Cobalt-NHC (NHC = N-Heterocyclic Carbene) Complexes in Catalysis
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ABSTRACT: Cobalt-NHC complexes have emerged as an attractive class of 3d transition metal catalysts for a broad range
of chemical processes, including cross-coupling, hydrogenation, hydrofunctionalization and cycloaddition reactions.
Herein, we present a comprehensive review of catalytic methods utilizing cobalt-NHC complexes with a focus on catalyst
structure, the role of the NHC ligand, properties of the catalytic system, mechanism and synthetic utility. The survey clearly
suggests that the recent emergence of well-defined cobalt-NHC catalysts may have a tremendous utility in the design and
application of catalytic reactions using more abundant 3d transition metals.
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1. Introduction

N-Heterocyclic carbenes (NHCs) represent a tremen-
dously attractive class of ancillary ligands for transition
metal catalysis.' Since the first isolation of a stable free N-
heterocyclic carbene, 1,3-di(adamantyl)imidazol-2-ylidene,
by Arduengo in 1991, and the first application of metal-
NHC complexes in catalysis by Herrmann in 1995,3 an in-
creasingly large toolbox of NHC ligands, NHC-metal com-
plexes, and their derivatives have been developed. The
overwhelming significance of NHC ligands, including their
key role in Ru-metathesis#5 and Pd-cross-coupling reac-
tions,® hinges upon their favorable properties as compared
to phosphine ligands, including stronger c-donation, dif-
ferential umbrella-type ligand shape (cf. cone-shape), fac-
ile synthesis from readily accessible starting materials, and
straightforward variation of steric and electronic proper-
ties by N-wingtip substitution.”*7 These features have ren-
dered NHCs as one of the most important class of ligands
used in metal coordination chemistry and catalysis.+*7

In the last 20 years, major advances have been made in
the use of inexpensive and more abundant, less toxic, en-
vironmentally more sustainable first-row transition metals,
such as Fe, Co, Ni in organic synthesis and catalysis.’®#
The unique d-electron configuration compared to their 4d
and 5d congeners unveils many interesting reactivities and
properties. Meanwhile, among the 3d transition metals, in
the last decade, cobalt has especially undergone explosive
growth in the field of catalysis.>>3° Because of flexible coor-
dination geometries (e.g., tetrahedral, square-planar, octa-
hedral, triangular or bipyramidal), multiple spin states,
and high density of states, cobalt complexes have opened
up numerous possibilities of tuning the electronic struc-
ture, which is an integral part of catalyst design.3"3> The
substitutional lability of cobalt, compared to the homolo-
gous group 9 elements, surges the chances of broader func-
tional group compatibility, particularly with unprotected
heterocycles and heteroatoms, which often bind the metal
strongly as catalyst poisons. The reduced electronegativity
and small size of cobalt, compared to its 4d or 5d homo-
logues, offer more nucleophilic organometallic cobalt

intermediates, which could switch many traditional reac-
tion pathways as well as change regio- and chemoselectiv-
ity. All these characteristics make cobalt a potential cata-
lyst for a broad range of C-C and C-heteroatom bond
forming reactions.

Cobalt is an important dietary component present in
many metalloenzymes, such as vitamin B,,, nitrile hydra-
tase and methionine aminopeptidase.3 It is the first and
lightest element among the group 9 transition metals,
while in terms of abundance, the reserve is over 103 times
larger than the total content of platinum group metals in
the geosphere.33® Cobalt complexes have been applied in a
broad range of small molecule activation chemistry and
catalytic reactions, such as cross-coupling reactions, hy-
drogenation reactions, hydrofunctionalizations, C-H acti-
vation and cycloaddition reactions. In this context, cobalt
complexes show great potential for applications in cataly-
sis.10303436 Despite that cobalt has been established as an
efficient catalyst in synthetic chemistry and transition-
metal-catalysis, most of the present cobalt catalytic sys-
tems still rely on air-sensitive, toxic, and expensive phos-
phine ligands (L1-L17)375* or less 6-donating amine ligands
(L18-L27)5¢ (Figure 1).

In the historical context, the first cobalt-NHC complexes
were reported by Lappert and co-workers in 1977,5 how-
ever, the research on their reactivity did not begin until al-
most thirty years later. Cobalt complexes can exist in sev-
eral oxidation states ranging from -2 to 4. N-Heterocyclic
carbenes can stabilize metals in different oxidation states
and support coordinatively unsaturated catalytically active
intermediates.+7 With the perfect combination of cobalt
and N-heterocyclic carbenes, a larger number of cobalt-
NHC complexes have been reported,®7 and gradually ap-
plied in various transformations. Despite major achieve-
ments in this field, there is still no comprehensive review
on Co-NHC-catalyzed organic reactions.

In this article, we present a comprehensive review of cat-
alytic methods utilizing cobalt-NHC complexes with a fo-
cus on catalyst structure, the role of the NHC ligand, prop-
erties of the catalytic system, mechanism and synthetic
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Figure 1. Structures of the most common phosphine
and amine ligands used in cobalt catalysis.

A. Monodentate NHC ligands

utility. The review covers the literature until November
2021. The review is organized by the class of reactions, in-
cluding cross-coupling (Section 2), hydrogenation (Section
3), hydrofunctionalization (Section 4), cycloaddition (Sec-
tion 5) and miscellaneous reactions (Section 6). Co-NHC-
catalyzed C-H functionalizations are not covered because
this topic has been recently reviewed.*® Figure 2 presents
structures of the most common NHC ligands used in Co-
NHC catalysis. We hope that the review will stimulate an
even greater interest in this important field.

2. Cobalt-NHC Catalyzed Cross-Coupling Reactions

NHC ligands show excellent reactivity in transition-
metal-catalyzed cross-coupling reactions.® In contrast to
the rapid development of PdA-NHC or Ni-NHC systems, co-
balt-NHC-catalyzed cross-coupling reactions have been
slower to emerge.

2.1. Kumada Cross-Coupling. In 2007, the Oshima
group reported the first example of cobalt-catalyzed se-
quential cyclization/cross-coupling reactions of 6-halo-1-
hexene derivatives with Grignard reagents using NHC pro-
ligands (Scheme 1).727 The cross-coupling reactions re-
quired the use of NHC ligands to give the corresponding 3-
(silylethyl)pyrrolidine or tetrahydrofuran derivatives in
good yields. Among various imidazolium salts, SIEt-HCl
was identified as the best pro-ligand. The use of phos-
phines (PPh;, PtBu;, dppp) and diamines (TMEDA,
N,N,N',N'-tetramethyl-1,2-cyclohexanediamine) as ligands
was much less productive (<10%). Furthermore, when
changing the NHC pro-ligand to IMes-HCl, the reaction
was found to be compatible with 1-alkynyl Grignard rea-
gents (Scheme 2).7>73
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Figure 2. Structures of the most common NHC ligands used in cobalt catalysis.



Scheme 1. Co-NHC Catalyzed Sequential Cyclization/
Cross-Coupling of 6-Halo-1-Hexene Derivatives with
Grignard Reagents Reported by Oshima.
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Scheme 2. Co-NHC Catalyzed Sequential Cyclization/
Cross-Coupling of 6-Halo-1-Hexene Derivatives with
Alkynyl Grignard Reagents Reported by Oshima.
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Interestingly, in this case, other NHC pro-ligands, such
as SIEt-HCl, SIMes-HCl, and IPr-HCl did not give coupling
product. The corresponding cyclization/cross-coupling
products could be easily transformed into 1,3-diol units.

Subsequently, the same group disclosed a cobalt-NHC
catalyst system for the highly regioselective dehydrohalo-
genation of alkyl halides (Scheme 3).7+ This reaction pro-
ceeds in the presence of cobalt(Il) chloride, IMes-HCl and
Me,PhSiCH,MgCl in dioxane at 25 °C. Furthermore, other
bulky NHC pro-ligand precursors, such as IPr-HCl, were
screened, however, lower reaction efficiency and selectiv-
ity was observed. NHC ligands were superior to phosphine
ligands with respect to both reactivity and selectivity. The
proposed mechanism involves (1) single-electron transfer
from Co-catalyst A; (2) capture of the radical by Co-com-
plex C; (3) f-hydride elimination. The syn-S-hydride elim-
ination depends on the conformation in minimizing the
steric repulsion. This protocol nicely exemplifies the ad-
vantage of the regioselective alkene formation. In light of
the isomerization of terminal alkenes, the same group re-
ported cobalt-NHC-catalyzed isomerization of 1-alkenes
to (E)-2-alkenes.?s

In 2008, the Oshima group reported cobalt-NHC cata-
lyzed cross-coupling reactions of aryl bromides with alkyl
Grignard reagents (Scheme 4).7° They found that catalytic
amounts of cobalt(II) chloride and the combination of N-
heterocyclic carbene, IMes-HCl, as pro-ligand precursor
and N,N,N' N'-tetramethyl-1,3-propanediamine (TMPDA)
as an additive enabled mild cross-coupling.

Scheme 3. Co-NHC Catalyzed Regioselective Dehy-
drohalogenation of Alkyl Halides Reported by Oshima.
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Scheme 4. Co-NHC Catalyzed Cross-Coupling of Aryl
Bromides with Grignard Reagents Reported by
Oshima.
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Comparison with other NHC pro-ligands showed that
more sterically-demanding NHC precursor, IPr-HCl, was
less effective, while phosphines (PPh;, PCy;, Pt-Bu;) and
heteroatom substituted phosphine oxides (Mes-HASPO)
did not promote the cross-coupling. It is essential to use
TMPDA to promote the reaction by coordination to mag-
nesium. A wide range of aryl bromides were successfully
coupled in good to excellent yields. Furthermore, the reac-
tion is completely selective for the cross-coupling of Ar-Br,
while Ar-Cl are unreactive. However, the method is not
compatible with simple alkyl magnesium halides, such as
MeMgl, EtMgCl, 'PrMgCl, while aryl magnesium bromides
give low yields under the reaction conditions. The authors
proposed that lower reactivity might be a result of slow
transmetallation, while reactive Grignard reagents, such as
allylMgBr, could decompose the NHC ligand.



Scheme 5. Co-NHC Catalyzed Cross-Coupling of Aryl
Halides with Grignard Reagents Reported by Chen.
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In 2009, Chen and co-workers reported the first trivalent
cobalt NHC complexes 1 for the Kumada-Corriu cross-cou-
pling reactions of aryl halides with Grignard reagents at
room temperature (Scheme 5).77 The method is character-
ized by high catalytic activity and compatibility with vari-
ous aryl and heteroaryl halide substrates. The proposed
mechanism involves the following steps: (1) reduction of
Co(III)-species to low-valent cobalt-complex in the pres-
ence of Grignard reagent; (2) oxidative addition of aryl hal-
ide; (3) reductive elimination to form the biaryl product.
The authors proposed that NHC ligands stabilize the low-
valent cobalt species and facilitate oxidative addition. The
use of bulkier NHC ligands was less effective, which was
proposed to result from steric inhibition of the oxidative
addition step.

In 2009, Nakamura and co-workers reported Kumada
biaryl cross-coupling reactions catalyzed by cobalt(II)-flu-
oride/NHC systems (Scheme 6).7% Unlike previous reports
on Co-catalyzed Kumada cross-coupling, this reaction was

Scheme 6. Co-NHC Catalyzed Cross-Coupling of Aryl
Halides with Aryl Grignard Reagents Reported by
Nakamura.
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Scheme 7. Co-NHC Catalyzed Cross-Coupling of Aryl
Halides with Aryl Grignard Reagents Reported by
Duong.
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performed using CoF,-4H.O as a catalyst. The method re-
lies on the synergistic role of fluoride counterion and NHC
ligand, permitting high selectivity for the cross-coupling vs.
homocoupling. Strong coordination of fluoride to the diva-
lent cobalt center leads to slower reduction of the metal
and results in the formation of high-valent heteroleptic
[ArCoF,]MgBr complexes. The reactivity of cobalt was
compared with other iron-group metals (Fe, Ni), where
CoF.,/IPr system was found to be preferred for the cross-
coupling of heteroaromatic substrates.

In 2018, the Duong group reported another catalytic sys-
tem for cobalt-catalyzed Kumada biaryl cross-coupling re-
actions of arylmagnesium reagents and aryl halides
(Scheme 7).792 These reactions are promoted by a fluoride-
free combination of CoCl,, IPr and NaOtBu as a base. Var-
ious aryl bromides and chlorides could be cross-coupled at
mild room temperature conditions. Interestingly, the for-
mation of homocoupling products was minimized by the
choice of NHC pro-ligand with less bulky and N-aliphatic
NHCs leading to lower cross-coupling selectivity, while the
counterion had a minor effect on the cross-coupling/ho-
mocoupling selectivity. Furthermore, LiCl and ZnCl, addi-
tives which are advantageous in select Kumada cross-cou-
plings,”" were detrimental in this case.



Scheme 8. Co-NHC Catalyzed Cross-Coupling of Aryl
Halides with Aryl Grignard Reagents Reported by
Matsubara.
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Scheme 9. Co-NHC Catalyzed Cross-Coupling of Aryl
Halides with Grignard Reagents Reported by Tonzet-
ich.
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In 2012, Matsubara reported new cobalt(II)-complexes 2
and 3 bearing bulky NHC backbones that were tested in the
Kumada cross-coupling of aryl halides (Scheme 8).8° This
method represented the first example of well-defined co-
balt(II)-NHC complexes that catalyze cross-coupling of
aryl halides. It is noteworthy that pyridine-coordinated
complex 3a that is analogous to Pd-PEPPSI systems® as
well as 2 that is analogous to Pd(Il)-chloro dimer systems,
[PA(IPr)(u-Cl)Cl],,® afforded the product in similar yields.
The yields were further dependent on the halogen atoms in
dimers 3a-3¢, with (X = I) affording the highest reactivity.

In contrast to aryl halides, the reaction of n-octyl bro-
mide with phenyl magnesium chloride gave the cross-cou-
pling product in very low yield (<20%).%° Interestingly, re-
placement of IPr with IMes in catalyst 3a delivered 1-and 2-
octenes, suggesting that S-elimination of the octylcobalt
species outperformed reductive elimination of the oc-
tyl(phenyl)cobalt species. The authors proposed that $

Scheme 10. [Co(IEt),][BPh,] Catalyzed Oxidative Ho-
mocoupling of Aryl Grignard Reagents Reported by
Deng.
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hydride elimination is promoted by the strong c-donor
ability of NHC ligands.

In 2013, the Tonzetich group reported a new well-de-
fined cobalt(Il)-complex, [CoCl(IMes),] 4, having
pseudotetrahedral geometry and tested catalytic activity in
Kumada cross-coupling reactions (Scheme 9).82 Three dif-
ferent combinations of coupling partners were tested,
namely aryl/alkyl, aryl/aryl, and alkyl/aryl. Their results
showed that aryl/aryl cross-coupling was most successful.
In contrast, aryl/alkyl cross-coupling resulted in low yields,
while no reaction was observed for the alkyl/aryl combina-
tion. These results mirror the findings established for the
[Co(IPr)(u-D)I], dimer by Matsubara® and further demon-
strate that aryl electrophiles are preferred coupling part-
ners for Co(IT)-NHC systems.

In the context of biaryl Kumada cross-coupling, in 2011,
the Deng group reported a new square-planar cobalt(I)-
complex, [Co(IEt),][BPh,] 5, which was tested in oxidative
homocoupling of aryl Grignard reagents (Scheme 10).83 The
homocoupling proceeded efficiently at only 1 mol% cata-
lyst loading using 2-methyl-1,2-dichloropropane as the ox-
idant. This method permits for the synthesis of functional-
ized (Cl, OMe) as well as extremely sterically-hindered or-
tho-tetrasubstituted biaryls. The authors proposed a radi-
cal mechanism involving a [Co(NHC),]*/[Co(NHC),)**] re-
dox shuttle.

In 2021, our group reported the first Co-catalyzed cross-
coupling of aryl tosylates as bench-stable C-O electro-
philes (Scheme 11).84 This versatile method utilizes a cata-
lytic system based on Co(IlI)-fluoride (10 mol%), IPr-HCI
(20 mol%), Grignard reagent (1.5 equiv) in THF at 8o °C.
Screening of various NHC ligand precursors demonstrated
IPr-HCI as the most effective pro-ligand for this reaction.
The excellent reactivity of the cobalt fluoride was associ-
ated with the low potential for reduction by Grignard rea-
gents and the subsequent formation of low-valent cobalt
species, in agreement with studies by Nakamura.”



Scheme 11. Cobalt-NHC Catalyzed Kumada Cross-
Coupling of Aryl Tosylates with Alkyl and Aryl Gri-
gnard Reagents Reported by Szostak.
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Stoichiometric experiments were supported by the amount
of biaryl formation (Co(acac); (22%), CoCl, (18%), CoF,:
<5%; CoF;: <5%). Control experiments with radical trap-
ping reagent (TEMPO) excluded radical process. The or-
thogonal nature of phenolic C-O electrophiles was high-
lighted through the sequential orthogonal cross-coupling
via Pd-catalyzed biaryl Suzuki cross-coupling and Co-NHC
catalyzed C-O alkyl Kumada cross-coupling.

2.2. Suzuki Cross-Coupling. In 2017, Bedford and co-
workers reported Suzuki cross-coupling of aryl chlorides
and bromides with aryl-Bpin esters activated by alkyllith-
ium catalyzed by CoCL/SIPr-HCl system (Scheme 12).55
Several phosphine ligands (PPh;, dppp, Xantphos) resulted
in negligible product formation (<10%). Imidazolinylidene
SIPr is the preferred NHC ligand for this cross-coupling,
however, several other NHCs gave high conversions (IMes,
SIMes, IPr). This reaction tolerates a remarkable variety of
functional groups, including esters, amides, amines, and
heterocycles. Interestingly, 4-chlorotoluene showed higher
reactivity compared to its bromo counterpart. This reactiv-
ity is opposite to the classical palladium-catalyzed cross-
couplings, where the weaker Ar-Br bonds are coupled
more readily. The authors isolated Co(0)-SIPr complex
supported by norbornene ligands and demonstrated its
catalytic activity. A mechanism involving radical-centered
oxidative addition was proposed.

In 2019, Duong and co-workers reported similar cross-
coupling of aryl triflates with lithium arylborates catalyzed
by CoCl,/IAd-HBF, (Scheme 13).8° One of the key features
of this study is the correlation between steric bulk of NHC
ligands (expressed as percent buried volume, %V4,,) and
reactivity in the cross-coupling in that more sterically-de-
manding NHC ligands resulted in more efficient coupling.
Furthermore, N-alkyl NHC ligands (IAd, ItBu, ICy) per-
formed better than their N-Ar counterparts (IPr, SIPr, IMes,
SIMes). Similar to the method by Bedford,? the scope of
the reaction is very broad, while the method advanced the
Co-NHC cross-coupling manifold to C-O electrophiles us-
ing organoboronates activated by n-butyllithium.

Scheme 12. Co-NHC Catalyzed Suzuki Cross-Coupling
of Aryl Halides with Lithium Arylborates Reported by

Bedford.
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Scheme 13. Co-NHC Catalyzed Suzuki Cross-Coupling
of Aryl Triflates with Lithium Arylborates Reported by
Duong.
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In 2021, Bedford and co-workers reported another ap-
proach to cobalt-NHC catalyzed Suzuki cross-coupling of
aryl chlorides with aryl boronic esters to access biaryl mo-
tifs, where the organoboron nucleophile is activated by
alkoxides (Scheme 14).%7 This reaction employs catalytic
amount of CoCl, (5 mol %), IPr-HCl (5 mol%) and 1.5 equiv
of KO'Bu in THF as a solvent at 60 °C. The comparison be-
tween different alkoxide bases in this reaction showed that
KO‘Bu was superior to its counterparts (K > Na > Li). The
authors proposed that increasing oxophilicity of the coun-
terions of the boronate salt facilitates the transmetallation
step. The loading of KO‘Bu was also highly significant as
small deviation from the optimized conditions abruptly
decreased the performance. Interestingly, in this finely-
tuned protocol, increasing the KO'Bu loading from 1.5 to
1.8 equiv with respect to aryl chloride led to a nearly com-
plete halt of the reaction. The scope of the reaction is more
limited than with lithium arylborates; however, the in situ
activation of aryl boronic esters with alkoxide bases might
find application in facilitating transmetallation in Co-NHC
catalysis.



Scheme 14. Co-NHC Catalyzed Suzuki Cross-Coupling
of Aryl Chlorides with Aryl Boronic Esters Through
Alkoxide Activation Reported by Bedford.
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Scheme 15. Co-NHC Catalyzed Heck Reaction of Alkyl
Bromides Reported by Matsubara.
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2.3. Heck Olefination. In 2013, Matsubara and co-work-
ers reported a new less bulky PEPPSI-type cobalt(Il)-com-
plex 6, [Co(NHC)(py)L], bearing IMes imidazolylidene lig-
and, which was found to promote catalytic Heck olefina-
tion of alkyl halides (Scheme 15 cf. Scheme 8).38 The cobalt
center in [Co(NHC)(py)L] has a d’-tetrahedral geometry.
The complex is synthesized from the corresponding
[Co(IPr)(u-DI], dimer. [Co(IMes)(py)L] was found to me-
diate trans-selective Heck reaction of 1° alkyl bromides in
the presence of Grignard reagents as reductants; however
the yields were modest (up to 50%) due to competing de-
hydrohalogenation. Nevertheless, the results showcased
the importance of steric tuning of the carbene ligand in
that Co(II) complexes bearing less bulky IMes were more
reactive than with IPr in activation of alkyl halides.

In 2016, Hajipour and co-workers reported another ap-
proach to Heck olefination using Co-NHC complexes sup-
ported by multi-walled carbon nanotubes, Co-
NHC@MWCNTs 7 (Scheme 16).89%2 The Co(II)-NHC com-
plex was immobilized on multi-walled carbon nanotubes
by the grafting amination approach. In contrast to
[Co(NHC)(py)L], complex 7 was found to be air-stable.

Scheme 16. Co-NHC Catalyzed Heck Reaction of Aryl
Halides Reported by Hajipour.
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Scheme 17. Co-NHC Catalyzed Borylation of Aryl Chlo-
rides and Bromides Reported by Geetharani.
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The complex was found to be catalytically active in the
Heck reaction of aryl iodides and bromides with acrylates
and styrene. In addition, the catalyst could be reused 6
times without loss of catalytic activity, while cobalt was de-
termined not to be leaching from the catalyst. In 2019, Haji-
pour and co-workers reported the same cobalt-catalyst 7



Scheme 18. Co-NHC Catalyzed Borylation of Alkyl
Chlorides and Bromides Reported by Geetharani.
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for three-component A3 coupling of aldehydes, amines and
alkynes for the synthesis of propargylamines and So-
nogashira cross-coupling of aryl halides (not shown).8

2.4. Miyaura Borylation. In 2018, Geetharani and co-
workers reported an efficient catalytic system for boryla-
tion of aryl chlorides and bromides using Co(IMes).Cl,
(Scheme 17).9° The catalyst system appears to be general,
tolerating a wide range of functional groups and heterocy-
cles (thiophene, pyridine, quinoline, pyrrole, indole). The
reaction shows very good chemoselectivity in that boryla-
tion of C(sp?)-Cl is possible in the presence of benzylic
C(sp3)-Cl as well as C(sp?)-Br borylation is feasible in the
presence of C(sp?)-Cl bond. Mechanistic studies indicated
that the reaction does not involve a radical process.
Co(I)/Co(III) cycle was proposed for this reaction. To con-
firm the participation of Co(I) species as the active catalyst,
[Co(IMes),Cl] was synthesized and when used as a catalyst,
it gave the reaction product in 92% yield. The involvement
of Co(I) species in the borylation reaction was further elu-
cidated in a series of NMR monitoring experiments, show-
ing the formation of [Co(IMes),Cl] under the reaction con-
ditions. The mechanism was proposed to involve the fol-
lowing steps: (1) generation of the active catalyst A; (2) lig-
and exchange to produce complex B; (3) reaction with
B.pin,; (4) oxidative addition with aryl halide to form D; (5)
reductive elimination to give the final product.

In 2020, Geetharani and co-workers reported anther ef-
ficient Co-NHC-catalyzed method for borylation of alkyl
chlorides and bromides using bis(pinacolato)diboron
(Scheme 18).9 This reaction proceeds in presence of cata-
lytic amount [Co(PPh,);Cl] (2 mol%), ICy (4 mol%), NaOEt
(1.3 equiv) in MTBE (tert-butylmethyl ether) as a solvent at
50 °C. This method offers access to a wide range of alkyl
boronic esters from unactivated 1°, 2° and 3° alkyl halides.
Impressively, this methodology is also successful to acti-
vate simple alkyl chlorides, a class of substrates that is chal-
lenging in direct borylation reactions. Synthetically diffi-
cult tertiary halides are also competent substrates, furnish-
ing tertiary boronate esters. Mechanistically, the authors
proposed that a radical intermediate might be involved in
the oxidative addition step.

3. Hydrogenation Reactions Catalyzed by Cobalt-
NHC Complexes

Catalytic hydrogenation is among the most important
reactions in organic synthesis and catalysis. Although Co-
NHC catalyzed hydrogenation is far from fully exploited,
notable advances have been recently reported.

3.1. Hydrogenation of Alkynes and Alkenes

In 2013, Chirik and co-workers established a highly effi-
cient protocol for hydrogenation of challenging, sterically
hindered, unactivated tri- and tetrasubstituted alkenes,
utilising bis(arylimidazol-2-ylidene)pyridine CNC cobalt(I)
methyl pincer complex 8 as a catalyst under H, (4 atm) in
benzene at 22 °C (Scheme 19).922 All tested tri-substituted
alkenes responded well to the catalytic conditions giving
excellent yields of the alkane products (>95%). Hydrogena-
tion of a tetrasubstituted olefin, 2,3-dimethyl-2-butene,
was also possible at slightly elevated temperature (50 °C),
illustrating the high reactivity of precatalyst 8, as com-
pared with the corresponding iron counterpart.?2® Based on
extensive structural, spectroscopic, and computational
studies, CNC ligand has been proposed to act as a redox-
active ligand5455°59 that participates in one-electron re-
duction chemistry. Interestingly, the spin density calcula-
tions showed that radicals are mostly localized on the pyr-
idine ring with little influence from the NHC ligands. The
hydride and alkyl group migration onto the C4 position of
the pyridine backbone of the bis(arylimidazol-2-yli-
dene)pyridine chelate was observed and further supported
the localization of the radical on the pyridine ring.

Three years later, Fout and co-workers reported hydro-
genation of olefins catalyzed by Co(I)-NHC CCC pincer
complex, (MsCCC)-CoN,PPh,; g (MesCCC = bis(mesityl-ben-
zimidazol-2-ylidene)phenyl) under 4 atm of H, in ben-
zene-ds at room temperature (Scheme 20).9 Impressively,
reactive functional groups, such as aldehyde, ketone, hy-
droxyl and anhydride, were well tolerated under the reac-
tion conditions. Interestingly, the catalyst was selective for
hydrogenation of terminal alkenes as demonstrated by iso-
prene and 4-vinylcyclohexene, where the disubstituted
olefin remained untouched. Hydrogenation of internal ole-
fins required elevated temperature (60 °C). The addition of
stoichiometric HCI-Et,O to 9 in THF afforded the corre-
sponding Co(III)HCI complex through oxidative addition.
This Co(III)HCI complex was converted back to g by the
addition of hydride transfer reagent, Cp,ZrHCl, emphasiz-
ing the Co(I)/(IIT) redox pathway. Mechanistic studies re-
vealed that Co(I)-(N,) precursor g can exchange N, for H,
and can also facilitate the scrambling of H./D,. The para-
hydrogen induced polarization (PHIP) transfer NMR stud-
ies showed that Co(I) dihydrogen complex A is the key re-
action intermediate and that olefin coordination is reversi-
ble. The reaction mechanism involves the following steps:
(1) generation of dihydrogen complex A by displacing the
N, ligand from g; (2) olefin coordination to form interme-
diate B; (3) oxidative addition of H.; (4) migratory insertion
to give dihydrogen hydride D; (5) reductive elimination,



Scheme 19. Catalytic Hydrogenation of Alkenes using
Co-NHC CNC Precatalysts Reported by Chirik.

R4 8 (5 mol%) R4
R% R3 Hz (4 atm) R%Rs
R2 benzene, 22 °C R2
Selected examples
Substrate Product Substrate Product
)\i u
Ph Ph
X O/\ O/\
>95% (1 h) >95% (5 h)
Jyph /kPh
PR Ph O/ O/
>95% (5 h) 95%(120 h)
P P A\(
>95% (5 h) 69% (24 h)
]
NS
7 N N NTN
O
0

8 (P'CNC)CoCH,

and re-coordination of PPh;. Complexes D and E can re-
generate C via $-hydride elimination.

In the same year, Fout and co-workers reported a
method for semihydrogenation of internal alkynes using
the same Co(I)-(N,) CCC precatalyst g in the presence of
H. (4 atm) in THF at 30 °C (Scheme 21).94 This method is
particularly notable for a wide variety of functional groups,
such as amino, hydroxyl, silyl, furanyl, thienyl, imidazolyl,
boronates that can be tolerated in the semihydrogenation
conditions to give internal olefins in good to excellent
yields (59%-96%) and with excellent E/Z ratios. Interest-
ingly, terminal alkynes are unreactive in this catalytic sys-
tem. Extensive mechanistic studies revealed the initial for-
mation of cis-olefin, followed by Co-mediated alkene isom-
erization to afford the trans-olefin product. Similar to the
previous report, the reaction involves the following steps:
(1) formation of the dihydrogen complex A under H, at-
mosphere from 9; (2) phosphine displacement by alkyne
coordination; (3) oxidative addition of H, onto the cobalt
center; (4) migratory insertion of alkyne to give Co(III)-(r*-
vinyl) hydride/dihydrogen species; (5) generation of cis-al-
kene by reductive elimination, and coordination of PPh; to
regenerate the active species A. The key difference with the
alkene hydrogenation (cf. Scheme 20) is that the cis-trans
isomerization process is initiated by a reversible coordina-
tion of cis-olefin to A. Oxidative addition of H, to cobalt,
followed by migratory insertion of olefin gives Co(III)-al-
kyl dihydrogen/hydride species G and H. Finally, B-hy-
dride elimination affords trans-alkene products, while re-
ductive elimination pathway gives alkanes.

The synthesis of dialkyl three-coordinate Co(II)-NHC
complex [(ItBu)Co(CH.SiMe;),] 10 was reported by Walter
and co-workers in 2018 (Scheme 22).95* The catalytic activ-
ity of complex 10 was evaluated in homogeneous alkene
and alkyne hydrogenation. Cyclic ring systems, such as

Scheme 20. Catalytic Hydrogenation of Alkenes using
Co-NHC CCC Precatalysts Reported by Fout.
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cyclooctadiene and 1-methyl-1-cyclohexene, were fully hy-
drogenated at low catalyst loading (0.5 mol%) using this
catalyst system. In stark contrast, the same substrates were
significantly less reactive in the hydrogenation using re-
lated four-coordinate Co(II)-phosphine complexes [(P-
P)Co(CH.SiMe;).] (P-P =  dppe, 1,2-bis(diphe-
nylphosphino)ethane).os® Challenging tetrasubstituted
olefins, such as 2,3-dimethyl-2-butene, were also tested;
however, gave low yield under the reaction conditions. The
authors synthesized Co(o)-NHC bis(alkyne) complex
[(1eBu)Co(n>-PhCCPh),] using diphenyl acetylene in pres-
ence of H,; however, the complex was unreactive in hydro-
genation reactions. The proposed mechanism involves the
following steps: (1) generation of the reactive [(NHC)CoH,]
species A; (2) olefin insertion; (3) reductive elimination



Scheme 21. Catalytic Semihydrogenation of Alkynes
using Co-NHC CCC Precatalysts Reported by Fout.
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to regenerate A.

In 2020, Liu and co-workers devised a powerful semihy-
drogenation strategy for the synthesis of Z-alkenes, termi-
nal alkenes and aryl conjugated E-alkenes utilising Co-
NHC catalysis (Scheme 23).9° This protocol involves CoCl,
(2 mol%), tridentate ligand precursor 1 (2 mol%) and
tBuOK (16 mol%) under H, (5-10 atm) in THF at room tem-
perature. Among many ligands tested, a lutidine-based
CNC pincer bearing a Dipp-substituent was most effective
in this reaction. The authors showed that the increase of

Scheme 22. Co-NHC Catalyzed Hydrogenation of Al-
kenes and Alkynes Reported by Walter.
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steric bulk of the NHC ligand largely amplified the reactiv-
ity and Z:E selectivity. Interestingly, the choice and utilisa-
tion of base play a crucial role in this reaction; under the
base-catalyzed conditions, terminal alkynes first isomerize
through chain-walking to form internal alkynes. Further,
the base serves to activate the ligand precursor in the reac-
tion, which enables to use imidazolium salt. ‘BuOK as a
base is required for this reaction. The use of other bases,
including NaH, ‘BuONa, LIHMDS, MeONa, KOH, Cs,CO;,
KOAc did not show any reactivity (conversion <5%). De-
pending upon the sequence of addition of base, different
alkene products were obtained. Excellent functional group
tolerance was observed (halides, ester, ether, methoxy, si-
loxy, thioether, alkenyl, heterocycles) to give the corre-
sponding (Z)-2-alkenes in good to excellent yields (74%-
99%) with high Z:E selectivity. In addition, internal alkynes
could also be hydrogenated to give (Z)-alkenes. By increas-
ing the amount of base and temperature, thermodynami-
cally stable aryl-conjugated (E)-alkenes were obtained via
isomerization/semihydrogenation of terminal alkynes.
Deuterium labelling suggested that hydrogenation was ac-
complished from 2-alkyne intermediate (cf. allene).



Scheme 23. Co-NHC Catalyzed Hydrogenation of Ter-
minal Alkynes Reported by Liu.
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In 2018, hydrogenation of alkenes using cobalt(I)-NHC
complex, [(MIMe),Co][BPh,] (M¢IMe = 1,3-dimethyl-4,5-di-
methylimidazol-2-ylidene) 12, as a catalyst and diphen-
ylsilane (Ph,SiH,) was reported by Deng and co-workers
(Scheme 24).97 One of the highlights is the use of one of the
smallest NHC ligands available, MIMe (IMe,Me,, ITMe).
This catalytic system involves Co-NHC complex 12 (5
mol%), Ph,SiH, (1.5 equiv) in THF at 70 °C. The scope of
this reaction successfully included different alkyl and ar-
ylalkenes as substrates. The authors noted that alkene hy-
drosilylation by-products are formed in low amounts (1-
13%). This reaction is chemoselective for terminal alkenes,
while disubstituted alkenes, such as 1,1-diphenylethylene,
(E)-3-octene and (Z)-2-octene, are unreactive due to steric
reasons. Diphenylsilane is required in that the use of other
hydride sources, such as Et,SiH, Ph;SiH, (EtO);SiH and
PhSiH,;, failed to give hydrogenation products. The pro-
posed mechanism involves the following steps: (1) for-
mation of cobalt hydride species A as the active catalyst; (2)
reaction with an alkene to form the alkyl intermediate B;
(3) formation of cobalt silyl intermediate C, which further
reacts with Ph,SiH, to regenerate the active species A.

Scheme 24. Hydrogenation of Alkenes Catalyzed by
[(MeIMe),Co][BPh,] Reported by Deng.
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In 2020, the Liu group reported another strategy for hy-
drogenation of hindered alkenes using Co-NHC catalytic
systems (Scheme 25).9 This reaction involves CoCl, (0.5-
20 mol%), bidentate NHC pro-ligand 13 (1-20 mol%) and
NaHBEL; (3-60 mol%) under H, (10-50 bar) in THF solvent.
Among several pro-ligands tested, including tridentate
pincer ligands, simple bidentate pro-ligands, such as 13
were found to be significantly more reactive under the re-
action conditions. Both NHMe and NMe, substitution of
the ethylene tether of the catalyst gives similar reactivity.
The reaction is compatible with various mono, di-, tri- and
even the most challenging tetrasubstituted alkenes. The
functional group tolerance is also broad, including esters,
amides, bromides, amines and heterocycles. The limit of
this method is in hydrogenation of nonactivated tetrasub-
stituted alkenes, such as pentamethylcyclopentadiene or
2,3-dimethyl-2-norbornene, which are recovered un-
changed from the reaction conditions. Importantly, the
method is readily scalable; a gram scale hydrogenation of
an ethyl acrylate was efficiently performed under the reac-
tion conditions.



Scheme 25. Co-NHC Catalyzed Hydrogenation of Hin-
dered Alkenes using Bidentate NHC Reported by Liu.
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3.2. Hydrogenation of Arenes

In 2019, an intriguing Co-NHC catalyzed regioselective
hydrogenation of polycyclic aromatic hydrocarbons was
reported by Zeng and co-workers (Scheme 26).99 The cata-
lytic system employs Co(acac), (22 mol%) and IPr-HCI (22
mol%) in combination with MeMgBr (1.5 equiv) under H,
(8 MPa). The reaction is selective for the formation of ter-
minal carbocycle-reduced products in moderate to good
yields (34%-89%). The authors showed that cyclic (al-
kyl)(amino)carbenes (CAACs) are less effective than clas-
sical imidazolylidenes, such as IPr, for this reaction. In
terms of scope, sterically-hindered 9,10-dimethyl- or 9,10-
diphenyl substituted anthracenes were efficiently con-
verted to the corresponding octahydroanthracenes at
slightly elevated temperature (60 °C). Pentacene under-
went reduction of the three carbocycles (A, B, C), while the
reduction of perylene proceeded with the reduction of two
carbocycles. This hydrogenation method is scalable and
can be achieved on 10 mmol scale. Theoretical mechanistic
studies suggested the participation of a low-valent cobalt
monohydride, most likely in a zerovalent state, facilitating
the hydrogenation of fused aromatic hydrocarbons.

3.3 Hydrogenation of Nitriles

A well-defined bench-stable cobalt(III) CCC pincer com-
plex (MesCCC)-CoCl,py 14 was introduced by Fout and co-
workers for the hydrogenation of nitriles to amines with
the assistance of Lewis acid (Scheme 27).1°°2 The reaction
takes place using 14 (2 mol%), KOBu (6 mol%) and
NaHBELt; (4 mol%) in toluene under H, (4 atm) at 115 °C.
Other cobalt catalysts, including [(PPh;);CoCl] and
Co(acac); were tested and found inactive in this reaction.
NaHBEt; plays a dual role in this method: (1) to reduce
complex 14 to Co(I) active catalyst; (2) the resulting BEt,

Scheme 26. Co-NHC Catalyzed Regioselective Hydro-
genation of Polycyclic Aromatic Hydrocarbons Re-
ported by Zeng.
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Scheme 27. Co-NHC Catalyzed, Lewis Acid Assisted
Hydrogenation of Nitriles Reported by Fout.
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acts as Lewis acid and assists the hydrogenation. The scope
of this method is very broad, including aromatic and ali-
phatic nitriles containing electron-donating groups (me-
thyl, methoxy, naphthyl, amine) and electron-withdrawing
groups (ester, fluoro, chloro, trifluoromethyl). Substrate
scope studies further revealed that electron-deficient ni-
triles give slightly lower yield. Although 4-acetyl benzo-
nitrile was unreactive under the standard reaction condi-
tions, the use of stoichiometric Lewis acid (BEt;, 1.04 equiv)
furnished the desired primary amine in the presence of the
acetyl group. This chemoselectivity is in a stark contrast
between cobalt and other metals (iron, ruthenium, palla-
dium), which are unselective.’o°®< Mechanistically, the pos-
sible intermediate is cobalt(I) complex (MeCCC)-Co-py,



and pyridine is not essential for catalysis. PHIP transfer
NMR studies indicated a pairwise hydrogen transfer via
Co(I)/Co(IIT) redox process. Lewis acid is crucial in the re-
action through enabling side-on coordination of the nitrile
© orbital to the cobalt center.

Similar well-defined cobalt(I) CCC pincer complex (Mes-
CCC)-Co-py was synthesized by the same group and effi-
ciently used as a catalyst for ammonia-borane dehydro-
genation to form borazine, polyborazylene and (poly(ami-
noborane) (not shown).”

3.4. Hydrogenation of Ketones and Aldehydes

In 2019, hydrogenation of ketones and aldehydes was re-
ported by Liu and co-workers utilizing Co-NHCs with flex-
ible CNC pincer ligands bearing N-H substitution (Scheme
28).2 The method involves in situ formed cobalt(Il)-cata-
lyst 15 or precatalyst 16 (0.5-4 mol%), ‘BuOK or KOH as a
base (5-20 mol%) under H, (10-30 bar) in THF at 60 °C.
tBuOK as a base works best for in situ catalytic system 15,
whereas KOH was identified for preformed catalytic sys-
tem 16. Screening of different NHC pro-ligands showed
that the bulkier N-mesityl wingtip was most effective. A
wide variety of acetophenones, linear and cyclic aliphatic
ketones, including pharmaceutically important molecules,
such as pentoxifylline, progesterone, and testosterone
were chemoselectively reduced to the corresponding alco-
hol products. Aldehyde substrates were also equally effec-
tive for hydrogenation under the same conditions. Notably,
the authors showed the practicality of this method through
gram-scale hydrogenation of acetophenone obtaining 87%
yield with high turnover number (TON = 2610) at room
temperature. Furthermore, stereoselective reduction of
substituted cyclohexanones was achieved by tuning the
steric bulk of the pincer NHC pro-ligands; thus, reduction
of t-butyl-cyclohexanal in the presence of bulky CNC NHC
pincer with N-Dipp wingtips delivered the kinetically con-
trolled cis-4-t-butyl-cyclohexanol (98%, cis:trans >99:1),
whereas the use of small NHC pro-ligand with N-Me wing-
tips furnished the thermodynamically controlled trans-iso-
mer (95%, trans:cis = 89:11). This synthetically useful diver-
gence is attributed to the bulky Co-H species experiencing
more repulsion from the axial side and preference to attack
from the less sterically hindered equatorial C=0 face.

In 2020, the Bala group reported new air-stable six-coor-
dinate Co(III)-NHC complexes 17a-c and tested their reac-
tivity in transfer hydrogenation of ketones (Scheme 29).1°3
The reactions were carried out in presence of cobalt com-
plex 17 (0.4 mol%), KOH as a base (20 mol%) and 2-propa-
nol as both the solvent and the hydrogen donor under re-
flux conditions. N-Me-substituted complex 17a proved to
be more efficient than more sterically demanding 17b or
17¢, hence implying that relatively smaller substituents on
the N-wingtip result in more active catalysts than bulkier
N-substituents for this transfer hydrogenation. Mechanis-
tically, the reaction is proposed to involve single-electron
transfer. The catalyst stability throughout the reduction
was studied by cyclic voltammetry, mass spectrometry, UV
and IR techniques. The authors also found that at higher

Scheme 28. Co-NHC Catalyzed Hydrogenation of Ke-
tones and Aldehydes Reported by Liu.
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Scheme 29. Co-NHC Catalyzed Transfer Hydrogena-
tion of Ketones Reported by Bala.
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complex concentrations, agglomeration of active species in
solution decreases catalytic activity of the catalysts. The
same group reported C-N coupling using (M¢CCC)-Co(I)Cl-
complex .13

3.5. Hydrogenation of Esters

In 2020, the Liu group reported hydrogenation of non-
activated esters to alcohols catalyzed by Co-NHC complex
15 (Scheme 30 cf. Scheme 28).°¢ The catalyst system in-
volves CoCl, (2 mol%), pro-ligand 15 (2 mol%), ‘BuOK (10
mol%) under H, (30 bar) in THF at 100 °C. This reaction
features a broad scope of esters, including aromatic esters,
aliphatic esters, lactones and polyesters as well as pharma-
ceuticals,



Scheme 30. Co-NHC Catalyzed Hydrogenation of Es-
ters Reported by Liu.

CoCl; (2 mol%)
15 (2 mol%)

30 bar BUOK (10 mol%)
THF, 100°C, 16 h

Selected examples
OH OH OH OH OH
\
R Ph X N” o
9 9 8

96%, R = H 75% 4% 6% 0%
99%, R = OMe
OH
. N
HOG A~~~
OH HOL A
94% 66% 78%

all of which were successfully reduced in good to excellent
yields. Interestingly, when the N-Mes wingtip group of the
NHC pro-ligand was replaced by other substituents, in-
cluding Me, Ph, Dipp, no reactivity was observed. This ste-
ric effect indicates a major impact of the ligand structure
on the catalytic activity. Notably, gram-scale hydrogena-
tion was achieved at low catalyst loading with impressive
turnover number (TON = 2,391), indicating high efficiency
and stability of this Co-NHC catalytic system.

4. Hydrofunctionalization Reactions Catalyzed by Co-
balt-NHC Complexes

Hydrofunctionalization reactions are among the most
powerful tools for the direct access to C-Si and C-B bonds.
Owing to the importance of this mode of catalysis, several
reviews on the use of Earth abundant metals for catalytic
hydrofunctionalization reactions have been published.?o5
In this section, our focus is on hydrosilylation and hydrob-
oration reactions catalyzed by cobalt-NHC complexes.

4.1. Hydrosilylation Reactions

In 2013, the Deng group reported well-defined, strongly
electron-donating, silyl-donor-functionalized Co(II)-NHC
complexes 18, which efficiently catalyzed the anti-Markov-
nikov hydrosilylation of 1-octene in presence of PhSiH,
(Scheme 31)."> Single-crystal X-ray diffraction studies of
these air- and moisture-sensitive complexes showed that
all the complexes have a distorted square-planar cobalt(1I)
center. The longer Co-C(benzyl) bonds in the [(IMes')Co]
moiety in 18 are consistent with the strong trans effect of
the silyl moieties. Complexes 18a-c showed very high reac-
tivity in hydrosilylation. Less-sterically hindered complex
18a was the most reactive. Notably, the desired anti-Mar-
kovnikov product could be formed in 75% yield at very low
catalyst loading of 18a (0.005 mol %) at room temperature
with high turnover number (TON = 15,000) in 24 h. In com-
parison to catalyst 18a, cobalt carbonyl [Co,(CO)s] and
monodentate Co(II)-NHC, trans-[(IPr.Me,).CoPh,], were
less effective, highlighting the role of the strongly electron-

Scheme 31. Co-NHC Catalyzed Hydrosilylation of 1-
Octene using PhSiH; Reported by Deng.
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donating silyl ligand for the success of this hydrosilylation
reaction.

Subsequently, in 2014, the Deng group reported three-
coordinated cobalt(I)-alkyl and silyl complex 19 for the re-
gio- and stereoselective hydrosilylation of alkynes (Scheme
32).3 These reactions were catalyzed by 19 (2 mol %) in the
presence of H,SiPh, to deliver 3-(E)-hydrosilylation prod-
ucts at room temperature or 70 °C in excellent yields. In
stark contrast, the use of other well-known alkyne hydros-
ilylation  catalysts, including Co(IMes)(IMes)(N.,),
Co,(CO)s, Rh(PPh,),Cl, and Pt,(dvtms);, afforded mixtures
of B-(E), B-(Z) and a-vinylhydrosilanes. Interestingly, the
three-coordinate Co(II)-NHC complex, (IPr)Co(CH,TMS),,
was also much less effective under the same conditions.

Various phenyl or alkyl substituted terminal alkynes are
suitable substrates for this reaction, offering selective ac-
cess to (E)-vinylsilanes. Notably, 1,6-diynes can be selec-
tively reacted to furnish 1,2-dialkylidenecyclopentanes. In
addition, at elevated temperatures (70 °C), selective syn-
hydrosilylation of internal alkynes could also be accom-
plished. Alkynes bearing a trimethylsilyl group selectively
afforded (Z)-a,a-disilylalkenes, where the Si-atom is adja-
cent to the smaller substituent. Mechanistically, the steric
bulk of N-Ad wingtip directs the reaction selectivity. This
reaction proceeds through a modified Chalk—Harrod-type
mechanism. The proposed mechanism involves the follow-
ing steps: (1) cobalt(I) complex 19 reacts with H,SiPh, to
give the silyl intermediate A; (2) alkyne coordinates to the
intermediate B by replacing the phosphine ligand; (3) mi-
gratory insertion takes place to give the alkenyl metal spe-
cies C; (4) Ph,SiH, reacts with the intermediate C to deliver
the desired hydrosilylation product along with the regen-
eration of the active catalyst A.

In 2016, Fout and co-workers reported highly selective
anti-Markovnikov hydrosilylation of terminal alkenes us-
ing well-defined Co(II)-NHC CCC pincer complex
(P'PPCCC)CoN, (P'PPCCC = bis(diisopropylphenyl-imidazol-
2-ylidene)-phenyl) 20 as a catalyst (Scheme 33)."+ This
method proceeds in presence of 20 (5 mol%) using tertiary
silanes or hydrosiloxanes in benzene at room temperature.
The method is notable for functional group tolerance to
wide variety of substrates, including challenging functional
groups, such as amines, nitriles, aldehydes, ketones, and



Scheme 32. Co-NHC Catalyzed Regio- and Stereoselec-
tive Hydrosilylation of Alkynes Reported by Deng.
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esters, to give the corresponding hydrosilylated products
in good to excellent yields. Furthermore, the method is ex-
ceedingly mild, permitting the successful use of unpro-
tected alcohols and epoxides without ring opening, which
is superior over other base metal catalysts. Cyclic alkenes
and 1,1-disubstitued olefins, such as cyclohexene and limo-
nene, are not reactive, presumably due to steric hindrance
of the Dipp substituents. The proposed mechanism follows
a Chalk-Harrod-type mechanism and involves the follow-
ing steps: (1) oxidative addition of silane with complex 20
to afford the silyl hydride complex A; (2) coordination of
the alkene forms species B; (3) migratory insertion; (4) re-
ductive elimination to provide the hydrosilylation product
and regenerate catalyst 20.

Along the same lines, in 2017, Deng and co-workers re-
ported hydrosilylation of alkenes catalyzed by unsymmet-
rical cobalt(II) amide complex [(IMes/Me)Co(N(SiMe;).).]
21 (Scheme 34)."5 This hydrosilylation reaction is promoted
by 21 (1 mol%) in the presence of HSi(OEt); (1.2 equiv) as
the silane source at room temperature. Interestingly, other
bulky Co(II)-NHC catalysts, such as [(IPr)Co(N(SiMe;),).],
[(IMes)Co(N(SiMe;).).] and [(IMes/Pr)Co(N(SiMe;).).],

Scheme 33. Co-NHC Catalyzed Hydrosilylation of Al-
kenes Reported by Fout.
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were also active under the same conditions; however,
showed lower reactivity than 21. Similar to the previous re-
ports, the functional group tolerance of this Co-NHC cat-
alyzed hydrosilylation is broad, including compatibility
with esters, epoxides and amines. Furthermore, hydrosi-
lylation of 4-vinyl-cyclohexene occurred chemoselectively
at the exocyclic vinyl group, demonstrating the capacity of
21and related Co-NHC catalysts to differentiate steric bulk
in alkenes. Sterically-demanding hydrosilanes, such as
HSiEt; and 1,1,1,3,5,5,5-heptamethyltrisiloxane, were in-
compatible with this reaction. Mechanistically, complex 21
reacts with hydrosilane to provide the low-coordinated co-
balt(I)-amide and cobalt(I)-hydride species, which may act
as catalysts for the hydrosilylation.

In 2018, the Deng group reported two different co-
balt(I)-NHC complexes, [(IAd)(PPh;)CoCl] 22 and
[(IMes),CoCl] 23, for selective 2,1-hydrosilylation and 1,2-
hydrosilylation of alkenes (Scheme 35).97 The reaction was
carried out in presence of 22 or 23 (2-5 mol%) and Ph,SiH,
(1.2 equiv) as the silane source in toluene at 70 °C. The most



Scheme 34. Co-NHC Catalyzed Hydrosilylation of Al-
kenes with Tertiary Silanes Reported by Deng.
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Scheme 35. Co-NHC Catalyzed Hydrosilylation of Al-
kenes Reported by Deng.
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intriguing feature of this protocol is that the use of
mono(NHC)cobalt complex [(IAd)(PPh;)CoCl] 22 (2 mol %)
selectively provided the anti-Markovnikov hydrosilylation
products, while bis(NHC)cobalt complex [(IMes),CoCl] (5
mol %) 23 furnished the highly regioselective Markovnikov
hydrosilylation. Notably, both alkyl- and aryl-substituted
alkenes were smoothly transformed in good yields in the
anti-Markovnikov hydrosilylation. Interestingly, in the
Markovnikov hydrosilylation, although aryl-substituted
alkenes were well-compatible, the alkyl-substituted al-
kenes gave relatively lower yields and regioselectivity.
More sterically-demanding ortho-substituted styrenes and
di-substituted alkenes were unreactive in both of the hy-
drosilylation methods. Mechanistically, the (NHC)cobalt(I)
silyl species and bis(NHC)cobalt(I) hydride species might

Scheme 36. Co-NHC Catalyzed Markovnikov Hydrosi-
lylation of Alkynes Reported by Deng.
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be the key intermediates in the reactions. The selectivity
between anti-Markovnikov and Markovnikov hydrosilyla-
tion might be a result of different steric nature of N-alkyl
imidazolylidene, IAd, vs. its N-aryl counterpart, IMes, and
the potential of IMes to promote m---m interactions with
aryl-substituted alkenes.

Recently, the same group established a novel synthetic
route for the selective Markovnikov hydrosilylation of



terminal alkynes with tertiary silanes using dicobalt(o)-
NHC carbonyl complex [(IPr),Co,(CO)s] 24 (Scheme 36).1
This reaction provides an efficient way to synthesize o-vi-
nylsilanes with excellent selectivity. Apart from the broad
hydrosilylation scope of various alkyl- and aryl-substituted
terminal alkynes, hydrosilylative polymerization of termi-
nal alkynes to produce silicon polymers makes this proto-
col stand out among other Co-NHC catalyzed methods.
Importantly, NHC ligand is required in this system as the
phosphine ligand replacement did not offer desired selec-
tivity of o:f vinylsilanes (observed selectivity 1:2 to 1:1).

Mechanistic studies revealed that among possible cobalt
intermediates, the mono-(NHC)-dicobalt alkyne complex,
[(IPr)(CO),Co(u-n*n>-HCCR)Co(CO);], showed -catalytic
activity at both 60 °C and room temperature. The authors
proposed that the mono(IPr)-dicobalt species is the active
catalyst for the Markovnikov hydrosilylation reaction. o-
Selectivity in the product formation was attributed to the
unique binding pattern of p-n*n*-HCCPh coordination of
alkyne in dicobalt complex 25a and the steric hindrance
engendered by the NHC ligand. The proposed mechanism
involves the following steps: (1) first, the precatalyst 24 re-
acts with the alkyne to form cobalt-alkyne complexes A
and A' followed by dissociation of CO or IPr ligand to pro-
vide B; (2) hydrosilane interacts with species B in a steri-
cally-accessible fashion to give intermediate C, which takes
part in o-bond metathesis; (3) new Si-C bond is formed
upon reductive elimination from D and D'; (4) the desired
alkene product leaves from the intermediate E, keeping the
coordinatively unsaturated dicobalt complex F ready for
the next catalytic cycle.

4.2. Hydroboration Reactions

In 2016, Hollis and co-workers reported a well-defined,
distorted octahedral, CCC pincer Co(III)-NHC complex 26
and its application in hydroboration of styrene (Scheme
37).%7 This air-stable Co-NHC pincer was synthesized from
an isolated Zr-NHC pincer by transmetallation with
Co(acac);. The hydroboration reaction was promoted by
complex 26 (0.3 mol%) as precatalyst in the presence of
HBpin (1 equiv) and LiHBEt; (1 mol%) as the hydride addi-
tive in THF at 22 °C. Markovnikov hydrosilylation product
was obtained with high selectivity (20:1) in this method.

In 2017, selective anti-Markovnikov hydroboration of al-
kenes and nitriles was established by Fout and co-workers
using Co(I)-NHC pincer complex (PPPCCC)CoN, 20
(Scheme 38),"8 which was previously applied in alkene hy-
drosilylation by the same group (cf. Scheme 33)."4 This
transformation shows broad scope and functional group
compatibility, including tolerance to many useful func-
tional groups, such as ketones, esters, amines, allyl ethers,
epoxides. The reaction is sensitive to sterics in that steri-
cally-hindered substrates, such as limonene and cyclohex-
ene, did not afford hydroboration products. In contrast, 4-
vinylcylohexene and isoprene underwent selective hydrob-
oration at the less-substituted olefinic bond. Interestingly,
at higher temperature, the same method could be applied
to various aromatic and aliphatic nitriles, which afforded

Scheme 37. Co-NHC Catalyzed Alkene Hydroboration
Reported by Hollis.
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Scheme 38. Co-NHC Catalyzed Hydroboration of Al-
kenes and Nitriles Reported by Fout.
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the corresponding N,N-bis(borylated) amines in good
yields. Deuterium labelling studies indicated that both 2,1-
and 1,2-insertions pathways were involved in this process;



Scheme 39. Co-NHC Catalyzed Hydroboration of Al-
kenes Reported by Geetharani.

23 (3 mol%) Bpin

HBpin (1.1 equiv)
R R)\ +
THF, 50 °C, 2-16 h

R/\/Bpin

Markovnikov  anti-Markovnikov

a b
Selected examples
Bpin Bpin Bpin Bpin
©/\ Meo\©/\ F\©/\ /@/‘\
Me’
97% 92% 91% 98%
ab =95:5 ab = 89:11 ab =76:24 a:b = 95:5
Bpin Bpin Bpin Bpin
HoN F F3C
74% 95% 39% 98%
ab =937 a:b = 80:20 a:b =61:39 ab =955
Bpin Bpin Bpin .
@/’\ @)\/ O/ C ,Bpin
83% 99% 80% 89%
ab =92:8 a=100% ab =1:99

however, the 2,1-insertion was unproductive and reversibly
underwent f-hydride elimination. The proposed mecha-
nism involves the following steps: (1) oxidative addition of
borane with 20 first generates a Co(III)-hydrido boryl spe-
cies A; (2) the alkene or nitrile substrate coordinates with
A to form the intermediate B, which furnishes both possi-
ble insertion pathways to form Co(IlI)-alkyl intermediates
C and D; (3) reversible -hydride elimination pathway in
secondary alkyl cobalt species D reverts back to B, which
follows the facile product forming pathway to C because of
steric shielding; (4) reductive elimination furnishes the se-
lective anti-Markovnikov product along with regeneration
of Co(I)-catalyst 20.

In 2018, Geetharani and co-workers developed the Mar-
kovnikov hydroboration of alkenes using cobalt(I)-NHC
complex, Co(IMes),Cl 23 (Scheme 39, cf. Scheme 35)."9 The
reaction is promoted by 23 (3 mol%) in the presence of
HBpin (1.1 equiv) in THF at 50 °C. This protocol is effective
for a wide variety of alkenes, including challenging multi-
substituted internal alkenes, such as 1,1-disubstituted and
1,1,2-trisubstituted vinylarenes that furnish valuable
branched alkylboronic esters. The reaction gives higher se-
lectivity for vinylarenes bearing electron-donating substit-
uents than with electron-withdrawing substituents. Inter-
estingly, no hydroborated product was observed when the
analogous cobalt(II)-NHC complex, Co(IMes),ClL,, was
used as a catalyst. The authors proposed that the Markov-
nikov regioselectivity is due to n3-benzylic coordination of
the styryl moiety, which was previously observed in Ni-ca-
talysis. This assumption was further supported by the ob-
servation that aliphatic alkenes selectively produced anti-
Markovnikov products.

Scheme 40. Co-NHC Catalyzed Pauson-Khand Cy-
cloaddition Reported by Gibson.
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Scheme 41. Co-NHC Catalyzed Intramolecular Cyclot-
rimerization of Triynes Reported by Okamoto.
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5. Cobalt-NHC Catalyzed Cycloaddition Reactions

Only few examples of Co-NHC systems in cycloaddition
reactions have been reported to date,>°>> despite ad-
vantages of NHC ligands over phosphines in this mode of
catalysis. In 2003, Gibson and co-workers reported the syn-
thesis of NHC-dicobalt(o) complexes 27-29 and their cat-
alytic application in the intramolecular Pauson-Khand re-
action (Scheme 40).° The authors proposed that phos-
phine-free (NHC)carbonyl-cobalt(o) species,
[(NHC)C0,(CO)¢], is initially formed from 27-29 and pro-
motes the catalysis.

In 2005, Okamoto and co-workers developed the intra-
molecular cyclotrimerization of triynes using NHC-CoCl,
as a catalyst in the presence of Zn as a reductant (Scheme
41). Optimization studies indicated that the bulky IPr was
significantly more effective than IMes in this reaction.
Comparison between metal precursors showed that CoCl,
showed higher activity than NiCl, or PdCL. [(IPr)Co(II)CL]
complex was separately synthesized from IPr/CoCl, in 21
ratio and used for the cyclotrimerization reaction. A vari-
ety of triynes can be used in this cyclotrimerization reac-
tion in high yields; however, as observed in other Co-NHC-
catalyzed reactions, sterically-hindered substrates were
less efficient. The authors proposed that the in situ gener-
ated Co(II)-NHC complex is reduced by Zn to give a low
valent cobalt complex which acts as an active catalyst in
the reaction.



Scheme 42. Co-NHC Catalyzed Cycloaddition of Ene-
diynes Reported by Gandon.
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In 2009, Gandon and co-workers reported a practical ap-
proach to [2+2+2] cycloaddition of enediynes using Co(II)-
NHC system (Scheme 42).2*> This reaction proceeds in the
presence of Col, (1 equiv), Mn (1 equiv), IPr (6 mol%) in
THEF at reflux. Interestingly, the use of PPh; ligand instead
of IPr made this cycloisomerization less effective. Further-
more, the use of other cobalt salts, such as CoCl,, CoBr,,
Co(acac), and Co(acac),, was unsuccessful. This cyclization
was highly efficient compared to the previous related pro-
tocols where a stoichiometric amount of cobalt source was
required along with the large excess of PPh; and Mn.
Meanwhile, Mn is important as a reductant in this method
as the use of Zn did not give any products. Enediynes con-
taining several functional groups and heteroatoms were
well tolerated and provided tricyclic products in generally
high yields. Notably, sterically demanding enediynes can
also be tolerated to give the desired cyclization products.

6. Miscellaneous Reactions

In 2006, Llewellyn and co-workers reported hydro-
formylation of 1-octene catalyzed by cobalt(I)-hydride
complex, [Co(IMes)(CO);(H)], 31 under mild conditions
(Scheme 43).3 Complex 31 could be efficiently synthesised
from the corresponding acyl complex,
[Co(IMes)(CO);(COMe)], 30 under hydrogen atmosphere.
The reaction selectively affords 2-methyloctanal with
branched selectivity (cf. linear nonanal selectivity). The au-
thors proposed that isomerisation of terminal alkene to in-
ternal alkene occurs prior to the hydroformylation step,
and is the reason for the unusual branched selectivity in
product formation. The use of relatively low temperature
in this method prevents the reduction to alcohol by-prod-
uct. The implementation of mild reaction conditions ena-
bled by Co-NHC represents a significant advantage of this
method over the existing Co-phosphine complex,
[Co(PR5)(CO);(H)], in hydroformylation catalysis.

Scheme 43. Co-NHC Catalyzed Hydroformylation of 1-
Octene Reported by Llewellyn.
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Scheme 44. Co-NHC Catalyzed Reduction of Aryl Sul-
fones Reported by Yorimitsu.
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In 2018, Yorimitsu and co-workers reported Co-NHC-
catalyzed reduction of aryl sulfones using primary alkyl
Grignard reagents as a hydride source (Scheme 44).24 The
reaction is efficiently promoted by Co(acac), (10 mol%),
CeH,;MgBr (3 equiv) and IPr-HCI (12 mol %) in THF at 775 °C.
Several other NHC ligand precursors can be used in this
transformation, including ICy-HCl, I(2-Ad)-HBF,, SIPr-HCI,
however, IPr-HCI is the most effective. This reaction fea-
tures broad substrate scope, showing tolerance to pyridyl,
alkenyl and benzylic sulfones. Furthermore, N-tosylindole
was smoothly converted to indole by N-S cleavage.



Scheme 45. Co-NHC Catalyzed Dehydrocoupling of

Hydrophosphines Reported by Deng.
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Scheme 46. Co-NHC Catalyzed Dinitrogen Reduction
Reported by Deng.
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The Grignard reagent must be capable of -hydride elim-
ination as methyl and arylmagnesium reagents were un-
successful. The proposed mechanism involves the follow-
ing steps: (1) generation of low-valent Co-NHC complex A;
(2) oxidative addition with sulfone to form arylcobalt me-
thanesulfinate B; (3) transmetalation with alkylmagnesium
reagent to afford alkylarylcobalt C; (4) B-hydride elimina-
tion; (5) reductive elimination to deliver the desired prod-
uct along with regeneration of the active species A.

Scheme 47. Co-NHC Catalyzed C-H Borylation of Al-
kyl Arenes and Heteroarenes Reported by Maleczka.
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In 2018, the Deng group reported the synthesis of low-
coordinate Co-NHC complexes 34, 35, 37, which feature Co
coordination to primary aryl phosphines. Their reactivity
was compared with Co-NHC complexes 32, 33, 36 in dehy-
drocoupling of primary aryl phosphines to give diphos-
phines (Scheme 45).5 These reactions were carried out in
presence of Co-NHC (10 mol%), H,PAr (2 equiv) in Ds-ben-
zene at 8o °C. The excellent activity of 32-36 in dehydro-
coupling was proposed to arise from the use of strongly o-
donating and sterically demanding NHC ligands.

Subsequently, the Deng group reported a series of NHC-
cobalt-N, complexes 38-40, and their application in dini-
trogen reduction (Scheme 46).2° The authors showed that
all of the prepared NHC-cobalt complexes, Co(o)-NHC 38,
Co(-1)-NHC 39, and Co(II)-NHC [(ICy).Co(1>-R;SiNNSiR;)]
40 or (ICy),CoCl, 41, have the capacity to catalyze the re-
duction of N, with R;SiCl/KCs to give N(SiMe;);. These
NHC-Co catalysts show comparable turnover numbers
(TON = 120) and surpass the efficiency of the known 3d-
metal catalysts.

In 2018, Maleczka and co-workers reported mono- or di-
borylation of benzylic C(sp3)-H bonds using Co(II)-NHC
precatalyst, [(IPr),Co(OtBu),] 42 (Scheme 47).*7 This
method was extended to C(sp?)-H borylation of electron-
rich heterocycles, such as indoles, pyrroles, and pyrazoles.
Borylation of indoline derivatives occurred at the C(sp3)-H
bond adjacent to the nitrogen atom. Competition studies
between toluene and N-methyl pyrazole suggested that
precatalyst 42 favors C-H borylation of C(sp?)-H bonds of
heteroarenes over C(sp3)-H of benzylic alkyl groups. This
cobalt complex 42 is the first 3d transition metal precata-
lyst that promotes selective borylation of primary and sec-
ondary benzylic C(sp3)-H bonds.



Scheme 48. Co-NHC Catalyzed Intramolecular Decar-
bonylative Coupling Reported by Wei.
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In 2020, Wei and co-workers reported an intramolecular
decarbonylative coupling catalyzed by Co-NHCs (Scheme
48).28 This reaction relies on pyrimidine-directed C-C
bond cleavage of 2-acylindoles and pyridine nitrogen-di-
rected C-C bond cleavage of diarylketones to afford syn-
thetically useful biaryl derivatives. The catalytic system in-
volves Co,(CO)s (10 mol%), IMes-HCl (20 mol%) and
CsCO; (40 mol %) in dioxane at 150 °C. The driving force is
the affinity of cobalt to carbonyl groups. Interestingly, the
reaction was unsuccessful under Ni-catalysis. The scope of
the reaction is broad, and as expected, decarbonylation re-
quires high temperature. The method was further exempli-
fied in the total synthesis of pharmaceuticals.

In 2020, Liu and co-workers reported a series of cobalt
complexes for the synthesis of cyclic carbonates from epox-
ides and carbon dioxide (Scheme 49).?° Among the com-
plexes synthesized, complex 43 was the most reactive. The
method allows for achieving high turnover number (TON
=22,500). There is a strong counteranion effect in the order
of Br™ > CI” > I". This method was successfully applied to
challenging internal epoxides and fatty acid-derived epox-
ides with good to excellent yields (50%-94%). Tetrabutyl
ammonium bromide (TBAB) has a crucial role in this reac-
tion, acting as a nucleophilic catalyst. The high activity of
complex 43 relies on the trans effect between NHCs and
acetylacetone ligand, which the authors established
through spectroscopic methods and DFT calculations. DFT
studies indicated an electron transfer process during elim-
ination of the acetylacetone group, which leaves a vacant
coordination site at the cobalt centre and changes the va-
lence state of cobalt from Co(III) to Co(II). The proposed
mechanism involves the following steps: (1) coordination
of epoxide to intermediate A to form B; (2) nucleophilic
bromide attack with TBAB to give C; (3) negatively charged
oxygen in C reacts with carbon dioxide to form an open-
chain intermediate D; (4) nucleophilic attack of oxygen at
the C-Br bond gives intermediate E; (5) release of epoxide
from E regenerates the active catalyst A.

Scheme 49. Co-NHC Catalyzed Carboxylation of Epox-
ides Reported by Liu.
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In 2015, Sarkar and co-workers reported the mesoionic
pyridylcarbene cobalt(IlI) complex 44 in electrocatalytic
H. production, employing acetic acid as a proton source
(Figure 3A).3° Interestingly, the analogous pyridyltriazole
complex 45 and (bis)triazole complex 46 showed no activ-
ity in the reaction. This mesoionic carbene Co(IIl) complex
showed very high turnover number (650,000) during 30
min of electrocatalysis in the reaction-diffusion layer. Fur-
thermore, a TOF of 4x10% s was achieved at very low over-
potential of 0.13 V. The authors proposed that the remark-
able activity of 44 results from a strong C(carbene)~Co bond



A. Catalyst for electro- and photochemical hydrogen evolution

44, 45, 46 = used for electrocatalytic hydrogen evolution 47
47 = used for photochemical hydrogen evolution from water

B. Electrocatalytic CO, reduction to CO

[Co]
electrode
co, — > co
saturated H,0/0.1 M 48: 78%, 49: 91%, 50:98%
NaClO,

Figure 3. (A) Co-NHC Catalyzed Electro- and Photocata-
lytic Hydrogen Evolution Reported by Sarkar and Sakai.
(B) Co-NHC Catalyzed Electrocatalytic CO, Reduction
Reported by Jurss.

in mesoionic carbene ligand. Previously, Sakai reported a
photochemical hydrogen evolution from water employing
Co(IIT)-NHC complex 47.3"

In 2019, Jurss and co-workers reported a series of stable
cobalt(II)-NHC complexes 48-50 for electrocatalytic CO,
reduction (Figure 3B).3* The catalytic activity was found to
increase with rigidity of the ligand: 50 > 49 > 48. Localized
orbital bonding analysis and DFT calculations suggested
that the first reduction is ligand-based to form [Co(II)(L*)]*
species. Kinetic studies indicated that the catalysis is first-
order with respect to catalyst and CO,, and second-order
with respect to H,O at low concentrations.

7. Conclusions and Outlook

As demonstrated in this review, it is evident that Co-
NHC catalysis is a burgeoning area of research with a

plethora of highly active complexes that promote valuable
synthetic reactions.

Transformations, such as cross-cross-coupling, hydro-
genations, hydrofunctionalizations and cycloadditions, ex-
ploit diverse oxidation states of cobalt-NHC catalysts
available from -1 to +3 in their mechanisms. Many of the
developed methods, such as Suzuki cross-coupling, Ku-
mada cross-coupling, hydrogenation of olefins, Markovni-
kov hydrosilylation of alkynes, showed that NHC ligands
are the stand-out choice over the more ubiquitous phos-
phine ligands. Moreover, the unique reactivity of cobalt-
NHC catalysts often outshines the more common 3d tran-
sition metals, such as iron or nickel, in many cases. One-
electron reduction chemistry of Co-NHCs enabled by re-
dox-active CNC ligands also brings a new aspect to this
field. An eye-catching development is the regiocontrolled
hydrogenation and selective hydrosilylation of alkenes cat-
alyzed by different Co-NHC complexes. Electrochemical
transformations under cobalt-NHC catalysis are yet an-
other important development in this area. All of these re-
cent discoveries impart knowledge about the unique reac-
tivity and selectivity of cobalt-NHC catalytic systems.

In general, various well-defined Co-NHC catalysts hav-
ing tetrahedral, trigonal-planar, square planner, trigonal
bipyramidal, octahedral and two-legged piano stool geom-
etry have been employed in catalysis. In many cases, these
catalysts show distortion from standard geometry. Cata-
lytic pathways include redox-neutral, one-electron redox
and two-electron redox pathways. In many cases, a low-va-
lent cobalt species is generated in situ by the reducing
agent present under the reaction conditions. Co-NHC
complexes change their spin states depending on the asso-
ciated ligands, geometry and oxidation states. For example,
[CoCl,(IMes),] characterized by a pseudo-tetrahedral ge-
ometry stays in high spin state (S = 3/2) at ground state;
however, the corresponding  alkyl  complex
[Co(Me).(IMes),] with a square-planar geometry is in low
spin state (S = 1/2). In contrast, [Co(CH,SiMe;),(IPr)] char-
acterized by a trigonal-planar geometry is in high spin state
(S=3/2). Tuning of NHC ligands has a comparatively larger
effect on changes in bond angles of the Co-NHC com-
plexes rather than Co-carbene bond lengths with the ex-
ception of pincer ligands, where Co-Cntc) bond is signifi-
cantly longer in CCC-NHC pincer ligands compared to
CNC-NHC ligands.

This rapidly evolving field also has numerous challenges
that should be addressed. (1) First, the synthesis of stable
and active cobalt catalysts is one of the most important cri-
teria in catalysis for practical applications by a broad range
of researchers, including in academia and industry. Many
of the complexes that have been discussed in this review
are air- and moisture-sensitive, hence, needing a strict in-
ert atmosphere for their synthesis and handling. (2) The
limited diversity in substrates scope is also an issue in sev-
eral established methods. The execution of new cobalt cat-
alytic systems with rational ligand design could address
these limitations. (3) Until now, many C-C cross-coupling
reactions have been reported; however, few reports on C-
X bond forming cross-coupling reactions were perceived.



Thus, the development of new cross-couplings should be
more rigorously explored. (4) Furthermore, there are no
studies to date that have addressed the difference between

in situ generated catalysts and well-defined cobalt catalysts.

(5) Enantioselective transformations, including asymmet-
ric hydrogenations and hydrofunctionalizations is another
important direction using suitable chiral NHC ligands for
Co-NHC catalysis. (6) Apart from that, cobalt~-NHC cata-
lysts should become useful in olefin polymerizations,
which require specific electronic and steric tuning. Thus
far, cobalt-catalyzed olefin polymerization reactions are
mainly based on sterically hindered bis(imino)pyridine de-
rivatives, which could be replaced with bidentate NHC lig-
ands. (7) In another direction, the use of well-defined, sta-
ble and rapidly-activating Co-NHC complexes is still rare
and requires more attention. (8) Finally, more extensive
mechanistic studies need to be routinely conducted to fur-
ther develop the Co-NHC chemistry. A comprehensive un-
derstanding of the mechanisms would result in new ave-
nues for the design and discovery of improved catalyst sys-
tems, which could have widespread applications in various
areas of organic synthesis and catalysis.
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