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ABSTRACT 

 

In this chapter we investigated carbene transfer reactivity from cheap and safe ‘low-

energy’ substrates and cobalt(II) porphyrin ([Co(TPP)]). These reactive intermediates 

should be formed through double deprotonation and double oxidation of methyl 

phenylacetate in the presence of the catalyst. 

The first approach involved electrochemical oxidation and started with the development 

of a dedicated home-build coulometric cell. Using this setup we found that instead of the 

anticipated cyclopropane which had to be formed by coupling of methyl phenylacetate 

with styrene, saturated and unsaturated dimers of the acetate were formed. By changing 

the conditions the saturated dimer can be formed as the sole isolated product, however 

the (Faraday) yield was rather low (max. 24%). 

Unfortunately, we did not manage to develop an electrocatalytic carbene transfer reaction 

(e.g. cyclopropanation). However, the results are still intriguing since we did find that 

[Co(TPP)] is involved in C‒C bond formation from (activated) C‒H bonds in 

electrocatalysis. Even though the yields are not high, the observed reactivity is still 

relevant, in particular since combining organometallic chemistry with electrosynthesis is 

still a rather underdeveloped research field. 

The second approach revolves around the formation of metal-carbene intermediates from 

[Co(TPP)] and methyl phenylacetate by chemical oxidation in the presence of a base. Low 

amounts of cyclopropane were formed, indicating the potential of this reaction. However, 

the reactions suffer from poorly understood reproducibility issues, which strongly 

impeded reaction optimization. Nonetheless, despite these reproducibility issues, the 

investigations successfully demonstrated the proof-of-principle: Carbene-transfer 

reactivity by double deprotonation and double oxidation mediated by [Co(TPP)] is 

possible. 

 

INTRODUCTION 

 

Metallo-carbenes are intermediates found in many catalytic transformations. Among 

these are olefin metathesis, cyclopropanation and C‒H bond functionalisation.1–9 Their 

closed-shell properties have been well studied and recently also open-shell carbene 

complexes gained more attention.10–13 Often metallo-carbenes are generated by 

combining a metal complex with a diazo-compound. Activation of a diazo compound at 

the metal leads to release of dinitrogen with formation of a reactive metallo-carbene 

intermediate (Scheme 1, top). However, diazo-compounds are not ideal starting 

materials, as some of them are toxic and explosive.14–16 For that reason tosylhydrazones 

are often used as precursors, enabling in situ formation of diazo compounds (also non-

stabilized ones) by thermal activation during catalysis.7,17–19 Still, it would be a significant 

improvement if the same reactive metal-carbene intermediates as generated in the 

currently known transformations of (precursors of) diazo compounds could be formed in  
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Scheme 1 Formation of Reactive Metallo-Carbene Intermediates (RSG= Radical 

Stabilizing Group). 

 

an alternative manner, entirely preventing the use of high-energy precursors. This would 

lead to both a safer working environment and a higher atom and energy efficiency. 

In this chapter we explored possibilities to generate reactive metal-carbene intermediates 

by double deprotonation and double oxidation (Scheme 1, bottom). Rather than starting 

from a high-energy compound which can give a reactive metal-carbene intermediate by 

release of dinitrogen (Scheme 1, top), we anticipated it might be possible to use a cheap, 

low energy compound as starting material. After the first oxidation and deprotonation, 

formation of a metal-alkyl intermediate (Scheme 1, bottom right) is expected. We 

anticipated that subsequent second oxidation and deprotonation steps might generate the 

desired reactive metal-carbene intermediate (Scheme 1, top right), which should undergo 

subsequent “carbene transfer” reactivity. When the oxidation is performed 

electrochemically this can lead to an atom and energy efficient pathway. The exact amount 

of energy required can be provided to the system by applying a small overpotential, thus 

optimizing the energy input and the overall ‘redox economy’ of the reaction.20,21 

Furthermore, this route should minimize waste formation, as the only side product 

formed should be dihydrogen. Of course, this is an idealized picture, as many problems 

associated with electrosynthesis in general need to be overcome. Such potential problems 

include undesired reactions between reactive intermediates generated in low 

concentration with starting materials, solvent or electrolyte, unwanted redox processes 

of the solvent and the electrolyte at the counter electrode, ineffective Faradaic efficiencies, 

difficulties in separation of the products from the electrolytic solution, and cross-

contamination of the cathodic and anodic products generated in the two half-cell 

compartments in an Galvanic cell setup.22 However, despite these potential difficulties, we 

argued that exploring such an electrochemical approach could be worthwhile, and we 



Chapter 2 

 

- 32 - 
 

took the challenge to evaluate potential electrosynthetic approaches to metal-carbene 

reactivity. We here report on the prospects and difficulties encountered in this study.  

 

As an illustrative example for which electrosynthetic approaches to metal-carbene 

reactivity could become useful in the future to improve the step-, atom- and energy 

efficiency in organic synthesis, we compare the traditional multistep synthetic route to 

methylphenidate with a hypothetical one-step electrosynthetic protocol to prepare the 

same compound. Methylphenidate is a relatively simple, bio-active compound, better 

known as Ritalin. It is an important drug for people who suffer from hyperactivity and 

attention disorder as well as for people who have sleeping disorder.23,24 Even though this 

compound is synthesized in large scale, it is currently prepared via an elaborate and 

rather atom- and energy inefficient route (Scheme 2).25,26 Developing a shorter, atom- and 

energy-efficient electrosynthetic route for the production of methylphenidate would 

therefore be desirable. 

 

 
Scheme 2. Multistep synthesis of Methylphenidate. 

 

In an alternative (still hypothetical) electrosynthetic route to methylphenidate, the cheap 

starting materials methyl phenylacetate, piperidine and a base could be used to prepare 

the compound in one step. In the envisioned protocol, a cobalt porphyrin catalyst like 

[Co(TPP)] (Scheme 3) could be used, which is known for its radical stabilizing 

properties.27,28 In the anticipated electro-catalytic cycle (Scheme 3), first the catalyst 

should get oxidized from CoII to CoIII, after which the enolate can coordinate (1). This could 

be followed by a second deprotonation step to yield the anionic intermediate 2. A second 

oxidation step should produce intermediate 3. Notably, this is the same intermediate as 

obtained in a reaction between [Co(TPP)] and the corresponding diazo-compound in 

thermal homogeneous catalysis mediated by this catalyst. The next step in the 

hypothetical electrocatalytic cycle is abstraction of a hydrogen atom of piperidine (next 

to the nitrogen atom, as this position is favored due to stabilization by the lone pair of the 

nitrogen), followed by a radical rebound step to produce the product, with release the 

catalyst. The reaction might require protection of the nitrogen atom of piperidine to 

prevent carbene insertion in the NH bond,29–35 but would then still have a much 

improved step-economy over the traditional synthetic method depicted in Scheme 2. 

Combined with minimized waste formation and energy losses, the envisioned route in 
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Scheme 3 would expectedly improve the sustainability of the Ritalin production process. 

Furthermore, the electrocatalytic route could enable selective synthesis of the desired 

diastereoisomer, essential for medical applications, by choosing the appropriate chiral 

ligand environment around cobalt. After all, several chiral porphyrins are known and used 

in stereoselective catalysis.36–39 

 

 
Scheme 3. Envisioned electrocatalytic synthesis of methylphenidate (Ritalin). 

 

 
Scheme 4. Envisioned electrocatalytic cycle for styrene cyclopropanation. 

 

Obviously, the envisioned electrosynthetic route to methylphenidate shown in Scheme 3 

is associated with many challenges. The catalytic cycle clearly critically depends on the 

formation of carbene radical intermediate 3, but the follow-up steps are also not trivial. 

Therefore, we decided to simplify the system first, by investigating possibilities to achieve 
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styrene cyclopropanation in a catalytic electrosynthetic approach (Scheme 4). We started 

our investigations by using styrene as a radical trap for carbene radical intermediate 3, in 

an attempt to demonstrate electrochemical formation of metal-carbene intermediate 3 as 

a proof of principle. The coupling between intermediate 3 and styrene is well studied. 

Hence, this allows us to focus at the new part of the project. If successful, this would then 

provide further opportunities to expand our studies towards electrosynthetic formation 

of e.g. methylphenidate.40–42 Besides the electrochemical approaches depicted in Scheme 

3 and Scheme 4, we also explored chemical oxidation protocols to convert enolates into 

carbene intermediates for styrene cyclopropanation. These efforts are described in the 

second part of this Chapter.  

 

RESULTS AND DISCUSSION 

 

To be able to investigate the electrocatalytic synthetic experiments, we first had to 

construct a bulk electrolysis set-up. Essential in the design for the purpose of our 

investigations was to keep the reactive oxidized and reduced species produced at the 

anode and cathode separated. Furthermore, the reactions needed to be performed under 

inert conditions. In Figure 1 the developed couloumetric setup is shown. It consists of 

three compartments, a working (left), counter (right) and buffer (center) compartment, 

which are separated by glass frits. In the working compartment the chemical reaction 

under investigation will take place. This is where the catalyst will be present, as well as 

all the reagents. In the counter compartment the counter reaction will take place, which 

is required to keep the redox reactions balanced, but it is not directly of our interest. The 

only function of the buffer compartment is to prevent mixing of the solutions present in 

the working- and counter compartments. In the working compartment the three 

electrodes are arranged as such that cyclic voltammetry (CV) can be measured to 

determine which potential has to be applied during the bulk electrolysis.  

For these CV measurements a platinum gauze is used as the counter electrode and a 

platinum micro electrode is used as the working electrode. The reference electrode (leak-

free Ag/AgCl) is connected to the solution through a Luggin capillary. To start bulk 

electrolysis the electrodes are reattached so that the platinum gauze is the working 

electrode (typically operating as anode in the reactions studied in this chapter) and the 

counter electrode (typically operating as cathode in the reactions studied in this chapter) 

is a platinum flag in the counter compartment. 
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Figure 1. Bulk electrolysis setup used in this study. Left: Picture of the setup. Right: 

Schematic drawing of the setup in which 1 is the platinum gauze electrode (counter 

electrode during CV, working electrode during electrolysis), 2 is the platinum 

electrode used as working electrode during CV, 3 the reference electrode connected 

through a Luggin capillary and 4 the platinum flag counter electrode for bulk 

electrolysis. 

 

The setup was tested by the well-known oxidation of ferrocene. A known amount of 

ferrocene (0.055 mmol) was put into the working compartment. First the oxidation 

potential was measured by CV and as expected a reversible wave was recorded (Figure 

2). Then the solution in the working compartment was oxidized at +0.8 V vs Ag/AgCl in a 

Coulometric experiment for one hour. The current-time graph is shown in Figure 3, from 

which it is clear that the current levels-off to zero (red line). The charge that has been 

taken out of the system is 5.0 C, which is related to the current by equation Q = I*t (in 

which Q is the charge in Coulombs, I is the current in amperes and t is the time in seconds). 

Then using the Faraday constant (96485 C/mol) this can be converted to number of moles 

of electrons and therefore to conversion. Looking again at the oxidation of ferrocene, we 

measured the release of 0.052 millimoles of electrons from the system after one hour, 

which corresponds to a ferrocene oxidation conversion percentage of 95%. This 

calibrates the setup for Faradaic efficiencies against a known reversible redox process, as 

a reference for the other experiments described below. 

Next, before attempting to achieve the electrocatalytic transformations depicted in 

Scheme 4, we first explored the redox properties of each individual reagent separately. 

Using the setup in CV-mode, analysis with a three electrode set-up in the working 

compartment showed the well-known redox waves of [Co(TPP)].43–46 Next, we confirmed 

that neither methyl phenylacetate nor styrene are redox active within the potential range 

between 0.50 V and +1.50 V vs Ag/AgCl. Potassium tert-butoxide also doesn’t give rise 

to any detectable redox responses in this potential window. Still, care must be taken with 
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the use of this base, since it is known that tetrabutylammonium ([nBu4N]+) ions can react 

with strong bases yielding butene and tributylammonium after Hoffmann elimination.47 

Tributylammonium also is not electrochemically active in the potential range used, but it 

could still have influence on the reactivity, for example by acting as ligand for the catalyst 

or as reagent with which our high-energy intermediate can react. During the catalytic 

reaction the acetate will be deprotonated and present in solution as enolate, therefore this 

species was also analyzed by CV. In literature it is already known that enolates can be 

oxidized, so it is important to be aware of the origin of observed reactivities, and therefore 

we performed the reactions in the absence and presence of the catalyst.48 

 

 
Figure 2. CV of ferrocene measured in 

a solution containing 0.2 M 

[nBu4]+PF6- electrolyte in THF. 

Potentials in volt versus the Ag/AgCl 

couple. 

 
Figure 3. Current-time graph of the 

oxidation of ferrocene (0.2 M 

[nBu4]+PF6-) in THF. 

 

In order to test the feasibility of the proposed system, we investigated our system with 

CV. At first [Co(TPP)] was dissolved in electrolyte and we measure its oxidation waves 

(Figure 4, red line). To this solution one equivalent of enolate (prepared in advance) was 

added (Figure 4, pink line). This leads to a decrease in intensity of the wave belonging to 

[Co(TPP)] at 0.8 V vs Ag/AgCl and a small new wave appears at +1.1 V. Upon addition of 

more enolate, the wave which originates from the catalyst at 0.8 V further disappears. 

The wave at +0.7 V shift slightly to a higher potential at +0.8 V and two new waves appear 

at +0.5 and +1.1 V vs Ag/AgCl. None of the waves measured in the presence of an excess 

of enolate is reversible. Comparing these data to the proposed mechanism in Scheme 4, 

the wave belonging to CoII/CoIII has disappeared and intermediates 1 and 2 could be the 

origin of the two newly seen waves. Intermediate 3 could be formed from intermediate 2 

through oxidation. Since neither of the new waves is reversible, the formed intermediate 

3 is apparently not stable enough to be reduced again to intermediate 2. Instead, the cyclic 

voltammogram suggests that it very quickly takes part in follow-up reactivity. The third 

wave could stem from a species in which coordination to the catalyst takes place from 

both sides (example depicted in Figure 5), resulting in an additional species which can 

still have the desired reactivity. So, the CV data in Figure 4 are indicative for formation of 

intermediates 1 and 2 upon addition of enolate to [Co(TPP)]. Since the oxidation of both 
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species is not reversible, intermediate 3 (if formed) should undergo fast follow-up 

reactivity. The CV data shown in Figure 4 therefore suggest that the desired intermediate 

3 might indeed be formed upon electrochemical oxidation of the enolate substrate at the 

[Co(TPP)] catalysts. 

Next, this system (solution of 5 eq. enolate with respect to [Co(TPP)]) was investigated by 

bulk electrolysis, again using the setup described above but now operating in Coulometric 

mode. The oxidation was stopped when the current approached zero, which was always 

around the time when one electron per enolate substrate molecule was removed. This 

indicates that electrocatalysis is taking place during the coulometric experiments. 

 

Figure 4. Addition of enolate to the catalyst followed by CV (0.2 M [nBu4]+PF6- in 

THF). Potentials in volt versus the Ag/AgCl couple. 

 

 
Figure 5. CV measurements indicate formation of a double enolate adduct. 

 

Workup after completion of the electrocatalytic coulometric reactions was established by 

transferring the solution from the working compartment to an Erlenmeyer, followed by 

precipitation of the electrolyte by addition of excess pentane. The suspension was then 

filtered and the filtrate was concentrated in vacuo, assuming that the products are soluble 

in pentane. Unfortunately, analysis of the products formed in the working compartment 

revealed that the desired cyclopropane 4 (Scheme 5) was not formed. Instead, the 
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saturated and unsaturated dimers 5a, 5b and 5c (entry 1, Table 1) were detected by 1H 

NMR spectroscopy.49,33,50–56 As shown in entry 2 of Table 1, increasing the amount of 

methyl phenylacetate led to formation of 5c. The number of electrons taken out of the 

system did not increase with the presence of more acetate. Instead, just like in entry 1, 

one electron per enolate was removed. This is also expected for the formation of product 

5c. Since no cyclopropane was formed in these experiments, the succeeding reactions 

were performed in absence of styrene. Entry 3 shows that in the absence of styrene only 

saturated product 5c is formed. When the amount of acetate was increased again (entry 

4), the selectivity was similar to entry 2 (similar conditions except for the styrene) with 

only product 5c being formed. The yield in entry 4, 12%, is much lower than in entry 3, 

24% (different amounts of acetate). To test whether [Co(TPP)] was present as catalyst or 

as reagent, we added two equivalents of enolate in entry 5, so that one dimer could be 

made per cobalt-complex. This gave similar yields as the experiment in entry 4. 

 

 
Scheme 5. Bulk electrolysis products. 

Table 1. Coulometric electrocatalytic reaction under varying conditions. 

Entry Equivalentsa Products 

 Acetate KOtBu styrene n b 4 5a 5b 5c 

1c 6 6 100 5,7 0 0,4 1,1 1 

2c 12 6 100 6,0 0 0 0 1 

3 6 6 0 6,5 0% 0% 0% 24% 

4 12 6 0 5,7 0% 0% trace 12% 

5 2 2 0 2,4 0% 0% 0% 11% 

a Coulometric experiments performed in [nBu4]+PF6-/THF. All equivalents mentioned are relative 

to the amount of catalyst. b n= equivalents of electrons removed during the oxidation. c In these 

experiments the products were not quantified, so the amounts of products is reported only 

relative to one another, not absolute. 

 

Formation of the observed dimerization products stemming from methyl phenylacetate, 

could proceed via several mechanisms. For example, homolysis of the cobalt-carbon bond 

of intermediate 1 could release an organic radical, which could subsequently undergo 

radical-radical coupling to produce product 5c (Scheme 6, pathway 1). This pathway 

would likely be coupled to oxidation of cobalt(II) to cobalt(III) at the electrode surface, 

driving the homolysis process forward. An alternative pathway could involve hydrogen 

atom abstraction of methyl phenylacetate by intermediate 3, followed by attack of the 

organic radical on the complex (radical rebound step) to give product 5c (Scheme 6, 

pathway 2). Deprotonation of the substrate by intermediate 2 followed by nucleophilic 

attack of the enolate on the CoC * bond would also produce compound 5c, in which case 

the catalyst would be liberated in the Co(I) oxidation state. However, because at the 
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applied potential of the coulometric experiment the cobalt(I) catalyst would immediately 

be oxidized back to cobalt(III) (Scheme 6, pathway 3). Finally, the unsaturated dimeric 

products 5a and 5b could be either formed by radical combination of intermediate 3, 

followed by double cobalt-carbon homolysis (Scheme 6, pathway 4), or by (cobalt-

mediated) electrochemical follow-up oxidation of 5c (Scheme 6, pathway 5). Pathway 4 

seems unlikely, as previous studies suggest that the dimerization of intermediates like 3 

is prevented by steric hindrance. Formation of related CC radical-coupled dimers has 

previously been observed, but only for carbene radicals with an allyl substituent 

providing enough special separation between the two porphyrins.27  

 

 
Scheme 6. Possible mechanisms leading to dimer formation. 

 

Since higher acetate substrate concentrations did not lead to higher product yields (Table 

1, entries 2 and 4), pathways 2 and 3 of Scheme 6 are also less likely to be operative. This 

leaves pathways 1 and 5 as the more likely pathways for electrocatalytic formation of 

products 5a-c. As such, the above results suggest that conversion of intermediate 1 to the 

desired intermediate 3 does not take place under the applied electrochemical reaction 

conditions. Therefore, in order to push the catalytic cycle towards cyclopropanation, we 
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performed additional experiments in an attempt to convert intermediate 1 into the 

required intermediate 3.  

We argued that deprotonation of intermediate 1 to produce intermediate 2 might require 

a stronger base, as the basicity of the enolate might be too weak. However, care must be 

taken with the stability of the electrolyte used. The applied tetrabutylammonium 

hexafluorophosphate electrolyte might undergo Hoffmann elimination in the presence of 

such a strong base. Therefore, we decided to switch to tetramethylammonium 

hexafluorophosphate ([Me4N]+PF6-), which has no β-hydrogens for Hoffmann elimination. 

However, this salt does not dissolve well enough in THF, so we changed the solvent to a 

THF:MeCN (1:1) mixture. Because it was not obvious which effects changing the solvent 

and electrolyte would have, we first performed new blank measurements of all 

components. This time, however, it was possible to separately add the base to the system.  

As can be seen in Figure 6, without the presence of a base, methyl phenylacetate does not 

interact with [Co(TPP)] (green and red line overlap). Step by step addition of KOtBu as a 

base eventually leads to complete disappearance of the waves belonging to oxidation of 

[Co(TPP)] at +0.5 and +1.1 V vs Ag/AgCl. At the same time new waves appear which grow 

in intensity upon addition of more base. These are found at +0.93 and +1.30 V vs Ag/AgCl.  

Linking this data to Scheme 4, one might speculate that two new waves might indicate 

formation of intermediates 1 and 2. Since both observed oxidation waves seem to be 

reversible, this would mean that formation of the desired intermediate 3 is indeed 

accessible. This is different from the CV experiments performed in THF with [nBu4]+PF6- 

as the electrolyte, where the oxidation of intermediate 2 proved irreversible and 

apparently led to fast follow-up reactions to generate products 5a-c. Based on these CV 

results we were hopeful that the reaction mixture in THF/MeCN using [Me4N]+PF6- as the 

electrolyte might enable controlled follow-up chemistry proceeding via intermediate 3.  

Bulk electrolysis was therefore performed in a THF/MeCN mixture using [Me4N]+PF6- as 

the electrolyte at an anodic potential of +1.1 V vs Ag/AgCl. Unfortunately, however, both 

in the absence and presence of styrene only formation of product 5c was observed among 

the detectable species. Analysis of the working solution after oxidation revealed that all 

methyl phenylacetate had reacted, which corresponds well to the observation that the 

number of electrons taken out of the working solution equals the number of substrate 

molecules present. The yield of product 5c was only 23% though. While we can only 

speculate about the nature of the side products formed, it seems plausible to assume that 

the rest of the substrate may have been converted to oligomers or polymers that got lost 

during the workup procedure. As such, the difficulties we were challenged with in our 

attempts to develop an electrocatalytic route to metal-carbene intermediate 3 correspond 

largely to the anticipated problems outlined in the introduction section. 
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Figure 6. Addition of KOtBu to an electrolyte solution containing methyl 

phenylacetate and [Co(TPP)] studied by CV (0.2 M [Me4N]+PF6- in a 1:1 THF:MeCN 

mixture). Potentials in volt versus the Ag/AgCl couple. 

 

In literature oxidative dimerization of enolates is known.48,57,58 However, the conditions 

used in all previous studies are much harsher than the ones we applied. In order to 

confirm the transformations we have found are catalytic processes, we also submitted the 

enolate to the same potential as used above (+1.1 V versus Ag/AgCl), but in the absence 

of the [Co(TPP)] catalyst. Notably, in this case no current runs through the setup and 

hence no conversion was observed. This confirms that the above described reactions are 

electrocatalytic, and that direct oxidation of the enolate at the electrode requires a higher 

potential than the [Co(TPP)]-mediated process. Hence, even though it seems that the 

initially desired goal of enabling electrocatalytic metallo-carbene formation was not 

reached, the obtained results are still rather intriguing. Apparently [Co(TPP)] mediates 

oxidative CC bond formation through cobalt-mediated coupling of carbon fragments 

derived from (activated) CH bonds in a coulometric cell setup. While the yields of this 

process are not high, such results are quite significant from a perspective of combining 

organometallic chemistry with electrosynthesis. As such we hope this study will stimulate 

further research in the field of electrocatalytic synthesis via organometallic pathways. 
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CHEMICAL OXIDATION 

Since the electrochemical approach described above gave rise to unforeseen reaction 

products we decided to explore the formation of metal-carbene intermediates via 

chemical oxidation and deprotonation steps. Such a ‘chemical redox approach’ is strongly 

related to the abovementioned electrochemical approach, but may avoids unexpected 

problems associated with unforeseen catalytic reactions taking place at the electrode 

surface and/or incompatibility of electrolyte and base. Redox reactions taking place in 

homogeneous solution might be more straightforward, and in absence of electrolyte 

product isolation is expectedly easier.  

As such we investigated the reaction between methyl phenylacetate and styrene in the 

presence of a chemical oxidant, a base and [Co(TPP)] as the catalyst. We still anticipated 

that double deprotonation and oxidation of methyl phenylacetate in the presence of 

[Co(TPP)] would result in formation of a cobalt(III) carbene-radical intermediate, and 

carbene transfer from the latter to styrene should lead to cyclopropanation.  

For the initial experiments we used KOtBu as base (like in the electrochemical appraoch 

described above) and silver hexafluorophosphate as the oxidizing agent. With its rather 

strong oxidizing potential of +0.77 V vs Ag/AgCl in THF it is likely that any cobalt 

intermediate formed in this reaction is oxidized.59 The first entry of Table 2 indicates the 

potential of our approach, as we detected the formation of 13% cyclopropane (based on 

GC measurements with an internal standard). Entries 1-3 however show the sensitivity of 

this reaction. While the conditions should be the same, the results vary significantly. 

Changing the ratio of the reagents led to (much) lower yields than found in entry 1 (entries 

5-16 in Table 2). A further striking observation was that increasing the amount of 

oxidizing agent resulted in formation of increasing amounts of dimerized product 5c, 

perhaps explaining why the electrochemical approach described above produced only 

products 5a-c rather than cyclopropanes.  

We continued our studies by varying other parameters of the reaction in an attempt to 

increase the amount of cyclopropane formed. Table 3 shows that the use of different bases 

which did not improve the cyclopropane yields. Next we tried to optimize the reaction by 

changing the solvent (Table 4). The use of different solvents also did not lead to higher 

yields, but the reaction in 1,2-difluorobenzene (DFB) gave a similar yield as found before 

in THF. Surprisingly, in a duplo of this experiment no cyclopropane was formed at all. 

These reproducibility problems are poorly understood, and strongly impeded further 

progress in reaction optimization. Building on the successful experiment in DFB we again 

looked at the influence of base and again found no improvements. Changing the 

experimental procedure (Table 5) did not have a positive influence on the cyclopropane 

yields either. In none of the attempts the cyclopropane was obtained in a yield higher than 

13%. Yet, despite the low yields, the results successfully demonstrate the anticipated 

proof-of-principle: In a chemical redox approach, oxidative carbene transfer from methyl 

phenylacetate to styrene mediated by [Co(TPP)] is possible.  
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Table 2. Optimization of equivalents.a 

Entry Eq    Yield of 4b (%) Add. info 

 acetate styrene AgPF6 KOtBu   

1 10 1 3 10 13  

2 10 1 3 10 1,6  

3 10 1 3 10 -  

4 10 1 3 10 - no catalyst 

5 10 1 3 3 2,6  

6 1 10 3 3 0,5  

7 1 1 3 3 0,1  

8 100 1 3 3 0,3  

9 10 1 10 3 0,8  

10 100 1 3 10 1,1  

11 1 1 3 10 -  

12 10 1 3 10 2 24h 

13 10 1 10 10 5c  

14 10 1 15 10 5c  

15 10 1 20 10 5c  

16 10 1 10 15 -  

a General reaction conditions: Acetate deprotonated under Schlenk conditions at -78°C in THF, 

followed by addition of [Co(TPP)], styrene and AgPF6 and reflux overnight. b Determined by GC 

with internal standard. 

 

Table 3. Optimization of base.a 

Entry Eq    Yield of 4b (%) Add. Info 

 acetate styrene AgPF6 base  

1 10 1 3 10 - BuLi 

2 10 1 3 10 - KHMDS 

3 10 1 3 10 - solid KOtBu 

4 10 1 3 50 - K2CO3 

5 10 1 1,5 - 0,3 Ag2O base and 

oxidant 
a General reaction conditions: Acetate deprotonated under Schlenk conditions at -78°C in THF, 

followed by addition of [Co(TPP)], styrene and AgPF6 and reflux overnight. b Determined by GC 

with internal standard.  
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Table 4. Optimization of solvent.a 

Entry Solvent Eq    Yield of 4b (%) Add. Info 

  acetate styrene AgPF

6 

base  

1 DFB 10 1 3 10 12 solid KOtBu 

2 DFB 10 1 3 10 - solid KOtBu 

3 DFB 10 1 3 10 - BuLi 

4 DFB 10 1 3 10 -  

5 DFB 10 1 3 10 - KHMDS 

6 PhCl 10 1 1,5 - 0,2 Ag2O 

7 PhCl 10 1 3 10 - solid KOtBu 

a General reaction conditions: Acetate deprotonated under Schlenk conditions at -78°C in THF, 

followed by addition of [Co(TPP)], styrene and AgPF6 and reflux overnight. b Determined by GC 

with internal standard.  

 

Table 5. Optimization reaction method.a 

Entry Eq    Yield of 4b (%) Add. Info 

 acetate styrene AgPF6 KOtBu  

1 10 1 3 10 0,5 3x more dilute 

2 10 1 3 10 - no add. THF, just from 

KOtBu 

3 10 1 3 10 0,3 AgPF6 first dissolved in 

THF 

4 10 1 10 10 3,7 AgPF6 from dropping 

funnel 

5 10 1 3 10 1,4 add CoTPP last 

6 10 1 3 10 0,5 20% cat 

7 10 1 3 10 dimer CoTPP and AgPF6 premix 

8 10 1 3 10 0,9 PhI(OTFA)2 

9 10 1 3 10 - Mol. Sieves, solid KOtBu 

10 10 1 3 10 - Mol. Sieves, solid KOH 

11 10 1 3 10 - Mol. Sieves, solid K2CO3 

a General reaction conditions: Acetate deprotonated under Schlenk conditions at -78°C in THF, 

followed by addition of [Co(TPP)], styrene and AgPF6 and reflux overnight. b Determined by GC 

with internal standard. 
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Two specific reactions gave us the desired product, but only in low yields (13% and 12%) 

and the reproducibility of the reaction is poor. When more oxidizing agent was used, 

mainly saturated dimer 5c was formed. While the results successfully demonstrate the 

proof-of-principle, and may stimulate further research, they also show how sensitive 

these reactions apparently are to minor impurities and/or subtle changes in the reaction 

conditions. The reproducibility issues are poorly understood and hence we were unable 

to improve the yields. 

 

SUMMARY AND CONCLUSIONS 

 

In this chapter, two redox strategies were investigated to generate metal-carbene 

intermediates from [Co(TPP)] and methyl phenylacetate in the presence of a base, 

involving either electrochemical oxidation or chemical oxidation, with the aim to achieve 

carbene transfer reactivity using a cheap and safe ‘low-energy’ carbene precursor. Rather 

than using expensive and ‘high-energy’ diazo-compounds as substrates we aimed to 

arrive at metal-carbene intermediates through double oxidation and double 

deprotonation of methyl phenylacetate in the presence of [Co(TPP)]. In the first part of 

this chapter we described our attempts to perform these reactions using anodic 

electrochemical oxidation in a columetric cell. Bulk electrolysis of methyl phenylacetate 

in the presence of a base, [Co(TPP)] and styrene in a dedicated home-build coulometric 

cell led to formation of dimerized products Ph(COOMe)CH=CH(COOMe)Ph (5a, 5b) and 

Ph(COOMe)CHCH(COOMe)Ph (5c) instead of the anticipated cyclopropane product 4. 

Saturated product 5c can be formed as the sole isolated product by changing the 

conditions. However, other unidentified products (likely oligomers/polymers) are also 

formed, as the (Faraday) yield of the dimerized product was rather low (max. 24%).  

Even though the goal of developing electrocatalytic carbene transfer reactions (e.g. 

cyclopropanation) was not reached, the obtained results are still rather intriguing. 

Apparently [Co(TPP)] mediates oxidative CC bond formation through cobalt-mediated 

coupling of carbon fragments derived from (activated) CH bonds in a coulometric cell 

setup. While the yields of this process are not high, the results are quite significant from a 

perspective of combining organometallic chemistry with electrosynthesis, which is still 

an underdeveloped research field.  

In the second part of this chapter we describe our attempts to generate metal-carbene 

intermediates from [Co(TPP)] and methyl phenylacetate by chemical oxidation in the 

presence of a base. This was partially successful, as in some experiments low amounts of 

cyclopropane were formed. The cyclopropane yields were low, and the reactions suffer 

from poorly understood reproducibility issues, which strongly impeded reaction 

optimization. Yet, the results successfully demonstrate the anticipated proof-of-principle: 

In a chemical redox approach, oxidative carbene transfer from methyl phenylacetate to 

styrene mediated by [Co(TPP)] is possible. As such we hope this study will stimulate 

further research in the field of (electro)catalytic redox-coupled synthesis proceeding via 

organometallic pathways. 
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EXPERIMENTAL 

General CV Procedure and Titrations  

Cyclic voltammograms were recorded using an Autolab PGSTAT302N electrochemical workstation, and an 

airtight three-electrode cell under dry N2. The working electrode was a carefully polished Pt microdisc 

(diameter 0.5 mm). A coiled Pt wire was used as a counter electrode and a stable, leak-free Ag/AgCl system 

was used as the reference electrode. Cyclic voltammetry measurements were performed in THF (0.01 M) 

containing [(nBu)4N]+PF6- (0.2 M) or 50/50 THF/MeCN containing NMe4+PF6- (0.2 M) at room temperature 

under an N2 atmosphere. Potentials are reported in volt versus the Ag/AgCl couple of the applied stable, 

leak-free Ag/AgCl reference electrode (calibrated using Fc0/+) in all cases.  

General  Bulk Electrolysis Procedure  

In a dark fumehood, the oven dried set-up was flushed with nitrogen. The electrolyte (0.2M) was prepared 

by dissolving the salt in dry solvent (0.2M), followed by bubbling with nitrogen for at least 15 min. Then all 

three compartments were filled, taking into account that all should be filled to the same height to prevent 

flow of the solutions due to gravity in later stages. Next a blank CV measurement was done, in which the 

platinum gauze was used as counter electrode, the platinum micro electrode as working electrode and the 

Ag/AgCl counter electrode connected to the solution with a Luggin capillary. During CV measurements the 

solution is not stirred. Next the reagents are added (after they are dissolved and degassed in electrolyte 

solution) and again a CV measurement was performed. Based on these data the exact potential for bulk 

electrolysis was determined. Next the electrodes were rearranged, the platinum gauze was connected as 

the working electrode and platinum flag was connected as the counter electrode in the counter 

compartment. Bulk electrolysis was started for a set period of time at a set potential. During bulk electrolysis 

the solution in the working compartment has to be stirred. After bulk electrolysis the solution in the 

working compartment was transferred to an Erlenmeyer and the electrolyte was precipitated by addition 

of an excess of pentane. The mixture was filtered to remove the electrolyte and the filtrate was concentrated 

in vacuo and analyzed by NMR and quantified by the addition of a standard. 

Typical reagents and amounts: 

THF   30 mL 

[nBu4N]+PF6-  2.32g  6 mmol 

[Co(TPP)]  6.7 mg  0.010 mmol, 1 eq 

Methyl phenylacetate 8.5 µL  0.060 mmol, 6 eq 

KOtBu   60 µL  0.060 mmol, 6 eq 

4-vinylbiphenyl  1.80 mg 0.010 mmol, 1 eq 

 

CAUTION: while working on the electrodes, turn the power to the electrodes at the potentiostat off! 
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Figure S1. 1H NMR spectrum of the mixture obtained after bulk electrolysis, showing the vinyl 

double doublets of the internal standard and the singlets belonging to product 5c.54–56,60 

 

General  Chemical  Oxidation Procedure  

Under Schlenk conditions methyl phenylacetate in THF was cooled down to 78°C. Next KOtBu was added 

and the mixture was stirred for 1 h. After this, [Co(TPP)], styrene and AgPF6 were added subsequently and 

the mixture was slowly heated to reflux overnight. After cooling down the mixture was filtered and the 

residue was washed with DCM. Next a internal standard (biphenyl) was added and the solution was 

analyzed by GC. 

For the GC quantification calibration lines were made (vide infra). For this purpose cyclopropane 4 was 

synthesized from the diazo-compound. 

methyl 2-diazo-2-phenylacetate61 

To a mixture of methyl phenylacetate (1 eq) and p-ABSA (1,2 eq) in dry MeCN (0.3 M), 

DBU (1.4 eq) was added. The reaction mixture was stirred at room temperature 

overnight. Then the mixture was diluted with water, followed by extraction with Et2O. 

After washing with 10% [NH4]Cl solution and brine the combined organic layers were dried over MgSO4 

and concentrated in vacuo. The residue was purified by column chromatography (9:1 hexanes:EtOAc). The 

pure product was stored in Et2O in the cold room. The product was isolated as an orange liquid (72%). 
1H NMR (400 MHz, CDCl3) δ 7.57 – 7.49 (m, 2H), 7.45 – 7.38 (m, 2H), 7.26 – 7.16 (m, 1H), 3.88 (s, 3H). 

 

methyl 1,2-diphenylcyclopropane-1-carboxylate50–53 

Under Schlenk conditions methyl 2-diazo-2-phenylacetate (1 eq), styrene (10 eq) and 

[Co(TPP)] (5%) were dissolved in chlorobenzene and heated to 100°C overnight. 

Purification was done by column chromatography (20:1  9:1 hexanes:EtOAc) and the 

product was isolated as red oil in a 1:1 cis:trans ratio (94%). 
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1H NMR (400 MHz, CDCl3) δ cis 7.08 – 7.02 (m, 3H), 6.96 (dtd, J = 7.2, 5.2, 4.5, 2.7 Hz, 5H), 6.72 – 6.66 (m, 

2H), 3.59 (s, 3H), 3.04 (dd, J = 9.3, 7.3 Hz, 1H), 2.06 (dd, J = 9.3, 4.8 Hz, 1H), 1.80 (dd, J = 7.3, 4.9 Hz, 1H). 

Trans δ 7.46 – 7.41 (m, 2H), 7.34 – 7.21 (m, 7H), 7.18 (d, J = 1.9 Hz, 1H), 3.22 (s, 3H), 2.79 (dd, J = 8.9, 7.6 Hz, 

1H), 2.27 (dd, J = 7.5, 5.0 Hz, 1H), 1.54 (dd, J = 8.9, 5.0 Hz, 1H). 

 

Figure S2 GC calibration line for methyl phenylacetate with biphenyl. 

 

Figure S3. GC calibration line for styrene with biphenyl. 
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Figure S4. GC calibration line for cyclopropane 4 with biphenyl. 
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