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Bioinspired, synthetic porphyrin complexes are important
catalysts in organic synthesis and play a pivotal role in efficient
carbene transfer reactions. The advances in this research area
stimulated recent, “chemo-inspired” developments in biocatal-

ysis. Today, both synthetic iron complexes and enzymes play an
important role to conduct carbene transfer reactions. The
advances and potential developments in both research areas
are discussed in this concept article.

Introduction

In organic chemistry, a variety of reactions and approaches
were inspired by biological equivalents.[1,2] Examples for these
bioinspired chemical reactions are oxygen transfer reactions,
which are catalyzed in nature by P450 monooxygenases,

amongst others. These P450 enzymes harbor an iron-heme
center and are able to facilitate oxygen-transfer reactions, e.g.
in epoxidation or hydroxylation reactions.[2] Over the past
decades, a broad variety of oxygen-transfer reactions using
synthetic, organometallic complexes were developed (Fig-
ure 1)[3] and biomimetic oxygen transfer reactions based on
synthetic porphyrin complexes play an important role in the
advancement of efficient synthetic oxidation reactions.[4] These
reactions can be performed with exquisite enantioselectivity,
site-specificity and are commonly used in the total synthesis of
complex natural products for the construction of new C� O
bonds.[3]

Carbene transfer reactions allow the formation of new C� C
bonds and are thus of prime importance for the construction of
the core carbon skeleton of small molecules, drugs and
complex natural products.[5] They are typically conducted in the
presence of precious metal catalysts to control the high
reactivity of the carbene intermediate. In this context, Rh(II)
paddlewheel complexes are one of the most successful
examples to stabilize and control the reactivity of the electroni-
cally unsaturated carbene fragment.[2,6] Similarly, complexes
based on other transition metals, such as Ru(II), Ir(III), Au(I), Pd
(II), or Cu(I), have become important catalysts to conduct
efficient carbene transfer reactions.[5] All catalysts have in
common that the reactivity of the electronically unsaturated
carbene fragment can be controlled by the nature of the metal
complex and ligand framework and consequently chemo- and/
or stereoselective reactions can be conducted.

Complexes of first-row transition metals, such as cobalt or
iron, have only recently emerged as catalysts to conduct more
sustainable carbene transfer reactions.[7] Hossain initially re-
ported in 1992 on iron-catalyzed carbene transfer reactions.[8]

Since then, and against the background of high costs of both
precious metals and ligands, this research area experienced
significant advances and today carbene transfer reactions based
on cobalt or iron catalysts can be performed with high
efficiency. The corresponding porphyrin complexes of iron or
cobalt played an important role in the development of these
transformations.[7]

Enzymes, containing an iron-heme cofactor, closely resem-
ble synthetic iron-porphyrin complexes and the development
of biocatalytic non-natural reactions, inspired by transforma-
tions from the classic organic synthesis repertoire – or “chemo-
inspired”, received significant attention over the past years. A
milestone in this research area was uncovered in 2013 by
Arnold and co-workers, who could showcase that non-natural
cyclopropanation reactions could be achieved using an engi-
neered enzyme.[9,10] More “chemo-inspired” reactions were
uncovered over the past years which also allows the discovery
of new reactions using enzymatic carbene-transfer
reactions.[11,12]

[a] Jun.-Prof. M. J. Weissenborn
Leibniz Institute of Plant Biochemistry
Weinberg 3, Halle 06120 (Germany)
E-mail: martin.weissenborn@ipb-halle.de

[b] Jun.-Prof. M. J. Weissenborn
Institute of Chemistry
Martin-Luther-University Halle-Wittenberg
Kurt-Mothes-Str. 2, Halle 06120 (Germany)

[c] Prof. R. M. Koenigs
Institute of Organic Chemistry
RWTH Aachen University
Landoltweg 1, Aachen 52074 (Germany)
E-mail: rene.koenigs@rwth-aachen.de

This publication is part of the Young Researchers Series. More information
regarding these excellent researchers can be found on the ChemCatChem
homepage.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA. This
is an open access article under the terms of the Creative Commons Attri-
bution Non-Commercial License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited and
is not used for commercial purposes.

Figure 1. Bio-inspired oxidation reactions and chemo-inspired carbene trans-
fer reactions. The active sites of P450 (PDB: 6H1 L) and myoglobin (PDB:
6G5B) are illustrated. Myoglobin with a heme-carbene complex.
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In this concept article, we will discuss the advances in iron-
heme catalyzed carbene transfer reactions from the perspective
of both synthetic organic methodology and enzymatic applica-
tions. We will highlight advantages of both approaches,
describe the “chemo-inspired” examples and conclude with a
perspective for future developments.

Iron catalyzed carbene transfer reactions

In the seminal report of Hossain, the cationic CpFe(CO)2(THF)BF4
complex was demonstrated to be a moderately efficient catalyst
in the cyclopropanation reaction of styrene with ethyl diazo-
acetate. Notably, high selectivity for the cis-cyclopropane was
observed.[8] Since then, different approaches have been realized
to improve the efficiency and selectivity of iron-catalyzed
carbene transfer reactions.[7] From the viewpoint of catalyst
development, Woo and co-workers reported an important
milestone in 1995, when they could showcase the application
of iron porphyrin complexes in the trans-selective cyclopropa-
nation reaction of styrene derivatives.[13] The reactivity of iron
porphyrin complexes can be readily fine-tuned by the sub-
stitution pattern of the porphyrin system and high turnover
numbers of up to 4300 could be achieved when using an
electron-poor pentafluorophenyl-substituted iron porphyrin
catalyst.[13] Another important parameter for catalyst optimiza-
tion lies within the role of the axial ligand of iron porphyrin
complexes and several reports suggest favorable effects of
nucleophilic additives such as triphenyl phosphine or arsine,
dimethylamino pyridine and N-methyl imidazole that as a
significant influence on the diastereoselectivity of the cyclo-
propanation reaction.[14] Carreira and Morandi reported the first
systematic study on the influence of this additive on the
reaction outcome in the reaction of styrene and
trifluorodiazoethane.[15] Aviv and Zeev recently reported on
their investigations on the closely related iron corrole com-
plexes in carbene transfer reactions, which exhibit slightly

higher reactivity compared to the parent porphyrin complex,
yet at the expense of diastereoselectivity.[16] In 2002, Che and
co-workers were able to crystallize an iron porphyrin complex
with a pendant N-methyl imidazole and diphenylcarbene
ligand. In this study, the authors could reveal that N-methyl
imidazole significantly weakens the Fe� C bond and ultimately
facilitates the carbene transfer by a strong trans influence.[14] In
the years after, several groups reported on chiral variations of
the porphyrin ligand system, essentially by introducing chiral
groups into the methine bridge positions,[7b,14,17] yet only
moderate enantioselectivities in the cyclopropanation of
styrene with ethyl diazoacetate could be achieved (up to 86%
ee)[14] and all approaches using iron porphyrin complexes are
limited in enantioselectivity.

Further important iron catalysts involve the application of
either nitrogen or phosphorous based ligands, including di- and
tridentate ligands.[7,18,19] This approach was demonstrated to be
very important in the development of enantioselective iron-
catalyzed carbene transfer reactions with different nucleophiles.
Importantly, in most cases, high catalyst loadings and weakly
coordinating anions need to be applied to ensure high catalyst
reactivity, which hampers the overall sustainability of these
catalysts (Figure 2).[18,19]

Another important catalyst in this context, is the TBA[Fe]
(Bu4N[Fe(CO)3(NO)]) complex that was introduced by Plietker
and co-workers. This particular complex features among iron-
based carbene transfer catalyst an NO ligand that can act as a
non-innocent ligand and thus influence the electronic proper-
ties of the metal-carbene complex (Figure 2).[20]

Today, iron complexes have thus emerged as versatile
catalysts for carbene transfer reaction, yet the development of
catalysts that exhibit both high reactivity and enantioselectivity
remains a challenge in synthetic organic methodology.
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Enzymatic carbene-transfer: inspired by
organic synthesis

Derivatives of the cofactor of P450 enzymes, heme b, are
regularly used in synthetic organic methodology to conduct
carbene transfer reactions that are unknown to nature.[13] The
advances on iron porphyrin catalyzed carbene transfer reactions
stimulated one of the most rapidly expanding research areas of
current chemistry. Arnold and co-workers reported 2013 the
first application of an engineered P450 from Bacillus mega-
terium (P450BM3) enzyme in cyclopropanation reactions of
styrene and ethyl diazoacetate. Enzyme variants, being either
cis- or trans-specific, were engineered with enantioselectivities
up 97% ee and turnover numbers of 360.[9] Engineering the
axial ligand residue of the heme b allowed preparative scale
transformations thus solving a long-standing challenge in
organic synthesis.[21]

In this section, we give an overview of the protein and
cofactor developments with a focus on the reducing agents
and give examples that by using different axial ligands or
porphyrins no reduction equivalent is required, which now also
allows enzymatic carbene transfer reactions without strict
exclusion of oxygen.

One major difference between most enzymatic carbene-
transfer reactions and the organic methodologies is the require-
ment of the reducing agent sodium dithionite to obtain Fe(II) in
biocatalytic reactions. In P450BM3 this reduction is performed by
the reductase domain, which carries the cofactors FAD/FMN
and transfers one electron from NAD(P)H to the heme-domain
for the initial heme reduction step.[22] This electron transfer only

occurs after a spin-shift of Fe(III) from low spin to high spin,
which is induced by the bound substrate. This shift raises the
reduction potential of Fe(III)-to-Fe(II) and thus allows electron
transfer from the reductase to the heme domain. As the
molecules for the carbene-transfer reactions bind significantly
weaker than the natural substrates, this spin-shift does not
occur and hence permitting heme-reduction by NAD(P)H.
Sodium dithionite (E° = � 660 mV) is therefore applied as it
harbors a significantly higher reduction potential than NAD(P)H
(E= � 320 mV). The use of the recyclable, natural, non-toxic
reducing agent NAD(P)H, which is advantageous for metabolic
engineering approaches, requires raising the Fe(III)-to-Fe(II)
reduction potential. This is achieved by significant mutational
changes on the heme-distal side as well as altering amino acid
residues fixing the heme prosthetic group. Arnold and co-
workers approached it differently and exchanged the axial Cys
residue, where the sulfur complexes iron, to the amino acid Ser
(oxygen-iron complex). With this modification, heme reduction
by NADH even proceeded in absence of the reductase domain
(Table 1, Entry 1).[21]

In the organometallic approaches, the axial ligand can be
readily altered and the heme environment can be varied by
screening solvent and additives. Changing the Fe-coordinating
ligand in proteins, as discussed above, requires genetic
manipulations and is hence naturally limited to the canonical
amino acids. With respect to the axial ligand, it is crucially
important to consider the similarity in size to the wildtype
amino acid and to provide the ability of coordinating the Fe
ion. Most carbene-transferase variants harbor the proximal
ligand Cys, His or Ser, i. e. the heteroatoms S, N or O.

Figure 2. An overview on the most important iron complexes or ligands used in iron catalyzed carbene transfer reactions.
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Fasan and co-workers showed remarkable activities and
gram-scale synthesis of cyclopropane carrying drugs using the
natural His ligand (Table 1, Entry 2).[23] As the canonical amino
acid alphabet is limited, Hilvert et al. introduced the non-
canonical amino acid Nδ-methylhistidine (NMH, Figure 3), which
is comparable to the organometallic approach by Che and co-
workers using N-methyl-histidine (see above).[14] This way Hilvert
et al. were able to further increase the electrophilicity of the
iron and thus improve the activity and selectivity of myoglobin
in cyclopropanation reactions. Most remarkably, this myoglobin
retained activity in absence of any reducing agent and tolerated
oxygen (Table 1, Entry 3).[11]

Since the alteration of the Fe reduction potential is more-
over possible by modifying the porphyrin system, Brustad and

co-workers evolved P450BM3 to selectively incorporate non-
proteinogenic Fe deuteroporphyrin IX (Fe-DPIX), which could
open up novel opportunities regarding metabolic engineering
as well as facilitate directed evolution endeavors with non-
natural prosthetic groups.[12a]

Fasan and co-workers showed the incorporation of the Fe-
chlorin e6 complex into myoglobin leading to very high
catalytic efficiencies in presence of oxygen and performed well
in absence of a reducing agent (Table 1, Entry 5).[12b] Arnold and
coworkers achieved the independence of a reducing agent and
oxygen tolerance by extensive rounds of directed evolution and
thereby solely relying on natural amino acids and natural
prosthetic groups (Table 1, Entry 6).[24] This highlights the
strength of directed evolution and the ability of proteins to be
evolved towards required properties. However, the necessary
28 mutations also show the required effort to be invested.

These examples illustrate that biocatalytic approaches
towards carbene-transfer reactions were rapidly adopted and in
parts solved long-standing methodological limitations as well
as identified novel reactivities. As outlined below, further
attempts towards enantioselective X� H and in particular C� H
insertion reactions represent the challenges in the near future.

Applications of iron catalysts in carbene
transfer reactions

Since the seminal work of Hossain on iron-catalyzed carbene
transfer reactions[8] the field has rapidly grown and today iron
complexes serve as a versatile catalysts to conduct cyclo-
propanation reactions as briefly outlined above. With the
advent of directed evolution, iron-heme containing enzymes
are gaining interest to conduct non-natural reactions with
enzymes to obtain high-valued chemicals with broad applica-
tions in medicinal chemistry, agrochemistry and process
chemistry.[7,10]

Table 1. Overview of protein engineering, (non)-canonical axial ligands and cofactor alterations and their influence on oxygen tolerance and reducing agent
requirements.

Entry Reaction Enzyme (Variant) Remark Mutations Axial Ligand Conv. [%] (TON) ee [%] Red.
agent

Tolerates
O2

Ref.

1 Cyclo-
propanation[a]

P450BM3
(P411BM3-CIS)

purified prot. 14 Ser 70 (437) 98[b] NADH yes [21]

2 Myoglobin
(Mb(H64 V,V68 S))

whole cells 2 His 76 (515) 99.9[c] Na2S2O4 yes [23]

3 Myoglobin
(Mb(H64 V, V68 A)(NMH)

purified prot. 3 NMH[d] 80 (800)[e] >99[c] none yes [11]

4 P450BM3
(WIVS-FM T268 A/FeDPIX)

purified prot. 7 Cys 12 (59) 37[c] Na2S2O4 yes [12a]

5 Myoglobin
(Mb(H64 V,V68 A[Fe(Ce6)])

purified prot. 2 His 57 (570) 92[c] none yes [12b]

6 C� H
Functional

P450BM3
(P411-HF T327P A328 S)

whole cells 28[f] Ser 74 (1670) - none yes [24]

[a] All selected values based on the reaction of styrene with ethyl diazoacetate, [b] Referring to the cis cyclopropane-product, [c] Referring to the trans
cyclopropane-product, [d] NMH= Nδ-methylhistidine, [e] calculated from bar charts in supporting information, [f] total mutations from P450BM3 WT to P411-
CIS (14 mutations) to P411-HF (12 mutations – although some are at the same residues as previously mutated in P411-CIS) and T327P A328 S (2 mutations).

Figure 3. Active site residue of myoglobin variant (H64 V/V68 A) with the
heme-iron-carbenoid complex (green). PDB: 6G5B.[11]
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Iron-complexes find numerous applications to conduct
efficient carbene transfer reactions with mostly acceptor-only
diazoalkanes, which could be seen as the major limitation of
current iron-porphyrin catalysts. One of the most prominent
examples lies within cyclopropanation reactions of ethyl
diazoacetate, trifluoro diazoethane, diazomethane and more
recently using diazoacetonitrile as reported by the Woo,
Carreira, Simmoneaux, Gallo, Koenigs, Gross and other
groups.[13,14,15–17,25,26] Ethyl diazoacetate can be readily used as a
commercial reagent, trifluorodiazoethane[15] and
diazoacetonitrile[25] need to be generated – for safety reasons –
in situ from the corresponding hydrochloride salts under acidic
reaction conditions. Contrarily, diazomethane can be generated
in situ under basic reaction conditions, which underlines the
high efficiency and stability of iron porphyrin complexes.[26] Yet,
it should be mentioned that strict exclusion of oxygen needs to
be achieved to obtain a high efficiency of iron-heme complexes
in carbene transfer reactions.

While the development of enantioselective carbene transfer
reactions with synthetic iron complexes in cyclopropanation
reactions is still limited and only moderate enantioselectivies
can be obtained (up to 86% ee),[14] the evolution of P450
enzyme catalysts now enables enantioselective cyclopropana-

tion reactions with high turnover numbers (up to 67,800).[21]

The power of enzymatic catalysts lies in the ability to selectively
access all possible isomers in cyclopropanation reactions of
styrene with diazoalkanes using the strategy of directed
evolution (Scheme 1a). However, a key limitation of enzymatic
transfer reactions still lies within the application of acceptor-
only diazoalkanes and alkyldiazoacetates.

Similarly, sigmatropic rearrangement reactions[27] can be
conducted as initially reported by van Vranken using TMS-
diazomethane or ethyl diazoacetate, allylic sulfides and the Fe
(II)Cl2dppe complex as catalyst.[28] Further important advances
were reported in the years after by van Vranken,[29] and Plietker
using Fe(TBAFe) catalyst.[20] Gross and Aviv described the
application of Fe(III) corrole and porphyrin complexes in this
transformation.[16] In 2017, Koenigs and co-workers reported on
the in situ generation of acceptor-only diazoalkanes in Doyle-
Kirmse reactions using Fe(III)TPPCl (TPP= meso-tetraphenylpor-
phyrin) as a catalyst[30] and more lately in dealkylative rearrange-
ment reactions using an Fe(II)phthalocyanine catalyst.[31] Impor-
tantly, catalyst loadings as low as 0.01 mol-% could be used
(Scheme 1b). The Dowden group reported In 2016 on the iron-
catalyzed ylide formation of ethyl diazoacetate with N-hetero-
cycles, which undergo a subsequent [2+3] cycloaddition

Scheme 1. A selected overview of iron porphyrin catalyzed carbene transfer reactions: a) cyclopropanation reactions using synthetic and enzyme-based iron
catalysts; b) rearrangement reactions using synthetic and enzyme-based iron catalysts; c) enzymatic carbonyl olefination reactions; d) heterocycles synthesis
with synthetic iron catalysts.

ChemCatChem
Concepts
doi.org/10.1002/cctc.201901565

2176ChemCatChem 2020, 12, 2171–2179 www.chemcatchem.org © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

Wiley VCH Mittwoch, 15.04.2020

2008 / 155081 [S. 2176/2179] 1

 18673899, 2020, 8, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.201901565 by M
artin L

uther U
niversity H

alle-W
ittenberg, W

iley O
nline L

ibrary on [12/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://orcid.org/0000-0003-0247-4384


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

reaction with dipolarophiles yielding important indolizidine
heterocycles (Scheme 1d).[32] Despite these advances, enantiose-
lective applications using organometallic iron complexes re-
mained elusive and the application of engineered enzymatic
catalysts should theoretically enable asymmetric rearrangement
reactions. In this context, Fasan et al. reported on the only
enzymatic sigmatropic rearrangement reaction and could
demonstrate proof-of-principle studies on enantioselective
Doyle-Kirmse reactions using the Myoglobin variant Mb(L29A,
H64V) with turnovers of 390.[33] The same authors thereafter
expanded this approach in a systematic study on [2,3]-
sigmatropic rearrangement using allylic and propargylic sul-
fides. The most active variant they identified was the triple-
mutant Myoglobin (L29 S, H64 V, V68F) which yielded up to
8820 turnovers and yields of >99% and up to 71% ee
(Scheme 1b).[34] When comparing this result with the latest
developments in asymmetric Rh(II), Ni(II) or Cu(I) catalyzed
rearrangement reactions, iron-based catalysts or enzymes are
still inferior.[35]

The reaction of carbonyl compounds with diazoalkanes in
the presence of metal catalysts and triphenyl phosphine was
initially reported by Lebel in 2004 and constitutes an organo-
metallic variant of the classic Wittig reaction.[36] In the seminal
report on carbonyl olefination reactions, Lebel et al. could
demonstrate that Wilkinson’s catalyst is efficient in the reaction
of TMS-diazomethane and aliphatic or aromatic aldehydes to
give the corresponding methylenation products. Since then,
different catalysts based on precious metals have been
employed to further demonstrate the applicability of this
transformation, yet, iron complexes have not been employed in
this reaction until now. In 2016 Fasan[37] and Weissenborn,[38]

achieved the biocatalytic carbonyl olefination employing my-
oglobin and YfeX variants, respectively. The best myoglobin
variant F43 V/V68F up to 185 turnovers with the additive
triphenylphosphine. Weissenborn et al. demonstrated with YfeX
that the final step of this Wittig-type formation happens outside
of the active site, by comparing the diastereoselectivities with
synthesized phosphetanes. Excellent selectivities and influence
of the protein scaffold on the selectivity of the reaction,
however, could be demonstrated by Fasan as well as Weissen-
born by employing AsPh3 with up to 99.9% de. Fasan achieved
furthermore excellent turnovers of 4230. Weissenborn identified
the carbonyl olefination reaction in absence of phosphines/
arsines, yet only small turnover numbers (up to 4) were
achieved.

From X-H towards modern C-H
functionalization reactions

The direct functionalization of X� H bonds with diazoalkanes
furnishes valuable tertiary amines, sulfides, ethers or can be
used to introduce boron or silicon functional groups onto a
molecular scaffold for further functionalization.[39] Today, X� H
functionalization reactions have been described with different
synthetic iron catalysts and P450 enzymes, ranging from simple

iron salts, iron porphyrin complexes and different alcohols,
amines, silanes, boranes and other X� H functional groups.[40] In
the presence of chiral ligands or when using P450 enzymes
even enantioselective X� H functionalization reactions can be
achieved.[41]

The direct functionalization of inert C� H bonds is one of the
most challenging reactions in modern organic synthesis. Differ-
ent strategies, relying either on the activation of a C� H bond by
appropriate metal complexes in the presence of directing
groups or catalyst-specific direct C� H functionalization reactions
are among the key players in this research area. The insertion
reaction of carbenes into C� H bonds dates back to seminal
reports by Meerwein in 1942 and Doering in 1959,[42,43] yet
missing control on the reactivity of free carbene intermediates
remained challenging. With the emergence of Rh(II)-paddle-
wheel complexes, it is today possible to formally insert a
carbene fragment into different C� H bonds in a chemo- and
regioselective manner.[5]

Contrarily, iron-catalyzed C� H functionalization reactions
remained elusive. Following an initial report on the C� H
functionalization of indole heterocycles with donor-acceptor
diazoesters using iron complexes bearing a dinitrogen
ligand,[44,45] Fasan et al. and Koenigs together with Weissenborn
reported on the C� H functionalization of protected and
unprotected indole heterocycles using myoglobin, YfeX or Fe
(III)TPPCl as catalyst,[46,47] followed by a report by Arnold et al.
on the same transformation using a P411 variant (Scheme 2a).[48]

These latest examples were all reported almost at the same
time and underpin the very closely related progress in the fields
of carbene transfer reactions using enzymatic and synthetic iron
catalysts.

The C� H functionalization reaction of indole heterocycles
occurs in an already activated position of the heterocycle; the
direct functionalization of inert aliphatic C� H bonds remained a
long-standing challenge. The challenges lie within site-selectiv-
ity between C� H bonds at primary, secondary or tertiary carbon
atoms. Only recent developments in the area of Rh(II) catalysts
could showcase that synthetic catalysts can be used to conduct
site-selective C� H functionalization of hydrocarbons. To the
best of our knowledge, synthetic iron catalysts remain a
curiosity in this research area.[49] Recently, the White group
reported in intriguing site-selective intramolecular C� H func-
tionalization reaction using an iron phthalocyanine catalyst.[50]

In this research area, the use of engineered enzymes is
beneficial and Arnold and co-workers just reported on an
intermolecular reaction of fluorinated, acceptor-only diazoal-
kanes with tertiary amines, which undergo a site-selective and
enantioselective C� H functionalization reaction in the α-
position of the amine (Scheme 2b).[51] One recent example in
enzymatic carbene-transfer reaction of Arnold and co-workers
describes direct C� H functionalization reactions on benzylic,
allylic, propargylic and α-amino sp3-carbons. These results were
achieved by directed evolution starting from 13 TON and
yielding up to 2,020 TON as well as 96.7 : 3.3 e.r. (Scheme 2c).[52]
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Conclusion

Iron complexes have emerged as an important class of catalysts
to conduct efficient carbene transfer reactions. Bio-inspired iron
complexes serve as privileged catalysts to enable cyclopropana-
tion, rearrangement or X� H and C� H functionalization reac-
tions, yet with the limitation of only moderate enantioselectiv-
ity. These chemistry-driven approaches recently resulted in
“chemo-inspired” enzymatic carbene transfer reactions using
engineered iron-heme containing enzymes to conduct stereo-
selective cycloaddition reactions and C� H functionalization
reactions. A limitation of currently available protocols lies within
the specific use of acceptor-only diazoalkanes. Only few
applications of other diazoalkanes are reported and it is
expected that future developments will address these current
limitations. Further developments in this research area are
expected to broaden the reactivity of chiral iron complexes to
achieve higher catalyst turnovers or machine learning ap-
proaches to further expand the possibilities of engineered
enzymes.[53,54]

Acknowledgements

The authors thank Anja Knorrscheidt for substantial work on
Figure 1 and thorough proofreading. M.J.W thanks the BMBF
(„Biotechnologie 2020 + Strukturvorhaben: Leibniz Research Clus-
ter“, 031 A360B) for generous funding. R.M.K. thanks the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) –
project no. 408033718.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: iron · carbine · diazoalkane · biocatalysis · directed
evolution

[1] A. R. Battersby, Nat. Prod. Rep. 2000, 17, 507–526.
[2] C. J. Whitehouse, S. G. Bell, L. L. Wong, Chem. Soc. Rev. 2012, 41, 1218–

1260.
[3] a) J. C. Barona-Castano, C. C. Carmona-Vargas, T. J. Brocksom, K. T.

de Oliveira, Molecules 2016, 21, 310; b) S.-I. Murahashi, D. Zhang, Chem.
Soc. Rev. 2008, 37, 1490–1501; c) R. A. Baglia, J. P. T. Zaragoza, D. P.
Goldberg, Chem. Rev. 2017, 117, 13320–13352; d) V. C.-C. Wang, S. Maji,
P. P.-Y. Chen, H. K. Lee, S. S.-F. Yu, S. I. Chan, Chem. Rev. 2017, 117,
8574–8621; e) L. Que Jr., W. B. Tolman, Nature 2008, 455, 333–340.

[4] a) J. T. Groves, M. van der Puy J. Am. Chem. Soc. 1974, 96, 5274–5275;
b) J. T. Groves, T. E. Nemo J. Am. Chem. Soc. 1983, 105, 5786–5791.

[5] a) H. M. L. Davies, J. R. Manning, Nature 2018, 451, 417–424; b) A. Ford,
H. Miel, A. Ring, C. N. Slattery, A. R. Maguire, M. A. McKervey, Chem. Rev.
2015, 115, 9981–10080; c) M. P. Doyle, R. Duffy, M. Ratnikov, Z. Zhou,
Chem. Rev. 2010, 110, 704–724; d) Y. Xia, D. Qiu, J. Wang, Chem. Rev.
2017, 117, 13810–13889; e) Z. Sheng, Z. Zhang, C. Chu, Y. Zhang, J.
Wang, Tetrahedron, 2017, 73, 4011–4022; f) C. Empel, R. M. Koenigs,
Synlett, 2019, 30, 1929–1934; g) S. Chanthamath, S. Iwasa, Acc. Chem.
Res. 2016, 49, 2080–2090.

[6] H. M. L. Davies, D. Morton, Chem. Soc. Rev. 2011, 40, 1857–1869.
[7] a) H.-J. Knölker, I. Bauer, Chem. Rev. 2015, 115, 3170–3387; b) S.-F. Zhu,

Q.-L. Zhou, Natl. Sci. Rev. 2014, 1, 580–603; c) R. Shang, L. Ilies, E.
Nakamura, Chem. Rev. 2017, 117, 9086–9139; d) C. Bolm, J. Legros, J.
Le Paih, L. Zani, Chem. Rev. 2004, 104, 6217–6254; e) B. Plietker, Iron
Catalysis in Organic Chemistry: Reactions and applications, 2nd ed.,
Wiley-VCH, Weinheim, 2008.

[8] a) W. J. Seitz, A. K. Saha, D. Caspar, M. M. Hossain Tetrahedron Lett. 1992,
33, 7755–7758; b) W. J. Seitz, A. K. Saha, M. M. Hossain, Organometallics
1993, 12, 2604–2608.

[9] P. S. Coelho, E. M. Brustad, A. Kannan, F. H. Arnold, Science 2013, 339,
307–310.

[10] a) O. F. Brandenberg, R. Fasan, F. H. Arnold, Curr. Opin. Biotechnol. 2017,
47, 102–111; b) S. Sahu, D. P. Goldberg, J. Am. Chem. Soc. 2016, 138,
11410–11428; c) L. Que Jr, W. B. Tolman, Nature 2008, 455, 333–340;
d) E. I. Solomon, A. Decker, N. Lehnert, Proc. Natl. Acad. Sci. USA 2003,
100, 3589–3594.

[11] T. Hayashi, M. Tinzl, T. Mori, U. Krengel, J. Proppe, J. Soetbeer, D. Klose,
G. Jeschke, M. Reiher, D. Hilvert, Nat. Can. 2018, 1, 578–584.

[12] a) E. W. Reynolds, M. W. McHenry, F. Cannac, J. G. Gober, C. D. Snow,
E. M. Brustad, J. Am. Chem. Soc. 2016, 138, 12451–12458; b) G.
Sreenilayam, E. J. Moore, V. Steck, R. Fasan, ACS Catal. 2017, 7, 7629–
7633.

[13] J. R. Wolf, C. G. Hamaker, J.-P. Djukic, T. Kodadek, L. K. Woo J. Am. Chem.
Soc. 1995, 117, 9194–9199.

[14] T.-S. Lai, F.-Y. Chan, P.-K. So, D.-L. Ma, K.-Y. Wong, C.-M. Che Dalton
Trans. 2006, 4845–4851.

[15] B. Morandi, E. M. Carreira, Angew. Chem. Int. Ed. 2010, 49, 938–941;
Angew. Chem. 2010, 122, 950–953.

[16] a) I. Aviv, Z. Gross, Chem. Eur. J. 2008, 14, 3995–4005; b) I. Aviv, Z. Gross,
Chem. Commun. 2007, 1987–1999.

[17] Selected references on synthetic chiral iron porphyrin catalysts:a) Z.
Gross, N. Galili, L. Simkhovich, Tetrahedron Lett. 1999, 40, 1571–1574;
b) G. Du, B. Andrioletti, E. Rose, L. K. Woo, Organometallics, 2002, 21,

Scheme 2. Iron catalyzed C� H functionalization reactions.

ChemCatChem
Concepts
doi.org/10.1002/cctc.201901565

2178ChemCatChem 2020, 12, 2171–2179 www.chemcatchem.org © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

Wiley VCH Mittwoch, 15.04.2020

2008 / 155081 [S. 2178/2179] 1

 18673899, 2020, 8, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.201901565 by M
artin L

uther U
niversity H

alle-W
ittenberg, W

iley O
nline L

ibrary on [12/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1039/b002635m
https://doi.org/10.1039/C1CS15192D
https://doi.org/10.1039/C1CS15192D
https://doi.org/10.1039/b706709g
https://doi.org/10.1039/b706709g
https://doi.org/10.1021/acs.chemrev.7b00180
https://doi.org/10.1021/acs.chemrev.6b00624
https://doi.org/10.1021/acs.chemrev.6b00624
https://doi.org/10.1038/nature07371
https://doi.org/10.1021/acs.chemrev.5b00121
https://doi.org/10.1021/acs.chemrev.5b00121
https://doi.org/10.1021/cr900239n
https://doi.org/10.1021/acs.chemrev.7b00382
https://doi.org/10.1021/acs.chemrev.7b00382
https://doi.org/10.1021/acs.accounts.6b00070
https://doi.org/10.1021/acs.accounts.6b00070
https://doi.org/10.1039/c0cs00217h
https://doi.org/10.1093/nsr/nwu019
https://doi.org/10.1021/acs.chemrev.6b00772
https://doi.org/10.1021/cr040664h
https://doi.org/10.1021/om00031a034
https://doi.org/10.1021/om00031a034
https://doi.org/10.1126/science.1231434
https://doi.org/10.1126/science.1231434
https://doi.org/10.1016/j.copbio.2017.06.005
https://doi.org/10.1016/j.copbio.2017.06.005
https://doi.org/10.1021/jacs.6b05251
https://doi.org/10.1021/jacs.6b05251
https://doi.org/10.1073/pnas.0336792100
https://doi.org/10.1073/pnas.0336792100
https://doi.org/10.1021/jacs.6b05847
https://doi.org/10.1021/acscatal.7b02583
https://doi.org/10.1021/acscatal.7b02583
https://doi.org/10.1002/anie.200905573
https://doi.org/10.1002/ange.200905573
https://doi.org/10.1002/chem.200701885
https://doi.org/10.1039/b618482k
https://doi.org/10.1016/S0040-4039(98)02647-1
https://doi.org/10.1021/om0204641
https://doi.org/10.1021/om0204641


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

4490–4495; c) P. Le Maux, S. Juillard, G. Simmoneaux, Synthesis 2006,
1701–1704; d) Y. Chen, X. P. Xhang, J. Org. Chem. 2007, 72, 5931–5934;
e) D. M. Carminati, D. Intrieri, A. Caselli, S. Le Gac, B. Boitrel, L. Toma, L.
Legnani, E. Gallo, Chem. Eur. J. 2016, 22, 13599–13612.

[18] Selected references:a) Y. Cai, S.-F. Zhu, G.-P. Wang, Q.-L. Zhou, Adv.
Synth. Catal. 2011, 353, 2939–2944; b) S.-F. Zhu, Y. Cai, H.-X. Mao, J.-H.
Xie, Q.-L. Zhou, Nat. Chem. 2010, 2, 546–661.

[19] B. Wang, I. G. Howard, J. W. Pope, E. D. Conte, Y. Deng, Chem. Sci. 2019,
10, 7958–7963.

[20] M. S. Holzwarth, I. Alt, B. Plietker Angew. Chem. Int. Ed. 2012, 51, 5351–
5354; Angew. Chem. 2012, 124, 5447–5450.

[21] P. S. Coelho, Z. J. Wang, M. E. Ener, S. A. Baril, A. Kannan, F. H. Arnold,
E. M. Brustad, Nat. Chem. Biol. 2013, 9, 485–487.

[22] a) A. W. Munro, H. M. Girvan, A. E. Mason, A. J. Dunford, K. J. McLean,
Trends Biochem. Sci. 2013, 38, 140–150; b) D. Darimont, M. J. Weissen-
born, B. A. Nebel, B. Hauer, Bioelectrochemistry 2018, 119, 119–123.

[23] P. Bajaj, G. Sreenilayam, V. Tyagi, R. Fasan, Angew. Chem. Int. Ed. 2016,
55, 16110–16114; Angew. Chem. 2016, 128, 16344–16348.

[24] O. F. Brandenberg, K. Chen, F. H. Arnold, J. Am. Chem. Soc. 2019, 141,
8989–8995.

[25] Selected references on iron catalyzed cyclopropanation reactions with
diazoacetonitrilea) K. J. Hock, R. Spitzner, R. M. Koenigs, Green Chem.
2017, 19, 2118–2122; b) Y. Ferrand, P. Le Maux, G. Simmoneaux,
Tetrahedron: Asymmetry, 2005, 16, 3829–3836; c) P. K. Mykhaiuliuk Eur. J.
Org. Chem. 2015, 7235–7239; d) P. K. Mykhailiuk, R. M. Koenigs, Chem.
Eur. J. 2019, 26, 89–101.

[26] Iron catalyzed cyclopropanation with diazomethane: a) B. Morandi, E. M.
Carreira, Science 2012, 335, 1471–1474; b) J. Kaschel, T. F. Schneider,
D. B. Werz, Angew. Chem. Int. Ed. 2012, 51, 7085–7086; Angew. Chem.
2012, 124, 7193–7195.

[27] a) A. C. Jones, J. A. May, R. Sarpong, B. M. Stoltz, Angew. Chem. Int. Ed.
2014, 53, 2556; b) R. Hoffmann, R. B. Woodward, Acc. Chem. Res. 1968, 1,
17; c) Y. Zhang, J. Wang, Coord. Chem. Rev. 2010, 254, 941; d) K. J. Hock,
R. M. Koenigs, Angew. Chem. Int. Ed. 2017, 56, 13566.

[28] D. S. Carter, D. L. van Vranken, Org. Lett. 2000, 2, 1303–1305.
[29] R. Prabharasuth, D. L. van Vranken, J. Org. Chem. 2001, 66, 5256–5258.
[30] K. J. Hock, L. Mertens, R. Hommelsheim, R. Spitzner, R. M. Koenigs,

Chem. Commun. 2017, 53, 6577–6580.
[31] a) C. Empel, K. J. Hock, R. M. Koenigs, Chem. Commun. 2019, 55, 338–

341; b) X. Yan, C. Li, X. Xu, Q. He, X. Zhao, Y. Pan, Tetrahedron 2019, 75,
3081–3087; c) X. Xu, C. Li, M. Xiong, Z. Tao, Y. Pan, Chem. Commun.
2017, 53, 6219–6222.

[32] J. Day, B. McKeever-Abbas, J. Dowden, Angew. Chem. Int. Ed. 2016, 55,
5809–5813; Angew. Chem. 2016, 128, 5903–5907.

[33] V. Tyagi, R. B. Bonn, R. Fasan, Chem. Sci. 2015, 6, 2488–2494.
[34] V. Tyagi, G. Sreenilayam, P. Bajaj, A. Tinoco, R. Fasan, Angew. Chem. Int.

Ed. 2016, 55, 13562–13566; Angew. Chem. 2016, 128, 13760–13764.
[35] a) Z. Zhang, Z. Sheng, W. Yu, G. Wu, R. Zhang, W.-D. Chu, Y. Zhang, J.

Wang, Nature Chem. 2017, 9, 970–976; b) X. Lin, Y. Tang, W. Yang, F.
Tan, L. Lin, X. Liu, X. Feng, J. Am. Chem. Soc. 2018, 140, 3299–3305; c) B.
Xu, U. K. Tambar, Angew. Chem. Int. Ed. 2017, 56, 9868–9871; Angew.
Chem. 2017, 129, 10000–10003.

[36] H. Lebel, V. Paquet, J. Am. Chem. Soc. 2003, 126, 320–328.

[37] V. Tyagi, R. Fasan, Angew. Chem. Int. Ed. 2016, 55, 2512–2516; Angew.
Chem. 2016, 128, 2558–2562.

[38] M. J. Weissenborn, S. A. Low, N. Borlinghaus, M. Kuhn, S. Kummer, F.
Rami, B. Plietker, B. Hauer, ChemCatChem 2016, 8, 1636–1640.

[39] D. Gillingham, N. Fei, Chem. Soc. Rev. 2013, 42, 4918–4931.
[40] a) C. Empel, K. J. Hock, R. M. Koenigs, Org. Biomol. Chem. 2018, 16,

7129–7133; b) H. Keipour, T. Ollevier, Org. Lett. 2017, 19, 5736–5739;
c) H. Gu, Z. Han, H. Xie, X. Lin, Org. Lett. 2018, 20, 6544–6549; d) E.-H.
Wang, Y.-J. Ping, Z.-R. Li, H. Qin, Z.-J. Xu, C.-M. Che, Org. Lett. 2018, 20,
4641–4644; e) J. Yoo, N. Park, J. H. Park, S. Kang, S. M. Lee, H. J. Kim, H.
Jo, J.-G. Park, S. U. Son, ACS Catal. 2015, 5, 350–355; f) X. Xu, C. Li, Z.
Tao, Y. Pan, Adv. Synth. Catal. 2015, 357, 3341–3345.

[41] a) E. J. Moore, V. Steck, P. Bajaj, R. Fasan, Org. Lett. 2018, 20, 4641–4644;
b) X. Huang, M. Garcia-Borràs, K. Miao, S. B. J. Kan, A. Zutshi, K. N. Houk,
F. H. Arnold, ACS Cent. Sci. 2019, 5, 270–276; c) R. D. Lewis, M. Garcia-
Borràs, M. J. Chalkley, A. R. Buller, K. N. Houk, S. B. J. Kan, F. H. Arnold,
Proc. Nat. Acad. Sci. U. S. A. 2018, 115, 7308–7313.

[42] H. Meerwein, H. Rathjen, H. Werner, Ber. Dtsch. Chem. Ges. 1942, 75,
1610–1622.

[43] W. von E. Doering, L. Knox, M. Jones, J. Org. Chem. 1959, 24, 136–137.
[44] A. H. Sandtorv, Adv. Synth. Catal. 2015, 357, 2403–2435.
[45] a) L. K. Baumann, H. M. Mbuvi, G. Du, L. K. Woo, Organometallics 2007,

26, 3995–4002; b) Y. Cai, S.-F. Zhu, G.-P. Wang, Q.-L. Zhou, Adv. Synth.
Catal. 2011, 353, 2939–2944.

[46] D. A. Vargas, A. Tinoco, V. Tyagi, R. Fasan, Angew. Chem. Int. Ed. 2018,
57, 9911–9915; Angew. Chem. 2018, 130, 10059–10063.

[47] K. J. Hock, A. Knorrscheidt, R. Hommelsheim, J. Ho, M. J. Weissenborn,
R. M. Koenigs, Angew. Chem. Int. Ed. 2019, 58, 3630–3634; Angew. Chem.
2019, 131, 3669–3673.

[48] O. F. Brandenberg, K. Chen, F. H. Arnold, J. Am. Chem. Soc. 2019, 141,
8989–8995.

[49] J. Fu, Z. Ren, J. Basca, D. G. Musaeev, H. M. L. Davies, Nature 2018, 564,
395–399.

[50] J. R. Griffin, C. I. Wendell, J. A. Garwin, M. C. White, J. Am. Chem. Soc.
2017, 139, 13624–13627.

[51] J. Zhang, X. Huang, R. K. Zhang, F. H. Arnold, J. Am. Chem. Soc. 2019,
141, 9798–9802.

[52] R. K. Zhang, K. Chen, X. Huang, L. Wohlschlager, H. Renata, F. H. Arnold,
Nature 2019, 565, 67–72.

[53] a) C. W. Coley, D. A. Thomas III, J. A. M. Lummiss, J. N. Jaworski, C. P.
Breen, V. Schultz, T. Hart, J. S. Fishman, L. Rogers, H. Gao, R. W. Hicklin,
P. P. Plehiers, J. Byington, J. S. Piotti, W. H. Green, A. J. Hart, T. F.
Jamison, K. F. Jensen, Science 2019, 365, eaax1566; b) C. Empel, R. M.
Koenigs, Angew. Chem. Int. Ed. 2019, 58, 17114–17116.

[54] Z. Wu, S. B. J. Kan, R. D. Lewis, B. J. Wittmann, F. H. Arnold, Proc. Natl.
Acad. Sci. U. S. A., 2019, 116, 8852–8858.

Manuscript received: August 22, 2019
Revised manuscript received: December 10, 2019
Accepted manuscript online: December 10, 2019
Version of record online: January 24, 2020

ChemCatChem
Concepts
doi.org/10.1002/cctc.201901565

2179ChemCatChem 2020, 12, 2171–2179 www.chemcatchem.org © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

Wiley VCH Mittwoch, 15.04.2020

2008 / 155081 [S. 2179/2179] 1

 18673899, 2020, 8, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.201901565 by M
artin L

uther U
niversity H

alle-W
ittenberg, W

iley O
nline L

ibrary on [12/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1021/om0204641
https://doi.org/10.1021/jo070997p
https://doi.org/10.1002/chem.201602289
https://doi.org/10.1002/adsc.201100334
https://doi.org/10.1002/adsc.201100334
https://doi.org/10.1038/nchem.651
https://doi.org/10.1039/C9SC02189B
https://doi.org/10.1039/C9SC02189B
https://doi.org/10.1038/nchembio.1278
https://doi.org/10.1016/j.tibs.2012.11.006
https://doi.org/10.1016/j.bioelechem.2017.08.009
https://doi.org/10.1002/anie.201608680
https://doi.org/10.1002/anie.201608680
https://doi.org/10.1002/ange.201608680
https://doi.org/10.1021/jacs.9b02931
https://doi.org/10.1021/jacs.9b02931
https://doi.org/10.1039/C7GC00602K
https://doi.org/10.1039/C7GC00602K
https://doi.org/10.1126/science.1218781
https://doi.org/10.1002/anie.201203829
https://doi.org/10.1002/ange.201203829
https://doi.org/10.1002/ange.201203829
https://doi.org/10.1002/anie.201302572
https://doi.org/10.1002/anie.201302572
https://doi.org/10.1021/ar50001a003
https://doi.org/10.1021/ar50001a003
https://doi.org/10.1016/j.ccr.2009.12.005
https://doi.org/10.1002/anie.201707092
https://doi.org/10.1021/ol005740r
https://doi.org/10.1021/jo010247u
https://doi.org/10.1039/C7CC02801F
https://doi.org/10.1039/C8CC08821G
https://doi.org/10.1039/C8CC08821G
https://doi.org/10.1016/j.tet.2019.04.035
https://doi.org/10.1016/j.tet.2019.04.035
https://doi.org/10.1039/C7CC02484C
https://doi.org/10.1039/C7CC02484C
https://doi.org/10.1002/anie.201511047
https://doi.org/10.1002/anie.201511047
https://doi.org/10.1002/ange.201511047
https://doi.org/10.1039/C5SC00080G
https://doi.org/10.1002/anie.201607278
https://doi.org/10.1002/anie.201607278
https://doi.org/10.1002/ange.201607278
https://doi.org/10.1021/jacs.7b12486
https://doi.org/10.1002/anie.201705317
https://doi.org/10.1002/ange.201705317
https://doi.org/10.1002/ange.201705317
https://doi.org/10.1002/anie.201508817
https://doi.org/10.1002/cctc.201600227
https://doi.org/10.1039/c3cs35496b
https://doi.org/10.1039/C8OB01991F
https://doi.org/10.1039/C8OB01991F
https://doi.org/10.1021/acs.orglett.7b02488
https://doi.org/10.1021/acs.orglett.8b02868
https://doi.org/10.1021/acs.orglett.8b01931
https://doi.org/10.1021/acs.orglett.8b01931
https://doi.org/10.1021/cs501378j
https://doi.org/10.1002/adsc.201500418
https://doi.org/10.1021/acscentsci.8b00679
https://doi.org/10.1073/pnas.1807027115
https://doi.org/10.1002/cber.19420751229
https://doi.org/10.1002/cber.19420751229
https://doi.org/10.1021/jo01083a627
https://doi.org/10.1002/adsc.201500374
https://doi.org/10.1021/om0610997
https://doi.org/10.1021/om0610997
https://doi.org/10.1002/anie.201804779
https://doi.org/10.1002/anie.201804779
https://doi.org/10.1002/ange.201804779
https://doi.org/10.1002/anie.201813631
https://doi.org/10.1002/ange.201813631
https://doi.org/10.1002/ange.201813631
https://doi.org/10.1021/jacs.9b02931
https://doi.org/10.1021/jacs.9b02931
https://doi.org/10.1038/s41586-018-0799-2
https://doi.org/10.1038/s41586-018-0799-2
https://doi.org/10.1021/jacs.7b07602
https://doi.org/10.1021/jacs.7b07602
https://doi.org/10.1021/jacs.9b04344
https://doi.org/10.1021/jacs.9b04344
https://doi.org/10.1038/s41586-018-0808-5
https://doi.org/10.1126/science.aax1566
https://doi.org/10.1002/anie.201911062
https://doi.org/10.1002/anie.201911062

