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ABSTRACT: A new method of cobalt-catalyzed synthesis of
pyrrolidinones from aliphatic amides and terminal alkynes was
discovered through a C−H bond functionalization process on
unactivated sp3 carbons with the silver cocatalyst using a
bidentate auxiliary. For the first time, a broad range of easily
accessible alkynes are exploited as the reaction partner in
C(sp3)−H bond activation to give the important 5-ethylidene-pyrrolidin-2-ones in a site-selective fashion. The reaction tolerates
a wide variety of functional groups including −F, −Cl, −Br, −CF3, ether, cyclopropane, and thiophene. Both pyridine ligand and
aromatic solvent play the important role for the promotion of reactivity. This cobalt-catalyzed cyclization reaction can be
successfully extended to a variety of aromatic amides to afford a variety of isoindolinones. Attractive features of this catalytic
system include its low cost, easy operation, and convenient access to a wide range of pyrrolidinones and isoindolinones.

■ INTRODUCTION

Transition metal-catalyzed C−H bond activations, which
provide the attractive alternatives for traditional cross-coupling
reactions without the need for prefunctionalization, have long
been one of the most important research objectives in organic
chemistry.1 Significant advances have been made with catalysts
based on precious metal catalysts such as Pd, Rh, Ru, and Ir.2

However, with the increasing interest in sustainable catalysis,
considerable effort in this area has been directed toward the
new reactions by utilizing low cost and environmentally benign
first-row transition metals in place of noble transition metals
currently. In this regard, cobalt catalysts in various oxidation
states have attracted particular attention due to their unique
properties demonstrated in C(sp2)−H activation as new
catalytic systems,3 and pioneering progress has been made by
Nakamura,4 Daugulis,5 and Kanai.6 Following these fundamen-
tal paradigms, a series of novel cobalt-catalyzed organic
transformations of arenes and alkenes have been developed
by the groups of Glorious,7 Ellman,8 Yoshikai,9 Song,10 and
Ackermann11 recently.
In contrast to the direct functionalization of C(sp2)−H bond,

the use of cobalt catalysts in the transformations of unactivated
sp3 C−H bond cleavage is extremely underdeveloped.12

Because the C(sp3)−H bonds lack π electrons that can readily
interact with transition metals, most transformations of
C(sp2)−H bonds are quite difficult to achieve for a sp3 C−H
bond. Cenini12a,b and Zhang12f,h have demonstrated the cobalt-
catalyzed functionalization of relatively reactive sp3 C−H
bonds, and an unusual cobalt-catalyzed activation of C(sp3)−
H bond adjacent to nitrogen was reported by Brookhart.12d,g

Very recently, Ge and co-workers reported an elegant example
of cobalt-catalyzed intra- and intermolecular amination of

unactivated sp3 C−H bonds.13 One of the key points of this
successful reaction is the utilization of a bidentate chelating
auxiliary, which is proven to be the powerful strategy for the
activation of sp3 C−H bonds.14,15

The pivotal role of terminal alkynes as outstanding building
blocks has attracted considerable attention of both industrial
and academic laboratories for decades because of their
prominent reactivity and vast number that are commercially
available. A number of new transformations for applying
terminal alkynes in the C(sp2)−H bond functionalizations as
the reaction partners have been reported.16,17 However, this
chemistry is limited to the fuctionalization of C(sp2)−H bonds,
and the use of terminal alkynes in unactivated sp3 C−H bond
fuctionalizations is still not achieved yet.18 It has been widely
considered that the terminal alkynes interference the C−H
activation step potentially and the homocoupling of the
terminal alkynes along with the main reaction product
decelerate the efficacy of its cross-coupling with inert C−H
bond under oxidative reaction conditions. To overcome these
problems, bromoalkyne was successfully explored as a
preactivated alkynes in the palladium-catalyzed alkynylation of
unactivated C(sp3)−H bonds by Chatani and Yu.19 From the
viewpoint of atom and step economy, the direct use of terminal
alkynes as coupling partner is more appealing. In the present
study, we wish to disclose a cobalt-catalyzed transformation of
unactivated C(sp3)−H bonds with terminal alkynes with the
assistance of 8-aminoquinolyl group to access the important
pyrrolidinones, which are prevalent motifs in drugs and natural
products.20,21 Superior reactivity is demonstrated by this cobalt
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catalytic system and the homocoupling of terminal alkynes is
suppressed. The reaction can be successfully extended to a
variety of aromatic amides to afford a variety of isoindolinones.
This transformation not only represents a significant step
forward for implementing alkynes as privileged counterparts in
C(sp3)−H activation endeavors, but also provides useful insight
into the catalytic C(sp3)−H bond functionalization by cobalt
catalysis.

■ RESULTS AND DISSCUSION
Our investigation to explore the cobalt-catalyzed sp3 C−H
activation began with the reaction of propioamide 1a and
phenylacetylene (2a) in the presence of Co(OAc)2 and selected
additives as shown in Table 1. Initial observations revealed that

the dimmer of alkyne was the major product and only a trace of
pyrrolidinone 3a was observed (Table 1, entry 1). Gratifyingly,
the combination of cobalt catalyst with tetrabutylammonium
iodide (TBAI) resulted in the isolation of 3a in 73% yield with
absolute E-configuration (Table 1, entry 2), and the
homocoupling reaction was suppressed apparently. It was
observed that the Z-configuration product 3a′ was initially
formed and gradually changed into the E-configuration product
3a under the reaction conditions (see Supporting Information).
The replacement of TBAI with tetrabutylammonium bromide
(TBAB) gave a slightly lower yield (Table 1, entry 2, in

parentheses). However, the promotional effect of tetrabuty-
lammonium chloride (TBACl), tetraethylammonium bromide
(TEAB) and tetraethylammonium iodide (TEAI) decreased
drastically (see Supporting Information). These results
implicate that the main role of TBAI in this transformation
may be the phase transfer catalyst. A remarkable solvent effect
was observed. No reaction took place in the common solvents,
such as DMF, DMSO, TFEtOH, and DCE (see Supporting
Information). An exception was the use of toluene, which
generated pyrrolidinone 3a in 57% yield (Table 1, entry 3).
The subsequent studies revealed that the use of other aromatic
solvents, such as chlorobenzene, bromobenzene, and fluoro-
benzene, resulted in pyrrolidinone 3a as well (Table 1, entries
4−6), but superior reaction outcome was obtained by
trifluoromethylbenzene which gave a 73% yield (Table 1,
entry 2). We hypothesize that the enhanced reactivity with
aromatic solvent arises in part from its coordination with cobalt
catalyst, which would facilitate the formation of Co π-arene
intermediate.22 A number of bases were also examined, and the
nature of bases, as well as their counterions, influenced the
catalytic reactivity. For example, NaOAc and KOAc stopped
the reaction (Table 1, entries 7 and 8). K2CO3, NaHCO3 and
KHCO3 gave inferior reactivity (Table 1, entries 9−11), but
Na2CO3 showed significant effect on the reaction to give the
product in 82% yield (Table 1, entry 12). To further improve
the conversion, several ligands were screened and application of
pyridine showed an enhancement of reactivity to give a 95%
yield (Table 1, entry 13), albeit low background reaction rate in
the presence of its analogous 2,2′-bipyridine and 1,10-
phenanthroline was observed (Table 1, entries 15−18). Various
cobalt sources, such as CoBr2, CoCl2, CoI2, and Co(acac)2,
were examined (see Supporting Information). The other metal
catalysts such as Mn(OAc)2·4H2O, Fe(acac)3, Ni(OAc)2 were
examined. We found that Mn(OAc)2·4H2O and Fe(acac)3
failed to promote the reaction, but 20 mol % Ni(OAc)2
catalyzed the reaction under the reaction conditions to give
the same product in 59% yield (Table 1, entries 19−21). These
studies reconfirm that Co(OAc)2 is the optimal cobalt catalyst
source. No reaction was observed in the absence of the cobalt
catalyst or silver salt (see Supporting Information).
To explore the scope and limitation of this cobalt-catalyzed

cyclization reaction, a number of alkynes were applied under
the optimal reaction conditions as shown in Scheme 1. In
general, both electron-rich and electron-deficient alkynes were
compatible with the reaction conditions (3a−3k). For example,
1-ethynyl-4-methylbenzene reacted smoothly to give the
desired product in 95% yield (3b). Its analogues 1-ethynyl-3-
methylbenzene and 1-ethynyl-2-methylbenzene gave the
products in good yields (3c and 3d). However, 1-ethynyl-4-
methoxylbenzene was less active to give the product in 65%
yield (3e). The electron-deficient acetylenes showed similar
reactivity and afforded the corresponding pyrrolidinones in
moderate to good yields (3f−3i). Notably, the strong electron-
deficient 4-ethynyl-1,2-difluorobenzene and 1-ethynyl-4-
(trifluoromethyl)benzene could be tolerated in the reaction,
although the corresponding pyrrolidinones were provided in
moderate yields (3j and 3k). 1-Ethynylnaphthalene participated
in the reaction smoothly to give the product in 71% yield (3l).
The employment of 2- and 3-ethynylthiophene as substrates
afforded the desired pyrrolidinones with the comparable yields
(3m and 3n), although 2-ethynylthiophene showed better
reactivity partially due to the more efficient conjugated system
of 2-ethynylthiophene. The conjugated eneynes participated in

Table 1. Optimization of Reaction Conditionsa

entry reaction conditions yield (%)b

1 Co(OAc)2, TFB trace
2 Co(OAc)2, TBAI (TBAB), TFB 73 (71)
3 Co(OAc)2, TBAI, toluene 57
4 Co(OAc)2, TBAI, PhCl 51
5 Co(OAc)2, TBAI, PhBr 26
6 Co(OAc)2, TBAI, PhF 70
7 Co(OAc)2, TBAI, NaOAc, TFB N.R.
8 Co(OAc)2, TBAI, KOAc, TFB N.R.
9 Co(OAc)2, TBAI,K2CO3, TFB 52
10 Co(OAc)2, TBAI, NaHCO3, TFB 66
11 Co(OAc)2, TBAI, KHCO3, TFB 40
12 Co(OAc)2, TBAI, Na2CO3, TFB 82
13 Co(OAc)2, TBAI, Na2CO3, pyridine, TFB 95
14 Co(OAc)2, TBAI, pyridine, TFB 60
15 Co(OAc)2, TBAI, Na2CO3, bipy, TFB trace
16 Co(OAc)2, TBAI, Na2CO3, o-phen, TFB trace
17 TBAI, Na2CO3, pyridine, TFB N.R.
18c Co(OAc)2, TBAI, Na2CO3, o-phen, TFB N.R.
19 Mn(OAc)2, TBAI, Na2CO3, pyridine, TFB N.R.
20 Fe(acac)3, TBAI, Na2CO3, pyridine, TFB N.R.
21 Ni(OAc)2, TBAI, Na2CO3, pyridine, TFB 59

aReaction conditions: 1a (0.2 mmol), 2a (0.4 mmol), Co(OAc)2·
4H2O (0.04 mmol), Ag2CO3 (0.6 mmol), TBAI (0.8 mmol), base (0.6
mmol), additive (0.4 mmol), TFB (0.6 mL), N2, 22 h at 150 °C.
bIsolated yield of 3a by flash column chromatography. cA total of 0.2
equiv bipy or o-phen was added. TFB = trifluoromethylbenzene, Bipy
=2,2′-bipyridine, o-phen =1,10-phenanthroline. Q = Quinolin-8-yl,
TBAI = Tetrabutylammonium Iodide, TBAB = Tetrabutylammonium
Bromide.
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the reaction to afford the pyrrrolidones containing conjugated
diene (3o and 3p), which may allow the synthesis of more
complex molecules. It should be noted that aliphatic alkynes,
which are relatively less active in many coupling reactions,
showed comparable reactivity to afford the corresponding
pyrrolidinones (3q and 3r). However, relatively lower yields
were obtained with these substrates, which might be attributed
to their lower stability comparing with the extended
conjugation of aromatic alkynes. The regioselectivity of the
reaction is always such that C−N bond formation takes place
on the terminal carbon atom. In all cases the E-isomers are
afforded. The structure of the pyrrolidinone 3a was confirmed
by X-ray crystallography (Figure 1).
The scope of the aliphatic amides was investigated as

displayed in Scheme 2. Depending on the substituent at α-
carbon, a mixture of diasteroisomers was obtained, albeit the
ratio of the diastereoisomers was close. Theoretical calculations
were carried out to determine the relative stability of different
configurations of 4a (see Supporting Information). Two
racemic pairs of enantiomers were located, and the results
showed that the configurations in which the ethyl on C3 and
quinolin-8-yl lie on the same side of the lactam were slightly
more stable than the configurations in which the methyl on C3
and quinolin-8-yl lie on the same side of the lactam. High
selectivity of the β-methyl groups over the methylene groups
was observed (4a−4l), and the coupling of γ- or δ-methyl
group C−H bonds with phenylacetylene was not observed. The

substituents at the α-position of the amide slightly influenced
the reactivity: the yield was decreased with the increasing of the
alkyl chain (4a−4e). A variety of functionalities, including
methyl, bromide, chloride, fluoride, aryloxyl, and naphthyl, were
well tolerated (4f and 4h−4l). Notably, the Sonogashira

Scheme 1. Substrate Scope of Alkynesa,b

aReaction conditions: 1a (0.2 mmol), 2 (0.4 mmol), Co(OAc)2·4H2O
(0.04 mmol), Ag2CO3 (0.6 mmol), Na2CO3 (0.6 mmol), pyridine (0.4
mmol), TBAI (0.8 mmol), TFB (0.6 mL), N2, 22 h at 150 °C.
bIsolated yield of 3 by flash column chromatography. TFB =
Trifluoromethylbenzene, Q = Quinolin-8-yl, TBAI = Tetrabutylam-
monium Iodide.

Figure 1. ORTEP drawing of pyrrolidinone 3a.

Scheme 2. Substrate Scope of Aliphatic Amidesa,b

aReaction conditions: 1 (0.2 mmol), 2a (0.4 mmol), Co(OAc)2·4H2O
(0.04 mmol), Ag2CO3 (0.6 mmol), Na2CO3 (0.6 mmol), pyridine (0.4
mmol), TBAI (0.8 mmol), TFB (0.6 mL), N2, 22 h at 150 °C.
bIsolated yield of 4 by flash column chromatography. TFB =
trifluoromethylbenzene, Q = Quinolin-8-yl, TBAI = Tetrabutylammo-
nium Iodide.
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reaction of aryl bromide and aryl chloride was suppressed
thoroughly using this cobalt catalytic system and the cyclization
products were delivered smoothly (4j and 4k). Substrate
bearing sterically hindered substituents at α-carbon can be
converted into the corresponding product in 71% yield (4m).
This cobalt-catalyzed reaction was found to be powerful
enough to create the valuable spiro-γ-lactam product (4n)
with an amide bearing the alicyclic group at α-position.
Interestingly, along with the enlargement of the ring at α-
position of amides, the enhanced reactivity was obtained and
the diverse spiro-γ-lactam products were obtained in higher
yields (4o-4q), which is owing in part to the more suitable
angle for the formation of metallacycle intermediate.23

In light of the importance of isoindolinones as the
biologically active molecules and natural products,24 we studied
the use of aromatic amides as coupling partners (Scheme 3).

After slight modification of the reaction conditions, this cobalt-
catalyzed cyclization reaction can be successfully extended to a
variety of aromatic amides as shown in Scheme 3. A variety of
aromatic amides bearing either electron-withdrawing or
electron-donating groups were applicable to give the diverse
isoindolinones in moderate to good yields (6b−6d), albeit
electron-deficient aromatic amides gave the lower yields (6c).
For the aryl acetylene derivatives, we found that electron-rich

aryl acetylene was more reactive and gave slightly higher yields
(6e) than electron-deficient aryl acetylenes (6f−6g). The
isoindolinone 6j was obtained in 44% yield from 2-
ethynylthiophene. The structure of the isoindolinone 6f was
confirmed by X-ray crystallography (Figure 2).
To gain insight into the reaction mechanism, GC−MS

analysis was performed with the reaction solution for 5 h and
the trace of alkynylated product 9 was detected with the
formation of the pyrrolidinone 3a in 89% (Scheme 4, eq 1, see
Supporting Information). This result indicates that the
cyclization may proceed in two steps: first the alkynylation of
sp3 C−H bond, and second the cyclization of alkynylated

product 9 under the reaction conditions. When the reaction
was performed in the absence of TBAI, the trace of alkynylated
product 9 was still detected, but the amount of pyrrolidinone
3a drastically decreased (Scheme 4, eq 2). Using a literature
method,25 we synthesized compound 9 which was subjected to
the standard reaction conditions. Surprisingly, the cyclization
took place very rapidly and the reaction completed in 10 min
(Scheme 4, eq 3). Further study revealed that the use of
catalytic amount of Ag2CO3 (10 mol %) and stoichiometric
TBAI was acquired for the cyclization (Scheme 4, eq 4). The
cyclization was sluggished in the absence of TBAI (Scheme 4,
eq 5).
In contrast to our previous methods of nickel-catalyzed

thioetherfication26 and copper-mediated aryloxylation27 of
unactivated sp3 C−H bonds, this cobalt catalytic system is
very sensitive to the solvent and only aromatic solvents give the
comparable yields (Table 1, entries 2−6). In accordance with
known coordination properties of Co(III) with arenes,22 we
hypothesize that the aromatic solvent may coordinate with
Co(III) and influence the reactivity. To support this hypothesis,
we performed a MALDI-TOF analysis experiment using a
mixture of the reaction solution which reacted for 5 h. Indeed, a
series of signals identified with species A are detected as shown
in Figure 3 (see Supporting Information), displaying that both
pyridine and aromatic solvent coordinated with Co(III) center.
This result suggests that pyridine and aromatic solvent might be
implicated with the formation of metallacycle intermediate and
influence the reactivity. In addition, the reaction is inhibited

Scheme 3. Reactions of Aromatic Amides and Terminal
Alkynesa,b

aReaction conditions: 5 (0.2 mmol), 2 (0.4 mmol), Co(OAc)2·4H2O
(0.04 mmol), Ag2CO3 (0.8 mmol), TBAI (0.6 mmol), PhCF3 (1.0
mL), N2, 3 h at 120 °C. bIsolated yield of 6 by flash column
chromatography. Q = Quinolin-8-yl, TBAI = Tetrabutylammonium
Iodide.

Figure 2. ORTEP drawing of pyrrolidinone 6f.

Scheme 4. Investigation of the Possible Intermediate
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thoroughly during the course of catalysis with 6 equiv of
phenylacetylene (Scheme 5, eq 1). The large excess of

phenylacetylene is supposed to diminish Ag2CO3 oxidant by
formation of silver(I) phenylacetylide17i,28 and hence stop the
oxidation of Co(II) to Co(III). To further confirm the role of
Ag2CO3, the reaction of silver(I) phenylacetylide with the
amide substrate 1a by the use of Co(II) was performed in the
presence or absence of silver carbonate (Scheme 5, eqs 2 and
3). We found that the reaction failed in the absence of silver
carbonate, and in contrast, the desired reaction for the
pyrrolidinone 3a carried out smoothly in the presence of silver
carbonate. These findings demonstrate the pivotal role of
Co(III) species in the activation of the inert sp3 C−H bond.
The addition of 2,2,6,6-tetramethylpiperidine (TEMPO, 2

equiv) as a radical quencher drastically decreased the yield to
43%, implying that a radical pathway may involve in the
reaction process (Scheme 6, eq 1). In order to trap the possible
formed alkynyl radical29 in the reaction, the electron-rich 1,1-
diphenylethene was subjected to the reaction and the expected
C(sp2)−C(sp) coupling product was observed (see the
Supporting Information for details). This result supports the
existence of the alkynyl radical during the reaction. On the
other hand, we performed the reaction with the deuterium-
labeled compound (D3)-1q in the absence of phenylacetylene
under the standard reaction conditions. In this case, the
deuterium-proton exchange was not observed (Scheme 6, eq
2), indicating that the activation of sp3 C−H bond is
irreversible. An intermolecular kinetic isotope effect experiment
was performed by the treatment of equivalent amide 1q and its

deuterated analogues (D3)-1q under the reaction conditions
(Scheme 6, eq 3). A kinetic isotope effect (KIE) of 3.3 was
disclosed, suggesting that the cleavage of C−H bond may be
involved in the rate-determining step. The incorporation of
deuterium on the alkenyl carbon was always observed in the
presence of deuterium sources. For example, the deuterium-
labeled product on the alkenyl carbon was detected in the
reaction of eqs 3−5 (Scheme 6). This result is reasonable
because the deuterition occurs during the final protonation of
C−M bond of the cyclization intermediate.30

On the basis of these experiments and previous
reports,13,30,31 a catalytic cycle outlined in Scheme 7 is
proposed. The first step of the catalytic reaction is the
oxidation of Co(II) by Ag2CO3 to give Co(III) species, which
activates the inert sp3 C−H bond to form the key intermediate
A. Both pyridine ligand and trifluoromethylbenzene might be

Figure 3. Matrix-assisted laser desorption ionization time-of-flight
mass spectroscopy (MALDI-TOF-MS) of IM (exact mass: 589.1625)
obtained from the reaction of 1a and 2a under standard conditions for
5 h.

Scheme 5. Investigation of the Possible Co(III) Intermediate

Scheme 6. Radical and Deuterium-Labeling Experiments

Scheme 7. Tentative Reaction Mechanism

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b07424
J. Am. Chem. Soc. 2015, 137, 12990−12996

12994

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07424/suppl_file/ja5b07424_si_002.pdf
http://dx.doi.org/10.1021/jacs.5b07424


involved in the formation of intermediate A and promote the
reaction (Figure 3). The attack of alkyne radical into Co(III)
gives the species B, which undergoes the reductive elimination
to give the alkynylated product and liberate the Co(II) species.
The oxidation of Co(II) to Co(III) by silver salts continues the
cycle. The subsequent catalytic cyclization occurs rapidly in the
presence of 10 mol % Ag2CO3 and TBAI to give the
pyrrolidinone products. Another possible pathway is through
the ion exchange of intermediate A with alkynyl anion and
subsequent reductive elimination to give the alkynylated
product 9 through a Co(III)/Co(I) mechanism.10b

This protocol is readily scalable, and when the reaction was
scaled up to 5 mmol with a gram scale, the pyrrolidinone
product 3a was isolated in 75% yield (Scheme 8).

■ CONCLUSIONS
The cobalt catalyst demonstrated promising catalytic property
for the cyclization of aliphatic amides with terminal alkynes. For
the fist time, terminal alkyne was exploited as the coupling
partner of sp3 C−H bond to give the useful pyrrolidinones. The
cobalt catalytic system can be successfully extended to the
aromatic amides and thus diverse isoindolinones can be
accessed. This new transformation demonstrates good func-
tional group tolerance, excellent reactivity, and high yields.
MALDI-TOF analysis and related experiments evidence that
the coordination of both ligand and solvent toward cobalt serve
as critical factors for ensuring reactivity of this sp3 C−H
functionalization reaction. On the basis of the insights provided
in this study, efforts are currently on the way for the exploration
of other cobalt-catalyzed sp3 C−H bond functionalizations.
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