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Engineered heme proteins possess excellent biocatalytic carbene N-H insertion abilities for sustainable
synthesis, and most of them have His as the Fe axial ligand. However, information on the basic reaction
mechanisms is limited, and ground states of heme carbenes involved in the prior computational
mechanistic studies are under debate. A comprehensive quantum chemical reaction pathway study was
performed for the heme model with a His analogue as the axial ligand and carbene from the widely used
precursor ethyl diazoacetate with aniline as the substrate. The ground state of this heme carbene was
calculated by the high-level complete active space self-consistent field (CASSCF) approach, which shows a
closed-shell singlet that is consistent with many experimental works. Based on this, DFT calculations of ten
main reaction pathways were compared. Results showed that the most favorable pathway involved the
initial formation of the metal-bound ylide, followed by a concerted rearrangement/dissociation transition
state to form the free enol, which then underwent a water-assisted proton transfer process to yield the
final N-H insertion product. This computational prediction was validated via new experimental data using
His-ligated myoglobin variants with different types of carbenes. Overall, this is the first comprehensive
computational mechanistic study of heme carbene N-H insertions, particularly for neutral His ligated heme
proteins and the first high-level CASSCF confirmation of the ground state of the used heme carbene. The
experimental results are also the first in this field. Overall, these results build a solid basis for the proposed
reaction mechanism to facilitate future biocatalytic carbene N-H insertion studies.
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1. Introduction

Carbenoid N-H insertion is a powerful approach to provide a
concise synthetic route for a-amino acid derivatives, a-amino
ketones, alkaloids, N-heterocyclic compounds, and other
bioactive molecules."™” 1t has also been used for
bioconjugation purposes.'®>" Initially, iron porphyrins were
found and further developed to be used as effective catalysts for
this reaction.”>>® More recently, engineered Fe-containing
heme proteins, such as cytochrome P450/P411,%”">° myoglobin
(MD),?°** cytochrome c,***” YfeX (peroxidase),*® protoglobin,*’
and neuroglobin,*® were explored in a wide range of carbenoid
N-H insertions. Clearly, except for P450/P411s, all other
experimental studies, which consist of ~80% work in this field,
employed His-ligated heme protein variants (mostly Mb-based),
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which exhibit promising biocatalytic results with up to 99%
yield*****° and excellent chemoselectivity.*****® These His-
ligated heme biocatalysts can work under aerobic conditions
with reductants®**® and be extended to aliphatic amine
substrates besides aromatic amines® and effect asymmetric
N-H insertions* with up to 99% ee.’” In addition, all these
engineered heme biocatalysts work under ambient conditions
such as room temperature and aqueous solutions. The features
of biocompatibility and no toxicity of these biocatalytic proteins
along with the use of the most abundant and inexpensive
transition metal (Fe) support their potential use in sustainable
chemical synthesis for new C-N bonds.

Compared to the above-mentioned large body of
experimental advances in this area, computational mechanistic
work is relatively scarce.”®?%¢374042 while the protein
environment  effects on  chemoselectivity’®  and
stereoselectivity”®**®”  have  been  well  elucidated
computationally, there is only a small set of basic reaction
mechanism information of heme carbene N-H insertions, for
which density functional theory (DFT) studies have been
employed to understand these Fe(u)-based biocatalytic
transformations. In 2016, a DFT study was reported that

This journal is © The Royal Society of Chemistry 2025
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provided some initial mechanistic information. For instance,
the hydrogen atom transfer (HAT) pathway (see Scheme 1 with
L = Cys; only the first step was calculated) was found to be less
favorable than the first step of ylide formation in Scheme 1 for
aniline N-H insertion catalyzed by cytochrome P450 with a Cys
axial ligand.*" With the Fe(i) metal bound ylide, a concerted
dissociation/rearrangement was calculated to be kinetically
more favorable than the sequential pathway, which is similar
to Pathway-II and Pathway-III branch a up to only Intyc (a free
enol dissociated from heme) in Scheme 1, respectively. A direct
proton transfer Pathway-I was found to be of higher energy. In
contrast, the dissociation Pathway-III branch b was adopted in
more recent computational studies for Ser-ligated heme N-H
insertions with a cyclic carbene,®*® which offer interesting
insights into the subsequent free ylide pathway to the final
product (different from the above-mentioned enol pathway for
the acyclic carbene [:CHCO,Et]).*' That work also uncovered

HAT

Hydride
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the roles of water-assisted proton transfer. Compared with
these two computational studies of heme proteins with
negatively charged ligands (Cys and Ser), a recent study for the
His-ligated heme (cytochrome c) with carbene [:CMeCO,Et]*®
revealed a comparison of the first ylide formation step with a
direct hydrogen transfer mechanism (similar to the hydride
transfer pathway in Scheme 1, as found for Si-H**** and C-H
insertions**). Clearly, each of the prior computational
mechanistic works only studied a few possibilities and limited
steps, which show that different mechanisms may be favored
for biocatalysts with different axial ligands. So, there has been
no comprehensive complete mechanism study from heme
carbene to the final product formation, as shown in Scheme 1
(to be described in detail later), particularly for the neutral His
ligand. Recent reports of heme protein reactions show that the
axial ligand can modulate reactivity”>**™” and sometimes
change preferred pathways.”®*®%? So, it is important to study
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Scheme 1 Different N-H insertion pathways. L = axial ligand. H': hydrogen, in grey, to be transferred from aniline to carbene carbon.
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the full reaction pathways for His-ligated heme catalysts, which
constitute ~80% of the experimentally used engineered heme
proteins for N-H insertions.**™*°

In addition, all these N-H insertion pathway DFT
calculations®®*??**! used the open shell singlet (OSS) as the
ground state for heme carbenes. However, it is known that
certain DFT methods may not be accurate for some electronic
structure calculations. Our recent studies show that only the
close shell singlet (CSS) of Fe(u)-heme carbene systems
yielded accurate predictions of experimental X-ray, Mossbauer
and NMR spectroscopic properties.*>® This CSS feature was
further supported by a more recent experimental study using
X-ray absorption near edge spectroscopy.”® Moreover, the CSS
feature was confirmed in high-level multireference quantum
chemical calculations using the complete active space self-
consistent field (CASSCF) method for iron porphyrins with
carbene  [:CMeCO,Et] and several axial ligands
N-methylimidazole, methyl thiolate, and hydroxide,> which
are analogues of His, Cys, and Ser ligands. This CSS feature
also enabled the successful predictions of a wide range of
experimental heme carbene reactivities of cyclopropanations
and Si-H and C-H insertions.**"**%’

Considering the above mechanistic problems and the
experimental prevalence (~80%) of His-ligated heme
proteins particularly Mb variants®**° in N-H insertions, we
chose to perform a comprehensive mechanistic
investigation, as shown in Scheme 1 with L = His for the
heme carbene N-H insertion reaction of model [Fe(Por)(5-
MeIm)(CHCO,Et)] (Ry; Fe"(Por): non-substituted porphyrin;
5-Melm: 5-methylimidazole for His, as used
recently**?®*7*%) derived from the widely used carbene
precursor ethyl diazoacetate (EDA) in this field®"3>3>3840
with aniline (R,) substrate, using the DFT method, which
enabled accurate predictions of experimental properties of
heme carbenes and their reactivities, stereoselectivities,
regioselectivities, and chemoselectivities;**4*4:47:50:33755 gee
Experimental details section 2.2. The electronic structure of
this heme carbene R; was first investigated using the high-
level CASSCF method to compare CSS, OSS, and other spin
states not reported before to validate the ground state for
subsequent DFT pathway studies. As shown in Scheme 1,
this is the first systematic pathway study for His-ligated
heme catalyzed N-H insertion from heme carbene (R,) and
substrate (R,) to the final product (Pyy) and recycled
catalyst (Ppeme)- In addition, there are several mechanistic
features in Scheme 1 that have not been studied before: 1)
the comparison of ylide with HAT and hydride pathways; 2)
the comparison of four ylide pathway branches: a) concerted
direct proton transfer from aniline nitrogen to carbene
carbon with C-N bond formation to form final products
(Pathway-I), b) concerted dissociation of iron porphyrin
(Pheme) With the rearrangement of proton from aniline N to
carbonyl O to form an enol intermediate Intyc (Pathway-II),
c) dissociation to form the free ylide Intyc-III (Pathway-III),
d) rearrangement to form the metal-bound enol Int;-IV,
then dissociate to release free enol Intyc (Pathway-IV); 3)
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the study of three possible pathways from free enol to final
products, including the metal-coordinated one via transition
state TSo-II and metal-free pathways with and without water
assistance through TSyc and TSyc-w respectively; 4) the
comparison of indirect and direct pathways from the free
ylide to final product for the acyclic carbene: a) rearrange to
free enol via TS,,-II first, then proceed to enol pathways, b)
two direct pathways with and without water assistance
through TSIl and TS,,-III-w, respectively. Overall, there
are ten main pathways investigated in this work, with the
most favorable mechanism further validated by new
experimental results. It should also be noted that there is
no prior experimental mechanistic study regarding the basic
reaction mechanism in this field. Although the protein
environment is important to determine the final biocatalytic
reaction, our work, here, as the first study of the His-ligated
heme protein catalyzed N-H insertion is focused on the
effect of cofactor structure on reaction mechanism as done
previously in this field.*®>%3%*

2. Experimental details
2.1 CASSCF calculations

For heme carbene Ry, its DFT optimized geometry was used
with 6-311G(d) for Fe and its coordinated atoms and 6-31G(d)
for all other atoms. For the active space for the CASSCF
calculations, as in a recent CASSCF study of similar heme
carbenes,®® we also used the same option of 12 electrons in
12 orbitals, which are the largest level among recent CASSCF
studies of heme carbene and nitrene systems®®”” as well as
other metal complexes.”®*® Similarly, our studied active
space also started from the examination of natural orbitals
and consists of frontier five Fe 3d orbitals 3d,, 3d,;, 3.,
3x2-y2, 3d;2, and n/n* and o carbene orbitals involved in Fe-C
bonding, see Fig. 1. Our CASSCF(12,12) calculations used the
Nroot = 5 with the state average option using equal weights.
More details of the configuration state functions (CSFs) with
>1% weight for each studied state are discussed in ESIf
section S2. We used the Gaussian 16 program for these
calculations.®

B
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Fig. 1 A) Active space molecular orbitals (MOs) ¢_1, of R;. Contour
values = £0.04 au. Atom colors: N - blue, O - red, C - cyan, H - grey,
Fe - black. B) Energy levels of the studied singlet, triplet, and quintet
spin states.
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2.2 DFT calculations

All the models investigated in this work were subject to full
geometry optimizations without any symmetry constraints
using the PCM method®" with a dielectric constant of 4.0 to
simulate the protein environment effect as done
previously,>®?%3641,43748,33-55,62-64  compared to this value,
additional calculations using a high-end dielectric constant
value of 78.3553 for the pure aqueous solvent environment
(~20-fold increase) only increased the reaction barrier by
1.22 kecal mol™ for the heme carbene formation reaction. As
a protein contains many non-polar residues and is much less
polar than water, the impact on the absolute value of the
reaction barrier will be much less than this value. In fact, the
current use of the dielectric constant of 4.0 enabled accurate
quantitative predictions of experimental heme reaction
barriers (e.g., an average error of 0.11 kcal mol™" (ref. 48)) and
experimental non-heme reaction barriers (e.g., an error of
0.36 kcal mol ™ (ref. 64)) besides reproducing reactivity trends
of a number of biocatalytic heme carbene and nitrene

transfer reactions.***>47,°373°
Geometry optimization was conducted using a range-

separated hybrid DFT method with dispersion corrections,
®B97XD,*® with the effective core potential (ECP) basis
LanL2DZ®® for iron and the triple-zeta basis 6-311G(d) for all
other elements, based on its accurate predictions of reactions
involving heme carbenes.*>***¢47°%53755 Thig basis set is
larger than the ones used in recent computational studies of
heme N-H insertions.*>*"*”*® The use of a much larger
6-311++G(2d,2p) basis for all non-metal atoms was found to
yield similar results for heme carbene reactions** and thus
further support the efficient use of the current basis set here.
The use of an ECP basis for metals is common in many
reaction studies involving transition metal carbenoids, such
as Ir/Ru/Th carbenes.®®”" The advantage of an ECP basis is
the inclusion of a relativistic effect basically absent in an all-
electron basis set. In addition, it is available for all transition
metals, which may allow direct comparisons of the effects of
a vast amount of metal centers. The alternative use of an all-
electron basis for the metal center’” was recently found to
yield qualitatively the same conclusions of geometric,
electronic, and energetic features for heme carbene reactions
and therefore supports the use of the LanL2DZ basis here,
which may help direct comparisons with late transition
metals in future studies, for which ECP basis is more readily
available and commonly used. The frequency analysis was
used to verify the nature of the stationary points on
respective potential energy surfaces and to provide zero-point
energy corrected electronic energies (E,pg's), enthalpies (H's),
and Gibbs free energies (G's) at 1 atm and experimental
reaction temperature, i.e., room temperature. All the DFT
calculations were performed wusing the Gaussian 09
program’ as done in recent works on heme carbene
reactions.”*™"7°%?35 The atomic charges and spin densities
are from the natural population analysis (NPA) and Mulliken
schemes implemented in Gaussian 09. Intrinsic reaction
coordinate calculations were done to prove the connection

This journal is © The Royal Society of Chemistry 2025
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between each TS and its corresponding stationary states. We
also performed a detailed conformation and spin state study
for relevant species, as given in ESL} and then selected the
most favorable ones in the reaction pathway discussion here.
Except for the CSS states, spin unrestricted DFT calculations
were performed, including the OSS states, for which we used
the broken-symmetry method.”?

2.3 Reagents and analytical methods

All chemicals and reagents were purchased from commercial
suppliers (Sigma Aldrich, TCI Chemicals) and used without
any further purification.

2.4 Protein expression and purification

Wild-type Mb and engineered Mb variants were cloned and
expressed in E. coli C41(DE3) cells as described previously.**
Briefly, cells were grown in TB medium (ampicillin, 100 mg L")
at 37 °C (180 rpm) until OD600 reached 0.8-1.0. Cells were then
induced with 0.25 mM B-p-1-thiogalactopyranoside (IPTG) and
0.3 mM &-aminolevulinic acid (ALA). After induction, cultures
were shaken at 27 °C (180 rpm), harvested after 20 h by
centrifugation (4000 rpm, 20 min, 4 °C) and resuspended in an
Ni-NTA lysis buffer (50 mM KPi, 250 mM NaCl, 10 mM
histidine, pH 8.0). Resuspended cells were frozen and stored at
-80 °C. Cell suspensions were thawed at room temperature,
lysed by sonication, and clarified by centrifugation (14 000
rpm, 50 min, 4 °C). The clarified lysate was transferred to a Ni-
NTA column equilibrated with the Ni-NTA lysis buffer. The
protein was washed with the Ni-NTA wash buffer (50 mM KPi,
250 mM NacCl, 20 mM histidine, pH 8.0). Proteins were eluted
with the Ni-NTA elution buffer (50 mM KPi, 250 mM NaCl,
250 mM histidine, pH 7.0). After buffer exchange (50 mM
KPi, pH 7.0), the proteins were stored at +4 °C. Myoglobin
concentration was determined by UV/vis spectroscopy using
an extinction coefficient of ;10 = 157 mM ' cm™ .

2.5 N-H insertion reactions

Under standard reaction conditions, reactions were carried
out at a 400 pL scale using 10 uM myoglobin, 5 mM amine,
10 mM diazo compound, with or without 50 mM DMPO and
10 mM sodium dithionite. In a typical procedure, in an
anaerobic chamber, a solution containing the desired
myoglobin variant was mixed with a solution of sodium
dithionite in nitrogen-purged potassium phosphate buffer
(50 mM, pH 8.0). Reactions were initiated by the addition of
10% DMF or DMPO (50 mM stock in DMF), amine (400 mM
stock solution in EtOH), followed by the addition of the diazo
compound (400 mM stock solution in EtOH), and the
reaction mixtures were stirred in the chamber for 1 h at room
temperature. For product analysis, an internal standard (20
pL of benzodioxole at 100 mM in ethanol) was added to the
reaction  mixture, followed by  extraction  with
dichloromethane (400 uL) and analysis by GC-FID.
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2.6 Synthetic procedures and product characterization

Detailed procedures and characterizations for the synthesis
of N-H insertion products are provided in the ESLf

3. Results and discussion
3.1 CASSCF study of heme carbene

To obtain a rigorous electronic structure of R,, we first
investigated different spin states (S = 0, 1 and 2) using

View Article Online
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CASSCF(12,12) (12 electrons in 12 active orbitals) calculation
are shown in Fig. 1A. Because each spin state can have
different contributions or resonance structures of the
fragments in Ry, each of the five lowest energy levels for S =
0, 1, 2 from CASSCF calculations are shown in Fig. 1B.

As shown in Fig. 1B and Tables S2-S4, the CSS state with
a single predominant contribution from the CSS
configuration state function that has all frontier occupied
orbitals with double occupancy (i.e., paired) is the overall

CASSCF calculations. The active space orbitals in our lowest energy spin state for this His-ligated heme with the
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Fig. 2 A) Energy diagrams for the successfully located ylide pathways of heme-carbene-catalyzed N-H insertions. B) Schematic energy profile for
the most favourable steps in Pathway-I, -Il and -1ll. The energy levels are based on AG. Relative AE and AG energies (in kcal mol™) are outside and
inside the parenthesis, respectively. AE/AG results for TS;-1ll shown in italics are from potential energy scan calculations; see ESI} for details.
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carbene derived from the widely used ethyl diazoacetate. All
other higher-energy singlets exhibit OSS features (see ESIt
for details). The lowest OSS state has an AE of 22.14 kcal mol ",
higher than the CSS ground state. This trend is the same
as found in the previous CASSCF result of a similar heme
carbene®® and different from previous DFT pathway
studies in this field.?®*?°*®*' This is not unexpected as
DFT is a single determinant method; thus, it is difficult
to handle electronic states with multi-reference nature. In
fact, most of the calculated electronic states involve a
strong mixture of MOs with different characters, see ESIf
section S2. According to our CASSCF calculations, the next
energy level above the CSS ground state is a triplet (it is
of AE 4.70 kecal mol™" higher, Table S31), which is lower
than the most stable OSS state by 17.44 kcal mol™. This
trend is also consistent with the recently reported CASSCF
result of a similar heme carbene.’® We further examined
the quintet states and found that the lowest S = 2 state is
of even a higher AE of 12.46 kcal mol™ than CSS, see
Table S4. These results support that this heme carbene

has CSS as the overall ground state as found
experimentally and computationally for heme
carbenes.*>***7°%%1 5o this CSS ground state is used for

R, in subsequent pathway studies.

3.2 Ylide pathways

We first investigated ylide pathways in Scheme 1. A detailed
conformation and spin state study was done for relevant
species (see ESIf for details) to provide the most favorable
conformations and spin states in the reaction pathway
discussion here. As shown in Fig. 2, it is kinetically and
thermodynamically very favorable for R, to react with aniline
(R,) to form the C-N bond in the ylide intermediate (Intyjgc)
via transition state (TSyjiqe), @ common step for all four ylide
pathways.

Pathway-I is the concerted pathway with direct proton H'
transfer from N to C along with the Fe-C bond dissociation
in the transition state TS;-I to form the product Pyny and
regenerate the biocatalyst Ppeme. Its relative energy to the
starting reactants is 4.12 kcal mol™, and its relative barrier to
Intyige (AG*: 33.34 kcal mol™) is the highest among all
studied ylide pathways (to be discussed in detail later), see
Fig. 2. This trend for the neutral ligand His ligated heme
carbene N-H insertion is the same as found for the heme
with a negatively charged Cys ligand.*" The intrinsic reaction
coordinate (IRC) calculations for TS;-I (see Fig. S47)
confirmed that it is connected with Inty;ge (not the reactant
complex, ie., the C-N bond in ylide is maintained) and the
product complex of Pyy and Ppheme-

Pathway-I is also concerted but it involves the
rearrangement of ylide to enol (aniline first transfers H' to
carbonyl oxygen) along with dissociation of the Fe-C bond.
Its transition state TS;-II to form the enol intermediate
(Intyc) has a relative barrier to Intyjge (AG*: 10.91 kcal mol )
that is much lower than Pathway-I. This step is similar to

This journal is © The Royal Society of Chemistry 2025
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that proposed for the Cys-ligated heme with the same
carbene.** For TS;-II, the Fe-C bond length is 2.658 A, while
it is 2.206 A for TS,-I, as shown in Table S9.f A longer Fe-C
bond length in TS;-II in Pathway-II leads to more favorable
bond dissociation compared to TS;-I in Pathway-1. Along with
the Fe-C bond dissociation in both pathways, the N-H' bond
in aniline breaks, and H' is transferred to either the carbonyl
oxygen to form a new O-H' bond in TS;-II or the carbene's
carbon to generate the new C-H' bond in TS;-1. Here, the O-
H' bond formation is more favorable as compared to the C-
H' bond formation because oxygen is more electronegative
than carbon. Therefore, both the bond dissociation and new
bond formation parts contribute to a lower barrier of TS;-IT
as compared to TS;-I.

However, the subsequent steps from Intyc to the final
N-H insertion product Pyy have not been reported before.
For this reason, we investigated three possible subsequent
pathways.

Since Intyc is released in the active site with heme nearby,
we first studied if the coordination of Fe to carbonyl O could
facilitate the rearrangement or transfer of H on O to C as in
Pnn, see Scheme 1. The metal-O coordinated rearrangement
mechanism was previously studied in a non-heme carbene
system’? but has not been explored for heme carbenes
before. It starts with the coordination step to generate
intermediate Into-II and then proceed via the transition state
TSo-Il to form another intermediate complex, Intgompiex-l,
which eventually forms products. As shown in Scheme S1,f
from Intyc with an energy of -26.60 kcal mol ™, the
coordination stabilizes Into-II by 2.29 kcal mol™". However,
TSo1II is significantly uphill by 49.07 kecal mol™ to be 20.18
kcal mol™ with respect to starting reactants, although the
subsequent Intgomplex-Il is thermodynamically very favorable.
So, this metal-coordinated enol transformation has a relative
AG?* of 46.78 keal mol ™! from Intyc, which is very high.

We then studied the direct transfer mechanism for enol
proton in Intyc to carbene's carbon to yield the final
product. The relative barrier for this transition state TSnc is
44.26 kcal mol™, which is still high, although better than
the metal-coordinated one.

In light of the beneficial effect of water assistance in
proton transfer for ylide in recent computational works of
negatively charged ligand ligated heme carbene N-H
insertions®® and the availability of water in such biocatalytic
environments, we investigated this transition state in the
cases of one water and two water molecules and compared
with the above water-free result. It was found that the two-
water model involving a concerted rearrangement of H' from
carbonyl oxygen to carbene carbon via the two-water cascade
and then to product formation, as shown in Scheme 1, is the
best; see ESIT section S5 for details. Its (TSnc.w) relative
barrier from Intyc is decreased to 16.99 kcal mol™ in
contrast with the water-free case of 44.26 kcal mol™". This
trend of water assistance for enol rearrangement is similar to
the ylide proton transfer mechanisms calculated recently.*®
But, a comparison of the water-assisted proton transfer
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mechanism for enol with metal-assisted and water-free
pathways here is reported for the first time in this field.

As shown in Fig. 2, the most favorable TSycw for enol
transformation to the final product has a AG of -9.61 kcal mol ™
with respect to the starting reactants. Compared to the first
transition state in Pathway-II, TS,-II, this step is of higher energy
and thus is the rate-determining step (RDS). Therefore, Pathway-
II is more favorable than Pathway-I because TSycw has a lower
AG than TS,-I by 13.73 kcal mol ™ (Fig. 2).

As seen from Scheme 1, Pathway-III is stepwise, with the
ylide dissociation from heme occurring first via TS;-III to
form the free ylide Intyc-III, followed by two branches to
the final product formation. Numerous trials to locate TS;-
III were unsuccessful, which is similar to a recent
computational work of the dissociation pathway for the Ser-
ligated heme carbene N-H insertion.”® We then conducted
potential energy scan (PES) calculations along the Fe-C
coordinate for this dissociation process (see ESIT section S6
for details), which were also used in recent heme carbene
N-H insertion calculations of similar systems.*"*”*® Results
show that there is an energy cost from both cleaving the
Fe-C bond and breaking the hydrogen bond between
amine's proton and porphyrin nitrogen, which bears a
maximum AE cost of 21.74 kecal mol™* from Intyjige, which
was added to all relative energetic terms of Inty;q. to obtain
the estimated relative energies for TS;-III. This leads to the
relative AE and AG of -26.70 and -7.48 kcal mol™ with
respect to starting reactants, as shown in Fig. 2.

After the free ylide Intyc-III is formed, we compared the
indirect (branch a) and direct (branch b) pathways to the
final product Pyy, as shown in Scheme 1.

The rearrangement transition state TS,,-III of H' from N
to the carbonyl O to form the free enol Intyc along branch a
has a very low relative barrier compared to Intyc-III (AEI:
3.02 keal mol™*; AG¥: -0.35 keal mol ™Y, calculated from data
in Table S8f), which is much lower compared to the cyclic
carbene system (AE*: 9.4 kecal mol™*; AG*: 6.4 kcal mol *).2%2°
Then, starting from the enol Intyc, subsequent different enol
transformation mechanisms have been studied and
discussed above for Pathway-II, in which the water-assisted
enol rearrangement via TSxc-w is the most favorable one. As
TSnc-w is higher than TS,,-III to form enol, it is the RDS
along this indirect (branch a) pathway from free ylide, ie.,
branch a has the highest AG of -9.61 kcal mol ™.

For the direct pathways in branch b from free ylide to
final product, we also studied them with and without
water assistance (see Scheme 1) via TSy, III and TS,,-1II-w,
respectively. As found for the cyclic carbene system
reported recently,®® the two-water assisted model with first
protonation at the carbene carbon via transition state
TS,,-III'w and subsequent spontaneous deprotonation at
the N position to yield product Pny, is of significantly
lower energy than the water-free TS,,-IIl by AG of 33.07
kcal mol™ (see Scheme S1t), and thus is the preferred
pathway for the direct transformation of free ylide to
product along branch b.

1808 | Catal. Sci. Technol., 2025, 15, 1802-1813
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Since the highest energy species along the favorable direct
branch b from the free ylide Intyc-III is itself (see Fig. 2), it
has a relative Gibbs free energy of —-13.62 kcal mol™ with
respect to reactants and thus lower than the relative Gibbs
free energy of —9.61 kcal mol™* for TSyc-w (the highest energy
species along the indirect branch a). As a result, the direct
branch b is the more favorable one and thus the best
Pathway-III mechanism. As shown in Fig. 2, this pathway's
RDS step is dissociation with a AG of —7.48 kcal mol ™", which
is of higher energy than the RDS in Pathway-II (-9.61 kcal
mol ™). So, among the first three ylide pathways, Pathway-II
with RDS of TS,-II is the most preferred one.

In contrast with Pathway-IlI, which features a stepwise
mechanism with the initial dissociation of free ylide and
then rearrangement to enol as studied for the Cys-ligated
heme carbene N-H insertion*’ or direct formation of the
final product for the Ser-ligated case,”® Pathway-IV is also
stepwise but involves first the rearrangement via TS;-IV
then dissociation TS,-IV for comparison, see Scheme 1.
However, all efforts to locate a pure metal-bound
rearrangement TS;-IV of H' from N to the carbonyl O were
optimized to the concerted rearrangement and dissociation
transition state TS;-II in the most favorable ylide
mechanism Pathway-II, as discussed above. This Pathway-IV
transition state was also absent for the Cys-ligated heme
carbene N-H insertion with the same carbene as studied
here.”" In addition, our results show that the lowest energy
intermediate Int;-IV after TS;-IV has the Fe-C bond already
broken with an Rpec of 3.102 A, see Table S5.f This further
supports that the rearrangement causes simultaneous
dissociation and thus this stepwise Pathway-IV may not
exist.

Overall, these results from heme carbene and substrate to
the final products show for the first time that only three out
of the four ylide pathways could be successfully located for
the His-ligated heme carbene N-H insertion. Fig. 2 collects
the branches of each located ylide pathway, which indicates
that Pathway-II from the metal-bound ylide to enol Intyc and
then via water-assisted rearrangement TSyc-W to generate the
final N-H insertion product is the kinetically most favorable
ylide mechanism for the studied acyclic carbene, in contrast
with the preferred Pathway-III reported for cyclic carbene
with Ser-ligated heme.”®

As seen from Fig. 2, the overall RDS along the favorable
ylide pathway here is ylide formation compared to
subsequent steps, as found for both Cys- and Ser-ligated
heme biocatalytic N-H insertions.>®*" It has a small barrier
and this reaction to the final product formation is also
thermodynamically favorable with a net reaction energy of
AG® -55.04 kcal mol™, see Fig. 2.

3.3 Alternative pathways

Besides the ylide pathways, we also investigated a stepwise
HAT mechanism and concerted hydride transfer mechanism
for comparison; see Scheme 1.

This journal is © The Royal Society of Chemistry 2025
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As the hydrogen atom bears radical features, the first
transition state TS;gar to abstract a hydrogen atom from
aniline to carbene carbon displays an OSS feature with Fe™
(S = -1/2, spin density of —1.033 e) and shared spin (S = 1/2)
between N and C (total spin density is 0.950 e), see Table
S11.f This feature can be seen in Fig. 3 for its spin density
diagram, in which the transferred H' atom shows an
opposite spin with the remaining aniline and carbene. In
the formed intermediate Intyar, the remaining aniline
dissociates with an Rcy of 3.963 A (Table S13t). A
subsequent radical rebound leads to the formation of the
C-N bond in TS,uar, Which has relatively lower energy
compared to TSjgar (AAG: —9.79 kcal mol™", see Fig. 2). In
this step, both C and N again showed radical features, but
with opposite spin directions (-0.792 e and 0.648 e,
respectively, see Table S111 and Fig. 2), ready for a radical
coupling to facilitate the formation of the final product
Pni. While the partial C-N bond formation can be seen by
its significant distance shortening from 3.963 A in Inty,r to
2.581 A in TS,uar, @ concomitant Fe-C bond elongation of
~0.6 A in this step also indicates its partial cleavage, which
proceeds to the final release of the product.

As shown in Fig. 3, the RDS barrier (AG*) for the HAT
pathway is 13.64 kcal mol™, which is significantly higher
than the RDS of the ylide pathway by 13.46 kcal mol™". This
shows that the ylide mechanism is more favorable for the
His-ligated heme carbene N-H insertion based on a complete
reaction pathway to the final product formation, which is the
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same as found previously for the Cys-ligated system®' based
on the first-step comparisons.

We also attempted the concerted nonsynchronous hydride
transfer with C-N bond formation and Fe-C dissociation
mechanism as found in prior studies for the heme carbene
catalyzed C-H/Si-H insertion reactions.****** However, all
attempts to get this transition state TSyyariae Were optimized
as either the concerted proton H' transfer from N to C with
the Fe-C bond dissociation TS;-I in the ylide pathway or
TSiuar in the HAT pathway, suggesting that the hydride
pathway is not favorable here. This may be a result of the
much higher electronegativity of N vs. C/Si, which makes it
difficult to form hydride from an N-H bond.

3.4 Mechanistic features of the overall RDS

Based on the above systematic mechanism study, the ylide
Pathway-II is most favorable for His-ligated heme carbene
N-H insertion and the overall RDS is ylide formation. The
key geometry and charge changes with respect to reactants
were analyzed, which were found to be useful to understand
the mechanistic features of this RDS step as reported recently
for the heme carbene cyclopropanation and C-H/Si-H
insertions.*>***” As shown in Fig. 4A, the largest geometric
change is the partial formation of a C-N bond in TSyjqe, with
visible shortening of the Fe-His bond (~—0.03 A) to push the
carbene away (elongation of ~0.03 A in Fe-C bond length)
via the axial ligand's trans effect to facilitate its attack of the

A 455 [ g TSwar T —-
(13.64) ¥ .. * HAT
TSuar: Ja o Age ™ Ylide
' 'J:f",t’é'f s Y 2 An
’ .
3 -
264
(3.85)
0.00 13.16 o
_1(0.00) . (0.18) ' <HAT
g [Ri+R;  TSyiae’, | % -16.28
= \(8.49) / 27.08
X Intyar (-961) | %
e — |
H 2817 S/ TSncw| 4 TSwew
2 (-18.31) k
[ e
S TS /
N 2247
(-26.60)
', -48.44 P Intye
(-29.22)
Intyjige
5145
"(-55.04)
Pheme * Pnu

Fig. 3 Energy diagrams for the most favorable steps in the ylide and HAT pathways of heme-carbene catalyzed N-H insertions, where the energy
levels are based on AG. Relative AE and AG energies (in kcal mol™) are outside and inside the parenthesis, respectively. Transition state structures
are shown. The spin densities are shown for TS;yat and TS;pyat. Contour values = £0.01 au.
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Fig. 4 A) Key geometric parameters of TSy;qge (in black) and geometry
changes (in blue) from reactants (Ry and Rp) to TSy;qe. C' is carbonyl
carbon. B) Atomic charge changes (unit: e) from reactants to TSyjige in
black. Charge transfer is indicated by arrows and numbers in
parentheses. Substrate aniline is shown in the box. Oval represents
porphyrin.

substrate. In this transition state, the N-H bond length
change (<0.003 A) from substrate R, is negligible compared
to its difference (=0.01 A) with respect to the formed Intyqe;
see data in Table S9.f This suggests an early transition state
feature for this RDS. As demonstrated in Fig. 4B, the largest
charge transfer is from the aniline substrate to heme carbene
(0.061 e), exhibiting the electrophilicity of carbene, which
leads to a negatively charged carbene carbon. However, this
charge transfer is significantly smaller than that for many
heme carbene cyclopropanation and C-H/Si-H
insertions,*>***” which are mostly around 0.3-0.4 e for
concerted nonsynchronous reaction mechanisms. These
results suggest that heme carbene N-H insertions have a
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distinctive ylide mechanism, and the effects of electronic
features of substrates may be less significant than the
electrophilic heme carbene cyclopropanation and C-H/Si-H
insertions,*>***” while the reactant steric effect may affect
the reactivity via its influence to the metal-bound ylide
formation in RDS. These features are consistent with
experimental data that both electron-donating and electron-
withdrawing substrates are tolerated, and bulky reactants

have relatively lower yields in heme-catalyzed N-H
insertions,27:28:32-34,37,38,40

4. Experimental mechanistic
investigation

In a previous study, an engineered active site variant of
sperm whale myoglobin, Mb(H64V,V68A), was determined to
catalyze an N-H carbene insertion reaction between aniline
and ethyl a-diazoacetate (EDA) and ethyl 2-diazopropanoate
(EDP) with up to 6150 TON and 130 TON, respectively.** To
investigate their radical vs. non-radical nature, these N-H
insertion reactions were carried out in the presence and in
the absence of the radical spin trapping agent 5,5-dimethyl-1-
pyrroline N-oxide (DMPO). In the previously published work,
we successfully applied DMPO to probe the radical
mechanism of an engineered myoglobin biocatalyst for
another carbene transfer reaction (cyclopropanation): the
DMPO-dependent inhibition was observed, and the radical
intermediate is bound to the enzyme. The success of those
experiments gives us confidence that the DMPO is a suitable
probe for trapping the long-lived intermediate in this system
if formed.”> As shown in Table 1, no effect in product yield

Table 1 Catalytic activity of myoglobin variants and transition metal catalysts in the N-H insertion reaction with diazo compounds in the presence and

absence of a radical trap reagent”

o)
i NHz Catalyst N
RTI)J\O/\ . ©/ atalysf ©/ N
Nz R

DMPO

Entry Catalyst (R) DMPO? Yield? (%)
1 Mb H No 66 (£3)
2 Mb H Yes 60 (+3)
3 Mb(H64V, V68A) H No 79 (+4)
4 Mb(H64V, V68A) H Yes 81 (+6)
5 Hemin H No 47 (+2)
6 Hemin H Yes 49 (+4)
7 Co(TPP)® H No 60 (+3)
8 Co(TPP)® H Yes 2 (+1)
9 Mb Me No 65 (+4)
10 Mb Me Yes 63 (+2)
11 Mb(H64V, V68A) Me No 51 (+3)
12 Mb(H64V, V68A) Me Yes 42 (+4)
13 Hemin Me No 32 (+1)
14 Hemin Me Yes 33 (£5)
15 Co(TPP)® Me No 54 (+1)
16 Co(TPP)® Me Yes 3 (x1)

¢ Reaction conditions: 5 mM aniline, 10 mM diazo compound, 10 pM Mb variant (or hemin), 10 mM sodium dithionite in 50 mM potassium
phosphate buffer (pH 7) containing 10% DMF or 50 mM DMPO, room temp., 1 hour, anaerobic conditions. Reaction conditions B: 0.24 mmol

aniline, 1.5 equiv. diazo compound, 5 mol% Co(TPP) in toluene, 60 °C, 16 hours, anaerobic conditions.
¢ GC yields calculated using calibration curves with authentic standards.

relative to styrene.
experiments.
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b with or without 10 equiv. DMPO
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was observed for the reactions with EDA catalyzed by wild-
type myoglobin, Mb(H64V,V68A), or hemin in the presence of
DMPO when compared to parallel reactions performed in the
absence of the spin trapping reagent (entries 1, 3, and 5 vs. 2,
4, and 6, respectively). In contrast, a dramatic reduction in
product yield (~90% reduction) was observed for the
Co(TPP)-catalyzed reaction in the presence of the radical
trapping reagent (entry 7 vs. 8), which is consistent with the
radical reactivity of this catalyst.”® Similar results are
observed in the N-H insertion reaction of aniline and EDP
(entries 9, 11, and 13 vs. 10, 12, and 15, respectively). These
results thus agree with those obtained from our
computational analyses in supporting a non-radical
mechanism for hemoprotein-catalyzed N-H insertion.

5. Conclusions

This work provides a most comprehensive mechanistic
investigation of heme carbene N-H insertion with many
pathway comparisons revealed for the first time, as briefly
summarized at the end of the Introduction. Regarding the
electronic structure of the involved heme carbene from the
widely used precursor EDA, it was found to have a CSS ground
state based on high-level CASSCF calculations, consistent with
prior CASSCF works on similar heme carbenes® and
computational predictions of their experimental spectroscopic
properties***® as well as related experimental works.”" Results
show that the HAT and hydride transfer mechanisms are less
favorable than the ylide pathway, which has four main sub-
pathways with a number of subsequent branches. Overall, the
most favorable pathway for the His-ligated heme catalyzed N-H
insertion with the acyclic carbene studied here starts with the
formation of a metal-bound ylide, then undergoes a concerted
rearrangement of ylide to enol and dissociation of the Fe-C
bond, and finally generate the N-H insertion product via the
water-assisted rearrangement of enol. The preference for the
ylide pathway over the HAT mechanism found in the above
systematic computational study was further supported by the
additional experimental work. A detailed analysis of the
geometric and electronic features of the overall RDS (ylide
formation) shows that this reaction is of mild electrophilicity,
and the steric effect may also influence reactivity. Future
studies to include the whole protein will be performed to offer
a more detailed understanding of the effect of the protein
environment on such biocatalytic reactions. Given that 79% of
the experimental biocatalytic heme N-H insertions employ the
cofactor with a His axial ligand and 86% of the experimental
work in this area utilized acyclic carbenes,*”*° the novel and
significant mechanistic results here will facilitate future heme-
based biocatalytic N-H insertion research for sustainable
chemical synthesis.
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