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ABSTRACT: Square-planar cobalt(II)-systems have emerged as powerful carbene transfer catalysts for the synthesis of a va-
riety of (hetero)cyclic compounds via redox non-innocent Co(III)-carbene radical intermediates. Spectroscopic detection and 
characterization of these reactive car-
bene radical intermediates has thus far 
been limited to a few scattered experi-
ments, in part due to the fact that most 
studies have focused on mono-substi-
tuted carbene precursors. In this work, 
we demonstrate the unique formation of 
disubstituted cobalt(III)-carbene radicals 
in reactions between a cobalt(II)-
porphyrin complex with acceptor-accep-
tor 3-iodaneylidenes (iodonium ylides) 
as the carbene precursors. We report de-
tailed spectroscopic characterization of the resulting reactive carbene radical species, and their application in styrene cyclo-
propanation. In particular, we demonstrate that iodonium ylides generate novel bis-carbenoid species leading to reversible 
substrate-promoted ligand modification of the commercially available [Co(TPP)]-catalyst. Two interconnected catalytic cy-
cles are involved in the overall catalytic reaction with a mono-terminal carbene radical and an unprecedented N-enolate–
carbene radical intermediate as the respective key species for the mono- and bis-carbene cycles. Notably, N-enolate formation 
is not a catalyst deactivation pathway, and both the N-enolate and the carbene radical moieties can be transferred as carbene 
units to styrene. The studies provide a detailed picture of the new [Co(TPP)]-catalyzed carbene transfer reactions from io-
donium ylides. The findings are supported by detailed and unequivocal characterization of the reactive N-enolate & carbene 
radical intermediates and their deactivation products (EPR, UV–Vis, HR–MS, NMR, in-situ ATR–FT–IR, SC–XRD), Hammett 
analysis, mechanistic control experiments, DFT reaction pathway profiling and NEVPT2-CASSCF electronic structure calcula-
tions. 

Introduction: Carbon–carbon bond formation is at the 
heart of synthetic organic chemistry. While traditional 
methods have provided a plethora of reliable approaches, 
direct functionalization of unactivated C–H bonds,1 or ac-
cess to strained and medium-sized carbocycles and hetero-
cycles remains a difficult task.2 In this perspective, transi-
tion metal Fischer-type carbenes have emerged over sev-
eral decades as highly versatile intermediates to directly ac-
cess a variety of motifs. Their synthetic utility ranges from 
cyclopropanes to numerous C−H and X−H insertion reac-
tions (X = O, N, S, Si), as well as several ring-closing and ex-
pansion reactions.3 Previous work has focused mostly on 
platinum-group metals such as Rh4 and Ru5 and such sys-
tems are still among the most successful ones. Over the past 

decades, attention has shifted largely towards 1st-row tran-
sition metals with a higher abundance and lower toxicity 
compared to their 2nd- and 3rd-row counterparts.  

 

Scheme 1. Single-electron transfer from cobalt to the carbene 
moiety, enabling radical reactivity that has led to the successful 
synthesis of a variety of carbo- and heterocycles. 
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Most of these are Cu6-  and Fe-based7 systems, which typ-
ically react via classical Fischer-type carbenes, similar to the 
reactivity of noble-metal catalysts. However, specific base 
metals give access to novel and different reactivity via alter-
native reaction pathways. Particularly, cobalt systems have 
shown to be of special interest, as they tend to react via sin-
gle-electron radical–type pathways that provide new and 
useful catalytic protocols.8 Specifically cobalt-porphyrin 
complexes such as [Co(TPP)] (cobalt(II)–tetraphenyl-
porphyrin) have shown to be useful for a variety of cycliza-
tion reactions that are mostly inaccessible with traditional 
Fischer-type carbene chemistry. This includes the synthesis 
of electron deficient olefin-based cyclopropanes,9 β–lac-
tams,10 indenes,11 2H-chromenes,12 piperidines,13 8-mem-
bered rings14 and various other motifs (Scheme 1).15,16,17,18,19 
At the core of this chemistry is a metal-to-substrate single-
electron transfer process, from the cobalt center to the car-
bene moiety, which imbues the carbene with radical prop-
erties. The resulting carbene radical intermediate proceeds 
to react via single-electron, stepwise radical type pathways 
with various substrates as opposed to conventional two-
electron reactivity (Scheme 1).20 

Due to their reactive nature, spectroscopic detection and 
characterization of the carbene radical intermediates has 
been limited to a few scattered experiments, mostly involv-
ing the detection of minor amounts at low temperatures to-

gether with other species (including ‘bridging car-
benes’)20a,21 or indirect detection with spin trapping 
agents.9m,14a This can be partially explained by the fact that 
in most of these studies mono-substituted carbene precur-
sors were used, which provide limited steric protection 
and/or electronic stabilization. Disubstituted carbenes, and 
in particular acceptor–acceptor carbenes are anticipated to 
have a (radical) stabilizing effect, thus facilitating detection 
and characterization of the key reactive intermediates. Fur-
thermore, development of efficient protocols for carbene 
transfer from disubstituted carbene precursors would also 
expand the scope of cobalt(II)-catalyzed group transfer re-
actions substantially. 

However, in almost all reported catalytic reactions the re-
actions are restricted to the use of mono-substituted diazo 
compounds as carbene precursors. Activation of disubsti-
tuted acceptor–acceptor diazo compounds has proven to be 
far more difficult (Scheme 2A). The Zhang group developed 
enantioselective porphyrins equipped with hydrogen-bond 
donor motifs that facilitate carbene radical formation,22 and 
some of these can activate specific disubstituted diazo com-
pounds. However, this remains in general a challenging 
task, as the complexity of these catalysts demand lengthy 
syntheses and also the inherent toxicity and potentially ex-
plosive nature of diazo compounds calls for development of 
alternative approaches. As such, hypervalent iodine(III) an-

 

Scheme 2. (A) Transition metals employed previously in catalysis using mono/bis–substituted diazo substrates and iodonium 
ylides. (B) Coordination chemistry of acceptor–acceptor metal carbenes leading to N-enolate species (Mansuy et al.). (C) Application 
of iodonium ylides used in cobalt-catalyzed cyclopropanation with detailed mechanistic insight revealing novel N-enolate type car-
bene radical species that yield donor-acceptor cyclopropanes in quantitative yield. Notably, both the carbene radical and the N-
enolate moieties are reactive carbene-delivering functionalities capable of carbene transfer to styrene. 
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alogues (i.e. iodonium ylides) are useful alternative precur-
sors for carbene formation.23.24 The outstanding nucleo-
fugality of iodobenzene (106 times greater leaving group ca-
pability than triflate25) facilitates metal carbene formation, 
providing a distinct advantage for carbene transfer reac-
tions involving disubstituted acceptor–acceptor car-
benes.26,27,28,29,30 However, to the best of our knowledge, 
there are no reported examples of homogeneous cobalt sys-
tems capable of catalytic carbene transfer from iodonium 
ylides (Scheme 2A).31 For FeII-and closed-shell CoIII-porphy-
rin-based systems, a likely reason for this behavior is the 
observed formation of catalytically inactive N-enolate spe-
cies, as described by Mansuy and coworkers (Scheme 2B).32 
They investigated the organometallic chemistry of closed-
shell CoIII and (integer-spin) FeII-porphyrin systems in the 
presence of acceptor–acceptor iodonium ylides, and found 
that the cyclic diester carbenes rapidly rearrange to mono- 
or bis-N-enolate modified porphyrins with the pendant car-
bonyl group serving as the 5th or 6th ligand (Scheme 2B). 
None of these reported N-enolate structures is catalytically 
active, and hence it is tempting to consider the reaction 
shown in Scheme 2B as a general catalyst deactivation path-
way when using acceptor-acceptor carbenes. Herein we 
demonstrate that this assumption is incorrect for open-
shell cobalt systems.  

Building on the prior art described above, we decided to 
investigate the catalytic carbene transfer from acceptor–ac-
ceptor iodonium ylides mediated by homogeneous co-
balt(II)-based systems, which uncovered an efficient proto-
col for styrene cyclopropanation via unique radical-type re-
action intermediates (Scheme 2C). In this combined experi-
mental, spectroscopic and computational study we aim to 
answer the following research questions: 

1) Can iodonium ylides be used in [Co(TPP)]-catalyzed 
cyclopropanation of styrene and how do they com-
pare to analogous diazo compounds? 

2) What is the mechanism behind these reactions and 
how does this compare to contemporary CoIII-car-
bene radical mechanisms? 

3) Do N-enolate species also play a role in the reactivity 
of open-shell CoII-species and can they be detected?  

4) What are the active species, ruling reaction mecha-
nisms and dominant deactivation pathways of these 
catalytic reactions? 
 

Results and Discussion: We first set out to test the cata-
lytic activity of [Co(TPP)] in the cyclopropanation of styrene 
using either dimethyldiazomalonate (DMM•N2) or dime-
thylmalonate iodonium ylide (DMM•IY) as a model reaction 
(Table 1). The diazo substrate yielded little to no cyclopro-
pane product (<10%, based on 1H-NMR) even when heated 
to 60 °C for 60 h (Entry 1 & 2). This reactivity is consistent 
with previously reported attempts to activate acceptor–ac-
ceptor diazo compounds.33 In marked contrast, the analo-
gous reaction using the corresponding iodonium ylide 
yielded 99% cyclopropane in <1 h at 20 °C (Entry 3). Fur-
ther screening of solvents (Entry 3–10) revealed that apolar 
solvents work best, of which C6D6, CD2Cl2 and toluene-d8 
gave the highest yields. Temporal reaction monitoring (Fig-
ure S6, Supp. Inf.) shows slightly higher yields in C6D6 than 

in non-deuterated benzene. Optimization of the catalyst 
loading, DMM•IY equivalents and time (Entry 11–16) re-
vealed that quantitative yields can be obtained with a 2.5 
mol% catalyst loading in just 5 minutes. 

Several control experiments confirm a crucial role of the 
[Co(TPP)] catalyst, and reactions in the presence of air or 
TEMPO as a trapping agent gave rise to reduced or no yield, 
respectively, confirming that radical–type reactions are op-
erative. Unsurprisingly, when using only the malonate or 
the PIDA (phenyliodosodiacetate) reagent no cyclopropane 
product was detected. However, when combining both com-
pounds together with 6 eq. of KOH as a base, a small amount 
of product was observed, ascribed to in situ formation of the 
ylide (Table S7, Supp. Inf.).  

Table 1. Screening of carbene precursors (Y = N2 or IPh) in 
the cyclopropanation of styrene with [Co(TPP)] and optimi-
zation of reaction conditions using DMM•IY. 

 
Entry cat. 

loading 

(mol%) 

solvent Y Time 
(min.) 

Yield (%) a 

1 5 C6D6 N2 60 0 ± 0% 

2 5 C6D6 N2 3600 10 ± 3% 

3 5 C6D6 IPh 60 99 ± 4% 

4 5 Tol–d8 IPh 60 98 ± 5% 

5 5 CD2Cl2 IPh 60 98 ± 1% 

6 5 CDCl3 IPh 60 66 ± 4% 

7 5 THF–d8 IPh 60 58 ± 0% 

8 5 DMSO–d6 IPh 60 84 ± 1% 

9 5 CD3OD IPh 60 4%b 

10 5 CD3CN IPh 60 31%b 

11 5 C6D6 IPh 60 81 ± 4%c 

12 5 C6D6 IPh 5 99 ± 3% 

13 2.5 C6D6 IPh 5 99 ± 1% 

14 2.0 C6D6 IPh 5 79 ± 1% 

15 1.0 C6D6 IPh 5 48 ± 1% 

16 0.1 C6D6 IPh 5 4 ± 1% 

a Yields based on 1H-NMR integration using 1,3,5-trimethox-
ybenzene as an internal standard. Performed in duplicate; b Sin-
gle run experiment; catalyst poorly soluble.; c 1:1 styrene: 
DMM•IY.  

Mechanistic investigations. Based on previous work re-
garding hypervalent iodine reagents in cobalt–catalyzed 
nitrene transfer,34 we suspected that bis-carbenoid inter-
mediates might play a role in catalysis.35 This was initially 
investigated using positive-mode cold electrospray ioniza-
tion high resolution mass spectrometry (CSI+–HR–MS). 
Identical to catalytic conditions, 24 eq. of solid DMM•IY 
were mixed with a solution of [Co(TPP)] in benzene (4.5 
mM) and measured with CSI+–HR–MS (Figure 1A). 
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Two major peaks at m/z = 801 Da and m/z = 931 Da match 
those of mono- and bis-carbenoid complexes, respectively. 
The isotopic patterns are in line with mono-cationic ions 
and subsequent reduction of the ionization voltage resulted 
in a complete collapse of both signals, suggesting the ioniza-
tion of neutral species. Peaks at m/z = 671 and 1620 Da, re-
spectively, match that of the free [Co(TPP)] catalyst and a 
water adduct of a dimeric form of the mono-carbenoid spe-
cies (Figure S27, Supp. Inf.). MS–MS analysis (Figure S37, 
Supp. Inf.) shows  m/z  = 671 Da and m/z = 801 Da to be 
fragments of m/z = 931 Da. However, the presence of some 
mono-carbenoid species cannot be excluded solely on the 
basis of these MS experiments.  

To shed more light on the stoichiometry of the reaction, 
UV/Vis spectroscopy was used to probe changes in the por-
phyrin’s Soret and Q-bands. Titrating the [Co(TPP)] catalyst 
with 0 to 2.5 eq. of DMM•IY in CH2Cl2 revealed a transition 
of the Soret peak at 410 nm to 430 nm (significantly lower 
intensity), with isosbestic points at 383, 424, 518 and 542 
nm (Figure 1B). Full conversion is observed with 2 eq. of the 
iodonium ylide, above which the spectrum does not change 
anymore. This reveals rapid formation of a single, new spe-
cies without a detectable second, long-lived intermediate. 
The Q-band at 528 nm fully collapses into the baseline. Cou-
pled with the red-shift of the Soret peak, this points to a sub-
stantial perturbation of the (electronic) structure of the 
porphyrin macrocycle induced by oxidation of CoII to CoIII 
with a concomitant chemical reaction between a carbene 
moiety and the porphyrin ring.32,34a We ascribe this to selec-
tive formation of N–enolate–carbene radical species IE–T 
(Scheme 3). Additional support  by TD–DFT calculations 
corroborates these findings (p. S75, Supp.Inf.).  

Figure 1. (A) CSI+–HR–MS spectrum of a reaction between 
[Co(TPP)] and DMM•IY, illustrating the presence of mono- (m/z 
= 801 Da) and bis-carbenoid complexes (m/z = 931; 932[+H+] ) 
and residual (or fragmentation to) [Co(TPP)] (m/z = 671) . (B) 
UV/Vis spectra of a series of reactions between [Co(TPP)] and 
varying equivalents of DMM•IY in CH2Cl2 at t = 0 min. 

 

Scheme 3. Formation of N-enolate-carbene radical IE–T obtained by reaction between [Co(TPP)] and DMM•IY, based on the spectro-
scopic evidence (EPR, UV/Vis, CSI+–HR–MS and in-situ ATR–FT–IR). The mono-terminal carbene radical intermediate IT is not de-
tectable during UV–Vis titrations leading to formation of IE–T, but can be detected in single turnover experiments between IE–T and 
1 eq. styrene. Complex IE–T deactivates to diamagnetic N-enolate–alkyl species IE–A via HAT (e.g. from toluene). Phenyl rings of the 
TPP ligand omitted for clarity. 
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To further investigate the potential role of radical species 
IE−T, we turned to X-band EPR spectroscopy. At room tem-
perature in benzene, an isotropic spectrum (Figure 2A) was 
acquired that is characteristic of a S = ½ system with small 
59Co hyperfine interactions (HFIs) (ACoiso = 85.6 MHz) and an 
isotropic g-value (giso = 1.998) indicative of a cobalt-bound 
but organic-centered radical undergoing restricted tum-
bling in solution (Figure 2A). Additional EPR measurements 
at 40 K in toluene glass (Figure 2B) showed a complex HFI 
pattern and a rhombic g–tensor. A satisfactory simulation 
was obtained revealing parameters matching that of a co-
balt-bound, organic-centered radical (g11 = 1.997; g22 = 
2.006; g33 = 2.008). The spectrum is in line with an S = ½ 
system with small 59Co-HFIs (ACo11 = 21, ACo22 = −173; ACo33 = 
−103 MHz). 13C-labeling of the ylidic carbon and reacting the 
13C-labeled substrate 13C-DMM•IY with [Co(TPP)] in ben-
zene gave a similar isotropic X-band EPR spectrum at room 
temperature as obtained for the 12C-analog, but now with 9 
effective hyperfine lines instead of 8, which is caused by ad-
ditional coupling with a single I = ½ 13C–nucleus (Figure 2C). 
Simulation revealed otherwise identical EPR parameters as 
obtained for IE–T (13C-IE–T: giso = 1.998, A59Coiso = 85.6 MHz; 
A13Ciso = 104.7 MHz). The spectrum of 13C-IE–T obtained in tol-
uene glass at 40 K (Figure 2D) clearly indicates a splitting of 
the many HFI lines in the rhombic spectrum due to addi-
tional 13C-HFIs. As with the unlabeled spectra, simulation is 
indicative of a cobalt-bound but carbene–centered radical 
species (g11 = 1.998; g22 = 2.004; g33 = 2.006). 59Co-HFIs 
match the previously obtained values (ACo11 = 21; ACo22 = 

−173; ACoz = −103 MHz), but with additional 13C-HFIs stem-
ming from a single 13C nucleus (A13C11 = 260; A13C22 = 30; 
A13C33 = 30 MHz). These values are in good agreement with 
the DFT (B3LYP/ZORA-def2-TZVPP) calculated EPR param-
eters of the N-enolate-carbene complex IE–T (Table S9, Supp. 
Inf.).  
 

 
Complementary data were obtained with in-situ ATR-FT-

IR studies. Addition of C6H6 to a solid mixture of [Co(TPP)] 
and DMM•IY under continuous measurement revealed the 
appearance of a complex spectrum (Figure 3). Deconvolu-
tion of the spectra using DFT simulated IR spectra 
(BP86/def2-TZVP) and calibrated to known carbene IR fre-
quencies36a (Table S11/S12, Supp. Inf.), revealed the split-
ting of the porphyrin’s β-pyrrolic H-flipping, scissor, rocking 
and porphyrin stretching modes (742, 1071, 1207 and 1350 
cm–1 resp.) into two distinct peaks (734/754; 1062/1094; 
1177/1209; 1354/1368 cm–1 resp.), in agreement with 
desymmetrization of the porphyrin ring in IE−T. On top of 
that, various peaks can be observed in the carbonyl stretch-
ing region typical for metal–alkyl and metal–carbene spe-
cies with pendant ester groups.9b More specifically, two sets 
of peaks can be observed at 1573 and 1599 cm–1 and 1738 
cm−1. These are attributed to the metal carbene and metal 
alkyl species respectively. The additional peaks at 1705 and 
1765 cm-1 are tentatively assigned to a free- and coordi-
nated alkyl dimer (CH(CO2Me)2, respectively (Figure S22 
and Table S12, Supp. Inf.). The peak at 1644 cm–1 is at-
tributed to the carbonyl stretching band of the free ester at-
tached to the N-enolate carbene moiety as reported by Set-
sune et al.36b and corroborated by our DFT results. The split-
ting of the porphyrin’s β-pyrrolic and porphyrinic vibra-
tional modes as well as the appearance of three distinct car-
bonyl peaks is in line with the conclusions derived from the 
above EPR studies. Ergo, on the basis of the combined spec-
troscopic evidence, we conclude that the reaction between 
DMM•IY and [Co(TPP)] results in formation of the unprece-
dented N–enolate–carbene radical species IE-T (Scheme 3).  

Additional proof for the structure of IE–T comes from NMR 
and single-crystal X-ray diffraction (SC–XRD) characteriza-
tion of the diamagnetic N-enolate-alkyl species IA–E, which is 
readily obtained by HAT to the carbene radical moiety of IE-T  

Figure 2. (A) Experimental (black) and simulated (red) X-band 
EPR spectrum of species IE–T obtained in a reaction between 
DMM•IY and [Co(TPP)] in benzene at RT (Microwave freq. 
9.6434 GHz, mod. amp. 1 G, power 20 mW). (B) Spectrum of IE–

T measured in toluene glass at 40 K (Microwave freq. 9.6435 
GHz, mod. amp. 4 G, and power 0.633 mW). (C) Spectrum of 13C-
IE–T measured at RT of the reaction between 13C–DMM•IY and 
[Co(TPP)] in benzene at RT (Microwave freq. 9.6449 GHz, mod. 
amp. 4 G, power 0.633 mW). (D) Spectrum of 13C-IE–T measured 
in toluene glass at 40 K (Microwave freq. 9.6429 GHz, mod. 
amp. 4G, power 0.633 mW). Simulated parameters are men-
tioned in the text and are listed in Table S5. 

Figure 3. in–situ ATR–FT–IR spectrum of a supersaturated re-
action between [Co(TPP)] and DMM•IY followed over time (1 
scan/min.). 
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(Scheme 3). For more details about the formation and char-
acterization of diamagnetic complex IA–E, see section “HAT-
induced catalyst deactivation” (vide infra). 

 
Having characterized the novel N–enolate–carbene radi-

cal intermediate IE–T, we proceeded to investigate its poten-
tial role in the catalytic reaction with styrene. As such, we 
exposed [Co(TPP)] to 2 eq. of DMM•IY to form IE–T in a quan-
titative manner, after which an excess of styrene (5 eq.) was 
added. To our surprise this “single-turnover” experiment 
produced 2 equivalents of cyclopropane 1, thus indicating 
that both the carbene radical moiety and the enolate moiety 
of IE–T can each be transferred as a carbene group to styrene 
(Scheme 3). Clearly, and in stark contrast with the results of 
Mansuy obtained with closed-shell CoIII-porphyrins, for-
mation of the N-enolate moiety is reversible for [CoII(TPP)], 
and is not a catalyst deactivation pathway. Armed with this 
knowledge, IE−T was exposed to 1 eq. of styrene in a single-
turnover reaction and studied by X-band EPR spectroscopy 
(Figure 4A). Interestingly, this produced a spectrum indica-
tive of a cobalt-bound but organic-centered radical that is 
distinctly different from IE−T. Simulation (g11 = 2.018; g22 = 
1.988; g33 = 2.047. ACo11 = 15, ACo22 = 30; ACo33 = 135 MHz) in 
comparison to the computed EPR parameters suggest the 
formation of mono-terminal carbene species IT (Figure S12 
and Table S9, Supp. Inf.).  
These findings suggest that the initial carbene transferred 
from IE–T to styrene is the carbene radical moiety, after 
which the N-enolate moiety of the newly formed CoII-N-eno-
late adduct IE rearranges to IT. In the presence of additional 
styrene, the latter subsequently reacts to produce a second 
equivalent of cyclopropane (Scheme 3). Expanding on this 
hypothesis, we surmised that the order of addition, i.e. {(1) 
DMM•IY, (2) styrene, (3) [Co(TPP)]} or rather {(1) DMM•IY, 
(2) [Co(TPP)], (3) styrene}, might play a role in whether the 
N–enolate–carbene radical species IE–T or rather the mono-
carbene radical IT is the dominant intermediate in the cata-
lytic cycle. Indeed, when running the catalytic reaction by 
adding the reagents in the order {(1) DMM•IY, (2) styrene, 
(3) [Co(TPP)]}, followed by freeze quenching the reaction 
mixture after 20 seconds, produced a mixture containing 
mainly [Co(TPP)] and the mono-carbene radical species IT 

(Figure 4B), while upon reversing the order of addition to 
{(1) DMM•IY, (2) [Co(TPP)], (3) styrene} we detected a new, 
previously unencountered species. The relatively large 
g-anisotropy of the latter species points to a cobalt–cen-
tered radical, and based on a comparison with DFT calcu-
lated EPR parameters we ascribe this spectrum to the N-
enolate adduct IE (g11 = 2.051; g22 = 2.168; g33 = 2.027. ACo11 
= –109, ACo22 = −124; ACo33 = 390 MHz) (Figure 4C; Scheme 
3). These data suggest that in reactions where the catalyst 
reacts first with the ylide, carbene transfer proceeds mostly 
from the N-enolate-carbene radical intermediate IE–T, while 
in reactions wherein styrene is present from the beginning 

the mono-carbene radical IT is the dominant carbene trans-
fer intermediate.  

 
We decided to gather more information about the nucle-

ophilicity of the above detected intermediates via Hammett 
analysis of the carbene-transfer reactions (p. S53-S55, Supp. 
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Inf.). The Hammett plots were obtained under the opti-
mized reactions conditions (Table 1, entry 13). To ensure 
complete conversion of all styrenes, the reaction time was 
extended to 15 min. To account for radical contributions to 
the Hammett parameters, the σJJ• radical spin-delocaliza-
tion substituents37a were included as well as the classical 
σ+/– Hammett constants.37b Plotting log(kx/kH) vs {ρ•σJJ• + ρ–

σ– + C} via multiple linear regression gave the best fit overall 
(Figure 5). Changing the order of addition of reagents does 
not have a noticeable influence on the obtained Hammett 
parameters (Figures S53–54 and Tables S13–14, Supp. Inf.), 
suggesting that both carbene radicals (IE–T and IT) have sim-
ilar electronic properties. The necessary addition of σJJ•-val-
ues for an accurate fit supports the previously established 
radical character. Interestingly, the large |ρ–/ρ•| values sug-
gest a significant buildup of negative charge in the transition 
state. For |ρ–/ρ•| values close to or greater than unity, elec-
tronic effects dominate and this implies that the carbene 
radicals are distinctly nucleophilic. This is in line with pre-
viously reported reactivity of CoIII-carbene radicals towards 
electron-deficient alkenes.9j,20a  

 

 
 

HAT-induced catalyst deactivation: Cobalt(III)–
carbene radicals are known to deactivate rapidly through 
hydrogen–atom–transfer (HAT) from either the starting di-
azo reagent or the solvent.9b,21 Thus far, mechanistic studies 
of these deactivation processes have focused entirely on 
mono-substituted carbenes generated from diazo reagents. 
We therefore decided to investigate if similar deactivation 
processes also play a role for disubstituted carbene radicals 
generated from iodonium ylides. Detailed spectroscopic 
(EPR, NMR, UV/Vis, ATR-FT-IR) and mass spectrometric 
studies (p. S47-S48, Supp. Inf.) revealed that HAT from the 
solvent (toluene) or other hydrogen sources (e.g. trace im-
purities) indeed leads to deactivation of both mono-carbene 
radical intermediate IT and N-enolate carbene radical inter-
mediate IE‒T to produce alkyl species IA' and IE‒A, respec-
tively (Scheme 3). HAT-deactivation is observed to be faster 
for IT than for IE‒T, in good agreement with supporting DFT 
studies (p. S84, Supp. Inf.). The N-enolate moiety clearly has 
a protective function, making the barrier for HAT-
deactivation higher. The diamagnetic alkyl species IE‒A 

could be isolated and was characterized in detail by 1H-, 13C-, 
1H1H-COSY, 1H13C-HSQC and HMBC NMR NMR spectroscopy 
(p. S8-S9 & S62-65 Supp. Inf.). and single-crystal X-ray dif-
fraction studies (p. S10, Supp. Inf.). NMR studies, bond–
length analysis and use of the harmonic oscillator model for 
aromaticity38 reveal that while TPP N-enolate functionaliza-
tion leads to desymmetrization of the macrocyle, the overall 
aromaticity is largely retained (HOMA value: 0.91; p.S12, 
Supp. Inf.). The modified pyrrole ring binds to cobalt, but 
has a substantially elongated Co–N bond. Based on the bond 
distances, the N-enolate moiety has a delocalized negative 
charge. 

 
Computational DFT studies: To gain further insight into 

the mechanism of the metalloradical–catalyzed cyclopropa-
nation reaction we turned to density functional theory cal-
culations. Calculations were performed at the BP86/def2-
TZVP level of theory, using Grimme’s D3 dispersion correc-
tions (‘zero’ damping), at the doublet spin surface. This 
method has been properly benchmarked against experi-
mental data for cobalt(II)-porphyrin systems.12-16, 39-40 The 
results are shown in Scheme 4. A detailed account is pro-
vided in the supporting information (p. S72, Supp. Inf.). 
Herein we summarize the main results, in direct compari-
son with the experimental data: 
(a) The overall reaction mechanism for [Co(TPP)]-catalyzed 
styrene cyclopropanation is quite intricate, and consists of 
two interconnected catalytic cycles; a “mono-carbene cycle” 
in which mono-carbene radical complex IT is the key inter-
mediate, and a “bis-carbene cycle” in which N-enolate–car-
bene radical IE–T is the key carbene transfer intermediate.  
(b) Conversion of [Co(TPP)] to IT and subsequent reaction 
of IT with an additional equivalent of DMM•IY to produce 
IE-T both proceed via low barrier transition states, which are 
readily accessible at RT. The mono-terminal carbene radical 

Figure 5. Hammett plot for the [Co(TPP)]-catalyzed cyclopro-
panation of styrene using DMM•IY. 

Figure 6. Solid-state crystal structure of IE–A at 100 K (ORTEP, 
thermal ellipsoids at 50% probability level). TPP phenyl 
groups, solvent molecules, disordered O2–CH3 positions and all 
protons except H24 omitted for clarity. Selected bond lengths 
(Å): Co1–N1 2.1195(17), Co1–N2 1.9700(18), Co1–N3 
1.9464(17), Co1–N4 1.9752(16), Co1–O1 1.952(2), Co1–C24 
2.045(2), N1–C21 1.489(3), C2–N1 1.464(3), C2–C1 1.381(3), 
C1–C20 1.396(3), C20–C19 1.387(3), C19–N1 1.457(3), C21–
C22 1.400(4), C21–C23 1.441(3), C22–O1 1.260(3), C22–O2 
1.416(4), C23–O3 1.217(3), C23–O4 1.356(3), C24–C25 
1.486(3), C24–C26 1.486(3), C25–O5 1.206(3), C26–O7 
1.213(3), C26–O8 1.351(3).  
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species IT is lower in energy than the mono–bridged carbene 
species  IB and the mono–enolate adduct IE.41 In contrast, the 
N-enolate–carbene radical species IE–T is more stable than 
the bis-terminal carbene species IT–T. These data are in 
agreement with the experimental observations (p. S47, 
Supp. Inf.). 
(c) The “bis-carbene cycle” is reconnected to the “mono-car-
bene cycle” via intramolecular rearrangement of IE to IB, fol-
lowed by formation of IT. The highest barrier of this process 
(TS10: ΔΔG‡ = +23.1 kcal·mol–1) is readily accessible at RT, 
but this process should be relatively slow. It is in fact the 
highest barrier of the entire catalytic double–cycle, which 
explains why IE is detectable with EPR spectroscopy  in trap-
ping experiments (Figure 4C). These data are in excellent 
agreement with the experimental data, showing that N-eno-
late formation is reversible and that 2 eq. of cyclopropane 
are generated upon reaction of stoichiometrically gener-
ated  IE–T with 5 eq. styrene.  
(d) The barrier for styrene addition to IT is substantially 
lower than the barrier for styrene addition to IE–T (+10.8 vs. 
+18.3 kcal∙mol−1). Conversely, activation of the iodonium 
ylide is barrierless for the “bis-carbene cycle”, whereas this 

has a small barrier in the “mono-carbene cycle”. Since sty-
rene addition is the rate–determining step in both cycles, 
the “mono-carbene cycle” should be faster than the “bis-car-
bene cycle”. Since the ylide is much less soluble than sty-
rene, this implies that the mono-carbene cycle is likely to be 
the dominant catalytic pathway under reaction conditions 
where all components are present before adding the cata-
lyst. Experimentally, this is indeed what is observed, be-
cause IT is detected as the resting state (Figure 4B) when 
adding the catalyst to the premixed reagents.42  
(e) Formation of IE–T from mono-carbene radical IT is com-
petitive with styrene addition to IT at equimolar concentra-
tions (+11.2 vs. +10.8 kcal∙mol–1), and hence both cycles are 
relevant. Experimentally we observed that in absence of 
styrene the reaction proceeds cleanly to IE-T at RT, and the 
“bis-carbene cycle” is clearly connected to the “mono-car-
bene cycle” (Figure 4A). While accessible at RT, the com-
puted barrier for formation of IT from IE is relatively high 
(Scheme 4). Hence, in the presence of enough iodonium 
ylide DMM•IY the reaction should be largely trapped in the 
“bis-carbene cycle”. Experimental detection of IE with EPR 

 

Scheme 4. Full catalytic cycle for the [Co(TPP)]-catalyzed reaction of DMM•IY and styrene. Free energies (G298K in kcal∙mol–1) are 
reported relative to the mono- and bis-benzene adducts of [Co(TPP)] for 5- and 6-coordinate species, respectively. All calculations 
were performed at the BP86/def2-TZVP/disp3 (m4-grid) level of theory at the doublet spin surface (S = ½). Inset figures show spin 
density plots of IT (left) and IE–T (right). Phenyl rings of the TPP ligand omitted for clarity. 
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spectroscopy for a reaction carried out by adding the rea-
gents in the order {(1) DMM•IY, (2) [Co(TPP)], (3) styrene} 
(see Figure 4) confirms this.42 
(f) Experimentally, the reaction between [Co(TPP)] and 
DMM•IY proceeds cleanly towards IE-T without detectable 
amounts of IT (Figure 1B). Computationally, the barrier for 
formation of IT is lower than the barrier for formation of IE-T 
(although both are very low), thus suggesting that IT should 
in principle be detectable in titrations. This apparent dis-
crepancy can be explained by the heterogeneous nature of 
the reaction mixture (Figure S20, Supp. Inf.). Moreover, hy-
pervalent iodine reagents are known to form polymeric/ol-
igomeric linear I+–X− chains,43 and as such rapid and selec-
tive formation of “bis-carbene” species IE-T with clear isos-
bestic points in the titration experiments may well be the 
result of a high local concentration of ylide leading to rapid 
conversion of IT to IE-T. 

Comparison with the diazo analogue DMM•N2: From a 
comparison of the computational pathways it becomes clear 
why the conventional diazo precursor DMM•N2 is much less 
reactive toward [Co(TPP)] than the iodonium ylide DMM•IY 
(p. S89, Supp.Inf.). Formation of the initial ylidic coordina-
tion adduct is exergonic for DMM•IY with coordination of 
the central carbon as the most stable isomer. In contrast, the 
diazo compound coordinates most favorably via the car-
bonyl oxygen, although all adducts are uphill in energy 
(Scheme S14, Supp. Inf.). Moreover, expulsion of iodoben-
zene proceeds has a very low barrier (+3.9 kcal∙mol–1) 
whereas the barrier for N2-loss from the diazo compound is 
much larger (+20.4 kcal∙mol−1). However, activation of 
DMM•N2 should still be possible based on these computa-
tional results. The calculated activation barrier for this pro-
cess may therefore be somewhat underestimated, as exper-
imentally no reaction is observable at room temperature 
within 1 h. A prolonged run at 60°C for 60 h produced less 
than 10% product, suggesting that carbene formation and 
subsequent transfer to styrene is possible with DMM•N2 
(Figures S51–52, Supp. Inf.). Nonetheless, no signals belong-
ing to [Co(TPP)] were detectable and instead a diamagnetic 
fingerprint indicative of [CoIII(TPP)]-alkyl species were 
found. Combined with the low yields obtained under the 
forcing conditions this suggests that catalyst deactivation 
plays a significant role with DMM•N2 as a substrate. 

NEVPT2–CASSCF electronic structure calculations: To 
check for possible multireference/multiconfigurational 
contributions to the electronic structures of the key carbene 
transfer intermediates IT and IE−T,44 and to provide an accu-
rate description of their frontier molecular orbitals, we also 
performed NEVPT2-corrected CASSCF calculations (see 
Supp. Inf.). These calculations confirm that these species 
have a doublet (S = ½) ground state without significant mul-
tireference character, well-separated from higher spin 
states, and that their electronic structures are properly de-
scribed by DFT. A detailed analysis of their NEVPT2-CASSCF 
electronic structure and a graphical representation of the 
energy-scaled frontier orbitals is provided in Tables S27-
S28 and Figures S73-S74. 

 
Conclusions: In this work we demonstrated that the ac-

ceptor-acceptor iodonium ylide DMM•IY is a highly suitable 

precursor to generate, detect and characterize disubsti-
tuted carbene radicals at [Co(TPP)], which are productive in 
carbene transfer catalysis, and enable efficient and fast cat-
alytic cyclopropanation of styrenes. Reaction of [Co(TPP)] 
with 2 eq. of DMM•IY produces the unprecedented N-eno-
late-carbene radical intermediate IE-T, containing a CoIII-car-
bene radical moiety and an enolate-modified porphyrin ring 
generated by carbene attack at one of the pyrrole rings of 
the TPP ligand. This species was unequivocally character-
ized with several spectroscopic methods and on the basis of 
its follow-up reactivity, providing a detailed picture of its 
(electronic) structure. In contrast to what might be ex-
pected, formation of the N-enolate is a reversible process, 
and not a route to catalyst deactivation. The carbene radical 
and the N-enolate moieties are both carbene-delivering 
functionalities capable of carbene transfer to other sub-
strates. 

Based on a combination of several spectroscopic, experi-
mental and computational methods we conclude that the 
mechanism of the cyclopropanation reaction proceeds via 
two interconnected catalytic cycles. The key carbene trans-
fer intermediate in one cycle is mono-carbene IT, and in the 
other cycle it is the novel and unusual N-enolate-carbene 
radical IE−T. Catalyst deactivation involves HAT from the sol-
vent or trace impurities to the carbene radical moieties of 
these intermediates. Control experiments show that the 
DMM•N2 reagent is catalytically inert under the optimized 
reaction conditions. Additional computational insight re-
veals DMM•N2 to exhibit a significantly higher activation 
barrier than DMM•IY as well as unfavorable coordination 
minima for carbene formation. The interplay of opposing 
stabilities between terminal and N-bridging carbene (radi-
cal) moieties dictated by the CoII/III-redox cycle plays an im-
portant role, and explains the unique active participation of 
the otherwise catalytically inactive N-enolate species. Con-
sequently, for these acceptor–acceptor carbenes, solvent-
based hydrogen atom transfer is the dominant mode of de-
activation. The N-enolate moiety clearly has a protective 
function, making the barrier for HAT-deactivation higher. 
Facile and energetically favorable carbene formation cou-
pled with comparably high deactivation barriers leads to 
the observed highly selective formation of donor–acceptor 
cyclopropanes in quantitative yield. We envision that fur-
ther application of these unique CoIII-carbene radicals has 
the potential to unlock new scaffolds via the superior facile 
activation of acceptor–acceptor iodonium ylides over diazo 
compounds.  
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