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1. Introduction – Base metals and non-innocent ligands 

Organic compounds are the building blocks without which life could not exist. We 

can find them in our own bodies, as well as in all naturally occurring and manmade 

products we use. Modern lifestyle requires synthesis and production of many 

chemical compounds at massive scales, such as fuels, plastics, drugs, insecticides, 

cosmetics, perfumes or food additives. More of these chemicals, and new ones, will 

need to be produced to sustain our current living standards in a changing world with 

a rapidly increasing human population. For example, the development of new 

antibiotics is a crucial case to avoid issues with bacterial resistance to existing drugs. 

To address such matters in a sustainable manner, new, safe and selective synthetic 

protocols are required. Synthetic chemistry has evolved as an important scientific 

discipline over the past hundred years, both enabling large-scale production of 

existing matter as well as the creation of new compounds and materials. As such, 

synthetic chemistry has brought tremendous prospect to humanity. Nowadays 

almost any conceivable molecule imagined by man can be produced in the 

laboratory, given enough resources and time. However, that does not mean an 

efficient and sustainable route would be achieved. Many organic reactions still rely 

on stoichiometric transformations and elaborate protecting group strategies in 

complex, multistep procedures that require several work-up steps, making the whole 

synthetic protocol atom and energy inefficient, producing waste and increasing 

costs. More research in the field of catalytic organic synthesis is needed to develop 

more cost-effective, efficient and sustainable synthetic procedures.  

One strategy that addresses current limitations is transition metal catalysis. The 

development of efficient and selective transition metal catalysts is an important goal 

of modern research in chemistry. Our society needs new catalysts to become more 

sustainable, and a desire for selectivity and efficiency in the preparation of medicines 

and materials has boosted our interest in developing new methods based on 

homogeneous catalysis, in particular on the development of new ligands which can 

be fine-tuned to specific needs. The properties of a metal complex as a whole are the 

result of the interaction between the metal centre and its surrounding ligands. In 

traditional approaches, the steric and electronic properties of the spectator ligand 

are used to control the performance of the catalyst, but most of the reactivity takes 

place at the metal. Recent new approaches deviate from this concept, and make use 

of ligands that play a more prominent role in the elementary bond activation steps 

in a catalytic cycle.1,2 The central idea is that the metal and the ligand can act in a 

synergistic manner to facilitate a chemical process. In this light, complexes based on 
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so-called ‘non-innocent’ ligands offer interesting prospects and have attracted 

quite some attention. 3, 4, 5, 6, 7 

The term ‘non-innocent’ is broadly used and diverse authors give different 

interpretations to the term. The term was originally introduced by Jørgensen8 to 

indicate that assigning metal oxidation states can be ambiguous when complexes 

contain redox-active ligands. As such, ligands that get reduced or oxidized in a redox 

process of a transition metal complex are often referred to as ‘redox non-

innocent’.9,10 With modern spectroscopic techniques, combined with computational 

studies, assigning metal and ligand oxidations states has become less ambiguous, 

and hence many authors started to use the term ‘redox-active ligands’ instead. 

Gradually, many authors also started to use the term ‘non-innocent’ for ligands that 

are more than just an ancillary ligand, frequently involving ligands that have reactive 

moieties that can act in cooperative (catalytic) chemical transformations, act as 

temporary electron reservoirs or respond to external triggers to modify the 

properties or reactivity of a complex. A common objective of many of these 

investigations is to achieve better control over the catalytic reactivity of first-row 

transition metal complexes, with the ultimate goal to replace the scarce, 

expensive noble metals currently used in a variety of catalytic processes by cheap 

and abundant first-row transition metals. 

Noble metals are frequently utilised in catalytic synthetic methodologies and many 

industrial processes.11 Their catalytic reactivity is most frequently based on their 

well-established ‘two-electron reactivity’, involving typical elementary steps such as 

reductive elimination and oxidative addition. These elementary steps easily occur for 

late (mostly 2nd and 3rd row) transition metals having two stable oxidation states 

differing by two electrons. However, most noble metals are scarce and therefore 

expensive (and sometimes toxic12). Therefore it is necessary to develop catalysts 

based on cheaper, abundant and benign metals to arrive at cost-effective 

alternatives. This is not an easy task, as base metals (Fe, Co, Cu, Ni etc.) often favour 

one-electron redox processes, and typical elementary steps commonly observed 

in noble metal catalysis are only scarcely observed for base metals. As such, the 

unique properties of non-innocent ligands are advantageous to gain better control 

over the reactivity of base metals. In some cases, this leads to reactivity comparable 

to that of noble metal complexes (but more cost effective and benign), while in other 

cases the combination of a base metal with a ‘non-innocent’ ligand can actually give 

access to unique new types of reactivity. 

Material scarcity and environmental issues put an increasing demand on the 

development of new, cheap and selective catalysts for sustainable synthesis in a 
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variety of processes. As such, replacing noble metals by cheaper base metals in 

homogeneous catalysis is tremendously desirable. ‘Non-innocent’ ligands offer 

several opportunities to achieve this goal. At its core, homogeneous catalysis is based 

on the properties of a metal complex and its surrounding ligands. Therefore, 

choosing the right combination of the metal and its surrounding ligands is key to the 

development of new catalysts. The use of ‘non-innocent’ ligands goes beyond that of 

classical ancillary ligands, and a ‘non-innocent’ ligand is typically directly involved 

in one of the key elementary steps of a catalytic reaction. In a broad description, 

‘non-innocent’ ligands act synergistically with the metal to enhance the selectivity 

and activity of the catalyst. Active participation of a redox active ligand during a 

catalytic cycle following an open-shell radical-type pathway is represented 

schematically in Scheme 1. Roughly two different concepts have been explored in this 

field. In the first concept, electron-transfer between the metal and a substrate-based 

ligand leads to formation of substrate-centered radicals which directly participate in 

radical coupling reactions. In the second concept spectator redox-active ligands are 

used as electron reservoirs, facilitating different oxidation state changes than 

normally expected (e.g. two-electron oxidative addition/reductive elimination steps 

for first-row transition metals or radical-type one-electron processes for diamagnetic 

complexes). New reaction pathways are enabled by using the concept of redox non-

innocence, which most typically involve controlling radicals and selectively 

yielding target products, thus taking advantage of the one-electron reactivity of 

the first row transition metals.  

 

Scheme 1. Schematic representation of two main concepts explored in the use of 
redox active ligands/substrates in catalysis research. 
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2. Controlling Radicals 

Generally, radicals are intrinsically reactive species, and are associated with fast 

uncontrolled and unselective transformations either useful for the synthetic chemist, 

such as free radical polymerizations, auto-oxidations and radical halogenations, or 

unwanted processes mainly in biochemistry that lead to DNA damage, ageing and 

cell death. Many scientists believed that radicals are too reactive to be selective, and 

thus radical chemistry has been regarded as a niche, or a form of exotic chemistry. 

As a result, research into this field has somehow been neglected in many areas of 

synthetic chemistry. However, nowadays the idea that radicals cannot be controlled 

due to their high activity is known to be a misconception. Selectivity is a matter of 

relative rates, not absolute rates. Therefore, it is certainly possible to control radical 

reactions despite their high reactivity. It is true that free radicals behave 

unpredictable, accessing multiple reaction pathways that present similar energy 

barriers leading to mixtures of products. However, one strategy to control the 

reaction pathway involves bringing the radical in or close to the coordination sphere 

of a transition metal complex, thereby controlling its reactivity. 

An important source of inspiration for the synthetic chemist working in the area of 

first-row transition metal catalysis is the high activity and selectivity of 

transformations mediated by metalloenzymes. In fact, one can identify several 

natural catalysts in the form of metalloenzymes that take advantage of all 

characteristics presented above for sustainable radical-type synthesis: The use of 

first-row transition metals, “non-innocent” ligands and one-electron reactivity in the 

form of radical control. Despite their radical-type reactivity, the enzymes are highly 

active and selective for some of the most complex biochemical transformations, of 

key importance for life. Detailed analyses of biological systems revealed interesting 

characteristics that can be used in a bio-inspired approach by the synthetic chemist. 

Firstly, metalloenzymes contain exclusively earth abundant metals, mostly first-row 

transition metals and with no known examples of enzymes using non-abundant 

noble metals. Secondly, substrate radicals are generated in a catalytic manner, are 

bound to the metal and are generated in low concentrations, thus limiting competing 

side-reactions. Thirdly, the active site of the enzyme, the place where the radical is 

bound to the metal centre, is isolated from the reaction medium by a large and bulky 

protein shell, thus creating a hydrophobic pocket that limits even more unwanted 

reactions such as radical couplings and disproportionations. Fourthly, the protein 

matrix surrounding the active centre stabilizes the intermediates and transition 

states by using secondary coordination sphere effects such as hydrogen bonding. 

These interactions also organize the substrates and direct them such that only the 
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desired reaction coordinate is followed. In spite of the radical nature of the catalysed 

processes, high chemo-, regio- and enantio- selectivity is achieved by these 

metalloenzymes. Therefore, they represent a great source of inspiration, and trying 

to mimic and even extend the scope of similar reactions in the laboratory is a goal 

worth of pursuit.  

One of the best studied examples of a radical process involving a metalloenzyme is 

alcohol oxidation to aldehydes catalysed by the enzyme Galactose Oxidase 

(GoAse).13, 14 Its active site contains a copper centre coordinated with histidine and 

tyrosine moieties that can be either reduced or oxidised by one electron.15, 16 The 

mechanism (Scheme 2) shows us a first step in which this enzyme is activated via 

one-electron oxidation of the sulfur modified tyrosine-272 moiety to form an oxygen 

centred (tyrosyl) radical, 1. The CH2OH-group on the galactose binds over the Cu–

O-Tyr-495 bond to form the Cu(II) alkoxide complex 2 with release of Tyr-OH. 

Subsequent proton-coupled electron-transfer (PCET) shifts the radical to the 

galactose-alkoxide moiety which in turn reduces the Cu(II) centre of the enzyme to 

Cu(I) with formation of the oxidized product 4. The reduced enzyme then reacts with 

dioxygen via a PCET pathway to form complex 5, and upon release of hydrogen 

peroxide (H2O2) the catalytic cycle is completed. 

 

Scheme 2. Alcohol oxidation to aldehydes catalyzed by Galactose Oxidase. 

In this mechanism the metal and the ligand cooperate to facilitate the reaction. The 

initial enzyme activation produces a chemically active ligand-centred radical. 
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However, this ligand radical alone is incapable of performing the selective reaction. 

Binding of the substrate to the metal centre is also essential to bring the substrate 

and the ligand centred radical close together. This geometrical arrangement enables 

the actual bond activation process. Subsequent electron transfer from the activated 

substrate to the metal is also important, hence the need of the redox active Cu metal 

in the enzyme.  

A synthetic example analogous to the GOase system was reported by Wieghardt and 

Chaudhary17 and presents a bioinspired CuII-thiophenol catalytic system (Scheme 3). 

The initial catalyst activation step occurs by cooperative activation of the catalyst and 

the ligand to form a diradical system. In contrast to the GOase enzyme, this system 

has biradical characteristics. Therefore it can carry out oxidation of two primary 

alcohols in a single catalytic turnover, enabling alcoholate-derived radical C-C 

coupling reactions with formation of secondary diols. 

 

Scheme 3. a) Cu(II)-thiophenol based catalyst described by Wieghardt and 
Chaudhary; b) Activation of two alcohol molecules. 

 
Another example of metalloenzymes that control radical reactions are the family of 

cytochromes P450 (Figure 1).18 These are proteins that contain heme as cofactor and, 

therefore, are called hemoproteins. A large variety of substrates, ranging from small 

to big, are activated by cytochromes P450 during enzymatic catalysis. Generally, 

these proteins are used by nature as terminal oxidase enzymes in electron transfer 

chains. The term P450 comes from the UV-VIS absorption wavelength (450 nm) of 

the reduced state of the enzyme when complexed with carbon monoxide.  

An important class of catalytic bio-synthetic transformations for which cytochrome 

P450 is responsible is the oxidation of alkyl chains of organic molecules, via CH 

bond activation.19 A key step of the mechanism is presented in Figure 1, and involves 

radical species. A radical rebound step is presented, in which the active species is the 

high valent iron(IV) oxo heme complex. The CH bond of the alkyl chain is activated 

by hydrogen atom abstraction, followed by a quick radical rebound step releasing the 

alcohol product with regeneration of the active iron species. The radical nature of 
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this reaction has been evidenced by using radical clocks and spin trapping 

techniques.20 

 

 

Figure 1. Cytochrome P450 enzyme (left) containing a iron heme complex active site 
(right) catalyzing conversion of molecules containing aliphatic chains to alcohols via 

the action of  an iron(IV) oxide bound to a radical heme (bottom).21 

3. Substrate Radicals in Catalysis 

Being able to control radical reactivity is a difficult challenge in synthetic organic and 

organometallic chemistry, but in the coordination sphere of (transition) metals, 

radical-type reactions become easier to manipulate. This makes it possible to steer 

radical reactivity in specific directions. Forming ligand/substrate centered radicals 

and making use of their redox activity helps in that perspective. This concept was 

initially applied in stoichiometric reactions, but over the past few years it slowly 

transitioned into the area of homogeneous catalysis to enhance the reactivity and 

steer the selectivity of various catalysts.22, 23, 24  

Recently, several examples of catalytic reactions were disclosed in which formation 

and detection of discrete metal-bound substrate radicals was reported. These 

substrate-derived ligand radicals play a key role in a variety of synthetically useful 

CC, CN and CO bond formation reactions. Furthermore, these reactions proceed 

without exception via one-electron substrate activation and subsequent controlled 
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radical steps. The carbene-radical (MCR2) and nitrene-radical (MNR) examples 

discussed in this section provide some clear-cut examples of the usefulness of 

ligand/substrate ‘non-innocence’ involvement in catalysis. 25,26 Similar one-electron 

steps and radical-type reactions have been disclosed in titanium(III)-catalysed 

epoxide ring-opening reactions, examples of which being included in this section.  

 

Figure 2. Electron transfer from metal to substrate (transformation of a 
metalloradical into a substrate radical). 

Carbene- and nitrene-radical species are usually formed upon reaction of open-shell 

metal complexes with high-energy carbene or nitrene precursors, such as diazo 

compounds (to generate carbenes) or iminoiodanes/azides (to generate nitrenes). By 

choosing a specific combination of a first-row transition metal and spectator ligands, 

one-electron transfer can occur from the metal to the metal-bound carbene or 

nitrene moiety, thus forming a carbon- or nitrogen-centered radical. The initial 

metalloradical is transformed into an organic radical, bound to the metal, and the 

resulting species are named ‘carbene radicals’ or ‘nitrene radicals’. This specific 

situation occurs only when the energy level of the py orbital of the carbene or nitrene 

is lower than the dz2 orbital of the metal (Figure 2).  

3.1 Carbon-centered radicals  

In recent years, ‘carbene radicals’ have emerged as particularly interesting examples 

of substrate-based ligand radicals that participate directly in catalytic reactions. 

These ligands can be regarded as one-electron reduced analogs of (Fischer-type) 
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carbenes. Catalytically relevant carbene radicals cannot be isolated, thus making 

many spectroscopic techniques such as X-ray diffraction impractical. Detection and 

characterization of these species with EPR provided important information. In these 

studies, carbene radicals revealed a small g-anisotropy, with g-values close to that of 

the free electron (ge = 2.0023) and clear hyperfine couplings with the metal to which 

they bind. These are diagnostic features of carbon-centered radicals, and indeed 

confirm the redox-active nature of carbene ligands.  

Combining EPR measurements with in situ IR spectroscopy has provided important 

details about the nature of such intermediates formed during a catalytic cycle, 

showing the intermediacy of radical carbenes as active species in several catalytic 

reactions. Quantum mechanical computations, mainly using DFT methods,27 often 

support the EPR spectra and help understanding the spectral properties and spin 

density distributions of these open-shell complexes. 

 

Scheme 4. First example of a carbene radical complex. 

The first examples of redox active carbene ligands were reported in the 1970s by the 

group of Casey and coworkers and were generated by one-electron reduction of 

Fischer-type carbenes of Group 6 transition metals using an external reducing 

agent. 28 , 29  The radical was obtained by one-electron reduction of Fischer-type 

carbenes using external reducing agents (Scheme 4). Complexes of Fischer-type 

carbenes are known to be electrophilic, thus having their LUMO centered on the 

carbene carbon atom. Hence, reduction of the ligand instead of the metal can be 

expected. 30  Reacting pentacarbonyl-(alkoxyaryl)-carbene complexes of group 6 

transition metals (Cr, Mo, W) with sodium/potassium alloy leads to ‘persistent’ 

carbon-centered radical anions at 50 °C as shown by electron paramagnetic 

resonance (EPR) spectroscopic measurements.28 While interesting, these species 

were initially considered (in the 1970s) to be merely chemical curiosities rather than 

important intermediates in catalysis. Yet, these group 6 transition metal complexes 

stand out as the first, classical examples of carbene-radical complexes. CC bonds 

could be formed in stoichiometric reactions by dimerization of tungsten aryl- or 

silylcarbene complexes or react with electron-poor olefins such as ethyl acrylate, as 

shown by Fuchibe and Iwasawa. 31  More recently, the controlled radical-type 

reactivity of carbene radicals has been explored in catalytic reactions, using different 

metals than chromium. 
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Figure 3. EPR detection of cobalt-carbene radical complexes.32 

The formation and reactivity of carbene radicals has been further explored and it was 

found that if carbenoids are formed at Group 9 transition metals in the oxidation 

state +II [CoII, RhII, IrII], the metal effectively reduces the carbene by one electron, 

thus forming a carbene radical in an intramolecular redox process without the need 

of an external reducing agent. 33  Representative examples are cyclopropanation 

reactions mediated by metallo-radical cobalt(II) porphyrin complexes (Figure 3).34 

Experimental evidence for formation of cobalt coordinated carbene radicals in these 

reactions has been demonstrated by the groups of De Bruin and Zhang by reacting 

ethyl diazoacetate (EDA) with the cobalt porphyrin complexes and monitoring the 

reaction mixtures with EPR spectroscopy (Figure 3).33  

An important consideration is that most cobalt porphyrins rapidly become EPR 

silent upon reaction with EDA in absence of other reagents (likely due to fast 

formation of diamagnetic, deactivated cobalt(III)-alkyl species), but for the bulky 

Co(3,5-DitBu-ChenPhyrin) (Figure 5) the EPR signals obtained when adding EDA 

are more persistent and reveal clear changes when compared to the starting complex. 

Spectral simulation of the reaction mixture revealed the presence of three species, 

which were assigned to a simple EDA adduct (I), a bridging carbene species (II) and 

a terminal carbene (III) as shown in Figure 4. While species I and II are both ‘cobalt-

centered radicals’, species III is a carbon-centered radical having most of its spin 

density located at the carbene carbon p-orbital. This readily explains the observed 
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large differences in g- and A-anisotropy between the bridging carbene II and the 

terminal carbene III.  
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Figure 4. Top: Spectral simulations revealing the presence of species I, II and III. 
Bottom: Simplified representation of the structure of species I, II and III.32 

 

Scheme 5. Dimerization  of cobalt carbene radical complexes.35 
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Further evidence for the formation of cobalt(III)-carbene radicals has been obtained 

using ethyl-styryldiazoacetate and [Co(TPP)] in the absence of an alkene substrate.36 

In this reaction a cobalt(III)-vinylcarbene radical is formed, which subsequently 

dimerizes to a diamagnetic, dinuclear cobalt(III) porphyrin complex via its γ-radical 

allylic resonance form (as evidenced by X-ray structural analysis; see Scheme 5). 

Furthermore, trapping the γ-radical allylic resonance form of the cobalt(III)-

vinylcarbene radical with TEMPO proved possible, leading to formation of a 

mononuclear diamagnetic cobalt(III) complex via CO bond formation. 

  

Figure 5. Selected chiral CoII(porphyrins) used as catalysts. 

EPR measurements, combined with supporting DFT calculations and in situ IR 

spectroscopy have indeed shown that carbene radicals are detectable species, with 

the cobalt-porphyrin system allowing control over the reactivity of these radicals. As 

such, enantioselective carbene transfer reactions are possible, despite the fact that 

these reactions proceed via radical-type mechanisms. Hence, substrate redox non-

innocence is not just a chemical curiosity, and the cyclopropanation reactions 

mediated by cobalt porphyrins provided prime examples of catalytic reactions 

proceeding via carbene radicals behaving as controlled radical species. Development 

of new chiral cobalt porphyrins37,38,39 (Figure 5) led to unprecedented reactivity and 

selectivity, which was explained by the increased nucleophilic character of the 

carbene radical compared to an unreduced Fischer-type carbene, allowing the 

pursuit of more challenging substrates. The cooperation between the carbene radical 

and the metal is of crucial importance for catalysis and is actually similar to the way 

metalloenzymes gain control over radicals in several enzymatic processes. The bulky 
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chiral porphyrins ensure a protective environment for the carbene radicals, similar 

to the protective nature of the protein of real enzymes and comparable to other 

approaches in the field of artificial metalloenzymes.40  

 

Figure 6. Metalloporphyrins Encapsulated in a Cubic M8L6 Cage. 

An important aspect in eliminating side reactions and obtaining enantioselectivity is 

having confined space around the metal. Thus, inspired by the protective nature of 

the protein surrounding the active sites of metalloenzymes, De Bruin and coworkers 

have used artificial cages around the porphyrin in an attempt to better control radical 

carbenes (Figure 6).41,42 They described the synthesis and assembly of a new M8L6 

cage which selectively encapsulates tetra-(4-pyridyl)-metalloporphyrins (MII(TPyP), 

M = Zn, Co) and its reactivity in radical-type transformations involving diazo 

compounds. The encapsulated cobalt porphyrin proved to have a significantly higher 

activity than the free [CoII(TPyP)] catalyst and shows that the cage does indeed have 

an important role in isolating the reaction site, similar to the protective protein 

capsule of a metalloenzyme.  

A related example of carbene radical transformations is the cobalt-mediated catalytic 

one-pot synthesis of 2H-chromenes (Scheme 6).43 This reaction involves activation 

of salicyl N-tosylhydrazones by cobalt(II) porphyrins forming cobalt(III)-carbene 

radicals that readily undergo radical addition to terminal alkynes such as 

phenylacetylene to form salicyl−vinyl radical intermediates. The latter ring closes to 

form the desired 2H-chromene, after a prior intermediate hydrogen atom transfer 

step (Scheme 6). EPR measurements together with radical trapping experiments 

using TEMPO confirmed that the mechanism follows a radical pathway. 

Surprisingly, DFT calculations showed that after the hydrogen abstraction step by 

the vinyl radical an ortho-quinone-methide intermediate dissociates from the metal 

and undergoes an endocyclic, sigmatropic ring-closing step. A further interesting 

feature of this reaction is the fact that exactly the same reaction with copper,44 which 



Controlled Radical-Type Catalytic Reactions  

 

15 

does not proceed via carbene radicals, led to the formation of benzofurans instead of 

2H-chromenes.  

 

Scheme 6. [CoII(Por)]-catalyzed metalloradical coupling−cyclization using alkynes 
and salicyl tosylhydrazones to produce 2H-Chromenes. 

Other interesting examples that involve radical control via generation of carbene 

radicals include cyclopropanations,45,46 CH activations,47 cyclopropenations,48 as 

well as alkene,49 and furane formation50 (Scheme 7). They all have in common the 

use of a substituted cobalt(II) porphyrin as the catalyst and a diazo or tosyl 

hydrazone as a high energy substrate to generate the carbene radical intermediate. 

After formation of the intermediate radical species, trapping it with different 

substrates such as alkenes, alkynes or ketones yields an entire series of substituted 

organic molecules (Scheme 7). The reactivity difference between the carbene radical 

and that of a Fischer-type carbene is attributed to the more nucleophilic character of 

the carbene radical species. The carbene radicals can easily react with, for example, 

electron deficient alkenes during cyclopropanation making this method 

complementary to the more classical approaches towards cyclopropanation51,52,53 
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Scheme 7. Examples  of metalloradical [Co(por)]-catalysed reactions proceeding via 
carbene radical intermediates. 

An alternative approach to generating carbon centered radicals in the vicinity of a 

metal center is the homolysis  of CO bonds.54 Epoxides represent an attractive class 

of precursors that can ring open and generate functionalized alkyl radicals, due to 

their ring strain and because they form strong metal-oxygen bonds to early transition 

metals such as titanium. When reacted with oxophilic titanium(III) metal catalysts 

such as “Cp2TiCl”, they undergo ring-opening to generate alkyl radicals in the 

coordination sphere of titanium.55   “Cp2TiCl” exhibits a low Lewis acidity while 

preserving a high selectivity for electron transfer to epoxides. Radicals derived from 

epoxide ring opening behave as typical nucleophilic alkyl radicals and can be used 

for addition reactions to Michael acceptors, reductions by HAT or 5-exo cylizations.55 

An example of radical generation and subsequent radical reactivity is proposed by 

Gänsauer and co-workers, and is shown in Scheme 8.56 Here, the titanocene catalyst 

activates the expoxide and binds the oxygen end, generating a β-radical, species A. 

Radical A then adds to the benzene ring, temporarily destroying its aromaticity, 

forming species B, followed by an electron-transfer step to generate cationic species 

C. This species readily rearomatizes liberating the catalyst with formation of the 

cyclized organic product. The substrate radical intermediates remain coordinated to 

the metal during all steps of the catalytic cycle (until product release), allowing high 

reagent control of the selectivity.  
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Scheme 8. Radical arylation catalysed by [Cp2TiCl] 

The catalytic performance of the system can be tailored by tuning the ligand 

environment around the titanium center. Therefore, conceptual similarities between 

titanocene one-electron steps during catalysis and classical two-electron 

organometallic catalysis are becoming evident.57 

3.2 Nitrogen-centred radicals 

Similar to the formation of carbene radicals, using azides or iminoiodanes as 

substrates instead of diazo compounds results in nitrene formation. 58  In the 

presence of [CoII(por)] complexes reduction by one electron of the nitrene is 

favoured, thus generating a nitrogen based organic radical. Depending on the source 

of the nitrene transfer reagent, either a mono-nitrene radical or bis-nitrene radicals 

can be formed, giving rise to interesting reactivity in catalysis (Scheme 9). Compared 

to their carbene counterparts, nitrene radicals are more persistent in solution, thus 

facilitating their detection (even at room temperature) using a variety of 

spectroscopic techniques.59  

Several examples of catalytic reactions in which nitrene radicals have been proposed 

and detected as intermediates are shown in Scheme 10. Addition to double bonds 

gives rise to aziridines, 60  and activation of benzylic 61  or aldehydic 62  CH bonds 

produces secondary amines or amides respectively. Based on reported examples 

published so far, nitrene radical intermediates seem to be more prone to CH 
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activation than their carbene equivalents, for which more examples of addition 

reactions are reported. Cobalt complexes are not the only species that can give rise 

to metalloradical catalysis involving nitrene radicals. Betley et.al. proposed an FeII 

complex than can react with organic azides forming formally one-electron reduced 

nitrenes, which are key-intermediates in catalytic amination of benzylic CH bonds 

to form secondary amines.63  

 

Scheme 9. Formation of bis-nitrene (left) and mono-nitrene (right) radicals. 

 

 

Scheme 10. Examples of metallo-radical [Co(por)]-catalysed reactions with nitrene 
radicals as intermediates. 
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4. Alternative to Porphyrins – Dibenzotetraaza[14]annulenes 

The controlled radical-type reactions described above constitute interesting ring-

closure or ring-expansion reactivity, producing a variety of desirable ring-products 

taking advantage of formation of discrete substrate-based ligand radicals formed in 

the coordination sphere of the applied transition metals. Most of the known catalyst 

used in this type of reactions are cobalt porphyrins. While useful, such porhyrin-

based catalysts also have some disadvantages. Porphyrin synthesis can be time 

consuming and low-yielding, often requiring several elaborate chromatographic 

purification steps. This makes porphyrins rather expensive as ligands, especially non 

D4h symmetric. As such, alternative ligands with similar properties which are easier 

to synthesize and purify, in fewer steps from cheap starting materials, are of interest 

to the field of metallo-radical catalysis. A particularly interesting class of ligands 

which closely resemble porphyrins has received quite some interest in the 

coordination chemistry community over the past fifty years or so are 

dibenzotetraaza[14]annulenes (Figure 7). 64  Remarkably, however, these ligands 

have received surprisingly little attention in the field of catalysis thus far. 

 

Figure 7. Examples of dibenzotetraaza[14]annulene ligands. 

First reported by Hiller,65 Jäger66 and Goedken67 in the late 1960s, these ligands 

present many similarities with porphyrins, and namely the presence of four coplanar 

nitrogen donors, double deprotonation and formation of a dianionic species upon 

metal coordination, as well as the presence of conjugated double bonds in their 

framework. Tetraaza[14]annulenes present a 14-membered macrocycle. The ring 

size of these ligands is smaller than the 16-membered one in porphyrins, thus 

favoring shorter metal-nitrogen bonds. Furthermore, porphyrins are fully 

delocalized, aromatic (4n+2) systems, while dibenzotetraaza[14]annulenes are 

Hückel anti-aromatic (4n), with negligible delocalization between the 1,3-diiminato 

and the two o-phenlylene fragments. Upon deprotonation, the negative charge is 

delocalized only over the two 2,4-pentanediiminato chelate fragments, in contrast to 

the complete delocalization found in porphyrins. This is due to the saddle shaped 
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geometry of the ligands, which favours the aromatic stability of each individual 

benzenoid ring, in contrast to the flat porphyrins which allow extended conjugation.  

 

Figure 8. Saddle shaped structure of the dibenzotetraaza[14]annulene (H2MeTAA) 
ligand.68 

Another important difference between porphyrins and dibenzotetraaza 

[14]annulenes represents the macrocycle coordination cavity. Due to the fourteen 

membered macrocycle, compared to the larger sixteen-atom ring for porphyrins, the 

distance between the centre of the macrocycle and any of the four nitrogens is 0.1 Å 

smaller for tetraaza[14]annulenes. This determines many coordinated metals to stick 

out of the plane to accommodate favorable coordination bond distances. The extent 

of the metal displacement from the N4 plane is dependent on both metal radius and 

ligand field stabilization effects. For example, cobalt coordination in two oxidation 

states is illustrative. The cobalt(II) ion is small enough to fit in the cavity, therefore 

forming a low-spin [CoII(MeTAA)] complex in which Co and N4 are coplanar. In 

contrast, for [CoIII(MeTAA)Cl], the cobalt(III) ion lies 0.234 Å, above the N4 plane.64 

The synthesis of dibenzotetraaza [14]annulenes is straightforward and facile.66,67 It 

typically involves a template condensation between o-phenylene diamine and a 1,3-

dicarbonyl species in the presence of a small metal ion such as Ni2+ (Scheme 11). The 

metal can further be stripped away using gaseous hydrochloric acid to afford the free 

macrocycle.  

 

Scheme 11. Typical template synthesis for the synthesis of substituted dibenzotetraaza 
[14]annulenes 
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The template condensation works only for late transition metal ions, such as CoII, 

NiII or CuII, due to the cavity size restriction. Bigger radius ions simply will not fit 

inside the macrocycle, and therefore the template condensation will not work. For 

the bigger ions, the free ligand is generally complexed with the desired metal ion. 

Cobalt(II) complexation affords a low-spin four-coordinate [CoII(MeTAA)] complex, 

which is a very sensitive complex, especially towards oxygen. It readily coordinates 

a variety of axial ligands to satisfy its coordinatively unsaturated geometry, if not 

properly stored under inert conditions. It also gets easily oxidized using X2 or CHX3 

(X = Br, I) to form [CoIII(MeTAA)X] species with a triplet (S= 1) ground state.69 All 

these features, together with both the similarities and differences with porphyrins, 

make [CoII(MeTAA)] a good candidate for use in catalysis. 

5. Research Goals and Thesis Outline 

To address issues with material scarcity, sustainability and process costs, modern 

catalysis research is focused on replacing expensive and scarce noble metal (e.g. Pd, 

Pt, Rh, Ir) catalysts by much cheaper and more abundant base metal (e.g. Fe, Co, Ni) 

catalysts. Interestingly, this can also lead to fascinating new reactivity coupled to the 

intrinsically preferred one-electron reactivity of first-row transition metals. The 

research described in this Thesis aims at understanding and exploiting such metallo-

radical reactivity. The goal of this research was to explore the scope of radical-type 

reactions mediated by square planar, low-spin cobalt(II) metallo-radical complexes, 

with a prime focus on uncovering novel reactivity of discrete cobalt(III)-bound 

carbene radicals generated upon reaction of the cobalt(II) catalysts with carbene 

precursors. Another important goal of the investigation described in this Thesis was 

to replace cobalt(II)-porphyrin catalysts by cheaper and easier to synthesize analogs. 

As such, the reactivity of planar, low-spin cobalt(II) complexes based on the 

dibenzotetraaza[14]annulene (MeTAA) ligand scaffold was explored. These 

complexes are not only much easier to synthesize, but are also more active than the 

corresponding cobalt(II)-porphyrins in a variety of ‘carbene transfer’ reactions.  

Chapter 2 describes the use of [Co(MeTAA)]-type catalysts in cyclopropanation 

catalysis. The results not only show the superior cyclopropanation activity of these 

catalysts as compared to cobalt(II)-porphyrins, but also demonstrate the ability to 

use tosylhydrazones directly as carbene precursors in one-pot catalytic reactions, 

replacing diazo compounds. This not only makes the synthetic protocol safer, but 

also substantially expands the substrate scope of carbene transfer reactions in 

general. Chapter 3 describes a detailed kinetic and DFT mechanistic study of these 

cyclopropanation reactions, aiming at understanding both the superior activity and 
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higher sensitivity of [Co(MeTAA)]-type catalysts when compared to cobalt(II)-

porphyrins. The intermediacy of cobalt(III)-carbene radicals was demonstrated 

using a combination of kinetic studies, experimental (EPR) spin-trapping 

experiments and supporting DFT studies.   

Cobalt(II)-metalloradical catalysis, involving related carbene-radical reactivity was 

further applied in a series of novel carbene-carbonylation reactions. These reactions 

provide a novel one-pot catalytic synthetic protocol for the synthesis of beta-lactams, 

amides and esters. The reactions proceed via ketene-intermediates, formed upon 

reaction of the carbene radical intermediate with carbon monoxide. Trapping of the 

ketene intermediates with imines, amines or alcohols then leads to the desired beta-

lactams, amides or ester products. The results of these investigations are described 

in Chapter 4 (using cobalt(II) porphyrins) and Chapter 5 (using [CoII(MeTAA]-

type catalysts).           

In the final Chapter 6 we describe the use of cobalt(II)-metalloradical catalysts in 

ring-closure of o-cinnamyl-N-tosyl hydrazones to 1H-indenes. Also these reactions 

take advantage of the intrinsic reactivity of the unconventional cobalt(III)-carbene 

radical intermediates. The reaction uses readily available starting materials and is 

operationally simple, thus representing a practical method for the construction of 

functionalized 1H-indene derivatives. As was observed for the cyclopropanation 

reactions described in Chapter 2, the cheap and easy to prepare low-spin cobalt(II) 

complex [CoII(MeTAA)] (MeTAA = tetramethyltetraaza[14]annulene) proved to be 

the most active catalyst among those investigated. The metallo-radical catalysed 

indene synthesis in this paper represents a unique example of a net (formal) 

intramolecular carbene insertion reaction into a vinylic C(sp2)H bond, made 

possible by a controlled radical ring-closure process of the carbene radical 

intermediate involved. The mechanism was investigated computationally and the 

results were confirmed by a series of supporting experimental reactions. 
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Abstract 

A new protocol for the catalytic synthesis of cyclopropanes using electron deficient 

alkenes is presented, using a series of affordable, easy to synthesize and highly active 

substituted cobalt(II) tetraaza[14]annulenes. These catalysts are compatible with the 

use of sodium tosylhydrazone salts as precursors to diazo compounds in one-pot 

catalytic transformations, affording the desired cyclopropanes in almost quantitative 

yields. The reaction takes advantage of the metalloradical character of the cobalt 

complexes to activate the diazo compounds. The reaction is practical and fast, and 

proceeds from readily available starting materials. It does not require slow addition 

of diazo reagents or tosylhydrazone salts nor heating, and tolerates many solvents 

including protic ones such as MeOH.  

 

The cobalt(II) complexes derived from the tetramethyltetraaza-[14]annulene 

(MeTAA) ligand are easier to prepare than cobalt(II) porphyrins, present similar 

catalytic carbene radical reactivity, but are more active. The reaction proceeds at 

20°C in a matter of minutes and even at 78°C in a few hours. The catalytic system 

is robust and can operate with either the alkene or the diazo reagent as limiting 

reagent, totally inhibiting the dimerization of diazo compounds. The protocol has 

been successfully applied to synthesize a variety of substituted cyclopropanes. High 

yields and selectivities were achieved for various substrates, with an intrinsic 

preference for trans-cyclopropanes 
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1. Introduction  

Although cyclopropanes are uncommon building blocks in natural products, they 

constitute to the backbone of many biologically active synthetic compounds, such as 

drugs and insecticides (Figure 1). Several methods are available for the synthesis of 

cyclopropanes, of which the transition metal catalysed cyclopropanation of olefins 

with diazo compounds is among the most robust and atom efficient methods. The 

first reports on asymmetric catalysed cyclopropanation were disclosed by Noyori and 

co-workers, and date back to 1966.[ 1 ] The catalyst they introduced is a copper 

complex with a chiral chelating ligand. This discovery was followed by many others, 

with most catalysts developed based on copper,[2] rhodium[3 and ruthenium.[4] These 

catalysts typically work well for the synthesis of chiral cyclopropanes derived from 

diazoacetates and electron-rich olefins, giving high yields and selectivities. However, 

these catalysts are typically poorly active for the cyclopropanation of electron-

deficient olefins due to the electrophilic nature of the metal-carbene intermediates.[5]  

 

Figure 1. Representative natural products and drug molecules containing the 
cyclopropane unit. 

A major drawback for obtaining cyclopropanes by reacting electron deficient alkenes 

and diazo compounds is the competing uncatalysed 1,3-dipolar cycloaddition 

reaction which forms pyrazolines (Scheme 1).[6] When the dipolarophile is an α,β-

unsaturated ester, such as an acrylate, the reaction rate and selectivity are 

determined by the HOMO-LUMO interactions, so that the diazo compound tends to 

attack the β-position of the unsaturated ester substrate. The higher the gap, and the 

smaller the substituents, the more favourable the 1,3-dipolar cycloaddition. In first 
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instance, the formed product is a 1-pyrazoline, but due to its instability, 

isomerization leads to formation of 2-pyrazolines. 

Another competing pathway leading to undesired side products is carbene-carbene 

dimerization reaction. This process easily occurs by nucleophilic attack of the carbon 

atom of the diazo substrate at the prototypical electrophilic Fischer-type metal-

carbene intermediates generated at the catalyst. To avoid the 1,3-dipolar 

cycloaddition, and form cyclopropanes instead, a catalyst must be used that has a 

high activity towards activation of diazo compounds, favouring carbene formation 

and subsequent coupling to the alkene over the undesired cycloaddition or carbene-

carbene dimerization pathways. Such catalysts are still quite rare. Only few examples 

are reported in literature, mostly based on cobalt(II), as highlighted by Doyle.[7]  

 
Scheme 1. Side reactions during cyclopropanation. A: 1,3-dipolar cycloaddition 

between a diazo compound and an electron deficient alkene. B: Diazo compound 
dimerization towards alkenes via metal carbenoids[8] 

In 1978, Nakamura, Otsuka and co-workers introduced cobalt(II)-dioximato 

complexes as enantioselective catalysts for the cyclopropanation of diazo compounds 

and alkenes.[9] These catalysts produce cyclopropanes in high yields and with high 

enantioselectivities for specific substrates, but for alkenes bearing electron 

withdrawing substituents the yields were very low. Further investigation of these 

catalysts was also discouraged due to difficulties with catalyst homogeneity when 

using chiral dioximato ligands. Chiral cobalt(II)-salen complexes were later explored 

by Katsuki and co-workers as cyclopropanation catalysts.[10] The group of Yamada[11] 

reported on the cyclopropanation of styrene derivatives with ethyl diazoacetate using 

similar complexes. However, again neither of these catalysts resulted in high yields, 

diastereoselectivities or enantioselectivities when using electron-deficient olefins. In 
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2003, Gallo, Cenini and co-workers and the group of Zhang independently reported 

on the use of cobalt(II) catalysts with chiral porphyrins as ligands, producing 

cyclopropanes in high yields and selectivities when using substituted styrenes and 

diazoacetates.[12] In later reports, the Zhang group demonstrated that these catalysts 

also allow for cyclopropanation of electron deficient alkenes (such as acrylates) in 

high chemical yields, diastereomeric excess and enantiomeric excess (ee).[13] Several 

enantioselective protocols for the cyclopropanation of styrenes with cobalt 

porphyrins were also developed.[ 14 ] The cyclopropanation reactivity of group 9 

transition metal (Co, Rh, Ir) porphyrin complexes in general was reviewed by Gallo 

and co-workers.[15] 

 

Figure 2. Mechanism of Co(II)- catalysed cyclopropanation (A), and the schematic 
representation of frontier orbitals involved in binding of carboxymethyl carbene to 

Co(II) (B). 
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This unique reactivity was explained by the groups of Zhang and de Bruin in 2010 

through a detailed study of the mechanism of cyclopropanation reaction catalysed 

by low spin planar cobalt(II) systems using DFT calculations and experimental (EPR 

and MS) studies.[16] During their investigations, they concluded that this reaction 

proceeds via a radical mechanism of (Figure 2A). Metalloradical activation of diazo 

compounds produces metal-carbenoids with radical carbon character, which can 

best be described as one-electron reduced Fischer-type carbenes (Figure 2B). 

Carbene generation at cobalt(II) leads to electron transfer from cobalt(II) to the 

carbene moiety, thus leading to the formation of a cobalt(III)-carbene radical 

intermediate. Occupation of the carbenoid p-orbital with an unpaired electron gives 

the cobalt-carbenoid intermediate its unique radical-type reactivity, and makes them 

less electrophilic than common Fischer-type carbenes. While in common Fischer-

type carbenes the (LUMO) carbenoid p-orbital is completely empty, the respective 

carbon p-orbital of the cobalt-carbene radical intermediates shown in Figure 2 is 

half-filled (SOMO). This explains the enhanced reactivity of the cobalt(III)-carbene 

radical intermediates towards electron-deficient olefins, as well as their reduced 

tendency to undergo unwanted carbene-carbene dimerization reactions. 

 

Figure 3. Cobalt(II) catalysts used in this study. 

Due to the synthetic challenges of preparing highly substituted CoII(por) catalysts 

that can efficiently activate diazo compounds via carbene radical intermediates, we 

decided to pursue the development of cheaper, easier to prepare and potentially 

more active low spin planar cobalt(II) catalysts. Based on current understanding of 

the catalytic system (Figure 2), more electron rich complexes should facilitate 
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electron transfer to the carbene in the diazo activation, thus creating a more active 

catalyst. Therefore, we have chosen to investigate the catalytic properties of the class 

of cobalt(II) tetraaza-[14]annulenes (Figure 3, top row) in alkene cyclopropanation 

reactions. They are cheap, easy to prepare and their macrocycle is smaller than the 

porphyrin analogue, thus making the metal centre more electron rich. These 

complexes have been prepared and characterized in the late 1970s,[ 17 ] but their 

catalytic activity was never fully explored. The ligands are recently attracting 

renewed attention in view of their stronger electron donating properties and the 

higher reactivity of their coordination complexes as compared to porphyrins,[18] but 

catalytic application of the cobalt complexes was thus far not investigated.  

In this chapter we tested the performance of similar cobalt complexes for the 

cyclopropanation of electron-deficient alkenes with (precursors of) diazo 

compounds using a metalloradical approach. In addition, we demonstrate an 

unprecedented one-pot methodology for cyclopropanation of electron deficient 

alkenes with tosylhydrazone salts as carbene precursors, thus showing that the 

catalyst is fully compatible with the in situ generation of diazo compounds from 

tosylhydrazone salts in cyclopropanation reactions. 

2. Results and Discussion 

The synthesis of cobalt(II) tetraaza[14]annulenes [Co(MeTAA)], [Co(MePhTAA)] 

and [Co(Bz-MeTAA)] is straightforward and is performed via a template 

condensation between 1,2-diaminobenzene and a 2,4-substituted diketone (Scheme 

2).[ 19 ] The metal used for the template reaction can either be NiII or CoII. The 

nickel(II) complex has the advantage that is diamagnetic, that it is not sensitive to 

air and that it is easy to demetalate to obtain the free ligand. Substitution of the 

methine carbon of the 2,4-pentanediiminato ring is possible using aromatic acyl 

chlorides and is easier and higher yielding when using [Ni(MeTAA)] or 

[Ni(MePhTAA)] complexes rather than using the metal-free ligand. Heating the 

metal-free ligands in the presence of cobalt acetate in acetonitrile to reflux yields the 

desired cobalt(II) complexes in high yields.  

The catalytic activity of the thus obtained cobalt(II) tetramethyltetraaza[14] 

annulene [Co(MeTAA)] was investigated, initially using ethyl diazoacetate (EDA) 

and methyl acrylate as the model substrates. This reaction was carried out at room 

temperature for 1 h in dichloromethane using 1.5 mol % catalyst, 1.0 equiv EDA and 

3.0 equiv. methyl acrylate, yielding the desired cyclopropane product in 85% isolated 

yield. For comparison, cobalt(II) meso-tetraphenylporphyrin [Co(TPP)] was tested 

as a catalyst under identical conditions as well, yielding the cyclopropane in less than 
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30% isolated yield after 1 h. Therefore, the reaction was continued for 20 h, yielding 

67% of the cyclopropane product. Hence, the [Co(MeTAA)] catalyst is much faster 

than [Co(TPP)].  As is clear from the results summarized in Table 1, the [Co(MeTAA)] 

catalyst gave higher isolated yields of the cyclopropane products in a shorter amount 

of time, revealing the higher activity of this catalyst for the cyclopropanation of 

methyl acrylate with EDA. Moreover, the trans/cis ratio of 93:7 is superior to that of 

[Co(TPP)] (88:12). Entry 8 shows the reaction in which EDA is added in excess 

(relative to methyl acrylate, being the limiting reagent) affording a similar yield of 

87%. This means that both reagents, i.e. either the diazo compound or the alkene, 

can be interchangeably used as limiting reagents without a noticeable effect on the 

obtained yields. This has a net advantage over the well-established copper bis-

oxazoline catalysts, for which the alkene always has to be present in excess and the 

diazo compound has to be added slowly to the reaction mixture. Not even traces of 

the dimerization products (maleates or fumarates) were observed when using 

[Co(MeTAA)] as the catalyst. 

 

Scheme 2. Synthesis of cobalt(II) tetramethyltetraaza[14]annulene. 

Several other CoII complexes have been tested (Figure 3) in order to compare their 

activity to that of [Co(MeTAA)]. When comparing the activity of two catalysts 

belonging to the tetraazaannulene family (Table 1, entries 6-7), it is clear that all of 

them are active, with [Co(BzMeTAA)] (Table 1, entry 6) producing cyclopropanes in 

the highest isolated yield (97%). This is possibly due to the benzyl substituents 

slowing-down catalyst deactivation pathways (e.g. 1,4-addition of the alkene 

between the methine carbon of the 2,4-pentanediiminato ring and the cobalt centre 

observed for the base catalyst).[20] Other complexes, such as [Co(salen)], proved to 
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be much slower and low yielding under the same applied reaction conditions (Table 

1, entry 5). 

Table 1. Reaction conditions screening for the cyclopropanation of methylacrylate 
with EDA.[a] 

 

Ent. Catalyst Solvent 
T 

(°C) 

time 

(h) 

Yield 

(%)[b] 

trans: 

cis [c] 

1 -- CH2Cl2 20 1 0 -- 

2 Co(OAc)2*4H2O CH2Cl2 20 1 <5 -- 

3 [Co(TPP)] CH2Cl2 20 20 67 88:12 

4 [Co(TPP)] CH2Cl2 10 20 58 88:12 

5 [Co(salen)] CH2Cl2 20 18 43 70:30 

6 [Co(BzMeTAA)] PhMe 20 1 97 94:6 

7 [Co(MePhTAA)] CH2Cl2 20 1 90 89:10 

8[d] [Co(MeTAA)] CH2Cl2 20 1 87 93:7 

9 [Co(MeTAA)] CH2Cl2 20 1 85 93:7 

10 [Co(MeTAA)] THF 20 1 72 94:6 

11 [Co(MeTAA)] PhMe 20 1 74 95:5 

12 [Co(MeTAA)] PhCl 20 1 69 93:7 

13 [Co(MeTAA)] 
CH3CN : 

CH2Cl2 (4:1) 
20 1 80 93:7 

14 [Co(MeTAA)] 
CH3OH : 

CH2Cl2 (4:1) 
20 1 84 94:6 

15 [Co(MeTAA)] CH2Cl2 10 1 80 93:7 

16 [Co(MeTAA)] CH2Cl2 0 2 74 97:3 

17 [Co(MeTAA)] CH2Cl2 -78 5 67 99:1 

18[e] [Co(MeTAA)] PhMe 10 

1 

1 

2 

6 

85[f] 

83[g] 

75[h] 

14[i] 

96:4 

96:4 

95:5 

95:5 

[a] Reactions were carried out under N2 with 1.0 equiv of EDA, 3.0 eq. of methylacrylate and 1.5 

mol% catalyst. Concentration: 1.9 mmol EDA/5 mL solvent. [b] Isolated yields. [c] Determined by 

GC. [d] 1.0 eq. methylacrylate, 1.2 eq. EDA and 1.5 mol% catalyst. [e] Recyclability study performed, 

starting with 5.0 mol% catalyst [f] cycle 1 [g] cycle 2 [h] cycle 3 [i] cycle 4. 
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We decided to further explore the scope of the cyclopropanation reaction using the 

base catalyst [Co(MeTAA)], because it is simple, cheap and easier to synthesize in 

high quantities than [Co(Bz-MeTAA)]. Furthermore, when using nitrogen bases as 

additives the activity of this catalyst can be further improved to reach similar high 

yields as those obtained with [Co(Bz-MeTAA)] (vide infra), despite the latter being 

slightly more active than [Co(MeTAA)] in absence of additives. 

Table 2. Additive screening for the cyclopropanation of acrylates with EDA and 
[Co(MeTAA)].[a] 

 

Ent. Olefin Additive Product 
Yield 

(%)[c] 

trans: 

cis[d] 

1 
 

- 

 

78 97:3 

2 
  

 

94 97:3 

3 
   

90 97:3 

4 

 

 

-  

52 93:7 

5 
 

 
 

45 94:6 

6[b] 

   

70 94:6 

7 
   

79 93:7 

8b 

 
 

 

81 93:7 

9 
 

 
 

83 94:6 

[a] Performed at using 1.5 mol% [Co(MeTAA)] and 1.5 mol% additive under N2 with 1.0 eq. of EDA 

(0.48 M) and 2 eq. of olefin. [b] Performed using 1.5 mol% [Co(MeTAA)] and 25 mol% additive with 

1.0 eq. of EDA (0.38 M) and 3 eq. of olefin. [c] Isolated yields. [d] Determined by GC. 
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After we determined that [Co(MeTAA)] is capable of catalysing cyclopropanation 

reactions in both polar and nonpolar solvents, as well as at a wide range of 

temperatures, we decided to explore the effect of coordinating additives on the 

activity of the catalyst. Previous studies have shown that axial coordination of 

nitrogen donors to CoII  porphyrins increase the overall activity of the catalyst.[21] 

Several additives, such as DMAP and N-methylimidazole were tested (Table 2), 

which showed that also for [Co(MeTAA)] as the catalyst the yield increased from 78% 

without additive (Table 2, entry 1) to 94% in the presence of N-methylimidazole (1 

eq. with respect to the catalyst; Table 2, entry 2).  

To better illustrate the influence of the additive, the alkene has been changed to a 

more challenging one, such as methylmethacrylate (Table 2, entry 4), which without 

an additive affords the corresponding cyclopropane in only 52% yield. On addition 

of an equimolar amount of N-methylimidazole w.r.t. the catalyst, the yield increases 

to 83% (Table 2, entry 9). A positive effect is therefore observed upon coordination 

of a nitrogen donor on one face of the catalyst. Adding excess additive results in 

slightly reduced yields (Table 2, entries 6 and 8 vs entries 7 and 9), however still 

higher than without any additive. A partial blocking of both faces of the catalyst 

might play a role here. We hypothesise that the coordination of an additive to the 

cobalt(II) centre makes the catalyst more electron rich, thus more prone to carbene 

reduction and formation of the cobalt(III) carbene radical intermediate during 

catalysis, thus accelerating the reaction. 

The increased yield of the cyclopropanation reaction due to coordination of additives 

to the catalyst led us to evaluate several other ligands, including chiral ones. These 

additives contain nitrogen donors that can coordinate to cobalt, as well as –OH and 

–NH groups which potentially stabilise intermediates during the catalytic cycle, 

through hydrogen bonding interactions. We hoped this could lead to chirality 

transfer as well. Additives such as 1-phenylethylamine, nicotine or ephedrine proved 

to be good additives for the cyclopropanation of methyl acrylate with EDA, 

increasing the yield up to 99% (Table 3, entries 2, 4 and 5). Bulkier additives such as 

di-2-naphthylprolinol in combination with [Co(MeTAA)] led to outstanding results 

in the cyclopropanation of styrene even at −78 °C (Table 3, entry 10), yielding the 

desired product almost quantitatively in a short reaction time. While the additives 

do have a beneficial effect on the overall yield and in shortening the reaction times, 

no chirality transfer was observed for any of the reactions using a chiral additive. 

Even when applying a high additive:catalyst ratio of 17:1 (25 mol% additive) the 

products were isolated as racemic mixtures. This implies that the catalyst itself 

requires a chiral backbone for efficient chirality transfer. 
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Having optimized the reaction conditions, we decided to explore the substrate scope. 

Cyclopropanation of a total of 13 alkenes was tested including a variety of electron 

deficient acrylates (Table 4, entries 1-6) using a 1:1 mixture of [Co(MeTAA)] and N-

methylimidazole in CH2Cl2 at room temperature under conditions in which the 

Table 3. (Chiral) additive screening in the [Co(MeTAA)]-catalysed cyclopropanation 
of methylacrylate and styrene.[a] 

 

Ent. -R Additive 
Temp 

(°C) 

Time 

(h) 

Yield 

(%)[b] 

trans: 

cis [c] 

1 -COOMe - 20 1 78 97:3 

2 -COOMe 

 

20 1 99 94:6 

3 -COOMe 
 

20 1 81 95:5 

4 -COOMe 

 

20 1 99 96:4 

5 -COOMe 

 

20 1 82 98:2 

6 -COOMe 

 

0 2 83 97:3 

7 -COOMe 

 

-78 5 65 99:1 

8 -Ph - 20 1 85 85:15 

9 -Ph 
 

0 2 92 87:13 

10 -Ph 

 

-78 5 98 89:11 

11 -Ph 
 

-78 5 93 89:11 

[a] Performed using 1.5 mol% [Co(MeTAA)] and 25 mol% additive with 1.0 eq. of EDA (0.38 M) and 

3 eq. of olefin. [b] Isolated yields. [c] Determined by GC. 
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alkene is the limiting reagent. Reasonable yields in the range between 72-94% were 

obtained, as well as with good diastereoselectivities up to 97:3 favouring the trans 

isomer. A somewhat lower trans:cis ratio of 69:31 has been obtained for acrylonitrile, 

but this substrate is known to be more problematic, and previous catalysts did not 

achieve a higher ratio.[ 22 ] The yield could be significantly increased by using 

[Co(BzMeTAA)] instead of [Co(MeTAA)]. Substituted styrenes have also been tested 

(Table 4, entries 7-10), yielding around 80% of the isolated product, again the trans 

isomer being the favoured one. No general trend has been observed for the 

substitution pattern of styrene, being more consistent with a radical mechanism 

rather than a concerted one. As can be observed in entries 11-13, internal alkenes as 

well as electron rich alkenes are challenging substrates for [Co(MeTAA)]. 

Due to the intrinsic instability and explosive nature of diazo compounds in the 

absence of an electron withdrawing substituent, commercially available diazo 

compounds are mainly ester substituted ones. As such, only a few diazo compounds 

could be conveniently screened for these experiments (Table 4, entries 1, 14, 15), 

affording moderate to good yields, with a similar preference towards the trans-

cyclopropane as the base reaction with EDA. The substrate scope can however be 

expanded by switching from the use of stable diazo compounds to tosylhydrazone 

salts as precursors for non-stabilized diazo compounds. Thermal decomposition of 

tosylhydrazone salts was developed in the group of Aggarwal as an attractive 

methodology to prepare substituted diazo compounds in situ.[23] They successfully 

applied this method in the catalytic synthesis of epoxides from ketones. However, 

with the rhodium and iron catalysts tested cyclopropane formation was much less 

successful using tosylhydrazone salts as carbene precursors, leading to poor yields 

and selectivities. As such, we wondered if [Co(MeTAA)] is more tolerant to (reaction 

conditions associated with) the use of tosylhydrazone salts as precursors to diazo 

compounds in one-pot catalytic transformations. Hence, we initially performed 

some screening experiments (Table 5) concerning the cyclopropanation of methyl 

acrylate with sodium benzyl tosylhydrazone salt, catalysed by [Co(MeTAA)] at 45 °C. 
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Table 4. Substrate Scope Varying both the Alkene and the Diazo compound.[a] 

 

Ent. [a] -R1 Olefin Product 
Yield 
(%) [b] 

trans: 
cis [c] 

0 -COOEt 
 

 

94 97:3 

2 -COOEt 

  

83 94:6 

3 -COOEt 
 

 

75 90:10 

4 -COOEt 
 

 

81 97:3 

5 -COOEt  
 

79 
96[d] 

69:31 
70:30 

6 -COOEt 
 

 

72 
94[d] 

34:66 
35:65 

7 -COOEt 
 

 

93 86:14 

8 -COOEt 

  

79 67:33 

9 -COOEt 
  

79 78:22 

10 -COOEt 
  

78 

 
78:22 

11 -COOEt 
 

 

9 
5[d] 

54:46 

12 -COOEt  
 

 

<1 n.d. 

13 -COOEt 
  

2 
<1[d] 

n.d. 

14 -COOtBu 
 

 

86 98:2 

15 -COOBn 
 

 

72 82:18 

[a] Performed using 5 mol% [Co(MeTAA)] and 5 mol% N-methylimidazole with 1.0 eq. of olefin 

(0.47 M) and 1.2 eq. of  EDA. [b]Isolated yields. [c] Determined by GC. [d] [Co(BzMeTAA)] used 

instead of [Co(MeTAA)] 
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Table 5. Reaction conditions screening for the cyclopropanation of methylacrylate 
with sodium benzyl tosylhydrazone salt catalysed by [Co(MeTAA)].[a] 

 

Ent. Solvent. PTC [c] 
Additive 

[d] 

T 

(°C) 

Time 

(h) 

Yield 

(%) 

trans: 

cis 

1 CH3CN -- -- 45 18 80 74:26 

2 THF -- -- 45 18 67 76:24 

3 PhMe -- -- 45 18 47 75:25 

4 PhCl -- -- 45 18 52 76:24 

5 Dioxane -- -- 45 18 13 -- 

6 

1,2-

dichloro 

ethane 

-- -- 45 18 38 74:26 

7 DMF -- -- 45 18 64 75:25 

8b MeOH -- -- 45 18 -- -- 

9 THF Aliquat®336 -- 45 18 >99 76:24 

10 THF Aliquat®336 -- 45 4 >99 76:24 

11 THF Aliquat®336 -- 45 2 >99 76:24 

12 PhMe Aliquat®336 -- 45 18 >99 76:24 

13 PhCl Aliquat®336 -- 45 18 94 75:25 

14 THF Aliquat®336 -- 20 18 85c 76:24 

15 CH2Cl2 Aliquat®336 -- 20 18 16c -- 

16 CH2Cl2 -- -- 20 18 -- -- 

17 THF -- 
1-methyl-

imidazole 
45 18 96 75:25 

18 THF -- DMAP 45 18 86 74:26 

19 THF -- pyridine 45 18 >99 76:24 

20 THF -- 

2,4,6-

trimethyl 

pyridine 

45 18 >99 76:24 

[a] Reactions were carried out under N2 with 1.0 equiv of sodium benzyl tosylhydrazone, 3.0 eq. of 

methylacrylate and 3 mol% [Co(MeTAA)]. Concentration: 0.675 mmol sodium benzyl 

tosylhydrazone /5 mL solvent; [b] methyl 3-methoxypropanoate is obtained as sole product; [c] 0.15 

eq. Aliquat®336; [d] 0.5 eq. additive. [f] Aliquat ® 336 is a quaternary ammonium salt which 

contains a mixture of C8 (octyl) and C10 (decyl) chains with C8 predominating and a chloride 

counter ion. 
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We were happy to note that the catalyst is indeed tolerant to these reaction 

conditions, as this approach substantially broadens the substrate scope. Extended 

solvent screening was performed, testing eight different solvents (Table 5, entries 1-

8). The highest yield was obtained in acetonitrile (80%) and THF (67%), while 1,2-

dichloroethane (38%) and dioxane (13%) led to poor yields. Tosylhydrazone salts are 

insoluble in non-polar solvents such as toluene, and therefore are known to be 

troublesome for in situ diazo formation [23] This was confirmed in our studies. In 

toluene, the reaction afforded only 47% of the desired cyclopropane. However, phase 

transfer catalysts are known to enhance the rate of conversion of the tosylhydrazone 

salts into diazo compounds, even in non-polar solvents like toluene.[24] Therefore, 

we tested Aliquat®336 in combination with a few solvents (Table 5, entries 9-15). 

The effect is remarkable, the yield increasing to 99% (entry 9), even upon drastic 

reduction of the reaction time (entries 10-11) or lowering the reaction temperature 

to 20 °C (entry 14). Interestingly, solvents that are poor yielding in absence of this 

phase transfer catalyst, such as toluene, become viable solvents for this reaction in 

the presence of Aliquat®336 to afford almost quantitative yields of the desired 

cyclopropane product (entry 12). 

Table 6. Substrate scope varying both the tosylhydrazone salt and the alkene.[a] 

 

Ent. -R1 Alkene Product Yield (%) trans: cis 

1 -Ph 
 

 

94 78:22 

2 -CN 
 

 

68 70:30 

3 -NO2 
 

 

63 72:28 

4 -OMe 
 

 

94 74:26 
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5 -iPr 
 

 

97 75:25 

6 -iPr 
 

 

93 73:26 

7 -iPr  

 

96 75:25 

8 -iPr 
 

 

77 62:38 

9 -iPr 
 

 

89 89:11 

10 -iPr 
 

 

90 86:14 

11 -iPr 
 

 

85 90:10 

[a] Reactions were carried out under N2 with 1.0 eq. of sodium tosylhydrazone, 3.0 eq. alkene, 0.15 

eq. Aliquat®336, and 3 mol% [Co(MeTAA)]. Concentration: 0.675 mmol sodium tosylhydrazone 

/5 mL THF solvent. 

 

Since nitrogen donor additives have a positive influence on the activity of  

[Co(MeTAA)] (vide supra), we decided to test their effect in combination with 

tosylhydrazone salts as well (Table 5, entries 17-20), this time in the absence of 

Aliquat®336 as phase transfer catalyst. 1-methylimidazole performs again better 

than DMAP with a yield of 96% vs 86%. The best results were obtained with pyridine 

and 2,4,6-trimethylpyridine though, both of which leading to almost quantitative 

formation of the desired cyclopropane with a negligible effect on the 

diastereoselectivity. Due to high yields obtained using either a phase transfer catalyst 

(PTC) or a nitrogen-donor ligand additive, using both would be redundant for these 

specific reactions. However, the mechanisms of action of the quaternary ammonium 

salt Aliquat®336 and nitrogen-donor ligand additives are totally different, even it 

might seem that they lead to similar results. The PTC favours the in situ generation 
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of the diazo compound, while the nitrogen donor additive enhances the electron 

donating properties of the cobalt catalyst. Therefore, we decided to move forward in 

screening the substrate scope without adding any nitrogen-donor ligands, but in the 

presence of Aliquat®336 as a PTC. However, it might be beneficial to use a 

combination of both for more challenging substrates. Five substituted sodium 

tosylhydrazone salts were used in the cyclopropanation of methyl acrylate. 

Tosylhydrazone salts containing electron donating substituents afforded the desired 

products in high yields of 94-97%. Tosylhydrazone salts containing electron 

withdrawing substituents resulted in somewhat lower yields (Table 6, entries 2 and 

3). The reaction of the iPr-substituted tosylhydrazone salt and four electron deficient 

alkenes, part of the acrylates family have been tested and afforded the desired 

cyclopropanes in yields up to 97% (Table 6, entries 5-8). Remarkably, acrylonitrile 

yielded the substituted cyclopropane in 96% yield with a 3:1 trans: cis selectivity 

(entry 7). Substituted styrenes (entries 9-11) are also easily cyclopropanated using 

[Co(MeTAA)] and tosylhydrazone salts (entries 1,4 and 5). 

3. Conclusions 

We have shown that cobalt(II) tetraaza[14]annulene complexes are highly active in 

catalytic cyclopropanation of electron deficient alkenes. These low spin cobalt(II) 

catalysts are cheap, easy to synthesize, afford high cyclopropanation yields and their 

activity is superior to that of [Co(TPP)]. Fast and selective carbene transfer reactions 

are achieved by taking advantage of the radical mechanism involving discrete 

cobalt(III)-carbene radical species, with unwanted carbene-carbene dimerization 

and 1,3-dipolar addition reactions between the electron deficient alkene and the 

diazo reagent being almost completely suppressed. In addition, a new one-pot 

protocol was presented that uses in situ generated diazo compounds. This method 

substantially expands the substrate scope by taking advantage of the compatibility 

between the catalyst and the thermal decomposition of tosylhydrazone salts in one-

pot transformations. This method yields substituted cyclopropanes in almost 

quantitative yield, using relative low catalyst loadings. All reactions described in this 

paper can be performed in a one-pot fashion, are practical and fast, tolerant to many 

solvents, can be performed in a broad temperature range and do not require slow 

addition of any of the components. The reaction is diastereoselective, the trans 

isomer being the one favoured in all cases. The formation of side-products is kept to 

a minimum. To fully elucidate the mechanism of the [Co(MeTAA)] complex during 

radical catalysis, in depth kinetic studies and DFT investigations are required. These 

studies are reported in the following chapter.  
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4. Experimental Section 

General Considerations. All manipulations were performed under a nitrogen atmosphere using 

standard Schlenk techniques. All solvents used for catalysis were dried over and distilled from sodium 

(toluene, tetrahydrofuran, diethyl ether) or CaH2 (dichloromethane, methanol, acetonitrile). Diazo 

compounds and alkenes have been degassed using the freeze-thaw-pump-method prior to use. 

Acrylates are passed through basic alumina before use, to remove radical scavengers. All other 

chemicals were purchased from commercial suppliers (Sigma Aldrich, Acros or Strem) and used 

without further purification. NMR spectra (1H, and 13C{1H}) were measured on a Bruker AV400, 

AV300, DRX 500 or DRX 300 spectrometer. Unless noted otherwise, the NMR spectra were 

measured in CDCl3. Individual peaks are reported as: multiplicity (s = singlet, d = doublet, t = triplet, 

q = quartet, m = multiplet), integration, coupling constant in Hz. Mass spectra of the synthesized 

compounds were recorded on an Agilent-5973 GC-MS spectrometer, and the corresponding HRMS 

data were recorded on a JEOL AccuTOF 4G via direct injection probe using either EI or ESI. The GC 

used for isomer separation is a Shimadzu 17A with a Supelco SPB TM – 1 Fused Silica Capillary 

Column with a length of 30 m, a diameter of 0.32 mm and a film thickness of 2.0 μm.  

Catalyst preparation. [Co(MeTAA)], [Co(MePhTAA)] and [Co(Bz-MeTAA)] have been synthesized 

according to reported procedures.[19] [Co(TPP)] and [Co(salen)] have been purchased from Sigma-

Aldrich and used without further purification. 

General Procedure for Cyclopropanation using Diazo Compounds. Under a nitrogen 

atmosphere, catalyst (0.05 eq.) was added to a flame-dried Schlenk tube. The tube was capped, 

evacuated, and backfilled with nitrogen. The solid was dissolved, followed by the addition of the 

additive (0.05 eq.) and alkene (1.0 eq., 0.48M). Then, diazo compound (1.2 eq.) was added, and the 

solution was left stirring for 1h. After the reaction finished, the resulting mixture was concentrated 

and the residue was purified by flash chromatography (silica gel) or extracted in pentane. 

General Procedure for Synthesis of the N-tosylhydrazone salts.[25] An equimolar mixture of 

corresponding aldehyde and N-tosylhydrazide was placed in a round bottom flask and dissolved in 

methanol (2 mL/mmol). The reaction mixture was stirred overnight at room temperature. The white 

precipitate was collected by filtration, and washed with cold methanol and hexane to obtain the pure 

product. The formed N-tosylhydrazone was then deprotonated in methanol using 1 equivalent of 

sodium methoxide. After evaporation of methanol, the pure product was obtained as a white powder. 

General Procedure for Cyclopropanation using N-tosylhydrazone salts. Under a nitrogen 

atmosphere, the respective N-tosylhydrazone salt (1.0 eq.), catalyst (0.03 eq.) and Aliquat®336 (0.15 

eq.) were added to a flame-dried Schlenk tube in the glovebox. The tube was capped, evacuated, and 

backfilled with nitrogen. Then, alkene (3.0 eq., 0.405 M) and solvent were added. The Schlenk tube 

was then placed in an oil bath and heated to 50 °C under nitrogen for a set period. After the reaction 

finished, the resulting mixture was concentrated and the residue was purified by flash 

chromatography (silica gel) or extracted in pentane. 
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Catalyst characterization: 

[Co(MeTAA)] : 

Elemental analysis calcd. for C22H22CoN4: C, 65.83; H, 5.52; N, 13.96; 

calcd. for C22H22CoN4
.1.5H2O: C, 61.68; H, 5.88; N, 13.08; Found: C, 61.46; 

H, 5.67; N, 12.58. HRMS (EI): Calcd. for C22H22CoN4 m/z 401.1176, Found 

m/z 401.1156 

EPR spectrum: 

 

  

[Co(MePhTAA)] : 

Elemental analysis calcd. for C32H26CoN4: C, 73.14; H, 4.99; N, 10.66; 

calcd. for C32H26CoN4 .H2O: C, 70.71; H, 5.19; N, 10.31; Found: C, 70.71; H, 

5.25; N, 10.59. HRMS (ESI): Calcd. for C32H26CoN4 m/z 525.1489, Found 

m/z 525.1503. 

EPR spectrum: 
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[Co(Bz-MeTAA)] : 

Elemental analysis calcd. for C36H30CoN4O2: C, 70.93; H, 4.96; N, 9.19; 

calcd. for C36H30CoN4O2 .H2O: C, 68.90; H, 5.14; N, 8.93; Found: C, 68.72; 

H, 5.48; N, 8.57. HRMS (ESI): Calcd. for C36H30CoN4O2 m/z 609.1701, 

Found m/z 609.1699 

EPR spectrum: 

 

[Co(MeTAA)] : 1-Methylimidazole adduct : 

According to literature studies[26] even when using excess 1-methylimidazole only the 5-coordinate 

species (1:1 adduct) is formed, the 6 coordinate not being formed (1:2 adduct). We have observed 

identical behaviour as reported, see data below: 

HRMS (ESI): Calcd. for [Co(MeTAA)]-N-MeIm (C22H22CoN4)(C4H6N2) m/z 483.1707, Found m/z 

483.1701. 

EPR spectrum: 5-coordinate cobalt spectrum. 
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[Co(MePhTAA)] : 1-Methylimidazole adduct : 

EPR spectrum: 5-coordinate cobalt spectrum. 

 

 

 

 [Co(Bz-MeTAA)] : 1-Methylimidazole adduct : 

EPR spectrum: 5-coordinate cobalt spectrum. 
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Product characterization: 

Ethyl methyl -1,2-cyclopropanedicarboxylate 

Trans-isomer: 1H NMR (400 MHz, CDCl3) δ 4.06 (q, J = 7.1 Hz, 2H), 3.61 (s, 3H), 

2.14 – 2.01 (m, 2H), 1.38 - 1.30 (m, 2H), 1.18 (t, J = 7.2 Hz, 3H). 13C NMR (101 

MHz, CDCl3) δ 172.20, 171.65, 61.04, 52.09, 22.37, 22.08, 15.28, 14.13. HRMS 

(EI): Calcd. for C8H12O4 m/z 172.0736, Found m/z 172.0737. GC analysis: 

Supelco SPB-1 (Temp program: initial temp = 70° C, 7.00° C/min, final temp = 250° C, final time = 

5.00 min) trans-isomer: t = 14.66 min, cis-isomer: t = 14.93 min. 

Ethyl methyl 1-methyl-1,2-cyclopropanedicarboxylate 

Trans-isomer: 1H NMR (400 MHz, CDCl3) δ 4.20 (q, J = 7.2 Hz, 2H), 3.72 (s, 

3H), 2.38 (dd, J = 8.2, 6.6 Hz, 1H), 1.61 (dd, J = 8.8, 4.2 Hz, 1H), 1.46 (s, 3H), 

1.31 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 173.79, 170.16, 60.73, 

52.20, 27.74, 26.67, 20.79, 14.10, 12.86. HRMS (EI): Calcd. for C9H14O4 m/z 

186.08921, Found m/z 186.08977. GC analysis: Supelco SPB-1 (Temp program: initial temp = 70° 

C, 7.00° C/min, final temp = 250° C, final time = 5.00 min) cis-isomer: t = 14.97 min, trans-isomer: 

t = 15.64 min. 

Ethyl tert-butyl -1,2-cyclopropanedicarboxylate 

Trans-isomer: 1H NMR (400 MHz, CDCl3) δ 4.14 (q, J = 7.1 Hz, 2H), 2.08 (tq, J = 

7.0, 3.6 Hz, 2H), 1.45 (s, 9H), 1.36 (t, J = 7.3 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) δ 171.87, 170.70, 81.03, 60.82, 27.88, 23.27, 21.93, 15.07, 

14.03. HRMS (EI): Calcd. for C10H15O4 m/z 199.09703, Found m/z 199.09531. GC 

analysis: Supelco SPB-1 (Temp program: initial temp = 70° C, 7.00° C/min, final temp = 250° C, 

final time = 5.00 min) trans-isomer: t = 17.87 min, cis-isomer: t = 18.15 min. 

Diethyl-1,2-cyclopropanedicarboxylate 

Trans-isomer: 1H NMR (300 MHz, CDCl3) δ 4.20 (q, J = 7.1 Hz, 4H), 2.27 – 2.17 

(m, 2H), 1.55 – 1.41 (m, 2H), 1.32 (t, J = 7.1 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ 

= 171.77, 137.68, 126.91, 77.59, 77.14, 61.07, 22.36, 21.19, 15.31, 14.17. HRMS (EI): 

Calcd. for C9H14O4 m/z 186.08921, Found m/z 186.09237.  GC analysis: Supelco 

SPB-1 (Temp program: initial temp = 70° C, 7.00° C/min, final temp = 250° C, final time = 5.00 min) 

cis-isomer: t = 15.54 min , trans-isomer: t = 15.84 min. 

Ethyl 2-cyano cyclopropanecarboxylate 

Trans-isomer: 1H NMR (400 MHz, CDCl3) δ 4.18 (q, J = 7.1 Hz, 2H), 2.25 (ddd, J = 

8.8, 6.0, 4.3 Hz, 1H), 1.93 (ddd, J = 9.2, 6.3, 4.3 Hz, 1H), 1.49 (dddd, J = 14.9, 8.8, 

6.2, 4.9 Hz, 2H), 1.28 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 170.02, 

119.14, 61.66, 20.94, 14.41, 13.97, 5.52. HRMS (EI): Calcd. for C7H9N1O2 m/z 139.06333, Found m/z 

139.06263. GC analysis: Supelco SPB-1 (Temp program: initial temp = 70° C, 7.00° C/min, final 

temp = 250° C, final time = 5.00 min) trans-isomer: t = 12.38 min, cis-isomer: t = 14.35 min. 
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Ethyl 2-cyano 2-methyl cyclopropanecarboxylate 

Cis-isomer: 1H NMR (400 MHz, CDCl3) δ 4.28 (q, J = 7.0 Hz, 2H), 1.92 (dd, J = 8.0, 

6.4 Hz, 1H), 1.84 (dd, J = 6.4, 5.1 Hz, 1H), 1.51 (s, 3H), 1.35 (t, J = 7.2, 3H), 1.25 (dd, 

J = 8.1, 5.0 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 168.91, 120.06, 61.67, 27.92, 21.81, 

20.97, 14.22, 13.91. Trans-isomer: 1H NMR (400 MHz, CDCl3) δ 4.23 (q, J = 7.1 Hz, 

2H), 2.37 - 2.32 (m, 1H), 1.63 (dd, J = 8.9, 5.4 Hz, 1H), 1.54 (s, 3H), 1.45 (dd, J = 6.8, 5.3 Hz, 1H), 1.3 

(t, J = 7.1 Hz, 3H).13C NMR (101 MHz, CDCl3) δ 168.70, 122.49, 61.62, 26.14, 19.81, 14.87, 14.26, 

12.79. HRMS (EI): Calcd. for C8H11N1O2 m/z 153.07898, Found m/z 153.07948. GC analysis: 

Supelco SPB-1 (Temp program: initial temp = 70° C, 7.00° C/min, final temp = 250° C, final time = 

5.00 min) trans-isomer: t = 13.18 min, cis-isomer: t = 14.50 min. 

Ethyl 2-phenyl cyclopropanecarboxylate 

Trans-isomer: 1H NMR (400 MHz, CDCl3) δ 7.31 (t, 2H), 7.23 (t, 2H), 7.14 (d, 

1H), 4.22 (q, J = 7.1 Hz, 2H), 2.57 (m, 1H), 1.96 (m, 1H), 1.65 (m, 1H), 1,36 (m, 

1H), 1.33 (t, J = 7.1 Hz 3H). 13C NMR (101 MHz, CDCl3) δ 173.49, 140.19, 128.54, 

126.54, 126.22, 60.79, 26.27, 24.30, 17.18, 14.36. Cis-isomer: 1H NMR (400 

MHz, CDCl3) δ 7.31 (t, 2H), 7.23 (t, 2H), 7.14 (d, 1H), 3.91 (q, 2H), 2.61 (m, 1H), 2.11 (m, 1H), 1.75 (m, 

1H), 1.35 (m, 1H), 1.01(t, 3H). 13C NMR (101 MHz, CDCl3) δ 171.05, 136.63, 129.38, 127.95, 126.71, 

60.25, 25.56, 21.89, 14.11, 11.20. GC analysis: Supelco SPB-1 (Temp program: initial temp = 70° C, 

7.00° C/min, final temp = 250° C, final time = 5.00 min) cis-isomer: t = 20.16 min, trans-isomer: t = 

21.14 min. 

Ethyl 2-phenyl 2-methyl cyclopropanecarboxylate 

Trans-isomer: 1H NMR (400 MHz, CDCl3) δ 7.36 – 7.31 (m, 4H), 7.28 – 7.22 (m, 

1H), 4.29 – 4.20 (m, 2H), 2.01 (dd, J = 8.3, 6.0 Hz, 1H), 1.58 (s, 3H), 1.50 – 1.43 

(m, 2H), 1.34 (t, J = 7.1 Hz, 3H). Cis-isomer: 1H NMR (400 MHz, CDCl3) δ 7.36 – 

7.31 (m, 4H), 7.28 – 7.22 (m, 1H), 3.88 (p, J = 7.1 Hz, 2H), 1.95 (dd, J = 7.8, 5.4 Hz, 

1H), 1.83 (t, J = 5.1 Hz, 1H), 1.51 (s, 3H), 1.19 (dd, J = 7.8, 4.7 Hz, 1H), 0.99 (t, J = 7.1 Hz, 3H). HRMS 

(EI): Calcd. for C13H16O2 m/z 204.11503, Found m/z 204.11390. GC analysis: Supelco SPB-1 (Temp 

program: initial temp = 70° C, 7.00° C/min, final temp = 250° C, final time = 5.00 min) cis-isomer: t 

= 20.04 min, trans-isomer: t = 21.05 min. 

Ethyl 2-(4-methoxyphenyl)cyclopropanecarboxylate 

Trans-isomer: 1H NMR (300 MHz, CDCl3) δ 7.50 – 7.33 (m, 2H), 7.21 – 

7.06 (m, 2H), 4.27 (q, J = 7.1 Hz, 2H), 3.85 (s, 3H), 2.68 – 2.53 (m, 1H), 

1.98 (dd, J = 6.4, 1.6 Hz, 1H), 1.97 – 1.87 (m, 1H), 1.72 – 1.61 (m, 1H), 1.38 

(t, J = 7.1 Hz, 3H). HRMS (EI): Calcd. for C13H16O3 m/z 220.10994, Found m/z 220.10877. GC 

analysis: Supelco SPB-1 (Temp program: initial temp = 70° C, 7.00° C/min, final temp = 250° C, 

final time = 5.00 min) cis-isomer: t = 24.69 min, trans-isomer: t = 26.90 min.  
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Ethyl 2-(4-methylphenyl)cyclopropanecarboxylate 

Trans-isomer: 1H NMR (300 MHz, CDCl3) δ 7.23 – 7.08 (m, 4H), 4.30 (q, 

J = 7.2 Hz, 2H), 2.63 (m, 1H), 2.44 (s, 3H), 2.00 (m, 1H), 1.71 (m, 1H), 1.43 

– 1.38 (m, 4H). HRMS (EI): Calcd. for C13H16O2 m/z 204.11503, Found 

m/z 204.11448. GC analysis: Supelco SPB-1 (Temp program: initial temp 

= 70° C, 7.00° C/min, final temp = 250° C, final time = 5.00 min) trans-isomer: t = 16.26 min, cis-

isomer: t = 16.53 min. 

1-tert-butyl 2-methyl cyclopropane-1,2-dicarboxylate 

Trans-isomer: 1H NMR (400 MHz, CDCl3) δ = 3.66 (s, 3H), 2.04 (m, 2H), 1.41 

(s, 9H), 1.33 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 172.53, 170.83, 81.29, 

52.12, 28.08, 23.55, 21.93, 15.26. HRMS (EI): Calcd. for C9H13O4 [M-CH3] 

m/z = 185.08138, found m/z=185.08135. GC analysis: Supelco SPB-1 (Temp 

program: initial temp = 70° C, 7.00° C/min, final temp = 250° C, final time = 5.00 min) trans-isomer: 

t = 20.76 min, cis-isomer: t = 21.03 min. 

1-benzyl 2-methyl cyclopropane-1,2-dicarboxylate 

Trans-isomer: 1H NMR (400 MHz, CDCl3) δ 7.39 (m, 5H), 5.16 (s, 2H), 3.72 

(s, 3H), 2.25 (m, 2H), 1.49 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 172.12, 

171.59, 135.57, 128.64, 128.42, 128.32, 66.92, 52.19, 22.40, 22.34, 15.54. 

HRMS (EI): Calcd. for C13H14O4 m/z = 234.0892, found m/z=234.0900. GC 

analysis: Supelco SPB-1 (Temp program: initial temp = 70° C, 7.00° C/min, final temp = 250° C, 

final time = 5.00 min) cis-isomer: t = 24.17 min, trans-isomer: t = 24.65 min. 

Methyl 2-phenylcyclopropanecarboxylate 

Trans-isomer: 1H NMR (400 MHz, Chloroform-d) δ 7.30 (d, J = 4.6 Hz, 2H), 

7.26 – 7.21 (m, 1H), 7.17 – 7.10 (m, 2H), 3.75 (s, 3H), 2.61 – 2.53 (m, 1H), 1.95 

(ddd, J = 8.2, 5.3, 4.1 Hz, 1H), 1.65 (dt, J = 9.8, 4.9 Hz, 1H), 1.38 – 1.32 (m, 1H); 

13C NMR (101 MHz, CDCl3) δ 173.75, 139.87, 128.38, 127.82, 126.09, 51.80, 

26.18, 23.86, 16.94; Cis-isomer: 1H NMR (400 MHz, Chloroform-d) δ 7.33 (q, J = 1.3 Hz, 2H), 7.26 

(d, J = 1.3 Hz, 1H), 7.15 (s, 2H), 3.47 (s, 3H), 2.66 – 2.60 (m, 1H), 1.77 – 1.73 (m, 1H), 1.42 – 1.38 (m, 

1H); 13C NMR (101 MHz, CDCl3) δ 171.30, 136.34, 129.10, 126.58, 126.42, 51.34, 25.51, 21.56, 11.27; 

HRMS (EI): Calcd. for C11H12O2, m/z = 176.0837, found m/z =176.0828. 

Methyl 2-(4-cyanophenyl)cyclopropanecarboxylate 

Trans-isomer: 1H NMR (400 MHz, Chloroform-d) δ 7.60 – 7.57 (m, 2H), 7.22 – 7.18 (m, 2H), 3.75 

(s, 3H), 2.59 – 2.51 (m, 1H), 1.98 (ddd, J = 8.5, 5.5, 4.2 Hz, 1H), 1.74 – 1.68 (m, 

1H), 1.38 (ddd, J = 8.6, 6.4, 4.8 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 172.90, 

145.68, 132.51, 132.19, 126.70, 118.66, 106.50, 52.03, 25.83, 24.51, 17.41. Cis-

isomer: 1H NMR (400 MHz, Chloroform-d) δ 7.72 – 7.66 (m, 2H), 7.41 – 7.35 

(m, 2H), 3.49 (s, 3H), 2.61 (d, J = 8.8 Hz, 1H), 2.21 (ddd, J = 9.2, 8.0, 5.7 Hz, 

1H), 1.79 – 1.75 (m, 1H), 1.46 (td, J = 8.3, 5.3 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 170.78, 142.07, 
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131.59, 130.19, 129.88, 129.35, 127.17, 110.15, 51.59, 25.32, 22.00, 11.68. HRMS (EI): Calcd. for 

C12H11NO2, m/z = 201.0790, found m/z = 201.0784.  

Methyl 2-(4-nitrophenyl)cyclopropanecarboxylate 

Trans-isomer: 1H NMR (400 MHz, Chloroform-d) δ 8.17 (dd, J = 8.7, 3.3 

Hz, 2H), 7.28 – 7.19 (m, 2H), 3.76 (s, 3H), 2.66 – 2.58 (m, 1H), 2.03 (ddd, J 

= 9.2, 5.4, 4.1 Hz, 1H), 1.76 (dt, J = 9.8, 5.1 Hz, 1H), 1.42 (ddd, J = 8.5, 6.6, 

5.0 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 172.80, 129.94, 126.64, 123.70, 

123.05, 105.95, 99.87, 52.08, 27.77, 25.67, 17.70. HRMS (EI): Calcd. for 

C11H11NO4, m/z = 221.0688, found m/z = 221.06773.  

Methyl 2-(4-methoxyphenyl)cyclopropanecarboxylate 

Trans-isomer: 1H NMR (400 MHz, Chloroform-d) δ 7.06 (d, J = 7.1 Hz, 2H), 

6.85 (d, J = 7.2 Hz, 2H), 3.80 (s, 3H), 3.74 (s, 3H), 2.52 (ddd, J = 9.9, 6.1, 3.6 

Hz, 1H), 1.91 – 1.80 (m, 1H), 1.64 – 1.52 (m, 1H), 1.29 (dddd, J = 8.3, 6.3, 4.4, 

1.4 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 173.88, 158.23, 131.81, 127.28, 

113.79, 55.21, 51.77, 25.63, 23.54, 16.60. Cis-isomer: 1H NMR (400 MHz, 

Chloroform-d) δ 7.20 (d, J = 8.1 Hz, 2H), 6.83 (dd, J = 5.0, 1.6 Hz, 3H), 3.81 (s, 3H), 3.48 (d, J = 1.5 

Hz, 3H), 2.55 (d, J = 7.1 Hz, 1H), 2.08 (dddd, J = 9.1, 7.4, 5.6, 1.4 Hz, 1H), 1.75 – 1.64 (m, 1H), 1.40 – 

1.32 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 171.42, 158.20, 130.06, 128.29, 113.24, 113.23, 55.16, 

51.34, 24.86, 21.42, 11.39. HRMS (EI): Calcd. for C12H14O3, m/z = 206.0943, found m/z = 206.0940. 

Methyl 2-(4-isopropylphenyl)cyclopropanecarboxylate 

Trans-isomer: 1H NMR (400 MHz, Chloroform-d) δ 7.18 (d, J = 8.2 Hz, 2H), 

7.07 (d, J = 8.2 Hz, 2H), 3.75 (s, 3H), 2.93 – 2.83 (m, 1H), 2.57 – 2.48 (m, 1H), 

1.92 (ddd, J = 8.3, 5.3, 4.1 Hz, 1H), 1.62 (dt, J = 9.5, 4.9 Hz, 1H), 1.36 – 1.33 

(m, 1H), 1.27 (d, J = 6.9 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 173.86, 147.14, 

137.21, 126.42, 126.08, 51.78, 33.63, 25.96, 23.89, 23.76, 21.57, 16.82. Cis-

isomer: 1H NMR (400 MHz, Chloroform-d) δ 7.22 (d, J = 8.1 Hz, 2H), 7.08 (m, 2H), 3.48 (s, 3H), 

2.94 (d, J = 6.9 Hz, 1H), 2.57 (s, 1H), 2.11 (ddd, J = 9.2, 7.8, 5.6 Hz, 1H), 1.73 (dt, J = 7.5, 5.3 Hz, 1H), 

1.37 (s, 1H); 13C NMR (101 MHz, CDCl3) δ 171.40, 147.02, 133.60, 128.95, 125.88, 51.30, 33.59, 25.99, 

25.24, 24.19, 21.57, 11.36. HRMS (EI): Calcd. for C14H18O2, m/z = 218.1307, found m/z = 218.1302.  

Methyl 2-(4-isopropylphenyl)-1-methylcyclopropanecarboxylate 

Trans-isomer: 1H NMR (400 MHz, Chloroform-d) δ 7.25 – 7.14 (m, 4H), 3.75 

(d, J = 0.8 Hz, 3H), 2.98 – 2.89 (m, 1H), 2.80 (dd, J = 9.2, 7.1 Hz, 1H), 1.71 (dd, 

J = 9.3, 4.5 Hz, 1H), 1.27 (dd, J = 6.9, 0.7 Hz, 6H), 1.20 – 1.15 (m, 1H), 1.03 (s, 

3H); 13C NMR (101 MHz, CDCl3) δ 176.05, 147.17, 134.01, 129.10, 126.11, 51.91, 

33.60, 31.38, 24.90, 23.89, 23.87, 20.00, 14.45. Cis-isomer: 1H NMR (400 

MHz, Chloroform-d) δ 7.12 (s, 4H), 3.34 (d, J = 0.7 Hz, 3H), 2.90 – 2.85 (m, 

1H), 2.32 (t, J = 8.0 Hz, 1H), 1.96 (dd, J = 7.3, 4.9 Hz, 1H), 1.52 (s, 3H), 1.25 (d, J = 7.1 Hz, 6H), 1.15 

– 1.10 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 172.91, 146.84, 134.41, 128.74, 125.73, 51.16, 33.46, 

27.63, 24.90, 23.91, 23.89, 21.19, 18.84. HRMS (EI): Calcd. for C15H20O2, m/z = 232.1463, found 

m/z = 232.1464.   
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2-(4-Isopropylphenyl)cyclopropanecarbonitrile 

Trans-isomer: 1H NMR (400 MHz, Chloroform-d) δ 7.21 (d, J = 8.1 Hz, 2H), 7.07 

(d, J = 8.1 Hz, 2H), 2.92 (p, J = 6.9 Hz, 1H), 2.64 (ddd, J = 9.2, 6.7, 4.7 Hz, 1H), 

1.62 (dt, J = 9.2, 5.2 Hz, 1H), 1.55 (dt, J = 8.8, 5.0 Hz, 1H), 1.46 (ddd, J = 8.7, 6.7, 

5.0 Hz, 1H), 1.27 (d, J = 6.9 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 148.14, 134.81, 

126.71, 126.24, 121.09, 33.66, 24.58, 23.85, 15.05, 6.39. HRMS (EI): Calcd. for 

[M-CH2]+, C14H17N, m/z = 185.1204, found m/z = 185.1209.   

2-(4-Isopropylphenyl)-N,N-dimethylcyclopropanecarboxamide 

Trans-isomer: 1H NMR (400 MHz, Chloroform-d) δ 7.17 (d, J = 8.1 Hz, 2H), 

7.11 – 7.04 (m, 2H), 3.15 (s, 3H), 3.01 (s, 3H), 2.89 (dq, J = 13.7, 7.0 Hz, 1H), 

2.49 – 2.40 (m, 1H), 1.99 (ddd, J = 8.3, 5.3, 4.2 Hz, 1H), 1.63 (ddd, J = 9.2, 

5.3, 4.2 Hz, 1H), 1.25 (d, J = 6.9 Hz, 7H); 13C NMR (101 MHz, CDCl3) δ 171.97, 

146.77, 138.31, 126.36, 125.98, 37.21, 35.76, 33.58, 25.16, 23.91, 22.86, 16.08, 

10.36. Cis-isomer: 1H NMR (400 MHz, Chloroform-d) δ 7.17 (d, J = 8.1 Hz, 

2H), 7.11 – 7.04 (m, 2H), 3.02 (s, 3H), 2.92 (d, J = 6.9 Hz, 1H), 2.76 (s, 3H), 2.46 – 2.40 (m, 1H), 2.15 

(ddd, J = 9.4, 8.1, 5.9 Hz, 1H), 1.83 – 1.77 (m, 1H), 1.23 (d, J = 7.0 Hz, 6H); 13C NMR (101 MHz, 

CDCl3) δ 169.00, 146.55, 134.54, 127.52, 125.94, 36.79, 35.21, 33.50, 23.87, 23.84, 23.68, 23.57, 10.36. 

HRMS (EI): Calcd. for [M-CH2]+, C15H21NO, m/z = 231.1623, found m/z = 231.1629.     

1-Isopropyl-4-(2-phenylcyclopropyl)benzene 

Trans-isomer: 1H NMR (400 MHz, Chloroform-d) δ 7.40 – 7.33 (m, 2H), 

7.32 – 7.20 (m, 5H), 7.17 (d, J = 8.2 Hz, 2H), 2.98 (p, J = 6.9 Hz, 1H), 2.31 – 

2.14 (m, 2H), 1.60 – 1.47 (m, 2H), 1.34 (d, J = 6.9 Hz, 5H), 1.25 (d, J = 6.9 Hz, 

1H); 13C NMR (101 MHz, CDCl3) δ 146.34, 142.65, 139.83, 128.94, 128.85, 

128.45, 128.32, 127.57, 127.01, 126.40, 125.70, 125.61, 33.68, 27.82, 27.74, 

24.05, 18.08, 11.72. HRMS (EI): Calcd. for [M-CH2]+, C18H20, m/z = 236.1565, found m/z = 

236.1554.   

1-Isopropyl-4-(2-(4-methoxyphenyl)cyclopropyl)benzene 

Trans-isomer: 1H NMR (400 MHz, Chloroform-d) δ 7.24 – 7.17 (m, 2H), 

7.16 – 7.08 (m, 4H), 6.91 – 6.86 (m, 2H), 3.84 (s, 3H), 2.93 (hept, J = 7.0 

Hz, 1H), 2.14 (dddd, J = 19.6, 8.2, 6.5, 4.5 Hz, 2H), 1.41 (ddd, J = 8.3, 6.1, 

1.9 Hz, 2H), 1.30 (d, J = 6.9 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 

157.70, 146.19, 139.98, 134.60, 130.00, 128.59, 126.79, 126.32, 125.57, 113.74, 55.23, 33.61, 27.15, 

27.04, 23.98, 17.61. HRMS (EI): Calcd. for [M-CH2]+, C19H22O, m/z = 266.1670, found m/z = 

266.1660.   

1-Fluoro-4-(2-(4-isopropylphenyl)cyclopropyl)benzene 

Trans-isomer: 1H NMR (400 MHz, Chloroform-d) δ 7.20 (d, J = 8.0 Hz, 

2H), 7.16 – 7.05 (m, 4H), 7.04 – 6.97 (m, 2H), 2.93 (p, J = 6.9 Hz, 1H), 2.22 

– 2.08 (m, 2H), 1.42 (ddt, J = 17.8, 8.5, 5.7 Hz, 2H), 1.29 (dd, J = 6.9, 0.8 

Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 162.29, 159.87, 146.40, 139.55, 138.13, 138.10, 128.64, 127.14, 
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127.07, 126.36, 125.66, 125.58, 115.10, 114.89, 33.61, 27.41, 26.93, 23.96, 23.85, 17.83. HRMS (EI): 

Calcd. for [M-CH2]+, C18H19F, m/z = 254.1470, found m/z = 254.1458. 
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Abstract 

A detailed mechanistic study of the cyclopropanation of electron deficient alkenes, 

namely methyl acrylate with ethyl diazoacetate (EDA) was investigated, aiming at 

understanding both the superior activity and higher sensitivity of the cobalt(II) 

tetramethyldibenzotetraaza[14]annulene [Co(MeTAA)] catalyst as compared to 

cobalt(II) tetraphenylporphyrin [Co(TPP)]. Cobalt(III)-carbene radicals were 

demonstrated to be present as key intermediates in the reaction, using a combination 

of kinetic studies, experimental (EPR) spin-trapping experiments and supporting 

DFT studies. Reaction progress was monitored in real time, by observing N2 

formation and measuring its partial pressure under isothermal conditions. Reaction 

progress kinetic analysis (RPKA) was used to analyse the experimental data. Results 

showed that the reaction is first order in both [catalyst] and [EDA], and zero order 

in [methyl acrylate], in agreement with the DFT-calculated mechanism. The DFT 

calculated activation parameters corresponding to the rate determining step of the 

reaction (ΔG‡, ΔH‡ and ΔS‡) are in agreement with the experimental values derived 

from Eyring-analysis of temperature dependent kinetic measurements, thus 

providing strong support to the proposed metallo-radical mechanism.  
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1. Introduction 

An attractive method to prepare functionalized cyclopropanes is the transition metal 

complex catalysed reaction of olefins with diazo compounds. Many catalytic systems, 

such as copper(I) or rhodium(II) complexes, have been applied successfully for the 

cyclopropanation of electron-rich olefins.1 However, their catalytic activity towards 

electron-deficient olefins, such as acrylates, proved to be below par due to the 

electrophilic character of the Fischer-type metal-carbene complex intermediates 

typically involved in these reactions. This drawback has been solved by the 

introduction of cobalt(II) complexes of salen- and porphyrin ligands by the groups 

of Nakamura,2 Katsuki3 and Zhang,4 capable of both diastereo- and enantioselective 

cyclopropanation of electron-deficient olefins. This remarkable reactivity suggests a 

(more) nucleophilic character of the metal-carbene complex intermediate, which is 

not what one might expect from the reaction of late transition metals with diazo 

compounds. Formation of Fischer-type carbenes, stabilized by an ester group, would 

be expected for these systems, but their reactivity towards electron-deficient olefins 

reveals the contrary. 

   

Figure 1. Cobalt(II) complexes used as catalysts for cyclopropanation. 

A few studies aimed at explaining the unexpected behaviour of cyclopropanation of 

electron-deficient alkenes using [CoII(salen)] and [CoII(por)] systems, by performing 

mechanistic studies and attempting to isolate and detect intermediates. One of them 

was performed by Gallo, Cenini and coworkers. 5  They investigated the 

cyclopropanation of styrene with ethyl diazoacetate (EDA) catalysed by cobalt(II) 

tetraphenylporphyrin [Co(TPP)] by monitoring the reaction in time, using IR 

spectroscopy. The initial rates method was chosen for performing the kinetic studies, 

which is a steady state approximation method. Therefore, the reaction was 

monitored with one of the components always present in large excess. Quite 

remarkably, the results indicated a first order rate dependence in [styrene], [EDA] 

and [catalyst]. However, the rate order in [styrene] proved complex and only at low 

styrene concentrations first order behaviour was observed. In another report from 
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the same group,6 kinetic studies were performed in which [CoII(salen)] was used as 

a catalyst for the cyclopropanation of α-methylstyrene and EDA. This time, a first 

order rate dependence was found for [EDA] and [catalyst], and zero order for the 

[alkene].  

Based on previous studies of Johnson,7 their kinetic studies and using analytical 

tools such as IR and NMR, Cenini and coworkers proposed that two intermediate 

metal-carbene complexes [Co(TPP)(CHCOOEt)] can be formed (Figure 2, a and b). 

The first, called “terminal carbene” a, is the most reactive species and was proposed 

to isomerise rapidly to form the “bridging carbene” species b, via insertion of the 

“terminal carbene” into the CoN bond of the porphyrin. A similar bridging carbene 

was also observed for [Co(salen)(CHCOOEt)].8 Neither one of these metal-carbene 

complexes were however considered to be the key cyclopropanation intermediates 

in the study of Cenini and Gallo. Based on the kinetic studies, the authors proposed 

that the EDA adduct [Co(TPP)(EDA)] reacts directly with styrene in the rate limiting 

step, 5 without prior formation of a metal-carbene complex. Any carbene complex 

formation was proposed to lead to carbene-dimerization side-product formation and 

catalysts deactivation.5  

Studies performed by Yamada and coworkers, on the other hand, showed formation 

of “terminal carbene” species for both [Co(salen)] and [Co(TPP)].9 However, the IR 

stretch frequency of the carbonyl group indicated a single bond character for the 

cobalt-carbene bond. Therefore, Yamada proposed that single electron transfer from 

cobalt to the carbon center occurs, leading  formation of a cobalt-carboxyethyl 

species in which the spin density is delocalized over the α-carbon atom and the 

carbonyl moiety, which would explain the surprising IR frequency detected 

experimentally (Figure 2, c). 

 

Figure 2. Structures of the cobalt-carbene intermediates proposed in the studies of 

the groups of Cenini, Gallo and Yamada.5,9 

Remarkably, the deactivated catalyst in the form of [CoIII(TPP)(CH2COOEt)] has 

been isolated from the reaction medium and was characterized using X-ray 

diffraction.5 This is also an indication that the intermediate species has radical 
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character, although the crystallographic evidence is only indirect. As a result of the 

radical character of the terminal carbene, hydrogen atom abstraction from the 

reaction medium (or EDA) occurs. To further shine light on the nature of the species 

involved, Zhang, de Bruin and coworkers10 decided to investigate the mechanism of 

[CoII(por)] catalysed cyclopropanation of ethyl diazoacetate with methylacrylate 

using a combination of EPR, ESI-MS and DFT studies. The reported findings 

confirmed experimentally the presence of a redox non-innocent carbene ligand, 

which is formed upon reaction of EDA with the cobalt porphyrin. The EPR spectrum 

indicates the presence of both a “terminal carbene” showing “carbene radical” 

character, as well as a “bridging carbene” showing cobalt radical character (Figure 

2b). DFT calculations revealed that these species are in dynamic equilibrium, with a 

low barrier to interconvert them. The DFT calculations further showed that 

cyclopropanation occurs via a stepwise radical-process, involving formation of the 

terminal “carbene radical” species (Figure 2c), which is the species reacting with the 

olefin. The DFT calculated barriers for “carbene radical” formation and its reaction 

with the olefin were very similar, in agreement with first order kinetics in both [EDA] 

and the [olefin] suggested by Cenini & Gallo, despite a stepwise reaction 

mechanism.10  

In chapter 2 we described that the catalyst [Co(MeTAA)], which had never been used 

before as a carbene-transfer catalyst, is much more active than [Co(TPP)] in the 

cyclopropanation of electron deficient alkenes with diazo compounds. The reasons 

for the improved activity were not obvious, as the [Co(MeTAA)] complex has a very 

similar structure to that of [Co(TPP)] (Figure 1). Hence, we wondered if the 

mechanism for olefin cyclopropanation with [Co(MeTAA)] is similar to the one 

reported for [Co(TPP)] or not, and what could be the reason for the enhanced activity 

this complex. Therefore, we decided to investigate the reaction mechanism of 

[CoMeTAA]-catalysed cyclopropanation of methylacrylate, using ethyl diazoacetate 

as the carbene precursor. The results are described in this chapter. Full system DFT 

calculations including Grimme’s dispersion corrections have been performed for 

both [Co(TPP)] and  [CoMeTAA] to make direct comparison between the two 

systems possible. Spin trapping experiments followed by detection by EPR proved a 

valuable tool in determining if the mechanism follows a radical-type pathway, and 

Blackmond’s reaction progress kinetic analysis (RPKA) has been used to determine 

the rate law and to identify catalysts deactivation processes.  

RPKA has been chosen over the more common initial rates method in which an 

overwhelming excess of one or more reactants is used relative to the species of 

interest. With RPKA the reaction is probed at synthetically relevant conditions, at 
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concentrations similar to the ones used when not exploring the rate law. In general, 

the mechanism can vary depending on both the relative and the absolute 

concentrations of the species involved. Therefore, more representative results of 

reaction behaviour under commonly utilized conditions are obtained using this 

approach when compared to traditional kinetic studies using the initial rate 

approach. By measuring the reactions in its entirety and not just in the initial phases, 

unexpected behaviour such as catalyst deactivation, product inhibition or even 

changes in mechanism can be detected. Moreover, reaction progress kinetic analysis 

requires fewer experiments, is a faster method and arguably is more accurate than 

traditional kinetic measurements.11 

 

Scheme 1. Proposed mechanism of the [CoMeTAA]-catalysed cyclopropanation of 

methylacrylate with ethyl diazoacetate.  
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2. Results and Discussion 

The study started with DFT geometry optimizations of the full reaction systems. The 

investigated reactions are the cobalt(II)-catalysed cyclopropanation reactions of 

methylacrylate and styrene, using ethyl diazoacetate (EDA) as the carbene precursor. 

Calculations for both [Co(MeTAA)] and [Co(TPP)] have been performed using no 

structural simplifications of the molecules involved. This allows for direct 

comparison of the two catalysts. The [Co(TPP)] optimizations from this work extend 

the previous reported calculations,10 in which the geometry optimizations were 

obtained using a lower level basis set, without dispersion corrections and using 

simplified molecular structures. In the present study, full atom structures, the BP86 

functional and the def2-TZVP basis were chosen, and includes Grimme’s version 3 

dispersion corrections.  

The DFT calculations strongly suggest, as has previously been reported for 

[Co(TPP)], that the [Co(MeTAA)]-catalysed reaction also proceeds via a stepwise 

radical addition-substitution pathway (Scheme 1). The key intermediates have 

“organic radical” character. The first step (I) involves the interaction between 

[Co(MeTAA)] A and EDA to form the transient intermediate A’, which loses 

dinitrogen during step II. This leads to the formation of a carbon-centered radical 

terminal carbene B that is in equilibrium with the bridging radical carbene E. The 

terminal carbene is best described as a one-electron reduced Fischer-type carbene.12 

The bridging radical carbene E is a dormant state of the catalyst and is incapable of 

forming the cyclopropane. The third step in the cycle (III) is an irreversible radical 

addition of the carbene radical B to methyl acrylate, forming γ-radical C species. The 

γ- radical C then easily cyclizes to form the corresponding product during step IV, 

while the catalyst returns in its original state. This last step is a concerted radical type 

CC bond formation with simultaneous homolysis of the CoC bond. The barrier of 

this ring-closure reaction is so low that cyclopropane formation is the only favoured 

reaction pathway, no other pathway, such as addition of another molecule of acrylate 

being possible. All attempts to react the diazo adduct complex A’ directly with the 

olefin, as has been proposed by Cenini and Gallo,5 were unproductive.  

An analysis of the initial state of the catalyst is performed in Figure 3. The energy 

difference between different species reveal that the toluene adduct of [Co(MeTAA)] 

is the most stable species in solution. Several coordination modes of EDA to the 

catalyst are possible. However, their energies are 4.3-5.3 kcal mol-1 higher (Figure 3, 

left). For [Co(TPP)], the energies of these species are even higher, ranging from 5.8 

to 9.7 kcal mol-1 above the toluene adduct of the complex (Figure 3, right).  
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Figure 3. Energy diagram - Substrate Coordination to [Co(MeTAA)] and [Co(TPP)]. 
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relative to the preceding intermediate). 
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The calculated free energies for the cyclopropanation steps mediated by 

[Co(MeTAA)] are shown in Figure 4. The first step is the activation of the ethyl 

diazoacetate over [Co(MeTAA)] with release of dinitrogen. It appears that this step 

has a transition state barrier TS1 of +14.5 kcal mol-1, the highest of all reaction steps, 

suggesting this is the rate determining step. Formation of the carbene radical B, with 

release of nitrogen, is exergonic. In contrast to the [Co(TPP)] mechanism (Figure 5 

and Figure 6), species B has a much lower energy than the bridging carbene E. 

Furthermore, to interconvert between the two a TS4 barrier of +19.6 kcal mol-1 needs 

to be overcome, which is much higher than the barrier for reaction of B with the 

acrylate (TS2). Therefore we anticipate that the bridging carbene is not formed in 

practice. In contrast, for [Co(TPP)] the bridging carbene E has a lower free energy 

(4.5 kcal mol-1) compared to the carbene radical B (3.4 kcal mol-1). The transition 

state barrier of interconversions TS4-CoTPP is also lower than TS4-CoMeTAA, and that is 

why species E was isolated in practice, and proposed as the resting state during 

catalysis. 
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Figure 5. Energy diagram of the activation of EDA with [Co(MeTAA)] and [Co(TPP)] 

and generation of carbene radical or bridging carbene. All energies relative to A 

(transition state barriers relative to the preceding intermediate). 
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The second step, as seen in Figure 4, is the addition of methyl acrylate to the carbene 

radical B. This addition has a lower barrier (TS2-trans= +6.7 kcal mol-1) when attacking 

trans to the ethyl ester attached to the carbene, compared to TS2-cis= +11.1 kcal mol-

1 for cis attack. This difference (4.4 kcal mol-1) is in line with the experimental data 

showing a high trans:cis ratio between the different cyclopropane diastereoisomers 

of 97:3 (see Chapter 2). Therefore, computations also favour the pathway leading to 

the formation of the trans-isomer.  

The last step is the cyclization of γ-radical B to form the cyclopropane. The transition 

state, TS3-CoMeTAA= +5.8 kcal mol-1 is higher than the corresponding step in the 

mechanism of the [Co(TPP)]-catalysed cyclopropanation reaction, TS3-CoTPP= +3.1 

kcal mol-1 (Figure 6). However, compared to the other reaction steps, it is still the 

lowest barrier of the entire energy diagram. 
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Figure 6. Energy diagram comparison of the [Co(MeTAA)] and [Co(TPP)] catalyzed 

cyclopropanation of methyl acrylate with ethyldiazoacetate. All energies relative to A 

(transition state barriers relative to the preceding intermediate). 

Therefore, looking at all free energy barriers, the DFT calculations predict the 

[Co(MeTAA)]-catalysed reaction to be first order in [EDA] and [catalyst] and zero 

order in [methyl acrylate]. Nitrogen release and carbene radical formation should be 
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the rate determining step, with a transition state barrier of G‡298K= +14.5 kcal mol-1. 

Comparing this mechanism to the one using [Co(TPP)] as catalyst, it can be observed 

that all steps are similar, and the main intermediates present similar radical 

character. However, the relative energies of the involved species, including the 

transition states, vary significantly. Noteworthy is the high barrier of the nitrogen 

release step with TS1-CoTPP= 19.5 kcal mol-1. The difference of +5.0 kcal mol-1 between 

the transition states of the rate determining step can explain the slower reaction 

times noticed during experiments when using [Co(TPP)], in contrast to 

[Co(MeTAA)] (see experimental section, Figure 11). It should further be noted here 

that the dispersion-corrected DFT calculations of the [Co(TPP)]-catalysed steps 

reported here differ slightly from previously reported calculations performed in our 

group,10 in the sense that addition of carbene radical B to the acrylate substrate is 

computed to have a lower barrier than formation of B via TS1 when using Grimme’s 

version 3 dispersion corrections, while the computed barriers for these process are 

very similar in calculations without dispersion corrections.  

As such, as shown above for [Co(MeTAA)], DFT therefore predicts first order kinetics 

in [EDA] and [catalyst], but zero order kinetics in [methyl acrylate] under 

catalytically relevant reaction conditions for [Co(TPP)]. Only at (very) low acrylate 

concentrations the reaction should become first order in [methyl acrylate]. This 

seems to correlate directly with the experimentally determined bell-shaped rate-

dependence on the olefin concentration as reported by Cenini and Gallo detected at 

low olefin concentrations in kinetic studies of styrene cyclopropanation with 

[Co(TPP)].5       

Initial experimental efforts to shine more light on the mechanism of the 

[Co(MeTAA)]-catalysed reactions focused on detecting reaction intermediates using 

EPR spectroscopy and high-resolution mass spectrometry. Only one previous study 

has been performed in which “carbene radicals” were directly detected by EPR, and 

that was the reaction between EDA and [Co(3,5-DitBu-ChenPhyrin)], a bulky 

porphyrin ligand with stabilizing hydrogen-bond donor motifs. However, with other, 

more simple cobalt(II) porphyrin complexes such as [Co(TPP)], similar carbene 

radical species could not be detected with EPR spectroscopy. Reactions with EDA 

resulted in EPR silent solutions in the temperature range between 5-70K, implying 

either EPR silence of the key carbene intermediate (e.g. due to rapid relaxation 

effects) or rapid decomposition to diamagnetic species (e.g. [CoIII(TPP)-

(CH2COOEt)], see ref. 5).   
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The [Co(MeTAA)] complex behaves in a similar manner as [Co(TPP)], and also 

produces EPR silent solutions (at 20K) upon reaction with EDA (or EDA and 

methylacrylate). However, high resolution MS obtained via cold spray ionization at 

40 °C (Figure 7) revealed the presence of [Co(MeTAA)(CHCOOEt)]+, i.e. 1e-

oxidized species B or E (m/z=487.1536). Detection of these species is in agreement 

with the DFT computed mechanism. A species with mass m/z=573.1864, 

corresponding to [Co(MeTAA)(CHCOOEt)(MeAcrylate)]+, was also detected. While 

this could point to 1e-oxidized species C or F (Figure 7), this could also be the 

cyclopropane adduct (e.g. bound with its ester-moiety) of 1e-oxidized [Co(MeTAA)] 

species A.  

 

Figure 7. Proposed intermediates of the [Co(MeTAA)]-catalyzed cyclopropanation of 

methylacrylate with ethyldiazoacetate, detected using CSI-HRMS at 40 °C. 

Spin trapping can be used as an indirect method to detect radical species by EPR. 

They usually involve a nitrone as the spin trap, that reacts with a reactive, short lived 

free radical, thus forming a nitroxide-based persistent radical that can be easily 

detected by EPR. Most typically, N-tert-butyl-α-phenylnitrone (PBN) or 5,5-

dimethyl-pyrroline N-oxide (DMPO) are the spin trapping reagents used in this 

approach (Figure 8). They easily react with free radicals in the α-position, generating 

persistent nitroxide radicals that are stable for days and can be detected by EPR at 

room temperature (Figure 8). Looking at the EPR profile, some information can be 

inferred about the trapped radical. The most revealing characteristics are the g-value 

and the hyperfine-couplings. 

Upon recording EPR spectra during the [Co(MeTAA)]-catalyzed cyclopropanation 

reaction, adding PBN or DMPO as the spin traps, we observed an isotropic hyperfine 

splitting pattern characteristic for a trapped carbon centred radical (Figure 9).13 The 

EPR signal of the PBN-trapped species is strong and clean, much more intense than 

the background signal measured by recording the spectrum under identical 

conditions, but leaving-out the EDA reagent. The signal obtained from the DMPO 
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adduct is not as clean, but can still be characterized as a carbon trapped radical. Both 

spin adducts are used as complementary evidence, each characteristic of trapping a 

carbon center radical. While these experiments do not allow us to distinguish 

between different carbon radicals, we assume it is the carbene radical complex B 

(Scheme 1) that is trapped in these experiments (Figure 9). We cannot fully exclude 

that it is species C that is trapped in these experiments though.   

 

Figure 8. Formation of persistent radicals using the most common trapping agents. 

 

Figure 9. Isotropic X-band EPR spectrum of the PBN- (left) and DMPO- (right) 

trapped carbon-centered radicals (T= 298 K; microwave frequency: 9.36607 GHz; 

power: 6.33 mW; modulation amplitude: 1.0 G). 

Additionally, we decided to investigate the kinetic profile of the [Co(MeTAA)]-

catalyzed cyclopropanation reaction. However, before starting our kinetic studies, 
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we first examined the influence of some experimental conditions on the outcome of 

the reaction, such as the order of reagent addition, variations in concentration, or 

determining the lower limit of catalyst loading. If EDA is added to the reaction 

mixture after methyl acrylate, the reaction proceeds normally. When this order is 

reversed, however, the reaction does not take place at all, as is clear from the constant 

nitrogen pressure, showing no increase. Moreover, the byproducts of the 1,3-dipolar 

addition products, formed in the uncatalyzed reaction between EDA and methyl 

acrylate, are observed in the 1H-NMR spectrum (Scheme 2). This can be explained 

by catalyst deactivation caused by the reactive carbene intermediate formed from 

EDA in absence of the acrylate substrate, which will most likely abstract a hydrogen 

atom from the reaction medium or the EDA substrate to produce the deactivated 

CoIII-CH2COOEt species (in the absence of methyl acrylate). This is in agreement 

with formation of EPR-silent solutions upon reaction of [Co(MeTAA)] with EDA 

(vide supra). If only ethyl diazoacetate is added to the reaction mixture to see if 

diethyl fumarate is formed, carbene dimerization (as observed for many other 

catalysts) is not observed for [Co(MeTAA)], again indicating rapid deactivation to 

CoIII-CH2COOEt species under these conditions.  

 

Scheme 2. A: 1,3-dipolar cycloaddition between a diazo compound and an electron 

deficient alkene, observed upon addition of EDA before methyl acrylate. B: Diazo 

compound dimerization towards alkenes via metal carbenoids14 is not observed using 

[Co(MeTAA)]. 

The design of the actual kinetic experiments follows Blackmond’s RPKA method11 to 

measure the reaction progress in time (release of dinitrogen vs time). Release of 

dinitrogen is directly proportional with EDA consumption over time. It should be 

noted here that the [Co(MeTAA)-catalysed reactions are much faster than the 
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[Co(TPP)-catalysed ones (see experimental section). We focused mainly on the 

kinetics of the [Co(MeTAA)-catalysed reactions in this chapter. 

A proper theoretical model of the system is needed for interpreting the results. Here 

we used the following kinetic model: 

The general form of the rate equation for our reaction is: 

𝑟𝑎𝑡𝑒 = 𝑘𝑟 ∙ [𝐸𝐷𝐴]𝑥[𝑀𝑒𝐴𝑐𝑟𝑦𝑙]𝑦[𝑐𝑎𝑡]𝑧 

However, looking at the DFT mechanism, we assume x  = 1, y = 0, and z = 1, which 

should be confirmed experimentally. Therefore, 

𝑟𝑎𝑡𝑒 = 𝑘𝑟 ∙ [𝐸𝐷𝐴] ∙ [𝑐𝑎𝑡] 

In a reaction where there is no catalyst deactivation, [cat]  =  [cat]0 

However preliminary results of the kinetic experiments indicate catalyst 

deactivation. Therefore we assume a 1st order catalyst deactivation process, which 

should also be confirmed experimentally. 

𝑟𝑎𝑡𝑒𝑑𝑒𝑎𝑐𝑡 = 𝑘𝑑 ∙ [𝑐𝑎𝑡] 

𝑑[𝑐𝑎𝑡]

𝑑𝑡
= −𝑘𝑑 ∙ [𝑐𝑎𝑡] 

𝑑[𝑐𝑎𝑡]

[𝑐𝑎𝑡]
= −𝑘𝑑 ∙ 𝑑𝑡 

∫
1

[𝑐𝑎𝑡]
𝑑[𝑐𝑎𝑡]

[𝑐𝑎𝑡]

[𝑐𝑎𝑡]0

= ∫ −

𝑡

0

𝑘𝑑𝑑𝑡 

𝑙𝑛[𝑐𝑎𝑡] − ln[𝑐𝑎𝑡]0 = −𝑘𝑑 ∙ 𝑡 

[𝒄𝒂𝒕] = [𝒄𝒂𝒕]𝟎 ∙ 𝒆−𝒌𝒅∙𝒕   (3.1) 

Combining the above-mentioned reaction steps in the kinetic rate equation, the 

integrated form of the rate equation becomes: 

𝑟𝑎𝑡𝑒 = 𝑘𝑟 ∙ [𝐸𝐷𝐴] ∙ [𝑐𝑎𝑡] 

𝑑[𝐸𝐷𝐴]

𝑑𝑡
= −𝑘𝑟 ∙ [𝐸𝐷𝐴] ∙ [𝑐𝑎𝑡]0 ∙ 𝑒−𝑘𝑑∙𝑡 

 
𝑑[𝐸𝐷𝐴]

[𝐸𝐷𝐴]
= −𝑘𝑟 ∙ [𝑐𝑎𝑡]0 ∙ 𝑒−𝑘𝑑∙𝑡𝑑𝑡 
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∫
1

[𝐸𝐷𝐴]
𝑑[𝐸𝐷𝐴]

[𝐸𝐷𝐴]

[𝐸𝐷𝐴]0

= ∫ −

𝑡

0

𝑘𝑟 ∙ [𝑐𝑎𝑡]0 ∙ 𝑒−𝑘𝑑∙𝑡𝑑𝑡 

𝑙𝑛[𝐸𝐷𝐴] − ln[𝐸𝐷𝐴]0 = −𝑘𝑟 ∙ [𝑐𝑎𝑡]0 ∙ (
−𝑒(−𝑘𝑑∙𝑡)

𝑘𝑑
+

1

𝑘𝑑
) 

    [𝑬𝑫𝑨] = [𝑬𝑫𝑨]𝟎 ∙ 𝒆
(

−𝒌𝒓 ∙ [𝒄𝒂𝒕]𝟎 ∙ (𝟏−𝒆−𝒌𝒅∙𝒕) 

𝒌𝒅
)

  (3.2) 

where, 

𝑘𝑟 =  
𝑘𝐵𝑇

ℎ
𝑒− 

𝛥𝐺𝑟
‡

𝑅𝑇              L ∙ mol−1 ∙ min−1 

 𝑘𝑑 =  
𝑘𝐵𝑇

ℎ
𝑒− 

𝛥𝐺𝑑
‡

𝑅𝑇             min−1 

𝛥𝐺‡ = 𝛥𝐻‡ − 𝑇𝛥𝑆‡ 

kr = reaction rate constant (𝐿 ∙ 𝑚𝑜𝑙−1 ∙ 𝑚𝑖𝑛−1) 

kd = catalyst deactivation rate constant (𝑚𝑖𝑛−1) 

kB = Boltzmann constant (4.970334 ∙ 10−20 𝑚2 ∙ 𝑘𝑔 ∙ 𝑚𝑖𝑛−2 ∙ 𝐾−1 ) 

t = reaction time (𝑚𝑖𝑛) 

T = absolute temperature (𝐾) 

h = Planck’s constant (3.975642 ∙ 10−32 𝑚2 ∙ 𝑘𝑔 ∙ 𝑚𝑖𝑛−1) 

ΔG‡ = Gibbs energy of activation (𝑘𝑐𝑎𝑙 ∙ 𝑚𝑜𝑙−1) 

ΔH‡ = enthalpy of activation (𝑘𝑐𝑎𝑙 ∙ 𝑚𝑜𝑙−1) 

ΔS‡ = entropy of activation (𝑘𝑐𝑎𝑙 ∙ 𝑚𝑜𝑙−1) 

R = gas constant (1.987 ∙ 10−3 𝑘𝑐𝑎𝑙 ∙ 𝑚𝑜𝑙−1 ∙ 𝐾−1) 

We fitted all experimental kinetics to the above rate equations, leading in general to 

excellent fits of the experimental data.  We started the experimental kinetic studies 

by measuring the reaction progress, [EDA] consumption versus time (Graph 1), at 

three different catalyst loadings, considering equal substrate concentrations. Using 

the integrated form of the proposed rate equation 3.2, excellent fits of the 

experimental data were achieved. All experiments having different initial catalyst 

loadings, but all performed at the same temperature (283 K) afforded kr= 85.0 

L mol-1 min-1 and kd= 0.18 min-1. Obtaining the same rate constants for different 

experiments performed at the same temperature, is a strong indication that the 

proposed rate equation 3.2 is correct. However, we nonetheless decided to apply 

Blackmond’s methodology, by plotting several types of graphs such as [substrate] vs 

time or Rate vs [substrate], in which the kinetic experiments are discussed in detail. 
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This method uses a more graphical approach, which is perhaps more intuitive to 

experimental chemists. 

 
Graph 1. [EDA] vs. time and Conversion vs. time for experiments at different catalyst 

loadings. 

 

Graph 2. Rate versus [EDA] for experiments at different catalyst loadings. 



Chapter 3 

 

74 

Conducting experiments at different initial catalyst concentrations, it is possible to 

determine the order of the reaction in [catalyst]. If the reaction is first order in 

catalyst, which it is quite often the case for homogeneous catalysts, the rate 

dependence on the catalyst concentration is linear, and therefore the reaction rate is 

doubled when the catalyst concentration is doubled. An essential factor that needs 

to be taken into account in these experiments is that the active [Co(MeTAA) catalyst 

concentration does not remain constant throughout the reaction, but decays 

following a 1st order deactivation process. Catalyst decay is however substantially 

slower than the catalytic reaction. Importantly, if this deactivation process is not 

taken into consideration the kinetic data cannot be fitted properly. 

From Graph 1 and Graph 2 can be easily observed that the reaction rate increases 

with the increase in catalyst concentration. However, to determine the reaction order 

in [Co(MeTAA)] the turn-over frequency (TOF) has to be plotted versus [EDA] 

(Graph 3). If the curves of different experiments overlap, the reaction is first order 

in catalyst.11 An explanation for this can be found in the TOF definition, where TOF 

= rate/[catalyst]. Doubling both the rate and [catalyst] leads to the same TOF for 

different experiments at the same [EDA], therefore implying curve overlap. If the 

reaction has a different order than one, then the curves will not overlap. In Graph 3, 

the plot of the TOF versus [EDA] at 2.7 mol%, 2.0 mol% and 1.5 mol% [Co(MeTAA)] 

do overlap, therefore showing first order kinetics in [catalyst]. 

 

Graph 3. TOF versus [EDA] for experiments at different catalyst loadings. 
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To confirm that indeed catalyst deactivation occurs during the catalytic experiments 

at lower catalyst concentrations, catalytic reactions were explored using different 

substrate concentrations but keeping the difference between the concentration of 

methyl acrylate and EDA constant. This are so-called ‘same excess’ experiments 

([excess] = [MeAcrylate] – [EDA]). The kinetic data extracted from these 

experiments can be used to distinguish between catalyst deactivation and product 

inhibition during catalysis. 

 

Graph 4. [EDA] vs. time and Conversion vs. time for ‘same excess’ experiments. 

Three of such ‘same excess’ experiments are shown in Graph 4. Two of them are 

designed to have lower initial substrate concentrations, chosen such that the initial 

substrate concentrations of these experiments are equal to the substrate 

concentrations at 25% and 50% conversion of the standard reaction, respectively 

(see experimental section). These reactions thus simulate the standard reaction at 

25% and 50% conversion, but starting with a fresh batch of catalyst and in absence 

of product, which provides information about both catalyst deactivation and product 

inhibition. In absence of catalyst deactivation or product inhibition, the rates should 

be the same at all conditions and substrate concentrations screened, and hence the 

Conversion vs Time plots should overlap. This is not the case as seen in Graph 4. The 

same excess experiments simulating 25% and 50% conversion of the standard 

reaction but starting with fresh catalyst and in absence of product are clearly faster. 
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Graph 5. Rate versus [EDA] plots of the ‘same excess’ experiments. 

The occurrence of catalyst deactivation and/or product inhibition processes is most 

clearly visualized by the non-overlapping plots of the reaction rate versus [EDA] 

(Graph 5). To distinguish between catalyst deactivation and product inhibition, an 

additional kinetic experiment was performed adding the cyclopropane product to the 

reaction mixture (Graph 5). Using a lower initial substrate concentration, i.e. 50% of 

the standard reaction, fresh catalyst and adding the cyclopropane product in the 

same concentration as formed under the standard reaction condition at 50% 

conversion, the rate plots overlap nicely, indicating no product inhibition. However, 

it is clear that the reactions starting with fresh catalyst (magenta and purple curves 

in Graph 5) are always significantly faster than those after 50% conversion under 

otherwise identical conditions at the same concentrations of EDA. This clearly points 

to gradual catalyst deactivation under the applied reaction conditions, in line with 

the proposed 1st order deactivation rate shown in equation 3.1.  
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Graph 6. [EDA] vs. time and Conversion vs. time for ‘different excess’ experiments. 

 

Graph 7. Rate vs [EDA] and TOF vs [EDA] plots for same excess experiments.  
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The [substrate] reaction orders were determined by conducting experiments at 

‘different excess’ concentrations of methyl acrylate. If the reaction is zero order in 

[methyl acrylate], the concentration of methyl acrylate will have no effect on the 

reaction rate. Graph 6 shows a plot of the reaction conversion over time as well as 

the consumption of [EDA] over time, for different excess of methyl acrylate. There is 

a clear overlap of the curves, with a slight misalignment when both reactions reach a 

conversion >70%. To see the overlap better, the reaction rate versus [EDA] is plotted 

in Graph 7, and it indeed shows that the two curves overlay. The reaction is therefore 

zero order in [methyl acrylate] under the actually applied reaction conditions (i.e. 

the same reaction conditions as used in the catalytic reactions described in Chapter 

2). To determine the reaction order in [EDA] the plot of the TOF (Rate/[catalyst]) 

versus the EDA concentration should be analyzed. When looking at the graph, it can 

be seen that the plot is a straight line, which implies first order kinetics in [EDA]. 

After in depth analysis of all the kinetic data and fitting of the experimental data with 

the proposed model, we arrive at the following rate equations for the [Co(MeTAA)]-

catalyzed cyclopropanation of methyl acrylate with EDA: 

𝒓𝒂𝒕𝒆 = 𝒌𝒓 ∙ [𝑬𝑫𝑨] ∙ [𝒄𝒂𝒕]    (3.3) 

where, [𝒄𝒂𝒕] = [𝒄𝒂𝒕]𝟎 ∙ 𝒆−𝒌𝒅∙𝒕 

and kr= 85.0 L mol-1 min-1 and  kd= 0.18 min-1 (both averaged over many 

experiments) measured at 283 K.  

These rate constants are temperature dependent, thus we decided to perform the 

kinetic experiments at three different temperatures (273K, 278K and 283K) in order 

to derive both the enthalpy and entropy of activation for direct comparison with the 

DFT calculations. Graph 8 shows, as expected, that the reaction is slower when the 

reaction is performed at lower temperatures.  

After fitting the experimental data using equation 3.2, the reaction rate constants 

could be obtained at the three different temperatures. Therefore, at 273K a k273= 46 

L mol-1 min-1 was obtained, at 278K k278=64 L mol-1 min-1 and at 283K, k283= 85 

L mol-1 min-1. 

Eyring equation (3.4) can be used to understand the influence of temperature over 

the reaction rate as it shows the relation between k and T, from which Gibbs free 

energy of activation can be derived.  
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𝑘𝑟 =  
𝑘𝐵𝑇

ℎ
𝑒− 

𝛥𝐺𝑟
‡

𝑅𝑇     (3.4) 

The linear form of the Eyring-Polanyi equation (3.5) is most useful for plotting linear 

graphs, and can be expressed as, 

ln
𝑘𝑟

𝑇
=

−𝛥𝐻‡

𝑅
∙

1

𝑇
+ ln

𝑘𝐵

ℎ
+

𝛥𝑆‡

𝑅
   (3.5) 

 
Graph 8.  [EDA] vs. time and Conversion vs. time at different temperatures 

Performing the reaction at different temperatures, and plotting 𝑙𝑛
𝑘𝑟

T
 vs 

1

T
 , a straight 

line is expected from which both ΔH‡ and ΔS‡ can be derived.  The thus obtained 

experimental values for enthalpy and entropy can then be compared with the DFT 

calculated values of the rate determining step. Graph 9 presents a good fitting of the 

reaction rates at three different temperatures. From the fitting equations, we 

obtained ΔH‡= +8.89 kcal mol-1 and ΔS‡= 26.4 cal mol-1 K-1, which translates 

(𝛥𝐺‡ = 𝛥𝐻‡ − 𝑇𝛥𝑆‡) to a free energy activation barrier of ΔG298‡= +16.8 kcal mol-1 

at 298 K. The substantial negative activation entropy term points to an ordered 

transition state, as expected for the proposed associative process (from A to the rate 

limiting transition state TS1; see Scheme 1, Figure 4). 
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Graph 9. Eyring Linear Plot (𝒍 𝒏
𝒌𝒓
𝐓

 vs  
𝟏

𝐓
 ) 

The experimental free energy activation barrier ΔG298‡(exp)= +16.8 kcal mol-1 is in 

good qualitative agreement with the calculated one ΔG298‡(calc)= +14.5. The small 

difference of 2.3 kcal mol-1 is likely, at least in part, due to some (experimental and 

computational) errors in the activation entropy term (Table 1).  

Table 1. Comparison of experimental and DFT calculated activation parameters of the 

[Co(MeTAA)]-catalysed cyclopropanation reaction of methylacrylate with EDA. 

 ΔG298‡  a) ΔH298‡  a) ΔS298‡  b) 

Experiment +16.8 ( 0.3) +8.9 ( 0.3) 26 ( 1.1) 

DFT +14.5 +7.8 22 

a) Activation energies in kcal mol-1; b) Activation entropies in e.u. (cal mol-1 K-1) 

Overall, the experimental and DFT calculated activation parameters are in good 

agreement. The most reliable parameters (both experimentally and 

computationally) are the activation enthalpies. The DFT calculated activation 

enthalpy (ΔH‡calc= +7.8 kcal mol-1) is in excellent agreement with the experimental 

one (ΔH‡exp= +8.9 kcal mol-1), thus giving strong support to the proposed mechanism 

shown in Scheme 1.  
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3. Summary and Conclusions 

In summary, a detailed mechanistic study of the cobalt(II) tetramethyl-

dibenzotetraaza[14]annulene [Co(MeTAA)] catalyzed cyclopropanation of methyl 

acrylate with ethyl diazoacetate (EDA) has been performed. The DFT study revealed 

that the overall free energy barriers of the [Co(MeTAA)]-catalysed reaction are 

significantly lower than for the [Co(TPP)]-catalysed process. In good agreement, 

experimental kinetic studies revealed substantially faster reactions for the 

[Co(MeTAA)]-catalysed reactions. Cobalt(III)-carbene radicals were demonstrated 

to be present as key intermediates in the reaction and were detected using HR-MS 

and EPR spin trapping experiments. Real-time reaction monitoring allowed us to 

use reaction progress kinetic analysis (RPKA) to analyze the experimental data. 

These studies revealed that the reaction is first order in both [catalyst] and [EDA], 

and zero order in [methyl acrylate], in excellent agreement with the DFT-calculated 

mechanism. Furthermore, a 1st order catalyst deactivation process was detected, 

which is much slower than the catalytic reaction steps, but does lead to detectable 

catalyst degradation during catalysis. The exact nature of this process needs to be 

further investigated in future studies. The DFT calculated activation parameters of 

the reaction (ΔG‡, ΔH‡ and ΔS‡) are in agreement with the experimental values, thus 

providing strong support to the proposed metallo-radical mechanism.  

4. Experimental Section 

General Details: Chemicals used during this research were purchased from Sigma Aldrich. 

Ethyldiazoacetate and methyl acrylate were degassed prior to use, via the freeze-thaw-pump-method. 

Methyl acrylate was passed through basic alumina before use, to remove stabilizers (radical 

scavengers). Both substrates are stored refrigerated (4C). The [Co(MeTAA)] catalyst is not 

commercially available and was synthesized according to a known procedure.15 All reactions were 

performed under an inert atmosphere. Neslab ULT-80 is used as cryostat for isothermal reactions 

conditions. The kinetic kit used for real-time pressure measurements is the X102 kit from the 

company Man on the Moon (Figure 10).  

General Procedure for Kinetic Measurements: To the reaction flask was added a 1.0 cm 

cylindrical stirring bar, while checking all connections for a leak-free system. Then, the whole system 

was flushed with nitrogen. The order of addition of the reactants was as following: First the catalyst 

solution, second the solvent, thirdly the alkene and finally the diazo compound. After addition of the 

first three reactants, the septum of the reaction flask was replaced and the whole reaction setup was 

introduced in the thermostatic ethanol bath. The reaction mixture was stirred at 500 rpm and cooled 

to the desired temperature for 30 minutes. A pressure/temperature measurement was started, then 

the diazo compound was added at once and the reaction started. Once nitrogen evolution had ended, 

and the pressure was constant, data recording was stopped. Then, the resulting mixture was 
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concentrated and the residue purified by flash chromatography (silica gel) or extracted in pentane for 

analysis of the reaction products. 

 

Figure 10. Kinetic Kit used for gas-release experiments. 

Table 2. Reaction conditions for RPKA. 

Reaction CoMeTAA EDA Methyl 
acrylate 

Toluene Cyclopropane 

Standard conditions 

(1.5%) 

750 µL 

0.0075 mmol 

0.015 eq 

53 µL 

0.5 mmol 

1 eq 

90 µL 

1 mmol 

2 eq 

1100 µL 

 

 

Higher catalyst 
concentration (2%) 

1000 µL 

mmol 

0.02 eq 

53 µL 

0.5 mmol 

1 eq 

90 µL 

1 mmol 

2 eq 

857 µL  

Lower catalyst 
concentration (1%) 

500 µL 

0.005 mmol 

0.01 eq 

53 µL 

0.5 mmol 

1 eq 

90 µL 

1 mmol 

2 eq 

1357 µL  

Same excess at 25% 
conversion 

750 µL 

0.0075 mmol 

0.015 eq 

40 µL 

0.375 mmol 

1 eq 

79 µL 

0.875 mmol 

2.33 eq 

1132 µL  

Same excess at 50% 
conversion 

750 µL 

0.0075 mmol 

0.015 eq 

29 µL 

0.25 mmol 

1 eq 

68 µL 

0.75 mmol 

3 eq 

1156 µL  

Same excess at 50% 
conversion with 
product addition 

750 µL 

0.0075 mmol 

0.015 eq 

29 µL 

0.25 mmol 

1 eq 

68 µL 

0.75 mmol 

3 eq 

629 µL 530 µL 

Different excess  750 µL 

0.0075 mmol 

0.015 eq 

53 µL 

0.5 mmol 

1 eq 

135 µL 

1.5 mmol 

3 eq 

1062 µL   
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Reaction Details: The reaction took place in a flame-dried Schlenk flask (with a total gas volume of 

20.1 mL) that was attached to a pressure/temperature sensor and placed in a thermostatic ethanol 

bath at 283 K. The reaction mixture volume of liquid was kept constant at 2 mL. The different 

conditions can be found in Table 2. A 0.01 M stock solution of [Co(MeTAA)] in toluene was used for 

all experiments. A 0.474 M cyclopropane stock solution in toluene was used. All reactions were 

performed in duplo or triplo, to assure that the data were reproducible. 

Characterization: Ethyl methyl -1,2-cyclopropanedicarboxylate 

Trans-isomer: 1H NMR (400 MHz, CDCl3) δ 4.06 (q, J = 7.1 Hz, 2H), 3.61 (s, 

3H), 2.14 – 2.01 (m, 2H), 1.38 - 1.30 (m, 2H), 1.18 (t, J = 7.2 Hz, 3H). 13C NMR 

(101 MHz, CDCl3) δ 172.20, 171.65, 61.04, 52.09, 22.37, 22.08, 15.28, 14.13. 

HRMS (EI): Calcd. for C8H12O4 m/z 172.0736, Found m/z 172.0737. GC 

analysis: Supelco SPB-1 (Temp program: initial temp = 70° C, 7.00° C/min, final temp = 250° C, 

final time = 5.00 min) trans-isomer: t = 14.66 min, cis-isomer: t = 14.93 min. 

Comparison of the kinetics between [Co(MeTAA)] and [Co(TPP)]. A preliminary study has 

been performed to compare the reaction rate between [Co(MeTAA)] and [Co(TPP)]. There is a visible 

difference between the time needed to reach full conversion (0.65 bar). For [Co(MeTAA)] this is 

achieved in less than 3 minutes, while for [Co(TPP)] only 50% conversion is reached after 45 minutes. 

However, full kinetic studies are needed for the [Co(TPP)] system in order to fully compare reaction 

rates and establish additional mechanistic conclusions about the [Co(TPP)-catalysed reactions. 

 

Figure 11. Preliminary reaction rate comparison between the cyclopropanation of 

EDA and methyl acrylate, catalysed by [Co(MeTAA)] and [Co(TPP)] 

Computational Details: Geometry optimizations were carried out with the Turbomole program 

package16 coupled to the PQS Baker optimizer17 via the BOpt package.18 We used unrestricted ri-DFT-

D3 calculations at the BP86 level,19 in combination with the def2-TZVP basis set,20 and a small (m4) 

grid size. All minima (no imaginary frequencies) and transition states (one imaginary frequency) were 

characterized by calculating the Hessian matrix. ZPE and gas-phase thermal corrections (entropy and 

enthalpy, 298 K, 1 bar) from these analyses were calculated. The nature of the transition states was 

confirmed by following the intrinsic reaction coordinate. 
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DFT calculations without dispersion corrections strongly underestimate the metal-ligand 

interactions, as was clear from a series of test calculations. We therefore employed Grimme’s version 

3 (disp3) dispersion corrections. Used as such, the computed dispersion corrected metal-ligand 

association/dissociation energies to/from the non-solvated [Co(TPP)] catalyst are overestimated 

though. This is due to neglected dispersion interactions between the metal binding site of the catalyst 

and a solvent molecule in solution. We therefore used the Van der Waals complex between [Co(TPP)] 

and a discrete toluene solvent molecule (interacting with catalyst at the metal binding site) as the 

energetic reference point in our calculations to prevent overestimation of the metal-ligand 

interactions as a result of such uncompensated dispersion forces. However, this approach also leads 

to an erroneous cancelation of translational entropy contributions to the computed free energies. This 

is because the translational entropy contributions to substrate/product association/dissociation are 

fully counterbalanced by the translational entropy contributions resulting from 

dissociation/association of the involved solvent molecule in the DFT calculated thermodynamics 

([Co(TPP)(toluene)] + L  [Co(TPP)(L)] + toluene). This is not realistic in comparison to actual 

solution phase chemistry, for which the translational entropy contributions associated with 

substrate/product association/dissociation steps can of course not be neglected. 21  Therefore we 

applied a translational entropy contribution of 26 cal mol-1 K-1 to the computed free energies of all 

substrate/product binding/dissociation steps in the catalytic cycle. A similar approach was used in a 

recently published paper from our group.22 
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Abstract 

Cobalt(III)-carbene radicals generated by metallo-radical activation of diazo 

compounds and N-tosylhydrazone sodium salts at cobalt(II) complexes of 

porphyrins readily undergo radical addition to carbon monoxide, allowing catalytic 

production of ketenes. These ketenes subsequently react with various amines, 

alcohols and imines in one-pot tandem transformations to produce substituted 

amides, esters and β-lactams in good isolated yields. The mechanism of the carbene 

carbonylation reactions was further investigated by IR spectroscopy and 

computationally. 
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1. Introduction 

Ketenes have intrigued chemists with their unusual physical properties and their 

unique spectrum of chemical reactivity.[1] Ketenes are usually prepared by 

thermolysis, pyrolysis or in a stoichiometric manner from acyl chlorides using base 

promoted elimination reactions.[2] Synthesis of ketenes from α-diazoketones via 

Wolff rearrangement[2d] is also noteworthy. However, all these synthetic methods 

have severe limitations and involve specialized equipment and/or highly unstable 

starting materials. 

Carbonylation of metal-carbene species[3-6] is an interesting alternative method to 

produce such highly reactive ketenes, which find synthetic applications in various 

organic transformations.[1,4,5] The synthesis of medicinally important β-lactams via 

[2+2] ketene-imine cycloaddition reactions is of special synthetic interest.[5] 

Carbonylation reactions of Fischer-type carbene complexes have indeed been 

applied successfully to synthesize β-lactams.[5a,b] However, these are stoichiometric 

transformations, which leads to substantial waste generation. Following the 

discovery of stoichiometric carbonylation reactions of Fischer-type carbene 

complexes, thus far only a few transition metal-catalysed processes have been 

developed.[5,6] While interesting results have recently been obtained with a noble 

(palladium) metal catalyst,[5c] carbene carbonylation reactions mediated by base-

metal catalysts as reported thus far have typically been associated with low 

efficiencies and require quite harsh reaction conditions (elevated temperatures and 

high CO pressures).[6] Therefore, we focused on the development of new catalytic 

carbene carbonylation processes that uses catalysts based on abundant first-row 

transition metals that operate under comparably mild reaction conditions. 

As stable metalloradicals with well-defined open-shell doublet d7-electronic 

configuration, cobalt(II) complexes of porphyrins [CoII(Por)] have emerged as a new 

class of catalysts capable of carbene transfer reactions[7] proceeding via radical 

mechanisms involving discrete CoIII-carbene radical intermediates C (Scheme 1).[8] 

In comparison with classic electrophilic Fischer-type carbenes, the increased 

nucleophilicity of the carbene radical intermediate C slows-down unwanted carbene 

dimerization while allowing for catalytic cyclopropanation through radical addition 

to olefinic substrates, including electron-deficient olefins.[7,8] In this perspective, we 

envisioned that similar intermediates might well be effective in carbene 

carbonylation reactions, which can be considered as an attack of a nucleophilic 

cobalt-carbene radical (C) at the π-accepting CO substrate. At the same time, both 

the [Co(Por)] catalyst and the carbenoid intermediates are expected to interact only 
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weakly with amines, alcohols, imines and the ketene reaction products. Hence we 

expected smooth catalytic ketene formation under comparatively mild conditions, 

allowing convenient subsequent in situ reactions with nucleophiles in one-pot 

tandem procedures (see Scheme 1). 

 

Scheme 1. (por)CoII-catalyzed carbene carbonylation leading to ketene formation in 
one-pot tandem transformations producing amides, esters and β-lactams. DFT 

calculated relative free energies (ΔGo) in kcal mol-1 between brackets (Turbomole, 
BP86, def2-TZVP, employing Grimme’s disp3 dispersion corrections). 

In this chapter we report an efficient one-pot tandem protocol involving 

CoII-porphyrin metalloradical catalysed carbonylation of α-diazocarbonyl 

compounds and a variety of N-tosylhydrazones leading to formation of ketenes, 

which subsequently react with a variety of nucleophiles and imines to form esters, 

amides and β-lactams. This system has a broad substrate scope and can be applied 

to various combinations of carbene precursors, nucleophiles and imines. The use of 

N-tosylhydrazones as precursors of diazo compounds in cobalt-porphyrin-based 
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carbene transfer reactions is unprecedented, and represents an efficient and 

convenient way to prepare the key carbenoid intermediates (C in Scheme 1) 

responsive for ketene formation. The key ketene formation steps were further 

investigated computationally (DFT).  

2. Results and discussion 

Since ketenes are highly reactive[5,6] and can generally only be trapped in the 

presence of a strong nucleophile, we first evaluated the activity of [CoII(TPP)] in the 

catalytic carbonylation of ethyl diazoacetate (EDA) (1) in presence of aniline (2a) 

under 10 bar CO at 50 oC. Under these conditions, (ethoxycarbonyl)ketene was 

formed and trapped by aniline to produce ethyl 2-(phenyl-carbamoyl)acetate (3a) in 

57% isolated yield (Table 1, entry 1). 

 

Figure 1. Structures of Cobalt(II) porphyrin complexes used in this study. 

Further, initial experiments focused on the evaluation of ligand and solvent effects 

on the carbonylation of EDA in the presence of aniline. Four different CoII-porphyrin 
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catalysts including two chiral ones were employed in an attempt to improve the 

catalytic process and to investigate potential asymmetric induction of the reaction 

(Figure 1). The catalysts [CoII(P1)], [CoII(P2)], and [CoII(P3)] (see supporting 

information for experimental details) showed more or less similar activity, while the 

catalyst [Co(P4)] was found to be ineffective for this reaction (Table 1). No 

enantioselectivity was obtained using the chiral catalysts [CoII(P3)] and [CoII(P4)] 

under the various reaction conditions applied. This suggests that the ketene 

intermediate is liberated from the catalyst to react subsequently with the amine, 

freely in solution.  

Table 1. Conditions of [CoII(Por)]-catalysed β-ketoester synthesis using  CO, EDA and 
aniline.a,b 

 

Entry Catalyst Solvent Yield (%)b 

1 [CoII(P1)] PhMe 57 

2 [CoII(P1)] THF 25 

3 [CoII(P1)] Dioxane 50 

4 [CoII(P1)] DCE 10-15 

5 [CoII(P1)] MeCN <5 

6 [CoII(P1)] DMF - 

7 [CoII(P1)] PhCl 55 

8 [CoII(P1)] PhMe/K3PO4 69 

9 [CoII(P1)] PhMe/K2CO3 65 

10 [CoII(P1)] PhMe/KHCO3 58 

11 [CoII(P1)] PhMe/NEt3 63 

12 [CoII(P2)] PhMe/K3PO4 70 

13 [CoII(P3)] PhMe/K3PO4 72 

14 [CoII(P4)] PhMe/K3PO4 35 

aStoichiometry EDA:aniline = 1:2. bIsolated yields after column chromatography.  

Optimization of the reaction conditions revealed that the reaction proceeded most 

efficiently in nonpolar solvents such as toluene and chlorobenzene, whereas 

reactions in solvents of higher polarities such as THF, dioxane, MeCN, and DMF 
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afforded poor yields (Table 1, entries 2-6). The use of inorganic bases K2CO3 or K3PO4 

further improved the yields (Table 1, entries 8-11).  

 

Table 2. [CoII(Por)]-catalyzed β-ketoester synthesis using CO, α-diazocarbonyl 
compounds and different nucleophiles.a 

 

Entry R NuH Yield(%)b 

1 Et PhNH2 69 (3a) 

2 Et p-MeOC6H4NH2 64 (3b) 

3 Et p-NO2C6H4NH2 61 (3c) 

4 Et 3,4-Cl2C6H3NH2 64 (3d) 

5 Et Ph2NH 63 (3e) 

6 Et PhCH2NH2 67 (3f) 

7 Et n-BuNH2 57 (3g) 

8 Et Morpholine 53 (3h) 

9 Et Ph(CH2)3OH 63 (3i) 

10 Et EtOH 62 (3j) 

11 tBu PhNH2 75 (3k) 

12 CH2Ph PhNH2 72 (3l) 

aStoichiometry EDA:NuH= 1:2. bIsolated yields after column chromatography. 

Reactions with other nucleophiles were evaluated to investigate the versatility of the 

reaction. The experiments indeed showed that the ketenes generated by the 

CoII-Porphyrin-catalysed carbene carbonylation could be trapped by a wide range of 

nucleophiles (Table 2). The reaction occurred smoothly with substituted aromatic 

amines (Table 2, entries 1-5), primary and secondary aliphatic amines (Table 2, 

entries 6-8) and alcohols (Table 2, entries 9 and 10).  
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To further investigate the scope of the reaction, imines were introduced into the 

reaction medium in an attempt to produce β-lactams in a one-pot tandem procedure 

involving [2+2] cycloaddition of the intermediate ketene with the imine. Indeed, a 

1:2 mixture of ethyl diazoacetate (EDA) (1) and N-methylbenzaldimine (4a) in 

dichloroethane (DCE) under a carbon monoxide atmosphere (20 bar) at 50 °C in the 

presence of a catalytic amount of [CoII(TPP)] (2 mol%) led to formation of trans-N-

methyl-α-ethoxycarbonyl-β-phenyl-β-lactam 5a in 60% isolated yield (Table 3). 

Similar reactions using other imines PhCH=NR (R = CH2Ph (4b) and tBu (4c)) also 

produced the desired β-lactams (Table 3). Notably, the (ethoxycarbonyl)ketene 

generated by [CoII(TPP)]-catalysed carbene carbonylation participates selectively in 

[2+2] cycloaddition reactions with imines to produce the desired β-lactams (Table 

3).  

Table 3. [CoII(Por)]-catalysed trans-selective β-lactam synthesis from α-diazocarbonyl 
compounds.a 

 

Entry Catalyst Diazo Imine 
Yield(%)b 

(trans:cis) 

1 [CoII(P1)] R = Et R' = Me 65 (5a) (>95:5) 

2 [CoII(P2)] R = Et R' = Me 65 (5a) (>95:5) 

3 [CoII(P3)] R = Et R' = Me 67 (5a) (>95:5) 

4 [CoII(P1)] R = Et R' = CH2Ph 50 (5b) (>90:5) 

5 [CoII(P1)] R = Et R' = tBu 55 (5c) (>95:5) 

6 [CoII(P1)] R = tBu R' = Me 66 (5d) (>95:5) 
aStoichiometry EDA:imine = 1:2. bIsolated yields after column chromatography. 

 

Scheme 2. Markedly different behaviour of [(por)CoII] compared to [Pd2(dba)3] in 
reactions with α-diazo carbonyl compounds and imines.  
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Reactions of other diazoacetates with imines also produced the desired β-lactams 

(Table 3). This behaviour is markedly different from the [4+2] cycloaddition 

reactions producing 1,3-dioxin-4-ones reported by Wang and coworkers in related 

palladium-catalysed reactions (see Scheme 2).[5c] 

Again, the use of chiral catalyst [CoII(P3)] and [CoII(P4)] did not lead to any 

enantioselectivity, pointing to liberation of free ketene in solution reacting 

subsequently with the imine. Introduction of Cinchona alkaloid, quinidine and its 

derivatives into the reaction mixture in an attempt to trap the liberated ketene with 

a chiral organocatalysts[9] for chirality transfer in a one-pot cascade manner 

produced the beta-lactams with a low ee of only 5% at 30 °C. This temperature is 

probably much too high for efficient chirality transfer with these organocatalysts 

(typically operating at -78 oC), but this is the lowest possible temperature at which 

still some conversion can be achieved with these cobalt(II)-based catalysts. 

Nonetheless, this result reveals the potential of combining metallo- and organo-

catalysts in cascade processes, which may become a useful concept to achieve 

enantioselective ketene reactivity when combined with more active cobalt catalysts 

working at lower temperatures in the future. 

To expand the scope of the catalytic ketene synthesis methodology, carbonylation 

reactions were carried out with N-tosylhydrazones. N-tosylhydrazones[10] are widely 

used as precursors for in-situ generation of non-stabilized diazo compounds. The use 

of N-tosylhydrazones as precursors of diazo compounds in cobalt-porphyrin-based 

carbene transfer reactions was thus far unprecedented. The easy synthesis of these 

N-tosylhydrazones from ketones and aldehydes combined with the above described 

[Co(Por)]-catalysed carbene carbonylation methodology offers a convenient method 

to convert an organic carbonyl moiety into a ketene functionality, applicable in one-

pot three-component tandem transformations.  

Reaction of the benzaldehyde tosylhydrazone sodium salt (6a) and aniline (2a) was 

catalysed by [CoII(TPP)] under similar reaction conditions as mentioned above (50 

°C, 10 bar CO). The benzyl ketene, thus generated in-situ, reacted with aniline to 

produce N,2-diphenylacetamide (7a) in 70% isolated yield (Table 4, entry 1). Further 

optimization of the reaction conditions revealed that the yield could be improved by 

adding a phase transfer agent (Aliquat 336, trioctylmethylammonium chloride) 

(Table 6, Experimental Section). Both polar and nonpolar solvents were suitable for 

this reaction, and again toluene was the best solvent. The use of inorganic bases 

K2CO3 or K3PO4 further improved the yields (Table 6).  
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Reactions with nucleophiles other than aniline were also investigated. The 

experiments showed that the ketenes generated from the tosylhydrazone sodium 

salts via the [CoII(TPP)]-catalysed carbene carbonylation method could also be 

trapped by different nucleophiles. Expected products were obtained with several 

amines and alcohols (Table 4, entries 1-8). 

Table 4. [CoII(Por)]-catalysed amide/ester synthesis using N-tosylhydrazone Sodium 
Salt and different nucleophiles.a 

 

Entry R R' NuH Yield (%)b 

1 Ph H PhNH2 75 (7a) 

2 Ph H p-MeOC6H4NH2 79 (7b) 

3 Ph H p-NO2C6H4NH2 72 (7c) 

4 Ph H PhCH2NH2 75 (7d) 

5 Ph H Ph2NH 79 (7e) 

6 Ph H n-BuNH2 75 (7f) 

7 Ph H Morpholine 77 (7g) 

8 Ph H Ph(CH2)3OH 65 (7h) 

9 p-MeC6H4 H PhNH2 82 (7i) 

10 o-MeC6H4 H PhNH2 75 (7j) 

11 p-ClC6H4 H PhNH2 72 (7k) 

12 p-MeOC6H4 H PhNH2 80 (7l) 

13 2-naph H PhNH2 77 (7m) 

14 Ph CH3 PhNH2 56 (7n) 

15 PhCH=CH H PhNH2 65 (7o) 

aStoichiometry N-Tosylhydrazone:NuH = 1:3, PTA used. bIsolated yields after column 

chromatography. 

These results prompted us to explore the scope of the catalytic carbene carbonylation 

reactions using a series of N-tosylhydrazone sodium salts under the above optimized 
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reaction conditions. The reactions produced the expected acetamide derivatives in 

good to high yields (Table 4, entries 9–13). The reaction also worked well with 

disubstituted N-tosylhydrazones, although requiring longer reaction times (Table 4, 

entry 14). Also α,β-unsaturated N-tosylhydrazones could be converted to amides, 

albeit in modest yields (Table 4, entry 15). 

Table 5. [CoII(Por)]-catalysed trans-selective β-lactam synthesis using different 
N-tosylhydrazone Sodium Salts and imines.a 

 

Entry Catalyst R R' R'' Yield (%)b  (trans:cis) 

1 [CoII(P1)] Ph Ph Me 64 (8a) (>95:5) 

2 [CoII(P2)] Ph Ph Me 65 (8a) (>95:5) 

3 [CoII(P3)] Ph Ph Me 65 (8a) (>95:5) 

4 [CoII(P1)] Ph Ph PhCH2 62 (8b) (>90:10) 

5 [CoII(P1)] Ph pClC6H4 Me 63 (8c) (>95:5) 

6 [CoII(P1)] Ph pOMeC6H4 Me 73 (8d)(>90:10) 

7 [CoII(P1)] pMeC6H4 Ph Me 77 (8e) (>95:5) 

8 [CoII(P1)] pClC6H4 Ph Me 62 (8f) (>95:5) 

9 [CoII(P1)] pMeOC6H4 Ph Me 73 (8g) (>85:15) 

10 [CoII(P1)] 2-napthyl Ph Me 67 (8h) (>95:5) 

11 [CoII(P1)] PhCH=CH Ph Me 52 (8i) (>95:5) 

aStoichiometry: N-tosylhydrazone:imine = 1:2. bIsolated yields after column chromatography. 

Upon introduction of imines to the reaction medium, the ketenes generated from 

these N-tosylhydrazone salts also reacted smoothly to produce the desired 

β-lactams. The use of a phase transfer agent in this case did not have any influence 

on the outcome of the reaction. A series of N-tosylhydrazone salts were subjected to 

the reaction conditions with different benzaldimines (Table 5). In all cases, the 
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corresponding β-lactams were obtained in good yields. Interestingly, for most of the 

substrates, the reactions afforded trans products with excellent diastereoselectivity. 

However, again no enantioselectivity was obtained using either chiral catalysts or by 

adding quinidine based chiral organocatalysts into the reaction mixture.   

To obtain more insight into the mechanistic aspects of Co(por) catalyzed ketene 

formation, several controlled infrared studies of the reaction mixtures were carried 

out. Since, diphenylketene is known to be more stable than the corresponding mono-

substituted ketenes, diphenyl tosylhydrazone sodium salt was intentionally chosen 

as the carbene source for IR analysis of the carbene-carbonylation reaction mixtures 

(See Experimental Section). Indeed, carbonylation of the diphenyl tosylhydrazone 

sodium salt with 20 bar CO produces free diphenyl ketene, as indicated by 

observation of a characteristic IR stretch frequency at 2102 cm-1 directly after the 

reaction.[11] Formation of the diphenyl diazo compound[12] from the diphenyl 

tosylhydrazone sodium salt was also detected by IR spectroscopy, as revealed by 

observation of a characteristic stretch frequency at 2042 cm-1. These data are in 

agreement with the proposed reaction mechanism shown in Scheme 1.  

Repeated attempts to detect the more reactive benzyl ketene directly after reaction 

of the corresponding tosylhydrazone sodium salt with 20 bar CO were unsuccessful. 

This is likely due to too rapid dimerization/oligomerisation and/or other side-

reactions of the ketene in absence of a nucleophile or imine. The reaction mixture 

obtained directly after reacting the benzaldehyde tosylhydrazone salt with 20 bar CO 

in the presence of N-methylbenzaldimine does show characteristic C=O stretch 

frequency of the β-lactam at 1752 cm-1.[5c]      

The mechanism of the above carbene carbonylation reactions was further 

investigated computationally using DFT methods (see Experimental Section for 

details). In these studies, in contrast to previous investigations reported by our 

group, we decided to include dispersion (VdW) corrections in the geometry 

optimizations. Remarkably, this modification had a profound influence on the 

affinity of the cobalt centre for the diazo compound methyl diazoacetate (MDA) 

(coordinated via the carbon atom), shifting the association equilibrium from A to B 

and resulting in a somewhat lower transition state barrier TS1 (from B) for 

formation of the key Co(III)-carbene radical intermediate C (Scheme 1) than 

reported previously. Noteworthy is also that with dispersion forces the carbon bound 

MDA adduct B was calculated to be more stable than the nitrogen bound MDA 

adduct B’, while this was reversed in previous calculations without dispersion 

corrections.[8] Apart from this interesting effect of inclusion of dispersion forces in 

the calculations, this part of the catalytic mechanism is in fact identical to carbenoid 
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formation in the calculated mechanism for olefin cyclopropanation.[8] Carbene 

radicals C are in equilibrium with ‘bridging carbenes’ C’ according to these 

calculations (nearly thermo-neutral), and both C- and C’-type species were 

previously detected by EPR spectroscopy after reacting [CoII(P3)] with ethyl 

diazoacetate. [8a] 

Subsequent carbonylation of terminal carbenoid C proceeds via concerted one-step 

CO addition to the carbene moiety with simultaneous homolysis of the CoC bond to 

produce the free ketene, according to DFT. The ketene has little to no affinity for 

cobalt, and spontaneously dissociates from the cobalt centre directly after its 

formation. These calculations are in good agreement with the detection of free ketene 

in the above-mentioned IR experiments. The computed carbene-carbonylation step 

has a somewhat lower energy barrier ((ΔG‡(TS2) = 8.6 kcal mol–1 from C; ΔG‡(TS2) 

= 9.2 kcal mol–1 from C') than the barrier for formation of C through dinitrogen loss 

from diazo adduct B (TS1 = 13.6 kcal mol-1).[8a] The rate limiting step in the catalytic 

cycle should therefore be the formation of carbene radical C, according to these DFT 

calculations under standard conditions in the gas phase. However, the energy 

differences between TS1 and TS2 are not large and at relative low CO concentrations 

and relative high EDA concentrations (i.e. non-standard conditions as in the catalytic 

experiments) the entropy contributions could lower the relative barrier of TS1 

compared to TS2, possibly allowing side reactions of C (e.g. carbene dimerization, 

reaction with the solvent). This, in combination with the relatively low solubility of 

CO in common organic solvents,[13] most likely explains why CO pressures > 10 bar 

are required in the experimental catalytic runs. 

The ketene, thus generated in-situ, has no affinity for the [Co(Por)] catalyst 

according to these DFT calculations, and hence most likely reacts subsequently in a 

non-catalysed manner with nucleophiles or imines present in solution, leading to the 

final ester, amide or β-lactam products.[5c,6] Given that carbon monoxide has a weak 

affinity for the cobalt(II) centre,[14] it is unlikely for carbon monoxide to bind to the 

catalyst and thus influence the carbonylation of diazo compounds under the applied 

catalytic reaction conditions. The more nucleophilic character of C compared to 

Fischer-type carbenes further reduces its reactivity towards nucleophiles, which is 

likely an important feature in preventing unwanted side-reactions.  
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3. Summary and Conclusions  

In summary, we have demonstrated [CoII(Por)] complexes are effective 

metalloradical catalysts for carbene carbonylation, producing ketenes from CO and 

diazo compounds or tosylhydrazones under mild conditions. The [CoII(Por)]-

catalysed reaction, which involves a low-barrier carbene carbonylation step, 

provides a valuable synthetic alternative for the production of ketenes, which can be 

in-situ trapped with amines, alcohols or imines to produce esters, amides or 

β-lactams in a one-pot cascade manner. This straightforward methodology has a 

broad substrate scope and can be applied for various combinations of diazo 

compounds and nucleophiles or imines. In addition to diazo compounds, 

[CoII(Por)]-catalysed carbonylation process can also employ tosylhydrazones 

derived from aldehydes and ketones as carbene sources. Consequently, this 

procedure offers an efficient way for the homologation of ketones and aldehydes, and 

also provides a diastereoselective method for the transformation of aldehydes to 

β-lactam derivatives.  

4. Experimental Section 

General Procedures. All manipulations, except the carbonylation reactions, were performed under 

a nitrogen atmosphere using standard Schlenk techniques. All solvents used for catalysis were dried 

over and distilled from sodium (toluene) or CaH2 (dichloromethane, hexane, ethyl acetate, methanol). 

All the Cobalt-porphyrin catalysts [CoII(P1)], [CoII(P2)] [CoII(P3)], [CoII(P4)] and N-tosylhydrazone 

sodium salts were synthesized according to published procedures.[15,16] Ethyl diazoacetate (EDA) was 

used as purchased from Aldrich (up to 15% dichloromethane, actual content determined by NMR). 

tert-Butyl diazoacetate, Benzyl diazoacetate were also used as purchased from Aldrich. Quinidine was 

purchased from Aldrich and its ester derivative with benzoyl chloride was prepared according to the 

reported procedure. All other chemicals were purchased from commercial suppliers and used without 

further purification. NMR spectra (1H, and 13C{1H}) were measured on a Varian INOVA 500 MHz, a 

Bruker AV400 or a Varian MERCURY 300 MHz spectrometer. Infrared spectra were recorded on a 

Thermo Nicolet NEXUS 670 FT-IR. 

Typical Carbene Carbonylation Procedures. In a typical carbonylation experiment a stainless 

steel autoclave (150 mL) equipped with inserts suitable for five glass vials (4 mL) was employed. The 

vials were charged with appropriate amounts of solvent, substrates (Diazo/N-tosylhydrazone sodium 

salts and nucleophiles), catalyst [CoII(porphyrin)] along with Teflon stirring bars. Before starting the 

catalytic reactions, the charged autoclave was purged three times with CO and then pressurised to the 

desired pressure. After catalysis, the autoclave was cooled to 0 °C, and any excess gas was removed 

after which the reaction mixture was analysed directly.  

[CoII(Porphyrin)]-catalysed β-ketoester synthesis using CO, α-diazocarbonyl 

compounds  and different nucleophiles.  Under a nitrogen atmosphere, [CoII(Porphyrin)] (2 
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mol%) and K3PO4 (1.0 mmol) were added to a 4 ml flame-dried glass vial. Then the vial was sealed 

with a stopper, evacuated and cooled to 78o C in a dry-ice/acetone bath. To this precooled vial a 

solution of diazoacetate (1a-c) (0.5 mmol) and nucleophile (2a-j) (1.0 mmol) in 3.0 ml of toluene was 

added via syringe. A small needle was inserted at the top of the vial. The vials are then quickly inserted 

into an autoclave (150 mL) equipped with inserts suitable for five such glass vials and pressurized 

with 10 bar of CO. The pressurized autoclave was then stirred at 50 oC for 12h. The autoclave was 

subsequently cooled to 0° C, and any excess gas was removed. The resulting mixture was concentrated 

and the residue was purified by flash silica gel chromatography to give the products (3a-l). 

[CoII(Porphyrin)]-catalysed β-lactam synthesis from different α-diazocarbonyl 

compounds. Under a nitrogen atmosphere, [CoII(Porphyrin)]  (2 mol%) was added to a 4 ml flame-

dried glass vial. Then the vial was sealed with a stopper and evacuated to vacuum and cooled to 78 o C 

in a dry-ice/acetone bath. To this precooled vial a solution of diazoacetate (1a-c) (0.5 mmol) and imine 

(4a-c) (1.0 mmol) in 3.0 ml of dichloroethane (DCE) was added via syringe. A small needle was 

inserted at the top of the vial. The vials are then inserted quickly into an autoclave (150 mL) equipped 

with inserts suitable for five such glass vials and pressurized with 20 bar of CO. The pressurized 

autoclave was then stirred at 50 oC for 16h. The autoclave was subsequently cooled to 0 °C, and any 

excess gas was removed. The resulting mixture was concentrated and the residue was purified by flash 

silica gel chromatography to give the products (5a-e). 

[CoII(Porphyrin)]-catalysed amide /ester synthesis using N-tosyl hydrazone sodium 

salt and different nucleophiles. Under a nitrogen atmosphere, [CoII(Porphyrin)] (2 mol%), 

K3PO4 (0.6 mmol), and N-tosylhydrazone sodium salt (6a-h) (0.2 mmol) were added to a 4 ml flame-

dried glass vial. Then the vial was sealed with a stopper and evacuated. Anhydrous toluene (3.0 mL), 

Aliquat 336® (20 μL, 0.5 M solution in toluene), and nucleophile (2a-j) (0.6 mmol) were added via 

syringe. A small needle was inserted at the top of the vial. The vials were then inserted into an 

autoclave (150 mL) equipped with inserts suitable for five such glass vials and pressurized with 10 bar 

of CO. The pressurized autoclave was then stirred at 50 oC for 18h. The autoclave was subsequently 

cooled to 0 °C, and any excess gas was removed. The resulting mixture was concentrated and the 

residue was purified by flash silica gel chromatography to give the products (7a-o). 

[CoII(Porphyrin)]-catalysed β-lactam synthesis using different N-tosylhydrazone 

sodium salts and imines. Under a nitrogen atmosphere, [CoII(Porphyrin)] (2 mol%), and N-

tosylhydrazone sodium salt (6a-h) (0.5 mmol) were added to a flame-dried 4 ml glass vial. Then the 

vial was sealed with a stopper and evacuated. Imine (4a-e) (1.0 mmol) in 3.0 ml of dichloroethane 

(DCE) were added via syringe. A small needle was inserted at the top of the vial. The vials were then 

inserted into an autoclave (150 mL) equipped with inserts suitable for five such glass vials and 

pressurized with 20 bar of CO. The pressurized autoclave was then stirred at 50o C for 24h. The 

autoclave was subsequently cooled to 0 °C, and any excess gas was removed. The resulting mixture 

was concentrated and the residue was purified by flash silica gel chromatography to give the products 

(8a-i). 
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Figure 2. FT-IR spectrum of diphenyltosylhydrazone in acetonitrile. 
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Figure 3. FT-IR spectrum of the reaction mixture of the diphenyltosylhydrazone 
sodium salt and a catalytic amount of [CoII(TPP)] in acetonitrile. 
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Figure 4. FT-IR spectrum of the reaction mixture of diphenyltosylhydrazone sodium 
salt and a catalytic amount of [CoII(TPP)] in acetonitrile (reaction performed under 
20 bar CO). 
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Figure 5. FT-IR spectrum of the reaction mixture of benzaldehyde tosylhydrazone 
salt, N-methylbenzaldimine and catalytic amount of [CoII(TPP)] in dichloroethane 
(reaction performed under 20 bar CO). 
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Table 6. Conditions of [Co(por)]-Catalysed β-ketoamide synthesis using  CO with N-
Tosylhydrazone Sodium Salt and Aniline. 

 

entry catalyst solvent yield (%) 

1 [Co(P1)] PhMe 60 

2 [Co(P1)] THF 57 

3 [Co(P1)] Dioxane 57 

4 [Co(P1)] DCE 55 

5 [Co(P1)] MeCN 51 

6 [Co(P1)] DMF <5 

7 [Co(P1)] PhCl 59 

8 [Co(P1)]/K3PO4 PhMe 70 

9 [Co(P1)]/K2CO3 PhMe 67 

10 [Co(P1)]/KHCO3 PhMe 63 

11 [Co(P1)]/NEt3 PhMe 69 

12 [Co(P1)]/K3PO4/PTC PhMe 75 

13 [Co(P2)]/K3PO4/PTC PhMe 73 

aStoichiometry N-Tosylhydrazone:NuH = 1:3, PTA used. bToluene solvent. cIsolated yield after 

column chromatography. 

Product characterization: 

Ethyl 3-oxo-3-(phenylamino)propanoate (3a)17  
1H NMR (500 MHz, CDCl3): δ 1.27 (t, J = 7.2 Hz, 3H), 3.43 (s, 2H), 4.21(q, J = 

7.2 Hz, 2H), 7.08 (t, J = 7.2 Hz), 7.28 (t, J = 8.0 Hz, 2H), 7.50 (d, J = 8.5 Hz, 

2H), 9.19 (s, 1H). 13C NMR (500 MHz, CDCl3): δ 13.94, 41.37, 61.82, 119.97, 

124.45, 128.88, 137.32, 162.77, 169.92. 

Ethyl 3-((4-methoxyphenyl)amino)-3-oxopropanoate (3b)17 

1H NMR (500 MHz, CDCl3): δ 1.33 (t, J = 7.0 Hz, 3H), 3.47 (s, 2H), 3.81 (s, 

3H), 4.26 (q, J = 7.3 Hz, 2H), 6.87 (d, J = 8.5 Hz, 2H), 7.47 (d, J = 8.5 Hz, 

2H), 9.13 (s, 1H). 13C NMR (500 MHz, CDCl3): δ 14.31, 41.79, 55.81, 62.19, 

114.42, 121.77, 130.94, 156.86, 163.18, 170.29.  

Ethyl 3-((4-nitrophenyl)amino)-3-oxopropanoate (3c)17b, 18 
1H NMR (500 MHz, CDCl3): δ 1.35 (t,  J = 7.2 Hz, 3H), 3.54 (s, 2H), 4.28 

(q, J = 7.2 Hz, 2H), 7.76 (d, J = 9 Hz, 2H), 8.22 (d, J = 9 Hz), 9.85 (s, 1H). 
13C NMR (500 MHz, CDCl3): δ 14.03, 41.31, 62.33, 119.49, 125.05, 143.26, 

143.72, 163.54, 169.91. 

Ethyl 3-((3,4-dichlorophenyl)amino)-3-oxopropanoate (3d)17b, 19 
1H NMR (500 MHz, CDCl3): δ 1.34 (t, J = 7.2 Hz, 3H), 3.47 (s, 2H), 4.26 (q, 

J = 7.2 Hz, 2H), 7.37 (s, 2H), 7.83 (s, 1H), 9.50(s, 1H). 13C NMR (500 MHz, 

CDCl3): δ 14.02, 41.21, 62.08, 119.18, 121.65, 127.62, 130.41, 132.62, 136.87, 

163.36, 169.91. 
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Ethyl 3-(diphenylamino)-3-oxopropanoate (3e) 17b 

1H NMR (500 MHz, CDCl3): δ 1.24 (t, J = 7.2 Hz, 3H), 3.43 (s, 2H), 4.15 (q, J = 

7.2 Hz, 2H), 7.23-7.44 (br, 10 H). 13C NMR (500 MHz, CDCl3): δ 14.12, 42.76, 

61.40, 126.29, 128.71, 129.01, 129.94, 166.11, 167.52. 

Ethyl 3-(benzylamino)-3-oxopropanoate (3f) 17b, 20 
1H NMR (500 MHz, CDCl3): δ 1.29 (t, J = 7.2 Hz, 3H), 3.38 (s, 2H), 4.19 (q, 

J = 7.2 Hz, 2H), 4.50 (d, J = 6 Hz, 2H),7.29-7.38 (m, 5H), 7.50 (s, 1H). 13C 

NMR (500 MHz, CDCl3): δ 14.06, 41.09, 43.59, 61.65, 127.53, 127.72, 128.73, 

137.88, 164.95, 169.58. 

Ethyl 3-(butylamino)-3-oxopropanoate (3g) 17b, 21 
1H NMR (500 MHz, CDCl3): δ 0.92 (t, J = 7.2 Hz, 3H), 1.26-1.43 (m, 5H), 

1.58 (m, 2H), 3.27-3.35 (m, 4H), 4.23 (q, J = 7.2, 2H), 7.23 (s, 1H). 13C NMR 

(500 MHz, CDCl3): δ 13.09, 14.01, 20.03, 31.03, 39.27, 41.09, 61.49, 164.89, 

169.73. 

Ethyl 3-morpholino-3-oxopropanoate (3h) 17b, 22 

1H NMR (500 MHz, CDCl3): δ 1.29 (t, J = 7.2 Hz, 3H), 3.45 (t, J = 6 Hz, 4H), 

3.65-3.72 (m, 6H), 4.20 (q, J = 7 Hz, 2H). 13C NMR (500 MHz, CDCl3): δ 14.93, 

41.84, 43.04, 47.58, 62.34, 67.28, 67.46, 165.36, 168.23. 

Ethyl (3-phenylpropyl) malonate (3i) 17b 

1H NMR (300 MHz, CDCl3): δ 1.28 (t, J = 7.2 Hz, 3H), 1.95 (tt, J = 7.5, 

7.5), 2.69 (t, J = 7.5 Hz, 2H), 3.39 (s, 1H), 4.13-4.27 (m, 4H), 7.18-7.33 

(m, 5H). 13C NMR (300 MHz, CDCl3): δ 14.10, 30.04, 31.98, 41.65, 61.55, 

64.77, 126.05, 128.40, 128.45, 140.98, 166.58, 166.63.  

Diethyl malonate (3j)23 

1H NMR (300 MHz, CDCl3): δ 1.24 (t, J = 7.2 Hz, 6H), 3.34 (s, 2H), 4.15 (q, J = 

7.2 Hz, 4H). 13C NMR (500 MHz, CDCl3): δ 14.01, 41.63, 61.43, 166.56. 

tert-Butyl 2-(phenylcarbamoyl)acetate (3k) 17b 
1H NMR (300 MHz, CDCl3): δ 1.49 (s, 9H), 3.36 (s, 2H),  7.12 (t, J = 7.8 Hz, 

1H), 7.32 (t, J = 7.8 Hz, 2H), 7.54 (d, J = 8 Hz, 2H), 9.30 (s, 1H). 13C NMR (500 

MHz, CDCl3): δ 28.06, 42.59, 83.15, 118.57, 124.50, 129.04, 137.66, 163.61, 

169.25. 

Benzyl 2-(phenylcarbamoyl)acetate (3l) 17b 

1H NMR (300 MHz, CDCl3): δ 3.48 (s, 2H), 5.20 (s, 2H), 7.12 (t, J = 7.5 

Hz), 7.29-7.37 (m, 7H), 7.50 (d, J = 8.5 Hz, 2H), 9.11 (s, 1H). 13C NMR 

(500 MHz, CDCl3): δ 41.69, 67.64, 120.19, 124.68, 128.55, 128.80, 

129.05, 134.84, 137.44, 162.82, 169.69. 

N-Methyl-trans-α-ethoxycarbonyl-β-phenyl-β-lactam (5a)24,25 

1H NMR (500 MHz, CDCl3): δ 1.15 (t, J = 7.0, 3H), 2.19 (s, 1H), 3.95 (d, J = 10.5 Hz, 

1H), 4.12 (dq, J = 2.1, 7.2 Hz, 2H), 4.44 (d, J = 10.5 Hz), 7.15-4.42 (m, 5H). 13C NMR 

(500 MHz, CDCl3): δ 13.86, 36.38, 50.06, 58.31, 61.38, 127.86, 128.35, 128.46, 137.15, 

164.93, 169.51. 
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N-Benzyl-trans-α-ethoxycarbonyl-β-phenyl-β-lactam (5b)24, 26 
1H NMR (500 MHz, CDCl3): δ 1.28 (t J = 7.1 Hz, 3H), 3.80 (d, J = 15.0 Hz, 1H), 

3.89 (d, J = 2.5 Hz, 1H), 4.22 (dq, J = 2.2, 7.2 Hz, 2H), 4.68 (d, J = 2.0 Hz, 1H), 

4.84 (d, J = 15.2 Hz), 7.1-7.4 (m, 10 H). 13C NMR (500 MHz, CDCl3): δ 14.01, 44.7, 

56.88, 61.38, 63.4, 126.58, 127.85, 128.45, 128.85, 129.0, 129.15, 134.63, 135.84, 

162.14, 166.93.  

N-tert-Butyl-trans-α-ethoxycarbonyl-β-phenyl-β-lactam (5c)24, 27 

1H NMR (500 MHz, CDCl3): δ 1.27 (s, 9H), 1.29 (t, J = 6 Hz, 3H), 3.69 (d, J = 2.5 

Hz, 1H), 4.21 (dq, J = 2.2, 7.2 Hz, 2H), 4.84 (d, J = 5 Hz, 1H), 7.33-7.42 (m, 5H).  13C 

NMR (500 MHz, CDCl3): δ 14.02, 27.97, 55.09, 55.34, 61.59, 62.41, 126.54, 128.63, 

128.85, 139.05, 162.06, 167.04.  

N-Methyl-trans-α-tert-butoxycarbonyl-β-phenyl-β-lactam (5d) 
1H NMR (500 MHz, CDCl3): δ  1.29 (s, 9H), 2.87 (s, 3H), 3.81 (d, J = 10.5 Hz, 1H), 

4.34 (d, J = 10.5 Hz, 1H), 7.11- 7.23 (m, 5H). 13C NMR (500 MHz, CDCl3): 27.83, 

36.42, 51.02, 58.19, 127.90, 127.96, 128.13, 128.37, 128.57, 137.32, 165.48, 168.61.  

N, 2-diphenylacetamide (7a) 17b, 28 
1H NMR (500 MHz, CDCl3): δ 3.73 (s, 2H), 7.05 (t, J = 7.2 Hz, 1H), 7.24-7.40 (m, 

9H) 7.54 (s, 1H). 13C NMR (500 MHz, CDCl3): δ 44.91, 119.81, 124.50, 127.74, 128.96, 

129.30, 129.57, 134.40, 137.58, 169.05.  

N-(4-methoxyphenyl)-2-phenylacetamide (7b)29 

1H NMR (500 MHz, CDCl3): δ 3.66 (s, 2H), 3.70 (s, 3H), 6.74 (d, J = 8.5 Hz, 

2H), 6.89 (s, 1H), 7.19-7.35 (m, 7H). 13C NMR (500 MHz, CDCl3): δ 44.59, 

55.36, 113.96, 121.67, 127.56, 129.14, 129.46, 130.52, 134.42, 156.44, 168.80.  

N-(4-nitrophenyl)-2-phenylacetamide (7c)29 

1H NMR (500 MHz, CDCl3): δ 3.75 (s, 2H), 7.28-7.39 (m, 5H), 7.54 (d, J = 

11.5 Hz, 2H), 8.04 (br, 1H), 8.09 (d, J = 11 Hz). 13C NMR (500 MHz, CDCl3): 

δ 44.76, 119.29, 125.06, 127.98, 129.35, 129.48, 133.73, 143.53, 143.77, 

170.06.  

N-benzyl-2-phenylacetamide (7d)30 

1H NMR (500 MHz, CDCl3): δ 3.61 (s, 2H), 4.39 (s, 2H), 5.74 (s, 1H), 7.16-7.34 

(m, 10H). 13C NMR (500 MHz, CDCl3): δ 43.59, 43.86, 127.44, 127.50, 128.68, 

129.10, 129.49, 134.78, 138.14, 170.93. 

N,N,2-triphenylacetamide (7e)31 

1H NMR (500 MHz, CDCl3): δ 3.70 (s, 2H), 7.09-7.50 (m, 15H). 13C NMR (500 MHz, 

CDCl3): δ 42.27, 126.58, 128.48, 129.35, 135.10, 142.88, 171.15. 

N-butyl-2-phenylacetamide (7f) 17b, 32 

1H NMR (500 MHz, CDCl3): δ 0.85 (t, 7.5 J = Hz, 3H), 1.2 (m, 2H), 1.36 (m, 

2H), 3.17 (q, J = 6.7 Hz, 2H), 5.56 (s, 2H), 5.34 (s, 1H), 7.24-7.37 (m, 5H). 13C 

NMR (500 MHz, CDCl3): δ 13.73, 19.99, 31.55, 39.42, 43.96, 127.35, 129.05, 

129.49, 135.05, 170.88. 
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1-morpholino-2-phenylethanone (7g) 17b, 33 

1H NMR (500 MHz, CDCl3): δ 3.41-3.44 (m, 2H), 3.46-3.48 (m, 2H), 3.63 (s, 4H), 

3.75 (s, 2H), 7.23-7.32 (m, 5H). 13C NMR (500 MHz, CDCl3): δ 41.04, 42.04, 46.88, 

66.32, 66.93, 126.68, 128.10, 128.96, 134.78, 169.58. 

3-phenylpropyl 2-phenylacetate (7h)34 
1H NMR (500 MHz, CDCl3): δ 1.94 (m, 2H), 2.64 (t, J = 7.5 Hz, 2H), 3.65 (s, 

2H), 4.12 (t, J = 6.5 Hz, 2H), 7.14-7.38 (m, 10 H). 13C NMR (500 MHz, CDCl3): 

δ 30.20, 32.08, 41.53, 64.14, 126.01, 127.11, 128.42, 128.44, 128.60, 129.28, 

133.35, 134.17, 141.14, 171.62. 

2-(4-Methylphenyl)-N-phenylacetamide (7i) 17b 

1H NMR (500 MHz, CDCl3): δ 2.39 (s, 3H), 3.72 (s, 2H), 7.08 (t, J = 7.5 Hz), 

7.16-7.31 (m, 6H), 7.39-7.43 (m, 2H). 13C NMR (500 MHz, CDCl3): δ 21.21, 

44.49, 119.80, 124.37, 128.94, 129.56, 129.99, 131.29, 137.49, 137.64, 169.37.  

2-(2-Methylphenyl)-N-phenylacetamide (7j) 17b 

1H NMR (500 MHz, CDCl3):  δ 2.33 (s, 3H), 3.73 (s, 2H), 7.08 (t, J = 7.5 Hz, 1H), 

7.14 (br, 1H), 7.19-7.29 (m, 6H), 7.38-7.41 (m, 2H). 13C NMR (500 MHz, CDCl3): 

δ 19.54, 42.87, 119.65, 124.52, 126.79, 128.21, 128.84, 130.57, 130.91, 132.92, 

137.42, 137.61, 168.93. 

2-(4-Chlorophenyl)-N-phenylacetamide (7k) 17b 

1H NMR (500 MHz, CDCl3): δ  3.70 (s, 2H), 7.10 (t, J = 7.5 Hz), 7.22-7.40 (m, 

9H). 13C NMR (500 MHz, CDCl3): δ 44.05, 104.63, 119.85, 124.64, 129.02, 

129.32, 130.85, 132.85, 133.65, 137.7, 168.50. 

2-(4-Metoxyphenyl)-N-phenylacetamide (7l) 17b 

1H NMR (500 MHz, CDCl3): δ 3.62 (s, 2H), 3.78 (s, 3H), 6.88 (d, J = 8.5 Hz, 

2H), 7.08 (t, J = 7.5 Hz, 1H), 7.19-7.28 (m, 4H), 7.42 (d, J = 8.5, 2H), 7.53 

(br, 1H). 13C NMR (500 MHz, CDCl3): δ 43.73, 55.21, 114.51, 119.83, 124.30, 

126.41, 128.85, 130.51, 137.74, 158.97, 169.73. 

2-(naphthalen-2-yl)-N-phenylacetamide (7i) 17b 

1H NMR (500 MHz, CDCl3): δ  3.88 (s, 2H), 7.03 (t, J = 7.2 Hz, 1H), 7.10 (br, 

s, 1H), 7.22-7.25 (m, 2H), 7.36-7.43 (m, 3H), 7.49-7.50 (m, 2H), 7.78-7.87 

(m, 4H). 13C NMR (500 MHz, CDCl3): δ 45.09, 119.83, 124.52, 126.31, 126.65, 

127.26, 127.72, 127.82, 128.53, 128.96, 129.17, 131.83, 132.67, 133.61, 137.54, 169.04. 

N,2-diphenylpropanamide (7j) 17b, 35 

1H NMR (500 MHz, CDCl3): δ 1.59 (d, J = 5 Hz, 3H), 3.71 (q, J = 6.6 Hz, 1H), 7.05 

(t, J = 6.8 Hz, 1H), 7.21-7.41 (m, 10H). 13C NMR (500 MHz, CDCl3): δ 18.51, 48.04, 

119.72, 124.19, 127.53, 127.88, 128.92, 129.02, 137.78, 140.95, 172.45.  

(E)-N,4-diphenylbut-3-enamide (7k) 17b 
1H NMR (500 MHz, CDCl3): 3.28 (d, J = 7.5 Hz, 2H), 6.36 (m, 1H), 6.56 (d, J = 

15 Hz, 1H), 7.02 (t, J = 7.2 Hz, 1H), 7.28-7.43 (m, 7H), 7.49-7.51 (d, J= 10 Hz, 

2H), 7.72 (br, 1H). 13C NMR (500 MHz, CDCl3): δ 41.97, 119.87, 121.80, 124.51, 

126.42, 128.06, 128.73, 129.03, 135.12, 136.39, 137.90, 169.10.  
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trans-1-Methyl-3,4-diphenylazetidin-2-one (8a-trans) 17b, 36 

1H NMR (500 MHz, CDCl3): δ 2.87 (s, 3H), 4.17 (s, 1H), 4.45 (d, J = 2.5 Hz, 1H), 

7.26-7.45 (m, 10 H). 13C NMR (500 MHz, CDCl3): δ 26.95, 65.25, 65.61, 126.18, 

127.26, 127.53, 128.58, 128.78, 129.08, 134.96, 137.27, 168.35. 

trans-1-benzyl-3,4-diphenylazetidin-2-one (8b)37 

1H NMR (300 MHz, CDCl3): δ 3.77 (d, J = 15 Hz, 1H), 4.17 (d, J = 1.2 Hz, 1H), 4.31 

(d, J = 2.1 Hz, 1H), 4.92 (d, J = 15 Hz, 1H), 7.16-7.40 (m, 15H). 13C NMR (300 MHz, 

CDCl3): δ 44.63, 63.13, 65.14, 126.55, 127.37, 127.80, 127.94, 128.56, 128.82, 128.90, 

129.13, 129.65, 134.98, 135.57, 137.19, 168.33. 

trans-4-(4-Chlorophenyl)-1-methyl-3-phenylazetidin-2-one 

(8c-trans)  

1H NMR (300 MHz, CDCl3): δ 2.89 (s, 3H), 4.16 (s, 1H), 4.46 (d, J = 2 Hz, 1H), 

7.29-7.45 (m, 9H). 13C NMR (500 MHz, CDCl3): δ 27.15, 64.79, 65.90, 127.35, 

127.66, 127.67, 127.82, 128.97, 128.99, 128.43, 129.47, 129.68, 134.59, 134.72, 

135.91, 168.30. 

trans-4-(4-Methoxyphenyl)-1-methyl-3-phenylazetidin-2-one 

(8d-trans) 17b 

1H NMR (300 MHz, CDCl3): δ 2.84, (s, 3H), 3.85 (s, 3H), 4.14 (s, 1H), 4.41 (d, 

J = 2.0 Hz, 1H), 6.95 (d, J = 7.5 Hz), 7.22-7.36 (m, 7H). 13C NMR (500 MHz, 

CDCl3): δ 27.02, 55.34, 65.07, 65.73, 114.62, 127.16, 127.35, 127.65,128.92, 

129.12, 135.17, 159.99, 168.85. 

trans-1-Methyl-4-phenyl-3-p-tolylazetidin-2-one (8e-trans) 17b 

1H NMR (300 MHz, CDCl3): δ  2.34 (s, 3H), 2.85 (s, 3H), 4.11 (s, 1H), 4.41 (d, 

J = 2 Hz, 1H), 7.10-7.19 (m, 4H), 7.29-7.46 (m, 5H). 13C NMR (500 MHz, 

CDCl3): δ 21.12, 27.07, 65.22, 65.77, 126.27, 127.16, 128.53, 129.18, 129.76, 

131.85, 137.33, 137.47, 168.89. 

trans-3-(4-Chlorophenyl)-1-methyl-4-phenylazetidin-2-one 

(8f-trans) 17b 

1H NMR (300 MHz, CDCl3): δ 2.86 (s, 2H), 4.14 (s, 1H),  4.41 (d, J = 2 Hz, 1H), 

7.20-7.45 (m, 9H). 13C NMR (500 MHz, CDCl3): δ 27.14, 64.97, 65.32, 126.27, 

128.75, 128.88, 129.08, 129.29, 133.48, 133.54, 137.04, 167.95. 

trans-3-(4-Methoxyphenyl)-1-methyl-4-phenylazetidin-2-one 

(8g-trans) 17b 

1H NMR (300 MHz, CDCl3): δ 2.87 (s, 3H), 3.80 (s, 3H), 4.41 (s, 1H), 4.40 (d, 

J = 2 Hz, 1H), 6.89 (d, J = 9 Hz, 2H),  7.21-7.45 (m, 7H). 13C NMR (500 

MHz, CDCl3): δ 27.07, 55.35, 65.22, 65.77, 114.31, 126.27, 127.26, 128.53, 

128.65, 129.18, 137.47, 159.10, 168.89. 

cis-3-(4-Methoxyphenyl)-1-methyl-4-phenylazetidin-2-one (8g-

cis) 17b 

1H NMR (300 MHz, CDCl3): δ 2.92 (s, 3H), 3.67 (s, 3H), 4.81 (J = 5Hz, 1H), 

4.92 (d, J = 5 Hz, 1H), 6.59 (d, J = 9 Hz, 2H), 7.93-7.17 (m, 7H). 13C NMR (500 

MHz, CDCl3): δ 27.38, 55.08, 60.71, 62.36, 113.45, 124.91, 127.16, 127.87, 

128.25, 129.76,  135.17, 158.35, 168.83. 
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trans-2-methyl-4-(naphthalen-2-yl)-3-phenylcyclobutanone (8h-

trans) 17b 

1H NMR (500 MHz, CDCl3): δ 2.82 (s, 3H), 4.25 (s, 1H), 4.44 (d, J = 2.0 Hz, 

1H), 7.17-7.40 (m, 8H), 7.70-7.76 (m., 4H).  13C NMR (500 MHz, CDCl3): δ 

27.18, 65.46, 65.92, 125.09, 126.08, 126.38, 127.71, 127.87, 128.79, 129.28, 

132.41, 132.81, 133.47, 137.33, 168.45. 

trans-2-methyl-3-phenyl-4-styrylcyclobutanone (8i-trans) 17b 

1H NMR (500 MHz, CDCl3): δ 2.83 (s, 3H), 3.76 (d, J = 8.5 Hz, 1H), 4.37 (d, 

J = 2.0 Hz, 1H), 6.36 (m, 1H), 6.62 (d, J = 15H, 1H), 7.21-7.44 (m, 10H). 13C 

NMR (500 MHz, CDCl3): δ 27.18, 63.11, 64.60, 122.32, 126.08, 126.35, 127.87, 

128.58, 128.79, 129.28, 134.11, 136.23, 137.36, 168.49. 

Table S2. Energies of the DFT calculated species. 

 SCF 

au 

G 

au 

ZPE 

au 

SCF+ZPE 

au 

Negative 

Eigen 

values 

MDA SV(P) -376.37735 -376.33483 0.07429 -376.30306 - 

def2-TZVP -376.82472 -376.78266 0.07385 -376.57087 - 

[Co(por)] SV(P) -2370.65554 -

2370.42942 

0.26927 -2370.38627 - 

def2-TZVP -2371.97068 -2371.74586 0.26797 2371.70271 - 

[Co(por)] 

MDA adduct 

(B) (C-

bound) 

SV(P) -2747.04137 -2746.75276 0.34411 -2746.69726 - 

def2-TZVP -2748.82374 -2748.53579 0.34311 -2748.48063 - 

[Co(por)] 

MDA adduct 

(B') (N2-

bound) 

SV(P) -2747.04858 -2746.76462 0.34301 -2746.42161 - 

def2-TZVP -2748.81792 -2748.53249 0.34176 -2748.47616 - 

TS1_N2 

elimination 

SV(P) -2747.01480 -2746.72827 0.34147 -2746.67333 -335.76 

cm-1 

def2-TZVP -

2748.80044 

-2748.51393 0.34043 -2748.46001 -388.48 

cm-1 

Co_Carbene 

(C) 

SV(P) -2637.59352 -2637.31104 0.33429 -2637.25923 - 

def2-TZVP -2639.23870 -2638.95753 0.33298 -2638.90572 - 

Co_Carbene 

(bridged) 

(C') 

SV(P) -2637.60232 -2637.31610 0.33659 -2637.2673 - 

def2-TZVP -2639.24320 -

2638.95839 

0.33514 -2638.90806 - 

CO SV(P) -113.23006 -113.24435 0.00485 -113.22521 - 

def2-TZVP -113.36534 -113.37967 0.00479 -113.36055 - 

TS2_CO 

addition 

SV(P) -2750.81775 -2750.53197 0.34124 -2750.47651 -214.33 

cm-1 

def2-TZVP -2752.60780 -2752.32321 0.33996 -2752.26784 -168.74 

cm-1 

N2 SV(P) -109.44895 -109.46190 0.00550 -109.44345 - 

def2-TZVP -109.58042 -109.59343 0.00543 -109.57499 - 
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Computational details. Geometry optimizations were carried out with the Turbomole  program 

package[38] coupled to the PQS Baker optimizer[39] via the BOpt package, [40] at the spin unrestricted 

ri-DFT level using the BP86[41] functional and the resolution-of-identity (ri) method. [42] We optimized 

the geometries of all stationary points both at the SV(P) and at the def2-TZVP basis set level. [43] In 

the latter case we also employed Grimme’s dispersion corrections (disp 3 version). [44] All minima (no 

imaginary frequencies) and transition states (one imaginary frequency) were characterized by 

calculating the Hessian matrix. ZPE and gas-phase thermal corrections (entropy and enthalpy, 298 

K, 1 bar) from these analyses were calculated. The relative (free) energies obtained from these 

calculations are reported in Table S2 and in Scheme 1 in the main text of the paper.  
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Abstract 

An efficient synthetic strategy towards beta-lactams, amides and esters involving “in 

situ” generation of ketenes and subsequent trapping with nucleophiles is presented. 

Carbonylation of carbene radical intermediates using the cheap and highly active 

cobalt(II) tetramethyltetraaza[14]annulene catalyst [Co(MeTAA)] provides a 

convenient one-pot synthetic protocol towards substituted ketenes. 

N-tosylhydrazones are used as carbene precursors, thereby bridging the gap between 

aldehydes and ketenes. Activation of these carbene precursor by the metalloradical 

cobalt(II) catalyst affords Co(III)-carbene radicals, which subsequently react with 

carbon monoxide to form ketenes. In the presence of a nucleophile (imine, alcohol 

or amine) in the reaction medium the ketene is immediately trapped, resulting in the 

desired products in a in a one-pot synthetic protocol. The β-lactams formed upon 

reaction with imines are produced in a highly trans-selective manner. 
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1. Introduction 

Ketenes are synthetically useful compounds with intriguing electronic structures, a 

versatile reactivity and interesting physical and chemical properties.1 Ketenes are 

usually prepared in stoichiometric reactions such as base promoted elimination of 

acyl chlorides (first shown by Wedekind in 1901), 2  by metal halide abstraction 

(exemplified by Staudinger in 1905), 3   via a Wolff rearrangement from 

α-diazoketones,4  or by (poorly controlled) thermolysis (pyrolysis) pathways. 5  All 

these methods have important limitations for practical multi-gram syntheses, often 

involve unstable (intermediates and) starting materials, and typically require 

specialized equipment.1 

A more robust method for preparing ketenes 6  found in several organic 

transformations is the carbonylation of metal-carbenes7,8 and “in situ” reaction of 

the thus produced highly reactive ketenes with suitable reagents such as imines, 

amines or alcohols.7 However, a significant drawback of these methods is that the 

transformations usually rely on the use of Fischer-type carbene complexes (thus 

leading to fast carbene-carbene dimerization side reactions in many cases), and the 

reactions are typically stoichiometric. Just a few examples have been reported where 

the carbonylation is catalysed by a transition metal complex.7,8 One of them uses 

noble metal catalysts in the form of palladium complexes,7c while others use base 

metal catalysts. However, most of these reactions are associated with low yields and 

rather harsh reaction conditions (i.e. high temperatures and high CO pressures).8 

The synthesis of reactive ketenes formed during the carbonylation of metal carbenes 

leads to relevant products, such as β-lactams formed by [2+2] ketene-imine 

cycloadditions (Scheme 1). The β-lactam skeleton is of great importance for the 

pharmaceutical industry,9 as the β-lactam backbone is found in many antibiotics 

such as penicillins, cephalosporins, carbapenems and monobactams. The β-lactam 

structure strongly interacts and even covalently binds to the active site of some 

bacterial proteins, which eventually leads to their apoptosis. 10  The [2+2] 

cycloaddition between ketenes and imines to yield β-lactams is a reaction discovered 

by Staudinger, published only two years after isolation of the first ketene.1 The 

mechanism of the Staudinger synthesis (Scheme 1) starts with nucleophilic attack of 

the imine nitrogen to the central carbon of the ketene moiety, forming an enol-type 

amide intermediate. 11  If the ketene is substituted with electron donating 

substituents, the cyclization step is fast and due to the default E-configuration of the 

imine and subsequent conrotatory ring closure, the products formed are generally 

the cis-isomers. If the ketene is lacks strongly electron-donating substituents, the 
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cyclization step is slower, thus allowing isomerization of the enol intermediate 

resulting in formation of (thermodynamically favoured) trans-β-lactam isomers 

(Scheme 1).11 

 

Scheme 1. The Staudinger synthesis of -lactams via [2+2] cycloaddition reactions. 

 

Figure 1. Structures of the cobalt(II) catalysts used in this study. 

The use of cobalt(II) porphyrins [CoII(por)] as stable metalloradicals with well-

defined open-shell doublet d7-electronic configurations have recently been reported 

in several transformations involving catalytic carbene transfer reactions12 via stable 

CoIII-carbene radical intermediates. 13  A relevant example is the efficient 

carbonylation of diazo compounds using mild temperatures and CO pressures, 

reported in Chapter 4.14 The nucleophilic nature and radical-type character of the 

carbene radical intermediates involved in these reactions is in marked contrast with 

that of an electrophilic Fischer-type carbene, thus preventing unwanted carbene 
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dimerization reactions. Therefore, the attack of the nucleophilic carbene radical at 

the π-accepting carbon monoxide becomes possible, thus allowing “in situ” 

generation of ketenes. These ketenes are subsequently reacted with imines or amines 

to obtain amides or respectively β-lactams (Scheme 2). Because the cobalt catalyst 

and the carbene radical intermediates are not sensitive to the presence of amines or 

imines, the reactions can be performed in a one-pot catalytic reaction in which the 

“in situ” generated ketene is trapped by the added nucleophile. 

 

Scheme 2. Proposed mechanism for catalytic ketene synthesis via cobalt(III)-carbene 
radical carbonylation.  

Due to the synthetic challenge in preparing substituted cobalt(II) porphyrins, we 

decided to expand the catalytic scope of this reaction by screening several cheap and 
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easy to prepare cobalt(II) complexes (Figure 1). Based on our current understanding 

of the metalloradical mechanism, more electron-rich low-spin cobalt(II) complexes 

facilitate the carbene reduction and thus the formation of the key carbene radical 

intermediate. Electron rich carbenes would be nucleophilic, therefore favouring the 

CO carbonylation pathway. A lead candidate would be the 

cobalt(II)tetramethyltetraaza[14]annulene complex [Co(MeTAA)] (Figure 1), 

successfully used in our other studies (see Chapters 2 and 6).15 It is easily prepared 

from readily available staring materials,16 and presents a smaller macrocycle than 

corresponding prophyrins, thereby inducing more electron density at the metal 

centre. The complex proved to be an excellent catalyst for the activation of diazo 

compounds and generation of reactive carbene radical species (see Chapter 2).15 As 

such, we argued that [Co(MeTAA)] should be a potent catalyst for carbene 

carbonylation, with subsequent ketene trapping. 

In this chapter we report an easy one-pot cascade method to form ketenes starting 

from aldehydes. This strategy expands the scope of previous studies by taking 

advantage of the outstanding activity of [Co(MeTAA)] to activate diazo compounds, 

thus forming carbene radicals intermediates which react with carbon monoxide to 

afford ketenes. The “in situ” catalytically formed ketenes are then trapped with 

imines, amines or alcohols to afford beta-lactams, amides and esters as the final 

organic products.  

2. Results and discussion 

The cobalt(II) tetramethyltetraaza[14]annulene complex [Co(MeTAA)] can be 

synthesized using a template condensation between 2,4-pentandione and 1,2-

diaminobenzene in the presence of cobalt(II) acetate tetrahydrate (Scheme 3). 

However, due the sensitivity of the complex towards oxygen and the low yield of the 

direct cobalt-template synthesis, a stepwise route is preferred in which the nickel(II) 

tetramethyltetraaza[14]annulene [Ni(MeTAA)] is first prepared using the template 

synthesis around nickel.17 In this case the formed complex is not sensitive to oxygen, 

and the complex can easily be obtained in high quantities using bulk cheap starting 

materials. Demetallation using gaseous hydrochloric acid, followed by 

deprotonation with trimethylamine affords the free tetramethyltetraaza- 

[14]annulene ligand. Complexation using cobalt acetate under reflux for a few 

minutes produces the crystalline [Co(MeTAA)] complex, which precipitates from 

solution in high yield. The thus formed [Co(MeTAA)] complex was further used in 

catalysis screening. 
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Scheme 3. Synthesis of [Co(MeTAA)]. 

We decided to first focus on the reaction between the benzaldehyde tosylhydrazone 

sodium salt and N-methylbenzaldimine. In this reaction, phenylketene is generated 

in situ, which together with the imine undergoes a [2+2] cycloaddition resulting in 

fotmation of β-lactam 3 as the product (Table 1). This reaction was used as a 

benckmark to find the optimal catalytic conditions. A comparison of the activity of 

the planar cobalt(II) complexes depicted in Figure 1 was investigated, using 1.0 eq of 

tosylhydrazone, 1.2 eq. of imine, toluene as the solvent, a CO pressure of 20 bar, and 

a reaction temperature of 60 °C as the initial reaction conditions. Entries 1-8 from 

Table 1 present these results, in which [Co(MeTAA)] affords the best yield of 77% 

(entry 8), better than [Co(TPP)] yielding 68% product (see entry 6). The other 

cobalt(II) complexes perform poorly, affording a maximum yield of 16% (for [Co(Sal-

tBu)], entry 5). Control experiments using no catalyst, as well as the simple Co(OAc)2 

salt did not result in products formation, thus showing that the reaction is indeed 

catalytic and requires a planar low-spin cobalt(II) metalloradical catalyst (entries 1-

2). Catalyst loading screening (entries 7-9) indicates an optimum at around 3 mol% 

[Co(MeTAA)].  

Solvent screening (entries 8-15) indicates that toluene is the best solvent for this 

reaction, producing the product in a yield of 77%. Other solvents such as 1,2-

dichloroethane or chlorobenzene lead to lower yields of 47% (entry 11) and 48% 

respectively (entry 12). Polar solvents (entries 13-15) are not suitable for this reaction 

as the conversion drops significantly, yielding the product in only 8% using 

acetonitrile and in 14% using dioxane. In some of our previous reports,15 

coordinating additives had a positive influence on the outcome of the reaction, 

increasing the activity of the catalyst. However, in this study (Table 1, entries 16-19) 

the use of pyridine, 4-dimethylaminopyridine and 1-methylimidazole additives led 

to lower yields than in reactions without these additives. These additives might well 

hamper the [2+2] cycloaddition of the ketene with the imine. Variation of the CO 

pressure (entries 20-21) indicates that β-lactams can be formed at 2 bar (39% yield), 

but higher yields are obtained at higher CO pressures. At 10 bar 46% of the β-lactam 

3 is obtained, but the highest yield (77%) is obtained when pressurising the autoclave 
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to 20 bar. Temperature plays also an important role, as it helps formation of the 

carbene radical intermediate from the benzaldehyde tosylhydrazone sodium salt. 

Lowering the reaction temperature to 40 °C is possible, but leads to a drop in the 

product yield to 52% (Table 1, entry 22). The reactions in Table 1 proved to be in all 

cases highly trans-selective, producing trans β-lactam product 3 in an excellent 

diastereoselectivity (>99%).   

Table 1. Optimization of the Reaction Conditions for the synthesis of β-lactam 3 from 
benzaldehyde tosylhydrazone  sodium salt 1 and N-benzylidenemethanamine 2 

 

Entry[a] Catalyst Solvent Additive 
Catalyst 

loading 

Yield[b] 

(%) 

1 -- PhMe -  <1 

2 Co(OAc)2*4H2O PhMe - 5% <5 

3 [Co(Sal-NMe2)] PhMe - 5% 6 

4 [Co(Sal-CF3)] PhMe - 5% 10 

5 [Co(Sal-tBu)] PhMe - 5% 16 

6. [Co(TPP)] PhMe - 3.5% 68 

7 [Co(MeTAA)] PhMe - 2% 71 

8 [Co(MeTAA)] PhMe - 3.5% 77 

9 [Co(MeTAA)] PhMe - 7.5% 78 

10 [Co(MeTAA)] THF - 4% 34 

11 [Co(MeTAA)] DCE - 4% 47 

12 [Co(MeTAA)] PhCl - 4% 48 

13 [Co(MeTAA)] MeCN - 4% 8 

14 [Co(MeTAA)] Dioxane - 4% 14 

15 [Co(MeTAA)] PhCF3 - 4% 11 

16[c] [Co(MeTAA)] PhMe Pyridine 3% 53 

17[c] [Co(MeTAA)] PhMe DMAP 3% 50 

18[c] [Co(MeTAA)] PhMe 1-MeImidazole 3% 67 

19[d] [Co(MeTAA)] PhMe 1-MeImidazole 3% 73 

20[e] [Co(MeTAA)] PhMe - 3% 46 

21[f] [Co(MeTAA)] PhMe - 3% 39 

22[g] [Co(MeTAA)] PhMe - 3% 52 

[a] Reactions were carried out under 20 bar CO in a sealed autoclave with 1.0 eq. of tosylhydrazone and 1.2 eq. 

of imine for 16 h. Conc. 0.34 mmol tosylhydrazone/3.0 mL solvent. [b] Isolated yields. [c] stoichiometry catalyst 

: additive = 1:1 [d] stoichiometry catalyst : additive  = 1:2 [e] 10 bar CO [f] 2 bar CO [g] 40 °C 



[Co(MeTAA)] Metalloradical Catalytic Route to Ketenes 

 

121 

Table 2. Substrate scope screening [Co(MeTAA)] catalysed trans-selective β-lactam 

synthesis from substituted tosylhydrazone sodium salts and substituted imines. 

 

Entry[a] -R1 -R2 
Temp 
(°C) 

Product Yield[b] (%) 

1 -H -Me 60 

 

62 

2 -H -OMe 60 

 

57 

3 -H -Cl 60 

 

52 

4 -H -NO2 60 

 

36 

5 -H -H 60 

 

77 

6[c] -H -H 140 
69 

7 -Me -H 60 

 

20 

8[c] -Me -H 140 
46 

9 -OMe -H 60 

 

33 

10[c] -OMe -H 140 
60 

11 -Cl -H 60 

 

61 

12[c] -Cl -H 140 
62 

13 -NO2 -H 60 

 

<5 

14[c] -NO2 -H 140 
<5 

[a] Reactions were carried out under 20 bar CO in a sealed autoclave with 1.0 eq. of tosylhydrazone salt, 1.2 eq. 
of imine and 0.03 eq. [Co(MeTAA)]. Conc: 0.34 mmol tosylhydrazone salt/3.0 mL toluene. [b] Isolated yields. 
[c] 1.0 eq. tosylhydrazone salt, 2.0 eq. imine and 0.04 eq. [Co(MeTAA)]. Conc: 0.34 mmol tosylhydrazone 
salt/2.0 mL toluene. 
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Based on all information gathered (Table 1), we decided to continue with the following 

reaction conditions in the initial screening experiments of most of the catalytic 

reactions described below: 20 bar CO, 60 °C, 3 mol% catalyst and a 1.0:1.2 

tosylhydrazone:imine molar ratio. For the more challenging substrates, higher 

reaction temperatures were used. 

To explore the versatility of the reaction, the substrate scope was investigated (Table 

2). First, the coupling of a variety of para-substituted N-methylbenzaldimines to 

benzaldehyde tosylhydrazone sodium salt was explored (Table 2, entries 1-5). The 

non-substituted imine afforded the highest yield of 77% (entry 5), followed by 

electron-donating substituents (Me: 62%  yield, entry 1; MeO: 57% yield, entry2). 

Introducing electron-withdrawing substituents at the para-position of the 

benzaldimines leads substantial lowering of the product yields (Cl: 52% yield, entry 

3; NO2: 36% yield, entry 4).  

Next, the effect of para-substitution on the tosylhydrazone salt was investigated 

(entries 6-14). These substrates proved to be challenging, and thus we needed to 

increase the reaction temperature to 140 °C. Apart from that, both electron donating 

substituents (Me: 46%, entry 8; OMe: 60%, entry 10) and the electron withdrawing 

chloro-substituent (62% yield, entry 12) are tolerated. Unfortunately, a nitro 

substituted on the tosylhydrazone proved to be too challenging, and did not produce 

any β-lactam. Remarkably, reactions are possible in pressurized systems at elevated 

temperatures of 140 °C showing the stability of the catalytic system, in contrast to 

normal [2+2] Staudinger cycloadditions that are usually performed bellow 0 °C. In 

all cases, the reactions proved to be highly trans-selective, producing the trans 

β-lactam products in excellent diastereoselectivities >99%.   

While the reactions in Table 1 and 2 afforded the trans products in excellent 

diastereoselectivities >99%, racemic mixture were obtained due to the absence of 

any chiral information. Utilization of chiral cobalt(II) catalysts has no influence on 

this reaction, because the ketene is dissociated from the metal centre before reacting 

with the imine.14 This was confirmed in reactions using chiral catalyst [Co(Sal-tBu)] 

(Table 3, entry 6). Therefore, we argued that a chiral co-catalyst could perhaps enable 

chirality-transfer in the [2+2] ketene-imine cycloaddition. Hence, we decided to 

investigate a cascade one-pot reaction that uses the cobalt(II) catalyst for ketene 

formation, and subsequently a chiral co-catalyst that favours the β-lactam formation 

(Table 3).   
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Table 3. Cocatalyst screening in attempts to enable asymmetric β-lactam cascade 
synthesis from benzaldehyde tosylhydrazone sodium salt 1 and 
N-benzylidenemethanamine 2. 

 

Entry[a] Catalyst Cocatalyst 
Yield[b] 

(%) 
ee [c] 

1 [Co(MeTAA)] - 77 - 

2 

 

[Co(MeTAA)] 

 

(-)-PPY* 

53 <1% 

3 [Co(TPP)] - 68 - 

4 

 

[Co(TPP)] 

 

(-)-PPY* 

62 <1% 

5. 

 

[Co(TPP)] 

 

Quinidine 

58 <1% 

6 

 

[Co(Sal-tBu)] 

- 16 <1% 

[a] Reactions were carried out under 20 bar CO in a sealed autoclave with 1.0 eq. tosylhydrazone, 

1.2 eq. imine, 0.03 eq. catalyst and 0.03 eq. cocatalyst for 16h. Conc. 0.34 mmol tosylhydrazone/3.0 

mL solvent. [b] Isolated yields. [c] enantiomeric excess determined by chiral HPLC analysis. 

 



Chapter 5 

 

124 

Two chiral co-catalysts have been tested, the iron based ()-PPY* used successfully 

in enantioselective [2+2] cycloadditions as reported by Fu and coworkers18 (entries 

2, 4), and quinidine which is a well-known organocatalyst used in a variety of 

reactions (entry 5).19 Although the cascade dual catalytic reactions were compatible 

in both cases, affording the trans β-lactams in decent yields (Table 3), no chirality 

transfer was observed when using [Co(MeTAA)] and [Co(TPP)] in combination with 

quinidine or ()-PPY*. A possible reason for the lack of chirality transfer is the high 

reaction temperature of 60 °C used in these reactions, as chirality transfer with 

organocatalysts or ()-PPY* typically requires low temperatures (0 °C  or below). 

Unfortunately we were unable to reduce the reaction temperature to such required 

temperature for efficient chirality transfer, as the ketene formation is too slow at 

such low temperatures. However, the reactions do show that a one-pot bi-catalytic 

system is possible, and the reactions are quite tolerant to a variety of additives 

despite formation of reactive intermediates such as cobalt(III) carbene radicals and 

ketenes in these reactions. 

To show that not only β-lactams can be obtained as products using the [Co(MeTAA)-

catalyzed ketene formation protocol, we decided to investigate the possibility to trap 

the ketene intermediates with amines and alcohols, in order to form amides or esters 

in one-pot reactions. As a benchmark reaction, benzaldehyde tosylhydrazone sodium 

salt 1 and aniline 4 were used as substrates to form N-benzylbenzamide 5. Table 4 

shows the condition screening study, in which different bases are tested together 

with [Co(MeTAA)] (entries 3-12). The best yield of 95% was obtained when using 2.0 

eq. of DABCO (entry 8). Investigating different molar ratios of DABCO proved less 

successful (entries 9-12), revealing that at least 2.0 equivalents are needed to obtain 

the product in almost quantitative yield. The bases 4-dimethylaminopyridine, 

pyridine and potassium phosphate were also tested, but in these cases the desired 

product was obtained in moderate yields (44%, 51% and 44%, respectively; see Table 

4, entries 4-7). The best conditions for [Co(TPP)] have been screened in a previous 

study,14 and the result is presented in entry 2 for comparison. The afforded yield of 

75% was obtained using 3.0 equivalents of potassium phosphate, and is significantly 

lower than the 95% one obtained using [Co(MeTAA)] and DABCO (entry 8). The 

salen based cobalt(II) complexes (Figure 1) produced the desired product in only 

moderate yields of 40%, 37% and 73% for [Co(Sal-tBu)], [Co(Sal-CF3)] and [Co(Sal-

NMe2)] respectively (entries 13-15), further confirming that a more electron rich 

catalyst is better suited for these radical-type transformations proceeding via 

carbene radical intermediates.  
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Table 4. Reaction optimizations for the synthesis of N-benzylbenzamide 5 from 

benzaldehyde tosylhydrazone sodium salt 1 and N-benzylidenemethanamine 4. 

 

Entry[a] Catalyst Base 
Eq. of 

base 
Yield[b] (%) 

1 - - - <1 

2 [Co(TPP)] K3PO4 3 75 

3 [Co(MeTAA)] - - 40 

4 [Co(MeTAA)] K3PO4 2 44 

5 [Co(MeTAA)] Pyridine 2 51 

6 [Co(MeTAA)] K3PO4 : pyridine 1:1 46 

7 [Co(MeTAA)] DMAP 2 44 

8 [Co(MeTAA)] DABCO 2 95 

9 [Co(MeTAA)] DABCO 1 73 

10 [Co(MeTAA)] DABCO 0.5 61 

11 [Co(MeTAA)] DABCO 0.25 74 

12 [Co(MeTAA)] DABCO 0.1 75 

13 [Co(Sal-tBu)] DABCO 2 40 

14 [Co(Sal-CF3)] DABCO 2 37 

15 [Co(Sal-NMe2)] DABCO 2 73 

[a] Reactions were carried out under 20 bar CO in a sealed autoclave with 1.0 eq. tosylhydrazone, 

2.2 eq. aniline, 0.04 eq. catalyst and base for 16h. Conc. 0.4 mmol tosylhydrazone/3.0 mL toluene. 
[b] Isolated yields. 

 

Using the abovementioned optimized reaction conditions, we proceeded to further 

screen the substrate scope. We first investigated the reaction of para-substituted 

tosyhydrazone salts, carbon monoxide and aniline catalysed by [Co(MeTAA)] (Table 

5, entries 1-4). The unsubstituted benzaldehyde tosylhydrazone sodium salt afforded 

the desired amide product in the highest yield (95%), followed by the Me-substituted 

hydrazone (90%, entry 2), Cl-substituted hydrazone (82%, entry 4) and MeO-

substituted hydrazone (81% yield, entry 3). Next, reactions using several para-

substituted anilines were investigated (entries 5-9), and as expected the results show 

that electron-donating alkoxy substituents on the nucleophile are beneficial (yields 

90%, entries 5-6). Electron withdrawing substituents such as an NO2 (50% yield 

(entry 7) or chloro- (61%) and bromo-group (84%) lead to somewhat lower yields 
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(entries 8-9). Aliphatic and benzylic amines are also suitable for this reaction (entries 

10-12), with benzylamine affording the amide product in 86% isolated yield. The last 

entries in Table 5 show ester formation using differently substituted alkyl alcohols 

(entries 13-17). Due to the lower nucleophilic nature of alcohols as compared to 

amines, the yields of these reactions are somewhat lower, with n-butanol affording 

the ester product in 70% yield (entry 15), while tert-butanol reacts poorly producing 

only 15% of the desired ester product (entry 17). As can be expected, the more 

sterically congested and hence less nucleophilic alcohol produced the ester product 

in a lower yield as compared to the linear alcohols. 

Table 5. Substrate scope screening in [Co(MeTAA)] catalysed amides and ester 

synthesis from tosylhydrazone salts and corresponding nucleophiles. 

 

Entry[a] -R NuH Product Yield[b] (%) 

1 -H 
  

95 

2 -Me 
  

90 

3 -OMe 
  

81 

4 -Cl 
  

82 

5 -H 
  

90 

6 -H 
  

90 

7 -H 
  

50 

8 -H 
  

61 

9 -H 
  

84 
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Table 5. Substrate scope screening in [Co(MeTAA)] catalysed amides and ester 

synthesis from tosylhydrazone salts and corresponding nucleophiles. 

 

Entry[a] -R NuH Product Yield[b] (%) 

10 -H nBu-NH2 
 

48 

11 -H 
 

 

86 

12 -H 
 

 

79 

13 -H nPr-OH 
 

55 

14 -H iPr-OH 
 

46 

15 -H nBu-OH 
 

70 

16 -H sBu-OH 
 

43 

17 -H tBu-OH 
 

15 

[a] Reactions were carried out under 20 bar CO in a sealed autoclave with 1.0 eq. tosylhydrazone, 

2.2 eq. aniline, 0.04 eq. catalyst and base for 16h. Conc. 0.4 mmol tosylhydrazone/3.0 mL toluene. 
[b] Isolated yields. 

 

3. Summary and Conclusions  

In summary, we have shown an efficient synthetic strategy of producing 

diastereoselective β-lactams, amides and esters using [Co(MeTAA)] as an effective 

metalloradical catalyst able to activate tosyhydrazones to generate carbene radicals, 

which are carbonylated to produce ketenes and subsequently trapped by the applied 

nucleophile in one-pot reactions. The cheap and highly active [Co(MeTAA)] catalyst 

proved to be compatible with several different reaction conditions, including dual 

cascade catalysis, tolerating many functional groups, coordinating additives and 

high reaction temperatures. The protocol presented in this paper provides a reliable 

method to produce ketenes in a single pot starting from tosylhydrazone salts and 

carbon monoxide. The reactions proceed via formation of carbene radical 
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intermediates which react with CO to form ketenes. The intrinsic reactivity of 

ketenes requires in situ trapping of these reactive intermediates with amines, 

alcohols or imines to obtain useful organic building blocks. The substrate scope has 

been explored, showing that this method can be applied to several different 

substrates bearing a variety of substituents.  

4. Experimental Section 

General Procedures. All manipulations, except the carbonylation reactions, were performed under 

a nitrogen atmosphere using standard Schlenk techniques. All solvents used for catalysis were dried 

over and distilled from sodium (toluene, tetrahydrofuran, diethyl ether) or CaH2 (dichloromethane, 

hexane, ethyl acetate, methanol, acetonitrile). Unless specified, all chemicals were purchased from 

commercial suppliers (Sigma Aldrich, Acros or Strem) and used without further purification. NMR 

spectra (1H, and 13C{1H}) were measured on a Bruker AV400, AV300, DRX 500 or DRX 300 

spectrometer or on a Varian Mercury 300 spectrometer, referenced internally to residual solvent 

resonance of CHCl3 (δ = 7.26 ppm for 1H, δ = 77.2 ppm for 13C) or DMSO (δ = 2.50 ppm for 1H, δ = 

39.5 ppm for 13C). Unless noted otherwise, the NMR spectra were measured in CDCl3. Individual 

peaks are reported as: multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), 

integration, coupling constant in Hz. Mass spectra of the synthesized compounds were recorded on 

an Agilent-5973 GC-MS spectrometer, and the corresponding HRMS data were recorded on a JEOL 

AccuTOF 4G via direct injection probe using either EI or ESI. Chirality was determined using a 

Shimadzu HPLC setup equipped with an UV-Vis detector (SPD-10Avp). 

Catalyst preparation. [Co(MeTAA)] has been synthesized according to reported procedures.20 

[Co(TPP)] and [Co(salens)] have been purchased from Sigma-Aldrich or Strem and used without 

further purification. 

General Procedure for Synthesis of the N-tosylhydrazone salts.21 An equimolar mixture of 

corresponding aldehyde and N-tosylhydrazide was placed in a round bottom flask and dissolved in 

methanol (2 mL/mmol). The reaction mixture was stirred overnight at room temperature. The white 

precipitate was collected by filtration, and washed with cold methanol and hexane to obtain the pure 

product. The formed N-tosylhydrazone was then deprotonated in methanol using 1 equivalent of 

sodium methoxide. After evaporation of methanol, the pure product was obtained as a white powder. 

Typical Carbene Carbonylation Procedures. In a typical carbonylation experiment a stainless 

steel autoclave (150 mL) equipped with inserts suitable for five glass vials (4 mL) was employed. The 

vials were charged with appropriate amounts of solvent, substrates (N-tosylhydrazone sodium salts 

and nucleophiles or imines) and catalyst, together with Teflon stirring bars. Before starting the 

catalytic reactions, the charged autoclave was purged three times with CO and then pressurized to the 

desired pressure. After catalysis, the autoclave was cooled to room temperature, and purged with 

nitrogen so that any excess CO was removed. The reaction mixture is then analysed and purified using 

typical organic work-up or flash column chromatography.  

CoII-catalysed β-lactam synthesis using different N-tosylhydrazone sodium salts and 

imines. Under a nitrogen atmosphere, [Co(MeTAA)] (3 mol%), and the desired N-tosylhydrazone 

sodium salt (1.0 eq, 0.34 mmol) were added to a flame-dried 4 ml glass vial. Then the vial was sealed 
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with a stopper and evacuated. The desired imine (1.2 eq., 0.408 mmol) in 3.0 ml of toluene were 

added via syringe. A small needle was inserted at the top of the vial. The vials were then inserted into 

an autoclave (150 mL) equipped with inserts suitable for five such glass vials and pressurized to 20 

bar of CO. The pressurized autoclave was then stirred at 60o C for 16h. The autoclave was subsequently 

cooled to room temperature, and purged with nitrogen so that any excess CO is removed. The 

resulting mixture was concentrated and the residue was purified by flash silica gel chromatography 

to isolate the products. 

CoII-Catalysed amide/ester synthesis using N-tosylhydrazone sodium salt and different 

nucleophiles. Under a nitrogen atmosphere, [Co(MeTAA)] (4 mol%), DABCO (2.0 eq., 0.8 mmol), 

and the desired N-tosylhydrazone sodium salt (1.0 eq., 0.4 mmol) were added to a 4 ml flame-dried 

glass vial. Then the vial was sealed with a stopper and evacuated. Anhydrous toluene (3.0 mL) and 

the desired nucleophile (alcohol or amine) (2.2 eq., 0.88 mmol) were added via syringe. A small 

needle was inserted at the top of the vial. The vials were then inserted into an autoclave (150 mL) 

equipped with inserts suitable for five such glass vials and pressurized with 20 bar of CO. The 

pressurized autoclave was then stirred at 60 oC for 16h. The autoclave was subsequently cooled to 

room temperature, and purged with nitrogen so that any excess CO is removed. The resulting mixture 

was concentrated and the residue was purified by flash silica gel chromatography to isolate the 

products. 

Compound Characterization 

 trans-1-Methyl-3,4-diphenylazetidin-2-one22, 23 

1H NMR (500 MHz, CDCl3): δ 2.87 (s, 3H), 4.17 (s, 1H), 4.45 (d, J = 2.5 Hz, 1H), 

7.26-7.45 (m, 10 H). 13C NMR (100 MHz, CDCl3): δ 26.95, 65.25, 65.61, 126.18, 

127.26, 127.53, 128.58, 128.78, 129.08, 134.96, 137.27, 168.35. 

 trans-1-Methyl-3-phenyl-4-para-tolylazetidin-2-one23 

1H-NMR (400 MHz, CDCl3): δ= 2.39 (s, 3H), 2.86 (s, 3H), 4.16 (s, 1H), 4.43 (d, 

J= 2.1 Hz, 1H), 7.27-7.39 (m, 9h). 13C NMR (75 MHz, CDCl3): 168.32, 138.51, 

135.04, 134.12, 129.72, 128.71, 127.52, 127.24, 126.12, 65.76, 65.24, 27.04, 21.38 

ppm 

 trans-4-(4-Methoxyphenyl)-1-methyl-3-phenylazetidin-2-one22 

1H NMR (300 MHz, CDCl3): δ 2.84, (s, 3H), 3.85 (s, 3H), 4.14 (s, 1H), 4.41 (d, 

J = 2.0 Hz, 1H), 6.95 (d, J = 7.5 Hz), 7.22-7.36 (m, 7H). 13C NMR (100 MHz, 

CDCl3): δ 27.02, 55.34, 65.07, 65.73, 114.62, 127.16, 127.35, 127.65, 128.92, 

129.12, 135.17, 159.99, 168.85. 

 trans-4-(4-Chlorophenyl)-1-methyl-3-phenylazetidin-2-one22 

1H NMR (300 MHz, CDCl3): δ 2.89 (s, 3H), 4.16 (s, 1H), 4.46 (d, J = 2 Hz, 1H), 

7.29-7.45 (m, 9H). 13C NMR (100 MHz, CDCl3): δ 27.15, 64.79, 65.90, 127.35, 

127.66, 127.67, 127.82, 128.97, 128.99, 128.43, 129.47, 129.68, 134.59, 134.72, 

135.91, 168.30. 
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 trans-4-(4-Nitrophenyl)-1-methyl-3-phenylazetidin-2-one22 

1H NMR (400 MHz, CDCl3): δ= 2.92 (s, 3H), 4.17 (s, 1H), 4.58 (d, J= 2.1 Hz, 1H), 

7.25-7.40 (m, 5H), 7.51 (d, J= 8.6 Hz, 2H), 8.27 (d, J= 8.6 Hz, 2H). 13C NMR (75 

MHz, CDCl3): δ 27.23, 64.32, 65.91, 124.25, 126.93, 127.18, 127.87, 128.82, 

134.08, 144.82, 147.85, 167.66. 

 trans-1-Methyl-4-phenyl-3-p-tolylazetidin-2-one22 

1H NMR (300 MHz, CDCl3): δ 2.34 (s, 3H), 2.85 (s, 3H), 4.11 (s, 1H), 4.41 (d, J 

= 2 Hz, 1H), 7.10-7.19 (m, 4H), 7.29-7.46 (m, 5H). 13C NMR (100 MHz, CDCl3): 

δ 21.12, 27.07, 65.22, 65.77, 126.27, 127.16, 128.53, 129.18, 129.76, 131.85, 

137.33, 137.47, 168.89. 

 trans-3-(4-Methoxyphenyl)-1-methyl-4-phenylazetidin-2-one22 

1H NMR (300 MHz, CDCl3): δ 2.87 (s, 3H), 3.80 (s, 3H), 4.41 (s, 1H), 4.40 (d, 

J = 2 Hz, 1H), 6.89 (d, J = 9 Hz, 2H), 7.21-7.45 (m, 7H). 13C NMR (100 MHz, 

CDCl3): δ 27.07, 55.35, 65.22, 65.77, 114.31, 126.27, 127.26, 128.53, 128.65, 

129.18, 137.47, 159.10, 168.89. 

 trans-3-(4-Chlorophenyl)-1-methyl-4-phenylazetidin-2-one22 

1H NMR (300 MHz, CDCl3): δ 2.86 (s, 2H), 4.14 (s, 1H), 4.41 (d, J = 2 Hz, 1H), 

7.20-7.45 (m, 9H). 13C NMR (100 MHz, CDCl3): δ 27.14, 64.97, 65.32, 126.27, 

128.75, 128.88, 129.08, 129.29, 133.48, 133.54, 137.04, 167.95. 

 N, 2-diphenylacetamide22,24 

1H NMR (500 MHz, CDCl3): δ 3.73 (s, 2H), 7.05 (t, J = 7.2 Hz, 1H), 7.24-7.40 (m, 

9H) 7.54 (s, 1H). 13C NMR (100 MHz, CDCl3): δ 44.91, 119.81, 124.50, 127.74, 

128.96, 129.30, 129.57, 134.40, 137.58, 169.05. 

2-(4-Methylphenyl)-N-phenylacetamide22 

1H NMR (500 MHz, CDCl3): δ 2.39 (s, 3H), 3.72 (s, 2H7.08 (t, J = 7.5 Hz), 

7.16-7.31 (m, 6H), 7.39-7.43 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 21.21, 

44.49, 119.80, 124.37, 128.94, 129.56, 129.99, 131.29, 137.49, 137.64, 169.37.  

2-(4-Metoxyphenyl)-N-phenylacetamide22 

1H NMR (500 MHz, CDCl3): δ 3.62 (s, 2H), 3.78 (s, 3H), 6.88 (d, J = 8.5 Hz, 

2H), 7.08 (t, J = 7.5 Hz, 1H), 7.19-7.28 (m, 4H), 7.42 (d, J = 8.5, 2H), 7.53 

(br, 1H). 13C NMR (100 MHz, CDCl3): δ 43.73, 55.21, 114.51, 119.83, 124.30, 

126.41, 128.85, 130.51, 137.74, 158.97, 169.73. 

2-(4-Chlorophenyl)-N-phenylacetamide22 

1H NMR (500 MHz, CDCl3): δ 3.70 (s, 2H), 7.10 (t, J = 7.5 Hz), 7.22-7.40 (m, 

9H). 13C NMR (100 MHz, CDCl3): δ 44.05, 104.63, 119.85, 124.64, 129.02, 

129.32, 130.85, 132.85, 133.65, 137.7, 168.50. 

N-(4-methoxyphenyl)-2-phenylacetamide25 

1H NMR (500 MHz, CDCl3): δ 3.66 (s, 2H), 3.70 (s, 3H), 6.74 (d, J = 8.5 Hz, 

2H), 6.89 (s, 1H), 7.19-7.35 (m, 7H). 13C NMR (100 MHz, CDCl3): δ 44.59, 

55.36, 113.96, 121.67, 127.56, 129.14, 129.46, 130.52, 134.42, 156.44, 168.80. 
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N-(4-phenoxybenzyl)-2-phenylacetamide 

1H NMR (400 MHz, d6-DMSO): δ= 3.67 (s, 2H), 6.64 (d, J= 8.6 Hz, 2H), 

6.8 (d, J= 8.6 Hz, 2H), 6.78 (d, J=8.1 Hz, 2H), 6.97 (t, J= 8.0 Hz, 2H), 7.09 

(t, J= 7.3 Hz, 1H), 7.21-7.41 (m, 5H), 7.69 (d, J= 8.8 Hz, 2H), 10.29 (s, 1H).  

N-(4-nitrophenyl)-2-phenylacetamide25 

1H NMR (500 MHz, CDCl3): δ 3.75 (s, 2H), 7.28-7.39 (m, 5H), 7.54 (d, J = 

11.5 Hz, 2H), 8.04 (br, 1H), 8.09 (d, J = 11 Hz). 13C NMR (100 MHz, CDCl3): 

δ 44.76, 119.29, 125.06, 127.98, 129.35, 129.48, 133.73, 143.53, 143.77, 

170.06. 

 N-(4-chlorobenzyl)-2-phenylacetamide26 

1H NMR (400 MHz, d6-DMSO): δ= 3.94 (s, 2H), 7.50-7.67 (m, 5H), 7.77 (d, 

J= 8.6 Hz, 2H), 7.92 (d, J= 8.6 Hz, 2H), 10.61 (s, 1H). 13C NMR (100 MHz, 

CDCl3): δ= 169.15, 136.14, 134.12, 129.55, 129.47, 129.38, 128.91, 127.85, 

121.02, 44.77. 

 N-(4-bromobenzyl)-2-phenylacetamide26 

1H NMR (400 MHz, d6-DMSO): δ= 3.66 (s, 2H), 7.21-7.37 (m, 5H), 7.47 (d, 

J= 8.8 Hz, 2H), 7.61 (d, J= 8.8 Hz, 2H), 10.36 (s, 1H). 13C NMR (100 MHz, 

CDCl3): δ= 169.04, 136.67, 134.13, 131.93, 129.56, 129.32, 127.88, 121.34, 

117.05, 44.81. 

N-butyl-2-phenylacetamide22,27 

1H NMR (500 MHz, CDCl3): δ 0.85 (t, 7.5 J = Hz, 3H), 1.2 (m, 2H), 1.36 (m, 

2H), 3.17 (q, J = 6.7 Hz, 2H), 5.56 (s, 2H), 5.34 (s, 1H), 7.24-7.37 (m, 5H). 13C 

NMR (100 MHz, CDCl3): δ 13.73, 19.99, 31.55, 39.42, 43.96, 127.35, 129.05, 

129.49, 135.05, 170.88. 

N-benzyl-2-phenylacetamide28 

1H NMR (500 MHz, CDCl3): δ 3.61 (s, 2H), 4.39 (s, 2H), 5.74 (s, 1H), 7.16-7.34 

(m, 10H). 13C NMR (100 MHz, CDCl3): δ 43.59, 43.86, 127.44, 127.50, 128.68, 

129.10, 129.49, 134.78, 138.14, 170.93. 

1-morpholino-2-phenylethanone22,29 

1H NMR (500 MHz, CDCl3): δ 3.41-3.44 (m, 2H), 3.46-3.48 (m, 2H), 3.63 (s, 4H), 

3.75 (s, 2H), 7.23-7.32 (m, 5H). 13C NMR (100 MHz, CDCl3): δ 41.04, 42.04, 46.88, 

66.32, 66.93, 126.68, 128.10, 128.96, 134.78, 169.58. 

O-(n-propyl)-2-phenylacetamide30 

1H NMR (400 MHz, CDCl3): δ= 0.95 (t, J= 7.4 Hz, 3H), 1.68 (tq, J= 7.1 Hz, 7.4 Hz, 

2H), 3.66 (s, 2H), 4.09 (t, J=6.7 Hz, 2H), 7.24-7.40 (m, 5H). 13C NMR (100 MHz, 

CDCl3) δ 10.32, 21.93, 41.52, 66.55, 127.06, 128.52, 129.37, 134.22, 171.78; 

O-(iso-propyl)-2-phenylacetamide30 

1H NMR (400 MHz, CDCl3): δ= 1.26 (d, J= 6.3 Hz, 6H), 3.61 (s, 2H), 5.05 (septet, 

J= 6.3 Hz, 1H), 7.24-7.38 (m, 5H). 13C NMR (100 MHz, CDCl3) δ 21.84, 41.72, 68.23, 

126.91, 128.54, 129.22, 134.44, 171.17. 
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O-(n-butyl)-2-phenylacetamide30 

1H NMR (400 MHz, CDCl3): δ= 0.95 (t, J= 7.4 Hz, 3H), 1.38 (tq, J= 7.5 Hz, 7.4 

Hz, 2H), 1.64 (tt, J= 7.5 Hz, 6.9 Hz, 2H), 3.65 (s, 2H), 4.13 (t, J= 6.7 Hz, 2H), 

7.27-7.39 (m, 5H). 13C NMR (100 MHz, CDCl3) δ 13.72, 19.15, 30.63, 41.57, 64.82, 

127.01, 128.53, 129.32, 134.21, 171.76. 

O-(sec-butyl)-2-phenylacetamide30 

1H NMR (400 MHz, CDCl3): δ= 0.88 (t, J= 7.4 Hz, 3H), 1.23 (d, J= 6.3 Hz, 3H), 

1.49-1.68 (m, 2H), 3.63 (s, 2H), 4.84-4.93 (m, 1H), 7.24-7.39 (m, 5H). 13C NMR 

(100 MHz, CDCl3) δ 19.05, 27.73, 41.57, 70.96, 127.02, 128.53, 129.32, 134.25, 

171.71. 

 O-(tert-butyl)-2-phenylacetamide30 

1H NMR (400 MHz, CDCl3): δ= 1.47 (s, 9H), 3.56 (s, 2H), 7.23-7.40 (m, 5H). 13C 

NMR (100 MHz, CDCl3) δ 28.12, 42.79, 80.86, 126.93, 128.56, 129.27, 134.84, 

170.95. 
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Abstract 

A new strategy for the catalytic synthesis of substituted 1H-indenes via 

metalloradical activation of o-cinnamyl N-tosyl hydrazones is presented, taking 

advantage of the intrinsic reactivity of a CoIII carbene radical intermediate. The 

reaction uses readily available starting materials and is operationally simple, thus 

representing a practical method for the construction of functionalized 1H-indene 

derivatives. The cheap and easy to prepare low spin cobalt(II) complex 

[CoII(MeTAA)] (MeTAA = tetramethyltetraaza[14]annulene) proved to be the most 

active catalyst among those investigated, which demonstrates catalytic carbene 

radical reactivity for a non-porphyrin cobalt(II) complex.  

 

The methodology has been successfully applied to a broad range of substrates, 

producing 1H-indenes in good to excellent yields. The metallo-radical catalyzed 

indene synthesis in this paper represents a unique example of a net (formal) 

intramolecular carbene insertion reaction into a vinylic C(sp2)-H bond, made 

possible by a controlled radical ring-closure process of the carbene radical 

intermediate involved. The mechanism was investigated computationally and the 

results were supported by a series of radical-scavenging experiments.. DFT 

calculations reveal a stepwise process involving activation of the diazo compound 

leading to formation of a CoIII-carbene radical, followed by radical ring-closure to 

produce an indanyl/benzyl radical intermediate. Subsequent indene product 

elimination involving a 1,2-hydrogen transfer step regenerates the catalyst.  

Trapping experiments using 2,2,6,6-tetra-methylpiperidine-1-oxyl (TEMPO) radical 

or dibenzoylperoxide (DBPO) confirm the involvement of cobalt(III) carbene radical 

intermediates. Deuterium labelling experiments show statistical scrambling of the 

allylic/benzylic and vinylic protons under the applied reaction conditions. EPR 

spectroscopic spin-trapping experiments using phenyl N-tert-butylnitrone (PBN) 

reveal the radical nature of the reaction. 
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1. Introduction 

Substituted indenes and their closely related indane derivatives are important 

structural motifs found in many natural products such as taiwaniaquinol, 1 

cyanosporaside A/B, 2  biological active molecules such as endothelin receptors 

antagonist enrasentan, 3  an antipruritic dimetindene, 4  melatonin receptor, 5  anti-

inflammatory sulindac, 6  aldosterone synthase inhibitors, 7  and anti-tubecular 

agents.8 Some of them are market-leading drugs and/or key intermediates for the 

synthesis of natural products, pharmaceuticals and other bio-active compounds, as 

well as functional materials9 and metallocene complexes for olefin polymerization.10 

Because of their importance and usefulness, construction of the indene skeleton has 

attracted interest of synthetic organic and medicinal chemists for several years. 

Several synthetic methodologies have been developed over the past years, including 

intra- and intermolecular cyclization reactions, each with their specific advantages 

and disadvantages. 11  Representative intramolecular reactions include ring 

expansion of suitably substituted cyclopropenes,12 Friedel Crafts cyclization of allyl13 

and propergylic alcohol derivatives,14 aromatic 1,3 dienes,15  and α,β unsaturated 

ketones. 16  Other methods include oxidative cyclizations, 17  palladium catalysed 

intramolecular Heck type couplings,18 ring-closing metathesis,19 aromatic C-H bond 

functionalization, 20  intramolecular Morita–Baylis–Hillman approaches, 21  and 

gold22 and iodine23 catalysed rearrangements.  

 

Figure 1. Representative natural products and drug molecules containing indene 
moieties and some related indane derivatives.  
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A series of intermolecular approaches have also been developed for indene synthesis, 

including [3 + 2] annulation of aryl alkynes with benzyl derivatives,24 carbonyls,25 

allenes and dienophiles,26 palladium-catalysed carbocyclization of aryl halides or 

boronic acid esters and alkynes,27 Fe-catalyzed cyclization of benzyl compounds or 

allenes with substituted alkynes , 28  noble metal catalysed aromatic C-H bond 

activation cyclization, 29  and copper catalysed radical cyclizations. 30  However, 

several of these existing methods suffer from functional group intolerance, the 

necessity of expensive (noble) transition metal catalysts, harsh reaction conditions 

and/or are limited to the synthesis of specific indenes with a particular substitution 

pattern. Hence, in need of a broader pallet of synthetic methodologies the 

development of new, short, efficient, and broadly applicable catalytic routes to 

expand the currently available methods for indene synthesis from readily available 

starting materials is certainly in demand, especially those employing benign, readily 

available and inexpensive base metal catalysts.  

 

Figure 2. Formation of CoIII-carbene radicals (one-electron reduced Fischer-type 
carbenes) upon reacting planar, low spin cobalt(II) complexes with carbene 

precursors. 

Low-spin planar cobalt(II) complexes have recently emerged as a new class of 

catalysts capable of ‘carbene-transfer’ reactions proceeding via radical mechanisms 

involving discrete CoIII-carbene radical intermediates (Figure 2). Metalloradical 

activation of carbene precursors (such as diazo compounds or N-tosylhydrazones) 

produces carbenoids with radical-character at the respective ‘carbene’ carbon, 

enabling catalytic radical-type organometallic transformations.31-36 These carbene-

radical intermediates are best described as one-electron reduced Fischer-type 

carbenes, and as a result they have characteristics of both electrophilic Fischer- and 
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nucleophilic Schrock-type carbenes; besides their radical character they have a 

reduced tendency to undergo undesirable carbene dimerization reactions.31  

While the mechanistic details and unusual radical-type electronic structure of the 

key carbene radical intermediates were only recently disclosed,31 their unique 

electronic properties have been successfully applied in a variety of interesting 

metalloradical approaches of synthetic value, including enantioselective alkene 

cyclopropanation,32 C-H functionalization,33 -ester--amino ketones synthesis,34 

and in the regioselective synthesis of β-lactams35 and 2H-chromenes.36  

In this chapter, we report our efforts to develop a new metalloradical approach for 

the synthesis of substituted 1H-indenes, taking advantage of the unique reactivity of 

CoIII-carbene radical intermediates. The method involves a net, overall carbene 

insertion into a vinylic C(sp2)-H bond and uses safe and easily accessible N-tosyl 

hydrazones as ‘carbene’ precursors.37 This unprecedented methodology has a broad 

substrate scope and can be applied to a variety of aromatic substituted N-tosyl 

hydrazones and conjugated vinyl-groups containing several different functionalities. 

The cheap and easy to prepare low spin cobalt(II) complex [CoII(MeTAA)] (MeTAA 

= tetramethyltetraazaa[14]annulene) proved to be the most active catalyst among 

those investigated. Notably, while [CoII(MeTAA)] was already synthesized and 

characterized in 1976,38 it has thus far been used successfully as a catalyst only in our 

group (see Chapters 2,3 and 5). Here we report that it has a superior activity over 

[Co(TPP)] in catalytic 1H-indene synthesis. Furthermore, we disclose a plausible 

reaction mechanism based on control reactions, radical trapping and deuterium 

labeling experiments, EPR spectroscopy and computational studies (DFT). 

2. Results and discussion 

Our initial attempt to synthesize a substituted 1H-indene involved reaction of o-

cinnamyl N-tosyl hydrazone (1a) in presence of the commercially available 

[CoII(TPP)] catalysts (at a temperature of 60 C, unless indicated otherwise). 

Although various bases such as LiOtBu, KOtBu, NaOtBu, K2CO3, NaOMe (Table 1, 

entries 1-5) can be used to activate the N-tosyl hydrazone in chlorobenzene, with 

LiOtBu the highest yield of the desired 1H-indene product 2a was obtained (51%; 

entry 1).  

Upon increasing the amount of base (LiOtBu) from 1.2 to 3 equivalents the yield 

dropped substantially (Table 1, entries 1, 6-7). This is probably caused by 

decomposition or poisoning of the catalyst in presence of excess base. To improve 

the yield of the reaction different cobalt(II) sources were investigated. The use of 
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fluorinated porphyrin and salen based cobalt catalysts (Table 1, entry 8, 10) did not 

lead toformation of the desired product. However when the cheap and easy to 

prepare [CoII(MeTAA)] catalyst (Figure 2) was used, 1H-indene 2a was formed in 

excellent yield (83%) using toluene as the solvent (Table 1, entry 9).  

Table 1. Standardization of reaction conditions. 

 

Entry Catalyst Base Eq. Solvent Yielda (%) 

1 [Co(TPP)] LiOtBu 1.2 PhCl 51 

2 [Co(TPP)] KOtBu 1.2 PhCl 41 

3 [Co(TPP)] NaOtBu 1.2 PhCl 36 

4 [Co(TPP)] K2CO3 1.2 PhCl 39 

5 [Co(TPP)] NaOMe 1.2 PhCl 27 

6 [Co(TPP)] LiOtBu 2 PhCl 32 

7 [Co(TPP)] LiOtBu 3 PhCl 0 

8 [Co(TPP-F20)] LiOtBu 1.2 toluene 0 

9 [Co(MeTAA)] LiOtBu 1.2 toluene 83 

10 [Co(salen)] LiOtBu 1.2 toluene 00 

11 [CuI] LiOtBu 1.2 toluene 27 

12 [Rh2(OAc)4] LiOtBu 1.2 toluene 0 

13 [Co(MeTAA)] LiOtBu 1.2 PhCl 78 

14 [Co(MeTAA)] LiOtBu 1.2 PhH 86 

15 [Co(MeTAA)] LiOtBu 1.2 THF 85 

16 [Co(MeTAA)] LiOtBu 1.2 CH2Cl2 46 

17 [Co(MeTAA)] LiOtBu 1.2 CH3CN 55 

18 [Co(MeTAA)] LiOtBu 1.2 hexane 70 

19 -- LiOtBu 1.2 PhH 0 

20b [Co(MeTAA)] LiOtBu 1.2 PhH 35 

a Yields were determined by integration of the 1H NMR signals in the presence of acenaphthene as 

internal standard. b Reaction carried out at room temperature. 

 

[CoII(MeTAA)] is the cobalt(II) complex of the tetramethyltetraaza[14]annulene 

(MeTAA) ligand (Figure 3). The complex was first prepared in 1976,38 which involved 

two simple steps to obtain the complex in near quantitative yield. This is in sharp 
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contrast to the synthesis of porphyrin complexes, which is in general labor-intensive, 

low yielding, time consuming and produces large amounts of unwanted side 

products, thus demanding elaborate (column chromatography) purification steps. 

The MeTAA ligand has similar bonding properties as porphyrins, which reflects in 

its ability to bind a variety of transition metals.39,40 However, there are also some 

differences which likely explain its increased reactivity as compared to [Co(TPP)]. 

While porphyrins have an aromatic (4n+2) delocalized -cloud, MeTAA is Hückel 

anti-aromatic (4n), which increases the flexibility of the ligand. Another difference 

between these two macrocyclic structures is their ring size (14- vs 16-membered 

ring). The increased flexibility and smaller ring-size of MeTAA as compared to a 

porphyrin leads to deviation from planarity, and as such [CoII(MeTAA)] adopts a 

saddle shaped configuration.  

Other catalysts such as [CuI] or [Rh2(OAc)4] (Table 1, entries 11-12) proved less or 

not effective. Quite surprisingly the carbene transfer catalyst [Rh2(OAc)4], which is 

well-known to be operative in a variety of carbene C-H bond insertion reactions,41 

produced no indene at all. In general, carbene insertion into vinylic C(sp2)-H bonds 

appears to be entirely unprecedented, likely because cyclopropanation is favored for 

other (non-metalloradical) carbene transfer catalysts. Notably however, CuI did 

catalyze the reaction to some extent but produced only 27% of the desired indene, 

with mainly the carbene-carbene dimerized product being formed in the undesired 

side reaction.  

 

Figure 3. Structures of the cobalt(II) catalysts used in this study.  

Extended solvent screening revealed that the reaction works best in non-polar 

solvents such as benzene, toluene, or hexane (entries 9, 14, 18) or in low-polarity 

THF (entry 15) The use of more polar solvents such as CH2Cl2 or CH3CN (entries 16-

17) led to comparatively low yields, . The reaction does not produce 2a without a 

catalyst (entry 19), and the yield of the reaction drops drastically when performing 

the reaction at room temperature (entry 20). Conversion of the N-tosyl hydrazone 
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into the corresponding diazo compound accounts for at least part of the required 

activation energy.37 

To explore the scope of the metalloradical catalyzed indene synthesis, several 

different functional groups were introduced at the vinylic double bond (Table 2). 

Several α,β-unsaturated esters are tolerated (i.e. the Et-, nBu-, tBu-, and Ph-esters 

1a-e), producing indenes 2a-e in good to excellent yields (78-86%, entries 1-5) using 

the standardized reaction conditions shown in Table 2. Surprisingly, α,β-

unsaturated amide 1f produced indene 2f in even higher yield (98%; entry 6), and 

also styrene derivative 1h furnished the corresponding indene product 2h in good 

yield (85%; entry 8). The α,β-unsaturated nitrile substrate 1g works less well, 

producing indene 2g in moderate yield (52%; entry 7).  

Table 2. Substrates scope varying functional groups at the vinylic double bond.a 

 

Entry R- Products Yieldb (%) 

1 -COOMe (1a) 

 (2a) 

86 

2 -COOEt (1b) 

(2b) 

78 

3 -COOnBu (1c) 

(2c) 

80 

4 -COOtBu (1d) 

(2d) 

76 

5 -COOPh (1e) 

(2e) 

82 

6 -CONMe2 (1f) 

(2f) 

98 

7 -CN (1g) 

(2g) 

52 

8 -Ph (1h) 

(2h) 

85 

a Reaction conditions: N-tosylhydrazone (1a−h) (0.2 mmol, 1.0 equiv), LiOtBu 0.24 mmol, 1.2 

equiv), [Co(MeTAA)] (5 mol%), benzene (3 mL), 60 oC, overnight. b Isolated yields after column 

chromatography. 
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Table 3. Substrates scope bearing various functional group on aromatic ring.a 

 

Entry Substrates Products Yield (%)b 

1 

 (1i) 

 (2i) 

87 c 

2 

 (1j) 

 (2i) 

85 c 

3 

  (1k) 

 (2j) 

82 c 

4 
 (1l) 

 (2k) 

84 c 

5 
 (1m) 

 (2l) 

84 c 

6 

 (1n) 

     (2m) 

93 c 

7 

 (1o) 

 (2n) 

88 c 

8 
 (1p) 

 (2o) 

72 c 

9 

 (1q) (2p) 

70 

10 

(1s) (3) 

95 

a Reaction conditions: N-tosylhydrazone (1a−h) (0.2 mmol, 1.0 equiv), LiOtBu (0.24 mmol, 1.2 

equiv), CoMeTAA (5 mol%), benzene (3 mL), 60 oC, overnight. b Isolated yields after column 

chromatography. c Nearly 1:1 ratio of both isomers formed. 
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The substrate scope was further explored and broadened by investigating the effect 

of varying the substituents on the aromatic ring (Table 3). Substitution at the 5- or 

6- position of the aromatic ring does not affect the yield of the products 2i (Table 3, 

entries 1-2). Electron withdrawing substituents such as -F, -Cl, -CF3, and -NO2 are 

all effective, affording the corresponding indenes 2i-l in good to excellent yields 

(Table 3, entries 1−5). Reactions proceeded even better with neutral electron-

donating groups on the aromatic ring such as naphthyl (1n) and methyl (1o) groups 

producing the corresponding indenes 2m-n in excellent yields (Table 3, entries 

6−7). Substrates 1p-q bearing 5-methoxy and 4,5-dimethoxy substituents produced 

indenes 2o-p in a somewhat lower yield (~70%). 

For most of the asymmetrically substituted substrates shown in Table 3 (except entry 

10) both possible regio-isomers of products 2i-p are formed in a nearly 1:1 ratio. This 

points to allylic/benzylic double bond isomerization under the applied reaction 

conditions, as can be expected for 1H-indenes having rather acidic allylic/benzylic 

protons. Substitution at the allylic/benzylic position has also been investigated. 

Interestingly reacting N-tosylhydrazone 1s results in regio-selective formation of 

indene product 3 in high yield (Table 3, entry 10) with the double bond at the 

thermodynamically favored most substituted position.  

 

Scheme 1. Deuterium-labeling experiments showing complete scrambling of allylic 
and vinylic protons. 
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Full statistical (thermodynamically controlled) scrambling of the allylic and vinylic 

protons under the applied (alkaline) reaction conditions was confirmed by the 

deuterium-labeling experiments shown in Scheme 1. Starting either with a 

deuterium label at the azomethine position (1a-D) or at the vinylic position (1b-D) 

of the carbenoid precursor leads in both cases to a complete statistical distribution 

of the deuterium atoms over the allylic/benzylic and vinylic positions, as indicated 

by a 2:1 ratio of the -CDH- and =CD signals in the D-NMR spectra of deuterium-

labeled indene products 2a-D/2a’-D and 2b-D/2b’-D (Scheme 1).  

To shed more light on the catalytic reaction mechanism, we explored the mechanism 

computationally. Additionally we performed a set of trapping and control 

experiments, combined with EPR spectroscopic investigations.  

 

Scheme 2. Proposed Mechanism of [Co(MeTAA)] Catalyzed 1H-indene Synthesis (DFT-
D3 calculated (Turbomole, BP86, def2-TZVP, disp3) mechanism for [Co(MeTAA)] catalyzed 1H-

indene formation (free energies, ΔG298K°, in kcal mol−1). All energies, including the transition states, 
are reported with respect to species A as the reference point) 
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At first sight the reaction may seem to proceed via a direct carbene insertion into the 

vinylic C(sp2)-H bond. However, such reactions are unprecedented to the best of our 

knowledge, and [Rh2(OAc)4] (which is well-known for its reactivity in C-H bond 

functionalization by direct carbene insertion) is not active in 1H-indene formation 

(vide supra). In addition, attempts to find a transition state for this process for the 

[Co(MeTAA)] catalyst with DFT were unsuccessful, and the electronic structure of a 

CoIII-carbene radical in general (Figure 2) seems to be incompatible with any direct, 

concerted C-H insertion mechanism of the carbenoid. Hydrogen atom transfer from 

the vinylic C-H bond to the carbene radical followed by a radical rebound step could 

in principle be an alternative, but all attempts to optimize such a vinyl radical 

intermediate (D’ in Scheme 2) converged back to carbene radical C, thus indicating 

that the route via D’ is not a viable pathway. As such, a metalloradical pathway 

involving attack of the carbene radical at the vinylic double bond to form the cyclized 

γ-radical intermediate D seems to be the most plausible mechanism. This 

mechanism was fully explored for both the [Co(MeTAA)] and [Co(TPP)] catalysts 

with DFT-D3 at the BP86, def2-TZVP level, using Grimme’s version dispersion 

corrections (disp3). The selected computational method is in agreement with our 

previous studies involving Co(III)-carbene radicals as intermediates in catalytic 

cyclizations, and is known to provide accurate Co-C BDEs.42 

The computed mechanism for the [Co(MeTAA)] catalyst is presented in Scheme 2. 

The corresponding mechanism for the [Co(TPP)] catalyst and the associated energy 

diagrams of the reactions with both catalysts are shown in Figure 4. All steps have 

accessible barriers, and each step is exergonic.  

The first steps of the DFT computed reaction mechanism involve trapping and 

activation of the in situ generated diazo compound by the [Co(MeTAA)] catalyst 

(Scheme 2). Formation of the CoII-catalyst-diazo adduct B is exergonic (ΔG° = -11.6 

kcal mol-1), as is N2-elimination from B to produce the CoIII-carbene radical species 

C (ΔG° = -14.7 kcal mol-1). The transition state barrier for formation of C is low (TS1; 

ΔG⧧ = +7.4 kcal mol-1). These steps are similar to those reported previously in the 

mechanisms for 2H-chromene formation36 and cyclopropanation31 using CoII-

porphyrin catalysts. 

The next step involves addition of the carbene radical to the vinylic double bond 

producing the cyclized γ-radical intermediate D (ΔG° = -17.7 kcal mol-1) via 

transition state TS2 (barrier: ΔG⧧ = +18.9 kcal mol-1). This appears to be the rate 

limiting step of the catalytic cycle. Indene formation from D requires a low barrier 

1,2-hydrogen atom transfer (TS3; ΔG⧧ = +13.8 kcal mol-1), relocating the radical 

from the γ- to the β-position. The thus formed cobalt-bound β-radical species is so 
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unstable that it spontaneously dissociates in a barrierless manner to form indene 

product E. The overall process is strongly exergonic (ΔG° = -58.4 kcal mol-1). 

 

Figure 4. Energy Diagram for the computed mechanism for catalytic indene synthesis 
using [Co(MeTAA)] (black) and [Co(TPP)] (red). 

An alternative pathway for indene formation from D is possible, involving 

dissociation of the dearomatized (methide-like 2H-chromene) E’ from D, followed 

by 1,2 hydride shift (TS4) to produce the 1H-indene product E (Scheme 2). 

Dissociation of E’ from D involving homolytic splitting of the Co-C bond to produce 

starting complex A is endergonic by about +13 kcal mol-1 according to DFT (the 

reverse reaction is barrierless), but coordination of substrate 1a’ to A producing B 

makes the overall process virtually thermoneutral. Subsequent conversion of E’ to E 

has a low barrier transition state (TS4; ΔG⧧ = +10.4 kcal mol-1). The computed 

pathways for indene formation from D via E’ (ΔG⧧ = +12.7 kcal mol-1; determined by 

dissociation of E’ to form A) and the direct pathway over TS3 (ΔG⧧ = +13.8 kcal 

mol-1) have very similar overall barriers, and thus seem to be competing trails 

producing the same product. 
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Spin density plots of the key intermediates C and D are presented in Figure 5. Most 

spin density is ligand centered for both intermediates. For intermediate C the highest 

spin population is found on the carbenoid carbon atom, in agreement with a CoIII-

carbene radical electronic structure as presented in Figure 2. In intermediate D the 

largest spin population is found at the γ-position, with some delocalization over the 

adjacent phenyl moiety. Both structures have less than 10% spin population at 

cobalt, thus showing that radical-type elementary steps involving coordinated 

substrate radicals play a key role in the catalytic mechanism. 

 

Figure 5. (a) Spin density plots of the DFT-optimized CoIII-carbene radical species C 
(left) and cyclized γ-radical intermediate D (right).  

To obtain additional information about the mechanistic pathway we attempted to 

trap intermediates with radical scavengers. 43  In agreement with the above DFT 

calculations indicating that CoIII-carbene radical intermediate C is the catalytic 

resting state, these trapping experiments produced in all cases products stemming 

from species C (Scheme 3).  

Reacting substrate 1a with [Co(MeTAA)] in the presence of three equivalents of 

TEMPO under identical reaction conditions as used in catalytic indene synthesis led 

to formation of product 5 (Scheme 3). Compound 5 was isolated, purified by column 

chromatography and characterized by 1H, 13C and GCMS spectroscopy (see 

Supporting Information). The compound has a TEMPO moiety attached to the 

carbon stemming from the ‘carbene’, which is (over)oxidized to a carbonyl group. 

The use of dibenzoylperoxide as a radical-scavenger also led to trapping of carbene 

radical intermediate C, in this case leading to formation of product 7 (Scheme 3). No 

ring-closed intermediates could be trapped, consistent with TS2 being the rate 

limiting step in the DFT calculated mechanism with all follow-up steps after 

formation of D being fast (Scheme 1). Cold spray ESI-HRMS experiments of the 
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catalytic reaction mixture in absence of radical scavengers are in agreement with the 

presence of carbenenoid species C (Scheme 2). The detected mass m/z=576.1906 

(calc. m/z=576.1936) corresponds to [C+H]+ (C33H33CoN4O2), and can be attributed 

to protonated species C.  

 

Scheme 3. Radical scavenging experiments used to trap the CoIII-carbene radical 
intermediate. 

 
Figure 6. Isotropic X-band EPR spectrum of the PBN-trapped carbon-centered radical 
(T= 298 K; microwave frequency: 9.36607 GHz; power: 6.33 mW; modulation amplitude: 1.0 G). 
Reaction conditions: N-tosylhydrazone (0.2 mmol, 1.0 equiv), LiOtBu (0.24 mmol, 1.2 equiv), 
[Co(MeTAA)] (5 mol%), PBN (0.4 mmol, 2.0 equiv), benzene (3 mL), 60 0C, 30 min. 

Spin trapping experiments using phenyl N-tert-butylnitrone (PBN) as the spin trap 

support the proposed radical-type mechanism. Heating a mixture of 1a, 

[Co(MeTAA)], LiOtBu in the presence of PBN led to formation of PBN-trapped 

carbon-centered radicals as detected with EPR spectroscopy (Figure 6). The 
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resulting EPR signal (g = 2.0063, AN=14.4 G, AH=2.8 G) is strong and similar to other 

reported PBN-trapped carbon centered radicals.44 Heating the reaction mixture in 

absence of cobalt (i.e. non-catalytic conditions, in which case no indene formation 

occurs) also some PBN-trapped radicals were detectable, but different ones with 

weaker intensity (see supporting information).  

3. Summary and Conclusions  

Metalloradical activation of a series of o-cinnamyl-N-tosyl hydrazones produces a 

variety of functionalized 1H-indenes in high yields and with a broad functional group 

tolerance. The reaction uses readily available starting materials and is operationally 

simple, thus representing a practical method for the construction of substituted 1H-

indene derivatives. The cheap and easy to prepare low spin cobalt(II) complex 

[Co(MeTAA)] proved to be the most active catalyst among those investigated, 

showcasing for the first time catalytic activity of this complex in general. DFT studies 

reveal a stepwise process involving activation of the diazo compound leading 

formation of a CoIII-carbene radical, followed by a rate limiting radical ring-closure 

step to produce an indanyl-radical intermediate. Subsequent 1,2-hydrogen atom 

transfer leads to elimination of the 1H indene product and regenerates the CoII-

catalyst. The computed mechanism was supported by a series of radical-scavenging 

experiments. Deuterium labelling experiments further reveal statistical scrambling 

of the allylic/benzylic and vinylic protons under the applied reaction conditions. The 

metallo-radical catalyzed indene synthesis in this chapter represents a unique 

example of a net, formal (intramolecular) carbene insertion reaction into a vinylic 

C(sp2)-H bond, made possible by taking advantage of the distinctive and controlled 

reactivity of the key CoIII-carbene radical intermediates involved. 
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4. Experimental Section 

General Considerations: All manipulations were performed under a nitrogen atmosphere using 

standard Schlenk techniques. All solvents used for catalysis were dried over and distilled from sodium 

(toluene) or CaH2 (dichloromethane, hexane, ethyl acetate, methanol). The catalyst [CoII(MeTAA)] 

has been synthesized according to literature procedures. 45  All chemicals were purchased from 

commercial suppliers (either from Sigma-Aldrich or Fluorochem) and used without further 

purification. NMR spectra (1H and 13C) were measured on a Bruker AV400 (100 MHz for 13C). Unless 

noted otherwise, the NMR spectra were measured in CDCl3. Individual peaks are reported as: 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), integration, coupling 

constant in Hz. Mass spectra of the newly synthesized compounds were recorded on an Agilent-5973 

GC-MS spectrometer, and the corresponding HRMS data were recorded on a JEOL AccuTOF 4G via 

direct injection probe using CSI (Cold Spray Ionization). EPR spectra were recorded on a Bruker 

EMXplus spectrometer at room temperature (298 K).  

General Procedure for the synthesis of the aldehyde precursors: 46  The o-

bromobenzaldehyde (1.0 equiv.) was dissolved in toluene (2 mL/mmol aldehyde). Pd(OAc)2 (0.02 

equiv.), P(o-tol)3 (0.04 equiv.), the required Heck acceptor (1.5 equiv.) and Et3N (0.4 mL/mmol 

aldehyde) were added, and the reaction mixture was placed under an N2 atmosphere and heated to 

reflux (115°C, oil bath) for 40 h. The reaction was then cooled to RT, diluted with H2O and extracted 

with CH2Cl2. The organic phase was dried (MgSO4), filtered and concentrated, and the crude material 

was purified by flash chromatography. 

 

General Procedure for Synthesis of the N-tosylhydrazone substrates: 47  An equimolar 

mixture of corresponding aldehyde and N-tosyl hydrazide were placed in a round bottom flask and 

dissolved in methanol (2 mL/mmol). The reaction mixture was stirred overnight at room 

temperature. The white precipitate was collected by filtration, and washed with methanol and hexane 

to obtain the pure product.  

 

General Procedure for Synthesis of 1H-Indenes: Under a nitrogen atmosphere, the respective 

cinnamyl N-tosylhydrazone (1a−r) (0.2 mmol) was added to a flame-dried Schlenk tube. The tube 

was capped with a Teflon screw cap, evacuated, and backfilled with nitrogen. Base LiOtBu (1.2 equiv; 

0.22 mmol), [CoII(MeTAA)] catalyst (5 mol%) and benzene (anhydrous and degassed, 3 mL) were 

added inside the glove box. The Schlenk tube was then placed in an oil bath and heated to the desired 

temperature under nitrogen for a set period. After the reaction finished, the resulting mixture was 

concentrated and the residue was purified by flash chromatography (silica gel). 
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Characterization of N-tosylhydrazone substrates and 1H-indene products:  

(E)-Methyl3-(2-((E)-(2-tosylhydrazono)methyl)phenyl)acrylate (1a):  

Yield = 82%; 1H NMR (400 MHz, CDCl3): δ 8.17 (d, J = 15.8 Hz, 1H), 8.09 

(d, J = 8.3 Hz, 2H), 7.77 (dd, J = 7.8, 1.4 Hz, 1H), 7.42 (s, 1H), 7.36 (s, 1H), 

7.17 (dd, J = 7.8, 1.4 Hz, 1H), 7.05 (t, J = 8.1 Hz, 1H), 6.96 (t, J = 9.5 Hz, 3H), 

6.28 (d, J = 15.8 Hz, 1H), 3.65 (s, 3H), 1.97 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 167.11, 144.74, 

144.07, 141.55, 135.23, 133.56, 131.81, 130.06, 129.87, 129.57, 127.88, 127.17, 126.92, 126.70, 120.91, 

51.83, 21.48. 

(E)-Mthyl 3-(2-((E)-(2-tosylhydrazono)methyl)phenyl)acrylate (1b):  

Yield = 85%; 1H NMR (400 MHz, CDCl3): δ 8.20 (s, 1H), 8.12 (d, J = 15.8 

Hz, 1H), 7.90 (d, J = 8.1 Hz, 2H), 7.83 – 7.57 (m, 2H), 7.49 (dd, J = 5.3, 3.6 

Hz, 1H), 7.38 – 7.30 (m, 2H), 7.27 (d, J = 8.2 Hz, 2H), 6.30 (d, J = 15.8 Hz, 

1H), 4.27 (q, J = 7.0 Hz, 2H), 2.37 (s, 3H), 1.34 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 

166.85, 144.99, 143.95, 141.46, 135.33, 133.58, 131.94, 129.97, 129.81, 129.54, 127.88, 127.14, 121.25, 

60.82, 21.45, 21.18, 14.15. 

(E)-Butyl 3-(2-((E)-(2-tosylhydrazono)methyl)phenyl)acrylate (1c):  

Yield = 86%; 1H NMR (400 MHz, CDCl3): δ 8.98 (s, 1H), 8.22 (s, 1H), 

8.10 (d, J = 15.8 Hz, 1H), 7.91 (d, J = 8.3 Hz, 2H), 7.80 (dd, J = 6.1, 3.1 Hz, 

1H), 7.54 – 7.48 (m, 1H), 7.36 (dd, J = 5.7, 3.5 Hz, 2H), 7.29 (d, J = 8.3 Hz, 

2H), 4.22 (t, J = 6.7 Hz, 2H), 2.39 (s, 3H), 1.70 (p, J = 6.8 Hz, 2H), 1.43 (h, J = 7.4 Hz, 2H), 0.96 (t, J 

= 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 166.90, 144.71, 144.00, 141.19, 135.26, 133.60, 131.89, 

130.03, 129.84, 129.56, 127.89, 127.61, 127.12, 121.37, 64.74, 30.57, 21.47, 19.06, 13.63.  

(E)-tert-Butyl 3-(2-((E)-(2-tosylhydrazono)methyl)phenyl)acrylate (1d):  

Yield = 81%; 1H NMR (400 MHz, CDCl3): δ 8.85 (s, 1H), 8.19 (s, 1H), 7.99 

(d, J = 15.8 Hz, 1H), 7.91 (d, J = 8.3 Hz, 2H), 7.79 (dd, J = 5.7, 3.5 Hz, 1H), 

7.49 (dd, J = 5.6, 3.5 Hz, 1H), 7.36 (dd, J = 5.9, 3.4 Hz, 2H), 7.29 (d, J = 8.1 

Hz, 2H), 6.24 (d, J = 15.7 Hz, 1H), 2.39 (s, 3H), 1.55 (s, 9H); 13C NMR (100 MHz, CDCl3): δ 166.03, 

144.78, 144.01, 140.15, 135.23, 133.91, 131.70, 130.02, 129.58, 129.55, 127.90, 127.55, 127.19, 123.42, 

81.04, 28.05, 21.47. 

(E)-Phenyl 3-(2-((E)-(2-tosylhydrazono)methyl)phenyl)acrylate (1e):  

Yield = 89%; 1H NMR (400 MHz, CDCl3): δ 8.53 (s, 1H), 8.29 (d, J = 15.8 

Hz, 1H), 8.11 (s, 1H), 7.95 – 7.86 (m, 2H), 7.74 (dd, J = 5.8, 3.4 Hz, 1H), 7.59 

(dd, J = 5.7, 3.4 Hz, 1H), 7.42 (dd, J = 10.3, 5.2 Hz, 4H), 7.27 (d, J = 7.9 Hz, 

3H), 7.20 (d, J = 7.7 Hz, 2H), 6.51 (d, J = 15.8 Hz, 1H), 2.38 (s, 3H); 13C NMR (100 MHz, CDCl3): 

δ 165.04, 150.57, 144.86, 144.16, 143.40, 135.10, 133.39, 131.89, 130.15, 129.61, 129.37, 128.29, 127.89, 

127.43, 125.81, 121.49, 120.43, 21.47. 
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(E)-N'-(2-((E)-3-((Dimethylamino)oxy)-3-oxoprop-1-en-1-yl)benzylidene)-4-

methylbenzenesulfonohydrazide (1f):  

Yield = 76%; 1H NMR (400 MHz, CDCl3): δ 9.33 (s, 1H), 8.27 (s, 1H), 

7.88 (d, J = 8.4 Hz, 4H), 7.46 (dd, J = 5.8, 3.2 Hz, 1H), 7.36 (dd, J = 5.4, 

3.8 Hz, 2H), 7.28 (d, J = 8.0 Hz, 2H), 6.74 (d, J = 15.3 Hz, 1H), 3.17 (s, 

3H), 3.09 (s, 3H), 2.39 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 166.27, 144.21, 143.60, 138.70, 

135.75, 134.66, 132.11, 129.78, 129.43, 129.25, 127.76, 126.95, 126.63, 121.21, 37.43, 36.06, 21.43.  

(E)-N'-(2-((E)-2-Cyanovinyl)benzylidene)-4-methylbenzenesulfonohydrazide (1g):  

Yield = 80%; 1H NMR (400 MHz, CDCl3): δ 8.07 (s, 1H), 8.02 – 7.77 (m, 

4H), 7.62 – 7.52 (m, 1H), 7.51 – 7.38 (m, 4H), 7.28 (d, J = 0.9 Hz, 2H), 5.76 (d, 

J = 16.5 Hz, 1H), 2.46 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 148.86, 145.05, 

143.87, 135.66, 132.45, 131.90, 130.39, 129.70, 129.49, 127.75, 126.86, 117.89, 98.53, 21.48. 

(E)-4-Methyl-N'-(2-((E)-styryl)benzylidene)benzenesulfonohydrazide (1h):  

Yield = 92%; 1H NMR (400 MHz, CDCl3): δ 8.13 (s, 1H), 7.89 – 7.74 (m, 

3H), 7.71 (d, J = 7.9 Hz, 1H), 7.56 (dd, J = 13.0, 7.7 Hz, 4H), 7.44 – 7.29 (m, 

5H), 7.24 (d, J = 8.4 Hz, 2H), 6.92 (d, J = 16.1 Hz, 1H), 2.40 (s, 3H); 13C NMR 

(100 MHz, CDCl3): δ 146.92, 144.12, 137.26, 136.96, 135.10, 132.61, 130.23, 130.13, 129.55, 128.66, 

128.08, 127.98, 127.87, 127.46, 126.90, 126.70, 125.61, 21.47.  

(E)-Methyl 3-(4-fluoro-2-((E)-(2-tosylhydrazono)methyl)phenyl)acrylate (1i):  

Yield = 79%; 1H NMR (400 MHz, CDCl3): δ 8.26 (s, 1H), 8.09 (s, 1H), 

8.05 (d, J = 15.8 Hz, 1H), 7.91 (d, J = 8.1 Hz, 2H), 7.80 (dd, J = 8.8, 5.7 

Hz, 1H), 7.34 (d, J = 8.0 Hz, 2H), 7.24 – 7.17 (m, 1H), 7.10 (td, J = 8.3, 2.6 

Hz, 1H), 6.32 (d, J = 15.8 Hz, 1H), 3.86 (s, 3H), 2.43 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 167.04, 

144.32, 142.73, 142.70, 140.00, 135.04, 134.18, 134.10, 129.67, 129.29, 129.20, 127.88, 120.81, 117.69, 

117.47, 113.70, 113.47, 51.92, 21.51.   

(E)-Methyl-3-(5-fluoro-2-((E)-(2-tosylhydrazono)methyl)phenyl)acrylate (1j):  

Yield = 80%; 1H NMR (400 MHz, CDCl3): δ 8.19 (s, 1H), 8.09 (d, J = 

1.5 Hz, 1H), 7.99 (d, J = 15.7 Hz, 1H), 7.91 (d, J = 8.1 Hz, 2H), 7.53 (dd, J 

= 9.2, 3.8 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 7.11 (t, J = 8.3 Hz, 1H), 6.29 

(d, J = 15.7 Hz, 1H), 3.84 (s, 3H), 2.44 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 167.04, 144.32, 

142.73, 142.70, 140.00, 135.04, 134.18, 134.10, 129.67, 129.29, 129.20, 127.88, 120.81, 117.69, 117.47, 

113.70, 113.47, 51.92, 21.51.  

(E)-Methyl 3-(5-chloro-2-((E)-(2-tosylhydrazono)methyl)phenyl)acrylate (1k):  

Yield = 86%; 1H NMR (400 MHz, CDCl3): Yield = 86%;δ 8.18 (s, 1H), 

8.06 (s, 1H), 8.00 (d, J = 15.8 Hz, 1H), 7.92 (d, J = 8.0 Hz, 2H), 7.79 (d, 

J = 2.3 Hz, 1H), 7.47 (d, J = 8.4 Hz, 1H), 7.36 (d, J = 8.0 Hz, 3H), 6.32 

(d, J = 15.8 Hz, 1H), 3.85 (s, 3H), 2.44 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 166.90, 144.34, 
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142.73, 140.04, 136.15, 135.02, 133.26, 131.82, 130.16, 129.68, 128.46, 127.88, 127.20, 121.38, 51.95, 

21.52.  

(E)-Methyl 3-(2-((E)-(2-tosylhydrazono)methyl)-5-(trifluoromethyl)phenyl)acrylate 

(1l):  

Yield = 84%; 1H NMR (400 MHz, CDCl3): δ 8.24 (s, 1H), 8.08 (d, J 

= 17.1 Hz, 2H), 8.00 (s, 1H), 7.93 (d, J = 8.3 Hz, 2H), 7.63 (d, J = 1.2 

Hz, 2H), 7.36 (d, J = 8.1 Hz, 2H), 6.38 (d, J = 15.9 Hz, 1H), 3.87 (s, 3H), 

2.44 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 166.53, 144.50, 142.85, 140.05, 136.69, 134.88, 132.32, 

131.56, 129.69, 127.94, 124.71, 123.21, 52.03, 21.50.  

(E)-Methyl 3-(5-nitro-2-((E)-(2-tosylhydrazono)methyl)phenyl)acrylate (1m):  

Yield = 82%; 1H NMR (400 MHz, DMSO-d6): δ 11.85 (s, 1H), 8.39 

(d, J = 2.4 Hz, 1H), 8.30 (s, 1H), 8.18 (dd, J = 8.6, 2.4 Hz, 1H), 8.07 (d, 

J = 15.9 Hz, 1H), 7.99 (d, J = 8.6 Hz, 1H), 7.80 (d, J = 8.0 Hz, 2H), 7.41 

(d, J = 8.0 Hz, 2H), 6.67 (d, J = 15.8 Hz, 1H), 3.79 (s, 3H), 2.36 (s, 3H); 13C NMR (100 MHz, DMSO-

d6): δ 166.22, 148.33, 144.11, 143.51, 139.58, 139.06, 136.24, 133.61, 130.10, 129.98, 127.57, 124.60, 

124.23, 122.17, 52.23, 21.36.  

(E)-Methyl 3-(2-((E)-(2-tosylhydrazono)methyl)naphthalen-1-yl)acrylate (1n):  

Yield = 78%; 1H NMR (400 MHz, CDCl3): δ 8.23 (d, J = 16.1 Hz, 1H), 

8.18 (s, 1H), 8.14 (s, 1H), 8.05 (d, J = 8.8 Hz, 1H), 8.00 – 7.95 (m, 1H), 

7.93 (d, J = 8.3 Hz, 2H), 7.87 – 7.79 (m, 2H), 7.60 – 7.50 (m, 2H), 7.35 (d, 

J = 8.1 Hz, 2H), 6.09 (d, J = 16.1 Hz, 1H), 3.89 (s, 3H), 2.42 (s, 3H); 13C 

NMR (101 MHz, CDCl3): δ 166.35, 145.65, 144.09, 140.71, 135.31, 

133.74, 133.13, 130.96, 129.58, 129.47, 129.04, 128.91, 128.37, 127.92, 127.84, 127.56, 127.26, 127.00, 

124.98, 122.95, 52.02, 21.47.  

(E)-Methyl 3-(4-methyl-2-((E)-(2-tosylhydrazono)methyl)phenyl)acrylate (1o):  

Yield = 93%; 1H NMR (400 MHz, CDCl3): δ 8.21 (s, 1H), 8.14 – 8.06 

(m, 2H), 7.92 (d, J = 8.0 Hz, 2H), 7.69 (d, J = 8.0 Hz, 1H), 7.32 (d, J = 

8.0 Hz, 3H), 7.21 (d, J = 8.1 Hz, 1H), 6.31 (d, J = 15.9 Hz, 1H), 3.85 (s, 

3H), 2.42 (s, 3H), 2.38 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 167.20, 145.00, 144.01, 141.64, 

140.37, 135.24, 133.42, 130.88, 129.54, 129.20, 127.88, 127.82, 127.59, 120.62, 51.82, 21.47, 21.26.   

(E)-Methyl 3-(4-methoxy-2-((E)-(2-tosylhydrazono)methyl)phenyl)acrylate (1p):  

Yield = 89%; 1H NMR (400 MHz, CDCl3): δ 8.40 (s, 1H), 8.18 (s, 

1H), 8.01 (d, J = 15.7 Hz, 1H), 7.95 – 7.89 (m, 2H), 7.50 (d, J = 8.7 Hz, 

1H), 7.36 – 7.30 (m, 3H), 6.94 (dd, J = 8.7, 2.7 Hz, 1H), 6.25 (d, 15.7 

Hz, 1H), 3.88 (s, 3H), 3.83 (s, 3H), 2.42 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 167.57, 160.87, 

144.22, 144.10, 140.51, 135.21, 133.53, 129.56, 128.48, 127.88, 126.18, 118.36, 117.43, 110.57, 55.43, 

51.77, 21.47.  
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(E)-Methyl 3-(4,5-dimethoxy-2-((E)-(2-tosylhydrazono)methyl)phenyl)acrylate (1q): 

Yield = 88%; 1H NMR (400 MHz, CDCl3): δ 8.25 (s, 1H), 8.18 (s, 

1H), 7.99 (d, J = 15.7 Hz, 1H), 7.91 (d, J = 8.4 Hz, 2H), 7.40 – 7.30 (m, 

3H), 6.96 (s, 1H), 6.26 (d, J = 15.5 Hz, 1H), 3.96 (s, 3H), 3.93 (s, 3H), 

3.84 (s, 3H), 2.43 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 167.38, 

150.82, 150.77, 144.16, 144.08, 140.14, 135.26, 129.53, 127.89, 126.79, 125.88, 118.59, 108.26, 108.11, 

56.00, 55.85, 51.83, 21.48.  

(E)-Methyl 3-(2-((E)-(2-tosylhydrazono)methyl)phenyl)but-2-enoate (1r):  

Yield = 86%; 1H NMR (400 MHz, CDCl3): δ 8.24 (s, 1H), 7.95 – 7.82 (m, 

4H), 7.42 – 7.30 (m, 4H), 7.15 (dd, J = 7.1, 1.8 Hz, 1H), 5.70 (s, 1H), 4.22 (q, 

J = 7.1 Hz, 2H), 2.43 (s, 3H), 2.40 (s, 3H), 1.32 (t, J = 7.1 Hz, 3H); 13C NMR 

(100 MHz, CDCl3): δ 166.29, 155.31, 145.37, 143.98, 143.75, 135.37, 129.88, 

129.59, 129.53, 128.01, 127.81, 127.37, 126.44, 121.07, 60.19, 21.54, 21.49, 14.13. 

1a-D:  

Yield = 83%; 1H NMR (400 MHz, CDCl3): δ 8.58 (s, 1H), 8.12 (d, J = 15.8 

Hz, 1H), 7.92 (d, J = 8.3 Hz, 2H), 7.85 – 7.75 (m, 1H), 7.57 – 7.46 (m, 1H), 7.43 

– 7.34 (m, 2H), 7.32 (d, J = 8.1 Hz, 2H), 6.33 (d, J = 15.8 Hz, 1H), 3.85 (s, 3H), 

2.41 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 167.11, 144.15, 141.43, 135.18, 

133.57, 131.69, 130.14, 129.92, 129.61, 127.91, 127.76, 127.18, 121.00, 106.18, 106.17, 51.87, 21.50.  

1b-D:  

Yield = 88%; 1H NMR (400 MHz, CDCl3): δ 8.51 (d, J = 3.0 Hz, 1H), 8.16 

(d, J = 2.5 Hz, 1H), 8.10 (s, 1H), 7.92 (d, J = 7.9 Hz, 2H), 7.87 – 7.75 (m, 1H), 

7.59 – 7.47 (m, 1H), 7.39 (dt, J = 5.9, 3.9 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 

4.30 (d, J = 7.0 Hz, 2H), 2.42 (d, J = 3.2 Hz, 3H), 1.36 (t, J = 7.1 Hz, 3H); 13C 

NMR (100 MHz, CDCl3): δ 144.69, 144.22, 140.97, 135.11, 133.78, 131.53, 130.19, 129.77, 129.61, 

127.92, 127.87, 127.30, 60.74, 21.50, 14.19.   

Methyl 1H-indene-2-carboxylate (2a):  

Yield = 86%; 1H NMR (400 MHz, CDCl3): δ 7.75 (s, 1H), 7.54 (q, J = 4.7 

Hz, 2H), 7.42 – 7.31 (m, 2H), 3.98 – 3.79 (s, 3H), 3.71 (s, 2H); 13C NMR 

(100 MHz, CDCl3): δ 165.35, 144.67, 142.59, 141.12, 136.93, 127.47, 

126.76, 124.17, 123.29, 51.53, 38.25; HRMS (EI, m/z): Calculated for [M+] C11H10O2: 174.0681; 

found: 174.0671.  

Ethyl 1H-indene-2-carboxylate (2b):  

Yield = 78%; 1H NMR (400 MHz, CDCl3): δ 7.75 (s, 1H), 7.54 (dd, J = 

7.8, 3.9 Hz, 2H), 7.40 – 7.30 (m, 2H), 4.33 (q, J = 7.1 Hz, 2H), 3.72 (s, 2H), 

1.39 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 164.96, 144.68, 
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142.66, 140.85, 137.38, 127.38, 126.73, 124.15, 123.22, 60.31, 38.25, 14.29; HRMS (EI, m/z): 

Calculated for [M+] C12H12O2: 188.0837, found: 188.0834.  

n-Butyl 1H-indene-2-carboxylate (2c):  

Yield = 80%; 1H NMR (400 MHz, CDCl3): δ 7.79 – 7.70 (m, 1H), 7.54 (d, 

J = 3.3 Hz, 2H), 7.41 – 7.31 (m, 2H), 4.28 (t, J = 6.6 Hz, 2H), 3.71 (s, 2H), 

1.75 (dd, J = 8.5, 6.4 Hz, 2H), 1.55 – 1.42 (m, 2H), 1.01 (t, J = 7.4 Hz, 3H);  

13C NMR (100 MHz, CDCl3): δ 165.02, 144.68, 142.67, 140.79, 137.41, 127.36, 126.72, 124.14, 

123.21, 64.21, 38.25, 30.71, 19.18, 13.68, 0.92; HRMS (EI, m/z): Calculated for [M+] C14H16O2, 

216.1150, found: 216.1155.      

tert-Butyl 1H-indene-2-carboxylate (2d):  

Yield = 76%; 1H NMR (400 MHz, CDCl3): δ 7.64 (d, J = 2.1 Hz, 1H), 7.56 

– 7.45 (m, 2H), 7.34 (dd, J = 5.6, 3.1 Hz, 2H), 3.66 (d, J = 2.0 Hz, 2H), 1.59 

(s, 9H); 13C NMR (100 MHz, CDCl3): δ 164.39, 144.64, 142.82, 140.00, 

139.23, 127.10, 126.62, 124.08, 123.03, 105.97, 80.36, 38.27, 28.16. HRMS (EI, m/z): Calculated 

for [M+] C14H16O2: 216.1150, found: 216.1151. 

Phenyl 1H-indene-2-carboxylate (2e):  

Yield = 82%; 1H NMR (400 MHz, CDCl3): δ 7.99 (d, J = 2.0 Hz, 1H), 7.60 

(ddd, J = 9.6, 6.0, 2.8 Hz, 2H), 7.50 – 7.37 (m, 4H), 7.30 (d, J = 7.7 Hz, 1H), 

7.26 – 7.19 (m, 2H), 3.85 (d, J = 2.0 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 163.18, 150.70, 144.98, 

142.92, 142.43, 136.25, 129.34, 127.91, 126.92, 125.63, 124.28, 123.59, 121.60, 38.39. HRMS (EI, 

m/z): Calculated for [M+] C16H12O2: 236.0837, found: 236.0832.  

 N,N-Dimethyl-1H-indene-2-carboxamide (2f):  

Yield = 98%; 1H NMR (400 MHz, CDCl3): δ 7.51 (d, J = 7.0 Hz, 1H), 

7.46 (d, J = 7.2 Hz, 1H), 7.37 – 7.27 (m, 2H), 7.04 (s, 1H), 3.78 (s, 2H), 3.15 

(d, J = 13.5 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 167.99, 143.16, 

143.05, 140.63, 133.42, 126.59, 126.10, 123.82, 122.08, 40.48, 38.99, 35.37. HRMS (EI, m/z): 

Calculated for [M+] C12H13NO: 187.0997, found: 187.1005.   

 1H-Indene-2-carbonitrile (2g):  

Yield = 52%; 1H NMR (400 MHz, CDCl3): δ 7.64 (d, J = 2.2 Hz, 1H), 7.59 – 

7.48 (m, 2H), 7.47 – 7.33 (m, 2H), 3.72 (d, J = 2.0 Hz, 2H); 13C NMR (100 

MHz, CDCl3): δ 146.13, 142.99, 141.29, 128.27, 127.37, 124.00, 123.16, 116.99, 

114.09, 40.82; HRMS (EI, m/z): Calculated for [M+] C10H7N: 141.0578, found: 141.0578.   

2-Phenyl-1H-indene (2h):  

Yield = 85%; 1H NMR (400 MHz, CDCl3): δ 7.73 – 7.66 (m, 2H), 7.53 (d, J 

= 7.4 Hz, 1H), 7.45 (td, J = 7.6, 5.8 Hz, 3H), 7.37 – 7.31 (m, 2H), 7.29 (s, 1H), 

7.25 (td, J = 7.4, 1.2 Hz, 1H), 3.85 (d, J = 1.5 Hz, 2H); 13C NMR (100 MHz, 

CDCl3): δ 146.33, 145.28, 143.07, 135.90, 128.61, 128.58, 127.45, 126.55, 126.51, 126.44, 125.57, 
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125.49, 124.68, 123.60, 120.91, 38.91; HRMS (EI, m/z): Calculated for [M+] C15H12: 192.0939, 

found: 192.0936.     

Methyl 6-fluoro-1H-indene-2-carboxylate (2i):  

Yield = 87%; 1H NMR (400 MHz, CDCl3): δ 7.69 (d, J = 6.1 Hz, 1H), 7.46 (td, J = 8.8, 5.0 Hz, 1H), 

7.23 (ddd, J = 8.5, 5.9, 2.4 Hz, 1H), 7.12 – 7.00 (m, 1H), 3.87 (d, J = 3.4 

Hz, 3H), 3.70 (d, J = 2.0 Hz, 1H), 3.67 (s, 1H); 13C NMR (100 MHz, 

CDCl3): δ 165.02, 164.98, 164.14, 163.38, 161.68, 160.96, 146.96, 146.87, 

144.21, 144.12, 140.25, 140.23, 140.19, 139.93, 139.91, 139.11, 138.61, 138.58, 136.75, 136.71, 125.08, 

124.99, 124.24, 124.15, 114.57, 114.34, 114.28, 114.05, 111.92, 111.69, 110.07, 109.84, 51.65, 51.56, 

38.47, 38.44, 37.69; HRMS (EI, m/z): Calculated for [M+] C11H9FO2: 192.0587, found: 192.0593. 

Methyl 5-chloro-1H-indene-2-carboxylate (2j):   

Yield = 82%; 1H NMR (400 MHz, CDCl3): δ 7.68 (d, J = 10.6 Hz, 1H), 

7.52 (d, J = 2.0 Hz, 1H), 7.45 (dd, J = 8.1, 4.4 Hz, 1H), 7.33 (ddd, J = 8.0, 

4.5, 1.9 Hz, 1H), 3.87 (d, J = 1.8 Hz, 3H), 3.73 – 3.64 (m, 2H); 13C NMR 

(100 MHz, CDCl3): δ 165.00, 146.18, 144.16, 142.69, 141.04, 140.12, 

139.87, 138.71, 137.32, 133.70, 132.74, 127.41, 127.19, 125.12, 124.62, 124.02, 123.23, 51.68, 51.64, 

38.23, 37.93; HRMS (EI, m/z): Calculated for [M+] C11H9ClO2: 208.0291, found: 208.0294.     

 Methyl 5-(trifluoromethyl)-1H-indene-2-carboxylate (2k):  

Yield = 84%; 1H NMR (400 MHz, CDCl3): δ 7.89 – 7.71 (m, 2H), 7.63 

(d, J = 1.4 Hz, 2H), 3.89 (d, J = 1.0 Hz, 3H), 3.77 (d, J = 1.9 Hz, 2H); 13C 

NMR (100 MHz, CDCl3): δ 164.81, 164.75, 147.94, 145.76, 144.65, 142.99, 139.82, 139.72, 138.83, 

125.66, 124.43, 124.27- 124.03 (m, 1C), 123.30, 121.06, 121.03, 120.03, 119.99, 51.78, 51.75, 38.45, 

38.40; HRMS (EI, m/z): Calculated for [M+] C12H9F3O2: 242.0555, found: 242.0557.   

Methyl 5-nitro-1H-indene-2-carboxylate (2l):  

Yield = 84%; 1H NMR (400 MHz, CDCl3): δ 8.39 (s, 1H), 8.32 – 

8.24 (m, 1H), 7.82 – 7.74 (m, 1H), 7.67 (d, J = 8.4 Hz, 1H), 3.91 (dd, J 

= 2.3, 0.9 Hz, 3H), 3.87 – 3.81 (m, 2H); 13C NMR (100 MHz, CDCl3): δ 164.32, 150.92, 148.57, 

147.23, 145.04, 143.69, 142.47, 140.08, 139.23, 139.06, 124.64, 123.35, 122.97, 122.54, 119.48, 118.15, 

51.91, 38.79, 38.59; HRMS (EI, m/z): Calculated for [M+] C11H9NO4: 219.0532, found: 219.0536.     

Methyl 3H-cyclopenta α-naphthalene-2-carboxylate (2m):  

Yield = 93%; 1H NMR (400 MHz, CDCl3): δ 8.15 (d, J = 8.8 Hz, 1H), 7.99 

(d, J = 7.5 Hz, 1H), 7.91 (dd, J = 13.6, 7.8 Hz, 1H), 7.83 (dd, J = 14.9, 7.7 Hz, 

2H), 7.68 – 7.47 (m, 3H), 4.00 (d, J = 1.9 Hz, 1H), 3.92 (d, J = 4.3 Hz, 3H), 

3.84 (d, J = 2.0 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 165.22, 165.15, 

143.48, 142.53, 141.86, 139.96, 138.86, 138.77, 136.69, 136.37, 132.75, 132.47, 

129.77, 128.77, 128.46, 128.13, 127.79, 126.60, 126.47, 125.92, 125.47, 123.80, 123.33, 122.37, 121.24, 

51.56, 51.54, 39.51, 37.41; HRMS (EI, m/z): Calculated for [M+] C15H12O2: 224.0837, found: 

224.0837.   
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Methyl 5-methyl-1H-indene-2-carboxylate (2n):  

Yield = 88%; 1H NMR (400 MHz, CDCl3): δ 7.71 (d, J = 7.0 Hz, 1H), 

7.42 (t, J = 7.3 Hz, 1H), 7.35 (s, 1H), 7.18 (dd, J = 8.0, 3.8 Hz, 1H), 3.87 

(t, J = 1.3 Hz, 3H), 3.72 – 3.63 (m, 2H), 2.44 (d, J = 5.7 Hz, 3H); 13C 

NMR (100 MHz, CDCl3): δ 165.45, 145.09, 142.83, 141.80, 141.16, 139.99, 137.70, 137.06, 136.44, 

135.84, 128.47, 127.66, 124.97, 123.81, 122.95, 51.48, 38.01, 21.61, 21.26; HRMS (EI, m/z): 

Calculated for [M+] C12H12O2: 188.0837, found: 188.0837.  

Methyl 6-methoxy-1H-indene-2-carboxylate (2o):  

Yield = 72%; 1H NMR (400 MHz, CDCl3): δ 7.70 (d, J = 2.0 Hz, 1H), 

7.42 (dd, J = 10.8, 8.2 Hz, 1H), 7.14 – 7.03 (m, 1H), 6.98 – 6.86 (m, 

1H), 3.89 – 3.83 (m, 6H), 3.66 (dd, J = 12.5, 1.9 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 165.39, 

165.28, 160.02, 147.00, 143.82, 141.04, 138.13, 136.89, 135.63, 134.54, 124.66, 123.97, 114.27, 113.12, 

109.94, 107.92, 55.42, 51.53, 51.40, 38.30, 37.54; HRMS (EI, m/z): Calculated for [M+] C12H12O3: 

204.0786, found: 204.0792.     

Methyl 5,6-dimethoxy-1H-indene-2-carboxylate (2p):  

Yield = 70%; 1H NMR (400 MHz, CDCl3): δ 7.70 – 7.63 (m, 1H), 

7.08 (s, 1H), 7.04 (s, 1H), 3.95 (s, 3H), 3.93 (s, 3H), 3.84 (s, 3H), 3.64 

(d, J = 1.1 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 165.25, 149.64, 

148.57, 141.36, 138.19, 135.12, 107.42, 105.83, 56.01, 51.38, 38.26; HRMS (EI, m/z): Calculated for 

[M+] C13H14O4: 234.0892, found: 234.0897.  

Ethyl 3-methyl-1H-indene-2-carboxylate (3):  

Yield = 95%; 1H NMR (400 MHz, CDCl3): δ 7.52 (dddd, J = 8.5, 5.3, 2.8, 

0.8 Hz, 2H), 7.42 – 7.33 (m, 2H), 4.33 (q, J = 7.1 Hz, 2H), 3.69 (d, J = 2.5 Hz, 

2H), 2.58 (t, J = 2.4 Hz, 3H), 1.40 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, 

CDCl3): δ 165.90, 151.20, 145.21, 143.38, 129.74, 127.49, 126.44, 123.84, 120.98, 106.12, 59.83, 38.67, 

14.34, 12.32; HRMS (EI, m/z): Calculated for [M+] C13H14O2: 202.0994, found: 202.0977.    

Methyl 1H, 1D-indene-2-carboxylate (2a-D):  

Yield = 88%; 1H NMR (400 MHz, CDCl3): δ 7.76 (s, 1H), 7.54 (q, J = 4.6 

Hz, 2H), 7.36 (dd, J = 5.4, 3.2 Hz, 2H), 3.87 (s, 3H), 3.71 (s, 1H); 13C NMR 

(100 MHz, CDCl3): δ 165.35, 144.67, 142.59, 141.19, 141.12, 136.93, 127.47, 

126.76, 124.17, 123.28, 51.53, 38.26; 2H NMR (60 MHz, CDCl3): δ 7.54, 3.46; HRMS (EI, m/z): 

Calculated for [M+] C11H9DO2: 175.0744, found: 175.0762. 

Ethyl 1H, 1D-indene-2-carboxylate (2b-D):  

Yield = 85%; 1H NMR (400 MHz, CDCl3): δ 7.88 – 7.63 (m, 1H), 7.62 – 

7.46 (m, 2H), 7.43 – 7.30 (m, 2H), 4.33 (q, J = 7.1 Hz, 2H), 3.71 (s, 1H), 

1.39 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 164.97, 144.68, 

142.66, 140.85, 137.38, 127.38, 126.73, 124.15, 123.22, 60.31, 38.25, 14.28; 



CoIII-Carbene Radical Approach to Substituted 1H-Indenes 

 

159 

2H NMR (60 MHz, CHCl3): δ 8.24, 4.16; HRMS (EI, m/z): Calculated for [M+] C12H11DO2: 

189.0900, found: 189.0924.  

Synthetic procedure for compound 5 and 7: Under a nitrogen atmosphere, cinnamyl N-

tosylhydrazone (1a-b) (0.1 mmol) and TEMPO/DBP (0.2 mmol) were added to a flame-dried Schlenk 

tube. The tube was capped with a Teflon screw cap, evacuated, and backfilled with nitrogen. Base 

LiOtBu (1.2 equiv; 0.12 mmol), [CoII(MeTAA)] catalyst (5 mol %) and and benzene (anhydrous and 

degassed, 2 mL) were added inside the glove box. The Schlenk tube was then placed in an oil bath and 

heated to the desired temperature under nitrogen for a set period. After the reaction finished, the 

resulting mixture was concentrated and the residue was purified by flash chromatography (silica gel). 

(E)-2,2,6,6-Tetramethylpiperidin-1-yl-2-(3-ethoxy-3-oxoprop-1-en-1-yl)benzoate (5):  

Yield = 14%; 1H NMR (400 MHz, CDCl3):  δ 8.44 (d, J = 15.9 Hz, 1H), 

7.98 (dd, J = 7.8, 1.4 Hz, 1H), 7.66 (d, J = 7.6 Hz, 1H), 7.61 – 7.54 (m, 1H), 

7.48 (td, J = 7.6, 1.4 Hz, 1H), 6.35 (d, J = 15.9 Hz, 1H), 3.81 (s, 3H), 1.86 – 

1.62 (m, 5H), 1.48 (dd, J = 7.8, 5.2 Hz, 1H), 1.27 (s, 6H), 1.18 (s, 6H); 13C 

NMR (100 MHz, CDCl3): δ 166.74, 166.70, 143.50, 136.14, 132.04, 130.01, 

129.72, 129.30, 127.79, 120.78, 60.33, 51.59, 39.09, 31.88, 20.84, 16.88; 

HRMS (GC, m/z): Calculated for [M+] C20H27NO4: 345.1940, found: 345.  

(E)-2-(3-ethoxy-3-oxoprop-1-en-1-yl)benzyl benzoate (7):  

Yield = 08%; 1H NMR (400 MHz, CDCl3): δ 8.13 (d, J = 15.8 Hz, 1H), 8.10 

– 8.03 (m, 2H), 7.69 – 7.63 (m, 1H), 7.61 – 7.52 (m, 2H), 7.48 – 7.38 (m, 4H), 

6.45 (d, J = 15.8 Hz, 1H), 5.53 (s, 2H), 3.82 (s, 3H); 13C NMR (100 MHz, 

CDCl3): δ 166.90, 166.06, 141.27, 134.73, 133.87, 133.02, 130.03, 129.99, 

129.74, 129.61, 128.87, 128.29, 126.82, 120.33, 64.26, 51.68, 29.60; HRMS 

(GC, m/z): Calculated for [M+] C18H16O4: 296.1049, found: 296. 

 

Computational Section: Geometry optimizations were carried out with the Turbomole program 

package48 coupled to the PQS Baker optimizer49 via the BOpt package.50 We used unrestricted ri-

DFT-D3 calculations at the BP86 level,51 in combination with the def2-TZVP basis set,52 and a small 

(m4) grid size. Grimme’s dispersion corrections53 (version 3, disp3, ‘zero damping’) were used to 

include Van der Waals interactions. All minima (no imaginary frequencies) and transition states (one 

imaginary frequency) were characterized by calculating the Hessian matrix. ZPE and gas-phase 

thermal corrections (entropy and enthalpy, 298 K, 1 bar) from these analyses were calculated. The 

nature of the transition states was confirmed by following the intrinsic reaction coordinate. The 

relative (free) energies obtained from these calculations and the energy diagram are reported in 

Figure 4 and Table 4.  
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Table 4 – Energies of the optimized geometries 

SPECIES <S2> SCF (au) 
ZPE 
(au) 

SCF+ZPE 
(au) 

ENTHALP
Y (au) 

FREE 
ENERGY 

(298) (au) 

FREE 
ENERGY 

(298) (kcal) 

N2 0.00 
-

109.58042 
0.0053

5 
-109.5751 -109.57176 -109.5935 -68770.96 

CoTPP 0.76 -3296.5797 
0.5805

9 
-3295.999 -3295.96046 -3296.07171 -2068316.21 

CoMeTAA 0.76 -2454.2354 
0.3850

8 
-2453.85 -2453.82584 -2453.89959 -1539845.23 

Diazo compound 0.00 -685.41364 0.18475 -685.2289 -685.21353 -685.2717 -430014.48 

Indene 0.00 -575.91128 0.17761 -575.7337 -575.72146 -575.77127 -361301.92 

Non-Aromatic 
Indene (E’) 

0.00 
-

575.86602 
0.17639 -575.6896 -575.6773 -575.728 -361274.77 

Indene H-shift 
non-aromatic to 

aromatic TS (TS4) 
0.00 -575.84726 0.17323 -575.674 -575.662 -575.71148 -361264.41 

CoMeTAA diazo 
(B) 

0.76 -3139.6934 0.5717 -3139.122 -3139.08156 -3139.1897 -1969871.26 

CoMeTAA N2 loss 
from diazo TS 

(TS1) 
0.77 -3139.6801 0.5695 -3139.111 -3139.07098 -3139.17783 -1969863.81 

CoMeTAA 
carbene complex 

(C) 
0.76 -3030.1157 

0.5625
8 

-3029.553 -3029.51546 -3029.61968 -1901115.04 

CoMeTAA 
carbene cyclization 

TS (TS2) 
0.76 

-
3030.0842 

0.5597 -3029.524 -3029.48723 -3029.58951 -1901096.10 

CoMeTAA gamma 
radical after 

cyclization (D) 
0.77 -3030.1473 

0.5641
4 

-3029.583 -3029.54643 -3029.64788 -1901132.73 

CoMeTAA H-shift 
gamma radical to 

beta radical TS 
(TS3) 

0.76 -3030.1199 
0.5596

5 
-3029.56 -3029.52312 -3029.62584 -1901118.90 

CoTPP diazo (B) 0.76 -3982.042 0.76761 -3981.274 -3981.21985 -3981.36368 -2498343.41 

CoTPP N2 loss 
from diazo TS 

(TS1) 
0.77 -3982.024 

0.7658
3 

-3981.258 -3981.20443 -3981.34485 -2498331.59 

CoTPP carbene 
complex (C) 

0.76 -3872.459 0.7575 -3871.702 -3871.64982 -3871.78967 -2429584.68 

CoTPP carbene 
cyclization TS 

(TS2) 
0.76 -3872.428 0.75457 -3871.673 -3871.6221 -3871.75805 -2429564.84 

CoTPP gamma 
radical after 

cyclization (D) 
0.80 -3872.493 0.7583 -3871.734 -3871.68277 -3871.82132 -2429604.54 

CoTPP H-shift 
gamma radical to 

beta radical TS 
(TS3) 

0.76 -3872.477 0.75557 -3871.722 -3871.67103 -3871.80674 -2429595.39 
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ummary 

Modern catalysis research tries to address issues such as material scarcity, 

sustainability or process costs. One solution is to replace expensive and scarce noble 

metal catalysts based on palladium, platinum, rhodium or iridium with much 

cheaper and abundant base metal catalysts that use iron, nickel or cobalt. 

Additionally, and perhaps even more importantly, research in this field can lead to 

fascinating new reactivities, taking advantage of the preferred one-electron reactivity 

of first-row transition metals in marked contrast to the common two-electron 

reactivity of noble metal catalyst.  

 

Figure 1. Formation of CoIII-carbene radicals upon reacting planar, low-spin cobalt(II) 
complexes with carbene precursors. 
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This thesis describes research aimed at understanding and exploiting metallo-

radical reactivity and explores reactions mediated by square planar, low-spin 

cobalt(II) metallo-radical complexes. A primary goal was to uncover novel reactivity 

of discrete cobalt(III)-bound carbene radicals generated upon reaction of the 

cobalt(II) catalysts with carbene precursors (Figure 1). Another important goal was 

to replace cobalt(II)-porphyrin catalysts with cheaper and easier to prepare metallo-

radical analogs. Therefore the catalytic activity of planar, low-spin cobalt(II) 

complexes (Figure 2) based on the dibenzotetraaza[14]annulene (MeTAA) ligand 

scaffold was investigated. Besides the easier synthetic procedure, these complexes 

are also more active in catalysis than the corresponding cobalt(II)-porphyrins in a 

variety of ‘carbene transfer’ reactions, such as cyclopropanation, ketene or indene 

synthesis. 

 
Figure 2. Cobalt(II) dibenzotetraaza[14]annulene developed catalysts. 

Chapter 2 describes a new protocol for the catalytic synthesis of cyclopropanes 

using electron-deficient alkenes using affordable, easy to synthesize and highly 

active substituted cobalt(II) tetraaza[14]annulenes (Figure 2). These cobalt(II) 

catalysts are compatible with the use of both diazo compounds and sodium 

tosylhydrazone salts in one-pot catalytic transformations, affording the desired 

cyclopropanes in almost quantitative yields. The reaction is practical and fast, and 

proceeds from readily available starting materials. It does not require slow addition 

of diazo reagents or tosylhydrazone salts nor heating, and tolerates many solvents 

including protic ones such as MeOH. This not only makes the synthetic protocol 

safer, but also substantially expands the substrate scope of carbene transfer reactions 

in general.  

Fast and selective carbene transfer reactions are achieved by taking advantage of the 

radical mechanism involving discrete cobalt(III)-carbene radical species (Figure 3), 

with unwanted carbene-carbene dimerization and 1,3-dipolar addition reactions 

between the electron deficient alkene and the diazo reagent being almost completely 

suppressed. The catalytic system is robust and can operate with either the alkene or 

the diazo reagent as limiting reagent, totally inhibiting the dimerization of diazo 
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compounds. The protocol has been successfully applied to synthesize a variety of 

substituted cyclopropanes (Figure 4). High yields and selectivities were achieved for 

various substrates, with an intrinsic preference for trans-cyclopropanes. 

 

Figure 3. Cyclopropanation of electron deficient alkene with diazo-compounds or 
tosylhydrazone salts using [Co(MeTAA)] as a catalyst. 

 

Figure 4. Prepared substituted cyclopropanes presented in this thesis 

Chapter 3 describes a detailed kinetic and DFT mechanistic study of these 

cyclopropanation reactions, aiming at understanding both the superior activity and 

higher sensitivity of [Co(MeTAA)]-type catalysts compared to cobalt(II)-porphyrins. 

The intermediacy of cobalt(III)-carbene radicals was demonstrated using a 

combination of kinetic studies, experimental (EPR) spin-trapping experiments and 

supporting DFT studies. Reaction progress was monitored in real time, by observing 
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N2 formation and measuring its partial pressure under isothermal conditions. 

Reaction progress kinetic analysis (RPKA) was used to analyse the experimental data 

to determine the rate law and to identify catalyst deactivation processes by probing 

the reaction at synthetically relevant conditions, at concentrations similar to the ones 

used in practice. Therefore, more representative results of reaction behaviour are 

obtained using this approach when compared to traditional kinetic studies using the 

initial rate approach.  Results showed that the reaction is first order in both [catalyst] 

and [EDA], and zero order in [methyl acrylate], in agreement with the DFT-

calculated mechanism (Figure 5). Moreover, a 1st order catalyst deactivation process 

was detected, which is much slower than the catalytic reaction steps, but does lead 

to catalyst decomposition over time during catalysis. 

 

Figure 5. Mechanism of the cyclopropanation of methyl acrylate and ethyl 
diazoacetate catalysed by [Co(MeTAA)]. 

The DFT calculated activation parameters corresponding to the rate determining 

step of the reaction (ΔG‡, ΔH‡ and ΔS‡) are in agreement with the experimental 

values derived from Eyring-analysis of temperature dependent kinetic 

measurements, thus providing strong support to the proposed metallo-radical 

mechanism. 
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Chapter 4 reports an efficient one-pot tandem protocol involving CoII-porphyrin 

metalloradical catalysed carbonylation of α-diazocarbonyl compounds and a variety 

of N-tosylhydrazones leading to formation of ketenes, which subsequently react with 

a variety of nucleophiles and imines to form esters, amides and β-lactams (Figure 6). 

This system has a broad substrate scope and can be applied to various combinations 

of carbene precursors, nucleophiles and imines. The use of N-tosylhydrazones as 

precursors of diazo compounds in cobalt-porphyrin-based carbene transfer 

reactions represents an efficient and convenient way to prepare the key carbene 

radical intermediates responsive for ketene formation. The mechanism of the 

carbene carbonylation reactions was further investigated by IR spectroscopy and 

computationally using DFT. 

 

Figure 6. CoII-porphyrin metalloradical catalysed carbonylation of α-diazocarbonyl 
compounds.  

This straightforward methodology has a broad substrate scope and can be applied 

for various combinations of diazo compounds and nucleophiles or imines. The 

[CoII(Por)]-catalysed carbonylation process offers an efficient way for the 

homologation of ketones and aldehydes, via tosylhydrazone salts and also provides 

a diastereoselective method for the transformation of aldehydes to β-lactam 

derivatives.  

Chapter 5 expands the scope of the studies in chapter 4 by taking advantage of the 

outstanding activity of [Co(MeTAA)] to activate diazo compounds, thus forming 

more reactive carbene radicals intermediates ready to react with carbon monoxide 

to afford ketenes (Figure 7). 
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Figure 7. [Co(MeTAA)]-catalysed homologation of aldehydes. 

 

 

Figure 8. Prepared beta-lactams, amide and esters via the carbonylation of carbene 
radicals intermediates formed using both [Co(MeTAA)] and [Co(TPP)]. 
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The cheap and highly active [Co(MeTAA)] catalyst proved to be compatible with 

several different reaction conditions, including dual cascade catalysis, tolerating 

many functional groups, coordinating additives and high reaction temperatures. The 

protocol presented in this paper provides a reliable method to produce ketenes in a 

single pot starting from tosylhydrazone salts and carbon monoxide. The reactions 

proceed via formation of carbene radical intermediates which react with CO to form 

ketenes. The intrinsic reactivity of ketenes requires in situ trapping of these reactive 

intermediates with amines, alcohols or imines to obtain useful organic building 

blocks. The substrate scope has been explored, showing that this method can be 

applied to several different substrates bearing a variety of substituents (Figure 8). 

In the final Chapter 6 we describe the use of cobalt(II)-metalloradical catalysts in 

ring-closure of o-cinnamyl-N-tosyl hydrazones to 1H-indenes. Also these reactions 

take advantage of the intrinsic reactivity of the unconventional cobalt(III)-carbene 

radical intermediates. The reaction uses readily available starting materials and is 

operationally simple, thus representing a practical method for the construction of 

functionalized 1H-indene derivatives. As was observed for the cyclopropanation 

reactions described in Chapter 2, the cheap and easy to prepare low-spin cobalt(II) 

complex [CoII(MeTAA)] (MeTAA = tetramethyltetraaza[14]annulene) proved to be 

the most active catalyst among those investigated. The metallo-radical catalyzed 

indene synthesis in this chapter represents a unique example of a net (formal) 

intramolecular carbene insertion reaction into a vinylic C(sp2)H bond, made 

possible by a controlled radical ring-closure process of the carbene radical 

intermediate involved (Figure 9).  

 
Figure 9. Indene synthesis via [Co(MeTAA)] coordinated carbene radical 

intermediates.  

The methodology has been successfully applied to a broad range of substrates, 

producing 1H-indenes in good to excellent yields (Figure 10). The mechanism was 

investigated computationally and the results were supported by a series of radical-

scavenging experiments. DFT calculations reveal a stepwise process involving 

activation of the diazo compound leading to formation of a CoIII-carbene radical, 

followed by radical ring-closure to produce an indanyl/benzyl radical intermediate. 
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Subsequent indene product elimination involving a 1,2-hydrogen transfer step 

regenerates the catalyst.  

Trapping experiments using 2,2,6,6-tetra-methylpiperidine-1-oxyl (TEMPO) radical 

or dibenzoylperoxide (DBPO) confirm the involvement of cobalt(III) carbene radical 

intermediates. Deuterium labelling experiments show statistical scrambling of the 

allylic/benzylic and vinylic protons under the applied reaction conditions. EPR 

spectroscopic spin-trapping experiments using phenyl N-tert-butylnitrone (PBN) 

reveal the radical nature of the reaction. 

 

Figure 10. Prepared substituted indenes from tosylhydrazone salts via a controlled 
radical ring-closing process 

Combined, the work described in this thesis shows that, like in enzymes, controlled 

metal-catalysed reactions proceeding via radical-type pathways are certainly 

possible using well-defined metallo-radical complexes of cobalt(II). Generating 

‘carbene-radicals’ upon activation of carbene precursors with these catalysis leads to 

fascinating new reactivities, taking advantage of the preferred one-electron reactivity 

of cobalt. The intrinsic reactivity of these species can be controlled by changing the 

ligand, and the reactions lead to interesting products such as cyclopropanes, ketenes 

and indenes. Future studies in this direction are expected to uncover many more 

exciting and novel controlled radical-type pathways, not only of synthetic use but 

also of academic interest.    
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amenvatting 

Onderzoek in de katalyse richt zich op diverse problemen, zoals klimaatverandering, 

hoge proceskosten en de schaarste van bepaalde elementen. Een belangrijk 

speerpunt van modern katalyseonderzoek is het vervangen van zeldzame en 

daardoor dure edelmetalen (bijv. palladium, platinum, rhodium, iridium) door de 

veelvuldig voorkomende en daardoor goedkopere 1e rij d-blok metalen, zoals ijzer, 

nikkel en kobalt. Naast het behalen van economisch voordeel kan dergelijk 

onderzoek ook leiden tot de ontdekking van fascinerende nieuwe reactiviteit, omdat 

1e rij-overgangsmetalen vaak een voorkeur vertonen voor reacties waarbij het metaal 

één elektron wint of verliest, in tegenstelling tot de voorkeur van de meeste 

edelmetalen voor reacties waarbij het metaal twee elektronen wint of verliest.  

 
Figuur 1. Vorming van een CoIII-carbeenradicaal als gevolg van reactie van een vlak, 

low-spin kobalt(II) complex met een carbeenprecursor. 
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Dit proefschrift beschrijft onderzoek wat gericht is op het begrijpen en toepassen van 

de reactiviteit van metalloradicalen, evenals op het verkennen van de katalytische 

activiteit van vlakvierkante, low-spin kobalt(II) metalloradicaal complexen. Een van 

de voornaamste doelen was het ontdekken van nieuwe reactiviteit van kobalt(III)-

gebonden carbeenradicalen die gevormd zijn als gevolg van reactie van een 

kobalt(II)-complex met een carbeenprecursor (Figuur 1). Een ander belangrijk doel 

was het vervangen van kobalt(II)-porfyrine katalysatoren door goedkopere en 

eenvoudiger te synthetiseren metalloradicaal analogen. Om deze reden is de 

katalytische activiteit onderzocht van vlakke complexen waarin low-spin kobalt(II) 

(Figuur 2) gecoördineerd is aan het dibenzotetraaza[14]annulene (MeTAA) ligand. 

Behalve de gemakkelijkere synthese, vertonen deze complexen ook een hogere 

katalytische activiteit ten opzichte van kobalt(II)-porfyrines in verscheidene 

‘carbeen overdracht’ reacties, zoals cyclopropanatie en de synthese van ketenen en 

indeen derivaten. 

 
Figuur 2. De ontwikkelde kobalt(II) dibenzotetraaza[14]annulene katalysatoren. 

Hoofdstuk 2 beschrijft een nieuw protocol voor de synthese van cyclopropanen 

vanuit elektronarme alkenen, gekatalyseerd door betaalbare, gemakkelijk te 

synthetiseren en zeer actieve gefunctionalizeerde kobalt(II) tetraaza[14]annuleen  

complexen (Figuur 2). Deze kobalt(II) katalysatoren zijn verenigbaar met het 

gebruik van diazoverbindingen als ook natriumzouten van tosylhydrazonen in 

zogeheten ‘one-pot’ katalytische transformaties, waarbij de gewenste cyclopropanen 

in nagenoeg kwantitatieve opbrengst worden verkregen. De reactie is zowel praktisch 

als snel, en gaat uit van makkelijk te verkrijgen startmaterialen. Het vereist 

verhitting noch langzame toevoeging van de diazoverbinding of het tosylhydrazon 

zout, en tolereert het gebruik van verscheidene oplosmiddelen, inclusief protische 

zoals methanol. Dit maakt de procedure niet alleen veiliger, maar vergroot ook 

aanzienlijk de mogelijkheden wat betreft het gebruik van verschillende substraten in 

carbeen-overdrachtsreacties in het algemeen. 
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Figuur 3. [Co(MeTAA)]-gekatalyseerde cyclopropanatie van elektronarme alkenen 
met diazoverbindingen of zouten van tosylhydrazonen. 

Snelle en selectieve overdracht van carbenen kan bereikt worden door gebruik te 

maken van kobalt(III)-carbeenradicaal complexen (Figuur 3), waarbij het 

radicaalmechanisme ongewenste carbeen-carbeen dimerisatie en 1,3-dipolaire 

additie tussen het elektronarme alkeen en de diazoverbinding bijna volledig 

voorkomt. Het katalytische system is bovendien robuust en zowel het alkeen als de 

diazoverbinding kunnen dienen als limiterende reagentia, waardoor dimerisatie van 

de diazoverbinding volledig geremd kan worden. Het protocol is succesvol toegepast 

op de synthese van diverse gesubstitueerde cyclopropanen (Figuur 4). Deze werden 

verkregen in hoge opbrengsten en met hoge selectiviteit, met een intrinsieke 

voorkeur voor trans-cyclopropanen. 

 

Figuur 4. Gesubstitueerde cyclopropanen beschreven in dit proefschrift 
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Hoofdstuk 3 beschrijft een gedetailleerde studie van de kinetiek en het 

mechanisme van deze cyclopropanatie-reacties, gericht op het begrijpen van de 

superieure activiteit (en hogere gevoeligheid t.a.v. decompositie) van de 

[Co(MeTAA)]-type katalysatoren in vergelijking met kobalt(II)-porfyrines. De 

participatie van kobalt(III)-carbeenradicalen in het mechanisme is aangetoond met 

een combinatie van kinetische studies, EPR experimenten in aanwezigheid van een 

‘radicaalvanger’, en ondersteunende DFT (dichtheidsfunctionaaltheorie) 

berekeningen. De voortgang van de reactie is gevolgd in realtime door de vorming 

van N2(g) te observeren en de bijbehorende partiële druk te meten onder isotherme 

condities. Een zogeheten reaction progress kinetic analysis (RPKA) is gebruikt om 

de snelheidswet te bepalen en om eventuele deactivatie van de katalysator te kunnen 

detecteren, door de reactie te onderzoeken onder operando condities met identieke 

of vergelijkbare concentraties als die gebruikt zijn bij de katalytische experimenten 

beschreven in hoofdstuk 3. 

 
Figuur 5. Mechanisme van de cyclopropanatie van methyl acrylaat en ethyl 

diazoacetaat, gekatalyseerd door [Co(MeTAA)]. 

Een dergelijke analyse levert kinetische data op die het karakter van de katalytische 

reactie beter representeren dan traditionele kinetiek-metingen gebaseerd op enkel 

de initiële reactiesnelheden. De cyclopropanatie bleek eerste-orde te zijn in zowel de 

concentratie van de katalysator als in de concentratie  van ethyl diazoacetaat, en 

nulde-orde in de concentratie van methyl acrylaat, in overeenstemming met 
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computersimulaties van het mechanisme (Figuur 5). Daarnaast werd een eerste-orde 

deactivering van de katalysator waargenomen, maar de decompositie van de 

katalysator onder katalytische condities is aanzienlijk langzamer dan de katalytische 

reactiestappen zelf.  

De met DFT berekende activatieparameters (ΔG‡, ΔH‡ en ΔS‡) behorende bij de 

snelheidsbepalende stap zijn in overeenstemming met de experimentele waarden die 

volgen uit een Eyring-analyse van temperatuursafhankelijke kinetische metingen, en 

ondersteunen dus het veronderstelde metalloradicaal mechanisme. 

Hoofdstuk 4 beschrijft een efficiënt one-pot tandem protocol waarin CoII-porfyrine 

metalloradicalen de carbonylatie van α-diazocarbonyl verbindingen en verscheidene 

N-tosylhydrazonen katalyseren, resulterend in de vorming van ketenen die 

vervolgens kunnen reageren met een variëteit aan nucleofielen en imines, om 

uiteindelijk esters, amides en β-lactams te verkrijgen (Figuur 6). Ook dit systeem is 

toepasbaar op een breed scala van substraten en kan gebruikt worden om diverse 

combinaties van carbeenprecursors, nucleofielen en imines met elkaar te laten 

reageren. Het gebruik van N-tosylhydrazonen als precursors voor diazoverbindingen 

in kobalt-porfyrine-gekatalyseerde carbeenoverdrachtsreacties dient als een 

efficiënte en praktische manier om de carbeenradicaal intermediairen te verkrijgen 

die verantwoordelijk zijn voor de vorming van ketenen. Het mechanisme van de 

carbonylatie reacties is verder onderzocht met IR spectroscopie en DFT.  

 

Figuur 6. Carbonylatie van α-diazocarbonyl verbindingen, gekatalyseerd door 
CoII-porfyrine metalloradicalen. 

Het [CoII(Por)]-gekatalyseerde carbonylatieproces biedt een eenvoudige en 

efficiënte manier voor de homologatie van ketonen en aldehyden via tosylhydrazon 

zouten en biedt tevens een diastereoselectieve methode voor de omzetting van 

aldehyden naar β-lactam derivaten.  
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Figuur 7. [Co(MeTAA)]-gekatalyseerde homologatie van aldehyden. 

Hoofdstuk 5 vormt een uitbreiding op de studies uit Hoofdstuk 4, door gebruik te 

maken van het uitmuntende vermogen van [Co(MeTAA)] om diazoverbindingen te 

activeren, waardoor reactievere carbeenradicaal intermediairen worden gevormd 

die met koolstofmonoxide reageren om zo ketenen te vormen (Figuur 7). 

 

Figuur 8. Beta-lactams, amides en esters gesynthetiseerd via carbonylering van 
carbeenradicaal intermediairen gevormd met zowel [Co(MeTAA)] als [Co(TPP)]. 
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De goedkope en zeer actieve [Co(MeTAA)] katalysator bleek verenigbaar met 

verscheidene reactiecondities en ook toepasbaar te zijn in dual cascade katalyse. 

Daarnaast tolereert het complex een breed scala aan functionele groepen, 

coördinerende additieven en hoge reactietemperaturen. Het betrouwbare one-pot 

protocol biedt de mogelijkheid om ketenen te synthetiseren vanuit tosylhydrazone 

zouten en koolstofmonoxide. Deze reacties verlopen via vorming van 

carbeenradicaal intermediairen die reageren met CO om zo ketenen te vormen. De 

intrinsieke reactiviteit van ketenen vereist dat deze in situ gevormde reactieve 

intermediairen ‘gevangen’ worden met amines, alcoholen of imines om op die 

manier nuttige organische bouwstenen te verkrijgen. Onderzoek naar de tolerantie 

jegens verschillende functionele groepen op de reagentia liet zien dat de 

methodologie toegepast kan worden op een brede variëteit aan substraten (Figuur 

8). 

 

In het laatste Hoofdstuk 6 beschrijven we het gebruik van kobalt(II)-

metalloradicaal katalysatoren in transformaties van o-cinnamyl-N-tosyl hydrazonen 

tot 1H-indeen derivaten. Wederom maken deze reacties gebruik van de intrinsieke 

reactiviteit van de ongebruikelijke kobalt(III)-carbeenradicaal intermediairen. De 

reactie gaat uit van gemakkelijk te verkrijgen startmaterialen, is eenvoudig 

uitvoerbaar en biedt derhalve een praktische methode voor de constructie van 

gefunctionalizeerde 1H-indeen derivaten. Evenals voor de cyclopropanaties 

beschreven in Hoofdstuk 2, bleek van alle onderzochte complexen het goedkope en 

gemakkelijk te synthetiseren low-spin kobalt(II) complex [CoII(MeTAA)] (MeTAA = 

tetramethyltetraaza[14]annulene) over de hoogste katalytische activiteit te 

beschikken. De in dit hoofdstuk beschreven metalloradicaal-gekatalyseerde synthese 

van indeen derivaten representeert een uniek voorbeeld van een intramoleculaire 

formele carbeen insertie in een vinylische C(sp2)H binding, gefaciliteerd door 

gecontroleerde ringsluiting van het carbeenradicaal intermediair (Figuur 9). 

 
Figuur 9. Synthese van indeen derivaten via [Co(MeTAA)]-gecoördineerde 

carbeenradicaal intermediates.  
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De methodologie is wederom succesvol toegepast op een breed scala aan substraten, 

en de resulterende 1H-indeen derivaten werden in goede tot uitmuntende 

opbrengsten verkregen (Figuur 10). Het mechanisme is met behulp van 

computationele berekeningen onderzocht en de daaruit volgende resultaten werden 

ondersteund door experimenten waarbij het carbeenradicaal intermediair werd 

‘gevangen’ met een toegevoegd radicaal. De DFT berekeningen lieten zien dat de 

katalytische cyclus is opgebouwd uit activatie van de diazoverbinding, resulterend in 

vorming van een CoIII-carbeenradicaal, gevolgd door ringsluiting tot radicale 

indanyl/benzyl intermediairen. Hieropvolgende eliminatie van het indeen product 

via een 1,2-hydrogen transfer step regenereert de katalysator.  

Toevoeging van 2,2,6,6-tetra-methylpiperidine-1-oxyl (TEMPO) of 

dibenzoylperoxide (DBPO) aan het reactiemengsel van katalyse-experimenten 

bevestigde de betrokkenheid van kobalt(III) carbeenradicaal intermediairen. Ook 

EPR spectroscopische experimenten waarbij de radicalaire intermediairen werden 

‘gevangen’ met behulp van phenyl N-tert-butyl-α-phenylnitrone (PBN) bevestigden 

het radicalaire karakter van de reactie. Deuterium labeling experimenten toonden 

statistische uitwisseling van allylische/benzylische en vinylische protonen onder de 

gebruikte reactiecondities.  

 

Figuur 10. Gefunctionalizeerde indeen derivaten gesynthetiseerd vanuit 
tosylhydrazon zouten via een gecontroleerd radicaal ringsluiting proces 
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Gecombineerd toont het in dit proefschrift beschreven werk aan dat gecontroleerde 

metaal-gekatalyseerde reacties via radicaalmechanismen, net als in metaalhoudende 

enzymen, absoluut mogelijk zijn wanneer gebruik wordt gemaakt van metallo-

radicaal kobalt(II) complexen. Het genereren van ‘carbeenradicalen’ door activering 

van carbeenprecursors met dit type katalyse kan leiden tot fascinerende nieuwe 

reactiviteit door de voorkeur van kobalt voor reacties waarbij het metaal één elektron 

wint of verliest. De intrinsieke reactiviteit van deze complexen kan onder controle 

gehouden worden door het ligand te veranderen, en de reacties kunnen leiden tot 

interessante producten zoals cyclopropanen, ketenen en indeen derivaten. Van 

toekomstig onderzoek in deze richting kan de ontdekking van vele andere nieuwe 

gecontroleerde radicaal-type mechanismen verwacht worden. Naast de synthetische 

toepasbaarheid van de reacties beschreven in dit proefschrift zijn zeker ook de 

fundamentele inzichten interessant en van academisch belang.  
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