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Abstract. Cobalt catalysis has become a powerful strategy for the synthesis of biologically important
heterocyclic targets. Due to its ready availability and low cost, the use of this transition metal for
heterocycles synthesis has been of special interest as witnessed by its use in a growing number of elegant
synthesis studies. Herein we summarize recent developments in the synthesis of heterocycles using cobalt
oxidative catalysis.
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1. Introduction

Transition metal catalyzed C-H activation reactions have become one of the most attractive and atom
economical methods for the synthesis of heterocycles." In particular, oxidative C-H activation reactions have
been identified as a powerful tool for the late stage diversification of organic compounds.® Although the use
of noble metals including Pd, Rh, Ru, and Ir, has dominated the field of C-H activation,® on account of the
relatively high cost of these noble metals, the development of inexpensive earth-abundant first row-transition
metals as alternative catalysts is attracting increased attention.* In this respect, cobalt-catalyzed C-H
activation reactions have received significant attention because cobalt is the earth abundant and less
expensive than noble metals.’ Moreover, owing to its unique reactivity and functional group tolerance, the
use of cobalt catalysts for C-H activation provides a complementary method to noble metal catalysis.

Kanai et al. presented high valent cobalt catalyzed C-H activations for use in the preparation of
annulated heterocycles, amongst other types of C-H activation reaction.” Later, Daugulis ef al. established
the user of directing group-aided low valent cobalt catalyzed C-H activation reactions.® In this review, our
focus is on low valent cobalt catalyzed C-H activations with unsaturated substrates. For other related reports
the reader advised to read the reviews by Ackermann,5 ¢ Yoshikai,4° and others.’

2. C-H activation with carboxamides

In 2014 Daugulis reported a method for cobalt catalyzed aminoquinoline and picolinamide directed
C(sp2)-H bond alkenylation using alkynes.8 This method showed excellent functional group tolerance with
both internal and terminal alkynes. The reaction was performed with Co(OAc),.4H,O as catalyst and
Mn(OAc); as oxidant (Scheme 1). This was found to be successful with both electron rich and electron poor
aminoquinoline amides and various functionalities such as bromo-, nitro- and iodo- groups were tolerated.
They even demonstrated the use of the picolinamide directing group in this transformation in order to
functionalize benzyl and naphthylamine derivatives.

The reaction is proposed to proceed via the cobalt (III) intermediate which is formed by oxidation of
Co(OAc), in the presence of aminoquinoline amide ligand.8 Insertion of the alkyne into the cobalt-aryl bond
of A would provide complex B (Scheme 2). The cobalt acetylide intermediate was ruled out since the
terminal alkynes are more reactive than internal alkynes and the authors found that the formation of complex
products when they used. The reductive elimination directly produces the product.
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Scheme 1. Cobalt-catalyzed aminoquinoline directed C(sp®)-H bond alkenylation by alkynes.
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Scheme 2. Proposed mechanism.

Daugulis even reported a method for cobalt-catalyzed aminoquinoline directed ortho-functionalization
of sp® C-H bonds with alkenes (Scheme 3).° The reaction proceeds at room temperature in trifluoroethanol in
the presence of the co-catalyst, Mn(OAc),, and using oxygen from air as an co-oxidant. Various amide
derivatives derived from benzoic, heteroaromatic, and acrylic acids react with ethylene as well as mono- and
di-substituted alkenes to afford products in good yields. An excellent functional group tolerance was also
observed with the aminoquinoline amides substituted with either halogen, nitro, ether or unprotected
hydroxyl functionalities.

A highly diastereoselective method for the synthesis of dihydroepxybenzofluorenone derivatives from
aromatic/vinylic amides and bicyclic alkenes was described by Gandeepan and co-workers (Scheme 4).'
This new transformation was found to take place through a cobalt catalyzed C-H activation and
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intramolecular nucleophilic addition to the amide functional group. The reaction proceeds under mild
reaction conditions and tolerates a wide variety of functional groups. Mechanistic studies indicated that the
C-H bond cleavage may be the rate-limiting step.

Co(acac), 4H,0 (10 mol%) i h
(0] NaOPiv (2 equiv) (0]
i N N o R Mn(OAc), (1 equiv) > R N N
2L N TFE, 80 °C, 6-18 h, air - R2
1
R = H, 4-CF3, 4-Br, 4-NO,, 4-Me, 3-I, 2-OMe, 2-furyl, 2-thio 19 exari les
R = H, CH,OH; R? = CH,0H, nBu, OEt, Ph 61- 90°/o§)/ield

R' = R®= ethylene, cyclopentene, cycloheptene

75% 88% 73% 55%
Scheme 3. Cobalt-catalyzed, aminoquinoline-directed coupling of C(sp®)-H bonds with alkenes.
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1-1-Nap, 2-Nap; R' = Me, OMe, Br; R? = Me, OMe; X = O, CH,, NBoc

Scheme 4. Cobalt-catalyzed, aminoquinoline-directed coupling of C(sp®)-H bonds with bicyclic alkenes.

Thrimurtulu and co-workers explored the reactivity of allenes in cobalt catalyzed sp? C-H activation
reactions for the synthesis of dihydroisoquinolin-1(2H)-one (Scheme 5)."' While 2-substituted amides were
tolerated well, producing the expected products in good yield, the meta-substituted amides resulted in
complicated mixtures of regioisomers. They noted that variation of the electronic properties of the allene has
the potential to change allene reactivity. Interestingly, when an electron deficient allene is used instead of an
aryl allene they found the formation of either isoquinolone or pyridone derivatives as the major product.

A Co(OAc), catalyzed alkyne annulation via C-H/N-H functionalization was described by Ackermann
et al. where molecular oxygen was used as the sole oxidant (Scheme 6).'> The user-friendly oxidase strategy
proved viable with various internal and terminal alkynes through C-H cobaltation. This methodology
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provided step-economical access to the topoisomerase-1 inhibitor 21,22-dimethoxyrosettacin used as an
anti-cancer agent. Furthermore, the authors performed DFT calculations that suggested that electronic effects
control the regioselectivity of the alkyne insertion step. This cobalt oxidase catalysis was not restricted to

terminal alkynes and even internal alkynes were found to undergo chemoselective annulation with
benzamides.
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Scheme 5. Cobalt-catalyzed, aminoquinoline-directed coupling of C(sp?)-H bonds with allenes.
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Scheme 6. Cobalt-catalyzed, pyridine-N-oxide-directed coupling of C(sp®)-H bonds with alkynes.

In 2017, Cui and co-workers reported a cobalt catalyzed selective synthesis of isoquinolines using
picolinamide as a traceless directing group (Scheme 7)."* This traceless directing group strategy employed in
the cobalt catalyzed oxidative annulation of benzylamides with alkynes to synthesis isoquinolines through
C-H/N-H bond activation. Oxygen is used as a terminal oxidant and this protocol exhibits good functional
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group tolerance and excellent regioselectivity. Both the terminal and internal alkynes can be efficiently
applied to this catalytic system as substrates.

R" O Co(OAc), (50 mol%)
O ~N
RNy iRr=RrR — 2 »prl TN
Z N~ PEGis0q, KPFg (50 mol%) A NF R
100 °C, 20 h R2
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Scheme 7. Cobalt-catalyzed, picolinamide-directed coupling of C(sp®)-H bonds with alkynes (n-Et, n-Prop).

Recently, our group presented a report describing a cobalt catalyzed regioselective C(sp?)-H activation
of amides with 1,3-diynes (Scheme 8).'* This method was developed to efficiently synthesize isoquinones, a
structural motif present in a number of biologically active substances. The method was subsequently
extended to synthesize bis-heterocyclic derivatives.
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Scheme 8. Cobalt-catalyzed, aminoquinoline-directed coupling of C(sp?)-H bonds with 1,3-diynes.

On account of the reaction’s high degree of functional group-tolerance we then explored the synthesis
of bis-heterocycles through tandem double C-H activation of 1,3-diynes (Scheme 9).

Ackermann and co-workers demonstrated electrochemical oxidative C-H/N-H activation for
[4+2]-annulations using internal alkynes (Scheme 10).'> This electrooxidative C-H activation strategy was
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deployed using an undivided cell-setup under exceedingly mild reaction conditions at room temperature
using earth-abundant cobalt catalysts. This C-H activation avoids the use of external chemical oxidants in
the catalytic cycle and H, is the only by-product making this reaction very advantageous from a green
chemistry perspective. The authors also illustrated the power of electrochemistry through the
electrooxidative removal of the hydrazide directing group for the synthesis of isoquinolones.

(0]
X S N
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R-- N N
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b\ Mn(OAc),
NaOPiv o)
TFE, 80 °C, 24 h N
R = H; R" = CH,0Ph )

R? = CH,OPh; Ry = 4-F, Thio, 4-Me
Scheme 9. Cobalt-catalyzed, aminoquinoline-directed synthesis of bis-heterocycles.
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Scheme 10. Cobalt-catalyzed, hydrazide-directed coupling of C(sp®)-H bonds with alkynes.

A strategy for the cobalt catalyzed trifunctionalization of allenes to deliver 3-acylquinolines has
recently been developed by Zhai and co-workers (Scheme 11).'® The reaction proceeds in the presence of
molecular oxygen in moderate to good yield with high regioselectivity. The reaction was found to have
broad functional group tolerance with respect to both allenes and hydrazides. The authors deployed
2-(1’-methylhydrazinyl)pyridine (MHP) as a directing group for the stabilization of the higher oxidation
states of cobalt in the catalytic cycle.

A versatile cobalt catalysis enabled electrochemical C-H activation with allenes was presented by
Meyer et al. (Scheme 12). Allene annulations were accomplished through tandem C-H/N-H
functionalizations with excellent levels of chemoselectivity, site selectivity, and regioselectivity under
exceedingly mild conditions. The authors also presented detailed mechanistic studies, including reactions
with isotopically labelled compounds, kinetic investigations, and in-operando infrared spectroscopic studies.
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Computational studies were supported the presence of a non-rate-determining C-H cleavage in the reaction
mechanism and gave key insights into the regioselectivity of the allene annulations. The practical utility of
this user-friendly approach was further highlighted through its use in gram scale electrocatalysis.'?
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Scheme 11. Cobalt-catalyzed, hydrazide-directed coupling of C(sp®)-H bonds with allenes.
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Scheme 12. Cobalt-catalyzed, pyridine-N-oxide-directed coupling of C(sp?)-H bonds with allenes.

A bidendate chelation assisted C-(sp?)-H activation and annulation of benzamides and alkylidene
cyclopropanes (ACPs) was developed by Volla and co-workers (Scheme 13). The authors observed a unique
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reactivity of the organocobalt species that led to a selective migratory insertion across the more electron rich
C-C double bond of the ACP. This was followed by a faster reductive elimination from the seven membered
cobaltacycle to furnish the corresponding spiro-dihydroisoquinoline derivatives with conservation of the
cyclopropyl group. This cobalt catalyzed C-H activation was realized at room temperature with both aryl and
heteroaryl amides. This methodology was extended to include the use of dipheyphosphinamides and,
interestingly, the authors even observed the formation of homocoupling products when they conducted the
reaction without methylenecyclopropane.'®

o Co(acac),
R AN N 0 X Mn(OAc)3 2 HQO -
J H Ne I+ R P NaOPiv
TFE, 1,48 h

R =H, 2-Me, 4-Me, 2,4-diMe, 2-F, 4-F, 2-Cl, 3-Cl, 4-Br, 2-NOy, 4-CN, 2-Nap, thio 5n._gooy,
R' = H, 4-Cl, 4-Br, 2-Br, 2-NO,, 2-OBn, 4-OMe, 4-Cl, 4-Br 44 examples

80% 82%

Scheme 13. Cobalt-catalyzed, aminoquinoline-directed coupling of C(sp?)-H bonds with
allylidenecyclopropanes.

An efficient electro-oxidative C-H/N-H activation with 1,3-diynes has been described by Mei and
co-workers that uses earth abundant cobalt catalysis (Scheme 14). The pyridinyl hydrazine was used as a
robust directing group and provided the alkynylated isoquinolinone in very good yield under mild reaction
conditions. To further illustrate the synthetic utility of their protocol, a 5.0 mmol scale reaction was
performed that resulted in an 82% isolated yield."

Many groups have focused on the use of N, N-bidendate chelation assistance for cobalt catalyzed C-H
activation reactions. The Song group devised a novel strategy with N,0-bidendate directing group to access
isoquinolines (Scheme 15). % The weakly coordinating nature of the carboxylic acid was employed for the
preparation of isoquinolines. An interesting feature is the use of the N-O bond of the a-imino-oxy acid as an
internal oxidant. With this strategy in hand, the authors have deployed it for terminal as well as internal
alkynes. This operationally simple reaching is amenable to use with a broad substrate scope and provides
products in good yield.

Lei and co-workers developed an efficient methodology for reactions with ethylene and acetylene
(Scheme 16). These two-carbon building blocks participate in the cobalt catalyzed dehydrogenative
C-H/N-H [4+2]-annulation of aryl/vinyl amides in an electrochemical reaction protocol.”! Significantly, this
work provides an example of the use of an electrochemical recycling of the cobalt catalyst in these oxidative
C-H functionalization reactions, thus avoiding the use of external chemical oxidants and co-oxidants. High
reaction efficiency and good functional group tolerance are observed under divided cell electrolytic
conditions.

An 8-aminoquinolyl auxiliary-assisted cobalt catalyzed ortho-C-H functionalization annulation of
arenes and alkenes with alkynylsilanes has been recently reported by Lin and Shen (Scheme 17). * The
alkynylsilanes were coupling partners with a broad range of benzamides and acrylamides, affording the
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corresponding isoquinolone and pyridine derivatives in moderate to high yields. It is worth noting that the
silyl group in the final products can be retained or removed by switching the reaction conditions.

9 e C(+)/Pt(-) O Me
R@)LH, B . CoOAd, AN
- N~ - PivOH RT L N
TFE, 60 °C, 16 h N
4.0 mA, Ar R? R?
R =H, 4-Me, 4-OMe, 4-OBn, 4-Ph, 4-NMe,, 4-Cl, 4-Br, 4-1, 3-Me, 3-Ac, 32 examples
3-CN, 3-CFj, 3,4-diMe, 2-F, 2-Me, 2-Nap, Cy, Furan, Thio 57 - 92% yield

R' = n-Bu, Ph, Me, n-Pr, n-Hex, TMS, CH,OAc, (CH,),-OH
R? = n-Bu, Ph, Me, n-Pr, n-Hex, TMS, CH,OAc, (CH,),-OH, Ph

73% 57% 77% 84%
Scheme 14. Cobalt-catalyzed, hydrazide-directed coupling of C(sp®)-H bonds with 1,3-diynes.
R! ) R2 Co(acac), (20 mol%) R!
PN No>(lOH Al 1-AdOH (1 equiv) NN
RT Me Me L » Ry P
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R HFIP, air, 100 °C, 12h B2
R =H, 4-Me, 4-OMe, 4-Et, 4-1Bu, 4-F, 4-Cl, 4-Br, 4-CF3, 3-Me, 3-OMe, 28 examples
3-Cl, 2-F, thio, Nap 33 - 97% yield

R2=H, Ph, 4-BrPh, Me, n-Pr, n-Hex, CH,CH,Ph, tBu, TIPS
RS = n-Hex, CH,CH,Ph, Bu, TIPS

Me iPr Ph Me
Me
SN SN SN N SN
Z > Ph 7 Ph 7 >Ph Aopiex 7 "Hex
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91% 77% 69% 47% 74%
Scheme 15. Cobalt-catalyzed, N,O-bidendate-directed coupling of C(sp?)-H bonds with alkynes.

We recently demonstrated the use of benzothiophene-[5]-1,1-dioxide in C(sp?)-H activation with
aminoquinoline amides by using cobalt catalyst in the presence of oxidant (Scheme 18).”* A broad range of
annulated benzothiophene derivatives was obtained in good to very good yield. The synthetic utility of this
method was highlighted by its use in a gram scale reaction. Mechanistic studies showed the possibility of a
double C-H activation via an aza-Michael pathway.

3. C-H activation with phosphinamides
Heterocyclic organophosphorous compounds have found extensive use as ligands in transition
metal-driven catalysis.24 New approaches for their synthesis are therefore of interest. Using transition metal
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catalyzed C-H activation reactions for generating this interesting heterocyclic class in an atom economical
fashion has shown promise. Recently, the groups of Lee, Miura, Kim and others have described the use of
phosphorous derived functionalities as directing groups for ortho-C-H activations in conjunction with
expensive second row transition metals,? through the use of earth abundant metal catalyst for this purpose is
highly desirable.

C(+)/Pt(-) N
Co(acac), (15 mol%) l\ll
0 = NaOPlv (1.5 equiv) 0]
Y . ethyét:ne "BusNBF; (3equiv) o NN
J H N S TFE, 70 °C, 3-4 h (s
etyl divided cell
acelyleN®  onstant current = 5.0 mA 22 examples

R = 2-Me, 3,5-dime, 4-Br, 4-OMe, 4-CF5, 2-Thio, 2-Furan 49 - 89% yield

S50 5O 50 oI

85% 89% 85% 80% 49%
Scheme 16. Cobalt-catalyzed, aminoquinoline-directed coupling of C(sp®)-H bonds of with ethylene
and acetylene.

Co(OACc),+4H,0 (20 mol%) i h
0 % CsF (2 equiv) (0]
Mn(OAc), (2 equiv)
TN 1= » pe N
RO)LH N TRTTTMS e 0 ec, 1eh 0, . UL af
R = 2-Me, 3-Me, 4-Me, 4-OMe, 4-tBu, 3,4-diOMe, 3-I, 3-Br, 4-Cl, T™MS

42 examples

3-Cl, 2-Cl, 5-F, 2-Nap, 1-Nap, 2-Thio, 2-Furan; R! = Ph, 4-BrPh, 41 - 96% yield

2-Py, Cyhex, Me, TMS, 3-CIPh

96% 80% 49% 53% 71%
Scheme 17. Cobalt-catalyzed, aminoquinoline-directed coupling of C(sp®)-H bonds
of with trimethylsilylacetylene.

In this respect, the Daugulis group has described the use of arylphosphinic amides for the aryl sp2 C-H
bonds with alkynes, alkenes, and allyl pivalate.26 The reactions were efficiently catalyzed by Co(NOs),
hydrate in ethanol or mixed dioxane/tBuOH solvent in the presence of Mn(OAc);.2H,O additive, sodium
pivalate, or acetate base and used air-derived oxygen as an oxidant. The authors even demonstrated the
removal of the directing group to afford the ortho-functionalized P,P-diarylphosphinic acids (Scheme 19).

After the initial discovery by Daugulis of the use of the phosphorous directing group in cobalt
catalyzed C-H activation reactions, Volla and co-workers extended this methodology through the use of
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heterobicyclic alkenes for the effective synthesis of polyaryl cyclic phosphinamides at room temperature
through ring opening/aromatization sequence

, with the reaction demonstrating a high levels of
diasteroselectivity (Scheme 20).%

Co(acac), (20 mol%)

O KOAc (4 equiv.)
R{:fkm 9 4 R‘@\/\ Ag,0 (2 equiv.)
H .

O TFE +tAmyl-OH (1:1)

110 °C, 36 h

R = H, 2-Me, 3-Me, 4-Me, 2-OMe, 4-OMe, 4-1Bu,3-Br, 4-Br, 4-Cl, 4, examples
3-Cl, 2-F, 3-F, 4-F,1-Nap, 2-Thio, 2-Furan 49 - 85% yield

R! = 4-Br, 5-Br, 4-Cl, 5-Cl, 4-Me

85% 75%

65% 79%
Scheme 18. Cobalt-catalyzed, aminoquinoline-directed coupling of C(sp®)-H bonds
of with benzothiophene-[b]-1,1-dioxide.

CO(NOs)z' 6H,0 (20 mol%)
\\ Ph NaOPiv (2 equiv)
Mn(OAc)3 » 6H,0 (1 equiv)
+ R'—=
Dipivaloylmethane (50 mol%) PNF
TFE, 80 °C, 16h
R=H 19 examplgs
R! = Me, Et, Ph, CH,OPiv, H, 41 - 87% yield
R2 = Me, Et, Ph, CH,OPiv, 4-FPh, 3-CIPh, 2,4,6-triMePh, 3-Thio, nC4Hg, CH,OPiv, Cypent
MeO
EtO
Me O Ph, //
P\N N |
Ns
56% 75%

41% 51%
Scheme 19. Cobalt-catalyzed, aminoquinoline-directed coupling of C(sp®)-H bonds
of phosphinic amides with alkynes.

Later, Rao’s group utilized phosphinamides with allenes for the synthesis of phosphaisoquinolin-1-one
by annulation through a cobalt promoted C-H activation (Scheme 21).%



374

QR
O/P\ m Co(acac), (20 mol%)
NaOPiv (2 equiv)

Mn(OAc)3-2H,0 (1 equiv)

TFE, rt
R =H, 4-Me, 4-Et, 4-OMe, 3-OMe, 4-F, 4-Cl, 4-Br, 2-Nap, Thio
R' = Me, Et, Ph, CH,0OPiv, H; R2 = H, Me, OMe, Br 24 examples
R3 = H, Me, OMe, Br; X = O, NBoc, NTs 62 - 88% vyield

Ph,_ O
-4

62% 71% 71% 87%
Scheme 20. Cobalt-catalyzed, aminoquinoline-directed coupling of C(sp®)-H bonds
of phosphinic amides with bicyclic alkenes.

o, ph Mn(OAc)3+2H,0 Ph_ O
P R! R3 C 0 P
X N o(acac), (20 mol%)
RO H N ) o+ == , »Rrt | N |
7 S R? R NaOPiv +H,0 A gaNs

EtOH, 80 °C, 4h

R2
R =H, 4-Br, 4-F, 4-CF3, 4-Me, 4-OMe, 3-Cl, 3-OMe, 3,4-diCl I e
R'=H, R? = Et, R® = H, R* = COOEt, CH,CH,O0Bn, vinyl

7
P N |
= N«
0 OBn
68% 40% 45% 67%

Scheme 21. Cobalt-catalyzed, aminoquinoline-directed coupling of C(sp®)-H bonds
of phosphinic amides with allenes.

4. C-H activation with sulfonamides

The sulfonamide and, to a lesser extent, sultam moieties can be found in a range of biologically active
substances, some of which are used in pharmaceuticals.”*° Straightforward methods for their synthesis are
relatively rare. Noble metals such as Pd, Rh and Ru have been utilized for the preparation of sultam
derivatives using sulfonamide as a directing group.’’

The introduction of cobalt catalyzed C-H functionalization of aminoquinolinamides and their
derivatives by the group of Sundarraju involved an elegant method for the annulation of sulfonamide with
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internal and terminal alkynes (Scheme 22).2 Unlike the noble metal catalysis with sulfonamides this
non-noble metal catalysis takes advantage of the reactivity with the terminal alkynes which is a different
mode of reactivity to that of noble metal catalysis. The method was developed using commercially available
cobalt catalysts and manganese salts as oxidants. The role of substituent on the amide was found to be
crucial as the authors observed significant reductions in yield when substituted with CF; group (40%). At the
same time the group of Yang reported sodium chlorate as a viable sub-stoichiometric oxidant for
cobalt-catalyzed oxidative annulation of aryl sulfonamides with alkyens.*® Additionally, the group of
Sundarraju and Riba** demonstrated the use of Mn(OAc);#2H,0 as an oxidant for regeneration of the active
catalyst.

Co(acac),* 4H,0 (20 mol%)

\\ // NaOPiv (2 equiv) \\ ,/
+ Rl= Mn(OAc)s « 2H,0 (2 equiv) -
TFE, 100 °C, 24h NS 2N S
R =H, 4tBu, 4-OMe, 4-CF3, 4-AcNH, 3-OMe, 3,4-diOMe, 2,5-Me-4-Cl 20 examples
R = H, Ph, nPr, Me 30 - 90% yleld

R? = Ph, 3-MePh, 4-MePh, 4-BuPh, 4-FPh, n-Hex, C,HzCN, CyPent, CyProp, TMS; CO,Et

\\ // \\ // \\ // \\ //
N |

60% 70% 45% 87%
Scheme 22. Cobalt-catalyzed, aminoquinoline-directed coupling of C(sp®)-H bonds
of sulfonamides with internal alkynes.

The use of sulphonamides for the synthesis of sultams through cobalt catalyzed C-H activation was
simultaneously reported by the independent studies from the groups of Rao and Volla (Scheme 23).>** Both
the groups have described the use of aryl and heteroaryl sulphonamides for the intermolecular
heteroannulation with allenes. The methodology accommodated a wide range of electron-poor and
electron-rich allenes.

5. C-H activation for five memberered heterocycles

The use of inexpensive cobalt catalysts has also been reported in the synthesis of five membered
heterocycles. In this category the researchers mainly used carbonylation, isocyanide insertion,
decarboxylative procedures. In this section we will describe the methods used for the synthesis of five
membered heterocycles using cobalt catalysis.

The Daugulis group expanded upon their seminal studies on the use of cobalt catalyzed C(sp?)-H
activation for the synthesis of heterocycles through a number of avenues, including through the development
of a method for direct carbonylation of aminoquinoline benzamides at room temperature using carbon
monoxide as a C1 building block (Scheme 24). >’ The reactions proceeded under mild conditions and they
even adopted the same reaction conditions for the coupling of aminoquinolinamides with alkenes® and
alkynes’. Finally, they have showed the method for the directing group can be removed under mild
conditions affording phthalimides.

Zhang and co-workers reported a novel and efficient approach for the C(sp®)-H bond carbonylation of
benzamides has been developed using stable and inexpensive Co(OAc),*4H,O as the catalyst and the
commercially available and easily handled azodicarboxylates as the non-toxic carbonyl source (Scheme
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25).% A broad range of substrates bearing diverse functional groups was tolerated. This study provided the
first example of the use of azidocarboxylates as carbonylation source.

Co(acac), «2H,0(20 mol%)
\\ // Re NaOPive2H,0 (2 equiv)

] ¥,
N \_.:< Mn(OAc)s « 2H,0 (2 equiv) N N S‘N I |
TFE, O, 100 °C, 15-20h AN NR?
R = 4-Me, H, 4-OMe, 3,4-diOMe, 4-HNAc, 2-Me, 2-Nap, 4-Cl, 4-Br, 4-CF3, R' R®
3-Br, 2-Thio, 2-Pyr-COOMe; R' = H, Me; R2= Me, H 30 examples

R3 = COOBn, COOEt 42 - 88% yield

Q //O o 0 Q, // o\\ //O
S N/ S.
o | A~ Ny

COOBn Me COOEt COOEt
70% 88% 69% 64%

Scheme 23. Cobalt-catalyzed, aminoquinoline-directed coupling of C(sp®)-H bonds
of sulfonamides with allenes.

Co(acac), (20 mol%)

NaOPiv (2 equiv) O N \
Mn(OAc); (1 equiv) - RO
N ) TTFE n, 1660 h N

1 atm CO, air 0
R =H, 4-CF3, 4-Me, 4-Br, 4-NO,, 2-Me, 4-OMe, 4-OCF3, 14 examples
4-CN, 4-COOEt, 2-Napthyl 33- 94% vyield
Fsooji:[\‘i /E:
81% 83% 66% 3%

Scheme 24. Cobalt-catalyzed, aminoquinoline-directed coupling of C(sp®)-H bonds with carbonmonoxide.

Recently, a cobalt catalyzed electrochemical oxidative C-H/N-H carbonylation that doesn’t require
external oxidants was developed by the Lei group (Scheme 26).% These reactions proceed smoothly under
anodic oxidation conditions using a divided cell, and H, was generated at the cathode. They also presented
an amidation reaction with carbon monoxide under slightly modified conditions. This cobalt catalysis
showed good selectivity for inter- and intra-molecular carbonylation reactions of amides. A Co"/Co"/Co"
catalytic cycle was proposed based on XANES and CV studies.

Zhai and coworkers used carbon monoxide as a C1 source in the synthesis of phthalimides with
benzoyl hydrazides as the bidendate directing group (Scheme 27).*> The protocol has generated a broad
range of phthalimide derivatives in good to excellent yields. Through hydrogenolysis the directing group can
be removed after the C-H activation completed.
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Co(OAC); * 4H,0 (20 mol%)

Ag,CO;3 (2 equiv) o N D
O)L \>—OR1 PivOH (2equiv) N
H N R1oj< 14-dioxane, 100°C, 16h LN

air 0
R = H, 3-Me, 3-Bu, 3-OMe, 3-F, 3-Cl, 3-Br, 3-CF3, 3-Ac, 3-NO,, 28 examples
2 Nap, 3,5-diMe, 3,5-diC}, 2,4-diMe, 2,5-diMe, 3-Me, 3-Cl, 3-Br, 4-Py 35- 84% yield
= 'Prop, Et, Bu, benzyl

84% 71% 37% 68%
Scheme 25. Cobalt-catalyzed, aminoquinoline-directed coupling of C(sp®)-H bonds with azidocarboxylate.

C(+)/Ni()

Co(OAc), * 4H,0 (20 mol%)
o NaOPiv (2 equiv)
TN nBusNBF, (1 equiv)
Rt H | >
Z Ns DMF, NaOAc

CO balloon, 40 °C,15mA, 2h

R =H, 3-Me, 2,4-diMe, 2-Me, 4-F, 4-Cl, 4-Br, 4-CF3, 4-OMe, 31 examples
2-Nap, 2-Thio, 2-benzothio, 2-indole, 3-Thio 31- 99% yield

76% 54% 78% 63%

Scheme 26. Cobalt- catalyzed aminoquinoline-directed coupling of electrooxidative
C(sp?)-H bonds with carbonmonoxide.

O Me Co(OAC); * 4H,0 (20 mol%)
R{j)LNN N Ag,COs5 (1. 2 equiv) LVKL«N N
/ H N Toluene, 100 °C, 2h
1 atm CO

R = 4-Me, 4-OMe, 4-SMe, 4-OPh, 4-OCF3, 4-tBu, 4-NMe,, 28 examples
4-Ph, 4-F, 4-Cl, 4-Br, 4-1, 4-Ac, 4-CO,Me, 4-CF3, 4-CN, 39- 98% yield
4-NO,, 3-Me, 3-OMe, 3-Cl, 2-Me, 2-Cl, 3,5-diMe, 3,5-diCl,

2-Nap, 3-I1-4-OMe, 3,4,5-triOMe, 4-Py

0
N_N/Me Me Me O O Me  MeO P Me
Me >:, \ N-N O N-N mN—N
N % MeO
0 N_ Me O N D onN D ome O N_)
94% 93% 96% 97%

Scheme 27. Cobalt-catalyzed, hydrazide-directed coupling of amide C(sp*)-H bonds with carbon monoxide
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The first electrocatalytic C-H activation with isocyanides by cobalt salts has been recently developed
by Sau et al. (Scheme 28).41 The broadly applicable cobalt catalysts likewise set the stage for efficient
electrooxidative C-H functionalizations of benzhydrazides with inexpensive carbon monoxide (5 examples)
in the absence of chemical oxidants at room temperature.

RVC(+)/Pt(-)
Co(OAC), (20 mol%)

O Me NaOPiv (2 equiv) O Ve
N i /
RO)LH @ . RineG nBuyNBF, (2 equiv) - R-@N—N
-z N~ + ~ DMSO (5 mL), 120 °C, 24 h (O
undivided cell, CCE at 4 mA R1,N N_

R =H, 4-OMe, 4-Me, 4-Ph, 3,4-diMe, 3-OMe, 3-Me, 4-Cl,

19 examples
4-Br, 4-1, 3-CF3; R' = 'Bu, 2,6-diMePh, Cyhex (E/Z = 60:40) 41- 85% yield
2 Me O Me % !VIe !\/Ie
@:(‘(N—N’ - N-N N-N
\ 7\ MeO \N 3/:\> Ph \N N/ \> MeO N/_\
Bu” = T Bu” T
77% 82% 71% 89%

Scheme 28. Cobalt-catalyzed, hydrazide-directed coupling of amide C(sp*)-H bonds with isocyanide.

A cobalt catalyzed (4+1) cycloaddition of easily accessible amides with isocyanides has been used by
Gu et al. for the high yield synthesis of 3-iminoisoindolinone derivatives under mild conditions (Scheme
29).* The reaction proceeds via intramolecular C(sp?)-H activation and isocyanide insertion. Strongly
coordinating N-heterocyclic directing groups such as pyridine, pyrimidine, and even pyrazole were fully

tolerated in this cobalt catalyzed C-H activation. The group of Hao independently presented the same type of
-4l
reaction.

Co(OAc), (10 mol%) o N\
0 TBPB (2 equiv) U
= 3 equiv i

RO TN ) +ring  N@eCOs@eauy) Ry T N

Z N + ~ 1,4-dioxane, 100 °C, 12 h !

Ar -
R1

R = H, 4-Me, 4-OMe, 4-Et, 4-F, 4-Br, 4-I, 19 exaomplles
4-CF3, 4-NO,, 2-Me, 2-Cl, 2-Br, 2-1, 3-Me, 5-Me 41- 85% yield
R' ='Bu, 2,6-diMePh, 2,4,6-triMePh, 2,6-diEt, Ada, Cyhex

C O pi
\ Me \ Ny
N N/ N N / | _ / N N\ / L/

70% 81% 56% 52%
Scheme 29. Cobalt-catalyzed, aminoquinoline-directed coupling of amide C(sp?)-H bonds with isocyanide.

Sundararaju and co-workers have reported a cobalt catalyzed isonitrile insertion/acyl group migration
between C-H and N-H bonds of arylamides through intramolecular ¢rans-amidation (Scheme 30).* They
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have also explored the impact on reactivity of the directing group by having strongly coordinating functional
groups on the reacting substrates.

Co(acac), (10 mol%) R

0 Ag,COj3 (2 equiv) o Ny N7

RL A N o+ R1'N:6 NaOPiv (2 equiv) o = J
~ HONS Y TFE 100°C, 240 > /N
air I—l\:

R = H, 2-Me, 4-Me, 4-SMe, 4-OMe, 4-tBu, 4-F, 4-Br, 4-Cl, 42 examples
4-CF3, 4-NO,, 4-COOH, 4-alkynyl, 3-Me, 3-OMe, 3-Br, 15~ 94% yield
3-CF3, 3-NO,, 2-I, 2-F, 2-OTs, 2-Ph, 2-Nap, 2-morpholine, 2,4-diOMe

R! = Bu, Cyhex

pd
=z

-z

=z

76% 70% 78% 74%

Scheme 30. Cobalt-catalyzed, aminoquinoline-directed coupling of amide C(sp®)-H bonds
with isocyanide through trans-amidation.

A cobalt(Il) catalyzed decarboxylative C-H activation/annulation cascade reaction was described by
Song and co-workers (Scheme 31).* The reaction provides ready access to isoquinolones and isoindolones
in good yields. The role of oxidant is very crucial and controls the outcome of the catalytic activity enabling
a switch from isoquinolones to isoindolinones with excellent selectivity.

o O
(O ‘N7
N=\ Co(OAc),* 4H,0 (20 mol%) O)L /(Nj 2 X

; Co(OAc o
R B £g,0 (1.5 equiv) (OAC), * 4H,0 (20 mol /o) L) SN N
- Ag,0 (5 mol%) AN R1
Na,COg3 ( 2 equiv)
20 examples o NaOPiv ( 2 equiv)
26- 78% yield 100 °C, DMF, 12 h 80 °C, TFE, 12 h 17 examples

34- 88% yield

R =H, 4-Me, 4-tBu, 4-Ph, 4-F, 4-Cl, 4-Br, 4-1, 4-CO,Me, 3-OMe, 3-N,N-diMe, 2,5-diMe, 3,4-diOMe, 3,5-diOMe, 2-Thio
R' = H, 4-Me, 3-OMe, 2-Cl, 4-CN, 4-CO,Me

\ b rogee
SE s S *Hace thaas
CN

73% 60% 43% 88% 85% 34%
Scheme 31. Cobalt-catalyzed, pyridine-N-oxide directed decarboxylative coupling of amide C(sp®)-H
bonds with alkynes.

Cobalt(Il) catalyzed oxidative cyclization of benzamides with maleimides was used by Jeganmohan
and co-workers in 2017 for the synthesis of isoindolones (Scheme 32).* The cyclization reaction was
compatible with an array of substituted benzamides and maleimides.

Li and Wang reported a regioselective synthesis of isoindolones using a controllable o- or
B-functionalization in a cobalt catalyzed C(sp®)-H activation of aromatic amides with o-diazokentones. In
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the presence of Co(acac),/TBHP, the authors achieved a-functionalization and, interestingly, when switched
to Co(OAc)/AgOAc B-functionalization was obtained (Scheme 33).%

Co(OAC); * 4H,0 (20 mol%) onN
o) PivOH (30 mol%) RL Y
- Ag,CO4 (1.1 equiv N
R N ) - oo A0 ey T
N N\~ "TFE, 100 °C, 16 h \
R DCE R~ ©
15 examples
R = H, 4-OMe, 4-I, 4-Br, 4-Cl, 4-F, 4-CF3, 58- 89% vyield

4-Me, 4-Ph, 2-Br-4,5-diOMe; R' = Me, Cyhex, 4-OMePh, 4-BrPh, 4-MePh

***** P off off
#

78% 79% 60% 60%
Scheme 32. Cobalt-catalyzed, pyridine-N-oxide directed decarboxylative coupling of amide C(sp®)-H
bonds with alkynes.

0N Y Co(OAc), (20 mol%) O)L ’ : J ;
TEMPO 50 mol%) o N \;

R : N AgOAC (3 equiv) Co(acac); (20 mol%) A
- »> R N
PivOH (1 equiv) N 1 TBHP (2 equiv) Z
=o 130 °C, DCE AR DCE, rt o=(\
R 0 R
21 examples 20 examples
37- 93% yield 41- 96% yield

R = H, 4-Me, 4-OMe, 4-N,N-Me, 4-CF3, 4-Cl, 4-F, 2-F, 2-Cl, 2-Me, 3-Cl, 5-Cl, 1-Nap, 2-Nap, 2,4-diF, 3,4-diOMe, 2-I, 2-Br
R' = Ph, 4-MePh, 4-CIPh, 4-OMePh, OEt, Obenzyl

@Z@ 928 %8 @38 @38 @38

Scheme 33. Cobalt-catalyzed, aminoquinoline directed coupling of amide C(sp®)-H
bonds with a-diazoketones.

6. Conclusion

In this review we have illustrated the power of easily accessible, inexpensive, and comparatively
non-toxic cobalt catalysts for the synthesis of five and six membered heterocycles through C(sp®)-H bond
functionalization as reflected in the literature in this rapidly developing area. These versatile catalytic
systems have been explored in many different coupling reactions and their utility has been well
demonstrated and often supported through mechanistic studies. In the case of the six-membered heterocycles
a major focus has been the coupling of unsaturated substrates, e.g. alkynes, alkenes, 1,3-diynes, and allenes,
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for the synthesis of isoquinolones and dihydroisoquinolones. The synthesis of five membered heterocycles
using cobalt catalysts has been achieved using either carbon monoxide or isonitrile as a C1 building block to
yield isoindolone heterocycles. On account of the wide range of catalytic transformations accessible through
relatively cheap cobalt-based catalysis and the generally broad scope of substrates amenable and good yields
obtained, together motivate increased interest in exploring new cobalt-based catalysis strategies.
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