses pentane with a half-life of
about 30 min at only 9°C. Likewise, loss of phenylacetylene from Tp'Rh
(CNneopentyl)(C=CPh)H occurs with a half-life of about 74 h at 100°C, compared
with 60 h at 140°C for Tp'Rh(PMe3)(C=CPh)H, a much more difficult elimination.
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Fig. 5 Plot of relative experimental M—C bond strengths vs. C—H bond strengths for Tp'Rh(PMe3)
(R)H. The solid line is fit to the a-unsubstituted hydrocarbons (blue filled box, y = 1.543x — 175.3),
and the dashed line is fit to the —CH,X substrates and —CHF, (red filled triangle,
y=1.712x — 184.1). —CH,CF; is also shown but not included in either fit. Experimental C-H
bond strengths were used for all substrates except the alkynes. Alkyne C—H bond strengths were
calculated (B3LYP) since experimental values are unavailable [13]. The vertical separation of the
lines at Dc_g; = 100 keal mol ™' is 8.1 kcal mol~". Reproduced with permission of the ACS from
Jiao et al. [18]

6 Hydrocarbon Activation by [Tp’'Rh(P(OMe);)]

As a third test of the effect of the ancillary or “spectator” ligand on the strength of
the metal-carbon bond, we set out to use trimethylphosphite as the ligand.
Trimethylphosphite is in between trimethylphosphine and neopentylisocyanide in
donor/acceptor strength [19], and therefore, we predicted that the slope for the
corresponding range of bond strengths should lie in between those found above. As
with the PMe; series of compounds, two approaches were examined for the
formation of the {Tp'Rh[P(OMe);]} fragment.

One approach uses Tp’'Rh[P(OMe);]H, (7) as a photochemical precursor of the
fragment, and the second uses Tp'Rh[P(OMe);]MeH (8) as the precursor [20]. As in
the case with L =PMes, irradiation of 7 in hydrocarbon solvents gave the desired
products but also showed evidence of several side products. The use of the thermal
precursor showed improved product selectivity, and therefore, this was chosen as
the route for preparing hydrocarbon activation products. As in the case of PMejs, the
activation of THF solvent during the preparation of 8 led to the formation of some
Tp’Rh[P(OMe);](tetrahydrofuranyl)H in the solution containing 8, but both served
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Fig. 6 DFT-calculated plot of relative M—C bond strengths vs. C-H bond strengths for Tp'Rh
(PMe;3)(R)H. The lower line is fit to the hydrocarbons (blue filled box, y = 1.531x — 162.9), and the
upper line is fit to the -CH,X and CHF, substrates (red filled triangle, y = 1.756x — 198.0). Data
for CH3CFj; activation is also shown, but not included in the fits. M062X method and basis set 6—
31g** for first row atoms and pseudopotentials, additional functions optimized by Stuttgart group
for atoms beyond the second row. Experimental C—H bond strengths were used for all substrates
except the alkynes. Alkyne C—H bond strengths were calculated (B3LYP) since experimental
values are unavailable [13]. The vertical separation of the lines at Dc_y = 100 kcal mol ™! is
12.6 kcal mol ™", Reproduced with permission of the ACS from Jiao et al. [18]

as efficient thermal precursors for { Tp’'Rh[P(OMe)s]}. Several hydrocarbon acti-
vation products were observed by exchange for methane in 8 (Scheme 4). In the
alkyne activations, no evidence was seen for the formation of alkyne n-complexes,
again pointing to the need for a strong c-donor to be present to stabilize the n*
ligation. In addition, the activation of pentane using 8 was unsuccessful, giving only
decomposition after several hours. Instead, Tp'Rh[P(OMe);](n-pentyl)H was pre-
pared by irradiation of 7 in pentane at 10°C. Also, attempted activation of
cyclopentane, CH;CF3, and CH,F, was unsuccessful, giving only small quantities
of the desired products (not enough for use in kinetic studies).
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Scheme 4 Reactions of Tp'Rh[P(OMe);] with hydrocarbon substrates

7 Thermodynamic Determination of Rhodium-Carbon
Bond Strengths in Tp’'Rh[P(OMe);](R)H

As with the other ligands, reductive elimination studies were carried out in C¢Dg
solvent to generate hydrocarbon and Tp’'Rh[P(OMe)3](CsDs)D (9-d). The elimi-
nations were carried out at temperatures between 20 and 140°C. To compare these
elimination barriers with those of benzene, reductive elimination of C¢Hg from
9 was carried out at 70—100°C and activation parameters measured for the reductive
elimination. An Eyring plot gave AH* =30.7(6) kcal/mol and AS*=10.3(3) e.u.
and permitted comparison of barriers in Fig. 1 at the same temperature. Table 3
summarizes the barrier heights measured and the temperature at which they were
measured.

Competition experiments between benzene and the hydrocarbon substrates were
examined by photolysis of 7 in a mixture of the two substrates as solvent. Exam-
ination of the NMR spectra after a short irradiation time provided the competition
data, typically by examination of the area of the hydride resonances of the products.
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Table 3 Kinetic and Thermodynamic data for Tp'Rh[P(OMe);](R)H complexes

AAG,} AG°
R D(C-H)?*| vs. PhH AG.} |T.(R-H) |vs.PhH |#H | D,q(M-C)
Ph- 112.9 0 27.61 |303 0.01 6 0.0
t-Butylvinyl- 111.1 1.10 27.20 |303 1.51 1 -2.3
Methyl- 105.0 0.22 22.64 |303 520 (4 |-129
n-Pentyl- 100.2 0.67 21.24 |298 7.10 |6 | —19.8
CF;C=C- 1354* | —0.81 3501 |413 —9.33 1 329
n-HexylC=C- 131.0* |0.80 3586 |413 —8.57 1 27.7
Me;SiC=C- 131.6* |0.68 36.74 | 413 —9.58 1 29.3
t-ButylC=C- 131.4* 10.89 36.85 |413 —9.47 1 29.0
PhC=C- 133.2* 10.19 36.63 |413 —9.95 1 31.3
p-CF3phenylC=C- 127.8* |0.10 36.25 413 -9.67 1 25.6
p-MeOphenylC=C- | 122.7* |0.56 3540 |413 —8.35 1 19.2
a-Mesityl- 89.4 0.32 21.86 |293 6.18 |9 |—-299
-CH,C(O)CH3; 96.0 0.54 25.39 |303 277 |6 | —19.7
-CH,C=CCHj; 90.7 0.13 25.98 | 303 1.77 |6 | =240
-CH,O'Bu 93.0 0.50 25.53 |303 259 |3 | =221
-CH,0OCHj; 96.1 —0.25 25.24 |303 213 |6 |—189
-CH,F 101.3 —0.16 27.92 |340 —-084 |3 |-104

Terminal C—H bond strengths in italics for alkynes were calculated using DFT; B3LYP/6-31g**
*Energies are in kcal mol ™'

The combination of these competition barriers with the reductive elimination
barriers gives relative metal-carbon bond strengths with trimethylphosphite as the
ancillary ligand, as summarized in Table 3. A plot of D,,;(M—C) vs. Dc_y is shown
in Fig. 7. Here once again, two parallel trends are seen, one for the parent
hydrocarbons and one for the substituted methyl derivatives. The slope for the
hydrocarbons is 1.55(4), which is similar to that seen with L =PMe; (1.54(4)) but
smaller than that seen with L =CNneopentyl (1.38(3)). The slope for the
substituted methyl derivatives is in between that seen with L =PMes (1.71(8))
and L = CNneopentyl (1.46(19)). Therefore, the effect of the ancillary ligand on
rhodium—carbon bond strengths parallels directly the donor ability of the ligand.
The better the donor, the wider is the range of metal-carbon bond strengths.

Figure 8 shows the DFT-calculated version of bond strength trends for
Tp/Rh[P(OMe);](R)H complexes. As with the previous two cases, the slopes of
the lines are overestimated by about 10%. Does this mean that DFT calculations
may be expected to also overestimate the slope in other metal systems? Eisenstein
and Perutz made a series of such calculations for both Ti(R)(silox),(NHSis-Bus)
(silox = OSiz-Bus) and the simplified TpRh(CNMe)(R)H systems [21]. For both
systems, about a dozen substrates were considered, and lines were produced with
slopes of 1.08 and 1.22, respectively. However, both of these correlations included
data for a-mesityl and allyl, and these data can be seen to lie above the correlation
for the parent hydrocarbons. From the current studies, we now know why these data
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Fig. 7 Plot of relative Rh—R bond strength in Tp’Rh[P(OMe);](R)H vs. C—H bond strength of
hydrocarbon substrates. Experimentally determined D(Rh—C) vs. D(C-H). The solid line is fit to
the hydrocarbons (blue filled box, y =1.5501x — 174.59), and the dashed line is fit to the -CH,X
substrates (red filled triangle, y = 1.4535x — 158.06). Experimental C—H bond strengths were used
for all substrates except the alkynes. Alkyne C—H bond strengths were calculated (B3LYP) since
experimental values are unavailable [13]. The vertical separation of the lines at D_y = 100 kcal/
mol is 6.9 kcal/mol. Reproduced with permission of the RSC from Jiao et al. [20]

lie where they do. Recalculation of the Eisenstein and Perutz data without these
points gives revised slopes of 1.33 and 1.71, respectively. The latter is about 24%
higher than seen in Fig. 3 (slope =1.39) and even higher by 7% than the
DFT-calculated data seen in Fig. 4 (1.59). This difference between calculated
slopes obtained by Eisenstein could be due to either use of a different functional
(B3PWI1 vs. MO62X) or use of a simplified model or both. The data for the
titanium plot also included data for benzyl and methallyl. Removal of these data
points gives a slope of 1.33 for the DFT-calculated bond strengths (B3PW91) vs. a
slope of 1.35 for experiment, indicating very good agreement. Therefore, DFT can
serve as a useful predictor of M—C bond trends, within the above limits.
Furthermore, the observation for all three ligands (PMe;, P(OMe);, and
CNneopentyl) of a vertical offset for substituted methyl derivatives of about
7 kcal/mol suggests this “additional” bond strength for these ligands might apply
generally to other metal complexes. As seen with the data mentioned above by
Wolczanski, the substituted methyl data points do indeed lie above the line joining
hydrocarbons [22]. Data by Marks for Cp*,Th(R)CI also show a-benzyl to be an
outlier from the trend of six other hydrocarbons [23]. Holland calculated a series of
Fe—C bond strengths in (diimine)FeR complexes and found a good linear trend for
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Fig. 8 DFT-calculated D(Rh—C) vs. D(C-H). The solid line is fit to the hydrocarbons (blue filled
box, y=1.6527x — 187.02), and the dashed line is fit to the —CH,X substrates and —CHF, (red
filled triangle, y=1.508x — 162.94). Also shown is —CH,CF; (open triangle) which is not
included in either fit. M062X method and basis set 6-31g** for first row atoms and pseudopo-
tentials, additional functions optimized by Stuttgart group for atoms beyond the second row.
Experimental C—H bond strengths were used for all substrates except the alkynes. Alkyne C-H
bond strengths were calculated (B3LYP) since experimental values are unavailable [13]. The
vertical separation of the lines at Dc_y; = 100 kcal/mol is 9.6 kcal/mol. Reproduced with permis-
sion of the RSC from Jiao et al. [20]

alkyls [24]. The calculated Fe—C bond strength for —-CH(CH;3)Ph, however, was
found to lie significantly above the line. Landis also calculated relative metal—
carbon bond strengths for a series of H,M—-R complexes where R = Me, Et, Pr, 'Bu,
CH,F, vinyl, and C=CH. For 27 different metals (Sc—Au), he observed slopes for
M-C vs. C—-H plots in the range 1.2-1.9 [25].

Eisenstein and Perutz calculated slopes for fluoroarene activation in [CpRe(CO)
L], [CpRhL], and [CpIrL] (L = CO, PH3) that were 10-20% larger for L. = PH; than
for L=CO [26]. These calculations are in good agreement with the experimental
effects seen here for exchange of CNR by PMes;.

Two other studies worth mentioning here involve the activation of
polyfluorinated benzenes CgH,Fs_, with [Tp'RhL] precursors where
L = CNneopentyl or PMe;s. In these reports, a linear correlation is seen between
D,el(M—ArF) and D F_y [15, 27]. However, the slopes observed are 2.14 and 2.15,
respectively. Here, replacement of CNneopentyl by PMe; appears to have no effect
on the range of Rh—C bond strengths. The range of C—H bond strengths spans only
1.5 keal mol ™', so perhaps the range is too small to see a meaningful trend.
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8 Conclusions

This chapter presented studies of C—H activation of sp, sp®, and sp’ hybridized
carbon containing substrates by reactive [Tp’'RhL] precursors (L = CNneopentyl,
PMe;, P(OMe);). By using the relationship between the kinetics of hydrocarbon
reductive elimination and the competition for C—H activation, the thermodynamics
for the various activations could be determined. Knowledge of the driving force for
a reaction (AGO) allows the determination of the relative rhodium—carbon bond
energy. Examination of the trends in M—C bond strength showed four important
features.

First, for the parent hydrocarbons (alkanes, alkenes, alkynes), there is a linear
relationship between the rhodium—carbon bond strength and the strength of the
carbon-hydrogen bond being broken. Second, the range of rhodium—carbon bond
strengths exceeds the range of carbon-hydrogen bond strengths by 38-55%
depending on the spectator L ligand, resulting in a slope for this linear correlation
that is greater than one. This is consistent with a product-driven equilibrium. Third,
for substituted methyl derivatives (i.e., Rh—CH,X, X =F, CI, CN, OR, Ph, vinyl,
keto), the Rh—C bond is about 7 kcal/mol stronger than what would be expected
based upon the C—H bond being broken. This “extra” bond strength was attributed
to an increase in the ionic character of the metal-carbon bond. Fourth, it was found
that a o-donating L ligand increases the slope of the M—C/C—H correlation, whereas
w-acceptors decrease this slope.

Finally, DFT calculations of these same systems with the same substrates show
good agreement with the experimentally observed trends. For these systems, how-
ever, the DFT calculations overestimate the slopes of the correlations by about 10—
12%.
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support of this work.

References

. Hessell ET, Jones WD (1992) Organometallics 11:1496

. Blaha JP, Dewan JC, Wrighton MS (1986) Organometallics 5:899

. Bradley MG, Roberta DA, Geoffroy GL (1981) ] Am Chem Soc 103:379

. Geoffroy GL, Bradley MG (1978) Inorg Chem 17:2410

. Klahn-Oliva AH, Sineer RD, Sutton D (1986) J Am Chem Soc 108:3107

. Ghosh CK, Graham WAG (1987) J Am Chem Soc 109:4126

. Jones WD, Hessell ET (1992) J Am Chem Soc 114:6087

. Jones WD, Hessell ET (1993) J Am Chem Soc 115:554

. Jones WD, Wick DD (1999) Organometallics 18:495

. Wick DD, Northcutt TO, Lachicotte RJ, Jones WD (1998) Organometallics 17:4484
. Northcutt TO, Wick DD, Vetter AJ, Jones WD (2001) J Am Chem Soc 123:7257
. Wick DD, Reynolds KA, Jones WD (1999) J Am Chem Soc 121:3974

—_
OO0 JINWNRA W~

—_—
N —



The Effects of Ancillary Ligands on Metal-Carbon Bond Strengths as. . . 89

13.
14.
15.

16.
17.

18.
19.
20.
21.
22.
23.
24.

25.
26.
27.

Choi G, Morris J, Brennessel WW, Jones WD (2012) J Am Chem Soc 134:9276

Jiao Y, Evans ME, Morris J, Brennessel WW, Jones WD (2013) J Am Chem Soc 135:6994
Evans ME, Burke CL, Yaibuathes S, Clot E, Eisenstein O, Jones WD (2009) J] Am Chem Soc
131:13464

Wick DD, Jones WD (2009) Inorg Chim Acta 362:4416

Paneque M, Perez PJ, Pizzano A, Poveda ML, Taboada S, Trujillo M, Carmona E (1999)
Organometallics 18:4304

Jiao Y, Morris J, Brennessel WW, Jones WD (2013) J Am Chem Soc 135:16198

Tolman CA (1977) Chem Rev 77:313

Jiao Y, Brennessel WW, Jones WD (2014) Chem Sci 5:804

Clot E, Mégret C, Eisenstein O, Perutz RN (2006) J Am Chem Soc 128:8350

Bennett JL, Wolczanski PT (1997) J Am Chem Soc 119:10696

Schock LE, Marks TJ (1988) J Am Chem Soc 110:7701

Vela J, Vaddadi S, Cundari TR, Smith JM, Gregory EA, Lachicotte RJ, Flaschenriem CJ,
Holland PL (2004) Organometallics 23:5226

Uddin J, Morales CM, Maynard JH, Landis CR (2006) Organometallics 25:5566

Clot E, Mégret C, Eisenstein O, Perutz RN (2009) J Am Chem Soc 131:7817

Tanabe T, Brennessel WW, Clot E, Eisenstein O, Jones WD (2010) Dalton Trans 10495



Top Organomet Chem (2016) 56: 91-114

DOI: 10.1007/3418_2015_118

© Springer International Publishing Switzerland 2015
Published online: 16 June 2015

Catalytic C-H Bond Functionalization
of Cyclopropane Derivatives

Daniela Sustac Roman and André B. Charette

Abstract The present work describes a comprehensive review of the functiona-
lization of cyclopropyl C—H bonds via transition-metal catalysis. Compared to the
enormous number of publications related to direct sp® and sp> bond transformations
in the last two decades, the first full account of direct cyclopropyl C(sp>)-H bond
functionalization was only disclosed in 2011. Both intra- and intermolecular trans-
formations are detailed in the review, including asymmetric reactions. In addition,
mechanistic aspects of various Pd-catalyzed cyclopropane functionalizations are
discussed.
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1 Introduction

The cyclopropane ring is a versatile building block in organic synthesis [1]. Cyclo-
propanes possess unique physical, chemical, and electronic properties as a result of
ring strain (27.5 kcal/mol) [2, 3]. Found in numerous natural products, the smallest
carbocycle has been both a challenge and an inspiration for synthetic organic
chemists [4, 5]. Cyclopropanes are also commonly encountered in current drug
targets, where they act as conformational restrictors, thereby orienting a molecule
into its bioactive conformation and potentially increasing its potency or providing
an improvement in metabolic stability of certain compounds [6]. Recently, the
cyclopropane ring was ranked 10th in a top 100 list of the most frequently used
rings in the synthesis of small molecule drugs, thus highlighting its continual
relevance in medicinally active compounds [7].

Significant efforts have been dedicated to the syntheses of cyclopropanes in both
racemic or enantioenriched forms [8—10]. Cyclopropanes may also act as precursors
en route toward accessing more chemical complexity, via involvement in various
reactions such as cycloadditions, ring openings, or cross-couplings. In particular,
there is ample literature precedence for the functionalization of cyclopropanes via
cross-coupling reactions [11]. The cyclopropane can act as either the “nucleophile”
(organometallic reagent) or “electrophile” (cyclopropyl halide). Both roles can
require numerous synthetic steps to achieve the pre-functionalized partners,
resulting in unnecessary waste. One solution to the problem of
pre-functionalization would be to use only one pre-functionalized coupling partner
and employ the cyclopropyl C—H bond as a functional group. The inherent ring
strain of the three-membered ring and orbital rehybridization results in enhanced
acidity of cyclopropane C—H bonds, thereby facilitating such transformations. A
commonly encountered problem in the activation of alkanes with transition metals
is their propensity for B-hydride elimination [12]. In cyclopropanes, p-hydride
elimination would result in the formation of a cyclopropene species, which is
unfavorable thermodynamically [11]. While C—H bond functionalization at sp”
and sp> centers has been vastly explored in the last decades [13-16], full reports
concerning cyclopropanes have only lately appeared in the literature. The current
chapter presents a comprehensive review of the direct transformations of the
cyclopropane C—H bond via transition-metal catalysis.

2 Early Contributions from the Yu and Sanford Groups

The functionalization of cyclopropanes such as 1 via amide-directed metalation
followed by quenching with an electrophile (e.g., iodine) is well known in the
literature (Scheme 1a) [17, 18]. However, it was not until 2005 that the first
example of a transition-metal-catalyzed direct functionalization process of a cyclo-
propane C—H bond was disclosed [19]. The use of a chelating oxazoline-based
auxiliary (derived from (S)-tert-leucinol) enabled iodination of primary C(sp3)—H
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Scheme 1 Cyclopropane functionalization via (a) amide-directed metalation and (b)
Pd-catalyzed diastereoselective iodination
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Scheme 2 Yu’s Pd-catalyzed alkylation with boronic acids

bonds under Pd catalysis at room temperature. In one example, the secondary C—-H
group at the B-position of cyclopropyl substrate 4 was exclusively monoiodinated in
65% yield, in preference to the methyl group (Scheme 1b). However, long reaction
times (4 days) were required. The oxazoline auxiliary could subsequently be
removed under acidic conditions to provide the corresponding cyclopropane car-
boxylic acid in 99% ee.

Later, Yu and coworkers investigated the coupling of C(sp’)-H bonds with
boronic acids, employing Pd(OAc), as the catalyst and benzoquinone (BQ)/Ag,O
as oxidants [20] (Scheme 2). The strongly binding, but easily removed, O-methyl
hydroxamic acid was employed as directing group. The use of 2,2,5,5-
tetramethyltetrahydrofuran as solvent was necessary, as it was believed that the
bulky solvent not only prevented homocoupling of the boronic acid but also fS-
hydride elimination. Phenethyl and iso-butyl boronic acids were employed as
coupling partners to provide the corresponding cyclopropyl alkylated products
7 and 8 in 72% and 58% yields, respectively. To improve the practicality of the
transformation, the Ag(I) salt could be replaced by air (20 atm) as oxidant.

A unique example of direct olefination of a cyclopropane was also disclosed by
the Yu lab [21]. An electron-deficient arylamide was employed as directing group,
as the previously employed oxazoline or hydroxamic acid was unreactive in the
alkenylation. The proposed mechanism for the reaction involves an amide-directed
C—H insertion of the Pd(II) catalyst into the cyclopropane methylene C—H bond of
9, followed by olefin carbopalladation and $-hydride elimination to provide inter-
mediate 10 (Scheme 3a). Pd(0) is re-oxidized back to Pd(IT) by Ag(I)/Cu(Il), and a
tandem 1,4-addition between the amide moiety of 10 and the acrylate provides the
corresponding y-lactam 11 as the sole isolated product. In the presence of an
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Scheme 3 Yu’s (a) direct olefination and (b) direct carbonylation of cyclopropanes

a-methyl substituent, the cyclopropane C—H bond is olefinated exclusively in 84%
yield to deliver a mixture of cis-/trans-isomers. However, if an a-aryl substituent is
present, significant amounts (18% or 33% yield, respectively) of the competitive
sp” olefination products 14 and 17 are obtained. Direct cyclopropane carbonylation
in the presence of an N-arylamide auxiliary is also possible under Pd catalysis
[22]. After an amide-directed Pd activation of the cyclopropyl C—H bond of 18, a
migratory insertion of CO takes place, and the subsequent Pd intermediate
undergoes C-N reductive elimination to provide a succinimide product 19 in 86%
yield (Scheme 3b). More recently, Chatani demonstrated cyclopropyl carbonylation
in the presence of an N,N-bidentate group under Ru3(CO), catalysis [23].
Sanford and Kubota investigated the functionalization of cyclopropanes under
oxidative conditions, employing directing groups such as oximes or pyridines
[24]. Iodination of the cyclopropyl C—H bond was found to be dependent on the
steric and electronic environment of the auxiliary; for example, in the absence of
the methyl group at the a-position of oxazoline 16, there was no conversion to
product (Scheme 4a). Various substituted pyridines (21, 23, and 25) could direct the
iodination, albeit in low yields, even after long reaction times (Scheme 4a).
Attempts at cyclopropane acetoxylation with PhI(OAc), using various directing
groups, as shown for substrates 4 and 27, resulted in ring opening of the three-
membered ring leading to allylic acetates 28 and 29 (Scheme 4b). In a subsequent
communication, Sanford and coworkers disclosed one example of alkenylation of a
cyclopropyl C—H bond, resulting in the formation of cyclized pyridinium product
30 in a modest 43% yield (Scheme 4c) [25]. The reaction employed a cationic Pd
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Scheme 4 Cyclopropane functionalization reactions from the Sanford group (a) iodination, (b)
acetoxylation, and (c) alkenylation

catalyst, as well as a vanadium-based heteropolyacid (H4[PMo,;VQOy4o]) and air as
co-oxidants.

3 Intramolecular Direct Functionalization
of Cyclopropanes

Similar to the intramolecular functionalization of aryl or alkyl substrates, use of a
heteroatom containing-tether not only limits the degree of freedom in the system
but also allows for coordination of a transition metal, thus facilitating the reaction.

Rousseaux, Liegault, and Fagnou reported the elegant formation of quinoline
and tetrahydroquinoline derivatives via a Pd(0)-catalyzed C—H activation of cyclo-
propane methylene bond [26]. Both bromophenyl and chlorophenyl cyclopropyl
carbamates 31 and 32 were found to be suitable substrates for the transformation
into dihydroquinoline 33, albeit under slightly different conditions (Scheme 5). It
was found that the resulting dihydroquinolines 33 were prone to decomposition;
thus protocols for either oxidation or reduction of the unstable intermediates were
developed. A variety of substituents (nitro, cyano, trifluoromethyl, methoxy, ester)
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Scheme 5 Synthesis of quinoline and tetraquinoline derivatives via intramolecular cyclopropyl
C-H functionalization

were tolerated in the positions para and meta to the bromide or chloride. A methyl
in the ortho position provided the corresponding tetrahydroquinoline in 99% yield,
demonstrating that the reaction is not sensitive to steric effects.

The authors then investigated the reaction pathway, focusing on whether a
concerted metalation—deprotonation (CMD) step occurred prior to the cyclopro-
pane ring opening (recent examples of Pd-catalyzed ring opening of cyclopropanes:
[27, 28], [29]). In the absence of a pivalate source, no dihydroquinoline 33 was
observed in the cyclization, underlining the involvement of pivalate in the CMD
step. Traces of cyclopropyl product 36 were isolated from the reaction of
chlorophenyl cyclopropyl carbamate 32, suggesting the presence of 36 as a possible
intermediate in the mechanism (Scheme 6). However, a subsequent control reaction
demonstrated that 36 does not undergo ring opening when submitted to the reaction
conditions. The result supports the mechanistic proposal that the C—H activation
step occurs prior to ring opening and the ring opening of the cyclopropane precedes
reductive elimination.
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Scheme 7 Proposed reaction mechanism for the formation of dihydroquinoline 33

Based on the studies, the following mechanism was proposed: oxidative addition
of Pd(0) into the aryl halide bond (step A, Scheme 7) is followed by ligand
exchange to provide a Pd(Il)-pivalate species (step B). Then, pivalate-assisted
CMD of the cyclopropyl C—H bond results in the formation of a six-membered
palladacycle (step C), which undergoes a cyclopropane ring opening/proton trans-
fer to release ring strain (step D). Deprotonation and reductive elimination (step E)
provides the dihydroquinoline 33.

A further example of cyclopropyl C—H activation followed by ring opening and
cyclization was reported by the Charette group in the synthesis of novel seven-
membered benzo[c]azepine-1-one products [30]. Both bromo- and iodo-
cyclopropyl benzamides 37 and 38 were effective substrates for the transformation,
providing two isomeric benzazepine-type products 39 and 40 in excellent overall
yield (Scheme 8a). When each isomer was separately resubmitted to the reaction
conditions, no change was observed for 39, while 40 slightly isomerized to 39,
suggesting that 40 is the kinetic product and 39 the thermodynamic one. When
cyclopropyl benzamide 37 is submitted to Fagnou’s reaction conditions with
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cesium pivalate, a mixture of spirooxindoles 41 and 42, as well as benzazepine 39,
is produced, suggesting the intermediacy of 41 in the reaction pathway. However,
similar to the control reaction performed in the former Fagnou’s report (Scheme 6),
41 was fully recovered when submitted to the optimized reaction conditions. In
contrast to other uses of Ag(I) salts as halide sequesters or oxidants, the authors
highlight the employment of exactly 1 equiv. Ag" as a halide abstractor to provide a
reactive cationic Pd species.

The proposed mechanism involves an initial oxidative addition (step A,
Scheme 9), followed by halide abstraction by the silver ion to provide a highly
reactive cationic Pd species (step B). Acetate-mediated CMD (step C) provides a
rare seven-membered ring palladacycle which undergoes ring opening (step D),
followed by deprotonation/reductive elimination (step E) to provide the desired
products.
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Scheme 10 Pd-catalyzed, Ag-mediated synthesis of 3,3'-cyclopropyl spirooxindoles
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Scheme 11 Epimerization studies of enantioenriched 45

Additionally, Charette and coworkers disclosed the synthesis of biologically
active 3,3’-cyclopropyl oxindole 44 via a Pd-catalyzed, Ag-promoted C-H
functionalization of cyclopropanecarboxamide 43 derived from 2-bromoaniline
(Scheme 10) [31]. Substitution on the aryl ring or on the cyclopropane, including
heterocycles such as furan or thiophene, was well tolerated. A mixture of diaste-
reomers was obtained when aryl substitution was present on the cyclopropane.
X-ray crystallography confirmed the structure of both diastereomers.

To investigate whether an enolate arylation was occurring, the authors prepared
enantioenriched cyclopropane substrate 45 and submitted it to the reaction condi-
tions (Scheme 11). After 3 h, all starting material was consumed, and spirooxindole
product 46 showed little erosion of enantioselectivity. Furthermore, the kinetic
isotope effect was determined via parallel reactions to be 3.9, identifying C—H
cleavage as a rate-determining step. This observation is not consistent with an
enolate-like pathway. Furthermore, the use of a weak base (K,CO3) makes the
enolate pathway quite unlikely.

Based on all the observations, the mechanism shown in Scheme 12 was pro-
posed. An initial oxidative addition step A is followed by bromide abstraction by
Ag® to give a cationic Pd species (step B), which can undergo a concerted
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Scheme 13 Takemoto’s synthesis of spirooxindoles and order of reactivity experiments

metalation—deprotonation step mediated by carbonate (or phosphate, C and D). The
six-membered palladacycle then undergoes reductive elimination (step E) to give
the product and regenerate the Pd” catalyst.

A related synthesis of 3,3’-cyclopropyl oxindoles was reported by Takemoto et al.
[32]. Carbamoyl chloride 47, containing a cyclopropyl ring at the ortho position,
undergoes a Pd-catalyzed cyclization onto the benzylic C—H bond of the cyclopro-
pane to provide the corresponding spirooxindole 44 in 60% yield (Scheme 13).
Intramolecular competition reactions investigated the chemoselectivity of the
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Scheme 14 Pd-catalyzed, pivalate-promoted synthesis of cyclopropyl spiroindolines. “With PPh;
(15 mol%)

cyclization on the cyclopropane C—H bond versus ethyl (48), methyl (49), phenyl
(50), and alkene (51). The order of reactivity under the optimized conditions was
determined to be the Heck reaction > cyclopropyl C(sp”)-H activation > C(sp*)-H
activation > methyl C(sp”)-H activation. In addition, the stereochemistry of the
starting material is transmitted to the substrate, as frans-substituted 52 provided
the corresponding trans-spirooxindole in 85% yield.

The Cramer group further reported a synthesis of cyclopropyl spiroindolines
[33]. Cyclopropyl substrate 53, containing a triflyl-protected aniline, undergoes a
Pd(0)-catalyzed, pivalic acid-mediated methine C-H activation via a CMD pro-
cess (Scheme 14). Remarkably, only the five-membered spiroindoline 54 is
isolated which can be explained through the easier formation of a six- versus
seven-membered palladacycle intermediate. Various functional groups are toler-
ated in the transformation, including substitution on the cyclopropane with an aryl
or alkyl group. In the latter cases, the stereochemistry of the starting material
(either cis or trans) is transferred to the products. A malonate-containing substrate
can successfully replace the N-triflyl group, but the oxygen analog failed to
cyclize to the desired product. In case of 2,6-dibromoaniline 56, the intramolec-
ular cyclopropane arylation could be followed by a Suzuki coupling to provide 57
in 77% yield or intermolecular C—H arylation to provide 58 in 78% yield in a
domino-type reaction (Scheme 15). The triflyl protecting group can be removed
by reaction with Red-Al.

Baudoin et al. showed that both methine and methylene cyclopropane C-H
bonds can be activated under Pd catalysis to provide the corresponding indanes
60 and 62 (Scheme 16) [34]. The methine functionalization is more efficient (68%
vs. 39% yield), due to the formation of a less strained five-membered ring.
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Scheme 15 Domino cyclopropane arylation followed by Suzuki coupling or heterocycle arylation
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Scheme 16 Intramolecular cyclization onto methylene and methine cyclopropane C—H bonds

4 Intermolecular Direct Functionalization
of Cyclopropanes

The concept of bidentate coordination being able to promote sp> or sp> C—H
activation has been well known in the literature [35]. In comparison to monodentate
coordination, bidentate groups maintain a higher degree of stereochemical control
around the metal center, which enables the formation of more rigid cyclometalated
species. Daugulis et al. introduced the picolinamide and aminoquinolinamide
auxiliaries for Pd-catalyzed direct arylation of C(sp?)-H and C(sp*)-H centers
with aryl iodides [36, 37]. The initial report by Daugulis inspired many other
groups to utilize the abovementioned auxiliaries in a wide range of transformations,
including C(sp®)-H arylation or C-heteroatom bond formation [38].

In 2013, Babu et al. [39] and Charette et al. [40] disclosed the direct arylation of
cyclopropanes employing the aminoquinolamide and picolinamide auxiliaries,
respectively. Thus, the Babu group showed that the methylene C—H bond of
cyclopropyl substrate 63 can be functionalized with excess aryl iodide in the
presence of catalytic PdA(OAc), and stoichiometric AgOAc (Scheme 17) [39]. 2-
Methylthioanilide 67 could also be employed as auxiliary; however the arylated
cyclopropanes 68 and 69 were obtained in lower yields. Monoarylated cyclopro-
panes 64-66 and 68—69 were obtained as the cis-diastereomer; moreover, cis-
diarylated cyclopropanes can be obtained when excess (8 equiv.) aryl iodide is
employed. It is also possible to access mixed triarylated cyclopropylcarboxamides
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Scheme 17 Aminoquinolamide and 2-methylthioanilide-enabled arylation of cyclopropanes
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Scheme 18 Synthesis of trisubstituted cyclopropanes
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Scheme 19 Picolinamide-directed arylation of cyclopropanes with (hetero)aryl iodides

such as 71 starting from trans-disubstituted cyclopropane 70 (Scheme 18). Later,
Zeng et al. disclosed one example of the arylation of aminoquinolamide cyclopro-
pane 63 with 4-bromoanisole; however, the yield was only 18% even after 36 h at
140°C [41].

The latter report from the Charette lab disclosed two distinct reaction conditions
for the arylation of cyclopropylmethyl picolinamide 72, employing either excess
Ag™ in the form of AgzPO, (condition A) or catalytic PivOH (condition B), along
with catalytic Pd(OAc), (Scheme 19) [40]. The cis-diastereomer 73-77a is
obtained exclusively, but in many cases traces of diarylated cyclopropanes 73—
77b (cis and trans) were observed. The picolinamide group could be transformed
into the corresponding fert-butylcarbamate by reaction with Boc,O, followed by
oxidative cleavage in the presence of LiOH and H,O,. Only aryl iodides were
tolerated as coupling partners in the reports from Babu and Charette.
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Scheme 20 Proposed mechanism for picolinamide-enabled cyclopropane arylation

Mechanistic evidence from the Daugulis lab [36, 37] and others [42] supports a
Pd(II)/(IV) pathway for bidentate-directed C—H functionalization. Sustac and
Charette also investigated the mechanism of their cyclopropane arylation [40]. It
was determined that an acetate source was necessary for the reaction to proceed,
because it is presumably involved in the CMD step. Both Pd(0) and Pd(II) sources
could be employed in the Ag-mediated reaction. The silver source is proposed to aid
with catalyst regeneration by removing iodide or, in the case of Pd(0) sources, to
oxidize them to Pd(II). The proposed mechanism is shown in Scheme 20. Coordi-
nation of Pd(OAc), to the picolinamide 72 to give complex A occurs with loss of
one acetate molecule. Then, acetate-mediated concerted metalation—deprotonation
provides complex B. Oxidative addition of the aryl iodide gives rise to a highly
unstable Pd"Y complex C, which undergoes reductive elimination to provide com-
plex D. Loss of iodide mediated by Agz;PO,4 or Na,COj3 and product dissociation
and coordination of Pd" to another picolinamide molecule 72 close the catalytic
cycle.

The aminoquinolinamide auxiliary was also shown to mediate the construction
of 1,1,2-trisubstituted arylcyclopropanes [43]. Substrate 78, bearing a cis-
substituted cyclopropyl moiety, reacted smoothly with a variety of (hetero)aryl
iodides in a Pd-catalyzed, Ag-mediated transformation (Scheme 21). Notably,
substituents such as an aldehyde, a hydroxyl, or an unprotected indole were
tolerated under the reaction conditions. Additionally, the reactivity of trans-
cyclopropyl substrate 79 was investigated (Scheme 21). The challenge here was
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Scheme 21 Synthesis of quaternary centers starting from cis- or trans-substituted cyclopropanes
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Scheme 22 Pd-catalyzed arylation of cyclopropane 80 enabled by ligand 81

overcoming the steric effect of the bulky TBDPS group. It was discovered that
adding the base K;PO, improved the yield of the reaction (41% without vs. 75%
with 1 equiv. K3PO,). Various aryl iodides acted as coupling partners in modest to
good yields; in general, the yields were lower than in the case of the cis-substrate,
presumably due to steric effects. Nonetheless, the reaction represents one of the few
examples of intermolecular formation of quaternary centers via tertiary C(sp”)—H
functionalization of cyclopropanes.

The Yu group employed a weakly coordinating N-arylamide group for the
monoarylation of a cyclopropane 80 with p-iodotoluene in the presence of
2-isobutoxyquinoline (82) as the ligand (Scheme 22) [44]. The ligand had the
property of being “mutually repulsive”: it allowed for single coordination of Pd
to its pyridine portion but also coordination of Pd to the arylamide group of 80.
Such a coordination mode results in an overall lowering the transition state energy
of the C(sp3)—H activation.

Furthermore, selective monoarylation of 1-aminocyclopropane-1-carboxylic
acid derivative 83 was achieved in the presence of alkoxy-substituted quinoline
85 in good yield (Scheme 23) [45]. Only one diastereomer of the unnatural amino
acid derivative 84 was produced.
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Scheme 23 Selective cyclopropane monoarylation in the presence of alkoxy-quinoline 85

5 Enantioselective Direct Functionalization
of Cyclopropanes

The asymmetric synthesis of cyclopropanes has attracted continual efforts in
organic synthesis, due to their relevance in natural products and biologically active
compounds. The prevalent methods employed include halomethylmetal mediated
processes in the presence of chiral auxiliaries/catalysts (Simmons—Smith-type
reactions), transition-metal-catalyzed decomposition of diazoalkanes, Michael-
induced ring closures, or asymmetric metalations [8—10, 46]. However, the asym-
metric preparation of unfunctionalized cyclopropanes remains relatively
undisclosed. The enantioselective activation of unactivated C-H bonds via
transition-metal catalysis is an area of active research in organic chemistry [47—
49]. Recently, a few groups investigated the enantioselective synthesis of cyclo-
propanes by direct functionalization reactions.

An intramolecular process for the asymmetric Pd-catalyzed C-H arylation of
cyclopropanes was published by the Cramer group [50]. An initial screening of
different classes of ligands found TADDOL-type phosphoramidites promising in
the synthesis of tetrahydroquinoline 87. Fine-tuning of the TADDOL structure
revealed that ligand 86, containing 3,5-xylyl substituents, along with the addition
of catalytic amounts of pivalic acid to the reaction, provided the best yields and
enantiomeric excesses (Scheme 24). The transformation also represented a rare
example of the formation of a seven-membered palladacycle as a reaction interme-
diate. Notably, the cyclization can be performed with catalyst loadings as low as
1 mol%, without affecting the yield or enantioselectivity. Various a-substituted
cyclopropanes were tolerated in the reaction to provide the corresponding
tetrahydroquinolines 87-90. Of note, the presence of a phenyl or benzyl group in
compounds 88 and 89, respectively, did not result in a competing C(sp>)-H
functionalization. In contrast, the absence of a-substitution led to the synthesis of
spiroindolines (Scheme 14, vide supra). The triflyl group of 88 was cleaved by
reaction with Red-Al in an excellent 99% yield.

A system consisting of a chiral NHC ligand and a Pd(0) catalyst was shown to
activate racemic cyclopropyl substrate 91 in a publication by Kiindig et al. [51]. The
reaction was not selective as a 1:1 mixture of products arising from the reaction of
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Scheme 24 Pd-catalyzed enantioselective aylation of cyclopropanes in the presence of
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Scheme 25 Enantioselective cyclopropane functionalization promoted by NHC ligand 94

the cyclopropyl methine C—H bond (compound 92) and methyl C—H bond (com-
pound 93) was obtained (Scheme 25).

In 2011, the Yu group disclosed the first example of intermolecular
enantioselective C—H functionalization of cyclopropanes [52]. Initially, the cross-
coupling of amide cyclopropane 95 with phenylboronic acid pinacol ester
(Ph-BPin) was investigated in the absence of a chiral ligand. It was established
that the transformation takes place at 100°C, in the presence of Pd(OAc), as the
catalyst, giving rise to a 2:1 mixture of mono- and diarylated cis-cyclopropanes 96
and 97, respectively. Alkyl potassium trifluoroborates were also compatible cou-
pling partners, when the base was changed to Li,CO3 (Scheme 26).

A thorough screen of amino acids and their derivatives led to the application of
chiral ligand 98 derived from phenylalanine in the intermolecular arylation of
cyclopropane derivatives (Scheme 27) [52]. Albeit not practical, the addition of
the catalyst and ligand in two batches at 40°C was optimal for the yield and
enantioselectivity. Traces of water were also required in the transformation, and
it was speculated that water aided in the transmetalation step. Ph-BPin was the best
nucleophile, while the employment of alkyl boronic esters required increased
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Pd(OAc);, (10 mol %), Ph-BPin (2.0 equiv)

Me Ag,COj3 (1.5 equiv), BQ (0.5 equiv) Me Me JFh
H\")<] NaHCO; (3.0 equiv) H\n/<l . H\"/<f

Ar H,0 (5.0 equiv), DMSO or DMF (0.4 equiv) " T Ar T

0 t-amyl-OH (0.2 M) Ph Ph

95 100 °C 96 97
E 91%, 21 1
F

Ar=

F CN

-

Scheme 26 Optimized conditions for coupling of amide cyclopropane 95 with phenyl boronic
ester

H R Pd(OAc); (5 mol %), 98 (10 mol %) R
_N Ag,CO;3 (0.75 equiv), NaHCO; (2 equiv) H B
Ar + R-BX, Ar”
(¢} 1.0 equiv BQ (0.25 equiv), H,O (3 equiv) 5 R

t-amyl-OH (0.2 M)
400r70°C,6h

F (added in two batches)
F
F
Ar=
F CN
F nPer\C |3j)\

|
Selected examples: BnO, @
H Mec_ HM ”, H Bn’—. H 2 H ”,
Ar” \I(q Ar/NM A7 j(<l Ar/NM Ar” ﬁ

O Ph O nBu O Ph O Ph O Ph

81%, 91% ee 49%, 62% ee 80%, 92% ee 62%, 92% ee 51%, 89% ee

Scheme 27 Enantioselective arylation of cyclopropanes in the presence of mono-protected amino
acid ligand 98 and selected examples

temperatures (70°C), leading to slightly lower yields and enantioselectivities. It was
also necessary to block the a-position of the cyclopropane in all examples, leading
in some cases to lengthy syntheses of the starting materials. Nonetheless, groups
such as methyl, isopropyl, cyclopentyl, f-benzyl ethers, y-protected amines, or even
aryls were tolerated in the a-position.

Most recently, the Yu group employed a triflyl-protected amine as a directing
group in the asymmetric, intermolecular, and Pd-catalyzed functionalization of
cyclopropylmethylamine 99 with aryl iodides (Scheme 28) [53]. Judicious screen-
ing of chiral mono-N-protected amino acids revealed Boc-L-Val-OH as the ideal
ligand. In general, amino acid side chains that were branched (vs. linear) provided
better enantioselectivities, while carbamates (e.g., Boc, Fmoc, Cbz) were desirable
as N-protecting groups. Remarkably, the reaction provided exclusively the
monoarylated product 100, as in all cases the remaining mass balance consisted
of unreacted starting material. Furthermore, in contrast to the previous report [52],
the presence of a substituent in the a-position of the cyclopropane was not required
for reactivity.
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Scheme 28 Screen of ligands for the arylation of cyclopropane 99

Pd(OAc), (10 mol %), Boc-L-Val-OH (20 mol %)

NHTF Ag,COj (2.0 equiv), NaTFA (0.5 equiv) NHTF
H Ar.
”'R Ar-1 (3.0 equiv) -
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0y 0 0 0, 0 0,
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2-F 38%, 95.3% ee 24%, 98.0% ee

99%, 98.9% ee

Scheme 29 Enantioselective arylation of cyclopropanes with various aryl iodides

The cyclopropyl methylene C—-H bond was exclusively functionalized in the
presence of competing aryl, benzyl, or methyl C—H bonds (Scheme 29). Addition-
ally, a wide array of substituted aryl iodides could be employed as coupling partners
in excellent yields and enantioselectivities; notably, an ester substituent on the
cyclopropane was tolerated, affording the corresponding product in 42% yield.
However, heteroaryl iodides were unreactive which represents a limitation to the
methodology.

In contrast with the initial report employing boronic esters that follow a Pd(Il)/
(0) pathway [52], the current methodology is proposed to occur via a Pd(I)/
(IV) mechanism. No reaction was observed in the presence of a Pd(0) source or
in the absence of the silver salt. A plausible catalytic cycle involves an initial C—H
activation step of palladium complex A to provide palladacycle B, followed by
oxidative addition of the aryl iodide to give a highly reactive Pd(IV) complex C,
which undergoes rapid reductive elimination to provide the desired product and a
Pd(II) complex D (Scheme 30). The last step is loss of iodide, mediated by the silver
salt. The use of the weakly coordinating -NHTT group by the Yu lab has allowed for
the development of the first intermolecular and enantioselective C(sp*)—H activa-
tion via a Pd(II)/(IV) catalytic cycle.
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6 Conclusion and Outlook

Over the last decade, continued interest in transition-metal-catalyzed C(sp”)-H
bond functionalization reactions has allowed for the development of several meth-
odologies for direct transformations of cyclopropanes. Intramolecular reactions
resulted in the synthesis of biologically relevant cyclopropyloxindoles, as well as
access to complex quinoline- or benzazepine-type products. Intermolecular trans-
formations employed strongly binding auxiliaries or weakly coordinating directing
groups to achieve arylation of cyclopropanes. A significant breakthrough
represented the asymmetric direct arylation of cyclopropanes; in particular, contri-
butions from the Yu group have put forward the use of mono-protected amino acids
as chiral ligands in Pd(0)/(IT) or PAd(II)/(IV) catalysis. Although at the moment the
use of Pd salts as catalysts for the activation of cyclopropanes is predominant, it is
desirable that less expensive metals such as Cu, Fe, Ni, or Co are also explored for
the transformation.
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Silver-Mediated Direct sp> C-H Bond
Functionalization

Taigang Zhou and Zhang-Jie Shi

Abstract Direct sp3 C-H bond functionalization is an efficient, straightforward,
and powerful method to construct new C-X (X=C, N, F, S) bonds from
nonfunctionalized aliphatic motif of organic molecules, which has been used in
late-stage modification of complex molecules. In this chapter, the recent develop-
ments of silver-mediated direct sp> C—H functionalizations are reviewed, catego-
rized by C—C bond formation (C—H insertion), C-N bond formation (intramolecular
and intermolecular amination/amidation), C—F bond formation, and C-S bond
formation.
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Abbreviations

BHT 2,6-Di-tert-butyl-4-methylphenol

Bo Benzo
bp 4,7-Diphenyl-1,10-phenanthroline
d.r. Diastereoselectivity ratio

DCE Dichloroethane
DCM Dichloromethane
EDA Ethyl diazoacetate

h Hour(s)

L Ligand

L-Men L-Menthyl

Me Methyl

Ns p-Nitrosulfonyl

Ph Phenyl

Py Pyridine

Pyr Pyrrole

It Room temperature

scCO, Supercritical carbon dioxide
‘Bubipy  4,4’-Di-tert-butyl-2,2'-bipyridine
THF Tetrahydrofuran

Tp Tris(pyrazolyl)borate
tpa Tris(2-pyridylmethyl)amine
Ts p-Toluenesulfonyl

1 Introduction

As a noble metal, silver becomes one of the most important metals in the life of
human beings, which has been used as currency and ornaments by humans for
thousands of years. Nowadays, silver and its salts have been widely used in
photography, electrical equipment, jewelry, as well as transition metal for catalysis
in chemistry. In chemical research, silver complexes were usually thought to be low
activity and used as either co-catalysts [1, 2] or Lewis acids [3] for decades. In
recent years, a wide range of important organic transformation has been catalyzed
by silver complexes, including C-H insertion, amination/amidation, fluorination,
hydrosilylation, decarboxylation, and so on [4—12].

Direct sp> C—H bond functionalization has attracted much attention in the past
few decades, which presents high efficient, atom-economical pathways to construct
new functional groups from easily available chemicals. Most of present C—H bond
transformations need to use expensive metals, such as palladium, rhodium, iridium,
etc. [13]. Compared to these metals, silver is relatively economically attractive and
has been proved highly efficient for C—H activation in recent years, in particular,
silver-mediated sp> C—H bond transformation. Diverse Ag complexes exhibited
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Scheme 1 Silver complexes involved in sp3 C-H bond transformation

their unprecedented reactivity in this field, which will be discussed in the text
(Scheme 1). This chapter will focus on a variety of sp’ C—H functionalizations
catalyzed by different silver complexes.

2 Silver-Mediated Direct sp> C-H Transformations

2.1 Direct C—C Bond Formation

C—C bond formation is a major task in synthetic chemistry, and direct C—C bond
formation through sp> C—H transformation is an ideal method. Up to date, only a
few examples were reported via silver catalysts in this field. In 1996, Burgess and
coworkers described the earliest work of silver-mediated intramolecular carbene
insertion toward C—H bonds (Scheme 2) [14]. They examined 96 potential systems
of ligand/metal/solvent combinations to optimize such a C—H insertion reaction.
Silver hexafluoroantimonate(V) (AgSbFg) together with bis(oxazolidine) ligand L*
in THF showed an unexpected activity and gave desired insertion products in
moderate yield (44%) and diastereoselectivity (2.7:1).

A family of tris(pyrazolyl)borate (Tp) silver complexes (Scheme 1, catalysts 1—
7) have been independently developed by Dias and Pérez’s groups, which proved to
be efficient for carbene insertion in sp3 C-H bonds with diazoacetates [8, 15—
24]. For example, in 2004, Dias, Lovely, and coworkers reported early examples of
carbene insertion into sp° C—H bond of alkanes and ethers by silver with tris
(pyrazolyl)borate complex 1 [18, 19]. In this reaction, using neat alkane as substrate



118 T. Zhou and Z.-J. Shi

CO,(L-Men) :
COy(L-Men) COZ (L-Men) !

e P NQ
0 THF N >< | o %

o |
44%, d.r.=2.71

Scheme 2 Intramolecular carbene insertion into C—H bond with silver catalyst

and solvent, 5 mol% [Tp‘“"*?]Ag(THF) 1 as catalyst (Scheme 1), and ethyl
diazoacetate (EDA) as a carbene source, the desired carbene insertion products
were observed with moderate to excellent yield (41-88%, Scheme 3). All primary,
secondary, and tertiary sp> C—H bonds of alkanes worked well in this transforma-
tion. The regioselectivity for the carbene insertion was favored at the primary and
secondary sites. However, cyclic ethers were not suitable substrates and showed
low activity, presumably due to highly coordinating ability of cyclic ethers.

Pérez’s group has focused on modification of tris(pyrazolyl)borate silver com-
plexes for several years. In 2005, Pérez and coworkers developed a highly active
silver catalyst [TpBr3Ag]2(Me2CO) 2 for the transformation of sp3 C-H bond of
alkanes with carbene species (Scheme 3) [20]. Compared to silver catalyst 1, the
substitution of ligand in silver catalysts 2 was changed from CF; (catalyst 1) to Br
(catalyst 2) and showed higher efficiency of carbene insertion into sp> C—H bonds
of various alkanes with EDA. However, the drawback of these silver catalysts is the
high catalyst loading (5%) with quite a low turnover numbers. Thus, efficient silver
complexes for this transformation were still highly appealing.

After developing the promising catalyst 2, Pérez and coworkers further reported
a new silver complex with perfluorinated tris(pyrazolyl)borate ligand [F,;-
Tp*Bo3F31Ag(Me,CO) 3, which can catalyze carbene insertion into sp® C—H
bond of alkanes with EDA [21]. A variety of alkanes and cycloalkanes were
evaluated in the reaction (Scheme 3). Compared to catalyst 1 and 2, the similar
results were achieved with catalyst 3, while with a low catalyst loading (0.5%) and
high turnover numbers.

In 2011, Asensio, Etienne, Pérez, and coworkers reported a first example of
carbene insertion into methane sp> C—H bond by silver catalysts (Scheme 4)
[22]. The reaction was performed using Tp*Ag (silver complexes 2, 3, 4) as the
catalysts and ethyl diazoacetate as a carbene source. ScCO, as the solvent was the
key for the success of this transformation. Although silver catalyst was only
sparingly soluble in mixture of methane/scCO,, silver complexes 3 or 4 gave
approximately 7% desired insertion product, respectively, whereas complex 2 led
to a trace amount of product. Nineteen percent yield of ethyl propionate was
obtained after the optimization of conditions. Ethane and n-pentane also underwent
this transformation in scCO,. Additionally, in 2014, Pérez and coworkers also
developed a catalytic method for functionalization of methane and light alkanes
with EDA in scCO, based with these fluorinated silver complexes (catalysts 3—
7) [23].

Later on, more fluorinated silver complexes (catalysts 5—7) were developed by
Pérez and coworkers [24]. Most of those complexes efficiently catalyzed carbene
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Silver complexes (1,2,3,7,9)
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Scheme 3 Silver complex-catalyzed carbene insertion into sp> C—H bonds

insertion into alkane sp® C—H bond with EDA in quantitative yield. More impor-
tantly, those silver complexes could be separated and reused several times without
loss of efficacy and chemo- and regioselectivities under a fluorous phase (Fomblin
or perfluorophenanthrene). For example, by using 2,3-dimethylbutane (1 mL,
7.6 mmol) as the substrate, silver complex 7 (0.005 mmol) F51—Tp4B 0.3(CF2)
CF3 A g(acetone) as the catalyst, ethyl diazoacetate (10.5 pL, 0.1 mmol) as a carbene
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Tp*Ag, sc-CO,

N P =250 atm, 40 °C, 14 h H H
HC-H + : T + N,
H” ~CO,Et catalyst loading: 0.03 mmol HsC™ "CO,Et

initial molar ratio EDA:Tp*Ag = 100:1

160 atm

TpBPAg 0.024
F,-Tp#Bo3CF3Ag 0.198
F,,-Tp4Bo3CF2CF3Ag 0.204

mmol ethyl propionate

Scheme 4 Silver-mediated methane sp> C—H transformation by Pérez et al.

source, and Fomblin HVAC 140/13 (4.0 mL, 1.2 mmol) as the fluorous medium, the
desired product and starting material were collected by trap-to-trap vacuum distil-
lation at room temperature after the first catalytic cycle run in good efficiency. Then
the fresh starting material (1 mL) and EDA (10.5 pL) were added to the distillation
which contained soluble catalyst and the fluorous phase for the second run. This
procedure could be repeated several times. The results were shown in Scheme 3.
The catalyst 7 was used 4 times and observed identical chemo- and regioselectivity
with a slight increase of the reaction time.

Besides a series of tris(pyrazolyl)borate silver complexes, another type of silver
complex 9, discovered by Caulton, Mindiola, and coworkers, could also catalyze
carbene insertion into alkane sp® C—H bonds [25]. This silver complex was easily
prepared from Ag,O with a bidentated ligand (H(3,5-(CF3),PyrPy). This complex
was an air- and water-stable complex, existing as a trinuclear form. A series of
alkanes, including cyclic, linear, and branched alkanes, were functionalized with
complex 9 at 25°C in moderate to excellent yield (Scheme 3). Interestingly,
compared with the results from Dias and Pérez’s groups by using Tp*Ag com-
plexes, the opposite regioselectivity was observed from Mindiola’s group by using
complex 9. For example, the regioselectivity for the carbene insertion into
2,3-dimethylbutane C—H bond with complex 9 favored at the tertiary site over the
primary site (ratio 6.7:1, Scheme 3), whereas complex 3 favored at the primary site
over tertiary site (ratio 3:1). The yields of functionalization of linear and branched
alkanes with complex 9 were moderate due to the formation of fumarate, maleate
from EDA, and some unreacted EDA.

In 2013, Lee and coworkers reported silver-mediated intramolecular carbene
insertion to sp° C—H from alkyne building blocks, mediated by aryne intermediates
[26]. In this reaction, using silver trifluoromethanesulfonate (AgOTf, 10 mol%) or
AgSbFg (10 mol%) as the catalyst and toluene as the solvent at 90°C for 5 h, good to
excellent yields were obtained for various unsymmetrical and symmetrical bis-1,3-
diyne substrates. All primary, secondary, and tertiary C—H bonds could be activated
to generate the desired five-membered ring product, and secondary C—H bond was
more reactive than primary C—H bond when substrates had two different kinds of
available sp®> C—H bonds (Scheme 5). For example, sp® C—H insertion in substrate
with two different C—H bonds (entry 4) afforded a mixture of secondary and
primary insertion products in high yield (80%) and ratio (13:1).
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Scheme 5 Silver-mediated sp3 C-H insertion through aryne intermediates by Lee et al.

2.2 Direct C-N Bond Formation

Nitrogen-containing functional groups are basic and important structural motifs,
exiting in biologically active compounds and natural products [27]. The develop-
ment of new and efficient methods to construct C-N bonds through C-H activation
attracted much attention in medicinal chemistry and organic chemistry. Usually,
there are two ways to introduce C—N bonds via C—H activation, intramolecular and
intermolecular amination/amidation.

2.2.1 Intramolecular Amination/Amidation

In 2004, He and coworkers reported that a disilver (I) complex 10 (Scheme 1)
catalyzed intramolecular amidation of sp> C—H bonds in both carbamates and
sulfamates [28]. Using AgNO; (4 mol%) with /Bustpy (4-6 mol%) as the catalyst
and PhI(OAc), (2.0 equiv.) as the oxidant in MeCN, the intramolecular amidation
products were obtained in good to excellent yields (53-90%, Scheme 6). The
reaction worked for a range of carbamates and sulfamates, generated five-
membered ring and six-membered ring products. In addition, the optical rotation
of product will remain as an enantiomerically pure sample during the reaction. This
result indicated that the reaction is stereospecific and also provided the evidence to
show that the amination involved a silver-mediated nitrene-transfer mechanism.
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Scheme 6 Silver-mediated intramolecular amination of sp> C-H bonds
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Scheme 7 Silver-catalyzed tunable, chemoselective sp3 C—H amination

However, the substrate scope could not be expanded to amides. Several amides
were tried under various reaction conditions; no desired product was obtained.

In 2013, Schomaker and coworkers reported highly chemoselective amidation of
C=C and sp® C-H bonds by silver catalyst (Scheme 7) [29]. AgOTf was used as the
catalyst with phenanthroline as ligand set in the presence of PhlO as the oxidant and
4 A molecular sieves as additive in DCM. The reaction ran at room temperature.
The ratio of AgOTf/ligand is critical since it controlled the reaction pathways to
form either aziridination or C—H insertion product. The substrate scopes were
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explored to homoallenic and homoallylic carbamates with various substituents.
Excellent chemoselectivity and high yields were obtained for this amidation of
sp> C—H bonds when a 1:3 ratio of AgOTf/ligand was used, while for aziridination
when a 1:1.25 ratio of AgOTf/ligand was used.

Later in 2014, ligand-controlled tunable, site-selective silver-catalyzed intramo-
lecular amination/amidation between two different types of C—H bonds has been
described by Schomaker and coworkers (Scheme 8) [30]. In the reaction, AgOTf
with 4,4'-di-tert-butyl-2,2'-bipyridine (‘Bubipy) or tris(2-pyridylmethyl)amine
(tpa) as the catalyst, PhIO as the oxidant, and 4 A molecular sieves as additive
were used. The sulfamate substrates contained two different types of C—H bonds,
including a benzylic C-H bond and an electron-rich tertiary C—H bond. The
reactions ran in DCM at room temperature. When AgOTf with ‘Bubipy (AgOTf/
ligand=1:3) was used as a catalyst, the reaction preferred at an electron-rich tertiary
C-H bond. Interestingly, when tpa was used as ligand (AgOTf/ligand=1:1.25), the
amidation was favored at a benzylic C—H bond. However, there also were some
exceptions. For example, substrate only gave benzylic C—H bond activation with
both catalysts, while a higher yield was obtained with (tpa)AgOT{, presumably due
to the low bond dissociation energy of benzylic C-H bond (~89 kcal/mol)

B\
— Bu Bu

b S

o]

Og® AgOT, ligand L', PhIO H2N\§;O AgOTY, ligand L2, PhIO 0P
HN-"O  H o H & H . H O™NH
R/'\/K/Kﬂ' 4A, DCMtt A LKy 4ADCmat RM}

. R

a (major) Condition A Condition B b (major)
Entn Substrate Conditlon A (yield) Condition B (yield)

4 a b a b
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HN.
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s H & H R=OMe 70% 15% 31% 38%
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Scheme 8 Silver-catalyzed, ligand-controlled sp® C—H amination by Schomaker et al.
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compared to the cyclopropyl C—H bond (~106 kal/mol) (entry 2). The amidation
with both catalysts again was obtained at tertiary C—H bond, and similarly (tpa)
AgOTf was superior to (‘Bubipy),AgOTTf (entry 4).

Very recently, Shi and coworkers reported another beautiful example of silver-
catalyzed direct intramolecular amination (Scheme 9) [31]. Primary sp® C—H bonds
are much less reactive than secondary and tertiary C—H bonds, and activation of
primary sp® C—H bonds is high challenge and needs to develop a new silver-based
catalytic system. In their report, primary sp> C—H bond was found preferred to
secondary and tertiary C—H bonds. Notably, secondary benzylic C-H and aryl C-H
bonds were suitable in the reaction; by using AgOAc (20 mol%) with ‘Bubipy
(20 mol%) as the catalyst, PhI(OTFA), (2.0-4.0 equiv.) as the oxidant, K,CO; (2.0
equiv.) as the base, and PhCI/DCE (1/1) as the solvent at 120°C for 12 h, this
amination worked for various triflic amide derivatives and generated only five-
membered ring products, while six-membered products were generated through sp”
C-H amidation. Moderate to good yields are obtained (20-73%). Secondary and
tertiary C—H bonds have shown quite a low reactivity in the reaction. The substrates
with p-substitution were favorable for amination and usually good yields were

H Tf
1\/“&'1“ AgOAc, 'Bubipy, PhI(OTFA), N__R!
R? R! K,COs, PhCIDCE, 120 °C q
R2

NHTf H NHTf
NHTf NHTf

Tf
£ Tf

R =Me 57% R =Me 70% 52% 65% 70%, 2:1, d.r. = 1:1
R Ph 25% R =Et 66%

f
NHTF
NHTT NHTf HTf
TFHN o0
% NTf i H
73%

qu

oy x{j

NHT

50% 36% 30%

Scheme 9 Silver-mediated directed amination of primary and benzylic C—H bonds by Shi et al.
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obtained. However, a-substitution decreased the yields, possibly due to the steric
effect. Furthermore, protected linear amino acid ester underwent this transforma-
tion and formed 3-methylproline with 50% yield. More complicated core structure
of (—)-codonophsinine and (—)-martinellic acid was easily constructed using this
powerful method with moderate yields.

2.2.2 Intermolecular Amination

In comparison, intermolecular reaction met high challenges due to both enthalpy
and entropy reasons. In 2007, He and coworkers developed a disilver-based new
catalyst 11 which showed high efficiency for intramolecular C—H amination reac-
tion (Scheme 10) [32]. Such an intermolecular C—H amination/amidation ran at
mild condition. The new catalyst set has successfully been applied to
intermolecular amination reaction for the first time (Scheme 11). In the reaction,
the catalyst was added in two portions in order to increase the yield. Under typical
reaction condition, AgOTf (2 mol%) and ligand (2.4 mol%) were mixed in DCM in
a tube for 20 min. Then the substrate (5.0 or 10.0 equiv.), PhI=NNs (1.0 equiv.) and
4 A molecular sieves (2 g/mmol) were added under N, atmosphere. The tube was
sealed and heated to 50°C for 2 h before another AgOTf (2 mol%) and ligand
(2.4 mol%) mixed in DCM were added. The reaction was carried out at 50°C

o : Ph Ph
H AgOT, bp, Phi(OAC) J
R)\/OTNHZ it 2 N o A
& DCM, 50 °C R)—’ i =N =

! bathophenanthroline (bp)

i X
o) o
N A OXNH N P
HN o HN” YO ©<
75% 84% 90% 80%

Scheme 10 Silver-mediated intramolecular amination of sp> C—H bonds by He et al.
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Scheme 11 Silver-mediated intermolecular amination of sp> C—H bonds by He et al.
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overnight. Good yields were obtained for activating the benzylic C—H bond, while
only moderate yields were obtained for inert C—H bond of cyclic alkanes.

In 2008, Diaz-Requejo, Pérez, and coworkers developed a new silver-based
catalytic system which proceeded the direct intermolecular amination of alkanes
[33]. This new catalyzed system employed complexes [Tp ®'Ag], 8 as catalyst and
PhI=NTs ([Ag]/[PhI=NTs]=1/20) as the nitrene source. The reaction was carried
out in neat alkane at 80°C for 4 h. Linear and branched alkanes were converted to
corresponding isomeric mixtures of amides in moderate to excellent yields
(Scheme 12). The amination/amidation was favored at tertiary sites over secondary
and primary sp> C—H bonds of alkanes, and only a few examples were observed at
primary sp® C—H bonds. The reaction was inhibited when 2,6-di-terz-butyl-4-
methylphenol (BHT) was present . Chloroalkanes were observed when CCl, was
used as solvent. These evidences indicated that the mechanism involved radical
species.

Although good results were observed for amination/amidation of alkanes, the
reaction needed to carry out in neat substrates. In 2013, Dauban, Diaz-Requejo,
Pérez, and coworkers have developed a highly efficient nitrene source
sulfonimidamide. Based on their previous studies, complexes [Tp ®"Ag], 8 could
catalyze amination/amidation of alkanes (Scheme 12) [34]. In this report, a chiral
sulfonimidamide was used as the nitrene source instead of PhI=NTs. High

method A method B )
R! NHTs [Tp"PAgh8 Rl H [Tp*ErAg].8 R! NHS* ' C
R2”ORS PhI=NTs R2” R® PhI(OAC), REORS | ;;-T%\,'\‘./S\,\,H2
neat alkanes alkanes ! N
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Substrate method A Yield/Distribution of products (%) method B
H ! |
>'\|/ 3 TsHI\S\/ )\I/ : s*HN)L/
H : NHTs :
! 90 10 j
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H)H/ 3 TSH%/ i S*HN)H/
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\)\FI'/I 3 ] NHTs ~ A e~ NHS*
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Scheme 12 Sp> C—H bond amination using silver complex 8 as catalyst
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conversion was obtained for benzylic sp> C—H transformation. Important to note,
for sp’> C—H bond of alkane, the silver catalyst 8 showed high activity and gave
better yields by using much lower amounts of alkanes.

2.3 Direct C-F Bond Formation

Fluorine-containing compounds have unique physical and chemical properties, and
they are widely used in material chemistry and medicinal chemistry [35-37]. For
example, '8F_labeled organic compounds are used as biological imaging agents for
positron emission tomography (PET) [38, 39]. In 2014, Tang and coworkers
reported a silver-mediated difluorination of benzylic C—H bonds [40]. In this
reaction, they used AgNO; as catalyst, Na,S,Og as oxidant, and
1-(chloromethyl)-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate)
as Selectfluor fluorinating reagent, which is commercially available. Under stan-
dard condition, substrate (1.0 equiv.), AgNO5; (10 mol%), Na,S,05 (0.5 equiv.),
Selectfluor (3.0 equiv.), and MeCN/H,0 under N, were heated to 80°C for several
hours. Moderate to excellent yields were achieved (42-93%, Scheme 13). The
reaction was tolerating various functional groups, including ketone, ester, carbox-
ylic acid, amide, sulfonamide, aromatic derivatives, and heteroaromatic deriva-
tives. However, higher catalyst loading and excess reagents were needed for some
cases. For example, substrates without ortho-substituents reacted slowly and usu-
ally needed high catalyst loading and large amount of Selectfluor. Obviously, this

H H F. F ﬁCI
2 AgNOj3, NayS,0g, Selectfluor 2
Rif X R gNO3, NazS;0g RiT N R [NJZBF4
9 o —
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Ph & \\ 2
[e] (0]
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FF FF FF
H,N H
H H H
‘ X
F ~.N
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HO._O HoN.__O PN ¢
v FF 2 FF
H
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Scheme 13 Silver-mediated difluorination of sp®> C—H bonds
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method provided the most straightforward way to produce 1,1-difluoro substituents
at benzylic position.

2.4 Direct C-SCF; Bond Formation

Trifluoromethylthio group (SCF;) is an important structural moiety in new drugs
and agrochemicals owing to its strong electronegativity and high lipophilicity [41—
44]. Very recently, both Tang and Chen groups have reported direct sp® C-H
trifluoromethylthiolation using silver (I) trifluoromethanethiolate and persulfate
[45, 46]. These developed methods were applied for the late-stage trifluoro-
methylthiolation of pharmaceutical and agrochemical compounds.

In Tang’s work [45], AgSCF; was used as trifluoromethylthiolation reagent and
Na,S,0g as the oxidant. The reaction was carried out under aqueous conditions in
air. As standard condition, the substrates (1.0 equiv.), AgSCF; (2.5 equiv.),
Na,S,0g4 (4.0 equiv.), and MeCN/H,O/DCE (6:2:1, v/v/v) in 2.00 mL sealed in a
vial were warmed to 35°C for 12 h. Moderate to excellent yields (32-94%) of
desired products are obtained. The reaction can be carried out at gram scale
(Scheme 14). The reaction tolerated various functional groups, including ethers,
esters, amino acid derivatives, bromides, and aromatic derivatives. This reaction
was favored occurring selectively at tertiary and secondary C—H bonds. Otherwise,

AgSCF; (2.5 equiv)
Na,S,0g (4.0 equiv,
R=H 25205 (4.0 equiv) R=SCF,
MeCN/H,O/DCE (6:2:1, v/v/v), 35 °C
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32% (3:1) 72% (15:1) 90% (>20:1) 80% (20:1)
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o FsC
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Scheme 14 Silver-mediated trifluoromethylthiolation of sp> C—H bonds and applications
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Scheme 15 Silver-mediated trifluoromethylthiolation of sp> C—H bonds

this transformation gave a much lower selectivity of trifluoromethylthiolation
products. It is important to note that more complex natural products were success-
fully applied in this trifluoromethylthiolation, exhibiting the potential of this
method in medicinal chemistry.

Almost at the same time, Chen and coworkers also reported the similar direct
trifluoromethylthiolation of sp® C—H bonds by AgSCF3/K,S,0g [46]. They also
used AgSCF; as trifluoromethylthiolation reagent, but K,S,0g as the oxidant. The
reaction was carried out under argon atmosphere. Moderate to excellent yields (18—
83%) were obtained under mild conditions (Scheme 15). Similarly, the trifluoro-
methylthiolation were showed with a better selectivity at tertiary C—H than sec-
ondary C—H bonds. Many functional groups were also well tolerated, including
ketones, esters, bromides, tertiary alcohols, and phthalimides. However, the pres-
ence of the primary and secondary aliphatic alcohols terminated the reaction. The
substrates with alkene and alkyne groups were also not workable and resulted in a
complicated reaction mixture.

3 Conclusions and Perspective

Although much attention has been paid to silver catalysis in the past several years
and significant progress has been achieved in this field of silver-mediated sp® C-H
bond transformations, compared to the catalysis with other transition metals, the
reports in this field are still very limited. In this chapter, we have reviewed a variety
of important silver-catalyzed sp> C—H transformations, including C—C bond for-
mation, C-N bond formation, C—F bond formation, and C-S bond formation. A
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family of tris(pyrazolyl)borate silver complexes and other unique silver complexes
were designed, synthesized, and characterized and further proved to be efficient
catalysts in this field. Fascinating methodologies were developed for functiona-
lization of different aliphatic C—H bonds, particularly, methane and short alkanes
with EDA by perfluorinated tris(pyrazolyl)borate silver complexes in scCO,. Sil-
ver-catalyzed/silver-mediated sp3 C-H amination/amidation, difluorination, and
trifluoromethylthiolation provided a great potential for future late-stage functiona-
lization of pharmaceutical and agrochemical compounds. All these developments
will blossom a new field to approach the direct aliphatic C—H functionalization. As
a cheap noble metal, silver exhibited an exciting feature in catalysis, tunable by the
different ligands. We believe that silver will play more and more important roles in
direct C—H functionalization with the development of new processes.
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Applications of Catalytic Organometallic
C(sp3)—H Bond Functionalization

David Dailler, Grégory Danoun, and Olivier Baudoin

Abstract The transition-metal-catalyzed activation of C(sp’)-H bonds has
emerged as powerful strategy to create bonds and introduce functional groups in
a direct fashion. This review focuses on recent applications of C(sp>)-H bond
functionalization strategies to the synthesis of biologically active and natural
compounds.

Keywords Bioactive molecules - C—H activation - Natural products - Total
synthesis - Transition metals
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1 Introduction

Compared to the wealth of catalytic methods which have been developed for the
functionalization of C(sp®)~H bonds of arenes and heteroarenes, relatively little
work has focused on the functionalization of unactivated, nonacidic C(sp3)—H
bonds of alkyl fragments. Most transition-metal-catalyzed C(sp®)-H functiona-
lization methods involve a C—H activation step in which a C—H bond is cleaved
and a carbon—metal bond is formed, a process which has been termed ‘“organome-
tallic” or “inner-sphere” C—H activation [1]. But the organometallic activation of C
(sp”)-H bonds is generally more difficult to achieve, because these bonds are less
acidic and lack proximal empty low-energy or filled high-energy orbitals that
interact with filled or empty orbitals of the metal, respectively. Despite this intrinsic
difficulty, considerable progress has been made in the past decade, and catalytic
organometallic C(sp*)—H bond activation has now become a straightforward and
practical tool to build C=C and C(Sp3)—X bonds (X=C or heteroatom) in a complex
molecule setting [2-5].

This chapter highlights recent remarkable examples of the fast-growing litera-
ture on the application of catalytic organometallic C(sp>)—H bond functionalization
to the synthesis of natural products and active ingredients, of interest for medicine
and agrochemistry [6—8]. Reactions involving the cleavage of activated C—H bonds,
in o position to heteroatoms or electron-withdrawing groups, or which do not
involve organometallic intermediates are not covered herein.

2 Heteroatom-Directed C-H Activation

2.1 Pioneering Stoichiometric Studies

Pioneering applications of heteroatom-directed C(sp”)-H activation using stoichio-
metric amounts of metal salts were described by Sames and co-workers in the early
2000s. These studies paved the way for the development of subsequent catalytic
methods. In 2000, the total synthesis of the antimitotic natural product (&4)-
rhazinilam was achieved using a platinum-mediated dehydrogenative C—H bond
activation as key step [9]. Several seminal reports had shown that platinum com-
plexes containing nitrogenous bidentate ancillary ligands were prone to undergo C—
H activation [10-13]. Exploiting this property, Johnson and Sames employed
optimized Schiff base 1 as a bidentate ligand to form the pivotal platinum complex
2 by reaction with a dimethylplatinum reagent [Me,Pt(p-SMe,)], (Scheme 1).
Treatment of 2 with triflic acid afforded a cationic platinum complex 3, which
upon heating in CF3CH,OH provided the hydridoplatinum (II) complex 4, resulting
from the selective dehydrogenation of one ethyl group, with excellent yield (90%,
NMR yield). Subsequent platinum decomplexation with aqueous KCN followed by
cleavage of the imine afforded racemic alkene 5 in 60% overall yield from 1.
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Scheme 1 Synthesis of (+)-rhazinilam involving Pt-mediated alkane dehydrogenation

Alkene 5 was employed to synthesize (%)-rhazinilam in seven additional steps.
Sames and co-workers later described an asymmetric version of this approach by
differentiating the two enantiotopic ethyl groups using a chiral oxazoline-
containing Schiff base [14].

After this first application of a stoichiometric alkane dehydrogenation reaction,
Sames and co-workers turned to C(sp3)—C(sp2) bond formation via heteroatom-
directed C(sp®)—H bond activation. In 2002, they described the synthesis of the core
of teleocidin B4, a complex natural product fragment including two quaternary
stereocenters (Scheme 2) [15]. They envisioned that a ferz-butyl group could act as
the cornerstone for the construction of this tetracyclic compound via two directed
C-H bond activations. Starting from a tuned Schiff base 6 containing two methoxy
substituents to avoid the metalation of arene C—H bonds, a stable six-membered
palladacycle 7 was generated by treatment with a stoichiometric amount of PdCl,.
The isolation of this intermediate showed the bidentate coordination of the Schiff
base and one ortho-methoxy group. Palladacycles such as 7 have been known to
undergo direct functionalization reactions [16—19]. However, transmetalation with
boronic acids had not been reported. Palladacycle 7 reacted with a boronic acid in
the presence of Ag,0 to provide the alkenylated product 8 with 65% yield from 6.
Then, treatment of 8 with methanesulfonic acid generated the cyclized product 9,
the precursor of the second C—H activation process, via a Friedel-Crafts alkylation
in good yield. Stoichiometric PdCl, and NaOAc were reacted with 9 to afford a
mixture of diastereoisomeric palladacycle 10, which was directly treated with
carbon monoxide and methanol to furnish methyl ester intermediates. Under acidic
conditions (silica), the Schiff base was hydrolyzed, followed by spontaneous
cyclization, thus providing diastereoisomeric lactams 11 and 12 (65% yield over
three steps, d.r. = 1:6). The final stage of the synthesis of the teleocidin core
involved indole formation, which was performed in three steps from major diaste-
reoisomer 12.

Through the preceding syntheses, Sames and co-workers demonstrated the
potential of the heteroatom-directed C(sp®)-H bond activation strategy in total
synthesis, which allows to draw nontraditional disconnections in retrosynthetic
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Scheme 2 Synthesis of the core of teleocidin B-4 via multiple Pd-mediated C—H activation

analysis and to construct new bonds in a straightforward manner. However, in these
pioneering studies, stoichiometric amounts of metal were necessary to perform the
key transformations. Subsequent efforts were devoted to the development of cata-
lytic methods that retain synthetic applicability.

2.2 pB-Arylation of Carbonyl Compounds

In 2005, taking advantage of bidentate coordinating groups to efficiently bind to a
transition metal and to position the latter in proximity to a targeted C—H bond,
Daugulis and co-workers described the Pd"-catalyzed regioselective p- and
y-arylation of unactivated C(sp’)-H bonds, by introducing respectively
8-aminoquinoline and picolinamide directing groups [20, 21]. Inspired by this
seminal report, numerous developments of new bidentate directing groups and
methods have been subsequently reported [22].

In 2006, the group of Corey described a first extension of this concept
[23]. Using the 8-aminoquinoline directing group, they could achieve the
palladium-catalyzed diastereoselective p- and y-C(sp>)-H arylation of protected
a-amino acid derivatives with aryl iodides and catalytic amounts of Pd(OAc),.
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Scheme 3 Total synthesis of celogentin C featuring Pd-catalyzed directed C—H arylation

Following up on this study, Feng and Chen achieved the total synthesis of (—)-
celogentin C (Scheme 3) [24]. Inspired by the proposed biosynthesis involving
enzymatic oxidative cross-links [25, 26], they envisioned to construct the Leu-Trp
C(sp”)—C(sp?) bond by regio- and diastereoselective C—H arylation of the Leu motif
13. After optimization on a model substrate, they could perform the arylation of 13
with iodide 14 in good yield on a multigram scale, using Pd(OAc), as the catalyst
and AgOAc as the terminal oxidant. A complete diastereoselectivity was observed,
which was ascribed to the preferential formation of a trans-palladacycle interme-
diate avoiding the steric clash between the isopropyl and N-phthaloyl groups. This
Pd" intermediate afforded, after oxidative addition of aryl iodide 14 and C-C
reductive elimination, compound 15 with the erythro stereochemistry. Interest-
ingly, only the N-phthaloyl protecting group could be successfully employed for
the arylation process. However, its bulkiness and lability proved to be troublesome
during the cleavage of the aminoquinoline auxiliary, for which no mild conditions
had been reported. To solve this issue, Chen and co-workers carried out a three-step
sequence starting with the transformation of the N-phthaloyl group into a smaller
azide, followed by Boc-activation of the amide [27] and hydrolysis under Evan’s
conditions [28]. Overall, the total synthesis of celogentin C was achieved in
23 steps, featuring the first application of catalytic C(sp”)—H bond functionalization
using a bidentate directing group in natural product synthesis.
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In 2011, Gutekunst and Baran described both the first example of sequential
catalytic C(sp>)-H arylations in total synthesis and of transition-metal-catalyzed
activation of C—H bonds of a cyclobutane ring [29]. This iterative C—H functiona-
lization strategy provided an efficient access to unsymmetrical cyclobutanes of
biological interest while avoiding pitfalls of classical cyclobutane synthesis via
photoinduced [2+2] cross-dimerization: head-to-head and head-to-tail additions,
homodimerization, and E/Z isomerization of olefin precursors, generally leading to
the uncontrolled production of a complex mixture of regio- and stereoisomers [30,
31]. To achieve the synthesis of piperarborenines (Scheme 4), Baran and co-worker
selected the [2-(methylthio)phenyl]carbamoyl derivative 16 instead of the
8-aminoquinoline directing group, because the hydrolysis of the former was
reported to occur under milder conditions [32]. After optimization, they found
that the addition of HFIP and pivalic acid [33] is critical to perform the first C
(sp?)-H arylation with complete regio- and diastereoselectivity, to give cis-config-
ured product 17 on gram scale. Taking advantage of divergent epimerization to
obtain diastereoisomers 18 and 19 in good yield and stereoselectivity, they suc-
cessfully performed the second diastereoselective C(sp*)—H arylation under similar
conditions, thus affording tetrasubstituted cyclobutanes 20 and 21.
Piperarborenines B and D were then synthesized from these intermediates in 2-3
steps via transformation of the amide and ester groups into carboxylic acids,
followed by condensation with dihydropyridone. Overall, this iterative C-H
functionalization strategy allowed to access both natural products in 67 steps, 7—
12% overall yield. Later on, Baran and co-workers reported an extension of this
strategy to the sequential C—H arylation/alkenylation of cyclobutanes, which
allowed to synthesize pipercyclobutanamide A, another congener of the same
family of natural products [34, 35].

During their studies on the total synthesis of podophyllotoxin based on a
Pd-catalyzed C(sp’)-H arylation strategy (Scheme 5) [36], Ting and Maimone
reported subtle conformational effects on reductive elimination pathways. Indeed,
when precursor 22 was engaged in directed C(sp’)—H arylation under usual condi-
tions, B-lactam 23 was unexpectedly isolated as the major product. In the past few
years, the direct C—N bond reductive elimination of the nitrogen atom of the amide
directing group has been well documented [37—42]. To understand and suppress
this undesired pathway, the authors carried out X-ray diffraction analyses of the
acetonitrile-bound Pd" complex arising from the C—H activation step. They iden-
tified that the environment of this palladacycle is highly congested and affected by
the conformation of the cyclohexene ring. As a consequence, they prepared the
conformationally distinct substrate 24 as new a precursor of the C—H activation
process. After significant optimization including the use of dibenzylphosphate as an
additive [43-45], the desired C—C bond formation was performed in 58% yield. To
finish, a simple treatment of the arylated product with a TFA/THF/H,0O mixture
afforded podophyllotoxin and C-4 epi-podophyllotoxin, due to the epimerizable
character of the C4 stereogenic center. This strategy provided a five-step synthesis
of podophyllotoxin from commercially available bromopiperonal and a straight-
forward entry into novel arene-modified analogues.
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Recently, further work has been described employing the 8-aminoquinoline
directing group for the efficient synthesis of cis-3-substituted proline derivatives
[46, 47], which are compounds of interests in organocatalysis [48] and drug

discovery [49-51].
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Scheme 5 Total synthesis of podophyllotoxin via Pd-catalyzed directed C—H arylation

2.3 y-Arylation of Amine Derivatives

Based on the original study of Daugulis and co-workers, who introduced the
picolinamide bidentate directing group for the palladium-catalyzed y-C(sp’)—H
arylation of amine derivatives [20], He and Chen reported major improvements
which facilitate synthetic applications [50]. Indeed, they developed milder condi-
tions (80°C, with +~-BuOH or trifluoroethanol as the solvent), which are compatible
with sensitive functional groups and stereogenic centers found in complex molecule
settings. Furthermore, based on precedents in peptide chemistry [52], they devel-
oped a modified picolinamide directing group which can be removed through
intramolecular acyl transfer under mildly acidic conditions. The importance of
these modifications was demonstrated through to the formal synthesis of (+)-
obafluorin (Scheme 6). The synthetic sequence started from the readily available
threonine derivative 25, which was engaged in the optimized y-C—H arylation
conditions to afford the desired arylated product 26 in 60% yield. The directing
group was then smoothly removed under acidic treatment to provide aminoester 27,
which served as an intermediate in the formal synthesis of (+)-obafluorin.

In 2013, Chen and co-workers reported a streamlined approach for the synthesis
of tetrahydroquinolines (THQs) via the sequential functionalization of remote C—H
bonds [53]. Starting from readily available aryl iodide and aliphatic amine pre-
cursors, this strategy involved a three-step sequence including palladium-catalyzed
y-C(sp*)-H arylation, followed by a previously optimized metal-free e-C(sp*)—H
iodination reaction [54] and a more classical Cu-catalyzed intramolecular C—-N
coupling. To test the efficacy of this novel procedure, the authors applied it to the
total synthesis of the antimalarial alkaloid (+)-angustureine (Scheme 7) [55]. N-
Alkylpicolinamide 28 was easily accessible from commercially available (§)-(+)-3-
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Scheme 7 Synthesis of (+)-angustureine involving Pd-catalyzed directed y-C—H arylation

octanol. It was engaged in the directed y-C(sp”)-H arylation with iodobenzene to
afford the desired arylated product 29 in excellent yield. Compound 29 was then
treated with NIS and HBF, to provide the corresponding ortho-iodinated product in
mono-selective fashion, which was subsequently engaged in the Cu-catalyzed
cyclization to give THQ 30 in 81% yield over two steps. Finally, removal of the
PA group from the cyclized compound 30 under reductive conditions followed by
N-methylation furnished (+)-angustureine in good overall yield.

Despite significant improvements of palladium-catalyzed directed C(sp’)-H
arylation, including the use of less reactive but more cost-attractive aryl bromides
[56] or open-air, room-temperature conditions [57], only sporadic examples of
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coupling with sterically hindered aryl donors have been reported [58-61]. To
address  this challenge, Chen and co-workers introduced a new
pyridylmethylamine-based directing group, which enabled C-H arylation with
sterically hindered ortho-substituted aryl iodides [62]. As an illustration, to access
the key Ile-Hpa pseudodipeptide moiety in hibispeptin A (Scheme 8), the authors
first considered the original N-linked picolinamide directing group, which proved
efficient in previous y-C(sp”)—H arylations of amino acid substrates [20, 58]. Unfor-
tunately, the corresponding y-Me arylation occurred in low yield (<20%) due to a
sterically disfavored cis-configuration of the a-CO,Me and B-Et groups in the five-
membered palladacycle intermediate. To solve this low reactivity issue and based
on previous studies on the y — arylation of amino acids [23], they explored a series
of C-linked directing groups that would induce the formation of a less hindered but
also less kinetically favored six-membered palladacycle intermediate. They ini-
tially found that 2-pyridylethylamine, introduced by Chatani and co-workers [63],
provided good arylation yields, but low conversions and loss of chiral integrity
during the cleavage of the directing group. Based on their previous studies [58],
they designed a new pyridylmethylamine-based directing group which could be
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Scheme 9 Formal synthesis of benazepril via Pd-catalyzed y-C-H arylation using the
2-methoxyiminoacetyl (MIA) directing group

easily removed. The latter was employed to perform the y-Me arylation of Ile
derivative 31 with ortho-substituted aryl iodide 32, which provided the key Ile-Hpa
residue 33 in moderate yield. A three-step cleavage sequence then furnished
carboxylic acid 34, a key intermediate of the synthesis of hibispeptin A.

Only a few amine-derived directing groups have been reported, and all of them
display drawbacks such as high reaction temperatures (typically 150°C) [59],
difficult cleavage [20], or low accessibility [58]. On this basis, Fan and Ma reported
a new 2-methoxyiminoacetyl (MIA) directing group for the y-C(sp*)-H arylation of
amines, which is readily available, operates under moderate reaction temperatures,
and can be removed under mild conditions to allow for further functionalization
(Scheme 9) [61]. Using this directing group, they could perform the y-C(sp>)-H
arylation of various 2-aminobutanoic acid derivatives with a broad range of aryl
iodides. Furthermore, mild post-functionalizations such as room-temperature
hydrolysis or hydrogenation provided homophenylalanine derivatives, which are
important motifs in drug discovery, e.g., as peptidomimetics [64]. The synthetic
utility of this protocol was demonstrated through the formal synthesis of the
antihypertensive agent benazepril. Starting from the simple 2-aminobutanoic acid
derivative 35, lactam 36, which directly intercepts the synthesis of Ciba-Geigy
Corporation, was synthesized in only four steps and good overall yield.
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2.4 Other Directed C—H Functionalizations
2.4.1 C-C Bond Formation

Fagnou and co-workers described a completely site-selective C(sp3)—H or C(spz)—H
arylation of a broad range of azine and diazine N-oxides with aryl halides, involving
a Pd°/Pd" catalytic manifold (Scheme 10) [65, 66]. This switch of regioselectivity
is controlled by an intimidate involvement of the base and catalyst. Using a strong
base like NaOrz-Bu, the arylation, which is presumably directed by the N-oxide
function, selectively occurred at the sp® site. This novel C(sp”)-H arylation meth-
odology was applied to the total synthesis of the alkaloids crykonisine and papav-
erine, in only three steps after reduction of the N-oxide group, and starting from
easily available materials.

In 2012, Maes and co-workers reported a new transition-metal-catalyzed meth-
odology for the direct C2-H functionalization of piperidines [67], via pyridine-
directed Ru-catalyzed C(sp*)-H alkylation with alkenes [68]. Based on previous
work [69-73], they discovered that a combination of a bulky alcohol (2,4-dimethyl-
3-pentanol) and a catalytic amount of a carboxylic acid [74] is necessary to avoid
side reactions such as isomerization and/or reduction of the alkene reactant
(Scheme 11). They successfully applied this method to the total synthesis of (4)-

MeO OMe
| N, Hy PdiC | o
NT - N
MeO NG _MeOH e 7
87%

BnO O 39 OH O

crykonisine
Pd,dbag (2.5 mol%)
Ru-Phos cat.
NaOt-Bu, PhMe
MW, 110°C, 45 min
55%
MeO MeReOj3 (5 mol%)  peo. H sp? site ia |l N
‘ ) __H30, CHCl, va N
=N 70% ¢
MeO -o[):'d”.Ar
37 H sp’ site N-oxide coordination
Pd,dbag (2.5 mol%)
Ru-Phos cat.
NaOt-Bu, PhMe
MW, 110°C, 45 min OMe
45% OMe
MeO MeO.
| N, zn,NHCI | =
Ni: THF =N
MeO 770 — > MeO
o
MeO O 94%  Meo O
MeO 40 MeO

papaverine

Scheme 10 Synthesis of crykonisine and papaverine via Pdo—catalyzed site-selective C-H
arylation of N-oxides
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Scheme 11 Synthesis of [Ru3(CO);2] (8 mol%)
. . 3,4,5-trifluorobenzoic acid (8 mol%)
(&£)-solenopsin A via
_ : ] N 1-undecene (10 equiv) N™ "CqiHys
Ru Cau:llyzed directed C-H l‘3y 2,4-dimethyl-3-pentanol (5 equiv) I‘Dy
alkylation 140°C, 48 h, 78%

42 5:3 (trans/cis)

4
/(j R/C (10 mol%), Hy, (75 bar) )\/j
N "“'Cq4Has i-PrOH, 75°C, 16 h, 65% N "'CyqHas

Py
trans-42 (%)-solenopsin A

solenopsin A through a three-step sequence starting from racemic
2-methylpiperidine.

2.4.2 C-N Bond Formation

The formation of four- and five-membered N-heterocycles such as azetidines [38—
40, 75] and f-lactams [36, 41] through direct C—N bond reductive elimination
involving the nitrogen atom of amide directing groups is well documented. Build-
ing on these data, Wu and co-workers developed modified conditions to access
p-lactams via Pd-catalyzed, C¢Fsl-assisted intramolecular amidation of -C(sp®)—H
bonds (Scheme 12) [42]. They found that a highly electron-deficient aryl iodide
such as CgFsl can promote the B-lactam formation pathway (C—N reductive elim-
ination) over the arylation pathway (C-C reductive elimination). Using the
8-aminoquinoline directing group, they synthesized a broad range of p-lactams,
including cis-fused systems which are difficult to access by other methods, with
excellent yield and selectivity. To highlight the synthetic utility of this process, they
reported the formal synthesis of p-lactamase inhibitor MK-8712. Starting from
readily available vL-proline, compound 43 containing the modified
5-OMe-quinoline, easily removable directing group introduced by Chen and
co-workers [75] was obtained. The optimized intramolecular C—H amidation
afforded cis-fused p-lactam 44 in 86% yield. Directing group cleavage with CAN
and hydrogenolysis afforded the cis-fused product 46, a key intermediate in the
synthesis of the target f-lactamase inhibitor.

2.4.3 C-0O Bond Formation

Sharpe and Johnson recently reported a stereocontrolled total synthesis of the
indole diterpenoid paspaline (Scheme 13) [76]. In a key step, they envisaged to
perform the C-H oxidation of diastereotopic gem-dimethyl groups, which would
allow to install a pivotal quaternary stereocenter. Inspired by an initial report of
Sanford and co-workers [77] and a seminal application in total synthesis by the
group of Sorensen [78], they decided to carry out the key selective C—H oxidation
of intermediate 47 containing an oxime directing group. Applying Sanford’s orig-
inal condition furnished the desired acetoxylated product 48 in high yield and as a
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Scheme 12 Synthesis of MK-8712 via Pd-catalyzed intramolecular C—H amidation
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Scheme 13 Synthesis of paspaline via diastereoselective oxime-directed C—H oxidation

single diastereoisomer. This complete diastereoselectivity is thought to originate
from the favored conformation of 47, which places the oxime C-N z-bond and the
activated equatorial methyl group in the same plane. A 12-step sequence completed
the stereocontrolled synthesis of paspaline.

3 Oxidative-Addition-Initiated C-H Activation

The oxidative addition of a carbon-leaving group bond to a low-valent transition-
metal complex may play the same role as the binding to a Lewis basic directing
group in order to trigger intramolecular C—H activation [2, 3]. Inspired by Dyker’s
C—H self-condensation of ortho-substituted aryl iodides under ligand-free condi-
tions [79, 80], Baudoin and co-workers reported in 2003 the palladium(0)-catalyzed
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Pd(OAc), (10 mol %) o2 Pd(OAc), (10 mol %)
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Scheme 14 Synthesis of verapamil involving a selective Pd’-catalyzed formal dehydrogenation

C(sp”)—H functionalization of benzylic alkyl groups, giving rise to olefin 50 (formal
alkane dehydrogenation) or benzocyclobutene 51 from aryl halide 49 (Scheme 14)
[81]. In both cases, they found optimal conditions with DMF as the solvent and
K,CO5 as the active base. Furthermore, in contrast to Dyker’s initial work, no self-
condensation was observed thanks to the use of suitable phosphine ligands. Indeed,
the formation of olefins 50 was best performed using P(o-Tol);, whereas P(¢-Bu);
was found to be optimal to construct benzocyclobutene 51 via a challenging C—C
reductive elimination [82]. Further ligand design subsequently allowed to access a
greater variety of linear and cyclic olefins under milder conditions [83]. To dem-
onstrate the utility of the dehydrogenation method, the authors applied it to the
synthesis of the calcium channel antagonist verapamil [83]. Thus, bromoarene 52,
easily obtained from a commercially available substituted phenylacetonitrile, was
engaged into the optimized C—H activation procedure to afford the dehydrogenated
product 53 in high yield and with high selectivity in favor of the ethyl vs. the
isopropyl group. Verapamil was then obtained in good yield (six steps, 17%
overall) through a three-step sequence involving ruthenium-catalyzed
hydroamidation, N-methylation, and chemoselective reduction of the amide
function.

In 2009, Baudoin and co-workers reported a new strategy for the synthesis of
dihydroisoquinolines, involving sequential C(sp’)-H arylation and 6-
n-electrocyclization, which was applied to the total synthesis of the tetrahydropro-
toberberine alkaloid (4)-coralydine (Scheme 15) [84]. First, aryl bromide 55
underwent C—H activation/intramolecular C—C coupling to give benzocyclobutene
methyl ester 56 in good yield. Hydrolysis of 56 followed by Curtius rearrangement
yielded aminobenzocyclobutene 57. Condensation of 57 with an appropriate
substituted benzaldehyde afforded an imine intermediate, which was directly
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Scheme 15 Synthesis of (4)-coralydine featuring Pd’-catalyzed intramolecular C—H arylation

engaged in the key thermal tandem electrocyclic ring-opening/6-
n-electrocyclization reaction [85], thereby providing dihydroisoquinoline 58 in
52% yield. An additional three-step sequence furnished (&£)-coralydine, which
was obtained with an overall yield of 6.2% in nine steps.

In 2014, the same research group described the synthesis of valuable 1-indanols
and 1-indanamines through a similar intramolecular C-H arylation process
(Scheme 16) [86]. In previous reports, (fused) indanes [83, 87, 88] and indanones
[88] had been obtained, but only with a quaternary center at the C1 or C2 position,
respectively. In the more recent study [86], Baudoin and co-workers proposed
suitable conditions to synthesize more interesting, albeit more challenging indanes
bearing a tertiary benzylic C1 carbon atom. 1-Indanols and 1-indanamines were
obtained under operationally simple conditions and with moderate-to-high yield,
depending on the degree of substitution at the C2 position, as a result of Thorpe—
Ingold effects. Interestingly, the diastereoselectivity at C1 and C2 was affected by
the nature of the heteroatomic substituent at C1. Indeed, a subtle conformational
effect allowed to selectively obtain the frans-diastereoisomer in the 1-indanamine
case, which is a valuable building block for the synthesis of APIs. In contrast,
1-indanols were obtained as the major cis-diastereoisomers. Within the framework
of a collaboration with Bayer CropScience, this method was applied to the synthesis
of racemic frans-aminoindane 60, a known intermediate in the industrial synthesis
of the herbicide indaziflam.

As an extension to C—H arylations, Baudoin and co-workers reported the intra-
molecular alkenylation of unactivated C(sp>)~H bonds. Inspired both by Knochel’s
intramolecular C(sp>)-H alkenylation of activated benzylic positions [89, 90] and
by Ohno’s indoline synthesis [91], they developed a unique route toward
hexahydroindoles (Scheme 17) [92]. This method afforded sp3—rich products in
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Scheme 16 Formal synthesis of indaziflam involving a conformationally challenging Pd’-cata-
lyzed intramolecular C—H arylation

good yield with a high degree of regioselectivity. More recently, the same authors
reported its application to the synthesis of the bicyclic (Choi) core of aeruginosin
marine natural products [93-95]. Cyclohexenyl bromide 61 which was obtained
through a six-step synthesis from readily available precursors underwent C(sp*)-H
alkenylation on multigram scale under re-optimized conditions, to provide
hexahydroindole 62 in good yield. In parallel, a rapid and divergent access to the
hydroxyphenyllactic (Hpla) subunits of the natural products, including those
containing chlorine or bromine atoms on the benzene ring, was developed, by
using a palladium-catalyzed directed f-C—H arylation of a p-lactic acid derivative
(63). After screening various directing groups and reaction conditions, the
2-pyridinylisopropyl (PIP) group introduced by Shi and co-workers [41] was
found to be the best option to furnish the various required Hpla subunits 64a—c in
good yield and without erosion of optical purity. A multistep sequence involving
peptide coupling and deprotections allowed to complete the total synthesis of
aeruginosins 98B and 298A, with an unprecedented overall yield and scale for
the latter (0.7 g, 8.2% overall yield), and started from simple chiral pool precursors
[93]. This strategy also allows to synthesize aeruginosin congeners bearing halogen
atoms on the Hpla subunit [94]. This final application highlights the synthetic
power of C(sp”)-H activation, when employed in a strategic manner to streamline
complex molecule synthesis.
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Scheme 17 Total synthesis of aeruginosins featuring two strategic Pd-catalyzed C-H activation
reactions

4 Conclusion

In the past decade, catalytic organometallic C(sp’)-H activation has undergone
major progress and has become a powerful tool to create C(sp>)—X bonds in a very
direct manner. An increasing number of applications of the newly developed
methods have been reported, both in natural product and API synthesis. The use
of C—H bond functionalization in a strategic manner in retrosynthetic analysis is an
emerging concept that will deeply impact organic synthesis on the long term, by
improving atom and step economy and thus overall efficiency. However, the field is
still in its infancy, as one is far from being able to selectively functionalize a given
C-H bond in a given organic molecule, and many exciting developments and
applications lie ahead.
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Abstract In this chapter we describe the recent applications of well-defined oxide-
supported metal alkyls/alkylidenes/alkylidynes and hydrides of group IV, V, and VI
transition metals in the field of C-H and C—C bond activation. The activation of
ubiquitous C—H and C—C bonds of paraffin is a long-standing challenge because of
intrinsic low reactivity. There are many concepts derived from surface organo-
metallic chemistry (SOMC): surface organometallic fragments are always inter-
mediates in heterogeneous catalysis. The study of their synthesis and reactivity is a
way to rationalize mechanism of heterogeneous catalysis and to achieve structure
activity relationship. By surface organometallic chemistry one can enter any cata-
lytic center by a reaction intermediate leading in fine to single site catalysts. With
surface organometallic chemistry one can coordinate to the metal which can play a
role in different elementary steps leading for example to C—H activation and Olefin
metathesis. Because of the development of SOMC there is a lot of space for the
improvement of homogeneous catalysis. After the 1997 discovery of alkane
metathesis using silica-supported tantalum hydride by Basset et al. at low temper-
ature (150°C) the focus in this area was shifted to the discovery of more and more
challenging surface complexes active in the application of C—H and C—-C bond
activation. Here we describe the evolution of well-defined metathesis catalyst with
time as well as the effect of support on catalysis. We also describe here which
metal-ligand combinations are responsible for a variety of C—H and C-C bond
activation.
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1 Introduction

The activation of ubiquitous C—H and C-C bonds of paraffins is a long-standing
challenge for chemists because of their presence in petroleum and natural gas and
their intrinsic low reactivity. In 1997, our group reported the catalytic transform-
ation of acyclic alkanes into their lower and higher homologues using silica-
supported tantalum hydride(s) [1] in the absence of hydrogen at low temperature
(150°C). This has resulted in the faster development of surface organometallic
chemistry (SOMC), a discipline which has progressively emerged as a new area of
heterogeneous and homogeneous catalysis where one can prepare relatively well-
defined “single-site catalysts” [2]. The first results in the area of C—H and C—C bond
activation came from the discovery of single-site catalysts, e.g., [(=Si—O-)3;Zr-H],
which were able to catalyze the low-temperature hydrogenolysis of alkanes [3] and
later of polyethylene [4].

What was interesting and new in the SOMC approach is the fact that it was
bridging the two areas of homogeneous and heterogeneous catalysis which did not
overlap enough in the past. During the last 60 years, homogeneous catalysis played
an important role in the selective organic transformations of lower to higher value
products [5, 6]. Clear understanding of the reaction mechanism at the molecular
level and selective formation of the product by tuning the metal center and its
ligands are the main reasons for the increasing use of homogeneous catalysts. This
resulted from the parallel development of molecular organometallic chemistry [7—
11]. In contrast, the heterogeneous catalysts, which are more commonly used in
industry than homogeneous catalysis, did not lead to a clear understanding of
reaction mechanisms (at least at the atomic and molecular level), although the
parallel development of surface science could allow successful story in the identifi-
cation of elementary steps (e.g., in ammonia synthesis) [12]. The main reason was
the small amount of active sites and consequently the difficulty to fully characterize
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these active sites and to draw a reliable and predictive structure—activity
relationship.

In this chapter, we try to describe SOMC strategy in the recent years to achieve
alkane and cycloalkane metathesis with increasing TONs and selectivities. We will
explore the surface organometallic chemistry of Group IV, V and VI metals on
various supports and the properties of these single-site systems in the area of alkane
and cycloalkane metathesis.

2 Surface Organometallic Chemistry (SOMC)

A heterogeneous catalyst is an ideal choice for the great variety of chemical
transformations carried out in industry. Homogeneous catalysts, mostly because
of their fragility, instability at higher temperature, and difficulty to separate them
from the product(s) after reaction, are comparatively less used in industry (although
the number of homogeneous processes is steadily increasing with time). However,
selective utilization of the small number of active sites in heterogeneous catalyst
makes their characterization quasi-impossible, and, as a result, structure—activity
relationship is rarely reached which prevents further improvement of these
catalysts.

In order to bring the concepts of homogeneous catalysis into heterogeneous
catalysis, a new field of catalysis was developed called surface organometallic
chemistry (SOMC) (Scheme 1). SOMC led progressively to the discovery of a
new area of chemistry [13, 14]. It has been found that organometallic complexes
react with surfaces of oxides in a very specific way leading to new materials having
an extremely high electron deficiency. As a consequence a very strong reactivity to
activate the C—H and C—C bonds of paraffin’s was observed. It was discovered when
group IV metal alkyls were reacted with silica surfaces. The first discovery of the
hydrides of group I'V was made in the field of olefin polymerization [ 15]. These group
IV metal alkyls (or hydrides) are tremendously effective for low-temperature
hydrogenolysis of most alkanes and polyolefins (similar to Ziegler—Natta depolymer-
ization), activation of methane, and coupling of methane into ethane and hydrogen.
A series of new reactions were developed by using this approach [16].

After its origin, SOMC has been extended to the full ensemble of metallic
elements of the periodical table, to a huge variety of ligands, and to a huge variety
of supports. In addition, SOMC approach is applied in the area of nanoparticles.
In almost all cases, we could progressively understand reaction mechanisms and
make a clear structure—activity relationship.

SOMC is purely a surface phenomenon where an organometallic complex binds
selectively with the surface by covalent (or sometimes ionic or both) bonds. One can
then access to its electronic configuration and oxidation state, and this leads to a better
understanding of the reaction mechanism. In SOMC, the surface acts as a ligand,
which means one can tune the catalytic activity of the organometallic with the surface
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Scheme 1 Schematic presentation of surface organometallic compound

ligand. Surface can play the role of acid—base ligand as well as redox site. Besides
this, steric constraints in a porous surface also play an important role in catalysis.

Surface organometallic fragments can also be considered as reaction inter-
mediates in heterogeneous catalysis. Thus, the study of their stoichiometric reac-
tivity allows identification of the elementary steps in a precise way. Thus, as short
statement, SOMC is making a strong creative bridge between homogeneous and
classical heterogeneous catalysis.

2.1 Various Oxide Supports and Their Functionalities Used
in SOMC

To graft organometallic complexes in SOMC, various inorganic materials have
been used as a support such as silica, silica—alumina, alumina, magnesia, MCM
41, SBA-15, amino-modified SBA-15, etc. Depending on the nature of the reactive
sites on the surface of these materials, different behaviors were observed, leading to
sometimes completely different catalytic activity. Before considering the reactivity
of metal alkyls with, for example, silica surface, we have to understand the
functional groups present on such surface. First, we will consider flame silica
Aerosil® from Degussa partially dehydroxylated at various temperatures. This
solid has a surface area of ca. ~200 ngfl which contains isolated, vicinal, and
geminal hydroxyl groups (Scheme 2).

It was generally believed that reactivity of metal alkyls with the partially
dehydroxylated silica surface occurs by protonolysis of the meral-alkyl bond by
the remaining surface silanols. However, progressively it appeared that this is a
very narrow description of a complex phenomenon. In a partially dehydroxylated
surface, the dehydroxylation produces =Si—O-Si= groups for which the strain is
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Table 1 Example of various organometallic complexes on oxide surface prepared by SOMC

approach

Metal SOMC species References
Vanadium (=Si0—)V(=NBu’)(CH,Bu’"), [18]
Chromium (=SiO—)Cr(CH,Bu"); [19]
Zirconium (=Si0—)Zr(CH,Bu'); [4, 20]
Molybdenum (=Si0—)Mo(=CMe;)(CH,Bu"), 21]
Tantalum (=Si0—)Ta(—CHBu')(CH,Bu’), [22]
Tungsten (=Si0O—)WMes [23]
Rhenium (=SiO—)Re(=CMe;)(CH,BU'), [24]
Osmium (=Si0—)0s(=CMe;)(CH,Bu'), [25]

the result of the pretreatment temperature. Thus, at very high temperature, more
strained =Si—O-Si= groups were produced on silica surface and vice versa.

These strained groups exhibit also a typical reactivity with metal alkyls or
metal hydrides

To understand the reaction mechanism for a given reaction on surface and
correlate structure—activity relationship, first of all a well-defined “single-site”
system is needed. To have a well-defined “single-site” system the silanols must
be sufficiently isolated from each other to behave independently. This is the
necessary condition to reach the ultimate goal of making “single-site” catalysts.
Based on the above concepts, flame silica which has a surface area of ~200 ng_l
is usually pretreated at 700, 500, and 200°C under high vacuum (1075 mbar) for
16 h. The corresponding number of silanols is equal to 0.26, 0.42, and
0.86 mmolg ', respectively (measured either by '"H NMR of simple titration
method via MeLi) [17]. For such low values for surface silanol especially in the
case of SiO,_709, one can presume that the hydroxyl groups are far away from each
other and so well-defined grafted organometallic isolated species will be expected
upon reaction with these hydroxyl groups. This is the key point of surface organo-
metallic chemistry.

In Table 1, we have mentioned some examples of grafting of organometallic
complexes on various supports by the use of surface organometallic chemistry.
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3 Surface Organometallic Chemistry of Metal Alkyls/
Alkylidene and Alkylidyne

3.1 Reactivity of Group 1V (Zr, Hf, and Ti) Metal Alkyls
on Oxide Surfaces

This area was really at the origin of alkane activation with surface metal hydrides.
Those surface metal hydrides were obtained by treatment under hydrogen of silica-
supported metal alkyls. The first one in this series was tris-neopentylzirconium
surface complex [=SiO-Zr(Np)s3] 1.

Zirconium tris-neopentyl surface complex 1 was synthesized by the sublimation
of tetra-neopentylzirconium complex onto the surface of partially dehydroxylated
silica at 500°C [26, 27] and fully characterized by IR, NMR, EXAFS, elemental
analysis, and gas quantification methods as well as chemical methods [3, 28, 29].
Furthermore, in order to confirm its surface structure, the grafting experiment was
carried out with deuterated silica and tetra-neopentylzirconium. Evolution of 1 mol
of deuterated neopentane per mole of grafted zirconium proved that there is a
single bond between zirconium and oxygen. This monopodal surface structure
was further confirmed by EXAFS experiment with 1.

While zirconium and titanium lead to a monopodal species on SiO,_sqq [30], in
the case of [Hf(Np)4] the surface reaction produces a mixture of mono- and bipodal
species (Scheme 3) [31]. The mono- and bipodal (70:30) mixture was confirmed by
the evolution of gas during the reaction associated with the surface microanalysis:
the lower the C/Hf ratio in elemental analysis, the higher the percentage of bipodal
species. Further, it was confirmed by solid-state NMR: in '>’C NMR, two peaks
were found at 106 and 95 ppm corresponding to CH, of neopentyl for monopodal
surface complex (3) and bipodal surface complex (4). However, with SiO,_goo, Hf

| CH,3B WP

| o sEY o4 Yo m=z(1)
i L | wm=mi

SiO2.(500) J\L'

Hf,
; e
Si
S HE(N o \/% o)
O\\\Ol \T (Np)4 SI |
j > i + WS Si
;\L.AL s t o™ ol o O‘\;)/ No” %\O
CHfBu | | J\L | |
" YW

3

SiO2.(500)

I

Scheme 3 Synthesis of mono- and bis-grafted group (IV) metal alkyls on SiO,_509
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Scheme 4 Grafting of Zr(Np), on modified SBA-15

(NP),4 gives only monopodal species which was proved by elemental analysis, gas
quantification, and NMR.

The grafting of Zr(Np), was not only restricted to silica surface but also to other
well-defined oxide surfaces. Recently, amino-modified SBA-15 surfaces were
prepared by the reaction of partially dehydroxylated SBA-15 at 1100°C with
ammonia at 200 and 500°C to generate [(=Si—NH,)(=Si—-OH)] (§) and [(=Si—
NH,),] (6). The advantage of this method is the preparation of adjacent groups in
close vicinity. The surface organometallic complexes were prepared by the reaction
of [Zr(Np)4] with [(=Si—NH,)(=SiOH)] and [(=Si—NH,),] in pentane for 8 h at
room temperature (Scheme 4) [20].

The surface complexes [(=SiNH-)(=SiO-)Zr(Np),] (7) and [(=SiNH-),Zr
(Np)2] (8) were fully characterized by solid-state NMR, IR, and TEM. It was also
observed in BET experiment that although the surface area decreases slightly due to
the grafting of the bulky [Zr(Np)s;] fragment, this fragment did not block the
opening and the pores of the material. Additionally, bright-field transmission
electron microscopy (BF-TEM) obtained with high-resolution TEM (HRTEM)
confirms the preservation of the hexagonally ordered mesophase structure [20].

Similarly, Zr(Np)4 and Ti(Np), react with silica—alumina partially dehydroxyl-
ated at 500°C (SiO,—Al;03.509) to form a 100% monopodal species in case of
zirconium [4] and a mixture of 40% mono- and 60% bipodal species in case of
titanium [32]. Similarly, when Ti(CH,—Ph), and Zr(CH,—Ph), were grafted onto
Si0;.500 and SiO,_.709, one could generate, respectively, bipodal and monopodal
surface complex [33].

3.1.1 Hydrides of Group IV Metal Alkyls

After synthesis of [(=SiO—Zr(Np);] (1) and species [(=SiO-Ti(Np)3] (2) [30], the
efforts were made to synthesize and identify the corresponding surface organo-
metallic hydride which we believed to be the active catalyst for various types of
C—H bond activation reaction. 1 and 2 generate tri-podal monohydride (9, 10) as
major component when reacted with H, at 150°C [30, 34]. However, 3 generates
bipodal bis-hydride (11) as major component under H, atmosphere at temperature
lower than 100°C (Scheme 5) [35]. Similar hydrides were observed when silica—
alumina and alumina-supported Ti(Np)4 and Zr(Np)4 were heated at 150°C in the
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Scheme 5 Metal hydrides of group IV obtained when group IV metal alkyls react with hydrogen

presence of hydrogen [32]. On the other hand under similar conditions, 7 and
8 generated various other hydrides (Scheme 5) [20].

3.1.2 Reactivity of Group V (Ta) Alkyls and Alkylidene on Oxide
Surfaces

One of the important aspects of surface organometallic chemistry was achieved
when [Ta(CH3)s] 12, which is known to be very unstable at room temperature in
solution, was stabilized upon grafting on SiO, ;¢ surface (a similar observation
was observed with [W(Me)s]/SiO5.700 and will be discussed separately in next
section) [36]. [Ta(CHj3)s] reacts with SiO,_799 at —20°C and generates [=SiO-Ta
(CH3)4] (13) monopodal species. The formation of 13 was confirmed by solid-state
NMR, gas quantification methods, as well as elemental analysis (Scheme 6). 13 can
easily be transformed into a mixture of mono- and bipodal tantalum—carbene
surface complex (14) upon heating at 150°C for 4 h. The structure of 14 was
precisely confirmed by advanced solid-state NMR, elemental analysis, and gas
quantification methods.



New Concept of C—H and C—C Bond Activation via Surface Organometallic. . . 163

OH cH Me._ \ A \TécHZ
| Oa 3 Pentane Ta—Me / a\ / a\ M
LSie s | _CHs ppoc 2 . 150 °C, 4h o7 “me o Me
oW/ \O/\ \\O + H3C—'Ta\ . (l) o Me —_— S| O\\S‘ 4 S| Sl
) si o £ “cH ; i O -CH oSl N o Si N
AT e ,\IN cH3  ° WS YOS © o Yo Vo o Yo o
e | CH oV o _\o | © S|o| | © Swol
A 4 | (0] Si o | " .11/ e | ‘1{
(12) ~ w2 Sl an |.M. o wn
e > Py
wn
(13) (14)

Scheme 6 Grafting of Ta(CHj)s on SiO,_ g9 and formation of mono- and bipodal tantalum-
methyl-methylidene surface complex

1

/ BuCH,D (H O/ O/ \o

o >¢ J, ! Cd

W . Si Wi i
O l “‘l \ o Do o Do Do
J\L o [ 9) o
Slllca (500) wn . wn

(15) (16) (17)

Scheme 7 Formation of mono- and bipodal tantalum-neopentyl-neopentylidene on the surface of
Si02.500

Similarly in previous literature reports, [Ta(=C'Bu)(CH,'Bu);] (15) was grafted
on Si0;_500 [37] and SiO; 799 [22], respectively. While in SiO;_ 7, it gives exclu-
sively monopodal surface organometallic, but in the case of SiO,_sq, it gives a
mixture of mono- and bipodal surface complex (17) via an intermediate 16
(Scheme 7) [37, 38]. The mechanism for the reaction between 15 and SiO,_5q¢
was understood when deuterium labeled SiO,_soy was used. Evolution of more than
one mole of neopentane per grafted tantalum (neopentane/Ta = 1.35) [37] indicated
the formation of a mixture of mono- and bipodal species on the silica surface
(Scheme 7).

The reaction of 15 with deuterated (>90%) silica followed by hydrolysis with
D,0 produced 2.6 equiv. of neopentane with the major species as mono-deuterated
neopentane (54.4%), followed by 36.7% as bis-deuterated and 5.5% tris-deuterated
neopentane along with 3.3% neopentane. The evolution of tris-deuterated neo-
pentane confirmed that the incorporation of deuterium to tantalum carbene occurs
during the grafting of =SiOD with 15. Additionally, to confirm the presence of
tantalum—carbene species on the surface, 17 was treated with excess of acetone
(Scheme 8). Formation of 1 equiv. of 18 per grafted Ta complex confirms the
presence of one carbene center per grafted tantalum complex.

Again to confirm the presence of tantalum carbene on silica surface '*C-enriched
tantalum—carbene complex, [Ta(=C*H'Bu)(CH,'Bu);] was grafted on silica_sq).

e '>C CP NMR showed a peak at 246 ppm which corresponds to (=C*H'Bu)
along with other peaks confirming the presence of tantalum carbene on the
supported complex [39].
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Scheme 9 Evolution of surface tantalum hydride upon heating under hydrogen atmosphere
(bipodal structure in the case of SiO,_spp was omitted for clarity)

MCM-41 partially dehydroxylated at 500°C was also used to understand the
behavior of the [Ta(=C'Bu)(CH,'Bu);] complex on oxide support. Interestingly,
NMR, EXAFS, elemental analysis, and gas quantification results support the form-
ation of monopodal species, whereas in the case of SiO, s, it produces a mixture
of mono and bipodal species [40, 41].

3.1.3 Reactivity of Group V (Ta) Hydride on Oxide Surfaces

Interestingly, clearly distinct results were observed when the MCM-41-supported
[=SiOTa(=C'Bu)(CH,'Bu),] and silica-supported 17 were treated with hydrogen at
150°C (Scheme 8). In the case of silica-supported tantalum monohydride is formed
via the intermediacy of tantalum polyhydride which was proved by EXAFS [42],
whereas in the case of MCM-41-supported tantalum complex, a mixture of tanta-
lum monohydride (major) and tris-hydride (minor) was formed via tantalum
polyhydride [40] (Scheme 9). Upon further heating from 150 to 500°C under
hydrogen atmosphere, progressive decrease of the Ta—H peak was observed in IR
spectra, and a new surface complex corresponding to [(=SiO);Ta] was formed.
This can be explained by the fact that at higher temperature, a hydride transfer from
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tantalum to silicon and a siloxy transfer from silicon to tantalum were
observed [40].

3.1.4 Reactivity of Group VI (W) Alkyls and Alkylidene on Oxide
Surfaces

For the exploration of better catalyst for C—H bond activation especially, in the case
of alkane metathesis, the focus was shifted from group V to group VI metal
catalysts as these metals are well known for olefin metathesis as well as for C—-H
bond activation. They also were found to make low-temperature hydrogenolysis of
alkanes and polymerization of olefin [19, 43]. Similar to group V metal alkyls,
group VI metal alkyls can undergo reaction with dehydroxylated silica. Similar to
Scheme 7, [W(=C'Bu)(CH,'Bu);] (19) [Mo(=C'Bu)(CH,'Bu);] (20) was employed
for grafting of group VI metal alkyl on SiO, (0. In general, a pentane solution of an
excess of 19 or 20 was added to SiO,_;qg at room temperature to obtain [(=SiO-)W
(=C'Bu)(CH,Bu),] [44] (21) or [(=Si0O-)Mo(=C'Bu)(CH,'Bu),] (22)
(Scheme 10). The IR spectrum shows a decrease of the vV(=Si—O-H) band at
3,747 cm ™! with the formation of two new series of bands at 3,000-2,700 and
1,500-1,300 cm ™" assigned to vy and 8¢y vibrations.

However, in the case of [Ta(=C'Bu)(CH,'Bu),], the reaction proceeds with the
addition of Si—-OH bond onto the Ta=C bond followed by a-H abstraction
(Scheme 7), but in the case of [W(=C'Bu)(CH,'Bu)s] or [Mo(=C'Bu)(CH,'Bu)s],
the addition of Si~OH on W=C or Mo=C was not observed when grafted on SiO,_
700 (Scheme 10). It forms a monopodal carbyne species on SiO;_709. Gas quantifi-
cation and elemental analysis confirmed that there are nearly three neopentyl
groups per tungsten atom which again corroborates the monopodal structure of
the above grafted complex. Furthermore, formation of a carbyne ligand on silica
surface was confirmed by lH, 13C, and HETCOR solid-state NMR with the obser-
vation of characteristic peak at 318 ppm for the C carbyne)- The supported complex
21 was found to be very active in olefin metathesis but exhibited no activity in
alkane metathesis. The corresponding hydride [(=SiO-)W(=C'Bu)(CH,'Bu),] was
prepared by treating 21 with the excess of hydrogen at 150°C and found to be much
less active in alkane metathesis. To generate more electrophilic metal center for
better catalytic activity, alumina partially dehydroxylated at 500°C (PDA) was
chosen as solid support. Under similar condition, 19 was grafted on Al,O3_599 at
room temperature (Scheme 11).

The supported organometallic complexes were characterized by IR, solid-state
NMR, EXAFS, and elemental analysis. All these data taken together confirm that it
is a mixture of monopodal carbyne (major) (Scheme 10) along with a minor amount
of cationic tungsten with the migration of neopentyl group from tungsten to nearby
electrophilic aluminum center. The corresponding polyhydride was prepared from
23 by the treatment of excess of hydrogen at 150°C (Scheme 12). IR spectra showed
partial consumption of the AI-OH with simultaneously formation of Al-H bond,
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Scheme 10 Grafting of
group VI metal alkylidyne
on the surface of Si05_70q

Scheme 11 Grafting of [W
(=C'Bu)(CH,'Bu);] on the
surface of Al,O3_509 (for
simplicity only Td Al is
shown)

Scheme 12 Formation of
tungsten polyhydride on
AlyO3.500

Scheme 13 Proposed
mechanism for the
non-oxidative coupling of
methane catalyzed by the
W-H supported onto SiO,—
A1203 and A1203
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and it indicates the formation of bis-aluminoxy hydride species on the surface of

alumina (Scheme 12) [45].

Initial attempts to generate W(carbene)(hydride) from a partial hydrogenation of
21 and 23 failed. W(carbene)(hydride) was believed to be an active catalytic species
for alkane metathesis reaction. In 2010, Basset et al. reported direct methylation of
tungsten polyhydride with methane at higher temperature followed by o-H abstrac-
tion generated tungsten carbene species along with tungsten carbyne species
(Scheme 13) [46]. However, 25 was found to be very less active in alkane meta-

thesis reaction.

On the other hand, in an important observation, it was found that highly unstable
[W(CHs3)e] (26) [47] can easily be grafted on the oxide support to generate the
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Fig.1 (A) One-dimensional (1D) "H MAS solid-state NMR spectrum of 27. (B) Two-dimensional
(2D) "H-"H double-quantum (DQ)/single-quantum (SQ) and (C) 'H-'H triple-quantum (TQ)/SQ
NMR spectra of 27, (D) '*CCP/MAS NMR spectrum of 27, and (E) 2D 'H-'3C CP/MAS dipolar
HETCOR spectrum of 27

corresponding stable grafted surface organometallic complex (Scheme 14). When a
pentane solution of 26 was allowed to react with SiO, 799 at —50 to —30°C for a
required time period, golden yellow solid power was formed [23].

The supported complex [(=SiO—-)W(CHs)s] (27) was fully characterized by
advanced solid-state NMR, IR, elemental analysis, and gas quantification method
(Fig. 1). *C solid-state NMR shows a peak at 82 ppm which auto correlates with
peak at 2.0 ppm obtained from 'H NMR confirming the formation of 27. Further-
more, double-quantum (DQ) and triple-quantum (TQ) experiments confirmed the
formation of 27 [23]. All combined experimental data along with NMR are in favor
of formation of a monopodal complex on silica surface (Fig. 1).

A "3C-enriched sample of 27 was heated in the NMR probe from 25 to 72°C.
Maintaining temperature at 72°C for 12 h revealed several NMR signals in the
region of 298 and 4048 ppm. HETCOR spectra showed several correlation cross
peaks. Specifically, the '*C peak at 298 ppm correlates with the 'H peak at 7.6 ppm
in '"H NMR which confirms the formation of the tungsten carbyne (W=CH)
(Scheme 15).

NMR results also confirm that along with all the peaks corresponding to tung-
sten-methyl-methylidyne, a peak at —0.5 ppm is also observed which auto corre-
lates in double quantum (DQ) and triple quantum (TQ), confirming either the
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formation of CH,4 while heating the species 27 or methyl migration from W to Si
(Fig. 2). Finally, *°Si NMR proves that a peak at —12 ppm is due to methyl
migration from W to Si which again confirms that the structure of the decomposed
species is a mixture of mono- and bipodal (Scheme 15) [23].

To understand the activity of the [W(CHjz)g] (26) with other oxide supports, the
synthesis was extended from silica to silica—alumina. In a similar way, like in silica,
[W(CH3)g] was grafted on silica—alumina partially dehydroxylated at 500°C.
Grafting experiments of [W(CHj3)¢] carried out in pentane at —50 to —30°C resulted
in a brown solid 28 (Scheme 16).

The resulting solid 28 was fully characterized using advance solid-state NMR
techniques (Fig. 3) along with elemental analysis and gas quantification methods.
Solid-state NMR shows two peaks in the '>*C NMR: one at —17 ppm belongs to
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Fig. 3 HETCORE, DQ, and TQ spectra of surface complex 28

[Al-CHj;] peak which is likely resulting from methyl migration from W to Al [48],
and the other at 82 ppm is ascribed to al W—CH3] which correlates with the '"H NMR
in HETCOR: therefore, all peaks belong to same complex (Fig. 3) [49]. Based on
the experimental evidence and characterization data, it was believed that the
grafting of 26 on SiO,—Al,03.599 leads to the formation of a mixture of mono-
and bipodal surface complex.

In conclusion, all the surface organometallic complexes synthesized and
characterized so far are extremely electron deficient and between eight electrons
to 12 electrons in the Green formalism [50]. The resulting complexes either alkyls
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or hydrides have exhibited very specific properties in catalysis related to alkanes but
also olefins.

4 Metathesis of Alkane

Alkane metathesis is a catalytic reaction involving successive breaking and form-
ation of C—H and C-C bonds of alkanes to give lower and higher alkanes homo-
logues [51]. Alkane metathesis reaction can be described by the following general
equation:

2C,Hont2 = CluyHon-iys2 + ClarnyHanri) 125

where n=2..n—landi=1,2,3...n—1.

In 1997, Basset et al. introduced catalytic transformation of acyclic alkanes into
their lower and higher homologues using silica-supported tantalum hydrides [1] in
the absence of hydrogen at low temperature (150°C).

Since in the alkane metathesis, one or more C—C bonds can be broken and
reformed, it lacks the selectivity in the formation of products, in contrast to the
olefin metathesis where only one type of C=C is cleaved and recombined. With
certain exceptions, the observed product selectivity in alkane metathesis has been
Cn+l > Cn+2>> Cn+3- - Cn, 1> Cn72>>Cnf3- s

Later it was found that to get a successful activity in alkane metathesis, catalysts
need to have a multifunctionality, i.e., (i) activation of the C—H bond resulting in a
metal alkyl, (ii) a-H elimination leading to a metallocarbene, (iii) f-H elimination
leading to an olefin, (iv) olefin metathesis, and (v) finally successive hydrogenations
of the olefins or the carbenes leading to alkanes. The selectivity of products is a
consequence of the relative stabilities of metallacyclobutanes intermediates formed
during the olefin metathesis [52].

4.1 Mechanism for Alkane Metathesis Reaction

It took a long time to establish the mechanism of this fascinating reaction after its
discovery: it was known that silica-supported tantalum hydride reacted with meth-
ane at very reasonable temperature (ca. 50°C) to give a tantalum methyl and
hydrogen by sigma bond metathesis [51]. A first hypothesis was advanced in
which the Ta-alkyl would react directly with the C—C bond of the alkane to give
a redistribution of alkyl group by analogy with the redistribution of alkylidene in
olefin metathesis and the redistribution of alkylidyne in alkyne metathesis [53].
However, there was no evidence (experimental or theoretical) of such redistri-
bution. Progressively, the surface organometallic chemistry of tantalum and tung-
sten allowed the observation of primary products in alkane metathesis. It is only
recently that all the elementary steps have been isolated with a tantalum tetramethyl
linked to silica [36].
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Scheme 17 Proposed mechanism for the propane metathesis (a) formation of linear alkanes and
(b) formation of branched alkanes

Presently, one can summarize as follows the various observations that we made
on the mechanism of alkane metathesis:

As already mentioned, it was observed that one mole of hydrogen is liberated
when methane is reacted with the tantalum hydride with the formation of tantalum
methyl. The reaction with methane above 150°C leads to the formation of the
Ta-methyl, Ta-methylene, and Ta-methylidyne species plus H, (M = Ta) [40—42,
54]. These observations are a proof that the first step of alkane metathesis is the
formation of metal alkyl intermediate via cleavage of the C—H bond of the alkane
likely by sigma bond metathesis. Further, detailed mechanistic [22, 55] and experi-
mental kinetic studies revealed that the alkenes and hydrogen are the primary
products [56]. Initially, it was believed that the active site was a bis-siloxy tanta-
lum-monohydride, but progressively, evidence came in favor of an equilibrium
between bis-siloxy tantalum-monohydride d* and bis-siloxy-tantalum-tris-hydride
d° [57], and the mechanism would fit much better with a bis-siloxy-tantalum-tris-
hydride [58].

With this knowledge, a possible mechanism was proposed where the metal
hydride activates the C—H bond of alkane to form H, and alkyl-M surface species,
e.g., in the case of propane using Ta-hydride, it forms n- and iso-propyl-Ta. The
respective alkyl-Ta species either undergo a-H transfer [59, 60] leading to the two
carbene—hydride complexes Ta(H)(=C(CHj3),) and Ta(H)(=CH-CH,—CHj3) or §-H
transfer [60, 61] forming an olefin—hydride complex Ta(H)(nZ—CH2:CH—CH3)
(Scheme 17). The resulting propene then leaves the coordination sphere of the Ta
(H)(nz-CHZ:CH—CH3) and undergoes a homologation process via cycloaddition
with the carbenic species to form four differently substituted metallacyclobutanes
with methyl or ethyl groups in [1,2] or [1,3] positions (Scheme 17a) [62—65]. These
metallacyclobutanes undergo cycloreversion to give new olefins and new carbene—
hydride species (Scheme 17b) [66]. This catalytic cycle further continues via
hydride addition into the carbene as well as olefin insertion into the hydrides.
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Scheme 18 Stability of metallacyclobutane intermediates in propane metathesis reaction

Subsequently, the alkanes are liberated via a known process of hydrogenation and
hydrogenolysis [67] or possibly via o-bond metathesis [68].

The product selectivity in the case of propane for the formation of linear alkanes
was found to be butane (C,,, ;) in higher amount than pentane (C,, , ,). This can be
clearly explained based on the steric interactions between substituents in [1,2] or
[1,3] positions in metallacyclobutane intermediates (Scheme 18) [22, 52].

Very recently it was found that with '*C-labeled C,Heg, it is possible to isolate the
initiation products in metathesis of ethane into propane with [(=SiO-)TaMe,] (13).
This can be considered as a breakthrough because for the first time it was found that
the reaction mechanism may proceed with a Ta-alkyl; previously, it is believed to
proceed by a Ta—H (Scheme 19) ([36, 69]).

4.2 Metathesis of Linear Alkanes
4.2.1 Metathesis of Propane

Synthesis and characterization of several catalyst precursors of [Ta] and [W] on
different supports like silica [44], alumina [45], or silica—alumina [70] have been
discussed in the previous section. These catalyst precursors were tested mainly in
propane metathesis under similar condition in batch reactor at 150°C for 120 h.
Catalytic performances revealed that the [Si0,—Al,03.500—W—-H] and [Al,O5_500—
W-H] have similar and better activity (TON) than the corresponding silica-
supported tantalum-based catalyst precursors (Table 2). It was also observed that
the product selectivity for tungsten hydrides is narrower than for tantalum
hydrides [71].
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Recently, in order to further improve catalytic activity, two new catalyst pre-
cursors were developed [(=SiO-)WMes] (27) [23] and [(=SiO-)TaMey] (13)
[36]. Such polymethyl complexes possess no B-H and can easily generate in situ
the corresponding surface M-methylidene species (M =W [23, 72], Ta [36]) which
has been done with little success in the past [44, 73]. The improvement in activity is
marginal in the case of 13 compared to that of earlier reported tantalum catalyst
precursors. However, the catalyst precursor 27 showed notable improvement than
previously reported catalyst precursors with TON of 127 (Table 2, Entry 14).

Further investigation by preparing tungsten complexes on different supports and
their corresponding hydride complexes to test their catalytic performances is under
progress.

4.2.2 Metathesis of Decane

After tremendous success in propane metathesis (lower alkane) reaction, catalyst
precursor 27 was employed for metathesis of n-decane (higher alkane). The n-decane
metathesis reaction carried out at 150°C produced a broad distribution of linear
alkanes from methane to Cs, (triacontane) with trace amount of branched alkanes
without any olefinic or cyclic products [74]. Interestingly, the formation of lower
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Fig. 4 Product distribution of n-decane metathesis for the catalysts [(=SiO)WMes]s;_a1-500

alkane was found to be predominant compared to higher alkanes. This was in sharp
contrast to the narrow distribution observed in the case of propane metathesis (C,
+1> C,, _ 1. Further experiments for metathesis of n-hexane to n-nonane also showed
similar product distribution. The distribution of product was found to be independent
of the alkane carbon number. However, such a product distribution was closer to that
reported with fully heterogeneous tandem system (Fig. 4). We assume that we have
an ISOMET-PARAFFIN process by opposition to ISOMET-OLEFIN [6, 75].

The drastic improvement in the catalytic activity was observed when 27 is
replaced by [SiO,—Al,03.500-WMes] (28) catalyst precursor [49]. It gave
350 TON as compared to 153 TON using 27 as a catalyst precursor. This clearly
shows the effect of the support as a ligand on the activity of catalyst. It should be
noted that the product distribution was similar for the catalyst precursors 27 and 28.

Further investigation on the metathesis of 1-decene (an expected olefin during
the alkane metathesis of n-decane) and the hydrogenation of the products formed
clearly demonstrated that the distribution resulting from alkane and olefin meta-
thesis completely differs with the same catalyst. If there is no double-bond migra-
tion, 9-octadecene and ethylene are expected to be the major primary products.
Indeed, these primary products are observed, as the temperature reaches 150°C.
However, after just 15 min, C; to Ci, and C;3 to Cyq olefins are also observed,
clearly indicating that some isomerization of double bond occurs leading to
several competitive metatheses (Fig. 5).

In the proposed mechanism, for the olefin metathesis, the W-bis-carbene is
generated via hydrogen transfer from the methyl to the W-methylidyne in the
presence of an olefin. This further undergoes [2+2] cycloaddition with external
olefin followed by cycloreversion to give ethylene and W-alkylidene, which reacts
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Fig. 5 Product distribution of 1-decene metathesis with [(=SiO—)WMes] catalyst

with an additional olefin to release the final metathesis product (Scheme 20, a).
Other olefin formations can be explained through the ethylene insertion and isomer-
ization (Scheme 20, c).

While in alkane metathesis mechanism (Scheme 20, b), the n-decane undergoes
o-bond metathesis to generate methane and the W-bis-decyl species which, upon
B-H elimination, produces the W-H with a coordinated olefin. Further, the
a-hydrogen transfer from the alkyl to alkylidyne forms the hydrido W-bis-carbene
[55, 76]. This upon [2+2] cycloaddition and cycloreversion gives an internal olefin
and hydrido W-bis-carbene. Successive insertion/elimination steps (by chain walk-
ing) [77] give the terminal alkene, which reacts to a new W-alkylidene. The CH
activation of the pendant W-hydride with n-decane followed by f-H elimination
provides 1-decene. A second metathesis between 1-decene and newly formed
W-alkylidene followed by hydrogenolysis produces the alkane.

It is noteworthy that the double-bond isomerization step is faster than the overall
elementary steps of alkane metathesis. Formation of lower alkanes is due to the
tungsten hydride intermediate, favoring chain walking with double-bond migration
followed by fast cross metathesis with coordinated ethylene leading to lower
alkenes in turn giving lower alkanes on hydrogenation. This intramolecular reaction
pathway, without formation of the free olefin, probably is the difference between
alkane and olefin metathesis.

4.3 Metathesis of Cycloalkanes

Metathesis of acyclic alkane produces lower and higher homologues of the corres-
ponding alkanes. With the recent improvements in the catalysis using the pre-
catalyst [(=Si0O)WMes] (27), it was interesting for us to apply similar strategy for
acyclic alkanes, e.g., cyclooctane expecting to have easy access to lower and higher
homologues of cyclic alkanes.
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Recently, metathesis of cyclooctane was reported using the tandem system
having the pincer-ligated iridium complexes for hydrogenation/dehydrogenation
and Schrock-type Mo-alkylidene complexes for olefin metathesis [78]. However,
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this system showed >80% formation of polymeric products with cyclic oligomers
(Cy6, Ca4, Cs3, and Cy4g) of cyclooctane.

4.3.1 Maetathesis of Cyclooctane

Precatalyst 27 has shown surprising results in the metathesis of cyclooctane and
cyclodecane with broad distribution of lower and higher macrocyclic alkanes.
Cyclopentane, cyclohexane, and cycloheptane were found to be inactive under
similar condition [79].

For example, the cyclooctane metathesis using 27 has shown exceptional distri-
bution of macrocyclic alkanes in the range of C;, to C4 without any polymeric
products [79], wherein the cyclooctane undergoes similar mechanism with C—H
bond activation followed by B-H elimination to give W-methylidene hydride and
cyclooctene. The cyclooctene undergoes ring-opening—ring-closing metathesis
reactions (RO-RCM) via the backbiting of terminal double bond to give
1,9-cyclohexadecadiene. This on hydrogenation gives the cyclohexadecane
(Scheme 21). In a similar manner, macrocyclic alkanes (C,y4, C3,, Cy49) are gener-
ated via RO-RCM of cyclooctene.
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Scheme 22 Proposed mechanism for ring expansion and ring contraction with some selected
cyclic and macrocyclic alkanes formation from cyclooctane metathesis. ROM ring-opening
metathesis, RCM ring-closing metathesis, /so double-bond isomerization

The formation of other macrocyclic alkanes and lower cyclic alkanes (Cs, Cg,
and C;) is clearly due to the double-bond isomerization before RCM. This was
further proved by the reaction of macrocyclic alkane (C;, to C40) at 150°C for 48 h,
which did not produce any ring contraction cyclic products (Cs, Ce, and C5) clearly,
indicating that the lower cyclic alkanes are not formed by the secondary metathesis
of macrocyclic alkanes (Scheme 22).

The absence of polymeric products is definitely due the low steady-state concen-
tration of cyclooctene formed during the reaction.

4.4 Branched Alkanes Metathesis:
Metathesis of 2-Methylpropane

The alkane metathesis of highly branched alkanes and product selectivity also
follows the same mechanism with catalyst 24. A selective and catalytic conversion
of 2-methylpropane into 2,3-dimethylbutane (42%), and ethane (41%) (Scheme 23)
[80] was observed when 2-methylpropane was passed over the catalyst 24 at 150°C.
Conversion was reached up to 8% and 37 TON was achieved over 43 h
(Scheme 23).
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Scheme 23 Proposed mechanism for metathesis of 2-methylpropane

(=5i0),TaH
@—CH3 + CHy ——— > ©—02H5 + </i\>—CH3 + CHg + CH,
150-250 °C ==

CH,

Scheme 24 Cross metathesis of toluene and ethane with silica-supported tantalum hydride

4.5 Cross Metathesis Between Two Different Alkanes

Cross metathesis between two different alkanes represent one of the most difficult
challenges in organic chemistry [53]. In 2001, Basset et al. first demonstrated the
possibilities of sigma bond metathesis between two different alkanes [55]. In 2004,
this same group has reported the cross metathesis between ethane and toluene [81]
and methane and propane [82]. Silica-supported tantalum hydride catalyst
[(ESiO)ZTaH] = [(ESiO)ZTaH3] was employed for cross-metathesis reaction
between toluene and ethane at 250°C. Under static condition, it produced mainly
ethyl benzene and xylenes as major product along with propane and methane
(Scheme 24).

In order to have better understanding, the same reaction was performed with
100% '*C-enriched methyl in toluene and found mainly '*C-mono-labeled ethyl-
benzene at the a-position (92%), while xylenes were 98% '*C-mono-labeled.
Besides this isolation of stable intermediates, such as [(=SiO),Ta-C,Hs],
[(=Si0),Ta—CH,CgHs], or [(=Si0),Ta—C¢H4CH;] by '*C CP MAS NMR spectro-
scopy, the mechanism of the reaction leading to various xylenes is given in
Scheme 25.

In this scheme, we assume that in the equilibrium
[(=8i0),Ta™H] = [(=Si0),TaV'H;], it is [(=Si0),TaHs], d°, which is
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Scheme 25 Possible mechanism of cross metathesis of toluene and methane with silica-supported
tantalum tris-hydride

CHy; + CHy =—=>= 2 C,Hg

Scheme 26 Cross metathesis of methane and propane in the presence of silica-supported tantalum
catalyst

involved in the succession of sigma bond metathesis. The reaction of methane with
the Ta(H),(aryl) is a multistep which is omitted for clarity.

4.5.1 Cross Metathesis Using Methane as Reactant

Although methane is the most abundant hydrocarbon found on earth, until now
there is not enough applications found for this important chemical (except the
partial oxidation to syngas). Thus, cross metathesis of higher alkane with methane
is interesting. This question was raised since the discovery of alkane metathesis
reaction in 1997 where it was found that the two molecules of ethane can participate
in self-metathesis and give one molecule of methane and one molecule of propane
[1]. Thus, it is interesting to see whether it is possible to drive this reaction in the
reverse direction, i.e., reacting methane with another alkane to give a mixture of
alkanes with incorporation of methane (Scheme 26).

The reaction with propane and methane was investigated under dynamic condi-
tions with very high methane/propane ratio to overcome thermodynamic barrier and
favor kinetics. It was found that ethane was selectively produced. This result
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Scheme 27 Possible mechanism for cross metathesis of methane and propane with silica-
supported tantalum hydride

was further supported by isotope labeling with '*C-enriched methane. A possible
mechanism is given for the better understanding of this reaction (Scheme 27).

4.6 Hydro-metathesis Reactions

Hydro-metathesis of propene under hydrogen atmosphere, in the presence of TaH/
KCC-1 catalyst, proceeds smoothly under dynamic reaction condition at 150°C for
65 h with 750 TON [83]. In addition to the expected hydrogenation product,
propane, ethane, and butane were formed as major products, and methane, iso-
butane, and isopentanes formed as minor products in case of propene. Similarly in
the case of 1-butene, propane and hexanes were formed as major products, and
ethane, propene, pentanes, and heptanes were formed as minor products. In case the
of butene, the catalyst was found to be stable even after 75 h and cumulative TON
up to 1,150 achieved after 75 h of the reaction [83]. The most important issue with
this catalyst is the stability and reusability of this Ta—H/KCC-1 catalyst and the
high turnover numbers reached compared with the turnover numbers reported for
the Ta—H/SiO, catalyst in alkane metathesis reaction.

As expected, this reaction was found to be faster in comparison to alkane
metathesis because of the absence of C—H bond activation steps which are assumed
to be the difficult step of alkane metathesis reaction. Besides thermodynamic
factors, this could also explain the comparative ease for the hydro-metathesis
because olefin hydrogenation is thermodynamically favored even at low
temperatures.

Based on the experimental fact and following the Chauvin mechanism for alkane
metathesis, a probable mechanism was proposed for hydro-metathesis of propene
(Scheme 28).
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Scheme 28 Possible mechanism of hydro-metathesis of propene with silica-supported tantalum
hydride

5 Conclusions

The rules of molecular organometallic chemistry apply when reacting organo-
metallics with surfaces of oxides. A new field has emerged in catalysis
called SOMC.

The reasons why the surface organometallic compounds of group IV and V
exhibit a high reactivity toward C—H and C—C bonds of alkane are likely multiple:

1. They are highly electron deficient (between eight and 12 electrons in the
Green formalism).

2. It was already known in organometallic chemistry that the transition metals of
group IV and V can activate C—H bonds of alkanes by sigma bond metathesis,
but the number of catalytic examples (see, e.g., the early works of P. Watson
H/D exchange and CH,/CD, exchange) [84] was not so high because in solution,
the complexes may lose activity by dimerization or any other type of bimole-
cular interactions. In contrast, isolation on a support of a highly electron-
deficient complex prevents any sort of bimolecular deactivation. This is a
well-known concept, but it deserves to be repeated.
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3.

4.

The use of a support as a ligand brings a supplementary electronic and steric
parameter.

The surface organometallic complexes are thermally much more stable than
their molecular counterpart. The example of [(=Si—O) WMes] on silica which is
stable up to 100°C is a good example of the ability of a surface to stabilize a
molecular compound which is explosive at room temperature! So reactions can
be performed on organometallic compounds at very high temperature which is
not possible in classical homogeneous catalysis. Such stability allows the obser-
vation of carbynes, carbenes, alkyls, amido, imido, and hydrides even at elevated
temperatures.

The absence of bimolecular reactions avoids many deactivation processes and

allows better lifetime of the catalysts. This is a well-known concept but repetition is
a source of pedagogy.

Using a variety of single-site surface complexes bearing simultaneously several

types of highly reactive ligands has been at the origin of the various concepts of
single-site multifunctional catalysts:

Monofunctional with metal hydride(s): (Ziegler—Natta depolymerization,
hydrogenolysis of waxes, olefin polymerization), metal carbenes (olefin meta-
thesis, ROMP ADMET, etc.)

Bifunctional with metal hydrides (or alkyls) (conversion of butenes to
propylene)

Trifunctional (conversion of ethylene to propylene, metathesis of alkanes,
cycloalkanes, etc.)

References

1.
2.

3

4.
. Goldman AS, Roy AH, Huang Z, Ahuja R, Schinski W, Brookhart M (2006) Science 312:

11

Vidal V, Theolier A, Thivolle-Cazat J, Basset JM (1997) Science 276:99—-102
Basset JM, Ugo R (2009) Modern surface organometallic chemistry. Wiley-VCH, Weinheim,
pp 121

. Corker J, Lefebvre F, Lecuyer C, Dufaud V, Quignard F, Choplin A, Evans J, Basset M

(1996) Science 271:966-969
Dufaud VR, Basset JM (1998) Angew Chem Int Ed 37:806-810

257-261

. Huang Z, Rolfe E, Carson EC, Brookhart M, Goldman AS, El-Khalafy SH, MacArthur AHR

(2010) Adv Synth Catal 352:125-135

. Herisson JL, Chauvin Y (1971) Makromol Chem 141:161-176
. Schrock RR, Murdzek JS, Bazan GC, Robbins J, Dimare M, Oregan M (1990) J Am Chem Soc

112:3875-3886

. Bazan GC, Oskam JH, Cho HN, Park LY, Schrock RR (1991) J Am Chem Soc 113:6899-6907
10.
. Nguyen ST, Grubbs RH, Ziller JIW (1993) ] Am Chem Soc 115:9858-9859
12.
13.

Schwab P, Grubbs RH, Ziller JW (1996) J] Am Chem Soc 118:100-110

Ertl G (1983) J Vac Sci Technol A 1:1247-1253
Cariati E, Dragonetti C, Lucenti E, Roberto D, Ugo R (2009) Modern surface organometallic
chemistry. Wiley-VCH, Weinheim, pp 639-683



New Concept of C—H and C—C Bond Activation via Surface Organometallic. . . 185

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.

Dragonetti C, Ceriotti A, Roberto D, Ugo R (2007) Organometallics 26:310-315

Ballard DGH, Courtis A, Holton J, Mcmeeking J, Pearce R (1978) J Chem Soc Chem Commun
994-995

Popoff N, Mazoyer E, Pelletier J, Gauvin RM, Taoufik M (2013) Chem Soc Rev 42:9035-9054
Nedez C, Theolier A, Lefebvre F, Choplin A, Basset JM, Joly JF (1993) J Am Chem Soc 115:
722-729

Wolke SI, Buffon R, Rodrigues UP (2001) J Organomet Chem 625:101-107

Ajjou JAN, Scott SL, Paquet V (1998) J Am Chem Soc 120:415-416

Bendjeriou-Sedjerari A, Azzi JM, Abou-Hamad E, Anjum DH, Pasha FA, Huang KW,
Emsley L, Basset JM (2013) J Am Chem Soc 135:17943-17951

Saint-Arroman RP, Chabanas M, Baudouin A, Copéret C, Basset JH, Lesage A, Emsley L
(2001) J Am Chem Soc 123:3820-3821

Le Roux E, Chabanas M, Baudouin A, de Mallmann A, Copéret C, Quadrelli EA, Thivolle-
Cazat J, Basset JM, Lukens W, Lesage A, Emsley L, Sunley GJ (2004) J Am Chem Soc 126:
13391-13399

Samantaray MK, Callens E, Abou-Hamad E, Rossini AJ, Widdifield CM, Dey R, Emsley L,
Basset JM (2014) J Am Chem Soc 136:1054-1061

Chabanas M, Baudouin A, Copéret C, Basset JM (2001) J Am Chem Soc 123:2062-2063
Berthoud R, Rendon N, Blanc F, Solans-Monfort X, Coperet C, Eisenstein O (2009)
Dalton Trans 5879-5886

Quignard F, Lecuyer C, Choplin A, Olivier D, Basset JM (1992) J Mol Catal 74:353-363
Niccolai GP, Basset JM (1998) Nato ASI 3 High Technol 44:111-124

. Quignard F, Lecuyer C, Bougault C, Lefebvre F, Choplin A, Olivier D, Basset JM (1992)

Inorg Chem 31:928-930

Saint-Arroman RP, Basset JM, Lefebvre F, Didillon B (2005) Appl Catal A Gen 290:181-190
Rosier C, Niccolai GP, Basset JM (1997) J Am Chem Soc 119:12408-12409

Tosin G, Santini CC, Taoufik M, De Mallmann A, Basset JM (2006) Organometallics 25:
3324-3335

Larabi C, Merle N, Norsic S, Taoufik M, Baudouin A, Lucas C, Thivolle-Cazat J,
de Mallmann A, Basset JM (2009) Organometallics 28:5647-5655

Popoff N, Espinas J, Pelletier J, Macqueron B, Szeto KC, Boyron O, Boisson C, Del Rosal I,
Maron L, De Mallmann A, Gauvin RM, Taoufik M (2013) Chem Eur J 19:964-973
Rataboul F, Baudouin A, Thieuleux C, Veyre L, Copéret C, Thivolle-Cazat J, Basset JM,
Lesage A, Emsley L (2004) J] Am Chem Soc 126:12541-12550

Tosin G, Santini CC, Baudouin A, De Mallman A, Fiddy S, Dablemont C, Basset JM (2007)
Organometallics 26:4118-4127

Chen Y, Abou-hamad E, Hamieh A, Hamzaoui B, Emsley L, Basset JM (2015) J Am Chem
Soc 137:588-591

Dufaud V, Niccolai GP, Thivolle-Cazat J, Basset JM (1995) J Am Chem Soc 117:4288-4294
Lefort L, Chabanas M, Maury O, Meunier D, Copéret C, Thivolle-Cazat J, Basset M (2000)
J Organomet Chem 593:96-100

Chabanas M, Quadrelli EA, Fenet B, Copéret C, Thivolle-Cazat J, Basset JM, Lesage A,
Emsley L (2001) Angew Chem Int Ed 40:4493-4496

Soignier S, Taoufik M, Le Roux E, Saggio G, Dablemont C, Baudouin A, Lefebvre F, de
Mallmann A, Thivolle-Cazat J, Basset JM, Sunley G, Maunders BM (2006) Organometallics
25:1569-1577

Saggio G, Mallmann A, Maunders B, Taoufik M, Thivolle-Cazat J, Basset J-M (2002)
Organometallics 21:5167-5171

Vidal V, Theolier A, Thivolle-Cazat J, Basset JM, Corker J (1996) ] Am Chem Soc 118:
45954602

Delley MF, Nunez-Zarur F, Conley MP, Comas-Vives A, Siddiqi G, Norsic S, Monteil V,
Safonova OV, Copéret C (2014) Proc Natl Acad Sci U S A 111:11624-11629



186 M.K. Samantaray et al.

44. Le Roux E, Taoufik M, Chabanas M, Alcor D, Baudouin A, Copéret C, Thivolle-Cazat J,
Basset JM, Lesage A, Hediger S, Emsley L (2005) Organometallics 24:4274-4279

45. Le Roux E, Taoufik M, Copéret C, de Mallmann A, Thivolle-Cazat J, Basset JM, Maunders
BM, Sunley GJ (2005) Angew Chem Int Ed 44:6755-6758

46. Szeto KC, Norsic S, Hardou L, Le Roux E, Chakka S, Thivolle-Cazat J, Baudouin A,
Papaioannou C, Basset JM, Taoufik M (2010) Chem Commun 46:3985-3987

47. Galyer L, Mertis K, Wilkinson G (1975) J Organomet Chem 85:C37-C38

48. Marks TJ (1992) Acc Chem Res 25:57-65

49. Samantaray MK, Dey R, Abou-Hamad E, Hamieh A, Basset JM (2015) Chem Eur J 21:
6100-6106

50. Green MLH (1995) J Organomet Chem 500:127-148

51. Basset JM, Copéret C, Soulivong D, Taoufik M, Thivolle-Cazat J (2006) Angew Chem Int Ed
45:6082-6085

52. Leconte M, Basset JM (1979) ] Am Chem Soc 101:7296-7302

53. Basset JM, Copéret C, Soulivong D, Taoufik M, Cazat JT (2010) Acc Chem Res 43:323-334

54. Vidal V, Theolier A, Thivolle-Cazat J, Basset JM (1995) J Chem Soc Chem Commun 991-992

55. Copéret C, Maury O, Thivolle-Cazat J, Basset JM (2001) Angew Chem Int Ed 40:2331-2334

56. Basset JM, Copéret C, Lefort L, Maunders BM, Maury O, Le Roux E, Saggio G, Soignier S,
Soulivong D, Sunley GJ, Taoufik M, Thivolle-Cazat J (2005) J Am Chem Soc 127:8604—-8605

57. Avenier P, Taoufik M, Lesage A, Solans-Monfort X, Baudouin A, de Mallmann A, Veyre L,
Basset JM, Eisenstein O, Emsley L, Quadrelli EA (2007) Science 317:1056-1060

58. Pasha FA, Cavallo L, Basset JM (2014) ACS Catal 4:1868-1874

59. Vanasselt A, Santarsiero BD, Bercaw JE (1986) J] Am Chem Soc 108:8291-8293

60. Parkin G, Bunel E, Burger BJ, Trimmer MS, Vanasselt A, Bercaw JE (1987) J Mol Catal 41:
21-39

61. Sharp PR, Astruc D, Schrock RR (1979) J Organomet Chem 182:477-488

62. Wallace KC, Dewan JC, Schrock RR (1986) Organometallics 5:2162-2164

63. Wallace KC, Liu AH, Dewan JC, Schrock RR (1988) J Am Chem Soc 110:4964-4977

64. Turner HW, Schrock RR (1982) J Am Chem Soc 104:2331-2333

65. Mclain SJ, Sancho J, Schrock RR (1979) J Am Chem Soc 101:5451-5453

66. Schinzel S, Chermette H, Copéret C, Basset JM (2008) J Am Chem Soc 130:7984-7987

67. Chabanas M, Vidal V, Copéret C, Thivolle-Cazat J, Basset JM (2000) Angew Chem Int Ed 39:
1962-1965

68. Watson PL (1983) J Am Chem Soc 105:6491-6493

69. Chen Y, Ould-Chikh S, Abou-Hamad E, Callens E, Mohandas JC, Khalid S, Basset JM (2014)
Organometallics 33:1205-1211

70. Le Roux E, Taoufik M, Baudouin A, Copéret C, Thivolle-Cazat J, Basset JM, Maunders BM,
Sunley GJ (2007) Adv Synth Catal 349:231-237

71. Taoufik M, Le Roux E, Thivolle-Cazat J, Copéret C, Basset JM, Maunders B, Sunley GJ
(2006) Top Catal 40:65-70

72. Callens E, Abou-Hamad E, Riache N, Basset JM (2014) Chem Commun 50:3982-3985

73. Buffon R, Leconte M, Choplin A, Basset JM (1994) J Chem Soc Dalton 1723-1729

74. Riache N, Callens E, Espinas J, Dery A, Samantaray MK, Dey R, Basset JM (2015) Catal Sci
Technol 5:280-285

75. Kundu S, Choliy Y, Zhuo G, Ahuja R, Emge TJ, Warmuth R, Brookhart M, Krogh-Jespersen
K, Goldman AS (2009) Organometallics 28:5432-5444

76. Rascon F, Coperet C (2011) J Organomet Chem 696:4121-4131

77. Domski GJ, Rose JM, Coates GW, Bolig AD, Brookhart M (2007) Prog Polym Sci 32:30-92

78. Ahuja R, Kundu S, Goldman AS, Brookhart M, Vicente BC, Scott SL (2008) Chem Commun
253-255

79. Riache N, Callens E, Samantaray MK, Kharbatia NM, Atiqullah M, Basset JM (2014)
Chem Eur J 20:15089-15094



New Concept of C—H and C—C Bond Activation via Surface Organometallic. . . 187

80. Merle N, Stoffelbach F, Taoufik M, Le Roux E, Thivolle-Cazat J, Basset JM (2009)
Chem Commun 2523-2525

81. Taoufik M, Schwab E, Schultz M, Vanoppen D, Walter M, Thivolle-Cazat J, Basset J]M (2004)
Chem Commun 1434-1435

82. Soulivong D, Copéret C, Thivolle-Cazat J, Basset JM, Maunders BM, Pardy RBA, Sunley GJ
(2004) Angew Chem Int Ed 43:5366-5369

83. Polshettiwar V, Thivolle-Cazat J, Taoufik M, Stoffelbach F, Norsic S, Basset JM (2011)
Angew Chem Int Ed 50:2747-2751

84. Watson PL, Parshall GW (1985) Acc Chem Res 18:51-56



Top Organomet Chem (2016) 56: 189-208

DOI: 10.1007/3418_2015_132

© Springer International Publishing Switzerland 2015
Published online: 29 July 2015

Transfer Dehydrogenations of Alkanes
and Related Reactions Using Iridium Pincer
Complexes

David Bézier and Maurice Brookhart

Abstract This chapter covers advances during the past 5 years in using iridium
pincer complexes for transfer dehydrogenations of alkanes as well as related reac-
tions which couple dehydrogenation with other transformations. Several new pincer
complexes are described which have emerged during this period and which have
added not only to the scope of available catalysts but also to the range of substrates
and products generated. Transfer dehydrogenation has been linked with other reac-
tions to produce catalytic systems that carry out alkane metatheses, generate benzene
bearing a long-chain linear alkyl group from ethyl benzene and linear alkanes, couple
alkanes with alkenes, and use transfer dehydrogenation in combination with Diels—
Alder chemistry to produce para-xylene from ethylene as the sole feedstock.

Keywords Alkane functionalization - C—H activation - Dehydrogenation - Iridium
pincer catalysts
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1 Introduction

Alkanes are the primary feedstock from which the majority of the world’s
chemicals are derived. They are the primary constituents of petroleum and natural
gas and the associated low boiling components of natural gas. Coal, natural gas, and
biomass are also sources of alkanes produced via gasification of these materials to
syngas (CO/H,) followed by Fischer—Tropsch catalysis resulting in a stochastic
distribution of linear hydrocarbons.

Alkenes as well as aromatics are derived from alkanes through dehydrogenation.
Alkenes and aromatics are highly versatile intermediates which can be converted to
a wide array of value-added chemicals and materials including detergents, phar-
maceutical intermediates, and polymers. Alkenes are primarily produced via
“cracking” alkanes over heterogeneous dehydrogenation catalysts at very high
temperatures (500-900°C) [1]. Such “acceptorless” dehydrogenations are endo-
thermic (ca. 28-30 kcal/mol), but the large positive entropy gained from loss of H,
renders these processes exergonic at such high temperatures. Additionally, aro-
matics are also made by heterogeneous dehydrogenations of various hydrocarbon
feedstocks. Such high-temperature processes often result in low selectivities and
generation of by-products.

There has been growing interest in homogeneous alkane dehydrogenations due
to the possibility of obtaining higher selectivities and the prospects for production
of functionalized alkenes via dehydrogenation of functionalized alkanes. Homoge-
neous dehydrogenations are normally carried out at much lower temperatures
which require the use of a hydrogen acceptor to render the reactions thermodynam-
ically feasible [Eq. (1)]. In the majority of the cases examined to date, the acceptor
molecule has been an alkene, rendering the overall reaction close to thermoneutral.

R-CH,-CHp-R' + A — = R-CH=CH-R' + AH, 1
A = alkene ( )
Early studies of catalytic intermolecular dehydrogenations were reported inde-
pendently by Felkin and Crabtree. In a series of papers [2—4], Felkin employed
phosphine-stabilized polyhydrides of rhenium, ruthenium, and iridium as catalysts.
Conditions were generally mild (25-150°C), but turnover numbers were low (2—
70). The primary screening reaction employed both by Felkin and Crabtree, which
has become standard today for screening transfer dehydrogenations, used ¢-
butylethylene (TBE) as acceptor to dehydrogenate cyclooctane (COA) [Eq. (2)].
The favorable AG°® of —6 kcal/mol avoids reversibility issues, and the bulky #-
butylethylene acceptor binds weakly to metal centers and possesses no allylic
hydrogens, thus avoiding potential catalyst deactivation through strong binding or
formation of a m-allyl species.
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Crabtree started his investigations by using the cationic Ir(IIl) complex
IrH,(acetone),»(PPhs)," followed by neutral Ir(Ill) carboxylates (PR3)21rH2(712-
0,CCF;) (R =cyclohexyl, p-C¢Hs) as catalysts for thermal and photochemical
dehydrogenations [5—7]. As with the case for Felkin’s polyhydride studies, turnover
numbers were generally low, but driving the reaction with light allowed
acceptorless dehydrogenation of cyclooctane to be achieved [8]. In related studies,
the groups of Saito [9], Tanaka [10], and Goldman [11] independently showed that
photolysis of Rh(CI)(CO)(PMej3), in linear and cyclic alkanes resulted in conver-
sion to alkenes with high turnover numbers. Goldman showed a related system, Rh
(ChH(L)(PMes), (L =PCy; or P('Pr);), as well as the dimer, [CIRh(PMes)5],, could
be activated with H; in the presence of an acceptor to generate the active species Rh
(C)(PMes), which could achieve rapid transfer dehydrogenation [12—15]. A draw-
back of the system is that under H,, alkene hydrogenation competes with alkane
dehydrogenation. A thorough mechanistic study was reported.

A major breakthrough in transfer dehydrogenation of alkanes was achieved in
1996 by Jensen, Kaska, and coworkers [16, 17]. They reported that the iridium
pincer complex (B**PCP)IrH,, 1a, was highly reactive and exceptionally thermally
stable for transfer dehydrogenation of COA employing TBE as the acceptor
[Eq. (3)]. For example, at 200°C the turnover frequency was reported to be
12/min with no noticeable catalyst decomposition over 7 days.

(BBu),P—Ir—P(‘Bu),

O g O @

COA TBE COE TBA
TOF up to 12/min

The report by Jensen and Kaska stimulated extensive work using various iridium
pincer complexes for alkane transfer dehydrogenations and related chemistry.
Indeed, iridium pincer complexes have dominated this area of research. Some of
the highlights during the period 1996-2010 include the modification of the complex
("®“*PCP)IrH,, 1a, by changing substituents on the phosphine (1b—1c) [18-20],
adding functional groups to the aromatic backbone (1d-1f) [21-24], replacing the
phosphines by phosphinite groups (2a-2d) [25-28], and incorporating an
anthracenyl group in the backbone (3a) (Fig. 1) [29]. The mechanism of the alkane
dehydrogenation reaction using 1a [22, 30-33] and 2a [22, 25, 26] was thoroughly
investigated.

The above work has been extensively reviewed [34—37]; the reader is directed to
these publications for an in-depth coverage. This chapter will be devoted to more
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I i
(R),P—Ir—P(R), (R);P——Ir—P(R), (R);P—Ir—P(R),
X = H: R =Bu (1a), 'Pr (1b), Ad (1c) X = H: R = Bu (2a), 'Pr (2b) R =Bu (3a)
X = OMe: R =Bu (1d), Pr (1e) X =0K: R =Bu (2c)
X = NMe,: R = Bu (1f) X = OP(‘Bu),: R = ‘Bu (2d)

Fig. 1 Examples of active PCP iridium pincer complexes for alkane dehydrogenation

recent advances employing iridium pincer complexes in transfer dehydrogenation
reactions and closely related chemistry.

2 Alkane Dehydrogenation

It has been shown that iridium pincer complexes containing electron-rich
alkylphosphines are highly efficient catalysts for alkane dehydrogenation reactions.
However, the Roddick group demonstrated that iridium complexes bearing electron
poor phosphines can also efficiently catalyze the dehydrogenation of alkanes
[38]. The iridium complex containing bis(trifluoromethyl)phosphine groups
(CF3PCP)Ir(n4-COD), 4 (Fig. 2), was shown to catalyze the transfer dehydrogena-
tion of COA with TBE (1:1) giving TONs up to 660 after 58 h (initial TOF =40 hfl)
at 200°C. Due to inhibition by TBE, by using a 5:1 COA/TBE ratio, higher initial
activities (TOF = 155 h™') and TONs (2,580 after 24 h) were obtained. This
catalyst showed relatively minor inhibition by cyclooctene (COE), and no inhibi-
tion was detected with N, or H,O. Using the same catalyst, very low activity was
observed for the dehydrogenation of linear alkanes with TBE at 150°C (TONs = 81
after 48 h), and moderate TON's were obtained for the acceptorless dehydrogenation
of cyclodecane (TONs =92 after 24 h).

The Yamamoto group reported the use of 7-6-7 fused-ring PCP iridium catalysts
(7-6-7-RPCP)Ir(H)(CI), 5a, (R = iPr) and 5b (R = Ph) for alkane transfer dehydro-
genation (Fig. 3) [39]. After activation with NaO'Bu, TONSs up to 3,510 and 4,140
were obtained with catalysts 5a and 5b, respectively, after 36 h at 200°C when
using a COA/TBE ratio of 1.5:1. While both catalysts 5a and 5b showed no
inhibition by product formation, the latter allowed highest TONs (4,821 at 230°C
after 24 h) due to its higher stability. The catalyst 5a is also an active catalyst for the
transfer dehydrogenation of linear alkanes. By using a ratio n-octane/norbornene of
1.5:1, TONs up to 1,100 were obtained at 200°C after 12 h. However, due to its low
solubility in n-octane, the catalyst 5Sb showed no activity under similar conditions.

Huang and coworkers synthesized a new phosphinothious/phosphinite
(P*PSCOP)Ir pincer complex, 6 (Fig. 4) [40]. Upon activation with NaOBu, this
complex exhibits exceptionally high activity for transfer dehydrogenation of COA
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Fig. 3 (7-6-7-RPCP)Ir
complexes reported by .OQ
Yamamoto [39]
(RP—Ir—P(R),
H ClI
R ='Pr (5a), R = Ph (5b)

Fig. 4 Iridium complexes
reported by Huang [40, 41]
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(Pr),P—Ir—P(Pr), N—Ir—P('Bu),
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R
6 R =H (7a), R = Me (7b), R = 'Bu (7c)

with TBE as the hydrogen acceptor. By using a COA/TBE ratio of 1:1, TONs up to
5,900 were achieved after 15 h at 200°C with an initial rate of 2,910 TO h~!. Due to
slight inhibition with TBE, this rate was increased to 5,600 TO h™' by using a
COA/TBE ratio of 4.8:1. This catalytic system also demonstrated high efficiency
for the transfer dehydrogenation of n-octane with TOF up to 1,400 h™' when the
reaction was carried out at 200°C with TBE (0.5 M). Under these conditions, a
selectivity of 33% for the formation of 1-octene was observed after 5 min due to fast
isomerization of the terminal olefin. The olefin isomerization mechanism by irid-
ium pincer catalysts was shown by Goldman and Brookhart to proceed via a w-allyl
mechanism involving a n>-allyl iridium hydride intermediate [42]. At the same
temperature, by increasing the TBE concentration to 3 M, TONs up to 1,200 were
obtained.

The Huang group also reported iridium complexes of novel NCP pincer ligands
containing pyridine and phosphinite arms (XNCOP®")Ir(H)(Cl), 7a-7c (Fig. 4)
[41]. While complexes 7b (R =Me) and 7¢ (R ='Bu) after activation with NaO'Bu
showed quite low catalytic activity for the cyclooctane transfer dehydrogenation
(TONSs up to 6), the less sterically hindered complex 7a (R =H) activated with
NaO'Bu exhibited TONSs up to 466 with initial rates of 1,010 TO h™" when using a
COA/TBE ratio of 14:1 at 150°C. TONs of 78, 28, and 19 were obtained for the
dehydrogenation of n-octane with TBE (0.5 M) at 150°C when using the catalytic
systems NaO'Bu plus 7a, 7b, and 7¢, respectively. Due to a fast isomerization process,
the selectivity for the formation of 1-octene was low (7% after 5 min with 7a).

The Brookhart group reported the use of PC(sp®)P—Ir(ethylene) pincer com-
plexes, 8a—8d, based on the triptycene ligand (Fig. 5) [43] (for earlier reports of
similar iridium triptycene complexes, see [44—47]). The complex 8a (R =iPr)
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Fig. 5 PC(sp’)P—Ir X

(ethylene) complexes
reported by Brookhart [43] O

7

ZP\lr—/PR

=L
R='Pr,X=H 8a
R=Cy,X=H(8c

); R =Pr, X = NMe, (8b)
), R=Cp, X = H (8d)
showed high activity for the dehydrogenation of COA with TBE (1:1) giving TON's
of 910, 2,590, and 2,820 after 0.5, 4, and 24 h, respectively. The higher TONs
obtained with 8a compared to ("®“*POCOP)IrH,, 2a, were explained by the differ-
ence of binding affinities of these two complexes for TBE and COE. The complex
8a has a similar affinity for these two alkenes, in contrast to 2a which favors COE
over TBE, thus inhibiting the catalytic activity by the product formation (COE) as
the reaction proceeds. Surprisingly, very low activities (TONs ~40) were observed
when using catalysts 8¢ (R =Cy) and 8d (R = Cp). The complex 8a also exhibited
high catalytic activity (TOF up to 2,400 h™") and stability (TON = 6,000 after 10 h)
for the dehydrogenation of n-octane with TBE (6M) at 200°C. By decreasing the
reaction temperature to 100°C with 0.5 M of TBE, 1-octene represented up to 27%
of all the octenes after 1 h of reaction (TON = 34). Under these conditions, full
conversion of TBE to TBA (TON = 500) was obtained after 29 h. The complex 8b
bearing a NMe,CH, substituent on the triptycene backbone was synthesized and
successfully supported on alumina by following a previously reported strategy
[24]. Modest catalytic activity was observed for the transfer dehydrogenation of
COA with TBE when using this supported catalyst due to a fast decomposition of
the catalytic system, most likely due to the reaction between the alumina support
and the iridium center.

By replacing the phenyl backbone of the PCP ligand by a cyclohexyl backbone,
the Wendt group succeeded in the synthesis of the aliphatic iridium complex
(PCyP)Ir(H)(CI), 9 (Fig. 6) [48]. The catalytic activity of this complex activated
with NaO'Bu was found to be very low (TONs up to 50) for the transfer dehydro-
genation of COA by TBE (1:1) at 200°C due to fast decomposition of the active
species. By decreasing the temperature to 120°C with the use of a ratio COA/TBE
of 24:1 at 120°C, TONs up to 200 have been achieved. The acceptorless dehydro-
genation of COA was also carried out at 150°C giving low TONs (=5).

The most active iridium dehydrogenation catalysts are based on pincer ligands
bearing phoshine or phosphinite groups. However, non-phosphine-based iridium
pincer catalysts were also recently developed. The Braunstein group synthesized
iridium complexes based on pincer ligands bearing N-heterocylic carbenes (NHCs)
(Fig. 7). After activation with NaO'Bu, the species generated from the bis(NHC)
complex 10 was inactive for alkane transfer dehydrogenation [49]. Similarly, the
active catalyst generated from the complex 11 bearing one normal and one
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abnormal NHC ligand showed very low activity for the dehydrogenation of COA
with TBE (8:1) at 200°C (TONs =4 after 10 h) due to its low stability and low
solubility in the reaction media [50].

The Chianese group synthesized more rigid bis(NHC) iridium complexes, 12a—
12f, which were shown to be active pre-catalysts for the acceptorless dehydroge-
nation of alkanes (Fig. 8) [51, 52]. For the acceptorless dehydrogenation of COA,
the catalytic systems generated in situ from 12¢, 12d, and 12e with NaO'Bu gave
TONSs of 103, 84, and 35, respectively, after 12 h at reflux of COA (bp = 150°C).
The catalytic activity of 12¢ appears to exhibit no inhibition in the presence of COE
or N,. By using the higher-boiling cyclodecane, TONs up to 102 were achieved
with the pre-catalyst 12c after 22 h. Acceptorless dehydrogenation of linear alkanes
was also carried out. TONs up to 97 were obtained when using the pre-catalyst with
n-undecane, which is comparable to the results obtained from the most active
iridium PCP catalysts. Under similar conditions, pre-catalysts 12¢ and 12d showed
lower reactivity (TON = 50).

Other non-phosphine-based catalysts active for alkane dehydrogenation were
developed by the Jensen group [53]. The complex (®“*AsOCOAs)IHCI, 13
(Fig. 9), combined with NaO'Bu catalyzed the transfer dehydrogenation of COA
with TBE (1:1) giving TONs of up to 930 after 24 h with initial rates of 600 TO h~"
at 200°C. The leveling off in catalytic activity was explained by inhibition by the
COE product, as well as thermal decomposition of the catalyst over time.

3 Applications to the Synthesis of Aromatics

As the global demand for chemicals grows, so does that for aromatics, which
constitute a significant fraction of the major building blocks of the chemical
industry. As petroleum is displaced by natural gas, and as decreased gasoline
refining (in favor of diesel [54]) limits production of aromatic by-products, the
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Fig. 9 (®**AsOCOAs)IrHCI complex reported by Jensen [53]

synthesis of aromatics from alkanes becomes increasingly attractive. Heteroge-
neously catalyzed dehydroaromatization of n-alkanes is known to occur at very
high temperatures (>500°C) but with low yields and low selectivity [55-60].

By using iridium pincer catalysts, Goldman and Brookhart developed the
dehydroaromatization of n-alkanes which allows the formation of alkylaromatics
in the presence of an excess of hydrogen acceptors [61]. This reaction occurs via
sequential dehydrogenation of alkanes generating conjugated trienes which
undergo electrocyclization to give cyclohexadienes which are then further
dehydrogenated to yield the aromatic products [Eq. (4)].

ROSR 7“:% @:_, ©i: 7@?‘, @[: @)

R,R'=Horalkyl 3TBE 3TBA BE TBA

Through the screening of numerous iridium pincer catalysts, high activities were
obtained when using the complexes 1b, 14a, and 3b with 4 equiv. of TBE (relative
to the n-alkane) (Fig. 10). The newly reported hybrid phosphine/phosphinite
(P*'PCOP)Ir, 14a, emerged as the most effective catalyst allowing the conversion
of n-hexane to benzene with a yield of 44% (670 mM) after heating a solution of
6.13 M TBE with 1.53 M n-hexane for 120 h at 165°C. The dehydroaromatization
of n-octane was achieved even more efficiently generating aromatics with a yield of
86% including o-xylene and ethylbenzene with a 7:1 ratio. Propene was able to
replace the expensive TBE as hydrogen acceptor albeit with lower yields (38%).

Moreover, starting from n-decane or n-dodecane, this protocol resulted in the
formation of non-branched n-alkylarenes which are not accessible via the classical
industrial route involving Friedel-Crafts alkylation of arenes with linear olefins.
For example, when the dehydroaromatization of n-decane was catalyzed by 14a,



Transfer Dehydrogenations of Alkanes and Related Reactions Using Iridium. . . 197

NG T

(Pr),P—lt—P(Pr); JoP—Ir—P(P (Pr),P—Ir—P(Pr),

L L
1b 14a 3b

Fig. 10 Active catalysts for n-alkane dehydroaromatization [61]

o-propyltoluene was the major product along with n-butylbenzene,
1,2-diethylbenzene, and benzene [Eq. (5)].

CcC - OO
14a, 165 °C

n-CyoH22 ﬁ 45 % 5% )

4TBE 4 TBA ©/\/\ ©

2% 2%

Another protocol for the synthesis of n-alkylarenes was recently developed by
Schrock, Goldman, and coworkers [Eq. (6)] [62]. This process combines a Schrock-
type olefin metathesis catalyst (Mo or W) with an iridium pincer dehydrogenation
catalyst and results in the conversion of ethylbenzene and n-alkanes to long-chain
n-alkyl arenes via the reaction sequence shown in Eq. (6). This reaction termed
“Alkyl Group Cross-Metathesis” (AGCM) was carried out at 180°C, and best
results were obtained with the use of W(NAr')(Cs;Hg)(pyr)(OHIPT) (Ar =2,6-
Me,CgH;, OHIPT = 2,6-(2,4,6-'Pr;C¢H,)>CsH;0) as the olefin metathesis catalyst
and ("B**PCP)IrH,, 1a, as the dehydrogenation/hydrogenation catalyst. For exam-
ple, the reaction between n-octane and ethylbenzene after 24 h yielded a mixture of
1-phenyloctane (240 mM), 1-phenylheptane (60 mM), and tetradecane (20 mM).

R
AGCM
©/\+ R + CoH

21Ir] 21Ir]
Dehydrogenation Hydrogenation (6)
2 [IrH,] 2 [IrH,]

Olefin
X . \/R metathesis X R+ C.H
[Mo] or [W] 2

An alternative route to the most valuable constituent of the BTX (benzene,
toluene, xylene) mixture, p-xylene, has been reported by Brookhart and coworkers
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[63]. p-Xylene is one of the highest volume chemical intermediates derived from
petroleum. Its primary use is for the production of the dimethyl ester of terephthalic
acid, which is copolymerized with ethylene glycol to produce polyethylene tere-
phthalate (PET). Traditionally, p-xylene is produced by catalytic reforming of
various crude oil streams, followed by a difficult separation of the mixture
containing benzene, toluene, o-xylene, m-xylene, and p-xylene. Taking advantage
of the abundance of ethane in the USA via the recent shale gas boom, the use of
ethylene (obtained from cracking of ethane) [64] has drawn growing interest as a
feedstock. By using ethylene as the sole feedstock, the Brookhart group developed
the synthesis of p-xylene, uncontaminated by the ortho and meta isomers [Eq. (7)].
The stepwise synthesis relies on the disproportionation of 1-hexene (which can be
obtained from the trimerization of ethylene) to 2,4-hexadiene catalyzed by an
iridium pincer complex (0.04 mol%) at 180°C. Through a catalyst screening, best
results were obtained when using the catalyst (fPr4Anthraphos)Ir(C2H4), 3b
(TON =777 after 3.5 h), with moderate activities observed with ipr4PC(sp3)P—Ir
(ethylene), 8a (TON =506 after 3.5 h) [43], and (ipr4PCOP)Ir(ethylene), 14
(TON =214 after 3.5 h). The mixture was subjected to a Diels—Alder cyclization
at 250°C with ethylene (600 psi) resulting in the complete formation of
3,6-dimethylcyclohexene and 3-ethylcyclohexene (ratio 8:1). The dehydrogenation
of these two compounds was carried out at 400°C over Pt/Al,05 giving a mixture of
p-xylene and ethylbenzene (ratio 8.5:1) in 93% and 88% yields, respectively.

[Ir] Catalyst

M —_— M/ +M+/\/\/
Trimerization Diels Alder

7
7z ¢ (5 Catalyst <> . é ( )

p-xylene/ethylbenzene = 8.5:1

A one-pot procedure was also developed [Eq. (8)]. Heating 1-hexene at 250°C
with 600 psi of ethylene for 24 h in the presence of 0.32 mol% of 3b after 192 h
resulted in nearly complete conversion with respect to hexenes (93%) yielding
3,6-dimethylcyclohexene (66%), ethylcyclohexene (12%), and aromatics (10%).
This mixture is readily converted to p-xylene and ethyl benzene using classical
heterogeneous catalysts such as Pt on alumina. This was the first example of
ethylene serving as a hydrogen acceptor in alkane dehydrogenation. The yield of
hexadienes (and ultimately p-xylene) is no longer limited by the equilibrium
disproportionation of 1-hexene to hexadienes and n-hexane, making this one-pot
approach to 3,6-dimethylcyclohexene a more attractive route for p-xylene synthesis
from ethylene. A similar strategy was used for the synthesis of piperylene and
toluene via the tandem transfer dehydrogenation of pentane or pentene followed by
a Diels—Alder reaction with ethylene [65].
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4 Applications to the Synthesis of Long-Chain Alkanes

Alkane metathesis has potential applications on an enormous scale. Most notably, it
would allow the “upgrading” of low carbon number n-alkanes (C3—Cg) to chains
with higher carbon number which are ideal for diesel and jet fuel. Lighter n-alkanes
can be obtained via Fischer—Tropsch chemistry from syngas [66—69], from direct
biomass reduction, or even from CO, reduction with the use of sustainable energy
sources. Moreover, light alkanes are found in vast amounts in natural gas and
petroleum reserves, equivalent to >10% of current world oil reserves. While
heterogeneous alkane metathesis catalysts have been reported [70-73], the first
homogeneous alkane metathesis catalytic system was developed by Goldman,
Brookhart, and coworkers in 2006 based on tandem transfer dehydrogenation and
olefin metathesis [Eq. (9)] [74, 75]. The system exhibits high efficiency with overall
product concentrations of 1.25 and 2.05 M obtained from 7.6 M n-hexane using
10 mM (*®“*PCP)ItH,, 1a, and ("®"*POCOP)IrH,, 2a, respectively, in combination
with the Mo catalyst, 15 (16 mM), after 1 day at 125°C. In addition to decane and
ethane, n-alkanes of intermediate chain lengths are formed and represent a large
fraction of the total alkene product. Due to the low stability of the Mo catalyst, 15,
the overall yield was limited.

Alkane
2 MetatheSIS R\/\R + CoH '
[Mo] = ipr
21[Ir] 2]
Dehydrogenation Hydrogenation (H3C)(F3C)ZCO/"‘MO//N ipr (9)
\
2{irH] 2[irH] (HsC)(FC),CO~  CHC(CH3),Ph
Olefin 15

2 A R metathesis RJ\R v CoH,
[Mo]

Other catalysts have been used to increase the substrate scope, yield, and
selectivity of this reaction [19, 76-78]. Particularly, the Goldman group investi-
gated the use of the mixed phosphine/phosphinite catalyst ("***PCOP)Ir(H,), 14b,
which was found to be four times faster than (’B“4PCP)IrH2, 1a, and eight times
faster than ("®“*POCOP)IrH,, 2a [79] (Fig. 11). More interestingly, the less steri-
cally hindered ('B”2PCOPiPr2)Ir(ethylene), 14c¢, was found to be even more active
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Fig. 11 Active co-catalysts
in tandem alkane metathesis
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with rates four times greater than ('B“4PCOP)Ir(ethylene), 14b. However,
(P*PCOP)Ir(H,), 14a, was not as productive as the two other catalysts presumably
due to lower stability.

Alkane—alkene coupling, another strategy to upgrade light hydrocarbons, was
recently reported by Bercaw and Labinger [80-82]. This process takes advantage of
the mixed nature of many light by-product streams which contain both alkanes and
alkenes as substrates. The ideal reaction [Eq. (10)] involves a tantalum-based
catalyst to dimerize the alkene component of the mixed feedstock to afford the
C,, alkene. Subsequent transfer hydrogenation by an iridium pincer catalyst allows
the conversion of the alkane component to the 1-alkene while hydrogenating the
C,,, product to an alkane. The 1-alkene is next catalytically dimerized with a second
equivalent of 1-alkene, and the cycle can continue. The net reaction corresponds to
the coupling of the alkane and alkene to give the higher alkane without the
formation of any lighter by-products. This process involves alkane dehydrogena-
tion by a pincer-ligated iridium complex (1a, 1b, or 2a) and alkene dimerization by
Cp*TaCl,(ethylene), 16, which is inert to internal olefins. Best results were
obtained by slowly adding 1-hexene (1,200 mM) to a mixture containing
("B“PCP)Ir(H,), 1a (5 mM), and Cp*TaCl,(ethylene), 16 (8 mM), in n-heptane
(solvent) which resulted in the generation of C;3 alkenes (obtained from hexane/
heptene coupling) and C;4 alkenes with a yield of 40% (C3+C;4) and a
cooperativity of 91% [Eq. (11)]. The “cooperativity” was defined by Bercaw and
Labinger as the amount of 1-heptene generated by dehydrogenation that is incor-
porated into C;3 and C4 alkenes. The absence of C;3/C;4 alkanes indicates that the
last step of the catalytic cycle (hydrogenation of the long-chain alkene) cannot be
completed. When using (’Bu4POCOP)Ir(H2) 2a as the co-catalyst, no desired prod-
ucts (C;3/Cy4) were detected due to the fast isomerization of 1-heptene to internal
heptenes which are inert to coupling by 16. Moreover, this tandem catalytic system
can be applied to the dimerization of n-heptane with TBE (which is inert to
dimerization). The use of (T™PCP)Ir(H,) 1b (2 mM) with 16 (8 mM) and
250 mM of TBE in n-heptane at 100°C for 18 h resulted in ~50% conversion and
the generation of C;4 alkenes in 18% yield. Styrene was also investigated as an
alternate hydrogen acceptor. The conversion of styrene/heptane mixtures by the
Ta/Ir tandem system led to the formation of heptene dimers, with up to 58% overall
yield of heptane-derived products.
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R
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Alkene R R
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~ ==
RTX I}_‘/(R [Ta] = T\ [Ir] =1a, 1b, 2a (10)
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Hydrogenation
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1200 mM
C12: R =R’ = n-C4Hg (293 mM)

Cq3: R=n-C4Hg, R' = n-CsH44
or R=n-CsHy4 R'=n-C4Hg (181 mM )
Ci4: R=R"'=n-CsHqq (59 mM)

(11)

S Dehydrogenation of Functionalized Organic Molecules

Despite the large number of highly active catalysts for alkane dehydrogenation,
surprisingly little work has been extended to functionalized substrates. An early
report by Jensen and Kaska showed modest reactivity (~57 TONSs) for the dehy-
drogenation of tetrahydrofuran with TBE by using (B**PCP)Ir(H,), 1a, as the
catalyst at 150°C [83]. Using the same catalyst, the dehydrogenation of tertiary
amines to form enamines in the presence of TBE at 90°C was reported by Goldman,
again with modest TONs (/10) [84]. A similar reaction developed by the Wendt
group with (PCyP)Ir(H)(C1), 9, as catalyst required higher temperatures (120°C) to
obtain comparable activity [48]. In the context of hydrogen storage, acceptorless
dehydrogenation of N-ethylperhydrocarbazole by ("BUPCP)Ir(H,), 1a, (P™“PCP)Ir
(H,), 1b, and (B**POCOP)Ir(H,), 2a, was developed by Jensen [85]. They later
found that (’B“4POCOP)Ir(H2), 2a, was able to selectively dehydrogenate the
heterocycle ring of various indolic and carbazolic molecules [Eq. (12)] [86].
Ry Ry

| |
N N

. 2a(1-4 mol%) \ N (12)
) — )
St neat St

170-200 °C
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Recently, Huang demonstrated a much broader scope of heterocycle dehydro-
genations using the hybrid phosphinothious/phosphinite  (F™PSCOP)Ir(H)
(C1) pincer complex 6 activated with NaO'Bu [40]. A large variety of O- and
N-containing heterocycles were successfully dehydrogenated at 120°C in the pres-
ence of TBE [Eq. (13)]. For example, 2,3-dihydrobenzofuran gives benzofuran in
high yield with low catalyst loading (0.1 mol%). Higher catalyst loading (5 mol%)
was required to dehydrogenate tetrahydrofuran to furan and piperidine to pyridine.

6 (0.1-5 mol%)
NaOtBu (0.2-10 mol%)  gehydrogenated

120 °C, p-xylene heterocycles

heterocycles + TBE + TBA

(examples) (1-4 equiv.)

o O 6(0.1 mol%)

_J Yield=91% (13)
o o 6 (5 mol%)
) Y\ /7 Yield =72 %
NH N 6 (5 mol%)
) Y Vield=50%

Brookhart and coworkers recently showed that catalysts (F™*Anthraphos)Ir(H)
(C1), 3b, F*PC(sp®)P—Ir(H)(CI), 8a, and (F"*POCOP)Ir(H)(CI), 2b, were effective
for the dehydrogenation of cyclic and acyclic ethers using TBE as a hydrogen
acceptor at 120°C after activation with NaO'Bu [Eq. (14)] [87]. For example, THF
and N-methylmorpholine were converted to furan and 2,3-dehydro-N-
methylmorpholine with TONs of 660 and 325, respectively, using the pre-catalyst
3b. Acyclic ethers represent a more challenging class of substrates. The small,
electron-rich alkene products are strong ligands for Ir(I) complexes and thus readily
inhibit catalysis. However, it was observed that diethyl ether was dehydrogenated
with all three catalysts, though pre-catalyst 8a gave the best result providing
90 TONs with 0.2 mol% loading. The dehydrogenation of cyclic and acyclic
ether substrates using ethylene as the hydrogen acceptor was demonstrated for the
first time. Under mild conditions at 120°C, a series of ether heterocycles can be
dehydrogenated with up to 375 TONs producing ethane as the hydrogenated
product. The pre-catalyst 8a was particularly active in this protocol, producing
good yields for all the substrates surveyed. For example, the reaction of N-
methylmorpholine with ethylene catalyzed by 8a (0.5 mol%)/NaO'Bu (1 mol%)
selectively formed 2,3-dehydro-N-methylmorpholine in 57 % yield, lower than the
78% yield obtained with TBE [Eq. (15)].
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TONSs up to 90

R. 2b, 3b, 8a (0.1-2 mol%) R_
o> NaOfBu (0.2-4 mol%) O X
120 °C, 15-48 h
or > or
o ° (14)

or or TONSs up to 660

8a (0.5 mol%)
o NaOtBu (1 mol%)

u o)
[T] 120 CQ‘ [T]
\/k \/k} Yield = 78% 1

— — } Yield = 57%

6 Moving Forward by Using O, as Hydrogen Acceptor

Oxidative dehydrogenation of light alkanes offers a potentially attractive route to
alkenes, since the reaction is exothermic and avoids the thermodynamic constraints
of non-oxidative routes by forming water as a by-product [Eq. (16)]. This method-
ology has been intensively studied for the conversion of ethane to ethylene and
propane to propene via the use of heterogeneous catalysts [88, 89]. Homogeneous
systems for such reactions have not yet been reported, but they could complement
heterogeneous catalysts via the use of milder conditions and application to a larger
substrate scope including longer-chain alkanes.

CnH2n+2 + 0.5 oz
AH° ~ -28 kcal.mol!

CnHz, + H,O (16)

Goldberg, Heinekey, Goldman, and coworkers have recently made progress
towards achieving this goal. They found that the Ir(IIl) bis-acetate complex
(dmphebox)lr(OAc)z(OHz) (dmphebox = 2,6-bis(4,4-dimethyloxazolinyl)-3,5-
dimethylphenyl), 17, can achieve stoichiometric C-H activation of arenes and
alkanes [Eq. (17)] [90]. With benzene, C—H activation takes place to form
(dmphebox)lr(OAc)(Ph), 18, at 100°C, and with n-octane, an aliphatic C—H bond
is activated followed by a B-hydride elimination to give (dmphebox)lr(OAc)(H), 19,
and octene after 72 h at 200°C. The dehydrogenation mediated by 17 results from
C—H activation at an Ir(IIl) center via a concerted metalation—deprotonation path-
way [91], in contrast with the reactions of phosphine-based pincer iridium systems.
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A fast isomerization of the kinetic product 1-octene to internal octenes has been
observed. The stoichiometric alkane dehydrogenation mediated by 17 is not
inhibited by the presence of N, and a-olefins, and the rate of the reaction seems
to be accelerated by the presence of water. Complex 17 can be regenerated from 19
by reacting with O, and HOAc [92]. This suggests that a catalytic cycle involving
O, as hydrogen acceptor is plausible. However, preliminary attempts to make this
reaction catalytic have been thwarted by catalytic instability towards O, at the
temperature required for alkane dehydrogenation.

n-octane octene

1< © LOA 1 17
O\urJDo ~00°C l'r‘iOHZc O\JD\O + HOAc o
- |\© - HOAc AcO)<’L \,L "
e - e

17 benzene-dg 19
RT,2.5h

HOAc, 0.5 O, (3 atm)

7 Summary and Future Challenges

The period 2011-2015 has seen continued development of a wide variety of new
iridium pincer complexes active for transfer dehydrogenations of alkanes. These
include iridium complexes which have incorporated, for example, electron-
deficient PCP ligands, CCC pincer ligands bearing NHC carbene arms, PCy,3P
ligands exhibiting a cyclohexyl or triptycene unit in the backbone, PCyp,P ligands
based on an anthracene and a rigid fused 7-6-7 ring structure, hybrid PCP systems
bearing mixed phosphine/phosphinite (PCOP) and phosphinothious/phosphinite
(PSCOP) arms, and a pincer ligand, AsSOCOAs, in which phosphorus atoms have
been replaced by arsenic. Several of these systems have shown improved thermal
stabilities and/or turnover numbers with respect to alkane transfer dehydrogena-
tions. A major unsolved problem in simple transfer dehydrogenations is the selec-
tive generation of valuable a-olefins from linear alkanes. While several iridium
pincer systems show kinetic selectivity for formation of a-olefins, subsequent olefin
isomerization results in loss of selectivity at high conversion. While 7-butyl ethyl-
ene and to a lesser extent norbornene have been used as efficient acceptors, for
practical applications less expensive, more readily available acceptors need to be
developed. Use of ethylene and propylene as acceptors has recently seen success
and will likely be a focus of future studies. The ideal acceptor would of course be
dioxygen, and recent results from Goldberg, Goldman, and Heinekey suggest this is
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plausible. There has been increasing interest and advances in catalyst development
for dehydrogenations of functionalized systems, in particular dehydrogenations of
heterocyclic amines and ethers. Applications to more complex molecules and late
stage functionalizations of pharmaceuticals represent attractive future endeavors in
this area.

This period has also seen numerous advances in coupling transfer dehydrogena-
tion with a second transformation. Increased efficiency in homogeneous alkane
metathesis has been reported, but achieving high selectivity for converting the C,
alkane to ethane and the C,,, alkane has proved elusive. The high temperatures
required for pincer iridium-catalyzed dehydrogenation result in short lifetimes of the
olefin metathesis catalysts, so a challenge to be addressed is to develop a highly
thermally stable olefin metathesis catalyst or a homogeneous dehydrogenation cata-
lyst that functions efficiently at much lower temperatures. Other attractive processes
which likely will see more development include alkyl group cross-metathesis
whereby ethyl benzene plus a linear alkane can be converted to benzene bearing a
linear long-chain alkyl group, alkane—alkene coupling employing tandem iridium and
tantalum catalysts, and combining Diels—Alder reactions of dienes produced through
hydrogen transfer reactions to ultimately lead to valuable aromatics such as p-xylene
and toluene. Coupling other catalytic reactions involving olefins to their generation
via dehydrogenation is also an area ripe for further exploitation.
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