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Iron(III)-based metalloradical catalysis for 
asymmetric cyclopropanation via a stepwise 
radical mechanism

Wan-Chen Cindy Lee    , Duo-Sheng Wang    , Yiling Zhu     & X. Peter Zhang     

Metalloradical catalysis (MRC) exploits the metal-centred radicals present 
in open-shell metal complexes as one-electron catalysts for the generation 
of metal-stabilized organic radicals—key intermediates that control 
subsequent one-electron homolytic reactions. Cobalt(II) complexes of 
porphyrins, as stable 15e-metalloradicals with a well-defined low-spin d7 
configuration, have dominated the ongoing development of MRC. Here, 
to broaden MRC beyond the use of Co(II)-based metalloradical catalysts, 
we describe systematic studies that establish the operation of Fe(III)-based 
MRC and demonstrate an initial application for asymmetric radical 
transformations. Specifically, we report that five-coordinate iron(III) 
complexes of porphyrins with an axial ligand, which represent another 
family of stable 15e-metalloradicals with a d5 configuration, are potent 
metalloradical catalysts for olefin cyclopropanation with different classes 
of diazo compounds via a stepwise radical mechanism. This work lays a 
foundation and mechanistic blueprint for future exploration of Fe(III)-based 
MRC towards the discovery of diverse stereoselective radical reactions.

One-electron radical chemistry has attracted growing attention in 
organic synthesis due to its distinct reactivity compared to traditional 
two-electron polar chemistry1,2. Controlling the stereoselectivity, espe-
cially enantioselectivity, of radical reactions has long been a formida-
ble challenge3,4. Among recent advances5–8, metalloradical catalysis 
(MRC) offers a conceptually different approach, achieving control 
over reactivity and stereoselectivity through the catalytic generation 
of metal-stabilized organic radicals as key intermediates governing sub-
sequent homolytic radical reactions9–21. Co(II) complexes of porphyrins 
([Co(Por)])—stable 15e-metalloradicals—have been demonstrated as 
effective MRC catalysts, involving fundamentally distinct α-Co(III)-alkyl 
and α-Co(III)-aminyl radical intermediates. Introducing D2-symmetric 
chiral amidoporphyrins as supporting ligands, Co(II)-based MRC has 
successfully enabled various asymmetric radical reactions, including 
C=C bond cyclopropanation and aziridination, and C–H bond alkylation 
and amination, with precise control over reactivity and stereoselectiv-
ity22–25. Expanding beyond Co(II)-based systems, we have explored other 
open-shell transition-metal complexes, in particular five-coordinate 

Fe(III) complexes of porphyrins ([Fe(Por)X]), as potential metalloradical 
catalysts for MRC. The low toxicity, abundance and cost-effectiveness 
of iron make Fe(III)-based metalloradical catalysts attractive, offering 
opportunities to explore diverse catalytic processes for stereoselective 
radical transformations.

Although the air-sensitive Fe(II) complexes of porphyrins have 
been studied extensively26–28, stable Fe(III) complexes of porphyrins 
have not been unambiguously established as genuine catalysts for cata-
lytic transformations in metallocarbene systems, especially in radical 
pathways29,30. Although MRC has been primarily demonstrated using 
low-spin d7 [Co(Por)] (Fig. 1a), we questioned whether [Fe(Por)X], with 
the well-known spin-crossover of the d5 configuration, could also oper-
ate as potential metalloradical catalysts. Our focus was on investigating 
[Fe(Por)X] for olefin cyclopropanation with diazo compounds, a cata-
lytic process previously presumed to proceed via in situ-reduced Fe(II) 
complexes and a concerted mechanism (Fig. 1b)29–44. We envisioned a 
stepwise radical mechanism for Fe(III)-catalysed cyclopropanation 
(Fig. 1c), generating trifluoromethyl-substituted cyclopropanes of 

Received: 8 August 2022

Accepted: 8 August 2023

Published online: 7 September 2023

 Check for updates

Department of Chemistry, Merkert Chemistry Center, Boston College, Chestnut Hill, MA, USA.  e-mail: peter.zhang@bc.edu

http://www.nature.com/naturechemistry
https://doi.org/10.1038/s41557-023-01317-8
http://orcid.org/0000-0002-2433-7404
http://orcid.org/0000-0002-3519-2386
http://orcid.org/0000-0002-9827-9673
http://orcid.org/0000-0001-7574-8409
http://crossmark.crossref.org/dialog/?doi=10.1038/s41557-023-01317-8&domain=pdf
mailto:peter.zhang@bc.edu


Nature Chemistry | Volume 15 | November 2023 | 1569–1580 1570

Article https://doi.org/10.1038/s41557-023-01317-8

asymmetric radical cyclopropanation of alkenes. Our Fe(III)-based cata-
lytic system, supported by an optimal D2-symmetric chiral amidopor-
phyrin ligand, effectively activates α-trifluoromethyldiazomethane 
under mild conditions, affording trifluoromethyl-substituted cyclo-
propanes in high yields with both excellent diastereoselectivities 
and enantioselectivities. Mechanistic insights from comprehensive 
experimental and computational studies support a stepwise radi-
cal mechanism involving α- and γ-Fe(IV)-alkyl radical intermediates, 
demonstrating the operation of Fe(III)-based metalloradical catalysis.

Results and discussion
Reaction development
We commenced our studies by evaluating the catalytic poten-
tial of [Fe(Por)Cl] in direct comparison with [Co(Por)] and 
[Mn(Por)Cl] for the cyclopropanation reaction of styrene with 
α-trifluoromethyldiazomethane (1′) through in situ generation from 
trifluoroacetaldehyde-derived hydrazone 1, a 2,4,6- triisopropylbenze-
nesulfonyl hydrazone whose structure was determined by X-ray crystal-
lography, in the presence of Cs2CO3 as the base (Table 1). Although no 
reaction occurred without a catalyst (entry 1), Co(II)-metalloradical 
catalyst [Co(P1)] (P1 = 5,10,15,20-tetraphenylporphyrin) catalysed the 
reaction to form the desired trifluoromethyl-substituted cyclopro-
pane 3a in 30% yield with a 99:1 diastereomeric ratio (d.r.) in favour of 
trans-diastereomer (entry 2). Although Mn(III)–metalloradical complex 
[Mn(P1)Cl] was ineffective (entry 3), Fe(III)–metalloradical complex 
[Fe(P1)Cl] outperformed [Co(P1)], delivering cyclopropane 3a in a 
considerably higher yield (88%) with the same level of diastereose-
lectivity (99:1 d.r.) (entry 4). These results exhibited a notable effect 
of metal ions on the catalytic reaction by metalloporphyrin-based 
catalysts, prompting us to investigate the difference in enantioselec-
tivity with the support of D2-symmetric chiral amidoporphyrins. The 
Co(II) complex of first-generation D2-symmetric chiral amidoporphy-
rin [Co(P2)] (P2 = 3,5-DitBu-ChenPhyrin)62 furnished cyclopropane 
3a in 47% yield with excellent diastereoselectivity (99:1 d.r.) but low 
enantioselectivity (10% e.e.) (entry 5). [Mn(P2)Cl], a Mn(III) complex 
of chiral porphyrin P2, was ineffective (entry 6). To our delight, the 

great medicinal-chemistry interest (Supplementary Fig. 1)45–48. How-
ever, the ability of [Fe(Por)X] to homolytically activate diazo reagent 1′ 
and generate α-Fe(IV)-alkyl radical intermediate I remained unknown, 
along with crucial mechanistic considerations. Could α-Fe(IV)-alkyl rad-
icals I serve as a catalytic intermediate for radical addition to substrate 
alkenes 2, and would the resulting γ-Fe(IV)-alkyl radicals II undergo 
intramolecular radical substitution via 3-exo-tet radical cyclization to 
deliver the cyclopropane products? Moreover, the diastereoselectiv-
ity and enantioselectivity controls of the radical transformation by 
Fe(III)-MRC have remained open questions. Drawing inspiration from 
Co(II)-MRC development, we anticipated D2-symmetric chiral ami-
doporphyrins to function as an effective ligand platform to support 
an Fe(III)-based metalloradical system and govern the stereochemical 
course of the proposed radical cyclopropanation.

Metal- catalysed c yclopropanation of alkenes with 
α-trifluoromethyldiazomethane allows for the synthesis of 
trifluoromethyl-substituted cyclopropanes49–52. Although some asym-
metric catalytic systems have been reported53–61, their scope, yields 
and enantioselectivities were limited. Simonneaux and colleagues 
reported the first asymmetric catalytic systems based on Fe(III) and 
Ru(II) complexes of chiral porphyrins for the cyclopropanation of 
styrenes with pre-prepared α-trifluoromethyldiazomethane, furnish-
ing three examples of trifluoromethyl-substituted cyclopropanes with 
excellent diastereoselectivities but only in low yields with moderate 
enantioselectivities40. In this report, the corresponding Fe(II) com-
plex, which was in situ-generated from the reduction of the original 
Fe(III) complex with excess amounts of cobaltocene, was believed to 
be the real catalyst that catalyses the cyclopropanation process via a 
proposed addition mechanism involving a metallocarbene interme-
diate40. These previous systems utilized various protocols to handle 
α-trifluoromethyldiazomethane, including the use of the toxic and 
thermally unstable gas. To address these challenges, in this Article 
we report the successful development of an Fe(III)-based catalytic 
system using in situ generation of α-trifluoromethyldiazomethane 
from bench-stable hydrazone precursors under basic conditions. This 
one-pot operation provides a safe and convenient solution for the 
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Fig. 1 | Proposed stepwise radical mechanism for cyclopropanation of alkenes 
with in situ-generated α-trifluoromethyldiazomethane via Fe(III)-based 
metalloradical catalysis. a, Co(II)-based metalloradical catalysis has emerged 
as a general catalytic approach for controlling the reactivity and selectivity of 
homolytic radical reactions. As stable 15e-metalloradicals, cobalt(II) complexes 
of porphyrins have been demonstrated with the capability of activating diazo 
compounds to generate α-Co(III)-alkyl radicals that can function as kinetically 
competent intermediates for catalytic carbene transfer reactions through a 
stepwise radical pathway. b, Iron(III) complexes of porphyrins have not been 
unambiguously established as genuine catalysts for catalytic transformations. 
They have been commonly assumed to be in situ-reduced to Fe(II) complexes as 

the actual catalysts for catalytic carbene transfer reactions through a concerted 
ionic pathway via metallocarbene intermediates. c, As another family of stable 
15e-metalloradicals, Fe(III) complexes of porphyrins might have the potential to 
function as one-electron catalysts to homolytically activate diazo compounds 
such as in situ-generated α-trifluoromethyldiazomethane 1′ for catalytic 
radical cyclopropanation of alkenes 2 to form trifluoromethyl-substituted 
cyclopropanes 3. During this proposed Fe(III)-based metalloradical catalysis, the 
initially generated α-Fe(IV)-alkyl radical intermediates I could undergo radical 
addition to alkenes 2 to form γ-Fe(IV)-alkyl radicals II that would subsequently 
proceed via intramolecular radical substitution to deliver the cyclopropane 
products 3 while regenerating the Fe(III)-metalloradical catalysts.
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corresponding chiral Fe(III) complex [Fe(P2)Cl], the structure of which 
was determined by X-ray crystallography, was equally effective as 
[Co(P2)], generating cyclopropane 3a in a similar yield (45%) with the 
same excellent diastereoselectivity (98:2 d.r.) and slightly enhanced 
enantioselectivity (14% e.e.) (entry 7). Encouraged by this promising 
result, we further investigated the effect of ligand architecture on the 
catalytic reaction by using second-generation D2-symmetric chiral 
amidoporphyrin P3 (P3 = 3,5-DitBu-QingPhyrin)63. Ligand P3 differs 
from ligand P2 by replacement of one of the two methyl groups in 
each of the chiral amide units with a phenyl group, which could exert 

potential π-stacking interactions in stabilizing radical intermediates. 
[Co(P3)] notably improved the reaction, delivering cyclopropane 3a 
in high yield (92%) with excellent diastereoselectivity (99:1 d.r.) while 
increasing the enantioselectivity dramatically (−10% e.e. to 80% e.e.) 
(entry 8). Mn(III) complex [Mn(P3)Cl] remained unproductive (entry 
9). Gratifyingly, Fe(III) complex [Fe(P3)Cl] was even more effective than 
[Co(P3)], producing cyclopropane 3a in excellent yield (96%) with excel-
lent diastereoselectivity (98:2 d.r.) and even higher enantioselectivity 
(86% e.e.) (entry 10). These results illustrate a remarkable combined 
effect of the metal ion and supporting ligand on catalytic performance. 

Table 1 | Catalyst effect on asymmetric cyclopropanation with in situ-generated α-trifluoromethyldiazomethane
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Conducted with 1 (0.12 mmol) and styrene (2a) (0.10 mmol) in the presence of Cs2CO3 (0.24 mmol) using [M(Por)] (M = Co(II); Mn(III)Cl; Fe(III)Cl) as catalyst (2 mol%) for 20 h. aIsolated yields. 
bDiastereomeric ratio (d.r.) determined by 19F NMR analysis of reaction mixture. cEnantiomeric excess (e.e.) of trans-isomer determined by chiral HPLC. Tris = 2,4,6-triisopropylbenzenesulfonyl.
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[Fe(P3)Cl]-catalysed cyclopropanation was further improved by chang-
ing the solvent to hexanes (entry 11), and lowering the temperature to 
4 °C further enhanced enantioselectivity to 91% e.e. without obviously 
affecting the high yield and excellent diastereoselectivity (entry 12).

Substrate scope
Under optimized conditions, we evaluated the scope of [Fe(P3)
Cl]-catalysed asymmetric cyclopropanation with in situ-generated 
trifluoromethyldiazomethane (1′) from hydrazone 1 in the pres-
ence of Cs2CO3, employing different alkenes as substrates (Table 
2). Styrenes with different substituents, such as electron-neutral 
(–Me), electron-donating (–OMe) and electron-withdrawing 
groups (–CN), could be effectively cyclopropanated to generate 
trifluoromethyl-substituted cyclopropanes 3b–3d in high yields 
with excellent diastereoselectivities and high enantioselectivities. 
Halogenated styrenes with –Cl and –Br at different positions were 
also successfully transformed into cyclopropanes 3e–3h in excellent 
yields with high diastereoselectivities and enantioselectivities. The 
Fe(III)-catalysed asymmetric cyclopropanation tolerated functional 
groups, as exemplified for the formation of cyclopropanes 3i and 3j, 
containing formyl and benzodioxole functionalities, respectively. 
Additionally, extended aromatic olefins and heteroaromatic olefins 
were compatible, forming the corresponding cyclopropanes 3k–3m 
in excellent yields with high diastereoselectivities and enantioselectivi-
ties. The asymmetric catalytic reaction could be readily scaled up, as 
exemplified by the high-yielding synthesis of enantioenriched cyclo-
propane 3k on a 2.0 mmol scale.

1,1-Disubstituted alkenes also served as suitable substrates for the 
construction of trifluoromethyl-substituted cyclopropanes using the 
[Fe(P3)Cl]-based catalytic system. For example, 1,1-diphenylethylene 
was successfully cyclopropanated to furnish cyclopropane 3n in high 
yield with high enantioselectivity as the (R)-configuration by X-ray 
crystallography. Encouraged by this result, we explored different 
1,1-disubstituted alkenes as substrates. α-Methylstyrenes bearing 
p-OMe and p-Cl groups were both asymmetrically transformed to 
cyclopropanes 3o and 3p, with exceptional stereocontrol of the 
all-carbon quaternary stereogenic centre on the three-membered 
ring. With α-cyclopropylstyrene containing a p-Cl atom, cyclopropane 
3q resulted, containing two cyclopropane rings linked at the all-carbon 
quaternary stereogenic centre, with excellent enantioselectivity but 
moderate diastereoselectivity. The α-halogen styrenes enabled ste-
reoselective construction of cyclopropanes with chiral α-tertiary 
halides, as exemplified by cyclopropane 3r. The Fe(III)-catalysed 
cyclopropanation was further applied for asymmetric construc-
tion of spiro-structures, leading to spiro-cyclopropanes 3s and 3t in 
almost quantitative yields, with excellent diastereoselectivities and 
enantioselectivities. Additionally, conjugated dienes and enynes were 
regio- and chemo-selectively cyclopropanated at the terminal alkene 
units, affording cyclopropanes 3u and 3v bearing alkenyl and alkynyl 
functionalities, respectively.

The Fe(III)-catalysed cyclopropanation was also applicable 
to electron-rich olefins such as vinyl aryl ether, N-vinylcarbazole, 
N-vinylindole and N-vinylphthalimide, producing cyclopro-
panes 3w–3z in good to high yields with varied stereoselectivities. 
Electron-deficient olefins like vinyl ketones and dehydroaminocar-
boxylates, known as challenging substrates for catalytic systems involv-
ing electrophilic metallocarbene intermediates, were also successfully 
employed, delivering trifluoromethyl-substituted cyclopropanes 
3aa and 3ab containing additional functionalities. The Fe(III)-based 
catalytic system was amenable to late-stage cyclopropanation of 
complex molecules, as exemplified by the high-yielding synthesis of 
estrone-derived cyclopropane 3ac with excellent stereoselectivity as 
(1R,2R) by X-ray crystallography. For aliphatic and internal olefins under 
standard conditions, only small amounts of the desired cyclopropanes 
were generated (Supplementary Figs. 2–4), highlighting the need for a 

more effective chiral porphyrin ligand in supporting Fe(III)-catalysed 
cyclopropanation for these challenging substrates.

The versatility of the Fe(III)-based metalloradical system was 
explored using different classes of diazo compounds (4) as potential 
metalloradicophiles for asymmetric cyclopropanation (Table 2). The 
fluorinated diazo compound pentafluoroethyldiazomethane (4a′), 
in situ-generated from the corresponding hydrazone, could also be 
effectively activated by [Fe(P3)Cl] for asymmetric cyclopropana-
tion of 2-vinylnaphthalene, delivering cyclopropane 5a in high yield 
with excellent diastereoselectivity and high enantioselectivity. Other 
acceptor/H-substituted diazo compounds, such as ethyl diazoacetate 
(4b) and tert-butyl diazoacetate (4c), were also successfully activated 
by [Fe(P3)Cl] for asymmetric cyclopropanation of styrene, affording 
cyclopropanecarboxylates 5b and 5c, respectively, with high diastere-
oselectivities and moderate enantioselectivities. Additionally, [Fe(P3)
Cl] exhibited the ability to activate acceptor/acceptor-substituted 
diazo compounds, as shown with α-trifluoromethyldiazoacetate 4d 
and diazomalonate 4e, providing trifluoromethylcyclopropaneester 5d 
and 1,1-cyclopropanediester 5e, respectively, in high yields with mod-
erate stereoselectivities. Furthermore, acceptor/donor-substituted 
diazo compounds could be applied as metalloradicophiles for [Fe(P3)
Cl)]-catalysed asymmetric cyclopropanation, as exemplified by the for-
mation of cyclopropane 5f, albeit with inferior control of stereoselec-
tivities. Moreover, various donor/H-substituted diazo compounds (for 
example, α-aryldiazomethanes 4g′ and 4h′, α-heteroaryldiazomethane 
4i′ and α-alkynyldiazomethane 4j′) were effectively activated by the 
Fe(III)-based metalloradical system, resulting in cyclopropanes 5g–5j 
in good to high yields with generally high stereoselectivities. For donor/
donor-substituted diazo compound diphenyldiazomethane (4k), the 
desired triphenylcyclopropane 5k was obtained in excellent yield but 
without controlling the challenging enantioselectivity. These results 
demonstrate the potential of Fe(III)-based metalloradical catalysis for 
broad synthetic applications.

Mechanistic investigations
To elucidate the underlying mechanism of the Fe(III)-based metalloradi-
cal system for olefin cyclopropanation, we performed experimental 
studies and density functional theory (DFT) computations. Compara-
tive studies were conducted to probe the oxidation state of the active 
iron catalyst (Fig. 2). First, we compared the cyclopropanation reac-
tion of alkene 2c by [Fe(P3)Cl] in air and under an inert atmosphere64. 
Both reactions proceeded equally well, providing cyclopropane 3c in 
similar yields (95% versus 93%) with identical diastereoselectivities 
(93:7 d.r.) and enantioselectivities (80% e.e.) (entries 1 and 2). These 
results suggest that the original Fe(III) complex [Fe(P3)Cl] is the true 
catalyst, challenging the assumption of in situ-reduced Fe(II) complex 
[Fe(P3)]. Next, we compared the cyclopropanation of alkene 2k by 
[Fe(P3)Cl] with and without 4-(dimethylamino)pyridine (DMAP). Both 
reactions afforded cyclopropane 3k with identical diastereoselec-
tivities (98:2 d.r.) and enantioselectivities (86% e.e.), despite different 
yields (99% versus 82%) (entries 3 and 4). When [Fe(P3)Cl] was replaced 
by [Co(P3)] as the catalyst, the reactions produced cyclopropane 3k 
with similar but non-identical diastereoselectivities (99:1 versus 98:2 
d.r.) and notably different enantioselectivities (75% versus 64% e.e.), 
along with different yields (99% versus 93%) (entries 5 and 6). The 
decrease of product yields in the Fe(III)- and Co(II)-catalysed reac-
tions with DMAP was attributed to the partial generation of the cata-
lytically inactive six-coordinate metalloporphyrin complexes [(DMAP)
Fe(P3)Cl] and [(DMAP)2Co(P3)]. The difference in stereoselectivities 
in the Co(II)-catalysed reaction is probably due to the formation of the 
five-coordinate Co(II) complex [(DMAP)Co(P3)] (Fig. 2a), which remains 
catalytically active but exhibits different reactivity and selectivity due 
to a potential trans-effect exerted by the additional DMAP ligand41. In 
the Fe(III)-catalysed reaction, the analogous six-coordinate complex 
[(DMAP)Fe(P3)Cl] is coordinately saturated and does not contribute 
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to an erosion in stereoselectivities. Similarly, the five-coordinate Fe(II) 
complex [(DMAP)Fe(P3)] should exhibit different reactivity and selec-
tivity compared to the four-coordinate Fe(II) complex [Fe(P3)]. The 
observation that DMAP has no effect on the stereoselectivities of the 

Fe(III)-catalysed reaction provides additional evidence supporting the 
original Fe(III) complex [Fe(P3)Cl] as the active catalyst. To provide 
further evidence that the Fe–Cl bond remains intact during catalysis, we 
made considerable efforts to detect the proposed α-Fe(IV)-alkyl radical 

Table 2 | Asymmetric cyclopropanation of alkenes by [Fe(P3)Cl] with in situ-generated α-trifluoromethyldiazomethane and 
various diazo compounds

1

NNHTris

F3C
+

2
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3

H

(–)-3a: 92% yield
98:2 d.r.; 91% e.e.
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H

H
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key intermediate I by high-resolution mass spectrometry (HRMS). 
The analysis of the reaction mixture of ethyl diazoacetate (4b) with 
[Fe(P3)Cl] using HRMS with electrospray ionization (ESI) exhibited a 
clear signal corresponding to the carbene radical complex of [Fe(P3)
Cl] I[Fe(P3)Cl]/4b (Fig. 2b and Supplementary Fig. 8). Both the exact mass 
and the isotope distribution pattern match acceptably with those cal-
culated from the formula of [C108H110ClFeN8O6 + Na]+, resulting from the 
sodium adduct of the molecular ion I[Fe(P3)Cl]/4b. Similar HRMS analysis 
of the reaction mixture of α-phenyldiazomethane (4l′) with [Fe(P3)
Cl] detected a signal corresponding to the carbene radical complex of 
[Fe(P3)Cl] I[Fe(P3)Cl]/4l (Fig. 2c and Supplementary Fig. 9), resulting from 
the potassium adduct of the molecular ion. The direct detections of 
α-Fe(IV)-alkyl radicals I by HRMS, together with comparative studies, 

strongly support Fe(III) complex [Fe(Por)Cl] as the genuine catalyst 
for the catalytic transformation.

DFT calculations were conducted to examine the details of the 
catalytic pathways and associated energetics for the asymmetric 
cyclopropanation reaction of styrene (2a) with trifluoromethyldi-
azomethane (1′) by catalyst [Fe(P3)Cl] (A) (Fig. 3a and Supplementary 
Figs. 36–39). The five-coordinate d5-Fe(III)-metalloradical catalyst A 
exhibits three distinct spin states with comparable energy: high-spin 
sextet 6A (S = 5/2; 0.0 kcal mol−1), intermediate-spin quartet 4A (S = 3/2; 
3.2 kcal mol−1) and low-spin doublet 2A (S = 1/2; 4.1 kcal mol−1). The 
DFT calculations reveal the initial formation of intermediate B, aris-
ing from the interaction between diazomethane 1′ and catalyst A 
through a network of attractive non-covalent forces. This interaction 
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precisely positions the α-carbon atom of trifluoromethyldiazometh-
ane 1′ in close proximity to the Fe(III)-metalloradical centre, priming 
it for further interaction. The three spin states of intermediate B (6B, 
0.9 kcal mol−1; 4B, 2.1 kcal mol−1; 2B, 6.4 kcal mol−1) manifest substantial 
variations in the energies of their corresponding transition states (6TS1, 

41.6 kcal mol−1; 4TS1, 36.8 kcal mol−1; 2TS1, 19.2 kcal mol−1), implying a 
spin-crossover phenomenon from the sextet state to the doublet state 
during the activation process. Following the most favourable pathway, 
the metalloradical activation exhibits a spin-crossover from 6B to 
2TS1, leading to the generation of α-Fe(IV)-alkyl radical intermediate 
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Fig. 3 | DFT calculations on the catalytic mechanism for olefin 
cyclopropanation by [Fe(P3)Cl]. a, DFT calculations on the catalytic pathway 
and associated energies for the asymmetric cyclopropanation of styrene 

with α-trifluoromethyldiazomethane (1′) by [Fe(P3)Cl] in three different spin 
states. b, DFT study on the origin of the enantioselectivity of the asymmetric 
cyclopropanation of styrene with α-trifluoromethyldiazomethane (1′) by [Fe(P3)Cl].

http://www.nature.com/naturechemistry


Nature Chemistry | Volume 15 | November 2023 | 1569–1580 1576

Article https://doi.org/10.1038/s41557-023-01317-8

2C and simultaneous elimination of dinitrogen as a by-product. This 
activation pathway, while slightly exergonic by 1.8 kcal mol−1, was 
identified as the rate-determining step due to its relatively high, yet 
accessible, activation barrier (2TS1, ΔG‡ = 18.3 kcal mol−1). Detailed 
analysis, presented in the spin plot of intermediate 2C (Fig. 3a), dem-
onstrates a substantial redistribution of spin density from the iron 
centre to the α-carbon atom, indicating a critical role of spin changes 
during the metalloradical activation process. The subsequent radical 
addition of α-Fe(IV)-alkyl radical 2C to alkene 2a, being exergonic by 
18.9 kcal mol−1, proceeds through an exceedingly low activation barrier 
(2TS2, ΔG‡ = 1.3 kcal mol−1), leading to the formation of γ-Fe(IV)-alkyl 
radical intermediate 2D. As illustrated in the DFT-optimized structure of 
2TS2 (Fig. 3a), it is evident that the network of non-covalent attractions, 
including multiple hydrogen-bonding interactions between the sub-
strates and the catalyst, work synergistically to lower the activation bar-
rier of the transition state. As shown in the spin plot of intermediate 2D, 
the radical addition results in the translocation of the spin density from 
the α-carbon atom to the γ-carbon atom (Fig. 3a). To decipher the origin 
of the stereoselectivities, the DFT calculations probed the associated 
energetics governing the formation of corresponding major and minor 
diastereomers as well as enantiomers during the radical addition step 
(Supplementary Figs. 37 and 39). These calculations unveiled a prefer-
ence for the production of trans-(R,R)-3a, with γ-Fe(IV)-alkyl radical 
intermediate 2D(R,R) being energetically favoured (ΔG‡ = 1.3 kcal mol−1) 
over 2D(S,S) (ΔG‡ = 4.3 kcal mol−1), both kinetically (ΔΔG‡ = 3.0 kcal mol−1) 
and thermodynamically (ΔΔG° = 3.1 kcal mol−1) (Fig. 3b). However, the 
calculated differentiation between the two transition states exhib-
ited a quantitative overestimation of the ΔΔG‡ value compared to the 
experimental observation of trans-(R,R)-3a as the major product. 
This differentiation was further elucidated through the non-covalent 
interaction (NCI) plots of the DFT-optimized transition-state structures 
(Fig. 3b), revealing that 2TS2(R,R) experiences a stronger network of 
non-covalent interactions, including two-point hydrogen bonding, 
C–H···Cl and N–H/C–H···π interactions, between the substrates and 
ligand compared to 2TS2(S,S). The difference in non-covalent interac-
tions was responsible for the observed enantioselectivity. The DFT 
calculations unravelled that the final step of intramolecular radical 
substitution (3-exo-tet radical cyclization) of intermediate 2D is highly 
exergonic by 34.2 kcal mol−1 and virtually barrierless, delivering cyclo-
propane 3a as the product while regenerating catalyst [Fe(P3)Cl]. 
Comparative energetics were calculated for the alternative concerted 
pathway for [Fe(P3)Cl]-catalysed cyclopropanation of styrene (2a) with 
diazomethane 1′, revealing a higher activation barrier than the stepwise 
mechanism (Supplementary Figs. 38 and 39). Additionally, further 

DFT computations were performed to investigate the asymmetric 
cyclopropanation reactions of styrene (2a) with ethyl diazoacetate 
(4b) and α-phenyldiazomethane (4l′) (Supplementary Figs. 40–43).

To determine the spin states of the Fe(III)-centre in [Fe(P3)Cl]65,66, 
the magnetic moment was measured using a superconducting quan-
tum interference device (SQUID) over a temperature range of 6–300 K 
(Fig. 4a). The effective magnetic moment remained constant at ~5.68 μB 
per ion after an initial sharp increase before ~50 K. In solution (CDCl3) at 
298 K, the magnetic moment of [Fe(P3)Cl] was found to be 5.62 μB, simi-
lar to the solid state. These smaller values compared to the high-spin 
complex [Fe(P1)Cl] (~5.90 μB)67 indicate a quantum mechanical spin 
admixture of high spin (S = 5/2) and intermediate spin (S = 3/2) rather 
than a purely high-spin (S = 5/2) state68. The different spin states of the 
Fe(III) centres in [Fe(P3)Cl] and [Fe(P1)Cl] are probably attributed to 
potential hydrogen-bonding interactions between the axial chloride 
and the two amides in the P3 ligand, which are absent in the P1 ligand69. 
Additionally, X-band electron paramagnetic resonance (EPR) meas-
urements on [Fe(P3)Cl] at different temperatures ranging from 298 K 
to 13 K (Fig. 4b) display two notable signals (g⊥ = 5.81 and g|| = 1.99) 
that increase in intensity as the temperature decreases. In compari-
son with the EPR signals of purely high-spin complex [Fe(P1)Cl] from 
the literature (g⊥ = 6.00 and g|| = 2.00)67, the pair of peaks at g⊥ = 5.81 
and g|| = 1.99 demonstrate the predominant contribution of high-spin 
(S = 5/2) character and the minor contribution of intermediate-spin 
(S = 3/2) character67–69. The EPR studies, along with the magnetic 
moment measurements, suggest that [Fe(P3)Cl] is a spin-admixed 
(S = 5/2, 3/2) complex adopting more high-spin (S = 5/2) character, 
consistent with DFT calculations. Furthermore, the X-ray structural 
parameters of analogous [Fe(P2)Cl] (Supplementary Tables 1–7) also 
support the assignment of an admixed spin state (S = 5/2 and 3/2)67, in 
line with the experimental findings for [Fe(P3)Cl].

Additional experimental studies were performed to detect and 
probe the radical intermediates involved in the catalytic cycle (Fig. 5). 
To trap the proposed α-Fe(IV)-alkyl radical I for EPR spectroscopy, the 
spin-trapping reagent PBN (N-tert-butyl-α-phenylnitrone) was added 
to a mixture of [Fe(P1)Cl] with hydrazone 1 in the presence of base in 
benzene without an olefin substrate (Fig. 5a). The isotropic X-band 
EPR spectrum displays the characteristic triplet of doublet signal at 
a g value of ~2.00, providing evidence for the formation of nitroxyl 
radical 6 resulting from PBN trapping of α-Fe(IV)-trifluoroethyl radi-
cal I[Fe(P1)Cl]/1. The experimental spectrum could be fittingly simulated 
based on the hyperfine couplings by 14N (I = 1) and 1H (I = 1/2) at a g 
value of 2.00641 with A(N) = 41.1 MHz and A(H) = 7.5 MHz. Similarly, when 
DMPO (5,5-dimethyl-1-pyrroline N-oxide) was used, the corresponding 
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DMPO-trapped nitroxyl radical 7 from I[Fe(P1)Cl]/1 was detected by EPR, 
exhibiting the characteristic doublet of triplet signal. Simulation of the 
EPR spectrum generated a g value of 2.00640 with A(N) = 39.9 MHz and 
A(H) = 60.5 MHz. Additionally, the corresponding α-Fe(IV)-alkyl radicals 
I from the activation of other diazo compounds such as diazoacetate 
4b, α-trifluoromethyldiazoacetate 4d, α-cyanodiazoacetate 4n and 
α-aryldiazomethane 4l′ by [Fe(P1)Cl] were successfully trapped by PBN 

and DMPO. The EPR spectra display characteristic signals at a g value 
of ~2.00, which were adequately simulated, showing differences in fine 
details depending on the nature of the specific substituents (Supple-
mentary Figs. 15–20). However, efforts to isolate products resulting from 
the trapping of α-Fe(IV)-trifluoroethyl radical I by H-atom sources and 
stable TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) radical were not 
successful, presumably due to the volatility or instability of the resulting 
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Fig. 5 | Experimental studies on the catalytic mechanism of olefin 
cyclopropanation by the Fe(III)-based metalloradical system. a, Trapping 
of the α-Fe(IV)-alkyl radical intermediate by spin traps PBN and DMPO for EPR 
detection. b, Trapping of α-Fe(IV)-benzyl radicals from metalloradical activation 

of aryldiazomethanes by Ph3SiH and by TEMPO. c, Probing of the γ-Fe(IV)-alkyl 
radical intermediate by cyclopropanation reactions of (E)- and (Z)-β-deutero-
p-methoxystyrene. d, Dependence of the cyclopropanation reaction rate on 
concentrations of substrates and catalyst through kinetic studies.
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fluorine compounds. Accordingly, α-aryldiazomethanes were employed 
as surrogates for trifluoromethyldiazomethane (1′) in the trapping 
experiments. Gratifyingly, when α-phenyldiazomethane, generated 
in situ from hydrazone 4l, was reacted with [Fe(P1)Cl] in the presence 
of triphenylsilane as a H-atom source, compound 8, identified as ben-
zyltriphenylsilane, could be isolated in 31% yield (Fig. 5b). Formation 
of silane 8 was seen to proceed through a sequence of radical H-atom 
abstraction from triphenylsilane by the corresponding α-Fe(IV)-benzyl 
radical intermediate I[Fe(P1)Cl]/4l, followed by subsequent radical substitu-
tion of the resulting Fe(IV)-benzyl complex III[Fe(P1)Cl]/4l with triphenylsilyl 
radical. In a similar reaction, benzyltriphenylstannane (8′) was formed in 
85% yield when triphenyltin hydride was employed as the H-atom source 
(Supplementary Table 11). Moreover, it was shown that α-Fe(IV)-benzyl 
radical I[Fe(P1)Cl]/4m, resulting from metalloradical activation of α-(p-cyano)
phenyldiazomethane, generated in situ from hydrazone 4m, by [Fe(P1)
Cl] could be successfully trapped by TEMPO to form product 9 in 70% 
yield (Fig. 5b). As confirmed by X-ray crystallography, compound 9 is 
a bis(TEMPO)methane derivative bearing two geminal TEMPO units 
at the α-position of p-cyanotoluene. Evidently, α-Fe(IV)-benzyl radical 
I[Fe(P1)Cl]/4m was first trapped by TEMPO to form Fe(IV)–benzyl complex 
IV[Fe(P1)Cl]/4m, which then underwent radical substitution with another 
molecule of TEMPO to give the final product 9.

To probe the involvement of γ-Fe(IV)-alkyl radical II as an 
intermediate in the proposed mechanism, both isotopomers of 
β-deutero-p-methoxystyrene (E)-2cD and (Z)-2cD were applied as sub-
strates for Fe(III)-catalysed cyclopropanation with hydrazone 1 in the 
presence of Cs2CO3 (Fig. 5c). Unlike the stereospecific formation of 
cyclopropanes in the well-known concerted mechanism70, the stepwise 
radical mechanism is anticipated to generate four diastereomers of 
cyclopropanes, owing to potential β-C–C bond rotation in intermedi-
ate II before 3-exo-tet cyclization (Fig. 1). As anticipated, the reactions 
of (E)-2cD and (Z)-2cD with 1 produced a mixture of four diastereom-
ers (trans;trans)-3cD, (cis;cis)-3cD, (cis;trans)-3cD and (trans;cis)-3cD. 
Isotopomers (trans;trans)-3cD (E1) and (trans;cis)-3cD (E2) were the 
predominated products due to the high diastereoselectivity (Fig. 5c 
and Supplementary Figs. 21–25). The isotopomeric ratio of E1 to E2 could 
be accurately determined by a combination of 1H- and 2H NMR analysis. 
With [Fe(P1)Cl] as the catalyst, the isotopomeric ratio of E1 to E2 was 
86:14 for the cyclopropanation of (E)-2cD and 24:76 for the cyclopropa-
nation of (Z)-2cD. The observation of both trans- and cis-isotopomers 
of trans-3c in the reactions indicates free rotation of the β-C–C bond 
in the corresponding γ-Fe(IV)-alkyl radical intermediates II1/(E)-2cD and 
II1/(Z)-2cD. Switching the catalyst to [Fe(P2)Cl] changed the isotopomeric 
ratio of E1 to E2 to 89:11 in the reactions of (E)-2cD and 18:82 in the reac-
tion of (Z)-2cD, indicating a lower degree of rotation freedom in a more 
sterically hindered catalyst environment. The use of [Fe(P3)Cl], with 
four phenyl groups in place of the methyl groups, further decreased the 
degree of the β-C–C bond rotation, changing the isotopomeric ratio of 
E1 to E2 to 94:6 and 12:88 for the cyclopropanation reactions of (E)-2cD 
and (Z)-2cD, respectively. These findings support the involvement of 
γ-Fe(IV)-alkyl radical intermediate II, exhibiting a varying degree of 
β-C–C bond rotation, in contrast to the non-existence of such a feature 
in concerted pathways. Similar experiments were performed with iso-
topomers (E)-2aD and (Z)-2aD to probe the involvement of γ-Fe(IV)-alkyl 
radical II in cyclopropanation reactions by [Fe(P2)Cl] with other classes 
of diazo compounds such as diazoacetate 4b, diazomalonate 4e and 
α-aryldiazomethane 4o′. In all cases, evidence of free rotations of the 
β-C–C bond in the corresponding γ-Fe(IV)-alkyl radical intermediates 
were observed, occurring to varying degree depending on the specific 
substituents (Supplementary Figs. 26–28). Together, these results are 
in full agreement with the proposed stepwise radical mechanism for 
Fe(III)-catalysed cyclopropanation.

To study the kinetics of the Fe(III)-based catalytic system, the cyclo-
propanation reaction of alkene 2a with hydrazone 1 in the presence of 
Cs2CO3 by [Fe(P3)Cl] was monitored by 19F NMR and 1H NMR at regular 

intervals over the course of 24 h at room temperature (Fig. 5d and Sup-
plementary Figs. 29–31). Within 5 h, hydrazone 1 was nearly completely 
converted to diazomethane 1′, while the conversion of alkene 2a and 
diazomethane 1′ to cyclopropane 3a was completed in ~15 h. The effec-
tiveness of the catalytic reaction at room temperature aligns with the low 
overall activation barrier predicted by DFT calculations. To gain insights 
into how the catalyst and reactants influence the catalytic process, NMR 
monitoring experiments were performed for a series of reactions by 
systematically varying the concentrations of hydrazone 1, alkene 2a 
and catalyst [Fe(P3)Cl] (Supplementary Figs. 32–35). The plots of the 
initial rate for 3a formation against concentration (Fig. 5d) revealed 
that the rate of the catalytic process increased proportionally with the 
concentration of 1 (first-order) but remained independent of the concen-
tration of 2a (zero-order). Interestingly, the catalytic process was found 
to be a fractional order in catalyst [Fe(P3)Cl] (0.5 order), indicating its 
coexistence with an inactive resting state. Overall, these kinetic orders 
determined from these experimental studies are fully consistent with 
the DFT calculations, which identified the metalloradical activation of 
diazomethane 1′ by catalyst [Fe(P3)Cl] as the rate-determining step.

Conclusion
In summary, we have explicitly demonstrated the operation of 
Fe(III)-based MRC in the context of its application for asymmetric olefin 
cyclopropanation. Supported by the D2-symmetric chiral amidoporphy-
rin 3,5-DitBu-QingPhyrin as the optimal ligand, the Fe(III)-based metal-
loradical system, which operates under mild conditions in a one-pot 
fashion with in situ-generated α-trifluoromethyldiazomethane, is highly 
effective for radical cyclopropanation of a wide range of alkenes, afford-
ing trifluoromethyl-substituted cyclopropanes in high yields with both 
high diastereoselectivity and enantioselectivity. Additionally, we have 
shown that the Fe(III)-based metalloradical system is broadly effective in 
activating different classes of diazo compounds for asymmetric radical 
cyclopropanation, offering a potentially general and practically sustain-
able approach for stereoselective synthesis of valuable three-membered 
carbocycles. Our systematic experimental studies, in combination 
with detailed DFT computations, provide multiple lines of convincing 
evidence supporting the genuine action of Fe(III)-based metalloradical 
catalysis and shed light on the underlying stepwise radical mechanism. 
Specifically, we have established that the five-coordinate Fe(III) com-
plexes of porphyrins ([Fe(Por)X]), a class of stable 15e-metalloradical 
complexes, can function as potent metalloradical catalysts that have 
the ability to homolytically activate diazo compounds and generate 
α-Fe(IV)-alkyl and γ-Fe(IV)-alkyl radicals as catalytic intermediates. 
Beyond cyclopropanation, our ongoing research aims to explore the 
reactivity of α-Fe(IV)-alkyl radicals, in H-atom and X-atom abstraction 
reactions. We believe that the outcomes presented here will lay a solid 
foundation for Fe(III)-based metalloradical catalysis and pave the way 
for the development of novel stereoselective radical transformations. 
This work represents an important step towards advancing the field of 
metalloradical catalysis and holds promise for the design of efficient 
radical methods for stereoselective organic synthesis.
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Methods
In a general procedure for Fe(III)-catalysed olefin cyclopropanation, an 
oven-dried Schlenk tube was charged with Fe(III)-metalloradical catalyst 
(2 mol%), hydrazone (0.12 mmol, 1.2 equiv.) and Cs2CO3 (0.24 mmol, 
2.4 equiv.). The Schlenk tube was then evacuated and backfilled with 
nitrogen three times. Alkene 2 (0.10 mmol, 1.0 equiv.) and solvent (1.0 ml) 
were added under nitrogen. The tube was purged with nitrogen and then 
stirred at 4 °C for 20 h. After completion of the reaction, the reaction 
mixture was filtered through a plug of silica gel and then concentrated 
by rotary evaporation. The residue was then subject to purification by 
flash chromatography to afford the pure cyclopropane product.
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