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Jerémy Demarteau, Antoine Debuigné  and Christophe Detrembleur*  

Center for Education and Research on Macromolecules (CERM), CESAM Research Unit, University of Liege, Allée 

du 6 Aou ̂t, Building B6A, Agora Square, 4000 Liege, Belgium 

ABSTRACT:  

Organocobalt(III) complexes (R-CoIII), defined as cobalt complexes featuring a carbon−cobalt bond, 

are largely used to produce carbon-centered radicals by homolytic cleavage of their C−Co bond 

under mild conditions. They are key compounds in cutting-edge developments in the fields of 

organic chemistry, biochemistry, medical research, radical reactions, and organometallic chemistry. 

This is the first Review of the use of R-CoIII in both organic and polymer chemistries. Although 

pioneering works in organic synthesis have largely contributed to the implementation of R-CoIII in 

polymer design, the two fields have evolved independently, with many breakthroughs on both sides. 

The main motivation of this Review is to confront both fields to stimulate cross-fertilization. It 

notably describes the most important synthetic pathways for R-CoIII, the influence of the ligand 

structure and the environment of the complex on the C−Co bond strength, the modes of formation 

of the radicals, and the most relevant R-CoIII-promoted radical reactions, with a focus on the main 

reaction mechanisms. 
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1. INTRODUCTION AND MOTIVATION 

Carbon−carbon bond formation involving carbon-centered free radicals is extremely important in 

both organic and polymer syntheses. Although carbon-centered radicals exhibit a number of 

attractive features, including tolerance of functional groups and water compatibility, they are often 

highly reactive species, susceptible to multiple side reactions. Nevertheless, the old notion of free-

radical reactions being “notoriously uncontrollable” now belongs to the past, due to the 

development of a multitude of innovative routes to control both the production of radicals and their 

subsequent reactions for the synthesis of complex structures.1−14 Transition-metalpromoted radical 

reactions have largely contributed to these breakthroughs, with the generation of carbon-centered 

radicals from organometallic reagents based on titanium, vanadium, manganese, iron, copper, 

ruthenium, or cobalt, to cite the most relevant ones.2,10,15 In particular, the contribution of cobalt in 

radical chemistry is remarkable (Scheme 1).1,3,8,16−21 

Organocobalt(III) complexes (R-CoIII), defined as cobalt complexes featuring a carbon−cobalt bond, 

have shown the ability to produce radicals in a controlled manner by homolytic cleavage of their 

C−Co bond upon thermal treatment or irradiation by light.22,23 The R-CoIII derivatives and their radical 

activation pathway have been studied for more than half a century and are important in cutting edge 

developments in the fields of biochemistry, medical research, and organic, polymer, and 

organometallic chemistries (Scheme 1).7,16,24,25 A key concept to understand the radical chemistry of 

R-CoIII and the applications arising therefrom is the “persistent radical effect” (PRE),26,27 which 

extends the lifetime of the generated radicals, allowing their selective reaction with a third substrate 

rather than self-coupling. Typically, the carbon-centered radical (transient radical 2) released from 

the R-CoIII is reversibly deactivated by the CoII complex 1 acting as a persistent radical and preventing 

the self-termination of two transient radicals (Scheme 2, 2).27,28 

The cobalt−carbon bond dissociation energy (BDE) is a key parameter which governs the reactivity 

of R-CoIII species in radical processes. The strength of the C−Co bond can be easily tuned by 

modifying the ligands and the R group of the complex.29 In this respect, organocobalt complexes 

have undergone a long-term development starting with the discovery of vitamin B12 (VitB12 or simply 

“B12”), or cyanocobalamin (Scheme 3, CNCbl 1a), which plays a crucial role in the proper functioning 

of the human body30 and in the catalysis of a multitude of radical reactions.1,16,31−35 In the 1950s, 

Hodgkin et al. elucidated the crystal structure of 5′deoxyadenosylcobalamin (AdoCbl) containing 

the first isolated stable C−Co bond with a corrin ring as ligand.36 In the 1960s, Dolphin and Clarke 

synthesized R-CoIII complexes based on planar porphyrin ligands which have simpler structures and 

reactivities close to those of B12 coenzymes (Scheme 3, 2b).37−39 Recently, cobalt porphyrin complexes 

were widely developed in metallo-radical catalysis (MRC) by Zhang and de Bruin with the formation 

of an intermediate carbene radical as the R group (Scheme 3, 2b′),5,40,41 or for the precision synthesis 
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of polymers by Wayland.4 Oxime-based R-Co complexes emerged and showed properties similar to 

those of the corrin cores of cobalamin (Scheme 3, 2c).19,22 Research was then conducted on structural 

modifications of the ligands of the cobalt center in order to prepare novel RCoIII complexes with 

partially to fully oxygenated ligands such as organocobalt(III) salen12,42,43 (Scheme 3, 2d) and 

organocobalt(III) bis(acetylacetonate)44 (Scheme 3, 2e). As will be discussed later, the incorporation 

of electron-withdrawing ligands weakened the Co−C bond and allowed the production of more-

reactive radicals under milder experimental conditions, which paved the way to novel reaction 

processes. 

This Review covers the field of R-CoIII complexes exploited as sources of radicals in organic and 

polymer chemistries. Currently, this research area is covered by hundreds of publications from the 

two communities, which are most often constrained to their respective domain. Here, the use and 

development of organocobalt complexes in both organic and polymer chemistries are described 

and confronted in a single work for the first time in the hope that it will stimulate the cross-

fertilization of these research fields. For the sake of clarity, the text is organized into sections, 

corresponding to the ligands of the cobalt complexes, starting from the pioneering works on vitamin 

B12. Notably, we will discuss (i) the most important synthetic pathways for R-CoIII, (ii) the influence of 

the ligand structure and the environment of the complex on the C−Co bond strength, (iii) the modes 

of formation of the carbon-centered radicals by the homolytic cleavage of the C− Co bond, and (iv) 

the most relevant R-CoIII-promoted radical reactions for organic and polymer syntheses, with a focus 

on the main reaction mechanisms. Without aiming to be exhaustive, we present important reactions 

of the organocobalt complexes, with special care to describe the state-of-the-art achievements in 

this field, including radical processes offering a high level of stereochemical control.5 For detailed 

information about early or complementary references, the reader is directed to some excellent 

previous reviews on the subject. 

2. VITAMIN B12-TYPE ORGANOCOBALT(III) 

The first class of R-CoIII complexes that is investigated in this Review concerns the close analogues of 

vitamin B12 (VitB12) structures. B12 compounds, and particularly AdoCbl, have significantly drawn the 

attention of biochemists because they represent the most familiar biological source of radicals 

resulting from thermal homolysis.45,46 Many researchers have dedicated their work to the discovery 

and the reactivity of B12 analogues. With the advances in computational science, the action of VitB12 

cofactors, such as MeCbl and AdoCbl, has been recently modeled, and these studies helped 

scientists to comprehend their mechanism in biological applications.47,48 Organic synthesis using 

VitB12-type R-CoIII has been largely developed, whereas examples of their exploitation in polymer 

chemistry are rare. 

In biological conditions, stable forms of B12 compounds (1b and 1c) bear a cobalt complex in the 

oxidation state of III (Scheme 3). Cleavage of the C−Co bond can follow three different paths, 

inducing the interaction of coenzymes and substrate.49 Heterolytic dissociation follows the catalytic 

process of R-CoIII as MeCbl and leads to a “supernucleophilic” CoI with a lone electron pair (Scheme 
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4, Track A).31 Another type of heterolysis appears in the case of electrophilic attack, such as with a 

mercury salt (represented as MX2) that can trap the alkyl group (R−) and produce an X-CoIII complex 

(Scheme 4, Track B).50,51 Reactions involving heterolysis of R-CoIII have been summarized by Marzilli 

and co-workers.52 The last pathway, for example with AdoCbl, involves homolytic cleavage of the 

C−Co bond, producing a stable paramagnetic CoII complex and a reactive carbon-centered radical, 

such as 5′-deoxyadenosyl radical (R• in Scheme 4, Track C). In this Review, we focus on the homolysis 

mechanism of R-CoIII (Track C) and its contribution to organic and polymer chemistries. 

2.1. SYNTHETIC ROUTES 

MeCbl (Scheme 3, 1b) was first isolated in 1964 from bacteria.53 In 1972, the teams of Eschenmoser 

and Woodward successfully realized the total synthesis of VitB12 starting from cobyric acid.54 

However, the biosynthesis always prevailed over the total synthesis. Indeed, only bacteria and 

microorganisms were able to produce this vitamin at large scale through enzymatic fermentation.24 

Later on, different strategies were developed for the synthesis of R-CoIII of the cobalamin type: (1) 

the reaction of CoIII complexes with nucleophilic reagents such as Grignard reagents (Scheme 5, 

Track A), (2) the addition of carbon-centered radicals to CoII species (Scheme 5, Track B), (3) the 

reactions of CoI or cobalt-hydride complexes with alkyl halides (Scheme 5, Track C), (4) the 

acetylation of methylcobalamin(III) by carbon monoxide (Scheme 5, Track D), and (5) the recent 

formation of aryl- and alkynocobalamin complexes (Scheme 5, Track E). 

In the mid-1960s, Bernhauer et al. developed the first strategy by reacting cobyrinic acid heptaethyl 

ester as the CoIII complex with an excess of CH3MgI, as Grignard reagent (Scheme 5, Track A), 

providing the corresponding R-CoIII complex, a close structure of methylcobalamin.55 

The second strategy (Scheme 5, Track B) involved the reaction of the reduced form of cobalamin 

(B12r) as radical scavenger with carboxylic acid (as acetic acid) in the presence of oxygen and 

vanadium(III) salts. The carbon-centered radical (•CH2COOH) that was in situ formed by H 

abstraction from CH3COOH was trapped by B12r to yield the corresponding carboxyalkyl-

cobalamins.56 

Certainly one of the most widely used pathways for R-CoIII is the reaction between CoI or a cobalt-

hydride complex and electrophilic reagents such as alkyl halides (Scheme 5, Track C). Johnson and 

Smith were pioneers in this reductive elimination/oxidative addition route.24 Its prevalence is due to 

the large range of alkyl halides that are available, giving access to a large diversity of R-CoIII of 

different reactivity by tuning the nature of the alkyl group. The first step of this process involved 

reduction of hydroxocobalamin (Scheme 5, 1d) by various reducers, such as sodium borohydride 

(NaBH4) or zinc dust in acetic acid, producing a CoI nucleotide that reacted with an alkylating agent 

(most often an alkyl/alkene halide, such as ethyl iodide) to form the corresponding R-CoIII. To date, 

this procedure remains the simplest for the synthesis of B12 analogues. 

As an alternative to the use of chemical reducers, Scheffold et al. developed an electro-reductive 

alkylation of hydroxocobalamin (Scheme 5, (OH)Cbl 1d). Indeed, a R-Cbl complex (with R = 

−CH2COOCH3) was formed by electro-reduction of (OH)Cbl in the presence of methyl bromoacetate 
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as alkylating agent.57 This was carried out by using a H-type electrolytic cell by applying a constant 

potential of −1.1 V (vs SCE) in a LiClO4/H2O/MeOH solution. Under these electrochemical conditions, 

(OH)Cbl was reduced into CoI that was directly involved in an oxidative addition with methyl 

bromoacetate. 

Krautler et al. investigated the formation of acetylcobalamin via the modification of 

methylcobalamin (MeCbl) by the addition of carbon monoxide (Scheme 5, Track D).58 The methyl 

radical, released by the C−Co bond cleavage of MeCbl, added to carbon monoxide to form the acetyl 

radical that was rapidly trapped by cross-coupling with CoII (Scheme 6). This experiment illustrates 

the PRE mechanism with the recovery of the cross-coupled product as the main component instead 

of ethane (that would form by coupling two methyl radicals). 

Recently, aquacobalamin chloride was used to synthesize aryl- and alkynyl-cobalamin complexes 

following Track E, Scheme 5.59−61 As shown in Scheme 7, the reduction of aquacobalamin chloride 

was first promoted by formate ions, providing the corresponding CoII species.62 This CoII species 

intercepted an alkynyl radical (generated from alkynyl iodide) or ethyl benzyl radical (released from 

ethylbenzyldiazonium salt) to furnish the corresponding alkynyl- or arylcobalamin. These modified 

cobalamins are more resistant to cleavage by enzymes and metabolic transformations and were 

seen as potential “antivitamins B12”.60,63 

2.2. REACTIVITY 

The reactivity of R-CoIII complexes is dictated by many parameters, such as the type and the basicity 

of the donating ligand or the cone angle. In this section, we aim to present the main parameter that 

encompasses the particular reactivity of the C−Co bond: its BDE. Bond length and strengths are 

closely related, and the following discussion will mainly focus on the BDE. Several techniques were 

used for the determination of the C−Co BDEs, such as kinetic radical trapping or pulsed 

photoacoustic calorimetry.64,65 The homolytic C−Co splitting can be induced by three different ways: 

thermal homolysis, also called thermolysis, irradiation by light/UV, namely photolysis, or 

electrochemical reduction. For many years, thermolysis of R-CoIII was preferred over photolysis and 

electrochemical reduction. However, in the past 15 years, photolysis has found increasing interest 

for the B12 C−Co bond cleavage in photochemistry and photobiology, and for the future use of B12 

derivatives in biotechnological applications, as in photosynthesis of bacteria or in photosystem 

gene expression. This topic has been discussed in a recent review by Jones.66 

The thermolysis of methylcobalamin (CH3-Cbl) was followed by Finke et al. in ethylene glycol via the 

use of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) as radical trapping agent. The measured BDE 

was about 37 kcal·mol−1 and was strongly influenced by the ligation of the 5,6dimethylbenzimidazole 

(DMB) axial ligand (Table 1, ref 67). The axial bonding of DMB with the cobalt center is in equilibrium 

with the opened form, following the so-called “base-on/base-off equilibrium” (Scheme 8). The 

influence of this ligand exchange on the BDE value was later investigated by pulsed photoacoustic 

calorimetry that was preferred over the thermolysis. Indeed, the latter generally requires elevated 

temperatures (>80 °C), which induces a competition with the heterolytic cleavage of the CH3-Cbl 

bond (Table 1, ref 65), and a mixture of both base-on and base-off forms was present under these 
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conditions. Therefore, photolysis constituted the ideal method for the quantification of homolytic 

methylcobalamin activation. The photolysis of CH3-Cbl showed a C− Co BDE approaching 39 

kcal·mol−1 in water for the base-on form. In acidic media, the protonation of the DMB ligand provided 

the base-off form with a BDE value up to 42 kcal· mol−1 (Table 1, ref 65). This shift in the C−Co BDE 

with the base-on/base-off equilibrium was verified for Ado-Cbl, and the reinforcement of the C−Co 

bond strength was also noted when the N-donating axial ligand was removed from the cobalt center 

(base-off form) (Table 1, ref 68). 

The kinetics of Ado-Cbl thermolysis has been followed with the use of various spin-trapping agents. 

Halpern first evaluated the C−Co BDE of Ado-Cbl with the use of bis(dimethylglyoximato)cobalt(II) 

(abbreviated Co(dmgH)2) as spin-trap, which rapidly intercepted free radicals to form C−Co bonds 

that were considerably stronger than the Ado-Cbl bond (Table 1, ref 64). Later, Finke et al. measured 

C−Co BDE values close to 30 kcal·mol−1 in water (Table 1, ref 70). This value was further confirmed by 

pulsed photoacoustic calorimetry (Table 1, ref 65). Recent theoretical studies showed an 

underestimated BDE (33.6 and 27.2 kcal·mol−1 respectively for CH3Cbl and Ado-Cbl) compared to the 

experimental studies on both CH3-Cbl and Ado-Cbl.47,71 

Concerning the activation of the C−Co bond by electrolysis, Scheffold et al. studied the reduction 

potential of alkylcobalamine and alkylcobyrinates using single-scan voltammetry by varying the 

axial ligand (namely the R group of R-CoIII complexes).72 Accordingly, a correlation was established 

between the reduction potential of R-CoIII and the pKa of RH, which helped in the visualization of 

intermediates formed during the light-induced insertion of an olefin into the C−Co bond of the R-

CoIII. However, no BDE value was reported. The single-scan voltammetry also served for the 

understanding of the mechanism of oxidative addition of alkyl halides to corrinato- and 

porphyrinatocobalt(I).73 

2.3. ORGANIC REACTIONS 

Vitamin B12 is a natural and nontoxic catalyst that has been exploited for many types of reactions. 

For over half a century, it has been established that VitB12 and particularly coenzyme AdoCbl are 

catalytically involved in many organic reactions via homolysis pathways, such as isomerizations or 

reductions.45 The general catalytic mechanism for these reactions is exemplified in Scheme 9. The 

common first step of all reactions was the reduction of VitB12 into CoI (or CoII). These species then 

reacted with a substrate R to form, in situ, a RCoIII intermediate. The final product B was then 

produced by a radical pathway involving R radicals and A as reagent, and the catalyst (CoI or CoII) 

was regenerated. As it will be detailed later, the intimate mechanism for the formation of B was 

strongly dependent on the substrates that were involved. However, the main feature for all VitB12-

catalyzed reactions was the C−Co bond homolytic splitting of the in situ-formed R-CoIII, leading to a 

carbon-centered radical. 

The mechanism for the AdoCbl-dependent isomerase was first elucidated in 1967 (Scheme 10).74 

Isomerases belong to the largest families of B12-dependent enzymes found in nature. Their 

mechanism is based on an enzymatic 1,2 rearrangement of amino acid derivatives and rules a 

plethora of reactions in human body, such as the replication of DNA.45 The first step involves 
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homolysis of the AdoCbl C−Co bond with the formation of a •CH2R radical (Scheme 10). After a first 

hydrogen abstraction on reagent by the radical species, a 1,2 rearrangement of the X group occurs 

to form the corresponding isomer. The final step is a second H-abstraction followed by the 

regeneration of the C−CoIII complex that enters again the catalytic cycle. 

Scheme 11 summarizes 10 selected rearrangement reactions catalyzed by coenzyme B12. The first 

class of compounds (reactions 1−3) were catalytically produced via B12 cofactor followed by a 1,2 

rearrangement,75 according to the reaction mechanism illustrated in Scheme 9. The second category 

concerns a skeletal rearrangement (reactions 4−6), as represented with the enzymatic conversion of 

glutamate to β-methylaspartate (reaction 4).75 The third class of reactions involved an elimination of 

water or ammonia (reactions 7−9). As an example, diol dehydrase enzymes allowed the conversion 

of glycerol into first a geminal diol, which was then converted into 3-hydroxypropanal and water via 

coenzyme B12 (reaction 8). The formation of geminal diol (two OH functions on the same carbon) has 

been recently confirmed by computational chemistry, showing this favored intermediate in the 

presence of B12, while in the absence of B12, a direct loss of water is favored.76 The final rearrangement 

(reaction 10) occurred with class II ribonucleotide reductases, involving the formation of thiyl 

radicals that catalyzed the reduction of this ribonucleotide.45 This reaction is essential in the DNA 

replication process. A theoretical study on these enzymatic reactions was recently published for the 

different classes of AdoCbldependent enzymes.77 

Besides these enzymatic rearrangements, many other B12catalyzed radical reactions were reported, 

such as dehalogenation, halide coupling, alkene coupling, cyclopropanation, reductive coupling of 

aryl halides and non-activated alkyl tosylates,78 and 1,4-additions onto activated double bonds.31 

Scheme 12 presents the most relevant reactions and illustrates that all these B12-catalyzed reactions 

require reducing conditions. The in situ reduction of the cobalamin derivative furnished the 

supernucleophilic CoI species that then reacted with some of the reagents (alkyl halide, alkene, etc.) 

to give a novel R1-CoIII adduct. The C−Co bond of this R1-CoIII was then cleaved with appropriate 

stimuli (UV light or electrolysis) to release a radical (R•) that reacted with various radicals or 

substrates. The CoII species was then reduced in situ into CoI that entered again the catalytic cycle. 

The in situ formation of R1-CoIII, followed by the controlled release of R• and the concomitant 

reduction of the cobalt complex into CoI, are thus at the core of all these B12-catalyzed radical 

reactions. In this work, we will not detail all these reactions that have already been discussed in a 

recent tutorial review.31 Table 2 summarizes some selected relevant examples with the reaction 

conditions that are discussed below. 

The dehalogenation of various species has gained huge interest over the past decades due to its 

utility to treat toxic halogenated contaminants for environmental purposes.79−82 Mono-, di-, tri-, and 

tetrachloroethylene were the first compounds studied in this area due to their great utilities as 

solvents, in paints, etc. (Table 2, entry 1).79−82 Dechlorination of polychlorinated ethylene led to the 

formation of ethylene. These studies opened the way to many developments in dehalogenation 

reactions of toxic chloro, bromo, and fluoro compounds. Research in this field is still ongoing, 

notably in the comprehension of the mechanism for B12-dependent dehalogenation,83 in the 
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development of vinylcobalamin for enhancing the process,84 and in the dehalogenation pathways 

using CO2 radical anion as reactant85 or pH as the driving force.86 

Non-activated alkenes, such as styrene and derivatives, underwent radical coupling when treated 

with reduced cobalamin (produced in situ from a mixture of (CN)Cbl 1a and Ti(III) citrate under light 

irradiation).87−90 In contrast, a 1,4-addition reaction occurred with activated alkenes (thus bearing an 

electron-withdrawing group) in aprotic environment in the presence of a radical source such as an 

alkyl halide. As a representative example, VitB12 was recently used to catalyze the atom-transfer 

radical addition (ATRA) of organic halides (aryl or alkyl halides) to olefins (such as phenyl vinyl 

sulfone, acrylate, or acrylamide) in the presence of a reducing agent (NaBH4) (Table 2, entry 2).91 In 

this process, VitB12 was reduced by NaBH4 into CoI that reacted with the organic halide to yield the 

corresponding R-CoIII. The C−Co bond splitting released R• that added to the olefins, forming the 

corresponding radical adduct. The transfer of halogen from the organic halide to the radical adduct 

furnished the desired product. Also, the VitB12-catalyzed electrochemical reduction of acetic 

anhydride in the presence of activated olefins under visible light involved the formation of 

acylcobalamin followed by the light-induced C−Co bond splitting and the 1,4-addition of the 

released acetyl radical to the olefin (Table 2, entry 3).92 Recently, an acylation mechanism has been 

applied to 38 different 2-S-pyridyl thioesters, being the acyl radical source, using (CN)Cby(H2O) as 

catalyst, Zn as reductant, and LED light as initiating system.93 Again, acyl-VitB12 complex was formed, 

followed by C−Co bond homolysis, forming acyl radicals that reacted with alkenes, such as 

acrylonitrile or nbutyl acrylate, to furnish the corresponding acyl product (Table 2, entry 4). 

Reduced cobalamin compounds were also involved in the coupling of aryl olefins, as well as aryl 

halide, leading to dimers (Table 2, entry 5).87 Mechanistic studies showed a high rate of combination 

of two radicals thanks to reducing agents such as Ti(III) or Zn, which reduce CoII species and prevent 

their recombination with alkyl radicals. Another B12-catalyzed reaction involving an arylalkene, such 

as styrene, has been developed by Zhang with the reaction of ethyl diazoacetate (EDA) as co-reagent 

and (OH)Cbl as catalyst (Table 2, entry 6).94 This thermally activated reaction led to the formation of 

cis-dominant cyclopropanes in excellent yields and moderate enantioselectivity. Similarly, Gryko et 

al. focused on the photolytic reaction of this EDA with the diarylalkene and (CN)CbEster as catalyst.95 

Alkyl esters were obtained with excellent yields (Table 2, entry 7). The deprotection of 

(allyloxy)arenes represents another reaction promoted by reduced VitB12 under photolysis (Table 2, 

entry 8)96 that constitutes a sustainable alternative to commonly used noble metal-catalyzed 

deprotection reactions. 

VitB12 immobilized onto TiO2 particles was also developed and exploited for highly selective 

photolytic reactions.88,97 As relevant examples, depending on the alkene used as substrate, reduction 

or dimerization occurred with high yields (Table 2, entry 9).88 Oxygenation of trichlorinated 

compounds was also carried out to provide alkene dimer, ester, or amide with excellent yields (Table 

2, entry 10).97 This photocatalyzed reaction made it possible to obtain high-value products via 

dechlorination of toxic trichlorinated compounds. Recently, the same research group investigated 

the photocatalytic dechlorination of trichlorinated compounds and bromoethylbenzene by using 

different polymer-supported B12 complexes bearing a ruthenium tris-bipyridine photosensitizer.98,99 
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Scheffold investigated in depth the electrochemical reduction of R-CoIII complexes in the presence 

of various substrates, giving access to reductive eliminations (A), isomerizations (B), the 

electrosynthesis of bicyclic ketones (C), or nucleophilic acylations (D) (Scheme 13). 

Among these B12-based reactions, the reductive removal of haloethyl protecting groups of carboxylic 

acids was studied.100 Indeed, hydroxocobalamin (VitB12 1d) was reduced at −1.5 V into CoI that further 

reacted with the haloethyl carboxylate to create the corresponding carboxylic acid and ethylene 

(Scheme 13, Track A, and Table 2, entry 11). 

The electro-reductive reaction of CoIII to CoI also served in the isomerization of various achiral 

compounds into optically active ring-opened products: (1) epoxides to allylic alcohols,101−104 (2) 

cyclopropane into olefins,105 and (3) aziridine into allylic amines.106 As exemplified in Scheme 13, 

Track B, cyclopentene oxide was converted into (R)-2-cyclopenten-1-ol with high yields (up to 78%, 

Table 2, entry 12).103 This process was also implemented for a series of transformations involving 

radical intermediates and leading to prostaglan-dins.102 

This electrochemical reduction of VitB12 was used in cyclization reactions converting 

bromocyclohexenones into bicyclic ketones.107 In this process, a 1,4 addition of alkyl derivatives 

(−CH2Br group) with an enone olefin was electrochemically catalyzed by B12 to create a bicyclic 

compound with a yield up to 95% in the case of a C6 ring (Table 2, entry 13). When C5 and C7 rings were 

targeted, the cyclization was less favored, and mainly open-chain products were collected (R = 

−CH2CH2− for C5 ring and R = −(CH2)4− for C7 ring, Scheme 13, Track C). 

Similarly to the acylation of olefins reported in entry 2 of Table 2,92 nucleophilic acylation of olefins 

was also investigated by electrochemical reduction B12 catalysis.108 Notably, the formation of an 

aldehyde using an anhydride and an olefin was driven by the light-assisted electrochemical 

reduction of (OH)Cbl (1d) (Scheme 13, Track D). An 80% yield of aldehyde was obtained from an n-

C7H15 anhydride and propylene, as exemplified in Table 2, entry 14. 

2.4. POLYMERIZATIONS 

Although the propensity of VitB12 and derivatives to produce radicals under UV irradiation has been 

established for years, these compounds have been rarely used in the field of photopolymerization. 

Only one report by Lawrence et al. described the exploitation of VitB12-type R-CoIII as initiator for 

radical polymerization.109 They synthesized various alkylcobalamins bearing an ethyl group and a 

fluorophore linked to the side chain of the corrin ring (Scheme 14).109 In contrast to common 

photoinitiators having a maximal absorbance between 300 and 520 nm, this fluorophore was 

specifically chosen because of its maximal absorption up to 600 nm. This advantage could furnish 

greater curing depths than previous systems. Upon irradiation of an aqueous solution containing 

acrylic and acrylamide monomers and a diacrylate cross-linker (poly(ethylene glycol) diacrylate 

(PEGDA)) by visible light, the excitation of the fluorophore induced cleavage of the C− Co. The 

released ethyl radical initiated the radical polymerization to provide a hydrogel.109 These alkyl-

cobalamin-based complexes might find applications in the field of phototherapy of damaged 

cartilage to glioblastoma via hydrogels using safe visible light.110−112 
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2.5. B12-BASED DRUG DELIVERY SYSTEMS 

Lawrence et al. investigated the exploitation of novel cobalamin derivatives as phototherapeutics.11 

In this domain, VitB12 appeared to be inefficient as a light absorber beyond 550 nm. To tackle this 

problem, the researchers notably used commercial fluorophores, such as 5-

carboxytetramethylrhodamine (TAMRA group) (Scheme 15a).113,114 These fluorophores were linked 

to the cobalt either via the alkyl group or via the axial ligand “queue” serving as antennas to capture 

long-wavelength light and to allow the cleavage of the C−Co bond at different wavelengths, up to 

800 nm (Scheme 15a). R-CoIII complexes were synthesized from a reduction− alkylation pathway 

(Scheme 5, Track C) using 3-chloropropylamine as R-X agent. The amine was then reacted with 

COOHterminated fluorophore (Scheme 15a).114 This novel type of R-CoIII is highly attractive for the 

controlled release of bioactive species at long-visible and near-IR light for drug delivery applications. 

This is made possible when the bioactive species is linked to the R group that is released under 

appropriate light irradiation. For instance, new drug delivery systems were created from erythrocyte 

carriers known for their long lifespan to target a desired cell (Scheme 15b).115 These drugs, covalently 

attached to the alkyl group of modified cobalamin, were released from the cobalt center to an 

adjacent cell. The release of the drug was activated by photoirradiation of an external fluorophore 

(Cy5-modified antenna, in green on Scheme 15b) designed for working at a specific wavelength and 

for transmitting its energy to the Cbl-drug assembly.115 Finally, a thiolato-cobalamin complex was 

synthesized, and the fluorophore antenna facilitated the photolytic cleavage of the S−Co bond to 

release thiyl radical.116 The large variety of Rcobalamin(III), R being either alkyl or thiyl chains, as 

unique photocleavable compounds at long-wavelength light offers many applications, ranging from 

drug delivery systems to tissue engineering or surgery.112 

3. ORGANOCOBALT(III) PORPHYRINS 

3.1. SYNTHETIC ROUTES 

Scheme 16 summarizes the four main synthesis routes toward organocobalt(III) porphyrins (R-

CoIII(por)). In the late 1960s, Dolphin and Clarke synthesized R-CoIII(por) species derived from 

VitB12
37−39 by applying the reductive elimination/ oxidative addition pathway established by Johnson 

and Smith117 (Scheme 16, Track A). This procedure gave access to a plethora of R-CoIII(por) of various 

reactivity. Later, RCoIII(por) complexes were formed by reaction of CoII(por) derivatives with olefins 

in the presence of Na or Hg acting as reducing agent of CoII(por) (Scheme 16, Track B).118 

The first synthesis of R-CoIII porphyrins by radical pathways was reported in the 1990s, involving the 

reaction of CoII(por) with a conventional free-radical initiator, such as azobis(isobutyronitrile) (AIBN), 

and a vinyl compound (Scheme 16, Track C).119,120 Under thermal treatment, the initiator 

decomposed in two carbon-centered radicals (Scheme 17, eq 1) that reacted with CoII(por) (in this 

example, tetrakis(pmethoxyphenyl)porphyrinato)cobalt(II), CoII(TAP)) with the formation of the 

transient cobalt hydride (H-Co(TAP); Scheme 17, eq 2). This cobalt complex transferred its hydride 
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radical to the olefin (e.g., styrene), providing the corresponding alkyl radical that was rapidly 

trapped by CoII(TAP) with the formation of the corresponding R-CoIII(por) (Scheme 17, eq 3).121 The 

same strategy was implemented for alkynes instead of olefins.119,120 

Organocobalt(III) tetramesitylporphyrin (R-CoIII(TMP)) was prepared from a similar protocol 

developed by Costa et al. for R-CoIII(salen)42,122 by the reaction of methanol, carbon monoxide, 

CoII(TMP), and a reducing agent (Scheme 16, Track D).123 This complex, namely (TMP)CoIII-CO2CH3, 

was recently used for the controlled photopolymerization of acrylates, acrylamides, and vinyl 

ketones, as will be discussed later.124,125 

3.2. REACTIVITY 

Compared to AdoCbl, the porphyrin ligand confers lower flexibility to the global structure, and the 

corrin ring is only partially conjugated, whereas the porphyrin is delocalized around all four pyrrole 

rings. The porphyrin ligand provides a strong tetrapyrrole donor group with four nitrogen atoms 

coordinating the cobalt atom. The structural and electronic environment of the porphyrin ring can 

therefore deeply influence the BDE of the C−Co bond. 

These structural features explain the main differences between the chemistries of cobalamin and 

cobalt porphyrin. 

The planar structure of R-CoIII(por) confers to the complex a certain stability in terms of BDE of the 

C−Co bond. The cleavage of the C−Co bond of PhCH2-CoIII(por)L complex was followed via a radical 

trapping method,126 and the influence of the electronic and steric properties of the cobalt complex 

on the BDE was evaluated by tuning the nature of the axial phosphorus ligand (L). The porphyrin ring 

appeared to act as a “shield” for the C−Co bond toward steric perturbation of the L group. Indeed, 

the porphyrin ligand is not sufficiently flexible to allow its torsion by bulky axial ligands, such as 

PPh3, and the C−Co BDE is therefore not much influenced by these ligands. However, increasing the 

basicity of the ligand (e.g., PBu3 vs PPh3) increased the BDE values (Table 3, entry 1).126 

More recently, a Density Functional Theory (DFT) investigation of the BDEs of R-CoIII(por) containing 

various substituents on the porphyrin core and R groups was carried out for the living 

polymerizations of different vinyl monomers.127 From these studies, different trends were 

established in terms of electronic effects and steric hindrance on the C−CoIII BDE. First, the 

substitution of H-atoms of the porphyrin ring by strongly electron-withdrawing fluorine atoms 

slightly decreased the BDE, for instance from 24 to 22 kcal· mol−1 for the same R group (−CH(CH3)CN) 

(Table 3, entry 2).127 Second, carbon-centered radicals that are poorly stabilized, such as 
•CH(CH3)OAc, also led to C−Co bonds with a higher BDE value (24 kcal·mol−1) compared to radicals 

that are stabilized, such as •CH(CH3)C(=O)OtBu (14 kcal· mol−1) (Table 3, entry 3).127 The bulkiness of 

the R group had also a strong influence on the BDE value, with a significant decrease in BDE when 

decreasing the steric hindrance of R, for instance from a methyl acrylate (MA) radical (18 kcal·mol−1) 

to a tert-butyl acrylate one (14 kcal·mol−1) (Table 3, entry 3).127 

As confirmation of the above-mentioned effects, the NMR method revealed to be complementary 

with the radical trapping experiments for the determination of BDE in RCoIII(por).128 Tested for R-
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CoIII(por) with a pentyl- or methylstyryl R group, a higher value of BDE was noted for the C5H9−CoIII 

complex than for the styryl one, in agreement with the higher stability of the secondary radical 

(•CH(CH3)Ph) compared to the primary one (•C5H9) (Table 3, entry 4, ref 128). 

Stolzenberg et al. studied the complexation of the methylcobalt octaethylporphyrin with an axial 

ligand, as pyridine, to mimic the “base-on” effect that was found in VitB12 with the indole group.129 By 

X-ray diffraction experiments, he discovered that the binding of pyridine induced an elongation of 

the C−Co bond and facilitated its homolysis, which translated the “base-on” effect observed in VitB12. 

3.3. ORGANIC REACTIONS 

R-CoIII(por) have been most often produced in situ and used as transient catalysts in different types 

of reactions,130 such as in dechlorination of chlorinated olefins,131 cyclopropanation of olefins,5 

oxidation of vinyl ethers,132 in the formation of 2Hchromene compounds133 or E-aryl-diene,134 etc., as 

discussed below. 

Due to structural and chemical similarities between CoII(por) and VitB12, tetrakis(N-methy1-4-

pyridiniumyl)porphyrin (CoTMPyP) cationa n d c o b a l t -(tetrasulfophthalocyanine) (CoPcTs) anion 

were used as homogeneous catalysts for the dehalogenation of CCl4.135 Also, the water-soluble 

tetrakis(4-carboxyphenyl)porphyrin cobalt(II) ((TCPP)Co), demonstrated a similar dechlorination 

behavior for perchloroethylene than VitB12 but with superior activity.131 This CoII(por) complex 

worked according to a similar mechanism as the one of VitB12, thus by (i) reduction into CoI(por), (ii) 

addition of chlorinated alkene with the formation of R-CoIII(por), and (iii) reductive elimination to 

give the dechlorinated olefin and to regenerate the catalyst. This cobalt-catalyzed reaction has the 

potential to treat the widespread groundwater chlorinated ethylene pollutants, such as 

perchloroethylene (PCE) and trichloroethylene (TCE).136,137 

More recently, the easy photolytic cleavage of C−Co bond has been used for the formation of C−C 

bond from alkyl halides for the production of useful chemical fuels.138 Meyer et al. integrated single-

electron transfers to catalytic multielectron-transfer reactions by combining the semiconductor 

nanocrystallites of TiO2 and CoI(TCPP) complex. As represented in Scheme 18, CoI reacted with R-X 

(as benzyl bromide) to form R-CoIII(TCPP). Light then promoted the C−Co bond homolytic splitting 

and produced two alkyl radicals that underwent radical coupling. The blue portion of the solar 

spectrum induced band gap excitation of the TiO2 with the concomitant regeneration of the number 

of electrons to close the catalytic cycle. 

Most of the recent developments and breakthroughs in CoII(por)-catalyzed reactions of great utility 

for the construction of important novel building blocks deal with the reaction of CoII(por) with 

carbene precursors, such as diazo compounds or N-tosylhydrazones, to give CoIII-carbene radical 

intermediates (also named α-CoIII-alkyl radicals) (Scheme 19, compound 1).5,40,41,133,139−149 The 

formation of this transient carbene species has been experimentally proved via NMR (trapping 

thanks to a TEMPO radical) and X-ray crystallography.139 These in situ formed CoIII species are key 

intermediates in many useful MRC reactions, including (enantioselective) alkene 

cyclopropanation,41,141−144,150,151 C−H functionalization,145,146 regioselective synthesis of β-lactams,147 
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construction of 2H-chromenes133 and 1H-indenes,148 and the preparation of 1,2-

dihydronaphthalenes and E-aryl-dienes.134 Indeed, these CoIII species can undergo radical additions 

and H-atom abstractions as well as subsequent radical substitution, leading to a large diversity of 

novel catalytic systems for various unprecedented radical transformations. Most of these CoII-

mediated reactions are appealing because they provide important products, most often from simple 

and readily available organic building blocks, and in some cases with a perfect stereocontrol of the 

products when asymmetric CoII(por) was used. 

The first example illustrates the utility of CoII(por)-catalyzed reaction for the selective synthesis of 

diverse heterocycles, 2Hchromenes, that are difficult to prepare otherwise, by a catalytic tandem 

radical addition-cyclization process (Scheme 19, compound 2).133,152 This process involves the 

reaction of various substituted salicyl N-tosylhydrazones with alkynes in the presence of a base 

(Scheme 20a). Under these conditions, the salicyl N-tosylhydrazones were converted into the 

corresponding diazo compounds that reacted with CoII(por) to give the CoIII-carbene radical. The 

vinyl radical intermediate was then formed through radical addition of CoIII-carbene radical to the 

alkyne substrate. Subsequent hydrogen atom transfer (HAT) from the ortho-hydroxy group to the 

vinyl radical moiety then produced the 2H-chromene product. In this study, non-chiral porphyrin 

ligand appeared to be the most efficient one (Scheme 20a).133 When salicyl N-tosylhydrazones was 

substituted for α-diazocarbonyls, still in combination with alkynes, multisubstituted furans (Scheme 

19, compound 3) were selectively produced by MRC.153 

Importantly, substituting salicyl N-tosylhydrazones for ostyryl N-tosylhydrazones afforded 

substituted 1,2-dihydronaphthalenes by a mechanism proceeding via o-quinodimethane 

intermediates that again involved the formation of CoIIIcarbene radical in the first step (Scheme 19, 

compound 4).134 Substrates with an alkyl substituent at the allylic position reacted to form the 

kinetically controlled E-aryldiene products rather than the expected thermodynamically controlled 

1,2dihydronaphthalenes (Scheme 19, compound 5). 

The CoIII-carbene radical was also very useful for the cyclopropanation of various alkenes, as 

exemplified in Scheme 19, compound 6.5,139,144,154,155 The first study of this cyclopropanation reaction 

involving CoII complex (a chiral vic-dioximatocobalt(II)), alkene, and diazoacetate was conducted by 

the team of Otsuka at the end of the 1970s,156 and this research gained more attention in the 2000s 

with Co(por) complexes. Mechanistically, the carbene-radical intermediate added to the olefin to 

form the corresponding transient radical. An intramolecular radical-type C−C bond coupling then 

occurred, with the simultaneous homolytic splitting of the C− Co bond to give the cyclopropane 

adduct and release of CoII(por) that entered again in the catalytic cycle (Scheme 20b). Importantly, 

when the CoII complex contained a chiral porphyrin, such as D2-symmetric chiral porphyrin 

(Co(D2Por*); Scheme 21a), the ligand provided a confined and chiral nanospace around the active 

site that enabled catalyzing the asymmetric olefin cyclopropanation.6,41,154,157 This asymmetric CoII-

based catalytic system worked for a broad range of olefins and afforded the desired cyclopropane 

products in high yields with both high diastereo- and enantioselectivity. More recently, Zhang et al. 

described another variant for this MRC cyclopropanation of alkenes by reacting α-

formyldiazoacetates and N-arylsulfonyl hydrazones with Co(D2-Por*), also with Scheme 21. (a) 
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CoII(3,5-DitBu-ChenPhyrin) and (b) CoII(HuPhyrin) Complexes, Examples of CoII(D2-Por*) Chiral 

Complex Studied in MRC6,41,154,155,157−159 high diastereo- and enantioselectivity.155,158 All these 

Co(D2Por*)-catalyzed asymmetric reactions have a high potential for stereoselective organic 

synthesis. Another Co(D2-Por*) bearing chiral amidoporphyrins with alkyl bridges across two chiral 

amide units, called CoII(HuPhyrin) (Scheme 21b), was very recently synthesized by the same group.159 

Remarkably, this complex showed a significant improvement in reactivity and stereoselectivity. The 

length of the alkyl bridge also had a huge influence on the catalytic performances of the complex. 

For example, the cobalt complex with an alkyl bridge n = 1 showed higher catalytic activity for radical 

cyclopropanation, whereas the one with n = 2 gave higher yields for aziridination. Very recently, 

Megiatto et al. elegantly adapted the cyclopropanation of olefins catalyzed by CoII(por) to the 

synthesis of rotaxanes from diazo compounds and styrene derivatives, by a radical-carbene-transfer 

reaction.160 The process involved the design of a novel CoII(por)-macrocycle, with the macrocycle 

creating an asymmetry on the two axial positions of CoII(por) due to steric hindrance. In the presence 

of a bulky pyridine, the selective coordination of this ligand occurred only outside the cavity of the 

macrocycle. The free internal axial site was therefore available for the activation of the non-bulky 

substrates, affording cyclopropane-linked rotaxanes by an active-metal-template approach 

(Scheme 22).160 

CoIII(por)-carbene radicals also underwent carbonylation to form ketenes that were in situ trapped 

with a large scope of amines, alcohols, or imines to give esters, amides, or β-lactams in an elegant 

one-pot cascade manner (Scheme 19, compounds 7 and 8).147 Recently, an annulene cobalt complex 

showed a particularly high trans selectivity for the formation of β-lactams from imines.161 

Zhang et al. elaborated the MRC enantioselective radical cyclization of saturated C−H substrates 

(aliphatic diazo compounds) for the efficient construction of various 5membered cyclic compounds. 

A three-step catalytic mechanism was involved (Scheme 20c): (i) the radical activation of sulfonyl 

hydrazone, (ii) H-atom abstraction, and (iii) the radical substitution leading to the cyclic compound 

(Scheme 19, 9).162 This one-pot cyclization mechanism involving a D2symmetric chiral porphyrin 

complex has been also applied for the synthesis of chiral indolines (Scheme 20c).163 This innovative 

radical cyclization process is a fundamentally different alternative to the traditional radical 

cyclization of unsaturated substrates and provides a new strategy for the construction of 5-

membered chiral cyclic molecules from readily available starting products. 

In MRC, the metalloradical complex can be assimilated to a metal-supported organic radical that 

constrains the subsequent radical reactions in its close environment. When these complexes are 

chiral, highly stereoselective radical reactions are thus possible. These MRC reactions clearly 

highlight that radical reactions can now be exploited for the enantioselective construction of 

complex organic molecules. 

3.4. POLYMERIZATIONS 

The first use of R-CoIII(por) and CoII(por) complexes in radical polymerizations involved a process 

called “catalytic chain-transfer polymerization” (CCTP).3 This technique is employed for the 

industrial production of methacrylic macromonomers. CCTP products, which find applications in 
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paintings or in adhesives,3 were discovered in the 1980s by Enikolopyan et al.164 and investigated in 

depth in the 1990s by Ittel and Gridnev.3,165,166 This process involves reacting a methacrylate (e.g., 

methyl methacrylate, MMA) with an azoinitiator (e.g., AIBN) in the presence of a CoII complex that is 

prone to hydrogen abstraction (e.g., CoII(por)). The first step is the formation of alkyl radicals by 

decomposition of AIBN (Scheme 23). A β-H abstraction of the cyanoisopropyl radical by CoII(por) 

provides cobalt hydride that reacts with MMA by hydrogen transfer to give the corresponding radical 

(•CH(CH3)COOCH3). This radical is then trapped by CoII(por) to in situ form the corresponding R-

CoIII(por). Homolytic splitting of the C−Co bond then releases CoII(por) and •CH(CH3)COOCH3. The 

latter initiates the MMA polymerization. β-H abstraction at the growing chain is then promoted by 

the released CoII(por) and yields the PMMA macromonomer and the cobalt hydride that enters again 

the catalytic cycle. R-CoIII(por) is thus formed in situ in this CCTP process (Table 4, entry 1). Note that 

the exact nature of the intermediate state in the CCTP mechanism, i.e., the adduct between cobalt 

and the propagating radical (R-CoIIIL) or a radical pair (CoIIL + R•), has been subject to debate. 

Nevertheless, experiments conducted by Gridnev167 involving porphyrin cobalt complexes with 

various steric hindrance support the hypothesis of the radical pair (CoIIL + R•) as real intermediate of 

CCT reaction as depicted by Scheme 23. Indeed, when using a more sterically hindered porphyrin 

complex, no CCT was observed for styrene whereas the CCT activity was maintained for MMA. The 

opposite trend was expected if the alkyl-cobalt was the intermediate of the CCTP because the more 

sterically hindered PMMA• radical species should be completely screened from interaction with the 

cobalt complex. This CCTP process with Co(por) has been reviewed by Gridnev et al.3 However, 

Co(por) was revealed to rapidly reach its limits in CCTP, and another class of CoII complexes, 

cobaloxime complexes, met real success in that field in the mid1980s, as will be detailed in one of 

the next sections.3 

So, the apparent propensity of a cobalt complex to induce CCTP and β-H abstraction is related to 

two main factors: (i) the nature of the propagating radicals and (ii) the type of metal complex.168 

Indeed, certain radicals, such as MMA, have a high ability for β-H abstraction due to the availability 

of the methacrylic protons and due to its stabilized tertiary form (more stable than secondary 

radicals, as acrylic ones). Thus, both electronic and steric effects of the cobalt complex play 

important roles in favor of organometallic dormant species against the CCTP process.169,170 The 

number of growing radical chains, and thus the molar mass of the polymers, are determined not by 

the amount of radical initiator but by the βH abstraction ability of the complex (and thus its transfer 

constant) and its concentration. 

In 1994, Wayland et al. pioneered the field of cobaltmediated radical polymerization (CMRP), initially 

for acrylates, and then they extended it to other monomers by using R-CoIII(por) complexes (Scheme 

24).4,171 This research group opened the door to a novel family of controlled radical polymerization 

(CRP) techniques, called organometallicmediated radical polymerization (OMRP), which includes 

other transition metals as titanium, manganese, or chromium.15,25 Comprehensive reviews have 

recently been published on all these OMRP processes and will not be detailed here.15,169 We will 

mainly focus on the implementation of RCoIII for the CMRP process that is the most widely 

implemented OMRP technique. 
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Wayland et al. first reported the radical polymerization of acrylates (Scheme 19) with 

tetramesitylporphyrin (TMP) as ligand of the Co center (Table 4, entry 2).4 He first described the 

unimolecular route by the use of neopentyl-CoIII(TMP) that plays two important roles (Scheme 25A). 

First, thermal activation of the C−Co bond yields the initiator of the radical polymerization of methyl 

acrylate (MA), i.e., the neopentyl radical (•CH2C(CH3)3). The released CoII(TMP) then acts as the 

controlling agent by reversibly trapping the growing chains (the active chains) with the formation of 

chains end-capped by the cobalt complex (dormant chains). The equilibrium between the active and 

dormant chains, shifted toward the dormant one, avoids their irreversible termination by 

conventional bimolecular termination events. The labile C−Co bond at each terminal chain-end of 

the polymer is the key element toward the control of the macromolecular parameters of the chains. 

This bond is labile enough to permit the release of the propagating radical that is able to add a few 

monomer units before being again reversibly trapped by CoII(TMP) to avoid irreversible bimolecular 

chains terminations. Other R groups were also successfully used for R-CoIII(TMP), e.g., 

−CH(CO2CH3)CH3, and conducted to a similar control. Due to the controlled character of the 

polymerization, a linear increase of the molar mass (Mn) was observed with the monomer 

conversion, and high molar mass poly(acrylate)s (Mn = 1.7 × 105 g·mol−1) were achieved by adjusting 

the acrylate/RCoIII(TMP) molar ratio. The lability of the C−Co bond at the polymer chain-end was then 

elegantly exploited for the chain extension with other acrylic monomers such as n-butyl acrylate 

(nBA), giving well-defined PMA-b-PnBA diblock copolymers with a low dispersity (Đ). Furthermore, 

this study revealed that TMP ligands, contrary to tetraphenylporphyrin (TPP) ones, have sufficient 

steric hindrance to avoid β-H abstraction at the polymer chain end, thus limiting the occurrence of 

CCTP and favoring the control of the polymerization. A few years later, they synthesized a 

brominated version of R-CoIII(TMP) (RCoIII(Br8TMP)) and successfully used it for the CMRP of MA.171 

In 2004, instead of using a pre-formed R-CoIII(por) complex for the CMRP of acrylates, the bimolecular 

system consisting in a mixture of CoII(TMP) and a diazo compound initiator, 2,2′-azobis(4-methoxy-

2,4-dimethylvaleronitrile) (V70), was developed.172,181 During the initial stage of the process, an 

induction period was observed that corresponded to the in situ formation of the cobalt hydride by 

H-abstraction with the alkyl radicals generated by thermal decomposition of V70. Cobalt hydride 

then rapidly reacted with the monomer to provide the corresponding alkyl radical that was rapidly 

trapped by CoII(TMP) to give R-CoIII(TMP). Polymerization could then occur from this CMRP 

initiator/controlling agent (Scheme 25 B). 

Importantly, although the C−Co bond is at the core of the CMRP process, two types of mechanism 

can occur in CMRP, depending on the polymerization conditions: a reversible deactivation (RT; 

equation A) or a degenerative transfer (DT; equation B) mechanism. 

The first one (RT) implies a reversible termination of the growing chains by the CoII complex. It occurs 

when R-CoIII is the exclusive source of radicals (Scheme 26, Equation A). The efficiency of the process 

is thus strongly dependent on the C− Co bond strength. In contrast, the DT mechanism requires a 

continuous flux of tiny amount of external radicals, e.g., from a conventional azo-initiator, in 

addition to R-CoIII (in situ generated or not). The active growing chains (P′•) in a DT mechanism are 

temporarily deactivated by reaction with the dormant chains (P-CoIII) ((Scheme 26, Equation B). The 
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cobalt complex is therefore exchanged from a dormant chain to an active one, the first one 

becoming active and the second one dormant. Some mechanistic studies emphasized the 

connection between the equilibrium constant (Keq), which depends on the cobalt complex and the 

nature of the growing radical chains, and the mechanism of control.182 The authors suggested that 

the RT mechanism is dominant for equilibrium constant between 107 and 109, whereas homolytic 

dissociation of the Co−C bond is disfavored above 1010. In the latter case, the DT mechanism would 

be the major pathway. 

Moreover, in the case of the DT mechanism, the content of external free-radical initiator clearly 

influences the rate of polymerization. This effect has been noticed by increasing the ratio of 

V70/CoII(TMP) that speeds up the polymerization.181 A few years later, the CMRP of MA and VAc with 

R-CoIII complexes and V70 allowed a better understanding of the mechanism (Table 4, entries 2 and 

3).173−175 The choice of the polymerization mechanism, and therefore of the operating conditions, is 

particularly important for succeeding in controlling some difficult monomers such as vinyl acetate 

(VAc). Interested readers are invited to read some recent reviews on the topic for detailed 

mechanistic discussions.7,8 

Wayland et al. then investigated other monomers in CMRP mediated by CoII(por). By modifying the 

ligand by sulfonate groups, the cobalt complex was soluble in aqueous media, which enabled 

control over the radical polymerization of acrylic acid (Table 4, entry 4).176,177 Excellent control was 

obtained until high molar mass (Mn < 300 000 g/mol and Đ = 1.2−1.4), and both RT and DT 

mechanisms were performed according to the amount of external free-radical initiator (4,4′azobis(4-

cyanovaleric acid) (V501) or V70) that was added. 

Dispersion and emulsion polymerizations of acrylamide (AM) and tert-butyl acrylate (tBA) were 

recently carried out by using tetramethoxyphenylporphyrin, CoII(TMOP), and 2,20-azobis[2-(2-

imidazolin-2-yl)propane] dihydrochloride (VA-044) in a bimolecular pathway (Table 4, entries 5 and 

6).178,179 DMF and ethanol were used in combination with water as the reaction medium, and well-

defined PAM and PtBA spherical particles were produced under mild conditions. 

A Co(por) complex bearing a long alkyl alcohol chain on the porphyrin ligand, namely CoII(TMP-OH), 

also allowed the CRP of various monomers (acrylates and acrylamide) under thermal activation in 

both polar and nonpolar media and was used for the synthesis of various block copolymers (Table 

4, entry 7).180 

More recently, the visible-light-induced activation of the C− Co bond of R-CoIII(por) derivatives was 

successfully implemented by the groups of Fu and Peng to control the radical polymerization of 

different families of monomers, e.g., acrylates, acrylamides, or vinyl ketones (Table 4, entries 8− 

10).123−125 The C−Co bond homolysis of the R-CoIII(por) complexes and of the corresponding dormant 

chains (that are end-capped by the cobalt complex) is promoted by visible light at room 

temperature. Therefore, the cobalt-terminated polymers prepared by CMRP were easily reactivated 

to initiate the polymerization of a second monomer, providing the corresponding block copolymers 

as listed in Table 4, entries 8−10. For instance, photoactivation of PMA- or PDMACoIII(TMP-OH) (Table 

4, entry 8) in the presence of a new feed of monomers (acrylates or acrylamides) allowed the chain 

extension with the formation of well-defined block copolymers when the second monomer was 
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different from the one used for the first block (Table 4, entry 8).123,124 A similar study was conducted 

with R-CoIII(TMP) complex, with R being −CO2CH3, as the radical source (Table 4, entry 9).123,124 By 

switching on/off the light, the polymerizations were accordingly activated or stopped, 

demonstrating that photoactivation was required for the polymerization to proceed at room 

temperature. Finally, Fu et al. applied their previous system to ethyl vinyl ketone (EVK) and 

succeeded to provide new PVEK-based block copolymers by sequential photoactivated 

copolymerization (Table 4, entry 10).125 

4. ORGANOCOBALOXIME(III) COMPLEXES 

Many contributions have been dedicated to the family of cobaloxime complexes. Due to the close 

structural analogy of these complexes to VitB12, the synthesis and the reactivity of 

organocobaloximes (R-CoIII(ox)) have been studied in depth over the past 50 years.16,22,23,183,184 

Compared to organocobalt porphyrin complexes, R-CoIII(ox) complexes have less rigid structure and 

behave more like the corrin ring of VitB12. For these reasons, R-CoIII(ox) have been largely investigated 

as model compounds of VitB12, and most of the reactions cited in this section have been applied for 

R-CoIII(ox) as well. 

4.1. SYNTHETIC ROUTES 

The synthesis of organocobaloximes(III) began in the 1960s with the advances in VitB12 chemistry. 

Since then, the synthesis of R-CoIII(ox) has been reviewed in many reports.185,186 Schrauzer et al. first 

focused on the formation R-CoIII(ox) from CoII complex bearing dimethylglyoximato monoanions 

(dmgH−) as ligands.19 Several pathways were followed in the synthesis of R-CoIII(ox) with three 

different types of starting reagents: cobalt(I) or cobalt hydride (Table 5, Series A and B), cobalt(II) 

(Table 5, Series C), and cobalt(III) complexes (Table 5, Series D).186 

The reaction of CoI or cobalt hydride, acting as supernucleophile, with electrophilic reagents has 

been by far the most implemented method for the formation of R-CoIII(ox) (Scheme 27).185 Many 

alkylating agents, namely R-X, have been employed. R may be alkyl, alkenyl, benzyl, etc., while X− 

can be Cl−, Br−, tosylate, etc. (Table 5, Series A). CoI species are generally obtained by three methods: 

the reduction of CoII or CoIII by NaBH4 in alkaline medium, the disproportionation of CoII to CoIII and 

CoI in alkaline medium, and the reduction of CoII by hydrogen in different media.186 The alkylation of 

CoI may occur via two mechanisms, either SN2 or electron transfer, depending on the alkylating agent 

and the reaction conditions. The addition of alkyne on CoI complex is also possible (Table 5, Series 

A) and involves a nucleophilic attack on the β-carbon of the alkyne and a transfer of proton from the 

solvent.186 Unlike the reaction of CoI with halo-alkyl chains, the addition of hydride species with 

alkene and alkyne produced α-substituted R-CoIII(ox) (Table 5, Series B). 

The second type of reactions leading to R-CoIII(ox) is based on the reaction of CoII with various 

alkylating agents, such as alkyl halide, organic hydrazines, or alkyl hydroperoxides (Table 5, Series 
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C).186 The mechanism is essentially based on a radical atom transfer of the R-X to the CoII following 

eqs 1 and 2 (Scheme 28). 

Finally, halocobalt complexes (X-CoIII) can notably react with Grignard compounds to give R-CoIII(ox) 

(Table 5, Series D). Alkyl-CoIII(ox) were preferably formed from Series A (Table 5) while phenylethynyl-

CoIII(ox) were synthesized with higher yields with the latter method, as exemplified in Scheme 29, eq 

1.186 Likewise, X-CoIII can also react with vinyl ethers to produce the corresponding R-CoIII(ox) via an 

intermediate olefin π complex (Scheme 29, eq 2).75 

4.2. REACTIVITY 

Electronic and steric factors act differently on the stability of the C−Co bond of R-CoIII(ox).130 Halpern 

et al. studied the influence of the basicity of the ligand (L) of R-CoIII(dmgH)2L (with R states for 

−CH(CH3)Ph and L for pyridine or parasubstituted pyridine) on the BDE of the C−Co bond.23 An 

increase of the BDE value was noticed with L of higher pKa, as for 4-NH2-py (21 kcal·mol−1) and for 4-

CN-py (18 kcal· mol−1) (Table 6, ref23,29). The steric effect of phosphorus axial ligand in Ph(CH3)CH-

CoIII(dmgH)2L was also investigated by measuring the BDE for complexes with ligands of different 

steric hindrance, PMe2Ph and PPh3. The BDE decreased with the increase of the θ cone angle of the 

phosphorus ligand, from 30 kcal·mol−1 with L = PMe2Ph to 26 kcal·mol−1 with L = PPh3 (Table 6, ref 

187).188 

Sonnenberg et al. calculated the strength of the C−Co bond by DFT for R-CoIII(dmgH)2(py) with R = 

methyl or isopropyl. BDE decreased from 33 for methyl to 21 kcal·mol−1 for isopropyl (Table 6, ref 

189), in agreement with the higher stability of the isopropyl radical compared to the methyl one.  

4.3. ORGANIC REACTIONS 

In the organocobaloxime chemistry, one of the main reactions that has been studied over the last 

decades concerns the insertion of dioxygene into the cobalt−carbon bond.190 Fixation of O2 has a 

huge impact in biological systems190,191 and also for synthetic products.186 O2 insertion reactions have 

been performed on 27 organocobaloxime complexes under thermal and UV light treatment and 

reached relatively high yields, as exemplified in Scheme 30, 1.190 Sato et al. also studied the 

irradiation of alkylcobaloximes under oxygen in chloroform which led to the formation of carbonyl 

and alcoholic compounds.192 Similarly, sulfur dioxide was also incorporated in R-CoIII(ox), with the 

formation of alkylsulfonylcobaloxime following a rearrangement and in some cases leading to a five-

member cyclization (as depicted in Scheme 30, 2).193 

In 1982, Tada et al. studied the catalytic activity of CoI(dmgH)(py) in the reductive cyclization of 2-

propargyloxyalkyl bromide, using NaBH4 as reductant (Scheme 30, 3).17,194 Good yields of cyclic 

compounds were obtained with primary bromides. Later, Hoffmann and Pattenden applied these 

conditions for different heterocyclic compounds, such as halogeno propargyl acetal195 and 2-

allyloxyalkyl bromides.196 

Branchaud et al. developed the alkyl−alkenyl cross-coupling reaction promoted by R-CoIII(ox).1,197 A 

representative example is shown in Scheme 31 by the coupling of various alkyl halides (R-X) with 
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styrene catalyzed by CoII(dmgH)2(py) following a two-step process. The first step consisted in the 

formation of R-CoIII(dmgH)2(py) by reaction of CoI (in situ produced by reduction of CoII(dmgH)2(py)). 

Then, the photolysis of R-CoIII(dmgH)2(py) occurred in a second step in the presence of styrene. The 

light-induced splitting of the C−Co bond of R-CoIII(dmgH)2(py) released R• that added to styrene to 

give the corresponding adduct R- C H 2 −CH(Ph)• . β-H ab straction induced b y CoII(dmgH)2(py) yielded 

the alkyl-alkenyl cross-coupled product, R-CH=CHPh. The hydridocobalt(III) complex 

(HCoIII(dmgH)2(py)) subsequently decomposed to H2 and CoII complexes. As this disproportionation 

is irreversible, it drove the reaction to completion. Various olefins were easily accessible by this 

process by varying the nature of the R group of R-CoIII. This cross-coupling reaction could also occur 

from in situ formed R-CoIII in the presence of zinc.198,199 More recently, the in situ regeneration of CoI 

by deprotonation of H−CoIII(dmgH)2(py) by a tertiary amine (iPr2NEt) permitted to regenerate R-

Co(dmgH)2(py) by reaction of CoI with alkyl iodide (Scheme 31, dotted line).32 Under these conditions, 

catalytic amounts of the cobalt complex were required for the reaction. Based on this mechanism, a 

radical cyclization was represented in Scheme 30 (compound 4). This cobaltcatalyzed alkyl Heck 

cyclization has been used for the synthesis of (+)-daphmanidin E* (compound having a vasorelaxant 

activity).200 

R-CoIII(dmgH)2(py) compounds were also involved in radical alkyl−heteroaromatic substitutions with 

positively charged compounds such as pyridinium, quinolinium, or benzothiazolinium p- 

toluenesulfonate (Scheme 30, 5).201 Under visible light irradiation, this cross-coupling reaction 

substituted the C−H in the protonated heteroaromatic compound by a C−R, where R is the alkyl 

group of R-CoIII(dmgH)2(py). 

Similarly to Branchaud experiments, addition reactions were investigated on glycosylcobaloximes 

under photolytic treatment with a nitroso alkane to provide a nitroxide or with nitrogen monoxide 

to give the corresponding hydroxylamine or with an alkene such as MA to yield to two different 

addition products, as represented in Scheme 32.202 

The synthesis of different organocobaloximes bearing a 1,3butadiene group as alkyl chain was 

realized for the Diels−Alder reactions with several dienophiles.203−207 This Diels−Alder reactions using 

R-CoIII not only gave the advantage of mild conditions (for C−Co cleavage) and cobalt recovery after 

a demetalation reaction but, most importantly, provided an exo diastereoselectivity. This process, 

which is complementary to traditional endo-selective Diels−Alder reactions, is exemplified in 

Scheme 30, 6. 

As discussed in this section, for many reactions involving RCoIII(ox), a hydridocobalt complex 

(H−CoIII(ox)) was generated in situ and was involved in additions to olefins through H radical transfer. 

The resulting carbon-centered adduct was then reacted with various substrates to lead to the final 

product or was rearranged into another adduct, with the release of H−CoIII(ox) that entered again the 

catalytic cycle. Although the recent reactions by Norton discussed below do not directly involve R-

CoIII(ox) as the starting material or do not seem to in situ produce R-CoIII(ox), they also involve H− 

CoIII(ox) that catalyzes important radical reactions, with the synthesis of important products. For the 

sake of completeness and to facilitate establishing connections between the synthetic organic field 

and the polymer one, they are briefly introduced here. 
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Norton et al. investigated the radical isomerization and cycloisomerization of terminal olefins with 

CoII(BF2-dmg)2L2(L = H2O, THF) under H2 pressure.208,209 The reaction of H2 with the cobaloxime 

complex provided the corresponding hydridocobaloxime (H-CoIII(BF2-dmg)2L; Scheme 33A)208,210,211 

that catalyzed radical isomerizations and cycloisomerizations. In the presence of terminal olefins, 

H− CoIII(BF2-dmg)2L followed a HAT, resulting in the formation of a novel carbon-centered radical and 

in the release of CoII(BF2-dmg)2L2 (Scheme 33B1). This CoII complex was then abstracting a hydrogen 

to the adjacent carbon atom of the carbon radical to yield the isomerized alkene. The soregenerated 

H−CoIII(BF2-dmg)2L was finally entering again the catalytic isomerization cycle. When an olefin 

bearing an internal double bond was considered, the transfer of H radical to the olefin initiated a 

radical intramolecular cyclization, leading to the corresponding carbon-centered radical (Scheme 

33B2). The final step was a H radical transfer to CoII, resulting in cycloisomerization and in the release 

of H−CoIII. Importantly, this work demonstrated that the low concentration of the cobalt complex 

involved in these reactions favored the isomerizations comparatively to hydrogenations when the 

concentration of the H• donor was high.209 

When polymerizable olefins prone to β-H abstraction (such as methacrylates) were involved in 

processes that in situ generated H−CoIII, the advent of the reaction is different. Indeed, the carbon-

centered radical formed by transfer of H radical from H−CoIII to the olefin might add to other 

monomers, leading to chain propagation. After few monomers insertion, H transfer at the polymer 

chain end promoted by CoII provided the polymer terminated by an olefin, thus a macromonomer. 

This transfer reaction was associated with the release of H−CoIII that entered again into the catalytic 

cycle. This process is similar to CCTP promoted by CoII(por) derivatives (Scheme 25) and is further 

discussed in the next section. Here, there is an evident connection between the fields of synthetic 

organic and polymer chemistry. In the first case, there is only one addition of H radical to the olefin, 

followed by rearrangement/isomerization, and completed by H abstraction by CoII to furnish the 

final organic product. In the polymer field, there is an additional propagation step before the final H 

abstraction by the cobalt complex. 

4.4. POLYMERIZATIONS 

In comparison to Co(por) complexes, CCTP based on cobaloxime complexes has been much more 

developed.3 Many companies and research centers, such as DuPont,212 ICI/Zeneca,213 and CSIRO,214 

have dedicated considerable effort to studying the CCTP of different monomers via CoII(ox) 

complexes, notably for coating applications. Conventional free-radical initiators, as AIBN, were used 

for the in situ formation of R-CoIII(Ox) species, as previously seen in Scheme 25B. Cobaloxime 

complexes, and especially BF2-bridged complexes (Scheme 34A) that are less sensitive to oxidation 

and hydrolysis, showed a much higher activity in CCTP than cobalt porphyrins.215 This cobalt BF2-

dialkyl glyoxime complex (alkyl being either -CH3 or -Ph) is an efficient catalyst for CCTP of 

methacrylic monomers, but also for styrene (St), αmethylstyrene (AMS), dimethyl itaconate (DMI), 

and phenyl allyl alcohol (PAA) (Scheme 34B). Nevertheless, monomers without an α-methyl group, 

such as vinyl esters or acrylates, showed a much lower activity.215 More details concerning chain-



Published in : Chemical Reviews (2019), vol. 119, n° 12, pp. 6906-6955 

DOI: 10.1021/acs.chemrev.8b00715 

Status : Postprint (Author’s version)  

 

 

transfer constants with the corresponding monomers and CoII catalysts can be found in an excellent 

review by Heuts and Smeets.215 

Different R-CoIII(BF2-alkylglyoxime)2(L) complexes, with R being an isopropyl, ethyl, or methyl group 

and L being either pyridine or water, have been designed and compared in emulsion CCTP with their 

CoII counterparts by Rizzardo et al.216 They noticed that the activity of the R-CoIII is not simply inherent 

to the reactivity of the complex, but it is also influenced by the monomer phases and the rate of 

partitioning. This process also served in the one-pot synthesis of hyperbranched methacrylic 

polymers by direct free-radical polymerization of ethylene glycol dimethacrylate by RCoIII(ox) 

(Scheme 35).217 This R-CoIII(ox) controlled the competition between chain transfer and propagation, 

enabling the formation of a hyperbranched polymer instead of an insoluble macrogel. A recent 

review realized by Smeets highlighted the potential of CCTP for the synthesis of hyperbranched 

polymers via the copolymerization of vinyl and divinyl monomers by CoII complexes.218 

The combination of recent advances in CCTP by cobaloxime complexes215 and in sequential CRP, 

such as in atom-transfer radical polymerization (ATRP)219,220 or in reversible addition−fragmentation 

transfer polymerization (RAFT),221,222 extended the field of possibilities in terms of precise 

macromolecular engineering of methacrylic copolymers in emulsion polymerization.223−227 The 

technique, called sulfur-free RAFT (SF-RAFT), was developed in emulsion of methacrylic monomers 

using K2S2O8 as radical initiator.223 

First, CCTP of MMA led to the formation a PMMA macromonomer serving as macro-chain-transfer 

agent (mCTA) with a vinyl ω-end group. In the presence of K2S2O8 and other methacrylic monomers, 

this vinyl ω-end group underwent β-scission (addition/fragmentation) and led to the extension of 

the macromonomer chains with welldefined molecular weight. This reaction is exemplified in 

Scheme 36 and shows many advantages, such as a precise design of the block sequence, fast 

polymerization rates, absence of odorous materials, molecular weights up to 55 kg· mol−1, and Đ≤ 

1.25 with a conversion above 99%.224 This later study showed the potential role of the organocobalt 

chemistry in applications requiring a perfect control of the polymer backbone. 

Using CoPhBF complex (Scheme 34) as CCT agent, Hutchinson et al. demonstrated the efficiency of 

this catalyst to produce poly(butyl methacrylate) macromonomers having low dispersity values 

(1.3).228 

For monomers that are not prone to hydrogen abstraction, such as acrylates, Harwood et al. 

pioneered the CMRP promoted by photolysis of R-CoIII(ox) with R being an isopropyl group and with 

pyridine as axial ligand.229−232 RCoIII(ox)-containing R groups with hydroxyl, carboxylic acid, ester, or 

nitrile groups were also used to provide polymers with these functionalities at the α-chain end.231 
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5. ORGANOCOBALT(III) COMPLEXES WITH SCHIFF BASE 

LIGANDS 

Vitamin B12 inspired other ligand structures related to its planar geometry, and one of the most 

developed analogues has been classified in the Schiff base ligands. This category of ligand is based 

on imine functions that coordinate the cobalt center. We will mainly describe two types of partially 

aminated ligands: N,N′-bis(salicylidene)ethylenediamine, or salen, and N,N′- 

bis(salicylidene)phenylenediamine, or saloph (Scheme 37). Therefore, this class of complexes will 

be named Co(sal). 

5.1. SYNTHETIC ROUTES 

The synthesis of organocobalt(III) bearing Schiff base ligands was initiated by Costa et al. in the mid-

1960s.42,43,233 As for RCoIII(ox), the formation of organocobalt(III) bearing salentype ligands (R-

CoIII(sal)) has been realized from CoIII, CoII, and CoI species depending on the nature of the target R-

CoIII as illustrated in Scheme 38. As typical examples, stable carbon−cobalt bond can be formed by 

reaction of Grignard reagents on CoIII complex.43 Cobalt(II) (e.g., Co(sal)) and alkyl halide (e.g., 

bromoethane) were also reacted to yield the corresponding R-CoIII(sal) complexes.234 CoII(sal) 

followed a carbonylation reaction to yield RO2C-Co(sal) complexes. Finally, cobalt(I) species were 

reacted with epoxides, acetylene, or acrylonitrile in acidic media to form the corresponding R-

CoIII(sal).43 

Recently, Peng et al. described the synthesis of methoxycarbonyl cobalt(III) salen complexes by 

reaction of RCoIII(sal) with carbon monoxide and methanol for controlled radical polymerization 

purposes.12 This carbonylation method was further extended by Martin et al. for the preparation of 

33 examples of alkoxycarbonylcobalt(III) compounds by varying the nature of the aliphatic alcohol 

bearing alkyl chains as ethyl, benzyl, or tert-butyl (Scheme 39).235 Both CoII and X-CoIII complexes 

bearing salen and saloph ligands have been used for these R-CoIII(sal) synthesis with excellent yields, 

up to 99%. Various R′HN(O)C-CoIII(salen) were also recently synthesized from the reaction between 

MeO2C-CoIII(salen*) complex and aliphatic amines bearing alkynyl, tert-butyl, phenyl, cyclohexyl, 

fluoride, chloride, furyl, or thienyl functionalities.236 

5.2. REACTIVITY 

The determination of the BDE of the C−Co bond of various R-Co(saloph) has been first studied in 

pyridine solution below 100 °C.23,237 The BDE values were dependent on the nature of the R group, 

ranging from 25 kcal·mol−1 for n- propyl to 20 kcal·mol−1 for isopropyl (Table 7). This in line with the 

higher stability of the secondary radical compared to a primary one that is less stabilized and shows 

a higher C−Co BDE. 

Zhang et al. investigated R-Co(salen) by photoacoustic calorimetry for the determination of the 

C−Co bond strength.238 This study revealed the influence of electronic and steric factors of the alkyl 
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group and trans base ligand on the BDE value. With H2O as axial trans ligand, a general trend on C−Co 

BDE has been noticed with variation of the alkyl group in the order CH3 > C2H5 > n-C4H9 > i-C4H9 > i-

C3H7. The increasing size of the alkyl group has a large influence on the C−Co bond weakening due 

to the C−Co bond lengthening and bond angle distortion. In Table 7, we present the largest 

difference in BDE between methyl (CH3) and isopropyl (CH(CH3)2)) groups: ∼20 kcal·mol−1. These 

values of C−Co bond strength have been theoretically verified by using two different methods of DFT 

calculations with very close values.29 

5.3. ORGANIC REACTIONS 

A large library of R-CoIII(sal) complexes with various R groups were made available for organic 

reactions by Pattenden in the 1980s.2,16 Oxidative free-radical cyclization has been performed for the 

formation of heteroaromatics, such as benzofurans, indoles, and benzopyrans.239 As exemplified in 

Scheme 40 (compounds 1a and 2a), the photolysis of the C− Co bond in methylbenzofuran-

CoIII(salen) led to the formation of two different products, depending on the presence or absence of 

oxygen. 

The photolysis of C−Co bond was also exploited for the formation of C−C bond through cobalt 

mediated radical addition−elimination to ethyl acrylate as exemplified in Scheme 40 (compound 

3).240 This reaction, applied to methyl methacrylate, conducted to various oligomers.241 

The photolysis of the C−Co bond of acylcobalt salophen produced a carbon-centered radical after in 

situ decarbonylation that was intercepted with oxygen-, nitrogen-, halogen-, sulfur-, and selenium-

containing radical trapping agents, leading to the corresponding adducts (Scheme 40, compound 

4).242 Pattenden et al. also developed strategies to prepare of β-, γ-, and δ-lactams by photolysis of 

R-CoIII(saloph) (Scheme 40, compounds 5 and 6).243 For example, a mixture of α methylene-γ-lactam 

(n = 2 in Equation R) and isomeric pyrrolidinone was synthesized after dehydrocobaltation.243 

Among the organic reactions developed by organoCoIII(salen) complexes involving C−Co bond 

homolysis, radical hydrofunctionalizations represent a very important class of reactions.10 In this 

mechanism, Carreira and Hiroya’s teams, being two of the main protagonists in the study of 

reactions involving HAT and Co(salen) complexes, developed a large panel of reactions: 

hydrohydrazination,13,34 hydroazidation,244 hydrocyanation,245 hydrochlorination,246 

hydrooximation,247 hydrofluorination,248 and hydroalkoxylation.33 Mukaiyama and Isayama are 

certainly pioneers in this field, but they were mainly focused on Co(acac)2 reactions that will be 

developed in the next section.249 All these reactions are represented in Scheme 41 with the most 

important Co(sal) catalysts. As representative example, the hydroalkylation of an unactivated 

alkene (as 4-allyl-1,2-dimethoxybenzene) and ethanol led to the product 7 by using a Co(sal) catalyst 

(Scheme 40).33 This mechanism, recently discovered by Hiroya et al., shows the importance of PhSiH3 

and a source of fluorine for the formation of intermediate organocobalt compounds leading to 

carbon-centered radicals and subsequently carbocations as reactive species for the hydroalkylation 

process (Scheme 42). 



Published in : Chemical Reviews (2019), vol. 119, n° 12, pp. 6906-6955 

DOI: 10.1021/acs.chemrev.8b00715 

Status : Postprint (Author’s version)  

 

 

Complementary to Norton’s work,208,209 Shenvi et al. have recently demonstrated that in certain 

conditions, isomerization predominates over hydrogenation in a HAT equilibrium.250 Indeed, the use 

of CoII(saltBu,tBu)Cl complex and organosilanesin catalytic amounts produces (A) isomerization 

reaction with terminal alkenes, (B) cycloisomerization in the case of a pendant alkene, and (C) retro-

cycloisomerization when the alkene is adjacent to a strained ring (Scheme 43). This study was 

pursued by the Markovnikov olefin hydroarylation using this CoII(sal) complex and nickel catalyst 

(Scheme 43D).251 

5.4. POLYMERIZATIONS 

The family of R-CoIII(salen) has gained more and more interest in the field of polymerization these 

past 20 years. Nakano et al. were the first to discover the potential of the chiral structure of (R,R)-

N,N′-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediaminatocobalt(II), called Co(salen*), for 

polymer synthesis.252−254 Chiral Co(salen*) served as catalyst for the free-radical polymerization of 

methacrylic monomer leading to isotactic polymers. A few years later, Peng et al. demonstrated that 

the polymerizations of methyl acrylate (MA) and vinyl acetate (VAc) initiated by a conventional 

freeradical initiator (AIBN) were controlled by CoII(salen*) (Table 8, entry 1).255 An induction period 

was noticed and corresponded to the time required for the in situ formation of R-CoIII(salen*) by 

reaction of CoII(salen*) with carboncentered radicals. The polymerization then occurred in a 

controlled fashion, and poly(vinyl acetate)-block-poly(methyl acrylate) (PVAc-b-PMA) was prepared 

by sequential polymerization of VAc (a less activated monomer (LAM) and a more activated 

monomer (MAM)). 

Subsequently, Fu and Peng investigated the photolytic behavior of this Co(salen*) complex in 

polymerization256 and synthesized a novel R-CoIII(salen*) with methoxylcarbonyl being the R group, 

for the polymerization of various monomers (MA, n-BA, t-BA, DMA, DEA, AMO, VAc) (Scheme 44 and 

Table 8, entry 2).12 The photolysis of the C−Co bond was driven by visible light and was facilitated by 

the use of a photoinitiator, namely 2,4,6-trimethylbenzoyl diphenylphosphine oxide (TPO). 

In a recent publication, various R′HN(O)C-CoIII(salen) compounds were exploited for the controlled 

polymerization of both MAMs and LAMs (Scheme 44) to achieve α- and ωend chain-functionalized 

polymers under visible-light photolysis (Table 8, entry 3).236 

Other advances in CMRP were realized by Debuigne and Detrembleur et al. with the exchange of 

bidentate (bis(acetylacetonate), or acac ligand) to tetradentate (salen and salen*) for the block 

copolymerization of VAc with Co(acac)2 and n-BA with Co(salen) complex (Table 8, entry 4).257 

Recently, the block copolymerization of VAc and MA controlled by R-CoIII(salen*) was possible, and 

the hydrolysis of the block copolymers led to the formation of highly stretchable poly(vinyl alcohol)-

block-poly(acrylic acid) (PVOH-b-PAA) films.262 

Substitution of the ligand functions were realized on CoII(salen*) in order to evaluate their effect on 

the polymerization control of different monomers, such as St, MMA, or VAc (Table 8, entry 5).258 In all 

cases, polymerizations revealed high dispersity values (1.65−2.4), indicating that irreversible 

termination reactions were prevalent. In the case of St, polymerization at 120 °C using CoII(salen*) 
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complexes bearing different substituents (R1 = tBu and R2 = tBu, NO2, OMe, NMe2) showed a good 

agreement between theoretical and experimental molar masses for the less electron-rich complexes 

Co(salen*)tBuNO2 and Co(salen*)tButBu. However, deviations were noticed with the more electron-

donating OMe and NMe2 R2 substituents in Co(salen*)tBuOMe and Co(salen*)tBuNMe2 complexes. Although 

a higher level of control was noticed for the Co(salen*)tButBu, reaction kinetics revealed a stagnation 

of Mn, and NMR analysis showed olefin-terminated polymers, both factors indicating a CCTP 

mechanism under these conditions. 

Aside from Co(salen) complexes, Mc Neil et al. studied the efficiency of various β-ketoiminate 

cobalt(II) complexes for the VAc polymerization (Table 8, entry 6).259 The influence of the steric 

hindrance and the electronic properties of the ligands on the control of the polymerization were 

investigated. A competition between CMRP and CCTP was noticed, but the latter prevailed at higher 

temperature. Subsequently, a novel square planar Et-CoIII(β-ketiminato) complex was synthesized 

from triethylborane and CoII(β-ketoiminate), isolated, and tested in polymerization of MA at 50 °C 

with an efficient control (Table 8, entry 7).260 

Recently, Peng et al. synthesized a cobalt(II) bipyridine bisphenolate (CoII(BpyBph) for the CMRP of 

VAc, MA, AN, NVP, N-isopropylacrylamide (NIPAM), and St (Table 8, entry 8) with good control of the 

polymerizations.261 The calculation of equilibrium constant of the C−Co cleavage during the 

polymerization demonstrated a DT mechanism in the case of VAc and RT process for MA. 

 

6. ORGANOCOBALT(III) COMPLEXES BEARING 

BIS(ACETYLACETONATE)-TYPE LIGANDS 

The C−Co bond strength of R-CoIII is in close relationship with the ligand environment of the cobalt. 

Indeed, nitrogenrich ligands, such as porphyrin (N4) or glyoximes (N2O4), provide a higher stability to 

the R-CoIII complexes. On the other hand, bis(acetylacetonate) ligands (O4) generally confer to R-CoIII 

a lower BDE.169 This particular reactivity has a crucial influence in radical polymerization mediated 

by RCoIII(acac)2, especially in the case of less-activated monomers (LAMs) such as vinyl esters or 

ethylene. 

6.1. SYNTHETIC ROUTES 

Due to their low C−Co bond strength, R-CoIII(acac)2 compounds are extremely challenging to prepare 

and to purify, in contrast to R-CoIII(por) and R-CoIII(sal), which are more stable. Until now, only two 

R-CoIII(acac)2 compounds have been reported, with different R groups: one is composed of a short 

poly(vinyl acetate) chain (four VAc units on average) as R group (Scheme 45a),44 and the other is 

made of a chloromethyl or bromomethyl moiety (Scheme 45b).263 Both compounds were prepared 

by radical pathways as discussed below. 
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OligoPVAc-CoIII(acac)2 was prepared by reacting CoII(acac)2 with V70 in excess of VAc at 40 °C. V70 

decomposed into the corresponding radicals that added a few VAc units. The short growing PVAc 

radicals were then rapidly trapped by Co(acac)2(used in large excess compared to V70) to produce 

the corresponding R-CoIII(acac)2(Scheme 46).44 

The formation of XCH2-Co(acac)2 (X = Br or Cl) was conducted through another radical process 

involving Co(acac)2, a radical source (AIBN or V70), a silane (tris(trimethylsilyl)silane, or TTMSS), and 

a dihalogenated solvent (CH2X2) (Scheme 47).263 TTMSS was used as a radical reducing agent for its 

propensity to radical dehalogenation reactions of halogenated compounds. The reaction of tertiary 

alkyl radicals (generated by thermal decomposition of AIBN or V70) with TTMSS formed 

tris(trimethylsilyl) radicals ((Me3Si)3Si•) by hydrogen abstraction. Halogen abstraction from CH2X2 

promoted by the silyl radicals provided halomethyl radicals (XCH2
•) that were then rapidly trapped 

by Co(acac)2 to give XCH2-Co(acac)2. 

6.2. REACTIVITY 

Concerning the strength of C−Co bond of R-CoIII(acac)2, their enthalpy of formation have been 

evaluated by DFT calculations.44,264 Therefore, although these values are qualitative, trends can be 

identified, such as the effect of the addition of ligands on the C−Co strength. The values listed in 

Table 9 have been calculated from the difference of enthalpies between the R-CoIII(acac)2 square 

pyramidal structure and the radical R•, with a tetrahedral coordination geometry for Co(acac)2. In 

this particular case, a change of spin is associated with this bond rupture.7 

As model of oligoPVAc-CoIII(acac)2 (Scheme 45a), −CH(OOCCH3)(CH3) was chosen as alkyl group of R-

CoIII(acac)2 for the calculation of BDEs by DFT.264 The optimized geometry of this model compound 

revealed that the carbonyl group of the acetate substituent filled the sixth coordination position at 

CoIII, yielding the octahedral complex (Table 9, entry 1). This five-membered ring stabilized the C−Co 

bond by over an additional 6 kcal·mol−1 (BDE = 17.3 kcal·mol−1) compared to R-CoIII without this 

intramolecular coordination (BDE = 11.1 kcal·mol−1). When a − CH2CH2(OOCCH3) group is linked to 

Co(acac)2 (resulting from the head-to-head addition of VAc to Co(acac)2), a six-membered ring 

chelation with the Co(acac)2 complex is formed with a BDE value of 18.3 kcal·mol−1. The C−Co bond 

of the two isomers were demonstrated to be labile at 30 °C (Table 9, entry 2). 

In the presence of coordinating molecules such as DMF or DMSO, DFT calculations, associated with 

X-ray analyses showed that these molecules broke the intramolecular coordination of the carbonyl 

group of acetate in the 5membered ring chelate [(acac)2Co-CH(OOCCH3)(CH3)] with the formation of 

(L)(acac)2Co-CH(OOCCH3)(CH3) species, with L in axial position. This coordination of the cobalt 

complex changed its reactivity. As a rule, the C−Co bond of Co(acac)2-CH(OOCCH3)(CH3) was weaker 

with DMSO (BDE = 9.9 kcal·mol−1) or DMF (BDE = 14.1 kcal· mol−1) (Table 9, entries 3 and 4).265 The 

same observation was made with pyridine or water.266 

The photolytic cleavage of the C−Co bond of oligoPVAcCoIII(acac)2 was demonstrated by electron 

spin resonance spin-trapping experiments under UV irradiation (λ > 320 nm).267 



Published in : Chemical Reviews (2019), vol. 119, n° 12, pp. 6906-6955 

DOI: 10.1021/acs.chemrev.8b00715 

Status : Postprint (Author’s version)  

 

 

Although no DFT calculation was made on XCH2Co(acac)2 (X = Br or Cl), their use in polymerization 

(see section 6.4) has provided evidence that halomethyl radicals were easily produced at 30 °C. 

6.3. ORGANIC REACTIONS 

Most of the papers involving Co(acac)2 in radical organic reactions concern the catalytic role of the 

Co(II) center for hydrofunctionalization of olefins. A recent review has been published on the main 

reactions involving Co(acac)2 complexes.10 As one of the leading group in the Co(acac)2based HAT 

reactions, Mukaiyama et al. investigated the hydration of olefins using different types of Co(acac)2 

derivatives (Scheme 48A).249,269,270 During this reaction, molecular oxygen and silane were used as the 

main reagents. R-CoIII species are intermediates created during the addition of the alkene (Scheme 

48B). Nojima’s group notably demonstrated the validity of this type of mechanism by using either 

alkyl-CoIII(acac) complex and alkylperoxo-CoIII(acac) for a similar reaction, namely the 

triethylsilylperoxidation of alkenes with molecular oxygen and triethylsilane. In both cases, the 

cobalt catalyst led to the formation of hydroxylated product.271 Mukaiyama’s group developed a 

series of reactions on alkene (Scheme 48C), notably hydration (1),35,269 hydroperoxidation (2),272 

formation of ketones from vinylsilanes (3),273 oxidative cyclization into furan derivatives (4)274 and the 

formation of βhydroxy nitriles, esters, and amides by coupling reaction between alkenes and 

aldehyde (5).275 

Recent works by Herzon’s group have been published on HAT reaction using Co(acac)2, silane, and 

tert-butyl-hydroperoxide. He developed various selective HAT reactions, such as the hydrogenation 

of alkenyl halides to alkyl halides,276 or the reduction277 or the hydropyridylation of alkenes.278 As 

representative example, the hydrogenation of 2-chloroallyl 4methoxybenzoate into 2-chloropropyl 

4-methoxybenzoate showed a yield close to 80% (Scheme 48C, compound 6).276 Recently, Wan et al. 

constructed β-ester-γ-amino ketones by an innovative tandem process involving Co(acac)2, tert-

butyl hydroperoxide, a tertiary amine, and a diazo compound following the simplified mechanism 

represented in Scheme 49.279 Briefly, this process started with the in situ formation of a carbene 

radical by reaction of Co(acac)2 with the diazo compound, and then the addition of α-aminoalkyl 

radical provided the corresponding organocobalt intermediate. The homolytic C−Co bond splitting 

of this compound yielded the carbon-centered radical that added to styrene to form the more 

stabilized benzyl radical that coupled to the tert-butoxy radical. Finally, the so-formed peroxide 

intermediate underwent a Kornblum−DeLaMare reaction to yield the β-ester-γ-amino ketone in a 

one-pot process. 

6.4. POLYMERIZATIONS 

During these past 15 years, controlled radical polymerizations driven by R-CoIII(acac)2 were 

pioneered and largely developed by Debuigne and Detrembleur which found numerous potential 

applications in nanoelectronics, energy,280 and biomedicine.8 Due to the high lability of the C−Co 

bond of R-CoIII(acac)2 complexes, and at the polymer chain-end of the dormant species, LAMs have a 

high propensity to be controlled by these complexes (Scheme 50). Vinyl esters,44,281−290 ethylene,9,291,292 
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1-octene,291,293 perfluorohexylethylene,294 vinyl chloride,295 vinylidene 
fl

uoride,296,297 

Nvinylimidazolium salts,298−304 and vinyl amides305−310 (Scheme 50) were successfully controlled in 

homopolymerization and/or copolymerization with VAc.8 The facility to tune the C−Co bond strength 

of R-CoIII(acac)2 complexes or at the polymer chain end by the nature of the solvent, the addition of 

coordinating molecules, the temperature, or the use of UV light has enabled to further extend the 

process to the CMRP of MAMs (styrene,311 acrylates,267,284,312 acrylonitrile,265,313−315 and fluorinated 

methacrylate316). Currently, oligoPVAcCoIII(acac)2 is the most versatile R-CoIII(acac)2 for controlling a 

large diversity of monomers of different reactivity by CMRP. 

The main monomers that can be controlled by R-CoIII(acac)2, and the corresponding reaction 

conditions, are summarized in Table 10. 

The Co(acac)2-mediated radical polymerization was first implemented for the polymerization of VAc 

initiated by a conventional diazo free-radical initiator, V70, in the presence of Co(acac)2 at 30 °C in 

the bulk (Table 10, entry 1).283 After an induction period that corresponded to the time required for 

the in situ formation of oligoPVAc-CoIII(acac)2 (Scheme 46), the polymerization started by C−Co bond 

cleavage followed by propagation. Co(acac)2 imparts control to polymerization. An unprecedented 

high degree of control over the polymerization of VAc was reached with molar masses close to 100 

000 g·mol−1 and low dispersity (Đ = 1.33). As all polymer chains contained a labile C−Co bond at the 

ω-chain end, this bond was exploited for the facile functionalization of the chain-end by radical 

pathways. The addition of spin-traps such as (functional) nitroxides (TEMPO derivatives) or 

propanethiol (PrSH) provided the corresponding terminated polymers (Scheme 51).282 According to 

the same principle, fullerene (C60) or carbon nanotubes were also employed as the radical spin traps, 

giving the corresponding fullerene or carbon nanotubes grafted by PVAc chains (Scheme 51).317,318 

When nitrones were employed, polymers were coupled with the introduction of an alkoxyamine at 

the middle of the chain. Functional nitrones were also employed to produce star- and H-shaped 

(co)polymers by derivatization of the alkoxyaminebearing polymers (Scheme 51).319 

Under appropriate conditions, oligoPVAc-CoIII(acac)2 could also initiate and control the radical 

polymerization of VAc in aqueous-based media. Indeed, in situ produced oligoPVAcCoIII(acac)2 was 

successfully used for the CMRP of VAc in suspension in water to give PVAc beads with a high 

monomer conversion and a predictable molecular weight.281 In miniemulsion conditions, the same 

R-CoIII provided PVAc latexes with a solid content up to 30 wt% in very short reaction time with a 

good control of the polymerization.320 The successful copolymerization of ethylene or 1-octene with 

VAc was also reported using this bimolecular system (V70 and Co(acac)2), although the content of 1-

alkene in the copolymer was limited and polymerizations were slow (Table 10, entry 2).291 

The labile C−Co bond at the polymer chain end was largely exploited for the synthesis of various 

block copolymers by the addition of a feed of another monomer. Reactivation of the chain end 

released the macroradical that initiated the controlled polymerization of the second monomer. For 

instance, the addition of N-vinylpyrrolidone (NVP) to a PVAc-Co(acac)2 prepared by the V70/Co(acac)2 

binary system yielded the amphiphilic copolymer PVAc-b-PNVP (Table 10, entry 7).305 Similarly, CMRP 

allowed the formation of PVAc-b-PAN and PVAc-b-PS copolymers (Table 10, entries 8 and 9).311,313 All 

types of copolymers prepared by CMRP have been reviewed elsewhere.7 
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In contrast to cobalt porphyrins and cobaloximes, Co(acac)2 is not prone to β-H abstraction and is 

thus not appropriate for the preparation of macromonomers by CCTP of methacrylates. In addition, 

controlling the polymerization of methacrylates by CMRP is currently still challenging due to the 

weakness of the C−Co bond of the resulting alkyl-cobalt, even at room temperature. Nevertheless, 

Ameduri et al. recently demonstrated that the copolymerization of tert-butyl-2trifluoromethacrylate 

(MAF-TBE) with VAc was possible at 40 °C by the binary system, leading to the controlled alternated 

fluorinated copolymers (Table 10, entry 6).316 

In order to bypass 2,2′-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V70) as the initiator in the CMRP 

of VAc mediated by Co(acac)2, Jerome et al. exemplified the use of redox initiators composed of 

ascorbic acid or citric acid as the reducer, and lauroyl peroxide (LPO) or benzoyl peroxide (BPO) as 

the oxidant (Table 10, entry 12).321 Later on, some of these redox initiators were implemented for the 

CMRP of other vinyl esters, such as vinyl pivalate (VPv),287 vinyl benzoate (VBz),287 vinyl stearate 

(VS),288 and vinyl laurate (VL)288 (Table 10, entries 15 and 16). Another variant was to implement a 

combination of Co(acac)2 with the peroxide without ascorbic or citric acid for the CMRP of VAc (Table 

10, entry 12).321 In this case, Co(acac)2 had a double role, i.e., (i) as the reducer to activate the peroxide 

by redox reaction with the formation of the initiating radicals, and (ii) as the controlling agent by 

reversibly trapping the growing chains. In 2014, this concept was further extended by Detrembleur 

et al. for the CMRP of N-vinylimidazolium salts (VImX in water by the combination of Co(acac)2 with 

tert-butyl hydroperoxide in water (Table 10, entry 17).299 In 2019, Ameduri and Poli exploited this 

process for the controlled polymerization of VDF in dimethyl carbonate by using bis(tert-

butylcyclohexyl) peroxydicarbonate as the oxidant at 60 °C. Chain-extension of PVDF-Co(acac)2 by 

vinyl acetate was also possible, with the synthesis of PVDF-b-PVAc block copolymers (Table 10, entry 

18).297 

In 2012, Detrembleur et al. exploited the photolysis of the C−Co bond of R-CoIII(acac)2 for the CMRP 

of n-butyl acrylate (nBA). As the C−Co bond at the PnBA chain end was very labile at 30 °C, its 

polymerization could only be controlled at 0 °C. The use of photoinitiators (e.g., AIBN or 2,2-

dimethoxy-2-phenylacetophenone, I651) was here highly attractive to initiate the polymerization at 

this temperature.267 For the first time, the nBA polymerization was controlled with a binary system 

up to very high molar masses (>4 × 106 g· mol−1) with low dispersities using Co(acac)2 as controlling 

agent (Table 10, entry 10). The photoinitiator as well as the irradiation time had to be appropriately 

chosen to reach acceptable initiator efficiencies while maintaining an optimal control over the 

polymerization.267 The same team also exploited the photoactivation of azo-initiators for the 

precision synthesis of various poly(N-vinyl amides)308,322 (Table 10, entry 11), providing polymers 

bearing a hydroxyl group and Co(acac)2 at the α- and ω-chain ends, respectively. Zhu et al. described 

the photo-CMRP of VAc and MDO using (2,4,6trimethylbenzoyl)diphenylphosphine oxide (TPO) as 

photoinitiator and Co(acac)2 as control agent, providing degradable copolymers (Table 10, entries 

13 and 14).286,323 

The effect of substituents on the acac ligand of the cobalt complex was investigated by Matyjazewski 

et al. for the (co)polymerization of VAc and n-BA initiated by V70 at 30 °C (Table 10, entry 3).284 

Co(acac)2 and Co(F3-acac)2 successfully mediated the radical polymerization of VAc, while complex 
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Co(F6-acac)2 did not provide any control to the polymerization. Only the Co(acac)2 was able to 

control the copolymerization of nBA with VAc (Table 10, entry 3). Homopolymerization of VClAc was 

difficult to control with these three complexes, but Co(F3-acac)2 provided the best results.285 The 

same improvements with Co(F3-acac)2 compared to the two other complexes were realized when 

copolymerizing VClAc with VAc (Table 10, entry 3).285 Later on, the substitution of the methyl groups 

of acac ligands by tert-butyl ones was not beneficial to the CMRP of VAc (Table 10, entry 4) due to 

increased steric hindrance of the cobalt complex.324 

Aside from the already-developed structure of acac ligands, derivatives have been investigated in 

CMRP, as noticed in Table 10, entries 18−20.325−327Very recently, Poli et al. prepared CoII(OPN)2 (OPN = 

deprotonated 9-oxyphenalenone) and evaluated its activity in the polymerization of VAc at 30 °C 

using V70 as the initiator (Table 10, entry 19).325 For the first time, the authors demonstrated the 

occurrence of a CCTP mechanism for the VAc polymerization, rather than a CMRP one. PVAc chains 

terminated by an unsaturated double bond were produced. A complex based on Co(SAL)2 (SAL = 2-

formylphenolato or deprotonated salicylaldehyde) was also explored for the formation of well-

defined copolymers based on tert-butyl-2-trifluoromethacrylate (MAF-TBE) with VAc (Table 10, entry 

20).326 In contrast to 9-oxyphenalenone (OPN) ligands, this study did not evidence the occurrence of 

CCTP. 

Finally, 1,3-bis(2-pyridylimino)isoindolatocobalt(II) (CoII(Bpi)) complex was used in the CMRP of 

acrylates (nBA, MA) with an external radical source, namely V70, at 60 °C in benzene (Table 10, entry 

21).327 Different versions of ligands were synthesized and tested in polymerization with close results 

in term of control (Table 10, entry 21). The in situ formation of the R-CoIII(bpi) complex with R = 

−C(CH3)(CH2C(CH3)2OCH3)CN (coming from decomposition of V70) was deduced from MALDI-TOF 

analysis of the polymer, with no β-H abstraction being observed (Scheme 52). 

For all these binary systems, an induction period (up to a few hours) was observed that was the time 

required to in situ form the R-CoIII complex. In order to overcome this limitation, R-CoIII(acac)2 

complexes were synthesized and purified before being used for initiating and controlling the 

polymerizations (Scheme 25).44 OligoPVAc-CoIII(acac)2 was demonstrated to be very efficient for 

controlling a large diversity of LAMs and MAMs, including vinyl esters (VAc,44 VLev, and VTr289,290), 

AN,314 acrylates (n-BA and EGA),312,328 vinyl chloride (VC),295 vinyl amides (NVP, NVA, NMVA, and 

NVCL),306,307,329,330 and N-vinylimidazolium salts (VImX)298−304 (Table 11, entries 1−9). In 2014, the 

challenging controlled copolymerization of ethylene (E)9,292 with LAMs (E, NMVA) and MAMs (AN) was 

made possible, as well as the copolymerization of 1-octene (Oct) with VAc293 (Table 11, entries 10 and 

11). Perfluorohexylethylene (PFHE)294 was also successfully copolymerized with VAc (Table 11, 

entries 12), and the homopolymerization of vinylidene fluoride (VDF)296 was controlled at a level that 

could not be achieved by any other controlled radical polymerization technique (Table 11, entry 13). 

Also, the random copolymerization of CO2-sourced (DMMDO)331 or plant oil-derived (AODMC, AODMC, 

ODM10U, M10U, and AMC)332 olefins with VAc was recently reported (Scheme 50 and Table 11, entries 

14 and 15). The low polymerization temperature (40 °C) enabled us to limit the occurrence of side 

reactions, such as transfer reactions, that are commonly observed with many plant-oil derived allylic 

monomers332 that do not homopolymerize. Well-defined poly(vinyl amineco-vinyl alcohol) 
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copolymers with precise composition were also prepared via at two-step process based on the 

statistical cobalt-mediated radical copolymerization of NVA and VAc followed by hydrolysis of the 

pendant amide and ester functions.330 

The polymerizations mediated by oligoPVAc-CoIII(acac)2 were demonstrated to be versatile and 

robust and could be implemented in the bulk,44 in solution, in aqueous media,299,304 or in supercritical 

carbon dioxide.333 Coordinating solvents were demonstrated to affect the rate and control of the 

polymerizations by complexation of the cobalt complex at the polymer chain-end and also Co(acac)2 

that was released during an activation cycle.266 Other important parameters were also identified to 

influence the CMRP process such as the presence of hydrogen bonding or intramolecular 

coordination of the last monomer unit with the cobalt at the polymer chainend. All these important 

factors have been comprehensively reviewed in a recent article.8 

A novel macromolecular engineering tool, the cobaltmediated radical coupling (CMRC), was also 

developed to promote the quantitative coupling of two polymers end-capped by Co(acac)2 (Scheme 

53) via the addition of conjugated dienes, typically isoprene or butadiene, at room 

temperature.314,334,335 In this process, the growing chain released by the C−Co bond cleavage added 

to the diene to form allyl radicals. As the propagation rate constant of the diene is extremely low at 

room temperature, the diene did not polymerize. Moreover, the recombination of these allyl radicals 

with Co(acac)2 was disfavored due to the very low C−Co bond strength (1 kcal·mol−1).335 Therefore, as 

all chains were rapidly bearing an allyl radical at their ω-end, the coupling of two allyl radicals 

terminated chains rapidly occurred. As main advantages, CMRC of α-functional polymers yielded 

telechelic polymers,322 whereas CMRC of AB diblock copolymers furnished symmetrical ABA triblock 

copolymers.9,296,300,303,309,336−338 

In 2015, XCH2-Co(acac)2 (X = Br or Cl) opened new perspectives for the chain-end functionalization of 

well-defined polymers based on LAMs, such as VAc and VEtImBr (Table 11, entry 16).263 For instance, 

BrCH2-Co(acac)2 allowed the preparation of unprecedented α-functional PVAc and ethylene/vinyl 

acetate copolymers (EVA) that were coupled by CMRC to provide the corresponding telechelic 

polymers (Table 11, entry 17). They were then further derivatized to prepare novel cyclic polymers 

(Scheme 54).339 

By the precise control of the macromolecular parameters and the functionality of the (co)polymers, 

the CMRP technique mediated by R-CoIII(acac)2 gave access to an impressive diversity of novel 

polymers with many potential applications. To cite only few of them, (i) PVAc-b-PAN block 

copolymers were converted into gold-loaded carbon nanoparticles for potential application as 

catalysts,315 nanoporous carbon fibers,340 or micelles loaded with silver nanoparticles for 

antibacterial purposes;341 (ii) PVAc-co-PNVP-Co(acac)2 copolymers were used as reactive stabilizers 

for polymerizations in aqueous media;310 (iii) PVAc-modified carbon nanotubes were employed for 

the preparation of polymer nanocomposites with some electrical conductivity;318 (iv) poly(vinyl 

imidazolium salts) bearing polyphenols were tested for long-lasting smart coatings but also as 

redox-active materials for battery purposes280,303 etc.8 

Except for VitB12, which is a natural nontoxic compound, most other cobalt complexes present some 

toxicity that depends on several factors, such as the ligand, the oxidation state, etc.342 Nevertheless, 
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efficient cobalt removal procedures have been implemented even for the purification of polymers 

synthesized by CMRP282 allowing their use in biomedical applications. The purification procedure 

consists in irreversibly deactivating the polymer chains by the addition of a spin-trap, such as 

TEMPO, a thiol, or fullerene (according to reactions illustrated in Scheme 51), followed by removing 

the released cobalt complex by filtration onto silica or by dialysis. The polymers did not present any 

cytotoxicity after removal of the cobalt complex. For example, PVAc/C60 nanohybrids were 

hydrolyzed into water-soluble PVOH/C60 and exploited in photodynamic cancer therapy 

applications.317,343 Also, welldefined cobalt-free poly(vinyl amine)s resulting from hydrolysis of 

poly(vinyl amides) formed by CMRP demonstrated excellent cell viability and high potential for gene 

transfection.344,345 

7. CONCLUSIONS 

Since the structure and the mode of action of vitamin B12, which catalyzes many types of reactions, 

have been established, the research field involving organocobalt complexes (R-CoIII) has rapidly 

expanded. The controlled formation of a carboncentered radical by the C−Co bond cleavage is at the 

origin of all R-CoIII promoted radical reactions. This species reacts with various substrates such as 

radicals or carbon electrophiles and gives products in high yield and most often with a high 

selectivity. The low bond dissociation energy of the C−Co bond renders possible most reactions 

operating under mild experimental conditions, by gentle thermal treatment or light irradiation. The 

environment of the cobalt center, and thus the nature of its ligands, dictate the strength of this C−Co 

bond and the reactivity of R-CoIII. Well beyond catalyzing radical processes, R-CoIII are now able to 

achieve excellent stereochemical control and/or enantioselectivity during radical reactions, which 

constitutes a real breakthrough in the field of the construction of complex organic molecules. This 

high level of structural control is made possible by metallo-radical catalysis (MRC), developed by de 

Bruin and Zhang. Importantly, MRC behaves differently to most of the other radical processes 

promoted by R-CoIII. In MRC, the metalloradical, in situ formed by reaction of CoII with a substrate, 

catalyzes all σ-bond-forming steps. The entire targeted organic molecule is therefore constructed 

on this metallo-radical, which explains the excellent stereocontrol observed with asymmetric 

ligands (of the porphyrin-type) that provide a confined and chiral nanospace around the cobalt 

active site. As CoII is released at the end of the reaction, it is again involved in MRC and is therefore 

considered as a true catalyst. In contrast, for most of the other R-CoIII promoted radical reactions 

(including polymerizations), the homolytic splitting of the C− Co bond of R-CoIII generates a carbon-

centered radical that initiates the cycle with the formation of a C−C bond and the corresponding 

radical adduct. The released CoII then stops the cycle following various elimination pathways 

discussed in this Review. Therefore, the construction of the organic molecule does not occur at the 

metal center, which is in sharp contrast to MRC. Whether CoII is a catalyst or not depends on the 

reaction that is considered. 

Importantly, polymer chemists were inspired by the pioneering works in R-CoIII radical promoted 

reactions for the precision synthesis of functional macromolecules. The common feature to all R-
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CoIII-based polymerizations is the initiation of the process by the carbon-centered radical released 

by the C−Co homolysis. The advent of the growing chains, and thus of the structure of the final 

polymer, however, is dictated by the nature of the cobalt ligand and of the monomer. Cobalt 

complexes with a high propensity to hydrogen abstraction provide macromonomers when the 

growing chains are prone to β-H abstraction (polymethacrylates for instance). Catalytic amounts of 

the cobalt complexes are required for the most efficient ones. This process, called catalytic chain-

transfer polymerization (CCTP), is industrially implemented for coating applications. For monomers 

that are not prone to this reaction, the cobalt complex can reversibly trap the growing chains and 

control their growth. In this cobalt-mediated radical polymerization (CMRP) process, all polymer 

chains are end-capped by the cobalt complex. The C− Co bond can be cleaved “on demand” in a 

controlled manner to release the macroradical that can be involved in a multitude of radical 

reactions. This has been widely exploited to functionalize the chain-end of the polymers or to 

synthesize unprecedented well-defined (co)polymers of multiple architectures of the block, 

gradient, star, or cyclic type. 

With all these breakthroughs in organic and polymer chemistries, the old notion that radical 

reactions are notoriously “uncontrollable” is clearly over. Although the pioneering works in 

synthetic organic chemistry have largely contributed to the implementation of R-CoIII in polymer 

design, both fields have rapidly evolved independently. By confronting them all in one Review, we 

aimed at stimulating cross-fertilization by suggesting some common challenges. 

In the field of organic synthesis, the stereocontrolled and enantioselective radical reactions 

promoted by confining the reactive species in the close environment of asymmetric cobalt complex 

represent a huge potential to the challenging design of polymers with controlled tacticity. Similarly 

to reactions on small organic molecules, the cobalt complex might orient the addition of the vinyl 

monomer at the polymer chain- end, furnishing elusive stereoregular polymers of prime importance. 

In the field of polymerizations, the developments in CMRP have largely contributed to understand 

the conditions for the reversible formation of a C−Co bond based on the cobalt environment and on 

the monomer that is polymerized. Novel R-CoIII, either of low molar mass or of macromolecular type, 

were prepared and isolated, and their ability to initiate and control the polymerizations of a large 

diversity of monomers was evaluated. However, many of these R-CoIII were never tested in synthetic 

organic chemistry. As selected examples, RCoIII based on acetylacetonate (acac) ligands appear to 

be attractive candidates due to the multitude of R groups (possibly) available. Indeed, all synthetic 

organic reactions involving Co(acac)2 are based on the in situ generation of RCoIII. We clearly foresee 

here the potential of the novel preformed R-CoIII for catalyzing novel organic reactions, where the R 

group will dictate the solubility and the reactivity of the complex. 

The R-CoIII-promoted organic syntheses provide “small” molecules, most often produced by the 

addition of two reagents. In contrast, macromolecules consisting of the repetition of tens to a few 

thousands monomer units are prepared by R-CoIII-promoted polymerizations. These two fields now 

have to merge to enable the construction of molecules with a perfect control of the “one-by-one” 

incorporation of the reagents in order to produce sequencedefined molecules, ideally in a 
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stereocontrolled manner. A challenge of this magnitude can only be addressed if both communities 

are sharing efforts and ideas. 
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Scheme 1. Overview of R-CoIII Chemistry and Applications 

 

Scheme 2. Persistent Radical Effect (PRE) with R-CoIII Complexes 

Scheme 3. Overview of R-CoIII Families 
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Scheme 4. Mechanisms of C−Co Bond Dissociation of R-CoIII 

Scheme 5. Main Synthetic Routes for R-CoIII from Vitamin B12 Compounds 
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Scheme 6. Acetylation Radical Mechanism Pathway of MeCbl 

 

Scheme 7. Radical Mechanism for the Synthesis of “Antivitamins B12” Phenylethynylcobalamin Established by 

Kräutler59 

 

  



Published in : Chemical Reviews (2019), vol. 119, n° 12, pp. 6906-6955 

DOI: 10.1021/acs.chemrev.8b00715 

Status : Postprint (Author’s version)  

 

 
Table 1. Bond Dissociation Energies of CH3-Cbl and Ado-Cbl  

 

 

Scheme 8. Equilibrium between Base-On and Base-Off Forms of Alkyl-cobalamin 
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Scheme 9. General Mechanism Using Reduced VitB12 as Catalyst 

 

Scheme 10. Role of the Organocobalamin in the Isomerization Mechanism Conducted by AdoCbl-Dependent 

Isomerase74,a 
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Scheme 11. Enzymatic Rearrangements Catalyzed by AdoCbl 

 

a X, R1, R2, and R3 substituents are listed in Scheme 11. 

Scheme 12. Main VitB12-Catalyzed Radical Reactions 
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Table 2. Examples of Organic Reactions Involving a Reduction of the CoIII Complex 
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Scheme 13. Electrochemically Reduced VitB12-Catalyzed Radical Reactions 

 

Scheme 14. Light-Induced Activation of C−Co Bond of Ethyl-cobalamin Derivatives and Formation of Hydrogel 

 

Scheme 15. Reactions of Photocleavable R-Cobalamin(III) for Phototherapya 

 

aAbbreviations: TSTU and HTBU, N,N,N′,N′-tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate and 

hexafluorophosphate; DIPEA, N,Ndiisopropylethylamine; CDT, 1,1′-carbonyl-di-(1,2,4-triazole); ODA, 

octadecylamine. 
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Scheme 16. Routes to Synthesis of R-CoIII Complexes from Cobalt Porphyrin Compounds 

 

Scheme 17. Formation of (TAP)CoIII-R by Reaction of an Olefin with a Radical Initiator 

 

Table 3. Bond Dissociation Energies of R-Co(por) 
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Scheme 18. Mechanism of Photoactivated Coupling of Alkyl Halides by CoTCPP and TiO2 

 

Scheme 19. Cobalt-Catalyzed Reactions Using Carbene Radicals as Reactive Species 

 

Scheme 20. Simplified Representations of the CoII(por)-Catalyzed Metallo-radical: (a) Synthesis of 2H Chromenes 

by Coupling-Cyclization Reaction of Alkynes and Salicyl Tosylhydrazones, (b) Cyclopropanation of Olefins, and (c) 

Cyclization for α-Substituted Pyrrolidines via C−H Alkylation 
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Scheme 21. (a) CoII(3,5-DitBu-ChenPhyrin) and (b) CoII(HuPhyrin) Complexes, Examples of CoII(D2-Por*) Chiral 

Complex Studied in MRC6,41,154,155,157−159 

 

Scheme 22. Synthesis of [2]Rotaxanes Based on Co(por) by Olefin Cyclopropanation by Carbene-Transfer 

Reactions 

 

Scheme 23. Catalytic Chain-Transfer Polymerization (CCTP) of Methyl Methacrylate (MMA) with CoII(por) 
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Table 4. Polymerization Initiated by Organocobalt(III) Porphyrin Complexes through Thermal Treatment or 

Photoactivation 

 

a Abbreviations of monomers have been listed in Scheme 24.b Route A or B refers to Scheme 24 with the 

unimolecular (A) and bimolecular (B) pathways. cDispersion polymerization process. dDispersion and free-soap 

emulsion polymerization process. 

Scheme 24. List of Monomers Controlled by R-CoIII(por) Complexes in Radical Polymerization 
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Scheme 25. CMRP of Methylacrylate by the Bi- and Unimolecular Systems 

 

Scheme 26. (A) Reversible Deactivation (RT) and (B) Degenerative Transfer (DT) Mechanisms 

 

Table 5. Methods for the Synthesis of Organocobaloxime(III) Complexes186 
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Scheme 27. Synthesis of Organocobaloxime Complexes from CoI Species (Table 5, Series A) 

 

Scheme 28. CoII(ox)-Based Mechanism for the Formation of Organocobaloximes (R-CoIII) 

 

Scheme 29. Examples of R-CoIII(ox) Complexes Prepared from X-CoIII(ox) 
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Table 6. Bond Dissociation Energies of R-CoIII(dmgH)2L 

 

Scheme 30. R-CoIII(ox) Radical Reactions 
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Scheme 31. Alkyl−Alkenyl Cross-Coupling Mechanism Reaction under Photolytic Treatment 

 

Scheme 32. Glycosylcobaloxime Photolysis and Addition Reaction of Nitroso Alkane, Nitrogen Monoxide, and 

Alkene 
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Scheme 33. Radical Isomerization and Cycloisomerization Mechanism by CoII(BF2-dmg)2L2 Complex 

 

Scheme 34. (A) CoII(BF2-alkyl glyoxime)2 Used for CCTP of (B) Monomers Used in CCTP 
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Scheme 35. Formation of Hyperbranched Polymers from Ethylene Glycol Dimethacrylate and R-CoIII(ox) by CCTP 

 

Scheme 36. Application of CCTP by Cobaloxime Complexes for the Precise Design of Sequenced Copolymers 

Based on Methacrylic Monomers 

 

Scheme 37. Structures of CoII(salen) and CoII(saloph) 

 

Scheme 38. Synthesis Routes for R-CoIII(sal) 
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Scheme 39. Synthesis of RO2C-CoIII(sal) via Direct Carbonylation of CoII and X-CoIII Salen-Type Complexes 

 

Table 7. Bond Dissociation Energies of R-Co(sal)2L 
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Scheme 40. R-CoIII(salen) Radical Reactions 

 

Scheme 41. Cobalt-Catalyzed Hydrofunctionalization Reactions Using Co(sal) and Co(acac)2 Complexes 

 

Scheme 42. Mechanism of the Catalytic Hydroalkylation of Unactivated Alkenes Using Co(sal) as Catalyst 
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Scheme 43. Reactions Involving CoII(saltBu,tBu)Cl-Based HAT Isomerizations (A−C) and Branch-Selective 

Hydroarylation of Olefins 
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Table 8. Controlled Radical Polymerization Mediated by R-CoIII(salen*) and Co(β-Ketoiminate) Complexes 

 

aAbbreviations of monomers are listed in Scheme 44. bTPO, 2,4,6-trimethylbenzoyl diphenylphosphine oxide. 
cCoII(β-ketiminato) complex was also tested for comparison with V70. 
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Scheme 44. Monomers Used in CMRP with R-CoIII(sal) Complexes 

 

Scheme 45. Structures of the Two Isolated R-CoIII(acac)2 Compounds: (a) OligoPVAc-CoIII(acac)2 and (b) 

XCH2Co(acac)2 

 

Scheme 46. Synthetic Radical Pathway for OligoPVAc-CoIII(acac)2 
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Scheme 47. Synthetic Radical Pathway for XCH2-Co(acac)2 

 

Table 9. Bond Dissociation Enthalpies of R-CoIII(acac)2L Determined by DFT (B3LYP268 and BPW91* 264 as Hybrid 

Functional Method) 
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Scheme 48. (A) Co(acac)2 Complexes Used in HAT Reactions of Alkene, (B) Mechanism of Mukaiyama’s Reduction− 

Hydration Reaction, and (C) Main HAT Reactions Using Co(acac)2 Derivatives 

 

Scheme 49. Mechanism of the Reaction of Carbene Radicals with Olefins and α-Aminoalkyl Radicals Catalyzed 

by Co(acac)2 

 

  



Published in : Chemical Reviews (2019), vol. 119, n° 12, pp. 6906-6955 

DOI: 10.1021/acs.chemrev.8b00715 

Status : Postprint (Author’s version)  

 

 
Scheme 50. Monomers Used in CMRP with R-CoIII(acac)2 
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Table 10. Controlled Radical Polymerization Mediated by CoII Complexes Bearing Acetylacetonate Ligand Types 

and Initiated by an External Radical Source 
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Table 10. Continued 

 

a Abbreviations of monomers listed in Scheme 50. 

Scheme 51. End-Functionalization of R-PVAc-Co(acac)2 by Different Radical Trapping Agents 

 

Scheme 52. Mechanism of Formation of R-CoIII(bpi) during the Polymerization of MA 
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Table 11. Controlled Radical Polymerization Mediated by R-CoIII(acac)2 Complexes 

 

a Abbreviations of monomers listed in Scheme 50. 

Scheme 53. Cobalt-Mediated Radical Coupling Mechanism 
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Scheme 54. XCH2-Co(acac)2-Based Macromolecular Engineering in CMRP 
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Jérémy Demarteau received his undergraduate education in chemistrý in Belgium. In 2013, he 
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