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ABSTRACT: Catalytic C—H functionalizations are increasingly
viable tools for sustainable syntheses. In recent years, inexpensive
cobalt complexes were identified as powerful catalysts for C—H
arylations with challenging organic electrophiles. In particular, cobalt
complexes of N-heterocyclic carbenes enabled high catalytic efficacy
under exceedingly mild reaction conditions. This strategy set the stage
for challenging direct alkylations with primary and sterically hindered
secondary alkyl halides. Herein, the recent rapid evolution of cobalt-
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catalyzed C—H transformations with organic electrophiles is reviewed

until summer 2014.

S ubstituted arenes are integral structural motifs in a wide
range of bioactive compounds of importance to inter alia
pharmaceutical industries or crop protection (Figure 1).'

Inspired by the early pioneering work of Ullmann and
Goldberg,** the regioselective preparation of bi(hetero)aryls
was in large part achieved via transition-metal-catalyzed cross-
coupling reactions between organic electrophiles and organo-
metallic reagents (Scheme 12).° In particular, palladium-
catalyzed cross-coupling reactions with aryl halides as the
electrophiles have thus been established as indispensable tools
for the synthesis of substituted biaryls. However, recent focus
has shifted toward achieving catalytic arylations with phenol-
derived arylating reagents, since these electrophiles are readily
accessible, inexpensive, and can be implemented as directing
groups in arene functionalization strategies.” The high C—O
dissociation energy in phenols calls for an activation of these
substrates,® which was predominantly achieved with very costly
fluorine-containing reagents.9 In this regard, a notable recent
advance in cross-coupling chemistry was accomplished by
challenging C—C formations with more difficult to activate,
fluorine-free electrophiles, such as aryl tosylates, mesylates,
phosphates, sulfamates or carbamates (Scheme 1b), with
significant recent progress being achieved by Dankwardt,
Garg, Shi, Chatani, and Snieckus among others.”''! While
these cross-coupling methods are highly versatile, they
inherently rely on the use of prefunctionalized organometallic
starting materials as the nucleophiles, leading to undesired
byproduct formation and inconvenient, lengthy reaction
sequences.

The recent decade has witnessed remarkable progress in the
development of step-economical? direct functionalizations of
ubiquitous C—H bonds as latent functional groups, which
served as the stimulus for the development of environmentally
sound and economically attractive arylation strategies."> Until
very recently, C—H arylations of heteroarenes with fluorine-free
phenol-derived electrophiles were solely accomplished with the
aid of palladium complexes,14 while nickel catalysts were
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utilized by Itami and co-workers for recent direct arylations and
alkenylations of C—H acidic azoles.'>'® Direct arene arylations
with tosylates or mesylates were restricted to complexes of the
rare-transition-metals ruthenium'”*® or palladium (Scheme
2a,b)." In stark contrast, protocols that exploit more abundant
first-row transition-metal catalysts for direct arene arylations
unfortunately continue to be scarce (Scheme 2c).*

Pioneering findings by Kharasch and Fields indicated the
notable power of cobalt salts as effective catalysts for
homocouplings of Grignard reagents.”' Moreover, Murahashi
and Horiie described in 1956 the chelation-assisted direct
metalation of azobenzene 1, which by carbonylative cyclization
furnished indazolone 2 (Scheme 3).”

On the basis of these early contributions, considerable
progress was thereafter made in cobalt-catalyzed cross-
couplings and direct functionalizations.”®>™>* In particular, the
research groups of Yoshikai,26 Nakamura,””~?° and Kanai®®
devised methods for chelation-assisted hydroarylations of C—C
multiple bonds, providing step-economical access to alkylated
arenes.”® In addition, oxidative C—H functionalizations with
nucleophilic Grignard rea§ents were recently accomplished by
means of cobalt catalysis.”’ Contrarily, the synthesis of biaryls
through most user-friendly cobalt-catalyzed direct arylations of
arenes with easily accessible, inexpensive organic electrophiles
had proven elusive until 2012. In this Synopsis, the remarkable
recent progress in cobalt-catalyzed C—H arylations of arenes is
reviewed through summer 2014, along with advances in
mechanistically related direct alkylations with organic halides.

B C—H ARYLATIONS

Phenol-Derived Electrophiles. In consideration of the
limitations in catalyzed direct arene arylations with stable,
inexpensive phenol derivatives using user-friendly cobalt
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Figure 1. Representative bioactive biaryls.

Scheme 1. Organic Electrophiles in Conventional Cross-
Coupling Reactions

(a) conventional cross-coupling

cat. [Pd]
Arl == M + Hal== A2 —— | Arl =— AP
nucleophile electrophile
(b) cross-coupling by C-O cleavage
cat. [TM]
Al =M + RO=— AP Arl = AP

Scheme 2. Evolution of Catalyzed C—H/C—-O
Functionalizations
(a) Ruthenium-catalyzed arene C—H arylation with tosylates

cat. [Ru]

Ar == H + (TsO= R Ar = R

(b) Palladium-catalyzed heteroarene C—H arylation with mesylates

cat. [Pd]

HetAr=— H + MsO=— R HetAr=— R
(c) Cobalt-catalyzed C-H/C-O functionalization
cat. [Co]

Ar = H + RO R Ard—\ R

Scheme 3. Cobalt-Mediated Direct Functionalization of
Azobenzene 1
//N Ph

HN-N
CO (150 atm)

dto
PhMe, 190 °C, 2 h

1 2: 55%

Coy(CO)s

_— >

catalysts, the Ackermann group initially set out to devise
reaction conditions for C—H arylations of arenes 3 with
electronically deactivated sulfamates 4 (Scheme 4).%* In this
context it is noteworthy that direct arene arylations with
unactivated aryl sulfamates 4 have proven elusive and have not
even been viable with otherwise broadly applicable palladium or
ruthenium catalysts. Initial optimization studies revealed that
among a set of representative (pre)ligands, including mono- or
bidentate phosphines, optimal results were obtained with in situ
generated N-heterocyclic carbene (NHC)*** precursors
bearing sterically hindered N,N’-substituents. Specifically, a
catalytic system comprising Co(acac), and IMesHCl (6a,
Figure 2) proved to be highly effective, especially when
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Scheme 4. Cobalt-Catalyzed C—H Arylations with Aryl
Sulfamates 4

[ [
N OSO,NM N
e N 52
H 2 2 Co(acac), (10 mol %) ) R
| N | A IMesHCI (6a) (20 mol %) | N
+
(P X CyMgClI (2.0 equiv) WG
R! R? DMPU R’
3 4 60 °C,16 h 5
[ [
/ N O R _N ! Me
O Me ‘ OMe
R = OMe: 95% 83%
R=Me: 88%
R=F: 84%

performing the C—H arylations with CyMgCl as the base in
DMPU, a solvent previously utilized by Nakamura and co-
workers.” As to the nature of the cobalt source, cobalt(II) and
cobalt(IIl) compounds displayed comparable catalytic effica-
cies.”” The optimized catalytic system was found to be widely
applicable in the chelation-assisted C—H arylation with aryl
sulfamates 4 (Scheme 4), even when employing electron-rich,
and hence deactivated, substrates 4.

The versatile cobalt catalyst was not limited to aryl
sulfamates 4 but also set the stage for unprecedented arene
C—H functionalizations with challenging aryl carbamates 7
(Scheme 5).*> Notably, electron-rich as well as electron-
deficient carbamates 7 were converted with high catalytic
efficacy under exceedingly mild reaction conditions,> namely
even at ambient reaction temperature.’> Notably, the direct
functionalizations chemoselectively delivered the monoarylated
products S. Aryl carbamates 7 with sterically hindered
substituents in the ortho position furnished the desired products
5, highlighting the potential of aryl carbamates 7 for strategies
that merge directed ortho-metalation (DoM)* and catalytic C—
H activation.>* As to the reaction mechanism (vide infra), it is
noteworthy that intramolecular competition experiments with
meta-fluoro-substituted arenes®” site-selectively delivered the
biaryls through functionalization of the kinetically more acidic
C—H bond, which can be rationalized in terms of a
deprotonative-type C—H metalation.>* In accordance with
this rationale, intermolecular competition experiments between
differently substituted substrates 3 revealed the higher inherent
reactivity of electron-deficient arenes 3.

N-Heteroaromatic scaffolds are key structural motifs in a
variety of bioactive compounds.®® Thus, we were pleased to
find that heteroarenes 8 also served as useful substrates for
cobalt-catalyzed C—H arylations with aryl sulfamates 4 and
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Figure 2. Preligands 6 utilized for cobalt-catalyzed C—H functionalizations.
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Scheme 5. Cobalt-Catalyzed C—H Arylations with

Carbamtes 7 (py = Pyridyl, pym = Pyrimidyl)
2-py(m) Ar=0C(O)NMe; (7) 2-py(m)
H Co(acac), (10 mol %) Ar
| X IMesHCI (6a) (20 mol %) | A
S/ P CyMgCI (2.0 equiv) AF
R PU
60 °C 16 h 5
R
2-py 2-py O
F3C
R =OMe: 74% (@ 23 °C) R = OMe: 90%
R=H  71% R=Me: 87%
R=Me: 81%
OMe
95% 72°/

carbamates 7 (Scheme 6).*> Indeed, N-substituted indoles®
were site-selectively functionalized at position C-2, which also

Scheme 6. Cobalt-Catalyzed C—H Arylations of Indoles 8
with Carbamates 7

Ar=0C(O)NMe; (7) R

;
R Co(acac), (10 mol %)
IMesHCI (6a) (20 mol %
N CyMgClI (2.0 equiv) N
2\ DMPU 2_\
Py 60 °C,16 h Py

Me Me

M maz

R? = MeO: 93%
RZ=F:. 92%

90%
(with sulfamate: 55%)

86%

enabled the synthesis of sterically congested tri-ortho-
substituted heterobiaryls 9.>>

Aryl Chlorides. Aryl chlorides are the most attractive single
class of aryl halides for biaryl syntheses since they are cost-
effective while being widely available.*>*' Subsequent to the
development of first cobalt-catalyzed direct arylations with
phenol derivatives (vide supra),®* two protocols for cobalt-
catalyzed direct arylations with aryl chlorides were independ-
ently disclosed by the groups of Yoshikai and Ackermann.***
Hence, Yoshikai and co-workers found that a catalytic system
consisting of CoBr, and HIMesCl (6a) allowed for C—H
arylations of ketimines 10 (Scheme 7).* Interestingly, the
direct arylations proceeded most efficiently at 25 °C, and a
sterically hindered neopentyl Grignard reagent (t-
BuCH,MgBr) proved to be the optimal base by minimizing
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Scheme 7. C—H Arylations of Aromatic Imines 10 with Aryl
Chlorides 11 (PMP = p-Methoxyphenyl)

PMP
Me. _N Ar—Cl (11) Me O
H CoBr, (10 mol %) Ar
| A IMesHCI (6a) (10 mol %) A
AF t-BuCH,MgCl (2.0 equiv) AF
R THF, 25°C, 24 h
10 then: aq HCI, 25 °C, 1h 12
Me.__O

O OMe Me (0] O OMe
Me I

R =OMe: 79% 53%
R=F: 66%
R=CF3 --, 20% (with PEt3)
PMP Me._O R
- 9
CLy—Oowe

N

Me OMe

87% R=Me: 62%

(without hydrolysis) R = NMey: 71%

byproduct formation through undesired Kumada—Corriu cross-
coupling reactions. The thus-optimized catalytic system
displayed a broad substrate scope, delivering the arylated
acetophenone derivatives 12 after acidic hydrolysis. A variety of
arenes was functionalized by chelation-assisted cobalt catalysis.
However, trifluoro-substituted arenes provided unsatisfactorily
low vyields of the desired products. The site-selectivity of the
C—H arylations was largely governed by steric interactions,
unless substituents displaying a secondary directing group were
present. Interestingly, the catalytic system was also successfully
applied to an imine derived from a heteroaromatic
carbaldehyde.

On the basis of their previous findings on cobalt-catalyzed
C—H arylations with phenol-derived electrophiles,®* the
Ackermann group developed expedient cobalt-catalyzed direct
arylations with aryl chlorides through pyridine assistance
(Scheme 8).** We were pleased to observe that the catalytic
system originally designed for direct arylations with aryl
sulfamates 4°> was also optimal for direct functionalizations
with aryl chlorides 11, which readily occurred at ambient
reaction temperature.* Indeed, the catalytic system comprising
of Co(acac), and IMesHCI (6a) allowed for chelation-assisted
arylations with ample substrate scope and excellent mono-
selectivities (Scheme 8). The power of the cobalt catalyst was
among others illustrated by efficient direct arylations with a low
catalyst loading of only 0.5 mol % Co(acac),. We were
particularly delighted by the outstanding site-selectivity with m-
alkoxy-substituted arenes, which delivered the sterically more
congested biaryls § as the sole products, highlighting a
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Scheme 8. Site-Selective C—H Arylations with Chlorides 11
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| X
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g e O
Me
OR OMe OMe
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= I-Pr: o
R=Me: 89%
R =Me: 66%

with 0.5 mol % Co(acac),

considerable secondary directing group effect. Intriguingly, this
observation was exploited for the preparation of tri-ortho-
substituted biaryls, which indicated the great potential for the
future development of asymmetric**** cobalt-catalyzed C—H
arylations.

B C—H BENZYLATIONS

The inexpensive cobalt catalyst was not restricted to C(sp>)—
C(sp?)-forming processes but also enabled effective C—H
benzylation®® reactions on indoles 8 (Scheme 9).>* Thus, the
C(sp*)—C(sp®) formation was realized with benzyl phosphates
13 at a remarkably mild reaction temperature of 23 °C.

Scheme 9. C—H Benzylations of Heteroarenes 8 with

Phosphates 11
Ph
@:}-H * (Et0),0P0” >Ph ©:\>_/

2-py

\
2-py
8 13

Co(acac), (10 mol %)
IMesHCI (6a) (20 mol %)

CyMgCl (2.0 equiv)
DMPU

23°C,16 h
14: 65%

B C—H ALKYLATIONS

While direct arylation chemistry has witnessed major progress
during the past decade, C—H functionalizations with alkyl
halides as the organic electrophiles continue to be scarce.*® In
particular, direct alkylations with secondary alkyl halides are
extremely challenging because oxidative addition is often
difficult and because f-hydride elimination of the thus-formed
transition-metal alkyl complexes frequently outcompetes the
desired reductive elimination.

In this regard, it is notable that Nakamura and co-workers
elegantly devised effective cobalt-catalyzed direct n-alkylations
with primary alkyl halides 16 (Scheme 10).*” Interestingly, the
C—H n-alkylation proceeded with synthetically useful secon-
dary amides 15 in the absence of any additional NHC ligand.
While primary alkyl chlorides 16 were efficiently converted, a
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Scheme 10. C—H Alkylations of Benzamides 15 with
Primary Alkyl Chlorides 16

R! R'
I i
N N._O
Me” © Me”
H n-Alk—Cl (16) n-Ar
| X CoBr, (10 mol %) | A
RZ/ ¥ CyMgCl (3.0 equiv) RZ/ Z
DMPU (12 equiv)
15 Et,O, 1t, 12 h 17
Me” Me” Me”
n-Bu n-Bu n-Bu N n-Bu
L
Ph N
R =Me: 0% 81% 79%

R = H: 63% (22% dialkylation)

N_o N_o
Me” Me” =
Me N /
s (o)
Ph A Ph
64% 59%

secondary alkyl chloride gave an unsatisfactorily low conversion
of only 15%. The versatile n-alkylation strategy was applicable
to aromatic and heteroaromatic substrates 15 and allowed for
the use of differently decorated alkyl chlorides 16.

Based on our previous findings on cobalt-catalyzed direct
arylations (vide supra)®* and our continued interest in
catalyzed C—H alkylations,**™*° we examined cobalt catalysts
for C—H transformations with alkyl halides 16. Notably, the
cobalt catalyst derived from NHC precursor HIMesCl (6a)
enabled pyridine-assisted C—H alkylations,* yet the most
effective catalysis was achieved here when the sterically
hindered NHC derivative 6b was used (Scheme 11). Therefore,

Scheme 11. C—H Alkylations with Alkyl Chlorides 16

2- n-Alk—Cl (16) oy
v H Co(acac), (10 mol %) 24 n-Alk
| A 6b (20 mol %) Y
AF CyMgCl (2.0 equiv) AP
R DMPU R
3 23°C,16h 18
2-py 2-py 2-py
n-Bu R /CE/\/”-BU
Me
R OMe
R = Me: 85% R =n-Bu: 80% 50%
R=F: 61% R = n-Hex: 82%
R=CF; 91% R=Et  79%

chelation-assisted direct alkylations were accomplished with
various alkyl chlorides 16. The C—H functionalizations
efficiently occurred on various arenes displaying a set of
electron-donating or electron-withdrawing substituents with
excellent site-selectivities.

Likewise, the inexpensive cobalt catalyst proved applicable to
the direct alkylation of indoles 8 (Scheme 12).** N-Pyridyl- and
N-pyrimidyl-substituted heteroarenes 8 were identified as
suitable starting materials, the latter of which set the stage for
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Scheme 12. C—H Alkylations of Indoles 8

R" n-Alk—ClI (16) R"
Co(acac), (10 mol %)

X 0, X
R'—EI%—H 6b (20 mol %) Rl N Al
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) DMPU
2-py(m) ) 2-py(m)
g 23°C, 16 h 19
Me
mR @E\g—n-Oct N n-Oct
N N N
2-pym 2-py Et 2-Pym
R = n-Hex: 82% 67% 81%

R =n-Oct: 71%

a removable directing group strategy.’>>" The catalytic system
showed a wide substrate scope, as was among others illustrated
by the successful use of various n-alkyl chlorides 16.*
Furthermore, substituted indoles 8 proved to be viable
substrates, even with sterically congested substituents at the
C-3 or C-7 position.

In consideration of the difficulties associated with the use of
sterically hindered secondary alkyl halides 20,%° we were
particularly pleased to find that the in situ generated cobalt
catalyst allowed for C—H functionalizations with these
challenging organic electrophiles 20 as well (Scheme 13). s
The C- H alkylations proceeded with excellent ortho-
selectivity*® and proved amenable to functionalizations on
arenes 3 as well as heteroarenes 8.

Scheme 13. Secondary C—H Alkylations

2-
Cofacac), (10 mol %) Py
6b (20 mol %)
CyMgCl (2.0 equiv)
DMPU
CF.
23°C, 16 h 8
3a 20 21a: 64%
Co(acac), (10 mol %)
\ W+ 6b (20 mol %) A
CyMgCl (2.0 equiv) N
DMPU \
2-
60 °C, 16 h Py
8a 20 22a: 52%

Based on their previous findings on C—H arylations with aryl
chlorides,* Yoshikai and co-workers developed cobalt-
catalyzed direct alkylations of ketimines 10 (Scheme 14).%>

Scheme 14. C—H Alkylation of Ketimines 10

FI’MP
Me N n-Alk—Br (16) Me.__O
CoBr; (10 mol %)
o H 6c (10 mol %) o 1Ak
S t-BuCH,MgCl (2.0 equiv) I/ P
R THF, 25 °C, 4-24 h R
10 then: aq HCI, 25 °C, 1-3 h 23
Me.__O Me.__O Me.__O
é/\/R é/\/\/ cl
R =n-Bu: 77% 66% 80%
R=Ph: 82% (6% isomerized product)

In contrast to their previous report, cobalt catalysts derived
from the N,N-dialkyl-substituted NHC precursor 6c or its
benzannulated analog 6d proved ideal (Figure 2). Interestingly,
the method was successfully applied to both alkyl bromides and
alkyl chlorides, with the former generally furnishing improved
yields.

Intriguingly, the cobalt catalyst also allowed for more
challenging C—H alkylations with secondarzf alkyl halides 20
with ample substrate scope (Scheme 15).>> The optimized

Scheme 15. Secondary C—H Alkylations of Ketimines 10

PMP
Me 2N sec-Alk-X (20) Me. -0
CoBr; (10 mol %) _
m H 6¢ or 6d (10 mol %) | Ny Sec-Ak
Sk A £BUCH,MgCl (2.0 equiv) (P
R THF, 25 °C, 6-24 h R
10 then: aq HCI, 25 °C, 1-3 h 24

51% 73% 56% (i:n = 94:6) 81%

(X =Cl, 6d) (X=Cl, 6d) (X = Br, 6¢) (X = Br, 6c)

protocol was broadly applicable to cyclic secondary alkyl
bromides and chlorides, and an unsymmetrical acyclic substrate
reacted with a synthetically useful iso:n ratio of 94:6. However,
heterocyclic substrates generally led to lower yields of the
desired alkylated products.

Mechanistic Considerations. The novel cobalt-catalyzed
direct C—H arylations represent rare examples of biaryl
syntheses through cobalt-catalyzed functionalizations of un-
activated aryl carbamates, sulfamates and chlorides. 2462554 1
consideration of this unique reactivity profile, mechanistic
studies were conducted to delineate the catalysts mode of
action.***%? To this end, intermolecular competition experi-
ments between differently substituted arenes generally high-
lighted more electron-deficient arenes to be significantly more
reactive, both in C—H arylations as well as C—H alkylations.
This observation is not in agreement with an electrophilic-type
of C—H functionalization, but can be rationalized in terms of a
deprotonative-type C—H cobaltation. While the full mecha-
nistic scenario has hitherto to be unraveled, and the
coordination chemistry of the individual intermediates has
not been entirely elucidated, mechanistic studies suggest the
cobalt-catalyzed C—H functionalizations to proceed by initial
cyclometalation55 (Scheme 16).** Further, reactions with
isotopically labeled substrates highlighted a significant D/H-
exchange reaction in the ortho-position and are thus suggestive
of a reversible C—H metalation.>****>5? Thereafter, the
activation of the organic electrophile is suggested to occur.
On the basis of attempted cobalt-catalyzed direct arylations in
the presence of typical radical scavengers®* and alkylations with
stereochemically well-defined secondary alkyl halides,> this C—
X cleavage is proposed to proceed via a single-electron
transfer.>**>>? However, further mechanistic studies are
warranted to fully understand the catalytic activation of
aromatic organic electrophiles within the C—H functionaliza-
tion manifold. A subsequent radical rebound is put forward to
generate intermediate 25, which finally undergoes reductive
elimination to furnish the desired product S, while trans-
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Scheme 16. Plausible Catalytic Cycle for the Cobalt-
Catalyzed C—H Functionalizations

7Y
DL CoXy, NHC*HX
R J
+MgX,
C-H metalation
[Co]l—R
reductive elimination &
transmetalatron R-H
RMgX
¢ /N X
[00]

recombmanon
[Co]*X
R!

metalation with the Grignard reagent regenerates the active
cobalt catalyst.

H CONCLUSION

During the past decade, C—H functionalization strategies using
second-row transition-metal catalysts have revolutionized
organic syntheses. However, less expensive first-row transi-
tion-metal complexes have in the past few years been
established as increasingly viable alternatives for economically
attractive C—H transformations. In particular, user-friendly
cobalt salts were identified as versatile catalysts for step-
economical chelation-assisted direct C—H arylations with user-
friendly organic electrophiles. Hence, NHC-derived cobalt
complexes proved to be the key to success for direct arene
arylations with aryl chlorides as well as with stable, inexpensive
phenol derivatives. The unique power of cobalt-catalyzed C—H
activation was, for instance, illustrated by unprecedented direct
arylations with unactivated aryl sulfamates or carbamates with
low catalyst loadings and under exceedingly mild reaction
conditions, namely at ambient reaction temperature. While
direct benzylations were accomplished with benzyl phosphates,
challenging direct alkylations proved viable with primary alkyl
bromides and chlorides with pyridines, pyrimidines, amides, or
imines as the site-selectivity ensuring entities. The C—H
functionalization approach proved further amenable to the
efficient conversion of challenging secondary alkyl halides. In
consideration of these recent findings, along with examples of
cobalt-catalyzed C—H functionalizations with alternative
organic electrophiles containing C—N bonds,***’ further
exciting developments, such as asymmetric C—H functionaliza-
tions, are expected in this rapidly evolving research area.
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