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Abstract: Cationic cobalt complexes enable unprecedented
cobalt-catalyzed C—H/C—C functionalizations with unique
selectivity features. The versatile cobalt catalyst proved broadly
applicable, enabled efficient C—H/C—C cleavage at room
temperature, and delivered Z-alkenes with excellent diastereo-
control.

Catalyzed C—H functionalizations have been identified as
a transformative approach for step-economical organic syn-
theses,!!! with applications in natural product chemistry,” the
pharmaceutical industry,”) and material sciences,* among
others. Considerable impetus has very recently been gained
by merging C—H activation with challenging C—CF! cleav-
age!® methods. In spite of undisputed advances, catalyticl”! C—
H/C—C activations continue to be scarce, with all the reported
examples requiring the precious transition metal rhodium.®
The recent years have witnessed increasing interest in the use
of naturally abundant 3d transition metal catalysts for C—H
functionalizations.””! Particularly, cobalt(IIT) complexes have
emerged as versatile tools'” with key contributions by
Matsunaga/Kanai,l'!! Ellman,' Chang,™® Glorius,'* Shi,™!
Jiao,'®! and Ackermann,'”l among others."8! As part of our
research on base-metal-catalyzed C—H activation,'! we have
now developed the first cobalt-catalyzed C—H/C—C function-
alization. Notable features of our strategy include 1) the first
C—-H/C—C functionalizations by cobalt catalysis, 2)high
catalytic efficacy at room temperature, 3) unique levels of
positional selectivity that contrasts with expensive rhodium
catalysts,®™ and 4) unprecedented diastereoselectivity
towards thermodynamically less stable Z alkenes (Figure 1),
which was rationalized by means of DFT calculations.

To start with, we probed reaction conditions for the
envisioned cobalt-catalyzed C—H/C—C activation of indole 1a
with vinylcyclopropane 2a (Table 1 and Table S1 in the
Supporting Information).”” Indeed, the desired transforma-
tion proved viable, with carboxylates® emerging as partic-
ularly powerful additives (entries 1-5). The sterically hin-
dered pivalate additive was the most effective (entries 6-10),
and [Cp*Co(CO)L] proved to be optimal among a variety of
cobalt complexes (entries 8, and 11-14). It is noteworthy that
the optimized cobalt(III) catalysts delivered the thermody-
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Figure 1. Z-Selective C—H/C—C activation by cobalt catalysis.

Table 1: Cobalt-catalyzed C—H/C—C activation.”!

[Co] (10 mol %)
mH + \AE
N E

AgSbFg (20 mol %)
additive (20 mol %)
e T,

CEWE
N = E

DCE, 7,20 h
2-\py 2%y

1a 2a 3aa
Entry [Co] Additive T[°C] 3aa[%]"
1 [Cp*Co(CO)l,] LiOAc 50 74
2 [Cp*Co(CO)1,] NaOAc 50 88
3 [Cp*Co(CO)l,] CsOAc 50 1
4 [Cp*Co(CO)l,] NaO,C(3-CF;)CeH, 50 68
5 [Cp*Co(CO)l,] Na(O-Piv-Val) 50 84
6 [Cp*Co(CO)l,] LiOPiv 50 61
7 [Cp*Co(CO)l,] Mg (OPiv), 50 704
8 [Cp*Co(CO)l,] NaOPiv 50 93
9 [Cp*Co(CO)l,] KOPiv 50 51
10 [Cp*Co(CO)ly CsOPiv 50 39
no - NaOPiv 50 -
12 [CpCo(CO)l,] NaOPiv 50 109
13 [1,3-(tBu),CsH;Co(CO)l,] NaOPiv 50 8¢
14 [Cp*Co(CH;CN);](SbF¢), NaOPiv 50 91
15 [Cp*Co(CO)ly NaOPiv 25 64

[a] Reaction conditions: Ta (0.50 mmol), 2a (0.60 mmol), [Cp*Co(CO)l,]
(10 mol %), AgSbF¢ (20 mol %), additive (20 mol %), dichloroethane
(DCE; 1.0 mL), 20 h. Yields of isolated product are given. py = pyridyl,
E=CO,Me. [b] E/Z ratio=1:11. [c] Mg(OPiv), (10 mol %). [d] E/Z
ratio=38:1. [e] Without AgSbF,.

namically less stable Z isomer Z-3aa with an excellent E/Z
diastereoselectivity of 1:11. In contrast, rhodium(III) com-
plexes predominantly furnished the E product with an overall
poor E/Z selectivity of only 2:1 under otherwise identical
reaction conditions,”” while pyrimidyl-substituted indoles
gave an E/Z ratio of 5:1.% The catalytic efficacy of the
cationic cobalt complex was highlighted by successful C—H/
C—C activation under exceedingly mild reaction conditions,
that is at room temperature (25°C; entry 15).

With the optimized catalyst in hand, we explored its
versatility in the cobalt(I1I)-catalyzed C—H/C—C functional-
ization process with cyclopropanes 2 (Scheme 1). The robust-
ness of this widely applicable cationic cobalt(III) catalyst is
reflected by its tolerance of a variety of valuable functional
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cat. [Cp*Co(CO)l5] cat. [Cp*Co(CO)l,]
cat. AgSbFg @ cat. AgSbFg
= cat. NaOPiv S\ E \A cat. NaOPiv
RE T D=H v E RE N E ;
Z N E DCE, 50 °C, 20 h ZN =/ & H E DCE, 50 °C, 20 h
2py 2-py
1 2 3
R E R
N = E N CO,Et
2-py 2%y
R=H (3aa): 93% (E/Z=1:11) R=H(3ab):  84% (E/Z=1:12)
gram-scale:  90% [Rh]: 65% (E/Z = 1:1)d
[Rh: 77% (E1Z = 2:1)1 R = OMe (3bb): 65% (E/Z = 1:12) R=H (5aa): 86% (E/Z =1.9) R =Me (5ca): 70% (E/Z=1:3)
R = OMe (3ba): 92% (E/Z = 1:13) R=F@cb):  78% (E/Z=1:11) R = OMe (5ba): 75% (E/Z = 1:4) [Rh]: 34% Egg ?8
R=F (3ca):  92% (E/Z =1:10, [Rh]: 45% (EIZ = 2:1) R = OMe (5da): 63% =1
R= Br((sd;): 89‘%: ((E/z =1:9) ) +12% di-sub. 5ba’ [Rh]: 24% (ElZ=121)
R=1(3ea):  89% (E/Z=1:14) R CN 2-py + 14% di-sub. 5da
R =NO, (3fa): 88% (E/Z=1:17) \@W ,4>
N = CN X N<\7
E \ N
SR o J e
MeO,C N = E R=H (3ac): 67% (E/Z=1:3) N S
2%y [Rh]: 69% (E/Z=1:1)@ E E
) L R = OMe (3bc): 65% (E/Z=1:3) R=H (5ea): 58% (E/Z=17)
39; M8:% (EIZ=1:8) R =F (3cc): 69% (E/Z=1:4) [RAI: 24% (E/Z =11) E
= R=H (5fa): 71% (E/IZ=1:12)
A E R D R =Me (5ga): 69% (E/Z=1:19)
_ £ S—"N R=F (ha): 66% (E/Z=1:17)
N E N g [Rh]: 48% (E/Z=1:1)
2-py N -/ & A
3ha: 77% (E/Z = 1:13) 2%y =
A E R = Me (3ja): 93% (E/Z=1:5) E
o [Rh]: 70% (E/Z = 2:1)@ 5ia: 40% (E/Z = 1:12)
N E R = COMe (3ka):  70% (E/Z =1:26)
Et 2°py [Rh]: 95% (E/Z=1:1)1  Scheme 2. Cobalt-catalyzed arene C—H/C—C functionalization.
3ia: 68% (E/Z = 1:8) R = CHoCO,Me (3la): 74% (E/Z=1:11)
Scheme 1. Z-Selective cobalt-catalyzed C—H/C—C activation.
[a] [Cp*Rh(CH;CN);](SbFe), was used as the catalyst. cat. [Cp*Co(CO)l5]
cat. AgSbFg E
X cat. NaOPiv A
Z N E DCE, 20 h ZoN = E
groups, such as ester, nitrile, bromo, iodo, and nitro substitu- 2-py 25°C 2-py
ents. Diverse substitution was well accepted at all positions of 1 2 3
the indole nucleus. It is particularly noteworthy that in all MeO \ E I E
. . . A
cases the less stable Z diastereomers were formed with high \©\/r\>_\:/—<5 \©\/h>_\=/—<5
to excellent selectivity. In stark contrast, rhodium(IIT) com- 2py 2py
plexes delivered difficult-to-separate mixtures of the E/Z 3ba: 82% (E/Z = 1:11) 3ea: 78% (E/Z = 1:14)
diastereomers, with a minor bias for the E diastereomer.
The broadly applicable cobalt catalyst was not restricted Me OMe
. . . . . E
to the functionalization of inherently electron-rich heteroar- ©\/\g_\_/_< [ :[\\/ E
enes 1. Indeed, heteroarene-assisted diversification of arenes N E N = E

4 proved viable and proceeded with outstanding Z-diastereo-
selectivity. It is important to note that the cobalt catalyst was
characterized by excellent chemoselectivity in that the
monofunctionalized arenes 5 were formed as the sole
products. By contrast, rhodium(III) catalysts gave mixtures
of mono- and di-substituted arenes 5 with overall low
selectivity. The wide substrate scope of the cationic cobalt
catalyst was illustrated by the efficient transformation of both
electron-rich and electron-deficient arenes 4 into the desired
products 5 (Scheme 2).

The synthetic utility of the cobalt-catalyzed C—H/C—C
functionalization was highlighted by late-stage diversification
of products 3 (Schemes S1-S3 in the Supporting Informa-
tion),”” as well as by high-yielding C—H/C—C transformations
at room temperature (25°C; Scheme 3).

Given the unique selectivity pattern of the cobalt-
catalyzed C—H/C—C activation, and considering the related
rhodium(III)-catalyzed transformation,® we became inter-
ested in rationalizing its mode of action. To this end, catalytic
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3ja: 87% (E/Z = 1:9)

2-py
3ha: 75% (E/Z = 1:10)

Scheme 3. Cobalt-catalyzed C—H/C—C activation at room temperature.

reactions were carried out in the presence of isotopically
labelled cosolvent [D],-MeOH, and the results clearly reveal
the reversible nature of the C—H cobaltation event (Scheme
4a).”1 Moreover, independent kinetic experiments with
substrate 1a and its isotopically labelled analogue [D];-1a
showed a minor kinetic isotope effect (KIE) of ky/kp=1.3
(Scheme 4b),” which is suggestive of a facile C—H metal-
ation event. Interestingly, the E/Z ratio of the product
isolated from the rhodium(III)-catalyzed transformation
was found to be unaltered upon exposure to the cobalt
catalysis procedure (Scheme 4c),”” thereby excluding a post-
C—C-cleavage isomerization process. Likewise, the product of
the cobalt-catalyzed C—H allylation did not undergo isomer-
ization in the presence of the rhodium catalyst.””
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(a) H/D exchangel?%
2a o
cat. [Cp*Co(CO)l,] 18/0 43D o o
cat. AgSbFg \ £
@ cat. NaOPiv @__ %D + : S— {
N DCE/CD,0D: 9/1 N\ — E
2y 50°C, 20 h A 2%y
41% D 26% D
1a [D],-1a [D],-3aa: 74%

(b) KIE studies by independent experiments

2a
cat. [Cp*Co(CO)l,]
cat. AgSbFg E
m” o cat. NaOPiv ( I\\/ :
N DCE, 50 °C N — E
2py _ 2y
1aor[D]y-1a 3aa

(c) No change in E/Z ratio upon exposure to cobalt catalysis regime
cat. [Cp*Co(CO)l,]

cat. AgSbFg
D H cat. NaOPiv A Y
2N‘ Ve E DCE, 20 h, 50 °C N=( E
Py no change in E/Z ratio 2-py H

(E)-3aa (E/Z = 1.8:1) 94%, (E)-3aa (E/Z = 1.8:1)

Scheme 4. Summary of key mechanistic findings.

In order to unravel the origin of the unique selectivity
features, density functional theory (DFT)?” calculations
using B3LYP®?! and Grimme’s D3 dispersion correc-
tion®*>! were conducted (Figure 2).

It was found that both cobalt and rhodium catalysts follow
the mechanism that was proposed earlier.®! The reaction is
initiated by migratory insertion of the double bond of
vinylcyclopropane 2 into the Co—C bond via the transition
state Ts(I-II). Thereafter, oxygen coordinates to the metal
center, thereby leading to the intermediate III. Finally, the
key C—C cleavage of vinylcyclopropane in intermediate III
takes place to form the intermediate IV via the transition
state Ts(III-IV). Our calculations were indicative of the C—C
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Figure 2. Computed reaction profile in DCE with energies given in
kcalmol ™.
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cleavage being the rate- and diastereoselectivity-determining
step. Furthermore, when comparing the energetic span(**%!
for this step, the Z diastereomer is clearly preferred under
cobalt(IIT) catalysis (Figure 2), with an activation barrier of
13.1 kcalmol ™! compared to 19.6 kcalmol ' for the E diaster-
eomer. By contrast, with the rhodium(III) catalyst (Figure S1)
the energy difference is in favor of the E diastereomer with an
energetic span of 20.9 kcalmol ' compared to 23.2 kcalmol !
for the Z diastereomer (Figure S-2). This observation is likely
due to the significantly shorter Co—C bonds translating into
more compact organometallic species (Figure 3). As for
cobalt triplet states, the substrate did not even coordinate to
the cobalt center here.

E-II1 Z-111

Figure 3. Computed intermediate structures associated with the C—C
activation step with key distances in A (H atoms omitted for clarity).

In summary, we have developed the first cobalt-catalyzed
C—H/C—C activation. A cationic cobalt(IIT) catalyst enabled
efficient C—H activation with vinylcyclopropanes® in a reac-
tion featuring unique levels of chemo- and diastereoselectiv-
ity, as well as a broad scope. The efficacy of the cost-effective
cobalt catalyst was reflected by successful C—H/C—C activa-
tion under exceedingly mild reaction conditions®! at room
temperature. Notably, the C-H/C—C functionalization deliv-
ered the thermodynamically less stable Z alkenes with
excellent diastereocontrol.
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