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C—H Alkenylations with Alkenyl Acetates, Phosphates, Carbonates,
and Carbamates by Cobalt Catalysis at 23 °C**

Marc Moselage, Nicolas Sauermann, Sven C. Richter, and Lutz Ackermann*

Abstract: Inexpensive cobalt catalysts with N-heterocyclic
carbene ligands enable direct arene alkenylations with easily
accessible alkenyl acetates through regioselective C—H/C—O
functionalizations in a stereoconvergent fashion. The versatile
cobalt catalyst was broadly applicable and thus also allowed
for the efficient conversion of alkenyl phosphates, carbonates,
and carbamates at ambient temperature.

Alkenylated arenes are key structural motifs in medicinal
chemistry, crop protection, total synthesis, and material
sciences.™?) Their most step-economic syntheses arguably
involve metal-catalyzed C—H functionalizations.** Thus far,
most catalyzed C—H functionalizations have been realized
with relatively expensive 4d and 5d transition-metal com-
plexes. Yet, in recent years, considerable success has been
accomplished with naturally more abundant first-row tran-
sition-metal catalysts®”! with particular progress achieved
through versatile cobalt catalysis. Thus, for example, Naka-
mura, our group, Yoshikai, and Kanai have recently devel-
oped cobalt-catalyzed C—H functionalizations with organic
electrophiles.[*” As of yet, cobalt-catalyzed C—H olefinations
have been solely accomplished through hydroarylations®! of
alkynes."”! Despite significant advances by Yoshikai and co-
workers, ' this approach continues to face considerable
limitations, including the difficulty of controlling regioselec-
tivity as well as the inherent limitation to the synthesis of
acyclic alkenes.

Within our program on sustainable C—H functionaliza-
tions,”! we have developed a cobalt-catalyzed C—H olefina-
tion with easily accessible enol derivatives, which we report
herein (Scheme 1). Notable features of our strategy are an
excellent, predictable regiocontrol, challenging C—H/C-O
functionalizations with unactivated alkenyl acetates, phos-
phates, carbonates, and carbamates in a stereoconvergent
fashion, as well as oxidant-free olefinations under remarkably
mild reaction conditions™®! at 23°C. Tt is noteworthy that the
only arene alkenylation of non-acidic C—H bonds"! with
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Scheme 1. Selective cobalt-catalyzed C—H alkenylation.

alkenyl esters that has been reported thus far required the
expensive ruthenium complex [Ru(cod)(cot)] and a reaction
temperature of 120°C.["!

We initiated our studies by probing various reaction
conditions for the envisioned C—H alkenylation of indole
1al' with alkenyl acetate 2a (Table 1). The use of phosphine
ligands did not lead to significant conversion of the starting

Table 1: Optimization of the cobalt-catalyzed C—H alkenylation with

acetate 2a.l!
OAc
o o
N

Coly (10 mol%)
llgand 10 mol%)

base solvent

2\ym 23°C, 16 h 2lpym
3aa

Entry Ligand (precursor) Base Solvent Yield [%)]
1 - CyMgCl DMPU -
2 PPh, CyMgCl DMPU -
3 PCys CyMgCl DMPU -
4 dppe CyMgCl DMPU <5
5 ICyHCl (4a) CyMgCl DMPU i
6 IMesHCI (4b) CyMgCl DMPU 32
7 IPrHCI (4¢) CyMgCl DMPU 88
8 IAdHBF, (4d) CyMgCl DMPU 80
9 4e CyMgCl DMPU 5
10 4f CyMgCl DMPU 10
11 4g CyMgCl DMPU 30l
12 IPrHCI (4¢) iPrMgCl DMPU 62
13 IPrHCI (4c) tBuCH,MgCl  DMPU 69
14 IPrHCI (4c¢) tBuMgCl DMPU 20
15 IPrHCI (4c) MeMgCl DMPU -
16 IPrHCI (4c) LiHMDS DMPU -
17 IPrHCI (4c) CyMgCl THF 21
18 IPrHCI (4¢) CyMgCl NMP i
19 IPrHCI (4c) CyMgCl toluene <5
20 IPrHCI (4¢) CyMgCl DMPU -

[a] Reaction conditions: Ta (0.50 mmol), 2a (0.75 mmol), Col,

(10 mol %), ligand (10 mol %), base (2.0 equiv), solvent (1.5 mL), 23°C,
16 h; yields of isolated products. [b] GC conversion. [c] In the absence of
Col,. DMPU =1,3-dimethylhexahydro-2-pyrimidinone, dppe =1,2-bis-
(diphenylphosphanyl)ethane, py(m) = pyri(mi)dyl.

Angew. Chem. Int. Ed. 2015, 54, 6352 -6355


http://dx.doi.org/10.1002/ange.201412319
http://dx.doi.org/10.1002/anie.201412319
http://dx.doi.org/10.1002/anie.201412319

- Me Me Q
iPr
[/\@® ® ]
R’Nvg‘R Ni)ié R‘NVGN‘R
X iPr o Br
R=Cy, X=Cl (4a) 4e R =iPr (4f)
R =Mes, X = Cl (4b) R=Cy (49)

R = 2,6-iPr,CqHg, X = CI (4c)
R=1-Ad, X = BF, (ad)

Figure 1. NHC precursors employed for C—H alkenylation. 1-Ad=1-
adamantyl, Cy=cyclohexyl, Mes = mesityl, Tf=trifluoromethanesul-
fonyl.

materials (entries 1-4). To our delight, insitu generated
N-heterocyclic carbenes (NHCs) derived from inexpensive
imidazolium salts (Figure 1) facilitated the desired trans-
formation even at an ambient reaction temperature of 23°C
(entries 5-12), with optimal results being obtained with the
preligand IPrHCI (4¢; entry 7). Among a variety of repre-
sentative bases and solvents, CyMgCl and DMPU, respec-
tively, were found to be ideal (entries 11-19). Importantly, the
reaction did not proceed in the absence of the NHC ligand or
the cobalt complex (entries 1 and 20). It is also noteworthy
that cycloalkenylated indoles of type 3 cannot be prepared
through alkyne hydroarylations.

With the optimized cobalt catalyst in hand, we tested its
generality with differently substituted heteroarenes and
arenes 1 using cyclic alkenyl acetates 2 (Scheme 2).

The low-valent cobalt catalyst was found to be broadly
applicable and hence enabled the efficient conversion of
indoles 1a and 1b, which bear N-pyridyl (py) and N-pyrimidyl
(pym) substituents, respectively. Alkenyl acetates 2a—e with
different substituents proved to be viable substrates as well,

OAc

Coly (10 mol%)
e W IPrHCI (dc) (10 mol%) e 2
Z~N CyMgCl, DMPU Z~N
2}py(m) R? 23°C,16h 2py(m)
1 2 3
OEt
OO~ =0
N N N
R 2%pym 2%pym
R = 2-pym (3aa): 88% R =Ph (3ab): 90% 3ca: 60%

R =2-py (3ba): 91% R =nPent (3ac): 89%

R = OnPent (3ad): 85%

R=tBu(3ae):  84%
R=CF;(3af)  86%
Me 2-py
R
0O 0O |
N y
2-pym 2-pym R
R=F (3da): 75% 3fa: 93% R = H (5aa): 54%%]
R = CF; (3ea): 71%
o)
v 2-py
me” N N <
2-pym 2-pym
6aa: 69% 6ba: 54% 7aa: 48%2

Scheme 2. Cobalt-catalyzed C—H alkenylation with cyclic enol acetates
2. [a] 4a (10 mol %) as the ligand.
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and indole derivatives with substituents in the 4-, 5-, or even
the sterically congested 3-position furnished the desired
products 3ca—ea. Likewise, aromatic substrates underwent
the C—H alkenylation with excellent site selectivity (5 aa-ab).
Intriguingly, the versatile cobalt catalyst was not restricted to
indole heterocycles, but also allowed for the efficient
preparation of the alkenylated pyrroles 6aa and 6ab.
Considering the potential of ferrocene derivatives for asym-
metric catalysis and rational ligand design,'”®l we were
pleased to observe that the cobalt catalyst could be success-
fully employed for the difficult functionalization of ferrocene
derivatives, furnishing alkenylated product 7aa. Even though
this direct alkenylation proceeded with a somewhat reduced
efficacy, to the best of our knowledge, it represents the first
example of a cobalt-catalyzed C—H functionalization of
ferrocene derivatives.

In recent years, metal-catalyzed C—O functionalizations
have received increasing attention.'”! Therefore, we became
attracted by exploring different ketone-derived alkenyl
derivatives for the C—H olefination of indoles 1 (Scheme 3).
Interestingly, the versatility of the cobalt catalyst was

(a) carbamates: o]

Q" NMe2 1, (10 mol%)
IPrHCI (4c) (10 mol%)
N CyMgCl, DMPU N
2-\pym R 23°C,16h 2-\pym
1 5 R =H (3aa): 87%
R =nPent (3ac): 82%
(b) carbonates: 0 R = OnPent (3ad): 79%
Q" ORt Col, (10 mol%)
A M IPrHCI (4c) (10 mol%) O A C
¥ [ LA R AN
N CyMgCl, DMPU N
2pym 23°C, 16 h 2lpym
1a 6a 3aa: 56%
(c) phosphates: Cu)
o-R-OEt
OFEt Col, (10 mol%)
il N\ bo. IPrHCI (4c) (10 mol%) R1MR2
AN CyMgCl, DMPU AN
2py(m) R2 23°C,16h 2%py(m)
1 7 OEt 3
F
O~ O "0
N N N\
2'pym 2%pym 2-pym
R? = H (3aa): 77% 3ca: 63% 3da; 50%
R2 = Ph (3ab): 79%

R? = nPent (3ac): 74%
RZ=OnPent (3ad):  76%
R? = 3,4-F,CgHs (3ag): 72%

Scheme 3. C—H olefination with a) alkenyl carbamates 5, b) alkenyl
carbonates 6, and c) alkenyl phosphates 7.

reflected by the synthesis of the desired products 3 in high
yields using substituted carbamates 5 (a), carbonates 6 (b), or
phosphates 7 (c) at a temperature of 23°C.

The optimized catalyst also proved applicable to acyclic
acetates 2 and phosphates 7 under otherwise identical
reaction conditions (Scheme 4). Interestingly, the alkenyla-
tions proceeded in a stereoconvergent fashion,”” furnishing
the FE diastereomers 3ah-ak as the sole products. It is
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(a) acetates:

OAc
m t AR

Col, (10 mol%)
__IPrHCI (dc) (10 mol%)

@O—(

CyMgCI DMPU
2—\pym 23°C,16h 2) “pym
1a 2 3
Ef nPr Alk
N nPr N nBu N Ph
\ \ \
2-pym 2-pym 2-pym
3ah: 50% 3ai: 56% Alk = Me (3aj): 80%

Alk = nPr (3ak): 54%

2
N R'

(b) phosphates :

OP(O)(OEt),
\

Col, (10 mol%)
IPrHCI (4c) (10 mol%)

CyMgCl, DMPU
2lpym 23°C, 16 h 2pym
1a 7 3
Et nPr Alk
N nPr N nBu N Ph
\ \ \
2-pym 2-pym 2-pym
3ah: 83% 3ai: 71% Alk = Me (3aj): 57%

Alk = nPr (3ak): 52%

(c) alkene isomerization:

mH . OAc " as above WMe )oic/
+
N P E N Ph P Me
\ \
2-pym 2-pym
1a 2j (3.0 equiv) 3: 78% (2)-2j: 48%
Elz=2773 EIZ <2:98

Scheme 4. C—H alkenylation with acyclic acetates 2 and phosphates
7.[20]

noteworthy that the regioselectively substituted products 3
cannot be accessed through oxidative alkenylations or alkyne
hydroarylations. Therefore, a mechanistic scenario based on
initial B-elimination and subsequent hydroarylation could be
ruled out.

To probe the stereoconvergent nature of the cobalt-
catalyzed C—H alkenylation, we performed a reaction with an
excess of a diastereomeric mixture of alkenyl acetate 2j
(Scheme 4c¢). The alkenyl acetate was reisolated as its pure
isomer (Z)-2j, which is indicative of an olefin isomerization
process.

Given the unusual stereoconvergent nature of the novel
cobalt-catalyzed C—H functionalization reaction, we were
intrigued by its working mode. To this end, competition
experiments between differently substituted indoles 1 high-
lighted the inherently higher reactivity of electron-deficient
derivatives (see Scheme 5 and Scheme S1 in the Supporting
Information).

A series of intermolecular competition experiments
between enol derivatives with different leaving groups
revealed the comparable reactivities of acetates and carba-
mates.”!! In contrast, alkenyl phosphates 7 were found to be
significantly less reactive than the corresponding acetates 2
(see Scheme 6 and Schemes S4-S9).!

Therefore, the following order of reactivity was estab-
lished for the alkenyl electrophiles, which is interestingly not
in line with the C—O bond dissociation energies: OAc~
OC(O)NMe, > OP(O)(OEt),. Based on our mechanistic
studies and the stereoconvergent nature of the novel cobalt
catalysis, we propose that the catalytic cycle begins with a
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2a

OFt cat. Coly OFEt
cat. IPrHCI (4c)
N N CyMgCl, DMPU N N
2-pym 2-pym 23°C,16h 2-pym 2-pym
1c¢ (1.3 equiv) 1a (1.3 equiv) 3ca: 12% 3aa: 30%
F A\ N\ as above N\ N\
H + H —— R|+ R
X N )
2%pym 2pym 2'pym
1d (1.3 equiv) 1a (1.3 equiv) 3da: 45% 3aa: 22%

Scheme 5. Intermolecular competition experiments with indoles
1 (R=1-cyclohexenyl).

O O N 0 OnPent
N

P-OEt 1a \
A \ \
Qhe Q" okt Col, (10 mol%) 2-pym
IPrHCI (4c) (10 mol%) 3ad: > 98%
+ +
CyMgCl, DMPU
OnPent nPent 23°C,16h O N C nPent
by "H NMR N\
© 752e| v) (© 757° iv) Z-pym
. equiv . equlyv,
d a 3ac: < 2%

Scheme 6. Intermolecular competition experiments with different elec-
trophiles.

C—H metalation step.”” Thereafter, migratory insertion of the
alkenyl ester generates an intermediate that is suggested to
undergo (3-acetoxy elimination to form the desired olefinated
product while the cobalt catalyst is regenerated by trans-
metalation with the organomagnesium reagent.

Finally, the directing group on products 3 could be
removed in a traceless fashion to deliver the desired free
indoles 11 in high yields (Scheme 7).

R
R3
N NaOMe
N Rz DMSO, 100 °C
2-\pym

R1
1

Iz

11aa: 85% 11ai: 80%

Scheme 7. Removal of the directing group.

In summary, we have reported on the first cobalt-
catalyzed direct alkenylation of unactivated C—H bonds
with easily accessible enol derivatives. Thus, an NHC/cobalt
catalyst allowed for olefinations of arenes, indoles, pyrroles,
and ferrocenes with unactivated alkenyl acetates, phosphates,
carbonates, and carbamates. The versatile cobalt-catalyzed
C—H activation process occurred through a conceptually
novel mechanism with high regiocontrol in a stereoconvergent
fashion. The inexpensive cobalt catalyst proved to be widely
applicable and displayed a high catalytic efficacy even at
a reaction temperature of 23°C.
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