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ABSTRACT: For decades, transition-metal catalysts based on noble metal have proven to be highly efficient for a wide range of 
organic transformations. However, due to their low abundance and highly volatile price the use of such metal is now critical for the 

economy. Thus, the use of more sustainable alternatives is mandatory and the more abundant first-row transition metals are becoming 
interesting challengers. Among them low-valent 3d transition metals appeared as best candidates as they are intrinsically more reac-

tive than high-valent ones. However, this reactivity implies that these complexes are often in-situ generated putting further away the 
aspect of atom economy and low waste. To circumvent this and to get more insight on the mechanism of reaction the concept of well-

defined complexes has emerged. In this area, due to its historic development and the trouble associate with the preparation of other 
3d transition metal well-defined complexes, cobalt appears as an important player. In this review, after a definition of what is a low-

valent complex and the presentation of the concept of well-defined (pre)catalyst also known as the “single-component” strategy we 
will report the syntheses and applications in catalysis of low-valent well-defined cobalt complexes classify by their oxidation state 

and ligand environment.

1. INTRODUCTION 

Catalysis can be found everywhere in modern organic chemis-

try. Indeed, a large majority of the commercial synthetic com-
pounds is using a catalytic process with always the challenge of 

high efficiency in term of yield but also in term of selectivity. 
In the field of homogeneous catalysis, the transition metals have 

become the most attractive one. By using their d orbital, several 
kinds of functionalities can be activated by oxidative addition, 

reductive elimination or simply by coordination. Numerous ex-
amples of bond activation (H–H, C–H, Si–H…) and function-

alization (C–C, C–Si, C–N, C–O…) are described in the litera-
ture using transition metals. However, in term of efficiencies, 

4d and 5d noble metal are often predominant and thus their de-
velopment during the last four decades was faster than the 3d 

ones. Transition metal catalysis is now facing news challenges 
since the last two decades. Indeed, to solve the main problem of 

noble metal resources, organic chemists must find new solu-

tions using cheaper more abundant metals. The field of the eco-
nomic direct C–H bond functionalization is the perfect example 

to summarize the situation: while reactions using ruthenium, 
rhodium, palladium and iridium have been considerably devel-

oped, it's only very recently that 3d transition metals have 
emerged as major challengers.1 In fact, low-valent 3d transition 

metals appeared as better candidates as they are intrinsically 
more reactive compare to more stable high-valent states. How-

ever, as they are very sensitive to oxidation, the most common 
method to use these highly reactive low-valent 3d transition 

metals is to generate them in situ. Thus, to reach the same se-
lectivities and efficiencies as the noble metals, a mixture of 

metal salt precursor, a proper ligand, a reducing reagent and ad-
ditives are usually required. If the use of Group 1 and 2 metals 

and their organometallic reagents, or metal powders such as 
manganese and zinc, is simple and widely applied, the repro-

ducibility and the formation of a huge amount of reductant-de-
rived metal salt waste is a major drawback. Moreover, the ex-

cess of these reagents makes extremely difficult to identify the 
active species and the reaction mechanisms, thus hampering the 

rational design and modification of the catalytic systems. In or-

der to decipher the operative mechanism leading to potential 
optimized reactions, the atom economy and the waste produc-

tion, the use of well-defined transition metal catalyst appears 

mandatory for the future. If the better candidate to replace pre-
cious metal is obviously the iron with its highest earth abun-

dance and very low toxicity, the trouble associated with prepar-
ing low-valent well-defined iron complexes is somehow repul-

sive.2 In the field of low-valent 3d metals catalysis cobalt ap-
pears historically as the one of most mature and promising 

player. Starting from the Kharash observation in the 40’s for 
Grignard homocoupling,3 through the hydroformylation,4 the 

cycloadditions reactions with the use of Co2CO8 (Pauson-
Khand)5 and the CpCo(I)L2 family ([2+2+2] reactions),6 the 

cross-coupling reactions,7 and now the radical reactions,8 cobalt 
is omnipresent in every field. It is also interesting to point that 

even renowned chemist such as Richard Heck started working 
with cobalt before developing palladium chemistry.9  

 

Figure 1. Illustration of well-defined low valent cobalt cat-

alyst catalytical activity. 

 

Cobalt is a d9 metal that can be found in 7 different oxidation 
states from -I to +V. In this review, we will focus on the evolu-

tion and the recent advances in the use of simple well-defined 
low-valent cobalt complexes (oxidation state from -I to +I) in 

catalysis. We will classify them by their oxidation state and lig-
and environment focusing on isolated characterized cobalt com-

plexes that do not require any other reagent to be efficient in a 
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catalytic cycle (acid or base, reductant, oxidant, or any addi-
tives…). Thus, the complexes and the reactions presented in this 
review will be as simple as the Figure 1. 

2. LOW-VALENT COMPLEXES 

2.1. DEFINITION 

The term of “low-valent” metal complexes is now commonly 

used in many articles and fairly well acknowledged although no 
clear definition nor reviews can be found in the literature. In-

deed, this term does not refer to the valency of the metal but to 
its oxidation state. Joseph Chatt invoked in 1958 in his Intro-

ductory Lecture “The stabilisation of low valent states of the 
transition metals”10 the connection between the valency and the 

oxidation state of a transition metal and gave a preliminary def-
inition of this concept. And no better words could be employed 

to define it than the one from Chatt himself: “When we speak of 
low valent states we mean lower than “normal” and by “nor-

mal” valent states we mean those states of the metals which are 
stable when they occur in aqueous solutions as salts”. To em-

phasize his words, we will naturally take the cobalt as an exam-
ple. The cobalt is a first-row transition metal which belongs to 

the group IX of the periodic table. With an atomic number 
Z=27, it adopts the electronic configuration [Ar]3d74s2. Cobalt 

is in the same column than rhodium and iridium and thus shares 
on some points the same reactivity but is far more abundant and 

cheaper than its congeners. Commercially and stable cobalt 

salts that can be found mostly concern cobalt (II). Among them 
we can mention the Co(acac)2, Co(OAc)2, CoCl2, CoBr2 and the 

Co(NO3)2.
11 Nonetheless, two stable salts of cobalt (III) can also 

be found, namely the Co(acac)3 and the CoF3.
11 So to come back 

to the definition of low-valent metal complexes, we can thus 
describe the stable oxidation state of cobalt as being Co (II) 

which is now well established. Concerning the other reported 
oxidation states, we can find cobalt (–I); (0); (I); (III) and some 

rare examples of cobalt (IV)12 and (V).13 Thus low-valent cobalt 
complexes concern cobalt (–I), (0) and (I). On the contrary, the 

other cobalt species whose oxidation state are greater than (II), 
will be called high-valent cobalt complexes (Figure 2). 
 

 
Figure 2. Classification of known cobalt oxidation states 
 

Due to their respective d10, d9 and d8 electronic configuration 

the cobalt (–I); (0); (I); (III) are more prone to oxidative addition 
(one or two electron processes)14 than the d6 high valent cobalt 

(III).  Thus low-valent cobalt present a larger range of reactivity 
than the high-valent one (Scheme 1). For instance, we can find 

them in cycloaddition processes, hydroelementations, C-H 
bond activation/functionalization, coupling reactions. Some of 

them being versatile and are able to catalyze several types of 
reaction. (Scheme 1a) 

 

Scheme 1. Reactivities of low-valent cobalt complexes vs 

high valent 

Looking at well-defined cobalt (III) such as for instance the 

Cp*Co(III) type of complexes the application are mainly the C-
H bond functionalization with often a neutral redox processes 

even if some Cobalt (V) intermediates are now proposed 
(Scheme 1b).15 Some well-defined cobalt (II) and (III) phorphy-

rin based complexes called carbene radical have unique redox 
properties not shown here cause not comparable to the reactiv-
ities described in this review.16 

2.2. INDUSTRIALLY USED LOW-VALENT METAL 

COMPLEXES 

 After giving a definition of the concept of low-valent metal 

complexes, we will now emphasize their interest in catalysis. 
Indeed, mainly due to their reactivity and their ability to un-

dergo oxidative addition, low-valent metal complexes have 
been widely used in many industrial processes.17 The first one 

is the large-scale production of acetic acid which began in 1960 
by BASF via methanol carbonylation. The CoI2 cobalt salt is 

used to generate the low-valent cobalt (0) Co2CO8 Co-1 which 
then reacts with water and carbon monoxide to give the low-

valent hydrido cobalt (I) HCo(CO)4 Co-2 as the resting state of 
the catalyst.18,19 The high pressure in carbon monoxide required 

and the poor selectivity on methanol led in 1968 to a new pro-
cess using this time a rhodium catalyst. This catalytic system 

developed by Paulik and Roth and known as the Monsanto pro-
cess is also based on a low-valent rhodium (I) RhI2(CO)2

–.20 The 

next improvement onto the carbonylation of methanol was the 
replacement of the rhodium metal center by iridium in order to 

overpass the rate limiting step of the oxidative addition. This 
process industrialized by BP Chemicals as the Cativa process 

relies once again on a low-valent complex, namely the iridium 
(I) IrI2(CO)2

– (Scheme 2a).21 
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Scheme 2. Applications of low-valent complexes in indus-

trial processes 

In the same spirit, the hydroformylation process, also called the 

oxo process, for the synthesis of aldehydes starting from olefin 
derivatives, was first catalysed by the low-valent cobalt (I) 

HCo(CO)4 Co-2. This reactivity discovered by Otto Roelen was 
then industrialized by BASF.4 Just as for the carbonylation of 

methanol, the cobalt catalyst was then replaced by a more effi-
cient low-valent rhodium (I) complex (Scheme 2b), namely the 

Wilkinson catalyst.22 The later is an important and widely used 
low-valent complex, that was described for the first time in 

196523 for the homogeneous catalytic hydrogenation of olefins 
and acetylene.24 Beside this reaction, this powerful catalyst is 

also used for numerous other organic transformations such as 
the catalytic hydroboration of alkenes; decarbonylation of alde-

hydes; [2+2+2] cycloadditions or even atom transfer radical 

polymerization (ATRP) of styrene and many more (Scheme 
2c).25 Finally, beside metals of group IX, another interesting ex-

ample for the application of a low-valent complex as a catalyst 
relies in the hydrocyanation process developed by DuPont and 

using the nickel (0) Ni(P(OPh)3)4.
26 Starting from the butadiene, 

this allows the synthesis of crotyl nitriles (Scheme 2d). As 

shown above, cobalt complexes were at the origin of several 
industrial catalytic reactions, but they have been over passed by 

its noble derivatives. In the perspective of reducing our depend-
ence on noble metal feedstocks, a comeback to cobalt com-

plexes requires an additional understanding to maintain high 
performances. 

 

2.3. THE IN-SITU COMMON USE OF LOW-VALENT 

COBALT COMPLEXES 

We saw the importance and the utility of low-valent complexes 
in industrialized processes. We also saw that low-valent cobalt 

complexes have been part of these industrialized catalysts for 
diverse reactions. In this part we want to rapidly address their 

usual preparation and application using the in-situ approach. In-
deed, as said previously, low-valent cobalt complexes refer to 

Co (–I), Co (0), and Co (I) which are usually not the common 
oxidation states found for commercialized cobalt salts. Thus, as 

they are sensitive and highly reactive to air, one of the most 
common ways to generate low-valent cobalt complexes is to 

generate them in situ starting from the commercially available 
high valent cobalt salts. These Co (II) and Co (III) salts have the 

advantages to be inexpensive and widely available. Starting 
from these commercialized salts, other Co (II) can be easily ob-

tained in one step by adding L-type ligands such as phosphine 
or bipyridine for instance. It generally leads to L2CoX2 type 

complexes where L are the added ligands and X the halogens 
(X = I, Br, Cl). These resulting complexes can also be used as 

starting pre-catalysts to form low-valent cobalt complexes.  
Going from a Co (II) to a Co (I) or even lower oxidation states 

requires a reductant. A first simple way to proceed is the use of 
metal powders such as Zn or Mn. Usually applied on L2CoX2 

type complexes with X = Br, Cl, this methodology has been em-
ployed for various reactions27,28 (Scheme 5a and 5b). To men-

tion only few of them, there is the heterodimerization of acry-
lates or 1,3-dienes reported by Hilt and co-workers;29 the hydro-

genation of enamide reported by Chirik;30 the vinylation of aryl 
halides31 and other coupling reactions widely developed by 

Gosmini.32 In the same spirit, indium powder has also been used 
by Dong and co-workers as a reductant starting from the iodide 

analogue pre-catalysts L2CoI2 for C‒H bond activation33 
(Scheme 5c). Another methodology which has been extensively 

explored is the use of alkali or alkaline earth metals and their 
organometallic reagents. Indeed, Grignard reagents mixed with 

the same L2CoX2 type complexes or the commercialized salts 
Co(acac)n=2,3 have been mostly used for C‒H bond activation 

reactions by several groups34 (Scheme 5a-b and 5d-e). Among 

them we can cite the group of Yoshikai who was pioneer in this 
field and the groups of Nakamura and Ackermann as well. The 

other reactivity that can be achieved with Grignard reagents is 
again cross-coupling reactions starting from halides substrates 

developed by Gosmini and Cahiez.7 A completely different 
method to generate in-situ the low-valent cobalt complexes 

without the use of another chemical reagent is the use of elec-
trochemistry, and particularly an iron anode.32 These previous 

methodologies using either metal powders, organometallic rea-
gents or electrochemistry leads to Co (I) or Co (0) species which 

are formed in-situ and most of the times not isolated nor fully 
characterized (Scheme 3). Some publication using this ap-

proach even mention “[Co0] or [CoI]” as the catalyst in the pro-
posed catalytic cycle, without any real knowledge of the oxida-

tion state of the catalyst or the ligands surrounding it. 

 
Scheme 3. Generation of low-valent cobalt complexes from 

metal powders or organometallic species 

Other methods to generate low-valent cobalt complexes have 
also been developed. The metal hydrides NaHBEt3 and the an-

alogues NaBH(sBu)3 and LiBHEt3 have been used on L2CoX2 
type complexes by the groups of Milstein and Fout for formyla-

tion and hydrogenation reactions35 (Scheme 5a and 5b). Chirik 
and co-workers also demonstrated that it was compatible with 

the hydroboration of alkenes.36 The sodium borohydride NaBH4 
could also be used for hydrogenation reactions starting from the 

commercially available salts Co(acac)2 or Co(OAc)2 (Scheme 
5e and 5f).27 Aluminium reagents such as AlMe3 or Al(iBu)3 are 

also efficient reductant to afford low-valent cobalt complexes 
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(Scheme 5b and 5d) and have been used for example by Ra-
janbabu for the hydrovinylation of 1,3-dienes.37 Finally, more 

recent reports mostly from the group of Ge38 but also from the 
group of Chirik39 disclosed the use of other hydride reagents 

such as silanes or boranes to generate low-valent cobalt species 
(Scheme 5e and 5f). Starting from the Co(acac)2 or Co(OAc)2 

salts, this methodology was used both for hydrosilylation and 
hydroboration reactions. In these cases, the generation of low-

valent cobalt complexes from the Co (II) leads to the formation 
of a Co (I) which usually further reacts to generate at the end a 

cobalt hydride (Scheme 4). 
 

 
 

Scheme 4. Generation of low-valent cobalt complexes using 

hydrides donor reagent 
 

Regarding the synthesis of Co (–I) which is less described, 
harsher conditions are required with very strong reductant such 

as KC8 which directly leads to the desired low-valent cobalt 
complex. 

 

 
Scheme 5. Non-exhaustive usual methods to generate in-

situ low-valent cobalt catalysts 

We saw the great interest of low-valent metal complexes and 

particularly cobalt ones. However, as seen previously, their 
preparation usually requires additives which can be metals or 

hydrides. These types of preparations lead to in-situ generated 

low-valent species which are not isolated. This is why we will now 

introduce the second concept that we will follow during all this re-
view namely the concept of “well-defined” metal complexes. 

3. WELL-DEFINED COMPLEXES 

3.1. DEFINITION 

Well-defined catalysts or precatalyst (considering for instance 

an in-situ ligand release) rely on complexes prepared upstream, 
usually from commercially available salts, which are purified 

and isolated as a whole specie. As a result, these final catalysts 
can be fully characterized in term of structure and oxidation 

state. First and foremost, these complexes are then used as cat-
alysts of the reaction with no need of additional reagent such as 

acid or base, reductant or oxidant to perform the catalysis (Fig-

ure 1). This concept of well-defined catalyst has also been re-
cently designated by Don Tilley40 as the “single-component” 

strategy which provides a straightforward path to access the ac-
tive catalyst by introducing the reactants and in some cases an 

external stimulus. Which is not the case for in situ generated 
catalysts starting from precursors reduced or oxidized in-situ. 

3.2. ADVANTAGES OF WELL-DEFINED 

(PRE)CATALYSTS 

Beyond the major drawback of in situ generated catalysts which 

is the formation of a great amount of reductant-derived metal 
salt wastes, the huge advantages of well-defined catalysts also 

rely on the mechanistic study and the tolerance towards func-
tional groups. Indeed, the use of well-defined metal complexes 

facilitates the knowledge of the active catalyst because no addi-
tives are needed, only the catalyst and reactants co-exist in the 

medium. Analyses give then direct access to either catalytic in-
termediates or products and by-products of the reaction. The 

isolation of metallic intermediates is thus facilitated. Clément 
Mazet also summarized this point: “During optimization stud-

ies, the necessity of systematically preparing each and every 
catalyst might be a rather time-consuming task, but mechanistic 

information may be gleaned more readily by following this ap-
proach.”41 The choice of the well-defined approach also gets a 

more realistic value of the catalyst loading. Indeed, in this case 

the amount of (pre)catalyst loading is usually a right reflection 
of the active catalyst concentration, unlike the in-situ generation 

which can lead to multiple inactive or competitive catalytic spe-
cies.41 At the same time, because no additives are needed, such 

as strong reductants or oxidants, a wider range of sensitive func-
tional groups can be used in starting materials. Finally, another 

advantage of well-defined complexes is the reproducibility they 
offer. Indeed, this single component strategy is easier to repro-

duce with less uncertainties than the in-situ one which involves 
several components for the generation of the catalytic species. 

Therefore, we will focus exclusively on well-defined (pre)cata-
lysts for the rest of this review. 

4. WELL-DEFINED LOW-VALENT COBALT 

COMPLEXES 

We saw the advantages of both low-valent metal complexes and 

well-defined catalysts. In this part we will now focus on low-
valent well-defined cobalt complexes and we will report both 

their syntheses and their applications in catalysis. As described 
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before, low valent cobalt complexes refer to cobalt (–I), cobalt 
(0) and cobalt (I) that we will present in ascending order. 

 

4.1. COBALT (–I) 

Cobalt (–I), also known as cobaltate, are the species with the 
lowest oxidation state known to date for cobalt. Few examples 

have been reported so far and even less have been applied in 
catalysis as well-defined catalysts. The first one has been dis-

covered in 1952 through the reduction of Co2CO8 Co-1 with 

sodium amalgam or sodium-ammonia to give NaCo(CO)4 
Co-3. Since, new methodologies starting from different sources 

of “Co(CO)4” and other reducing agents have been developed. 
The potassium, lithium and thallium analogues of Co-3 have 

been synthetized and characterized.42 Its synthetic application 
was first investigated by Heck in 196343 with halogenated com-

pounds giving the acyl cobalt species Co-4 after insertion of a 
carbon monoxide (CO) (Scheme 6). These various isolated acyl 

cobalt tetracarbonyls Co-4 have then been used in stoichio-
metric amount for various reactions (Scheme 6).42 

 
Scheme 6. Stoichiometric reactions performed with the acyl cobalt tetracarbonyl Co-4 

 

Indeed, these acyl cobalt species Co-4 can react with nucleo-
philes. Heck first disclosed this reactivity by using either NaOH 

or NaOMe which allowed to afford ester derivatives (Scheme 
6a).43a The same reaction could also take place in an intramolec-

ular manner, as reported by Caubere and Foà, leading both to 
lactones and lactams (Scheme 6b).43f,g On the other hand, Krafft 

early reported the insertion of an alkyne into the acyl cobalt 
tetracarbonyl species Co-4, leading to the corresponding vinyl 

cobalt (Scheme 7). After insertion of a carbon monoxide (CO) 

and further addition of the ketone to the acyl cobalt followed by 
proto-decobaltation, he could obtain butenolide derivatives 

(Scheme 6c and 7).43b With the same idea, very interesting re-
activities have been found when using unsaturated partners such 

as conjugated diene or allene derivatives (Scheme 6d and 6e).43e 
In both cases, the acyl cobalt Co-4 undergoes the insertion into 

the unsaturated system to form a π-allyl complex which can ei-
ther react with a base to release the corresponding acylated 
diene (Scheme 6e) or with a nucleophile (Scheme 8).  

 

Scheme 7. Proposed mechanism for the stoichiometric syn-

thesis of butenolide 
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Bates reported that when linking this nucleophile to the allene 
moiety, it could elegantly allow the intermolecular cyclization 
of the product (Scheme 6d).43e 

 

 

Scheme 8. Stoichiometric reaction between Co-4 and dienes 

or allenes 

This strategy, even if stoichiometric, still has some interest 
since Rovis reported in 2014 that cobaltate Co-3 could undergo 

the insertion into the trifluoroacetic acid and then provide the 
fluorinated acyl cobalt which further reacts with a diene, to af-

ford fluoroacylated compounds (Scheme 6e) via the same 
mechanism presented before (Scheme 8).43d  

 

 

Scheme 9. Stoichiometric and catalytic reactions per-

formed with Co-3 

Rather than going through the acyl cobalt Co-4 which had to be 
synthetized for each reaction, NaCo(CO)4 Co-3 can also be di-

rectly used as the catalyst of the reaction (Scheme 9). It was 
disclosed first in stoichiometric conditions with Alper who re-

ported in 1977 a very interesting way to synthetize tetra-substi-
tuted alkenes starting from organosulfur reagents (Scheme 

9a).44 This McMurry-like reaction implies two primary succes-
sive thiophilic additions into the cobaltate Co-3. A cyclizing re-

arrangement then occurs to release the cobaltate –SCo(CO)4 and 
the thiirane, also called the episulfide, which then leads to the 
corresponding olefin (Scheme 10).  

 

 

Scheme 10. Stoichiometric desulfurization using Co-3 

Insertion into epoxide or aziridine derivatives have also been 

explored (Scheme 9b), first with a stoichiometric amount of Co-

3 which undergoes the opening insertion followed by the carbon 

monoxide (CO) insertion. The resulting acyl cobaltate is, as 
seen before, trapped by methanol (MeOH) to give the ester.45, 

Catalytic conditions have recently been developed based on the 
use of carbon monoxide (CO) pressure to regenerate the cobal-

tate complex Co-3 after the insertion. Still using epoxides or 
aziridines, Alper was the first one to report the catalytic activity 
of Co-3 to synthetize β-lactams (Scheme 9b and 11).46 

 

Scheme 11. Catalytic cycle for the synthesis of β-lactams 

using Co-3 

 

This work has since been widely extended by Coates and co-
workers. By introducing the relevant Lewis-acid (salph)Al(thf)2 

and other similar ones, he could play on their design and control 
both the regioselectivity and the enantioselectivity of this reac-

tion (Scheme 9b).47 Similarly, Romàn-Leshkov reported in 
2018 the synthesis of anhydrides thanks to the addition of the 

cobaltate Co-3 into β-lactones, also assisted by a Lewis-acid 
(Scheme 9c).48 Finally, Li reported in 2013 the possibility to 
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synthetize amide derivatives starting from the corresponding 
tertiary amines and an alkyl halide with a catalytic amount of 

Co-3 (Scheme 9d).49 The cobalt catalyst Co-3 first interacts 
with the alkyl halide to give the alkyl cobalt which undergoes 

the insertion of an additional carbon monoxide (CO) molecule. 
The halide then promotes the release of the acyl halide from the 

resulting acylated cobalt Co-4. The tertiary amine then reacts 
with the acyl halide to form the desired amide (Scheme 12).  

 

Scheme 12. Catalytic cycle for the synthesis of amides us-

ing Co-3 

Taking advantage of the isoelectronicity of isocyanides com-

pared to carbon monoxide, analogues of the cobaltate 
NaCo(CO)4 Co-3 have also been explored. Thanks to prelimi-

nary results reported by King in 197250 then by Stone and Green 
in 1977,51 Cooper disclosed the synthesis of the first isocyanide 

cobaltate KCo(CNPh*)4 Co-5 in 1994 (Scheme 13a).52 This 
class of complexes has long been unexplored until the more re-

cent work of Figueroa who reported in 2010 that the mesityl 
isocyanide cobaltate NaCo(CNMes)4 Co-6 could be used to 

synthesize their Co (0) Co-7 and Co (I) Co-8 and Co-9 ana-
logues (Scheme 13b).53  

 

Scheme 13. Synthesis and use of Co-5 to Co-9 as analogs of 

NaCo(CO)4 Co-3 

Another famous category of well-defined cobalt (-I) is the co-
balt-arenes. The first characterisation and isolation of cobalt-

anthracene Co-10 has been described by Ellis in 2002 (Scheme 
14).54 

 

Scheme 14. Example of synthesis of anthracene cobalt (–I) 

Ellis, Tsay and mostly the group of Jacobi Von Wangelin then 

extended their syntheses to other arenes-based cobalt com-
plexes.55,56 They demonstrated that the anthracene could be re-

placed by naphthalene, cyclooctadiene, the analogue dibenzo-
cyclooctadiene or even styrene as ligands to afford Co-10-Co-

15 (Figure 3). 

 

Figure 3. Cobalt-arenes used in catalysis 

The group of Jacobi Von Wangelin demonstrated their high po-

tential in catalysis. They indeed reported that such complexes 
were efficient catalysts for the hydrogenation of olefins, ke-

tones and aldimines (Scheme 15).56 Among them, aryl but also 
aliphatic olefins were suitable using Co-10 as the catalyst under 

hydrogen pressure (Scheme 15a). Regarding polar starting ma-
terials, both aryl and aliphatic ketones but also aldimines could 

efficiently be reduced with the same catalyst (Scheme 15b). If 
the scope of substrates was made with Co-10, all the complexes 

presented above were explored as catalyst56b for the hydrogena-
tion of styrene and 1-dodecene and the best activity was ob-

tained for complex Co-11. However, regarding the reduction of 
imines or ketones, Co-10 remained the best candidate. Re-

cently, the groups of Wolf and Jacobi von Wangelin also devel-
oped a new generation of cobaltate complexes based on the 

bis(imino)acenaphthene (BIAN) ligand that they applied in al-
kene hydrogenation and other application.57 
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Scheme 15. Hydrogenation of a) olefins; b) ketones and al-

dimines using cobalt-arenes as catalysts 

The last category of well-defined cobalt (–I) catalysts relies on 

dinitrogen cobalt ion complexes. In 1976 Klein reported the 
very first example starting from the dinitrogen trime-

thylphosphine cobalt hydride and diethylmagnesium.58 The re-
sulting complex Co-16 is a dinuclear cobalt (–I) with a Co-NN-

Mg-NN-Co bridging core system (Scheme 16a). Between 1978 
and 1983, Yamamoto described the isolation of other analogues 

Co-17 bearing PPh3 or PPh2Et instead of PMe3 and lithium 

counterion instead of magnesium.59 He reported that these com-
plexes, where N2 is activated, could be converted into hydrazine 

and ammonia by treating the complex with an acidic medium 
such as hydrochloride (HCl) or sulfuric acid (H2SO4) (Scheme 

16b). These complexes appeared as very interesting molecules 
since Miller and Long synthetized very recently a similar new 

complex Co-18 with a tridentate phosphine (Scheme 16a).60 We 
will see that the discovery of these promising dinitrogen cobalt 

complexes and this preliminary reactivity result were of course 
followed by others for the activation of small molecules. 

 

 

Scheme 16. a) Structures of Co-16; Co-17 and Co-18; 

b) Application of Co-17 for the hydrogenation of N2 

In a similar manner, the mononuclear complex Co-18 was syn-
thetized by Yamamoto and Kasai59 using n-BuLi to generate it, 

starting from HCo(N2)(PPh3)3 Co-19 (Scheme 17a).40 This 

complex was then applied in catalysis by Don Tilley in 2020 
and 2021.61 Co-20 was used as a well-defined catalyst for the 

C‒H bond activation of aromatic imines with alkynes and al-
kenes as partners (Scheme 17b).61 

 

Scheme 17. Synthesis of Co-20 and application in catalysis 

Rather than monodentate phosphines as ligands, Peters also 
synthetized in 2015 the Co (–I) Co-21 bearing the tetradentate 

ligand o-(iPr2P)C6H4]3B (TPB).62a Starting from the Co (0) Co-

2262b in presence of NaC10H8 and 12-crown-4, Co-21 could be 

isolated and fully characterized including an X-Ray structure 
(Scheme 18a). This complex was also successfully used as a 
catalyst for the reduction of N2 into NH3 (Scheme 18b). 

 

Scheme 18. a) Synthesis of Co-21; b) Application of Co-21 

for the reduction of N2 

In parallel, Lu reported in 2017 the synthesis of a new well-
defined cobalt (–I) Co-23 based on a group 13 metalloligand 

(M= Al, Ga, In),63 starting from the commercially available salt 
CoBr2 reduced by the sodium/mercury amalgam and further an-

ionized with the bis(triphenylphosphine) iminium (PPN) 
(Scheme 19a). This innovative complex was then introduced by 

the same group as an efficient catalyst for the hydrogenation of 
CO2 to formate (Scheme 19b).64 
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Scheme 19. a) Synthesis of Co-23 and b) application in ca-

talysis 

The complex Co-23-H2 undergoes the oxidative addition of the 

dihydrogen (H2). The carbon dioxide is then converted into for-

mate and further liberates the corresponding anion HCO2
-. The 

only role of the base here is thus to transform the formic acid 

into the formate during an off-cycle, without any interaction 
with the metal complex (Scheme 20).  

 

Scheme 20. Mechanism for the hydrogenation of CO2 using 

Co-23 

Deng reported in 2018 the synthesis of a NHC-based bis(nitro-
gen)cobalt (–I) Co-24 starting from a cobalt (I) chloride which 

is reduced with KC8 into the cobalt (0) and then in cobalt (–I) 
by the introduction of a metal (Scheme 21a).65 Just as the com-

plex Co-18 developed by Miller and Long (Scheme 16a),60 this 
complex Co-24 was used for the catalytic silylation of nitrogen 

(Scheme 21b). In presence of a stoichiometric amount of 
Me3SiCl, the complex Co-24A is formed with an X-Ray struc-

ture of the side-on form which could be obtained. The authors 
suggest that a further addition of Me3SiCl and KC8 promotes the 

generation of Co-24B which then releases the silylated 
N(SiMe3)3 under the sale conditions (Scheme 21c). 

 

Scheme 21. a) Synthesis of Co-24 and b) application in ca-

talysis. 

4.2.  Cobalt (0) 

For a long time the binary Co2CO8 Co-1 was the most famous 

well-defined cobalt (0) complexes. Its ability to easily exchange 
a CO ligand for another donor one and its affinity towards al-

kynes made it a catalyst of choice. Despite being a source of the 
“Co(CO)4” moiety as we have seen in the previous paragraph 

(see section 4.1.), the Co2CO8 Co-1 has been famously known 
by Chalk and Harrod in 1965 for its reactivity towards hy-

drosilanes.66 Further than that, in presence of a triple bond, the 
Co2CO8 Co-1 acts as a protecting group and leads to a cobalt-

alkyne complex Co-25 with the loss of two CO ligands (Scheme 
22). This resulting cobalt-alkyne complex can then undergo dif-
ferent type of reactions.  
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Scheme 22. Overview of the reactivity of Co2CO8 with al-

kynes. 

We will not compile a catalogue of all the published examples 

for these various reactions given the number of excellent re-
views and book chapters already reported.67 We will however 

summarize the main types of reactivity which have been re-

ported (Scheme 22). The first type of reaction that can be men-
tioned is electrophilic reactions, also known as the Nicholas re-

action. The cobalt-alkyne complex Co-25 bearing an alkoxy 
group is activated by a Lewis-acid generating a cation which is 

trapped by an additional nucleophile, providing a substituted al-
kyne at the end (Scheme 22a). The second well-known type of 

reaction is the Pauson-Khand reaction which has been largely 
and is still used for the synthesis of α,β-cyclopentenones 

(Scheme 22b). The cobalt-alkyne species Co-25 reacts with an 
alkene followed by an insertion of a carbon monoxide (CO) to 

release the final product. The next type of reaction is the 
[2+2+2] cycloaddition. Indeed, the use of this catalyst is a 

straightforward method for the preparation of phenyl patterns 
starting from three alkynes moieties (Scheme 22c). Finally, the 

last type belongs to radical reactions. Using different method-
ologies depending on the substituent on the cobalt-alkyne Co-

25, it is possible to generate a radical in alpha position of the 
cobalt center. The recombination with another radical species 

then affords the corresponding substituted alkyne (Scheme 
22d).  

As before (section 4.1), the analogue Co2(CNtBu)8 Co-26 of 
Co2CO8 Co-1 bearing isocyanide ligands has also been synthe-

sized by Stone and Green in 1977.51 The X-Ray structure re-
veals a similar skeleton than Co-1. Its application in catalysis 

as a well-defined catalyst was disclosed more recently in 2018 
by Nagashima for the hydrosilylation of alkenes using hy-

drosiloxanes (Scheme 23).68 

 

Scheme 23. Hydrosilylation of alkenes using Co-26 

Beyond the Co2CO8 Co-1 catalyst, Klein and co-workers dis-

closed in 197169 the synthesis of a phosphine-based cobalt (0) 

complex Co(PMe3)4 Co-27 and its stoichiometric reactivity to-
ward nitric oxide and azobenzene.70 Since, it has been shown 

that this complex can undergo multiple reactions. Orsini de-
scribed in 1994 an aldol-type coupling reaction between an α-

bromo ketone and carbonyl compound for the formation of C‒
C bonds (Scheme 24a).71 Shortly after, Deming used the same 

cobalt (0) Co-27 as an efficient initiator for the controlled 
polymerization of α-amino acid-N-carboxyanhydrides (NCAs) 

(Scheme 24b),72 a procedure that is still used by this group for 
their numerous works in this field of application. More recently, 

Co(PMe3)4 Co-27 has also been reported as an efficient catalyst 
for the reduction of alkynes and alkenes through hydrophos-

phorylation73 and hydrosilylation74 respectively (Scheme 24c). 

 

Scheme 24. Application of Co-27 in catalysis 

This well-defined cobalt complex also played an important role 

in bond activations. The halogen-bond activation started with 
Li and Sun in 2013 on C‒F75 and C‒Cl76 bonds. For halogenated 

benzenes, sodium formate is used as the source of hydrogen to 
promote the hydrodehalogenation (Scheme 25a). In the other 

case, the imine plays the role of the directing group and an or-
ganozinc reagent allows the transmetallation to afford the alkyl-

ated or arylated product (Scheme 25b).  

 

Scheme 25. Application of Co-27 in catalysis for C–X bonds 

activation/ functionalization  
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Scheme 26. a) Application of Co-27 in catalysis for C-H 

bonds activation/ functionalization. b) LLHT transition 

state 

The challenging C‒H bonds activation has been achieved by the 
Petit’s group in 2015 on various substrates.77 The use of the 

well-defined catalyst Co-27 was a breakthrough in C‒H bond 
activation catalyzed by low valent cobalt catalysts as it was the 

first one on a wide variety of substrate where the use of an ad-
ditional reducing agent such as a Grignard reagent was not nec-

essary. Alkynylation of diverse imines with different alkynes 

could thus be performed (Scheme 26a.1).77a When using α,β-
unsaturated imines in the same conditions, 1,2-dihydro-

pyridines were obtained (Scheme 26a.2).77b Finally, intra- and 
intermolecular C‒H bond activation/functionalization could 

also be performed on indoles bearing an imine as directing 
group and an alkyne or alkene group to provide polycyclic prod-

ucts (Scheme 26a.3).77c The simplicity of the catalyst allowed 
to perform detailed mechanistic studies, including deuterium-

labelling experiments and DFT calculations. The group of Petit 
disclosed an interesting ligand-to-ligand hydrogen transfer 

(LLHT) mechanism was operational, a pathway not previously 
proposed for cobalt-catalyzed C–H functionalization. This 

mechanism, that could not previously be proposed due to the 
complex mixtures involved in generating the catalytic species, 

was later confirmed by Ackermann and is now well-established 
in the field of cobalt C–H bond activation.78 In the same cate-

gory of phosphine-based catalysts, Chirik described in 2014 a 
new class of bisphosphine and COD-based cobalt (0) Co-28 

(Scheme 27a) easily prepared from the corresponding cobalt 
(II) halide or the cobalt (I) halide dimer in presence of zinc and 

cyclooctadiene.30 Others have been prepared using this time a 
bis-alkyl precursor in presence of hydrogen and COD. Espe-

cially some of them with chiral bisphosphines such as Co-29 

showed very good chiral induction in a high throughput evalu-

ation for the enantioselective hydrogenation of enamides 
(Scheme 27b.1). 79  These catalysts were also used for the deu-

teration of α,β-unsaturated carboxylic acids (Scheme 27b.2)80 
and the hydrogenation of alkenes.79a However, if they have been 

reported as efficient well-defined catalysts, very few examples 
were reported using this methodology and the in situ generation 

was usually preferred with the addition of Zn dust for the sub-

strate scope. 

 

Scheme 27. a) Structure of Co-28 and Co-29 and b) their 

application in catalysis 

Grützmacher developed for his part a cobalt (0) catalyst Co-30 
with a trop2NH ligand (Scheme 28a) for the selective oxidation 

of phosphines including highly sensitive ones bearing a C=C, 
P‒H or P–P bond which cannot be achieved by a classical aer-

obic oxidation.81 The use of the greenhouse gas nitrous oxide 
(N2O) as the source of oxygen leads to clean and selective reac-

tion under mild conditions with N2 as the sole by-product 

(Scheme 28b). 

 

Scheme 28. a) Structure of Co-30 and b) its application in 

catalysis 

The last class of well-defined cobalt (0) catalysts belongs to the 
NHC (or CAAC)-cobalt complexes,82 whose first example Co-

31 was reported in 2003 by Gibson83 followed in 2014 by 
Deng,13 Peters and Bertrand,84 Roesky85 and others later86 

(Scheme 29a). They have been isolated and characterized with 
few of them being used in catalysis. Gibson reported the effi-

ciency of Co-31 for the Pauson Khand reaction (Scheme 
29b.1).83 Deng and co-workers then have been exploring the re-

activities of low-valent NHC-cobalt (0) towards the activation 
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of silanes,87a including hydrosilylation of alkynes,87b,c the acti-
vation of phosphine-aryl (Scheme 29b.4)88 and nitroso-aryls 

compounds since 2017.89 

 

Scheme 29. a) Selected well-defined NHC-cobalt (0) cata-

lysts and b) selected applications in catalysis 

4.3.  Cobalt (I) 

Well-defined low-valent cobalt (I) species is the category where 

we can find the greatest number of catalysts reported. This is 
why we will divide them according to their ligands environ-

ment. We will first present the MLnX class where L= CO, PR3 
and n= 1,2,3. We will then focus on the specific case of pincer 

ligands, followed by the cyclopentadienyl ones. Finally, we will 

finish by the emerging NHC-based complexes. 

4.3.1.  MLnX cobalt complexes (n=1,2,3)  

The MLnX is one of the most abundant configuration for homo-

geneous cobalt complexes with the ML4X which represents 
34% of structure occurrence according to the MLX plot re-

ported by Crabtree and Mingos.90  

The first example we can mention is the well-known HCo(CO)4 

Co-2 which was used and industrialized for carbonylation of 

methanol and hydroformylation reactions as presented before 
(see section 2.2.). Once again, its cationic analog 

[PF6]Co(CNtBu)6 bearing isocyanide as ligand was synthetized 
first by King in 1972.50 The hydrido analogue HCo(CNMes)4 

Co-9 was later synthetized by Figueroa53b as seen before (see 
section 4.1). This catalyst showed reactivity towards isocya-

nides themselves when brought back to room temperature and 
was applied in a catalytic hydrogenation of MesCN (Scheme 

30).53b In 2021, the same group also disclosed some stoichio-

metric reactivity of Co-E toward olefins.91  

 

Scheme 30. Hydrogenation of CNMes using Co-9 

The synthesis of HCo(CO)4 Co-2 was followed few years later 

by other phosphine-based cobalt (I) catalysts (Figure 4). Klein 
synthetized in the 70s the trimethylphosphine-based catalysts 

HCo(PMe3)4 Co-37, XCo(PMe3)3 Co-38 (with X=Cl, Br) and 

MeCo(PMe3)4 Co-39 bearing respectively a hydride,92a a hal-
ide92b or a methyl92c as the X ligand. An analog of the hydrido-

cobalt Co-37 was synthetized by Schunn the same year with this 
time the bidentate ligand 1,2 bis-dimethylphosphinoethane 

(dmpe).93 For their part, Robinson94a and Kruse94b reported in 
1968 the synthesis of the phosphite-based hydrido-cobalt com-

plexes HCo(P(OR)3)4 Co-40 with aryl and alkyl phosphites re-
spectively. Regarding the triphenylphosphine-based cobalt 

complexes, Yamamoto isolated the first dinitrogen-metal com-
plex HCo(N2)(PPh3)3 Co-19 in 197195 where the dinitrogen (N2) 

ligand is necessary to stabilize the hydrido complex unlike its 
chloride analogue ClCo(PPh3)3 Co-41, first described by Sacco 

and Rossi in 1969,96 that is stable enough on its own. Using the 
latter, Fout and co-workers recently reported a new variant 

Co(PPh3)2(N(SiMe3)2) Co-42.97 The applications of these com-
plexes came later and among them we can mention some exam-

ples of their use as well-defined catalysts.  

 

Figure 4. MLnX well-defined cobalt (I) complexes 

The trimethylphosphine-based complexes such as HCo(PMe3)4 

Co-37 and MeCo(PMe3)4 Co-39 could also be used as efficient 
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pre-catalysts to synthetize other cobalt (I) complexes due to 
their ability to undergo oxidative addition followed by reductive 

elimination of H2 and methane, respectively. They were used 
for instance with pincer ligands to prepare pincer complexes 

that we will describe in detail in the next section. One example 
we can mention to illustrate the utility of MeCo(PMe3)4 Co-39 

is the easy formation of the new (P,C)-chelate cobalt (I) com-
plex Co-43 synthetized by Li in 2022 (Scheme 31a). This cata-

lyst is efficient for the hydrosilylation of alkenes in mild condi-
tions and has a specific Markovnikov selectivity for styrene 

type compounds and an anti-Markovnikov one for the aliphatic 

alkenes (Scheme 31b). 

 

Scheme 31. Hydrosilylation of alkenes using Co-43 

Their reactivity as stoichiometric reagents has also been widely 
explored since Klein described C‒H activations enabled by 

MeCo(PMe3)4.
92c Yamamoto also invoked the activation of 

small molecules such as nitrous oxide (N2O), carbon dioxide 

(CO2) or formic acid (HCOOH) using the triphenylphosphine 
analogue HCo(N2)(PPh3)3 Co-19.95 Their applications in catal-

ysis as well-defined catalysts were developed later and these 
cobalt hydrides were mainly found to be efficient for reduction, 

hydroelementation, bond activation and cycloaddition. The 
Petit’s group was more focused on the use of HCo(PMe3)4 Co-

37 and first demonstrated that it was an efficient catalyst for 
[2+2+2] cycloaddition of ene-diyne.98 Sterically challenging 

[6]-helicene could also be obtained by intramolecular triyne 

[2+2+2] cycloaddition.99 They also showed that this cobalt (I) 
complex was also efficient in the C–H bond activation as high-

lighted before with the cobalt (0) analogue. Indeed, if Co-37 
turned out to be less efficient for the previously mentioned C–

H functionalization, it proved to be more efficient for the selec-
tive head-to-head dimerization of arylacetylenes (Scheme 

32a).100 More recently the same group focused on the hydrosi-
lylation and the hydroboration of alkynes using HCo(PMe3)4 

Co-37 (Scheme 32a).101 Co-37 revealed also efficient on the hy-
drosilylation of a wide range of imines (aliphatic, aryl and cy-

clic) to allow the formation of the corresponding amines after 
hydrolysis.92 Thanks to the well-defined character of Co-37 a 

mechanistic study was conducted. The proposed mechanism in-
volves a first oxidative addition of the cobalt (I) Co-37 into the 

Si–H bond to form CoSi that was characterized by X-ray dif-

fraction. Then, after ligand exchange and hydrocobaltation, a -

bond metathesis process was proposed instead of a simple re-
ductive elimination, based on DFT calculation, NMR experi-

ment and kinetic studies (Scheme 32b).102 

 

Scheme 32. Hydro-elementations of insaturation using Co-

37 

The analog Co-37-dmpe was also employed for the hydrogena-

tion of CO2 by Linehan.103 The use of HCo(N2)(PPh3)3 Co-19 

was less developed at the beginning with applications only with 
a narrow scope. In 1994 the group of Kisch disclosed the first 

cobalt-catalyzed hydroarylation of alkynes using Co-19 cobalt 
(I) complex (Scheme 33a).104 Despite this considerable ad-

vance, the reaction suffered from many drawbacks: (i) high cat-
alytic loading, (ii) narrow substrate scope, i.e. only diazoben-

zene and diphenylacetylene derivatives. More recently, Chirik 
reported few examples of alkenes hydroboration with a Mar-

kovnikov selectivity (Scheme 33b).36 He also demonstrated that 
the same catalyst was able to catalyze the isomerization / hy-

droboration of several alkenes with a good branched selectivity 
(Scheme 33b). In 2016, Dzik reported the hydrosilylation of di-

nitrogen (N2) using Co-19 as catalyst,105 however the well-de-

fined character of the catalyst in this report was not ascertain.  
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Scheme 33. Hydroarylation of diphenylacetylene and hy-

droboration of alkenes using Co-19 

The Petit’s group recently demonstrated that both HCo(PMe3)4 

Co-37 and HCo(N2)(PPh3)3 Co-19 were efficient for the chemo- 
and regioselective 1,2-silylative dearomatization of N-het-

eroarenes.106 In his study he also showed that Co-19 was effi-
cient at room temperature thanks to the lability of the tri-

phenylphosphine ligand compared to the trimethylphosphine. 

(Scheme 34) 

 

Scheme 34. Hydrosilylation of N-heteroarene catalyzed by 

phosphine cobalt hydrides Co-19 and Co-37 

The same group recently showed that the cobalt hydride Co-19, 

in presence of HBPin instead of silane, was able to catalyze a 
selective cascade dearomatization/functionalization of quino-

lines. This reaction totally selective in C4 allows the synthesis 
of a new variety of bis-borylated quinolines in very mild condi-

tions (Scheme 35).107 

 

Scheme 35. Bis-borylation of quinoline using Co-19 

The phosphite-based analogues HCo(P(OR)3)4 Co-40 were 

considered as being quite inert and less reactive species.108 
However, Masayoshi discovered in 1983 that using phosphinite 

ligands, namely a combination of phosphine and phosphite, the 

analog hydridophosphinite cobalt (I) HCo[PPh(OR)2]4 Co-44 
could be photoactivated to promote the decoordination of a lig-

and and thus gain in reactivity.109 Since, its potential in catalysis 
have recently been reported by Teskey and co-workers for the 

visible-light-controlled hydroboration of alkenes (Scheme 

36a).110  

 

Scheme 36. Hydroboration/Isomerization of alkenes using 

Co-44 

With no photoactivation of the complex Co-44, no decoordina-

tion of a phosphite ligand occurs; in the presence of pinacol bo-
rane HBPin, an oxidative addition/reductive elimination takes 

place to provide the corresponding boryl cobalt (I) complex 
(Scheme 36b, Top). Coordination to the alkene followed by a 

β-H elimination then led to a π-allyl cobalt complex. The latter 
is able to interact with a new molecule of pinacol borane HBPin 

which promotes the isomerization of the alkene as the final 
product (Scheme 36b, Top). However, when the cobalt complex 
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Co-44 is photoactivated under blue LEDs irradiation, a decoor-
dination of a phosphinite is observed, leading to a different cat-

alytic cycle (Scheme 36b, Down). This time, the coordination 
with the alkene induces a hydrocobaltation followed succes-

sively by an oxidative addition of the pinacol borane HBPin and 
a reductive elimination of the borylated alkane (Scheme 36b, 

Down).  The cobalt halide ClCo(PPh3)3 Co-41 appeared as a 
good catalyst for the cyclotri- and dimerization of alkynes and 

for the reduction of carbonyl compounds as well.111 Fout et al 
disclosed the coupling between aryl halogenates and nucleo-

philic compounds in 2014 using also this catalyst (Scheme 
37a.1).97 The presence of LiN(SiMe3)2 in the reaction medium 

generates the active catalyst of the reaction Co-42 (Scheme 
37b). However, the complex Co(PPh3)2(N(SiMe3)2) Co-42 was 

also isolated, fully characterized and used as the starting cata-
lyst of the reaction and can be therefore considered as the true-

well-defined catalyst of the reaction. The desired product could 
be obtained in a 65% yield. Moreover, the complex Co-42 was 

used as the catalyst with the iodobenzene and different nucleo-
philes to afford the coupling products, confirming the activity 

of this complex as a well-defined catalyst (Scheme 37a.2) All 
these results together opened the doors for new opportunities 

using these MLnX well-defined cobalt (I) catalysts.  

 

Scheme 37. Amination of aryl halides catalysed by Co-41 or 

Co-42 

Beyond the classical monodentate phosphine complexes, well-

defined cobalt (I) catalysts with bidentate ones have also been 

reported. Indeed, the group of Chirik disclosed in 2019 the syn-
thesis of cationic bisphosphine cobalt (I) complexes Co-45-Co-

47 starting from the dichloro-dicobalt dimer. Both the DuPhos 
and dppf can used as the diphosphine ligand in addition of either 

1,5-cyclooctadiene (COD), benzene or norbornadiene (NBD) as 
the labile ligands, all with the BArF

4 counterion (Scheme 38).112 

However, for complex Co-46’ an alternative synthesis using 
(dppf)Co-(acac)2 followed by an in-situ oxidation with [(η5-

C5H5)2Fe][BArF
4] is described. The obtained 

[(dppf)Co(acac)2][BArF
4] was then reduced with an excess of 

HBPin in presence of toluene to give Co-46’. 

 

Scheme 38. Well-defined cationic bisphosphine cobalt (I) 

complexes 

These complexes were found to be efficient well-defined cata-

lysts for the hydrogenation of enamides (Scheme 39a.1) and the 
alkyne-alkene [2+2] cycloaddition (Scheme 39a.3). The com-

plex Co-46 was also used for the enantioselective gram-scale 
synthesis of sitagliptin used in the treatment of type 2 diabetes 

(Scheme 39a.2).113 In this article a more versatile and scalable 
synthesis of cationic bis(phosphine) cobalt (I) precatalyst such 

as Co-46 is also detailed. More recently the same group also 
described the synthesis of zavegepant with the same kind of cat-

ionic catalyst but by varying the bisphospine ligand.114 The 
mechanism of the cycloaddition has been studied and revealed 

to go through a metallacycle pathway followed by a reductive 

elimination (Scheme 39b).  
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Scheme 39. Hydrogenation of enamides, synthesis of the 

Sitagliptin and [2+2] cycloaddition using Co-45-Co-47 

In 2020, the same group reported another type of well-defined 

bisphosphine cobalt (I) hydride complex bearing the DuPhos 
ligand and two carbon monoxide (CO).115 The synthesis starts 

from the Co2(CO)8 Co-1 with the bisphosphine ligand under a 
hydrogen atmosphere to afford the air-stable complex Co-48 

(Scheme 40a).  

Scheme 40. Well-defined bisphosphine cobalt (I) hydride 

Co-48, application in hydrogenation and hydroformylation  

It was showed that blue LED could promote the decoordination 

of a carbon monoxide (CO) ligand (Scheme 40c) thus enabling 
catalytic activity. This catalyst was successfully used for the hy-

drogenation of alkenes as well as the hydroformylation/reduc-

tion sequence, leading to the primary alcohol (Scheme 40b).116 

4.3.2.  Pincer cobalt complexes 

The second category of well-defined cobalt (I) catalysts is the 

one based on pincer ligands. The interest in pincer ligands has 
not stopped growing due to their diverse properties.117 The term 

“pincer” has been introduced by Van Koten in 1989118 to name 
a tridentate ligand which adopts preferentially a meridional 

(mer) geometry rather than a facial (fac) one (Figure 5).119  

 

Figure 5. Differentiation between mer and fac geometries 

These ligands are especially used for the well-defined geometry 
adopted by complexes once coordinated. Pincer ligands are 

composed of three binding sites with a central group, often a 
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pyridine or a phenyl, and two side arms. The linkers between 
these units are most of the time rigid which explains the mer 

geometry adopted. They thus offer some rigidity, a good control 
towards the coordination sphere of the catalyst, and are quite 

stable thermodynamically which is also one of the greatest rea-
sons for their use in homogeneous catalysis. Their application 

in cobalt catalysis is therefore not an exception.120 The other in-
teresting aspect in pincer ligands is the possibility to design the 

ligand on different points that will have an important impact on 
the catalyst activity (Figure 6). Among these different parame-

ters, the first one is the central binding unit X that modulates the 
electronic of the catalyst with a trans influence, same for the 

substitution Z in para which determines the electron density of 
the central unit. The second aspect is the side arms Y which 

define the ring size and the bite angle aspect. Finally, the last 
parameter is localized on the two binding sites LRn which plays 

on the steric aspect of the ligand and is also used for the intro-

duction of chirality.  

 

Figure 6. Design of pincer ligands and influence on the cat-

alyst activity 

We can differentiate the pincer ligands according to their sym-

metry and most of them are symmetric. Pincers ligands are 

named and classified according to the atoms involved in the co-
ordination and we will follow this classification below (Figure 

7).  

 

Figure 7. Pincer Ligands commonly found on well-defined 

cobalt (I) catalysts 

The first class of pincer ligands that we will investigate is the 

NNN-type pincer ligands that are commonly found for well-de-

fined cobalt (I) complexes (Scheme 41). This category includes 
bis-imino pyridines that have been early explored by Budzelaar 

in 2001 using Co-49 for the polymerization of olefins into pol-
yethylene, and extended to the hydrogenation of olefins in 

2005.121 Numerous works have then been reported by Chirik 
since 2012, notably for the hydrogenation of alkenes and al-

kynes (Scheme 41b.1) but also for [2+2] cycloadditions 
(Scheme 41b.2) and dehydrogenative silylation (Scheme 41b.3) 

using Co-50, Co-51 and Co-49 respectively.122 Beyond bis-
imino pyridines, the terpyridine ligands have very recently been 

employed by the same group using Co-52 to catalyze the C‒H 

borylation of arenes (Scheme 41b.4).123  

 

Scheme 41. a) NNN-Pincer Ligand cobalt (I) catalysts and 

b) their applications in catalysis  

Another family of widely used pincer ligands is the PNP-type 
one, composed of two phosphines and a pyridine as the central 

donor unit (Scheme 42). Once again, these catalysts were 
mainly explored by the Chirik’s group who used them for C‒H 
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borylation as well (Scheme 42a) or even hydrosilylation of car-
bon dioxide (CO2).

124 The proposed mechanism for the C‒H 

borylation implies a first oxidative addition of Co-53 into 
HBPin. Using a starting well-defined complex allowed the iso-

lation and the full characterization of the boryl cobalt (III) in-
termediate. Then occurs a flip of the pinacol borane on the co-

balt center124c followed by a reductive elimination of the dihy-
drogen (H2). The C‒H activation of the aromatic substrate takes 

place on the boryl cobalt (I), leading to the corresponding cobalt 
(III) which undergoes the reductive elimination of the desired 

borylated compound (Scheme 42b).  In the particular case of 
fluorinated arenes. The authors demonstrated later using a 

methylated analog that the selective ortho borylation of fluori-
nated aryl was due to a thermodynamic control of the C(sp2)-H 

oxidative addition to cobalt-boryl of the intermediate (Scheme 

42c).125 

 

Scheme 42. C‒H borylation catalysed by the PNP-type com-

plex Co-53 

Recently the group of Tonzetich developed the chemistry of an-
other PNP-type with two cyclohexylphosphines and a pyrrole 

moiety synthetized by the group of Yoshizawa, and Nishi-
bayashi in 2016. They demonstrated that this well-defined low-

valent cobalt (I) complex [Co(N2)(CyPNP) Co-54 was active in 

decarbonylation of aldehyde in a stoichiometric manner,126a but 

also in the catalytic hydrogenation of alkenes and alkynes,126b 

and recently the hydrosilylation of carbonyl126c (Scheme 43a-b). 

 

Scheme 43. Reactivity of the PNP-type complex Co-54 

Other categories of pincer ligands generated interesting reactiv-

ities on well-defined cobalt (I) catalysts. PSiP-types have been 

disclosed in 2013 by Sun.127,128 They used the cobalt complex 
MeCo(PMe3)4 Co-39 as the precursor to synthesize the catalyst 

Co-55 via an oxidative addition into the Si‒H bond followed by 
the reductive elimination of methane (CH4) which is the driving 

force of the reaction (Scheme 44a). This catalyst was next ap-
plied to the hydrosilylation of dinitrogen (N2) (Scheme 44b).128 

Once again, the strong reducing agent KC8 was required, which 
could be mistaken for a non-well-defined catalyst. However, the 

authors proposed a mechanism where the KC8 does not interfere 
with the metal center and is only used to generate the silyl rad-

ical partner (Scheme 44c). 
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Scheme 44. Hydrosilylation of N2 catalysed by the PSiP-

type complex Co-55  

POCOP-Types have been explored by Guan for the hydrosi-
lylation of carbonyl compounds.129 They reported the use of the 

cobalt hydride HCo(PMe3)4 Co-37 as the precursor which, 
mixed to the pincer ligand in toluene at 80 °C for 36h, could 

afford the well-defined pincer complex Co-56 (Scheme 45). 

 

Scheme 45. Hydrosilylation of carbonyl compounds cata-

lysed by the POCOP-type complex Co-56 

The group of Iglesias recently reported the use of a pincer PCP-

type Co-57 (called NHC-phosphane) in the reductive amination 

of furfural and levulinic acid in presence of PhSiH3 (Figure 
8).130 Another marginal example such as NCN-type ligands with 

two pyridines and an aryl moiety as the central anchor on well-
defined cobalt (I) complexes Co-57b has also been reported by 

Trovitch et col. and applied to the hydrosilylation of carbonyl 

compounds (Figure 8).131 

.  

Figure 8. Structure of the catalyst Co-57 and Co-57b 

The last class of pincer we want to discuss about are the pincer 
based on carbenes ligands. If this type of well-defined com-

plexes can obviously also be categorized in the last section 
about cobalt (I) NHC complexes (see section 4.3.4), we decided 

due to the importance of the third atom of the pincer to include 
them in this category. Chirik reported first in 2013 the use of a 

CNC-type pincer ligand with two carbenes in order to reach the 
well-defined cobalt (I) complex Co-58 and apply it to the hy-

drogenation of alkenes (Scheme 46a.1).132a The use of a well-
defined complex enabled the group to prove that the ligand was 

redox-active, thanks to extensive spectroscopic and DFT stud-
ies. The analog Co-58’ bearing alkyl groups on the carben was 

recently used by the same group for the selective meta boryla-
tion of fluorinated arenes.132b This precatalyst compare to the 

previous NNN and PNP pincers presented above is more steri-
cally accessible and more reactive allowing a larger scope in 

this reaction. The authors demonstrated also a kinetic prefer-

ence for the meta C-H activation and showed that the aryl com-
plex isomerize over the time allowing a control of the site-se-

lective functionalization using two different borane donor 
(Scheme 46c).  Finally, three years later Fout showed that a 

CCC-type ligands with two carbenes held by an aryl unit can 
also be a great pincer ligand to access the well-defined cobalt 

(I) catalyst Co-59.133 This catalyst was used in alkenes hydro-
genation and alkynes semi-hydrogenation by Fout (Scheme 

46a.2). Regarding the latter, the pincer complex revealed effi-
cient to reach (E)-selectivities due to an original pathway of a 

cis hydrogenation (Scheme 46b, Left) followed by a trans-

isomerization (Scheme 46b, Right).  
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Scheme 46. Hydrogenation of alkenes or alkynes using Co-

58 and Co-59 

Fout also demonstrated that using this time the (DIPPCCC)CoN2 

complex Co-60, they were able to catalyze a highly chemose-
lective hydrosilylation of alkenes.133 This report demonstrates 

also that tertiary silanes and alkoxy silanes can be used and that 
high functional group tolerance has been observed with the use 

of ketone, aldehyde, nitrile and also hydroxyl groups. The same 
complex Co-60 was applied the next year by the same group to 

catalyze the hydroboration of alkene and nitrile once again with 

a high functional group tolerance (Scheme 47).133d  

 

Scheme 47. Hydroelementation of alkene and nitrile using 

Co-60. 

Recently a parent complex of Co-60 bearing a pyridine ligand 
in place of the nitrogen (MesCCC)Co-py was used for the hy-

drogenation of nitrile and later the deshydrogenation of ammo-
nium borane to generate H2.

133e 

4.3.3.  Cyclopentadienyl cobalt complexes 

Well-defined cyclopentadienyl (Cp) cobalt (I) complexes are 

very famous catalysts for [2+2+2] cycloadditions. The subject 

has been extremely well reviewed several times and is not the 
topic of this review so we will not go deeply into details.6,67,134 

We will only report selected well-defined catalysts which have 
been pioneer for catalytic reactions development and their im-

portant evolution in the recent decades. Wilkinson and co-
workers reported the synthesis and isolation of the first 

CpCo(CO)2 Co-61 in 1955135 (Figure 9) which has been widely 
used, especially by the groups of Vollhardt, Malacria, Aubert, 

Hapke and others for numerous applications of [2+2+2] cy-
cloadditions. In 1983, Jonas synthetized the bis ethene analogue 

Co-62 which appeared much more reactive than its carbon mon-
oxide (CO) predecessor Co-61, due to more labile ligands.136 

Many variants have been published since, based on the nature 

of the additional ligands (Figure 9).137 
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Figure 9. Selected well-defined Cp-cobalt (I) complexes 

Among them, we can cite the Cp-Co containing vinylsilanes 

Co-63 reported by the group of Hapke, synthetized from the co-
baltocene and potassium. This complex is even more reactive 

than Co-62 containing two ethene ligands. This example fol-
lowed the discovery of a new Cp-Co Co-64 bearing an electron-

deficient olefin such as dialkyl fumarate which was disclosed 
by the group of Aubert.138 This complex is air-stable with reten-

tion of reactivity since it appeared as more efficient as Co-61 
with carbon monoxide (CO) ligands on specific reactions under 

thermal conditions and without the need of irradiation. Hapke 
then reported that combining the reactivity of the vinylsilane 

Cp-Co catalyst Co-63 with phosphines or phosphites could lead 
to a mixed complex Co-65 bearing one vinylsilane and one 

phosphite. This new family of complexes thus offers a combi-
nation of stability –with the phosphite ligand– and reactivity –

with the vinylsilane one.134a Substituted cyclopentadienes have 
also been used as ligands, notably chiral ones. Therefore, Heller 

and Gutnov developed Co-66 in 2004 for the asymmetric cy-
cloaddition of alkynes and naphthonitriles.139 These well-de-

fined catalysts were employed for the synthesis of complex 
molecules mostly via [2+2+2] cycloaddition.140 This was ex-

tended to the access of structurally constrained helicene moie-
ties as disclosed for example by the group of Stara with Co-62 

(Scheme 48).141  

 

Scheme 48. [2+2+2] cycloaddition reactions enabled by 

well-defined CpCo (I) complexes  

4.3.4. NHC and NHSi-cobalt complexes 

N-Heterocyclic carbene cobalt complexes have gain a lot of in-
terest in catalysis these last 20 years due to their high reactiv-

ity.84 As seen before for the other oxidation states of cobalt, a 
pioneer in the field of well-defined isolated ones is Deng who 

reported numerous examples of well-defined NHC-cobalt (I) 
(Scheme 49). For the cobalt (I) family, Deng showed that he is 

able to modulate the NHC-to-cobalt ratio in these complexes 
from 4 to 3 to 2 and to 1 as the NHC ligand changes from IMe4 

(or analogs), to ICy to IMes, and finally to IAd in correlation 
with the steric hindrance of the carbene. Among them we can 

cite the square planar tetra-NHC cobalt (I) complex Co-67 syn-
thetized in 2011, starting from the well-defined cobalt complex 

ClCo(PPh3)3 Co-41 and 4 equivalents of IMe4 ligand in THF in 
presence of NaBPh4 (Scheme 49a).142 A year later the group of 

Deng also demonstrated that starting from the same 

ClCo(PPh3)3 Co-41 with this time 2 equivalents of IMes, the 
bis-NHC cobalt complex Co-68 could be isolated (Scheme 

49b).143 The latter complex could even be further ionized using 
sodium borate salts such as NaBPh4 or NaBArF

4 to lead to Co-

70 (Scheme 49b).144  

 

Scheme 49. Structures and syntheses of well-defined NHC-

based cobalt (I) complexes 

Analogues have then been synthetized with variation on the 

NHC ligand. Thus, Co-69 with only one NHC ligand was syn-
thetized in 2014 using the same methodology and 1 equivalent 

of IAd ligand (Scheme 49c) but also Co-71 with three cyclo-

hexyl NHC ligands. Co-69 was also derivatized in the alkyl an-
alog Co-72 by reaction with trimethylsilylmethyl lithium. 

These complexes were applied in catalysis as well-defined cat-
alysts, especially for the reduction of alkynes and alkenes moi-

eties. The first one to be investigated was 
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(IAd)(PPh3)Co(CH2TMS) Co-72 which revealed to be efficient 
for the hydrosilylation of alkynes (Scheme 50a).145a Deng re-

ported a classical mechanism where the complex Co-72 first in-
teracts with diphenylsilane Ph2SiH2 to provide the silyl cobalt 

(I) CoSi-72. This resulting complex then undergoes a ligand ex-
change with the alkyne followed by a sila-cobaltation. An addi-

tional molecule of silane then allows to release the desired si-
lylated alkene and to regenerate the silyl cobalt (I) CoSi-72 

(Scheme 50b).  

 

Scheme 50. Hydrosilylation of alkynes using Co-72 

The conversions of Co-72 into CoSi-72 and of Co-72B back to 
Co-72 have been hypothesized to go through an oxidative addi-

tion/reductive elimination mechanism, although no experi-
mental evidences on this point have been proposed. In 2018, the 

same group reported the hydrosilylation of alkenes using this 
time different well-defined NHC-based cobalt (I) catalysts.145b 

Best results have been found with ClCo(IAd)(PPh3) Co-69 for 
the selective synthesis of the linear products (Scheme 51a) 

whereas (IMes)2CoCl Co-68 selectively led to the synthesis of 
the branched ones starting from styrene derivatives (Scheme 

51b). For its part, [(IMe4)4Co][BPh4] Co-67 led to the hydro-

genated product (Scheme 51c). 

 

Scheme 51. Hydrosilylation of alkenes using Co-67, Co-68, 

and Co-69 

The authors invoked a difference of selectivity between Co-68 

and Co-69, based on the nature of the ligands. Indeed, in the 
case of IMes Co-68, they proposed a π-π interaction between 

the aryl of the styrene and the mesityl of the carbene. This in-
teraction combined with the steric hindrance of the IMes ligand, 

leads to a selective Markovnikov addition whereas the IAd lig-
and in Co-69, drives to an anti-Markovnikov addition (Scheme 

52a). Concerning the observation of the hydrogenated product, 
they invoked the formation of a cobalt hydride species from cat-

ionic Co-67 and diphenylsilane Ph2SiH2, which can then un-
dergo the insertion into the alkene leading to the hydrogenated 

product after addition of a molecule of silane (Scheme 52b).  

 

Scheme 52. Difference of selectivity for the hydrosilylation 

of alkenes using Co-67, Co-68 or Co-69 

Geetharani also used the ClCo(IMes)2 Co-68 for the hydrobo-

ration of alkenes in 2018.146 She observed similar results from 
the ones described by Deng on the hydrosilylation. Indeed, 

when using aryl alkenes, she obtained up to good selectivity to-
wards the branched product, whereas when aliphatic alkenes 

where used, the reverse selectivity and the linear borylated al-
kanes were observed (Scheme 53a-b). She also showed that this 

methodology was suitable for the reduction of aldehydes and 
ketones (Scheme 53c). In 2023, the same group showed that the 

use of the same catalyst allows the selective 1,2-hydroboration 

of quinolines with only 0.5 mol% of catalyst (Scheme 53d).147 
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Scheme 53. Hydroboration of alkenes, carbonyls and quin-

olines using Co-68 

Recently the group of Xu and Mo demonstrated that N-hetero-
cyclic silylene (NHSi) can also be used ad ligand on cobalt (I) 

complexes. Thus, starting from the corresponding easily acces-
sible N-heterocyclic imino substituted silylene in presence of 

CoCl2 and sodium/mercury amalgam in a stochiometric ratio 
they were able to isolate the low valent NHSi-Co complex Co-

73-Cl. The latter was further converted to the hydrido analog 

Co-73-H in presence of sBu3BHK (Scheme 54).148 

 
Scheme 54. Synthesis of well-defined NHSi-Co complexes 

Co-73 and reactivity in hydrogenation. 

Both NHSi-Co complexes were fully characterized and en-
gaged in the hydrogenation of olefins where the hydrido one 

showed better activity (Scheme 54a). It is worth mentioning that 
a total chemoselectivity toward the alkene was observed when 

using unsaturated carbonyl compound which is quite rare in co-

balt chemistry (Scheme 54b). 

4.3.5. Bidentate amino cobalt (I) arene complex 

The last category of well-defined cobalt (I) complexes will fo-

cus more on complexes bearing a bidentate amino chelating lig-
and. Remarkable results have been obtained by the group of 

Holland using -diketimidate bidentate ligand and their appli-

cation in catalysis. These complexes Co-74-Co-78 were easily 

obtained from reduction of the corresponding cobalt (II) precur-
sor in presence of Grignard or KC8. These latter were obtained 

from the diketimines that were prepared on large scale from the 
corresponding anilines (Scheme 55a). 
 

 
 

Scheme 55. Synthesis of well-defined -dikedimidate cobalt 

(I) complexes Co-78 and reactivity in hydrosilylation. 

 

Then Holland and Weix showed that Co-78 was very efficient 

in low catalyst loading solvent free hydrosilylation of olefins 
with a total selectivity toward the linear akyl silane (Scheme 

55b).149 It is worth mentioning that the reaction was working 
starting from the air stable cobalt (II) precursor Co-79 and by 

generating the in situ the complex Co-78 using different bases. 
Indeed, they proved that using 200 equivalents of EtMgBr they 

obtained the same linear selectivity but in lower yield. This re-
sult show again that well-defined catalyst are more efficient 

with better yield and obviously less waste and higher group tol-
erance considering the huge excess of Grignard required. Be-

side the two-coordinate monoanionic -diketimidate ligand, the 
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group of Trzaskowski, Tamm and Frank used the monoanionic 
amido-imidazolin-2-imine ligand (AmIn) which described as a 

stronger N,N’- (, )-donor ligand compared to the -

diketimine. The synthesis of the cobalt (I) complex follows the 

same strategy than Holland. Thus, starting from the aminoimid-
azolin-2-imine ligand (HAmIm) in presence of anhydrous 

CoCl2 and then KHMDS the dimer Co-80 is formed. The latter 
is then reduced using KC8 to generate the desired cobalt (I) com-

plex Co-81 which was fully characterized including X-Ray 
analysis (Scheme 56). The authors then evaluated its reactivity 

in catalysis and demonstrated that Co-81 was an efficient cata-
lyst to activate Si-H bonds and employed it in the H/D exchange 

of hydrosilanes and hydrosilylations of olefins (Scheme 56a-
b).150 

 
Scheme 56. Synthesis of well-defined AmIn cobalt (I) com-

plexes Co-81 and reactivities. 

CONCLUSION 

As shown in this review, low-valent well-defined cobalt com-

plexes are not new and some of these complexes exist for ages 
and have never been applied in catalysis. Many advantages can 

be attributed to low-valent well-defined cobalt complexes. 
First, due to their low oxidation states, they are highly reactive 

and a wide range of transformations can be achieved with com-
petitive yields and selectivities towards noble metals. This re-

activity leads most of the time to air-sensitive complexes. How-
ever, these drawbacks can be overcome through the rational de-

sign of air-stable precatalysts, whose desired function is pro-
moted by an external stimulus such as heat or light. Another 

way to rule out such sensitivity problem is to start from a well-
defined cobalt (II) pre-catalyst and reduce it in situ in a con-

trolled manner. However, compared to catalyst requiring chem-

ical additives to be active, well-defined complexes provide keys 
to suitably decipher catalytic mechanism. Along the review, we 

have seen a large variety of accessible routes for low valent co-
balt complexes and even some well-established mechanisms 
were questioned by well-defined catalyst studies. 

This work, conducted by numbers of researcher groups over 50 
years, contributed to help cobalt community to better under-

stand their catalyst behavior and thus their catalytical develop-
ment. However, some of these investigations can require so-

phisticated ligands to obtain the appropriate complex with the 
right reactivity. It is worthwhile mentioning that these ligands 

can be complicated to synthetize or expensive. In a fundamental 
context, they allow us to a better understanding of 3d transition 

metals behavior, but economically, their complexity withdraw 
the advantage offer by the inexpensive price of the metal center. 

Indeed, a new catalyst with egal reactivity and selectivity com-
pare to noble metal will be only interesting if the overall price, 
ligand plus metal is sustainable and economic. 
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Acac: acetylacetonate; Ad: adamantyl; Alk: Alkyl; Ar: Aryl; 
ATRP: atom transfer radical polymerization; Benz: Benzene; 
BPin: Pinacolatoboron; CAAC: Cyclic alkyl amino carbenes; 

COD: 1,5-cyclooctadiene; Cp: cyclopentadienyl; CPME: Cyclo-
pentyl methyl ether; Cy: Tricyclohexylphosphine; DFT: Density 
Functional Theory; DIPP: diisopropylphenyl; Dme: Di-
methylether; dmpe: 1,2-bis-dimethylphosphinoethane; DMSO: Di-
methylsulfoxide; dpePhos: Bis[(2-diphenylphosphino)phe-
nyl]ether; Dppf: 1,1′-Bis(diphenylphosphino)­ferrocene; Et: Ethyl; 
fac: facial; HAmIm: aminoimidazolin-2-imine ligand; HMDS: 
Bis(trimethylsilyl)amine; IAd: Bis(adamantly) NHC; iBu: isobutyl; 
IMes: Bis(mesityl) NHC; iPr: isopropryl; Me: Methyl; mer: merid-

ional; Mes: mesitylene; NBD: norbornadiene; nBu: normal butyl; 
NCAs: α-amino acid-N-carboxyanhydrides; NHC: N-Heterocycle 
carbenes; nHex: n-hexanes; NHSi: N-heterocyclic-silylene; OAc: 
acetateMe: Methyl; PDMS: Polydimethylsiloxane; Ph: Phenyl; 
Ph*: 2,6-Me2C6H3; PPN: bis(triphenylphosphine)iminium; RT: 
room temperature; Salph: N,N'-Disalicylal-1,2-phenylenediamine; 
sBu: sec-butyl; tBu: tert-butyl; Thf: Tetrahydrofurane; TMDS: 
1,1,3,3-Tetramethyldisiloxane; TMS: trimethylsilyl; TBP: o-

(iPr2P)C6H4]3B; Trop: 5H-dibenzo[a,d]cyclo-hepten-5-yl; Ts: To-
syl; VN: valence number. 
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55) Bönnemann, H.; Krüger, C.; Tsay,Y.−H. A Lithium-Cobalt Bi-
metal Complex.  Angew. Chem. Int. Ed 1976, 15, 46. 
56) (a) Gärtner, D.; Welther, A.; Rad, B. R.; Wolf, R.; Jacobi von 
Wangelin, A. J Heteroatom‐free arene‐cobalt and arene‐iron cata-
lysts for hydrogenations. Angew. Chem. Int. Ed. 2014, 53, 3722–

3726. (b) Büschelberger, P.; Gärtner, D.; Reyes-Rodriguez, E.; 
Kreyenschmidt, F.; Koszinowski, K.; Jacobi von Wangelin, A.; 
Wolf, R. Alkene metalates as hydrogenation catalysts. Chem. Eur. 
J. 2017, 23, 3139–3151. 
57) (a) Sandl, S.; Maier, T.M.; van Leest, N. P.; Kröncke, S.; 
Chakraborty, U.; Demeshko, S.; Koszinowski, K.; de Bruin, B.; 
Meyer, F.; Bodensteiner, M.; Herrmann, C.; Wolf, R.; Jacobi von 
Wangelin, A. Cobalt-Catalyzed Hydrogenations via Olefin Cobal-

tate and Hydride Intermediates ACS. Catal. 2019, 9, 7596−7606. 
(b) Maier,T. M.; Sandl, S.; Shenderovich, I. G.; von Wangelin, 
A.J.; Weigand, J. J.; Wolf, R. Amine-Borane Dehydrogenation and 
Transfer Hydrogenation Catalyzed by α-Diimine Cobaltates. 
Chem.−Eur. J. 2019, 25, 238 (c) Gawson, M.; Gilch, F.; Schmid-
huber, D.; Kelly, J. A.; Horsley Downie, T. M.; Jacobi von Wange-
lin, A.; Rehbein, J.; Wolf, R. Counterion Effect in Cobaltate-Cata-
lyzed Alkene Hydrogenation Angew. Chem. Int. Ed. 2024, 
e202315381. 



28 

 

58) Hammer, R.; Klein, H.-F.; Schubert, U.; Franck, A.; Huttner, 
G. A Novel Hetero-Bimetallic Dinitrogen Complex. Angew. Chem. 
Int. Ed. Engl. 1976, 15, 612–613. 
59) (a) Yoshikiyo, M.; Yamamoto, A. Novel Dinitrogen–Cobalt 
Complexes [Co(N2)(PR3)3Mg(THF)2] Which Liberate Hydrazine 

On Hydrolysis. Chem. Lett. 1978, 7, 937–940. (b) Yamamoto, A.; 
Miura, Y.; Ito, T.; Chen, H. L.; Iri, K.; Ozawa, F.; Miki, K.; Sei, T.; 
Tanaka, N.; Kasai, N. Preparation, X-ray molecular structure deter-
mination, and chemical properties of dinitrogen-coordinated cobalt 
complexes containing triphenylphosphine ligands and alkali metal 
or magnesium. Protonation of the coordinated dinitrogen to ammo-
nia and hydrazine. Organometallics, 1983, 10, 1429–1436. 
60) Apps, S.; Miller, P. W.; Long, N. J. Cobalt (–I) triphos dinitro-

gen complexes: activation and silyl-functionalisation of N2. Chem. 
Commun. 2019, 55, 6579-6582. 
61) (a) Suslick, B. A; Don Tilley, T. Mechanistic Interrogation of 
Alkyne Hydroarylations Catalyzed by Highly Reduced, Single-
Component Cobalt Complexes. J. Am. Chem. Soc. 2020, 142, 
11203‒11218. (b) Suslick, B. A.; Don Tilley, T. Olefin hydroary-
lation catalyzed by a single-component cobalt (–I) complex. Org. 
Lett. 2021, 23, 1495–1499. 

62) (a) Del Castillo, T. J.; Thompson, N. B.; Suess, D. L. M.; Ung, 
G.; Peters, J. C. Evaluating Molecular Cobalt Complexes for the 
Conversions of N2 to NH3. Inorg. Chem. 2015, 54, 9256‒9262. (b) 
Suess, D. L.; Tsay, C. Peters, J. C. Dihydrogen Binding to Isostruc-
tural S = ½ and S = 0 Cobalt Complexes. J. Am. Chem. Soc. 2012, 
134, 14158‒14164. 
63) Vollmer, M. V.; Xie, J.; Lu, C. C. Stable dihydrogen complexes 
of cobalt (–I) suggest an inverse trans-influence of Lewis acidic 

group 13 metalloligands. J. Am. Chem. Soc. 2017, 19, 6570–6573. 
64) Vollmer, M. V.; Ye, J.; Linehan, J. C.; Graziano, B. J.; Preston, 
A.; Wiedner, E. S.; Lu, C. C. Cobalt-group 13 complexes catalyze 
CO2 hydrogenation via a Co(–I)/Co(I) redox cycle. ACS Catal. 
2020, 10, 2459–2470. 
65) Gao, Y.; Li, G.; Deng, L. Bis (dinitrogen) cobalt (−I) com-
plexes with NHC ligation: Synthesis, characterization, and their di-
nitrogen functionalization reactions affording side-on bound di-
azene complexes. J. Am. Chem. Soc. 2018, 140, 2239–2250. 

66)  (a) Chalk, A. J.; Harrod, J. F. Reactions between Dicobalt Oc-
tacarbonyl and Silicon Hydrides. J. Am. Chem. Soc. 1965, 87, 
1133‒1135. (b) Chalk, A. J.; Harrod, J. F. Homogeneous Catalysis. 
IV. Some Reactions of Silicon Hydrides in the Presence of Cobalt 
Carbonyls. J. Am. Chem. Soc. 1967, 89, 1640‒1647.  
67)  (a) Melikyan,G. G.; Artashyan,E. Ionic and Radical Reactions 
of π-Bonded Cobalt Complexes. In Cobalt Catalysis in Organic 
Synthesis: Methods and Reactions, 1st ed.; Hapke,M., Hilt,G., 

Eds.;Wiley-VCH Verlag GmbH & Co, 2020, pp 207−234. (b) 
Lindsay, D. M.; Kerr, W. J. Recent Advances in the Pauson‒Khand 
Reaction. In Cobalt Catalysis in Organic Synthesis: Methods and 
Reactions, 1st ed.; Hapke,M., Hilt,G., Eds.;Wiley-VCH Verlag 
GmbH & Co, 2020, pp 259-285. (c) Shibata, T. Pauson‒Khand Re-
action. In Applied Homogeneous Catalysis with Organometallic 
Compounds; Cornils, B.; Herrmann, W. A.; Beller, M.; Paciello, 
R., Eds.; Wiley-VCH Verlag GmbH & Co, 2017, pp 1287–1306. 

(d) Gläsel, T.; Hapke, M. Cobalt-Catalysed [2+2+2] Cycloaddi-
tions. In Cobalt Catalysis in Organic Synthesis: Methods and Re-
actions, 1st ed.; Hapke,M., Hilt,G., Eds.;Wiley-VCH Verlag 
GmbH & Co, 2020, pp 287–336. 
68) Sanaga, A.; Nagashima, H. Cobalt(0) and Iron(0) Isocyanides 
as Catalysts for Alkene Hydrosilylation with Hydrosiloxanes. Or-
ganometallics 2018, 37, 2859‒2871. 
69) Klein, H. F. Tetrakis(trimethylphosphane)cobalt (0): Prepara-

tion and Reactions. Angew. Chem. Int. Ed. 1971, 10, 343–344 

70) Klein, H. F.; Karsch, H. H. Methylkobaltverbindungen mit 
nicht chelatisierenden Liganden, III: 
Dimethyltris(trimethylphosphin)kobalt (II) und seine Derivate. 
Chem. Ber. 1976, 109, 1453–1464. 
71) Orsini, F.; Pelizzoni, F.; Pulici, M.; Vallarino, L. M. A cobalt-

phosphine complex as mediator in the formation of carbon-carbon 
bonds. J. Org. Chem. 1994, 59, 1–3. 
72) Deming, T. J. Cobalt and Iron Initiators for the Controlled 
Polymerization of α-Amino Acid-N-Carboxyanhydrides. Macro-
molecules 1999, 32, 4500–4502. 
73) Rajpurohit, J.; Kumar, P.; Shukla, P.; Shanmugam, M.; 
Shanmugam, M. Mechanistic investigation of well-defined cobalt 
catalyzed formal E-selective hydrophosphination of alkynes. Or-

ganometallics, 2018, 37, 2297–2304. 
74) Xie, S.; Dong, Y.; Du, X.; Fan, Q.; Yang, H.; Li, X.; Sun, H.; 
Fuhr, O.; Fenske, D. Solvent-Free Hydrosilylation of Alkenes Cat-
alyzed by Well-Defined Low-Valent Cobalt Catalysts. Organome-
tallics, 2021, 40, 286–293. 
75) (a) Li, J.; Zheng, T.; Sun, H.; Li, X. Selectively catalytic hy-
drodefluorination of perfluoroarenes by Co(PMe3)4 with sodium 
formate as reducing agent and mechanism study. Dalton Trans. 

2013, 42, 13048–13053. (b) Lu, F.; Sun, H.; Li, X. Cobalt‐cata-
lyzed Selective C–F Bond Activation and Alkylation of Polyfluoro-
aryl Imines. Chin. J. Chem. 2013, 31, 927–932. 
76) Li, J.; Li, X.; Wang, L.; Hu, Q.; Sun, H. C–Cl bond activation 
and catalytic hydrodechlorination of hexachlorobenzene by cobalt 
and nickel complexes with sodium formate as a reducing agent. 
Dalton Trans. 2014, 43, 6660–6666. 
77) (a) Fallon, B. J.; Derat, E.; Amatore, M.; Aubert, C.; Chemla, 

F.; Ferreira, F.; Perez-Luna, A.; Petit, M. C–H activation/function-
alization catalyzed by simple, well-defined low-valent cobalt com-
plexes. J. Am. Chem. Soc. 2015, 7, 2448–2451. (b) Fallon, B. J.; 
Garsi, J.-B.; Derat, E.; Amatore, M.; Aubert, C.; Petit, M. Synthesis 
of 1, 2-dihydropyridines catalyzed by well-defined low-valent co-
balt complexes: C–H activation made simple. ACS Catal. 2015, 5, 
7493–7497. (c) Fallon, B. J.; Derat, E.; Amatore, M.; Aubert, C.; 
Chemla, F.; Feirreira, F.; Perez-Luna, A.; Petit, M. C2-Alkylation 
and Alkenylation of Indoles Catalyzed by a Low-Valent Cobalt 

Complex in the Absence of Reductant. Org. Lett. 2016, 18, 2292–
2295. 
78) Oliveira, J. C. A.; Dhawa, U.; Ackermann, L. Insights into the 
Mechanism of Low-Valent Cobalt-Catalyzed C−H Activation. 
ACS Catal. 2021, 11, 1505−1515. 
79) (a) Fiedfeld, M. R.; Margulieux, G. W.; Schaefer, B. A.; Chirik, 
P. J. Bis(phosphine)cobalt dialkyl complexes for directed catalytic 
alkene hydrogenation. J. Am. Chem. Soc. 2014, 136, 13178–13181. 

(b) Zhong, H.; Beromi, M. M.; Chirik, P. J. Ligand substitution and 
electronic structure studies of bis (phosphine) cobalt cyclooctadi-
ene precatalysts for alkene hydrogenation. Can. J. Chem. 2021, 99, 
193–201.  
80) Zhong, H.; Shevlin, M.; Chirik, P. J. Cobalt-Catalyzed Asym-
metric Hydrogenation of α,β-Unsaturated Carboxylic Acids by Ho-
molytic H2 Cleavage. J. Am. Chem. Soc. 2020, 142, 5272–5281. 
81) Gianetti, T. L.; Rodriguez-Lugo, R.; Harmer, J. R.; Trincado, 

M.; Vogt, M.; Santiso-Quinones, G.; Grützmacher, H. Zero-Valent 
Amino-Olefin Cobalt Complexes as Catalysts for Oxygen Atom 
Transfer Reactions from Nitrous Oxide. Angew. Chem. Int. Ed. 
2016, 55, 15323–15328. 
82) Bera, S. S.; Szostak, M. Cobalt–N-Heterocyclic Carbene Com-
plexes in Catalysis. ACS Catal. 2022, 12, 3111–3137. 
83) Gibson, S. E.; Johnstone, C.; Loch, J. A.; Steed, J. W.; Ste-
venazzi, A. Novel Structures and Pauson− Khand Activities of N-

Heterocyclic Carbene Dicobalt Complexes. Organometallics. 
2003, 22, 5374–5377. 



29 

 

84) Ung, G.; Rittle, J.; Soleilhavoup, M.; Bertrand, G.; Peters, J. 
Two‐Coordinate Fe0 and Co0 Complexes Supported by Cyclic (al-
kyl)(amino) carbenes. Angew. Chem. Int. Ed. 2014, 53, 8427–8431. 
85) Mondal, K. C.; Roy, S.; De, S.; Parameswaran, P.; Dittrich, B.; 
Ehret, F.; Kaim, W.; Roesky, H. W. Stabilization of a Two-Coor-

dinate Mononuclear Cobalt (0) Compound. Chem. Eur. J. 2014, 20, 
11646–11649. 
86) Asghar, S.; Tailor, S.; Elorriaga, D.; Bedford, R. B. Cobalt-
Catalyzed Suzuki Biaryl Coupling of Aryl Halides. Angew. Chem. 
Int. Ed. 2017, 56, 16367–16370. 
87) (a) Sun, J.; Gao, Y.; Deng, L. Low-coordinate NHC-cobalt (0)-
olefin complexes: synthesis, structure, and their reactions with hy-
drosilanes. Inorg. Chem. 2017, 56, 10775–10784. (b) Wang, D.; 

Lai, Y.; Wang, P.; Leng, X.; Xiao, J.; Deng, L. Markovnikov Hy-
drosilylation of Alkynes with Tertiary Silanes Catalyzed by Dinu-
clear Cobalt Carbonyl Complexes with NHC Ligation. J. Am. 
Chem. Soc. 2021, 143, 12847-12856. (c) Bai, W.; Sun, J.; Wang, 
D.; Bai, S.; Deng, L. Low-coordinate cobalt(0) N-heterocyclic car-
bene complexes as catalysts for hydrosilylation of alkynes. Appl. 
Organomet. Chem. 2022, 36, e6694.  
88) Wang, D.; Chen, Q.; Leng, X.; Deng, L. Reactions of low-co-

ordinate cobalt (0)–N-heterocyclic carbene complexes with pri-
mary aryl phosphines.  Inorg. Chem. 2018, 57, 15600–15609. 
89) Wang, D.; Leng, X.; Ye, S.; Deng, L. Substrate Redox Non-
innocence Inducing Stepwise Oxidative Addition Reaction: Nitro-
soarene C–N Bond Cleavage on Low-Coordinate Cobalt (0) Spe-
cies. J. Am. Chem. Soc. 2019, 141, 7731-7735. 
90) (a) Parkin, G. Fundamentals. In Comprehensive Organometal-
lic Chemistry III: from Fundamentals to Applications; Mingos, M. 

P., Crabtree, R. H., Eds.; Elsevier: 2007, Vol 1, Chap. 1. (b) 
Webpage of the Perkin Group: http://www.columbia.edu/cu/chem-
istry/groups/parkin/mlxz.htm (access February 2023) 
91) Carpenter, A. E.; Moore, C. E.; Rheingold, A. L.; Figueroa, J. 
S. A Well-Defined Isocyano Analogue of HCo(CO)4. 3: Hydride 
Migration to Olefins, H-Atom Transfer and Reactivity toward Pro-
tic Sources. Organometallics 2021, 40, 968‒978. 
92) (a) Klein, H.-F. Tetrakis(trimethylphosphane)hydridocobalt (I) 
and -dihydridoiron(II). Angew. Chem. Int. Ed. 1970, 9, 904–904. 

(b) Klein, H.-F.; Karsch, H. H. Tris(trimethylphosphine) cobalt (I) 
halides. Preparation and properties. Inorg. Chem. 1975, 14, 473–
477. (c) Klein, H.-F.; Karsch, H. H. Methylkobaltverbindungen mit 
nicht chelatisierenden Liganden, I. Methyltetrakis 
(trimethylphosphin) kobalt und seine Derivate. Chem. Ber. 1975, 
108, 944–955. 
93) Schun, R. A. The interaction of transition metal hydride com-
plexe with deuterium, ethylene-d4 and 1-butene Inorg. Chem. 1970, 

9, 2567-2572. 
94) (a) Levinson, J. J.; Robinson, S. D. Hydrido (triaryl phosphite) 
complexes of cobalt, rhodium, and iridium. Chem. Commun. (Lon-
don) 1968, 1405-1406. (b) Kruse, W.; Atalla, R. H. Synthesis and 
configuration of hydrido (alkyl phosphito)-cobalt and-iron com-
pounds. Chem. Commun. (London) 1968, 921–922. 
95) Yamamoto, A.; Kitazume, S.; Pu, L. S.; Ikeda, S. Synthesis and 
properties of hydridodinitrogentris (triphenylphosphine) cobalt (I) 

and the related phosphine-cobalt complexes. J. Am. Chem. Soc. 
1971, 93, 371–380. 
96) Aresta, M.; Rossi, M.; Sacco, A. Tetrahedral complexes of co-
balt (I). Inorg. Chim. Acta 1969, 3, 227–231. 
97) Brennan, M. R.; Kim, D.; Fout, A. R. A synthetic and mecha-
nistic investigation into the cobalt (I) catalyzed amination of aryl 
halides. Chem. Sci. 2014, 5, 4831–4839. 
98) Ventre, S.; Simon, C.; Rekhroukh, F.; Malacria, M.; Amatore, 

M.; Aubert, C.; Petit, M. Catalytic Version of Enediyne Cobalt-

Mediated Cycloaddition and Selective Access to Unusual Bicy-
clicTrienes. Chem.−Eur. J. 2013,19, 5830−5835. 
99) Medena, C.; Calogero, F.; Lemoine,Q.; Aubert, C.; Derat, E.; 
Fensterbank, L.; Gontard, G.; Khaled, O.; Vanthuyne, N.; Moussa, 
J.; Ollivier, C.; Petit, M.; Barbazanges. M. A HELIXOL-Derived 

Bisphosphinite Ligand: Synthesis and Application in Gold-Cata-
lyzed Enynes Cycloisomerization. Eur. J.Org. Chem. 2019, 2129. 
100) Ventre, S.; Derat, E.; Amatore, M.; Aubert, C.; Petit, M. Hy-
drido-Cobalt Catalyst as aSelective Tool for the Dimerisation of 
Arylacetylenes: Scope and Theoretical Studies. Adv. Synth. Catal. 
2013, 355, 2584−2590. 
101) (a) Ferrand, L.; Lyu, Y.; Rivera-Hernandez, A.; Fallon, B. J.; 
Amatore, M.; Aubert, C.; Petit, M. Hydroboration and Diboration 

of Internal Alkynes Catalyzed by a Well-Defined Low-Valent Co-
balt Catalyst. Synthesis 2017, 49, 3895-3904. (b) Rivera-Hernan-
dez, A.; Fallon, B. J.; Ventre, S.; Simon, C.; Tremblay, M. H.; Gon-
tard, G.; Derat, E.; Amatore, M.; Aubert, C.; Petit, M. Regio- and 
stereoselective hydrosilylation of unsymmetrical alkynes catalyzed 
by a well-defined, low-valent cobalt catalyst. Org. Lett. 2016, 18, 
4242–4245. 
102) Bories, C.; Barbazanges, M.; Derat, E.; Petit, M. Implication 

of a Silyl Cobalt Dihydride Complex as a Useful Catalyst for the 
Hydrosilylation of Imines. ACS Catal. 2021, 11, 14262–14273.  
103) Jeletic, M. S.; Mock, M. T.; Appel, A. M.; Linehan, J. C. A. 
Cobalt-Based Catalyst for the Hydrogenation of CO2 under Ambi-
ent Conditions. J. Am. Chem. Soc. 2013, 135, 11533–11536. 
104) Halbritter, G.; Knoch, F.; Wolski, A.; Kisch, H. Functionali-
zation of Aromatic Azo Compounds by the Cobalt-Catalyzed, Re-
gioselective Double Addition of Tolane: 2,6-Distilbenylazoben-

zenes and 2,3-Dihydrocinnolines. Angew. Chem., Int.Ed.1994,33, 
1603−1605. 
105) Dzik, W. I. Silylation of Dinitrogen Catalyzed by Hydridodi-
nitrogentris(Triphenylphosphine)Cobalt (I). Inorganics, 2016, 4, 
21–30. 
106) Bories, C. C.; Gontard, G.; Barbazanges, M.; Derat, E.; Petit, 
M. Hydrido-Cobalt Complexes for the Chemo- and Regioselective 
1,2-Silylative Dearomatization of N-Heteroarenes, Org. Lett. 2023, 
25, 843–848. 

107) Bories, C.C. ; Gontard, G. ; Barbazanges, M.;Lemière, G.. 
Petit M. Cobalt-Catalyzed Bis-Borylation of Quinolines: The Im-
portance of the Cobalt Triplet State. Chem. Eur. J. 2023 ; 
e202303178. 
108) (a) Petit, F. ; Massoti, H. ; Speier, G. ; Buono, G. Etude de la 
dimerisation du propylene catalysee en phase homogene par des 
especes du type “HCoLx”. J. Organomet. Chem. 1975, 97, 109. (b) 
Tyrlik, S. Kinetics and mechanism of cis-2-pentene isomerization 

by a catalyst formed from tris(triphenylphosphine)dinitrogencobalt 
hydride.  J. Organomet. Chem. 1972, 39, 371. (c) Muetterties, E.; 
Hirsekorn, F. J.  Chemistry of the transition metal-hydrogen bond. 
II. HCo[P(OR)3]4. J. Am. Chem. Soc. 1974, 96,7920−79258. (d) 
Gosser, L. W. Synthesis and properties of cobalt (I) compounds. II. 
Ortho-metalated (triphenyl phosphite)cobalt (I) complex. Inorg. 
Chem. 1975, 14, 1453–1456. 
109) Masayoshi, O.; Katsuma, H.; Masahiko, M.; Tetsuo, F. Facile 

photogeneration of coordinattvely unsaturated active species from 
a hydridophosphonitecobalt (I) complex and its application to dou-
ble-bond migration of olefin. Chem. Lett. 1983, 12, 261–264. 
110) Bergamaschi, E.; Beltran, F.; Teskey, C. J. Visible‐Light Con-
trolled Divergent Catalysis Using a Bench‐Stable Cobalt (I) Hy-
dride Complex. Chem. Eur. J. 2020, 26, 5180–5184. 
111)  (a) Rhyoo, H. Y.; Lee, B. Y.; Yu, H. K. B.; Chung, Y. K. 
Study of the reactivity of ClCo(PPh3)3. J. Mol. Catal. 1994, 92, 41–

49. (b) Ungk, P.; Fischer, F.; Thiel, I.; Hapke, M. CoCl(PPh3)3 as 

http://www.columbia.edu/cu/chemistry/groups/parkin/mlxz.htm
http://www.columbia.edu/cu/chemistry/groups/parkin/mlxz.htm


30 

 

Cyclotrimerization Catalyst for Functionalized Triynes under Mild 
Conditions. J. Org. Chem. 2015, 80, 9781−9793. 
112) (a) Zhong, H.; Friedfeld, M. R.; Chirik, P. J. Syntheses and 
catalytic hydrogenation performance of cationic bis (phosphine) 
cobalt (I) diene and arene compounds. Angew. Chem. Int. Ed. 2019, 

58, 9194–9198. (b) Farmer, M. E.; Ehehalt, L. E.; Pabst, T. P.; 
Tudge, M. T.; Chirik, P. J. Well-Defined Cationic Cobalt (I) Precat-
alyst for Olefin-Alkyne [2+ 2] Cycloaddition and Olefin-Diene Hy-
drovinylation Reactions: Experimental Evidence for Metallacycle 
Intermediates. Organometallics 2021, 40, 3599–3607. 
113) MacNeil, C. S.; Zhong, H.; Pabst, T. P.; Shevlin, M. Chirik, 
P. J. Cationic Bis(phosphine) Cobalt (I) Arene Complexes as 
Precatalysts for the Asymmetric Synthesis of Sitagliptin. ACS Ca-

talysis 2022, 12, 4680–4687. 
114) Madelsohn, L. N.; MacNeil, C. S.; Esposito, M. R.; Pabst, T. 
P.; Leahy, D. K.; Davies, I. W.; Chirik, P. Assymetric Hydrogena-
tion of Indazole-Containing Enamides Relevant to the Synthesis of 
Zavegepant Using Neutral and Cationic Cobalt Precatalysts. Org. 
Lett. 2023 https://doi.org/10.1021/acs.orglett.3c01364 
115) MacNeil, C. S.; Mendelsohn, L. N.; Zhong, H.; Pabst, T. P.; 
Chirik, P. J. Synthesis and Reactivity of Organometallic Interme-

diates Relevant to Cobalt‐Catalyzed Hydroformylation. Angew. 
Chem. Int. Ed. 2020, 59, 8912–8916. 
116) (a) Mendelsohn, L. N.; MacsNeil, C. S.; Tian, L.; Park, Y.; 
Scholes, G. D.; Chirik, P. J. Visible-Light-Enhanced Cobalt-Cata-
lyzed Hydrogenation: Switchable Catalysis Enabled by Divergence 
between Thermal and Photochemical Pathways. ACS Catal. 2021, 
11, 1351–1360. (b) MacNeil, C. S.; Mendelsohn, L. N.; Pabst, T. 
P.; Hierlmeier, G.; Chirik, P. J. Alcohol Synthesis by Cobalt-Cata-

lyzed Visible-Light-Driven Reductive Hydroformylation. J. Am. 
Chem. Soc. 2022, 144, 19219–19224. 
117) Peris, E.; Crabtree, R. H. Key factors in pincer ligand design. 
Chem. Soc. Rev. 2018, 47, 1959–1968. 
118) Van Koten, G. Tuning the reactivity of metals held in a rigid 
ligand environment. Pure Appl. Chem. 1989, 61, 1681–1694. 
119) Vogt, M.; Langer, R. The pincer platform beyond classical 
coordination patterns. Eur. J. Inorg. Chem. 2020, 2020, 3885-3898. 
120) (a) Junge, K.; Papa, V.; Beller, M. Cobalt–pincer complexes 

in catalysis. Chem. Eur. J. 2019, 25, 122–143. (b) Mukherjee, A.; 
Milstein, D. Homogeneous catalysis by cobalt and manganese pin-
cer complexes. ACS Catal. 2018, 8, 11435–11469. (c) Alig, L.; 
Fritz, M.; Schneider, S. First-row transition metal (de) hydrogena-
tion catalysis based on functional pincer ligands. Chem. Rev. 2019, 
119, 2681–2751. 
121)  (a) Kooistra, T. M.; Knijnenburg, Q.; Smits, J. M. M.; Hor-
ton, A.; Budzelaar, P. H. M.; Gal, A. W. Olefin Polymerization 

with [{bis(imino)pyridyl}CoIICl2]: Generation of the Active Spe-
cies Involves CoI. Angew. Chem. Int. Ed. 2001, 40, 4719–4722. (b) 
Knijnenburg, Q.; Smits, J. M. M.; Horton, A.; van der Heijden, H.; 
Kooistra, T. M.; Hetterscheid, G. H.; Smits, J. M. M.; de Bruin, B.; 
Budzelaar, P. H. M.; Gal, A. W. Olefin hydrogenation using 
diimine pyridine complexes of Co and Rh. J. Mol. Catal. A: Chem. 
2005, 232, 151–159. 
122) (a) Monfette, S.; Turner, Z. R.; Semproni, S. P.; Chirik, P. J. 

Enantiopure C 1-symmetric bis (imino) pyridine cobalt complexes 
for asymmetric alkene hydrogenation. J. Am. Chem. Soc. 2012, 
134, 4561–4564. (b) Schmidt, V. A.; Hoyt, J. M.; Margulieux, G. 
W.; Chirik, P. J. Cobalt-catalyzed [2π+ 2π] cycloadditions of al-
kenes: scope, mechanism, and elucidation of electronic structure of 
catalytic intermediates. J. Am. Chem. Soc. 2015, 137, 7903–7914 
(c) Atienza, C. C. H.; Diao, T.; Weller, K. J.; Nye, S. A.; Lewis, K. 
M.; Delis, J. G. P.; Boyer, J. L.; Roy, A. K.; Chirik, P. J. Bis (imino) 

pyridine cobalt-catalyzed dehydrogenative silylation of alkenes: 

scope, mechanism, and origins of selective allylsilane formation. J. 
Am. Chem. Soc. 2014, 136, 12108–12118. 
123) Pabst, T. P.; Chirik, P. J. Development of cobalt catalysts for 
the meta-selective C (sp2)–H borylation of fluorinated arenes. J. 
Am. Chem. Soc. 2022, 144, 6465–6474. 

124) (a) Obligacion, J. V.; Semproni, S. P.; Chirik, P. J. Cobalt-
catalyzed C–H borylation. J. Am. Chem. Soc. 2014, 136, 4133–
4136. (b) Obligacion, J. V.; Semproni, S. P.; Chirik, P. J. Carbon 
dioxide hydrosilylation promoted by cobalt pincer complexes. In-
org. Chem. 2014, 53, 9463–9465. (c) Li, H.; Obligacion, J. V.; Chi-
rik, P. J.; Hall, M. B. Cobalt pincer complexes in catalytic C–H 
borylation: the pincer ligand flips rather than dearomatizes. ACS 
Catal. 2018, 8, 10606–10618. 

125) Pabst, T. P.; Obligacion, J.V.; Rochette, É.; Pappas, I.; Chirik, 
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