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ABSTRACT: Iron porphyrin carbenes (IPCs) are im-
portant intermediates in various chemical reactions
catalyzed by iron porphyrins and engineered heme
proteins, as well as in the metabolism of various
xenobiotics by cytochrome P450. However, there are no
prior theoretical reports to help understand their
formation mechanisms and identify key information
governing the binding mode, formation feasibility, and
stability/reactivity. A systematic quantum chemical study
was performed to investigate the effects of carbene
substituent, porphyrin substituent, and axial ligand on
IPC formation pathways. Results not only are consistent
with available experimental data but also provide a number
of unprecedented insights into electronic, steric, and H-
bonding effects of various structural factors on IPC
formation mechanisms. These results shall facilitate
research on IPC and related systems for sustainable
chemical catalysis and biocatalysis.

The excellent catalytic performance of P450 cytochromes for
numerous biochemical reactions1 has spurred extensive

efforts in developing biomimetic metalloporphyrin catalysts for
carbene transfers in a broad range of organic reactions including
C−H insertion, N−H insertion, cyclopropanation, as well as the
olefination of aldehydes and ketones.2−30 The key active species
have been proposed to be metalloporphyrin carbenes. In
particular, iron porphyrin carbenes (IPCs) implied in many
studies4,15,18,21−25 have been directly shown to undergo several
of these chemical reactions, including C−H insertions and
cyclopropanations.13 IPC complexes were first observed several
decades ago in the reactions of polyhalogenated methanes with
porphyrins,31 reactions similar to those observed in the
metabolism by cytochrome P450 of xenobiotics.32 More
recently, various engineered heme proteins such as cytochrome
P450, horseradish peroxidase, cytochrome c, and myoglobin
were used for the catalysis of carbene transfer with excellent
reactivity and selectivity.33 IPCs were also assumed as key
intermediates in such biocatalytic reactions.
However, the IPC formation mechanism and specific factors

governing IPCs’ binding mode, formation feasibility, and
stability/reactivity have not been reported. Such kind of
information is critical to help understand their catalytic
performance, especially since the carbene formation from the
diazo precursors with metal complexes was found to be basically

the rate-determining step in several reactions catalyzed by iron
porphyrin and other metal catalysts.9,15,34 Therefore, a system-
atic quantum chemical investigation was performed here to
reveal the first detailed IPC formation pathways as well as the first
theoretical insights into effects of binding mode, carbene
substituent, porphyrin substituent, and protein axial ligand on
IPC formation. Results will facilitate mechanism-based design of
useful carbene transfer catalysts and biocatalysts.
One of the first isolated IPC complexes that can perform C−H

insertions of unfunctionalized alkenes,13 Fe(TPFPP)(C(Ph)-
CO2Et) (1, TPFPP = meso-tetrakis(pentafluorophenyl)-
porphyrinato dianion) was taken as an example to reveal the
basic IPC formation pathway. TPFPP was modeled as a
nonsubstituted porphyrin (Por). All species were subject to full
geometry optimization and frequency analysis in the solvent used
experimentally,13 using a range-separated hybrid DFT method
with dispersion correction, ωB97XD,35 based on its previous
excellent performance on other systems in catalysis36 and NMR
shift predictions of IPCs,37 and a methodological study in this
work (see Supporting Information (SI)). Scheme 1 shows that
the basic IPC formation pathway from an FeII(Por) (R1) and a
diazo compound (R2) proceeds first to form a carbon-
coordinated intermediate (Int) and then undergoes a transition
state (TS) to yield the ferrous IPC37 (P1) and N2 (P2).
Interestingly, results from the current work using various
methods (see SI) provide the first theoretical evidence that the
most favorable spin states for Int and TS in the IPC formation
pathway are low spin, similar to those in the metallocarbene
formation pathways for dirhodium catalyst,34 even though the
starting FeII(Por) is triplet. As shown in Table 1, the moderate
Gibbs free energy of activation (ΔG⧧ ) of 15.84 kcal/mol and
large negative free energy of reaction (ΔG°) of −17.45 kcal/mol
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Scheme 1. IPC Formation Pathway (Ovals Represent
Porphyrin)
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are consistent with the facile experimental room-temperature
synthetic result.13

To help reveal key structural changes and major electronic
driving force in this pathway, both geometric data and charge
profiles were examined in detail (see SI) with key results shown
in Figure 1. The largest bond length change from reactants to TS
occurs with the partially broken bond C−N (in blue), an
elongation of 0.469 Å, in addition to the partially formed new
Fe−C bond in TS with RFeC

TS = 1.966 Å. The decrease of 11−16°
for bond angles around the carbene center indicates the
geometric change of the planar conformation in R2 to a basically
tetrahedral configuration in the TS. Consistent with these
geometric changes, the largest atomic charge changes were found
to be with Fe (−0.485 e) and C (0.150 e) (Table 1, Figure 1).
Large charge transfer (CT) occurs from theN2moiety to carbene
carbon, which along with minor charge donation from carbene
substituents, constitute a significant CT of QCT = −0.326 e from
carbene to iron. As a result, the carbene carbon bears a partial
positive charge in the final product as reported recently,37 ready
for subsequent electrophilic reactions.13,15,21,22 These results for
the first time show that, the major electronic driving force here is
the CT from the carbene carbon to the metal center, offering a
general mechanism to understand various structural factors on
IPC formation (vide inf ra).
It should be noted that in the above studies, the formed IPC

complex has a Fe−C terminal bindingmode, which is the same as
found in all available experimental FeII(Por) carbene X-ray

structures.13,38 However, it is still unclear why the bridging
binding mode which involves bonding with both Fe and
porphyrin nitrogen to carbene carbon (see SI, Figure S2, right
panel) has not been reported, although for CoII(Por) carbenes,
the bridging mode was found to be actually energetically more
favorable than the terminal binding mode.9 Our calculations
show that the bridging binding mode for 1 is 13.17 kcal/mol
higher energy than the terminal mode, in contrast with ca. −2
kcal/mol in the case of CoII systems. This large energy preference
offers an excellent explanation of the experimentally exclusive
finding of terminal binding modes in isolated IPC complexes. To
help further understand the electronic origin of this preference,
the frontier MOs containing iron 3d orbitals were examined for
both binding modes. The key difference was found with the
relative order of dz2 and dyz (see Figure S2). The terminal binding
mode of 1 has the same order as reported recently for other
terminal bound IPCs:37 dz2 is unoccupied while dyz is occupied,
since in the terminal binding mode the repulsion between
carbene and dz2 is larger than that with dyz. However, in the
bridging binding mode, the carbene ligand is shifted away from
dz2 direction and is more closely aligned toward dyz, and thus its
repulsion with dyz is stronger than that with dz2, which results in
the reverse of these two d orbital order. Additional calculations
were done to help understand, why no biscarbene iron
porphyrins have been reported while Os, the late transition
metal in the same group of Fe, can form the biscarbene species as
the active catalyst.17 As shown in Table 1, regarding key
parameters for the IPC formation profiles for Fe(Por)(C(Ph)-
CO2Et)2 (2) using the monocarbene species 1 as R1, ΔG⧧ is
increased by ∼6 kcal/mol, and ΔG° is significantly increased by
∼18 kcal/mol to result in thermodynamically unfavorable
formation. This is probably due to the trans effect of carbene
ligand, which makes the second carbene more weakly bound to
Fe. In fact, an increase of 0.259 Å in RFeC

TS for 2 compared to the
monocarbene 1was found (see Table 1 for the data of the second
carbene). Accordingly, a stable Int for this biscarbene formation
was not found. These results provide the first theoretical insights
into experimental data that the ferrous IPC complex prefers the
terminal, monocarbenemode, which will be used in the following
studies of various structural factors on IPC formation profiles to
reveal useful molecular design guidelines for IPC catalysts.
We first investigated carbene substituent effect. Since ethyl

diazoacetate (EDA) is frequently used in carbene-transfer
reactions with metalloporphyrin and heme protein catalyst-
s,9,10,13,20−24,26,27,33a,c−e the IPC formation pathway for Fe(Por)-
(CHCO2Et) (3) was studied. As shown in Table 1, compared to
α-phenyl-substituted 1, ΔG⧧ of 3 reduces by 2.12 kcal/mol and
ΔG° increases by 5.67 kcal/mol, albeit still thermodynamically
favorable. Both the relatively lower barrier and higher product
energy help the facile formation of a more reactive 3 compared to
1, which is consistent with experimental report.13 The relatively
higher ΔG⧧ of 1 vs 3 is probably due to the steric effect of α-
phenyl substituent, as evidenced by ∼5° larger bond angle of the
two carbene substituents in 1 throughout R2, Int, and TS, and
correspondingly 0.084 Å longer RFeC

TS . The ΔG⧧ of Fe(Por)-
(CPh2) (4) with two phenyl substituents was calculated to be
almost double of that of Fe(Por)(CHPh) (5) (Table 1). These
results provide the first computational evidence that bulky
substituent on carbene hinders IPC formation and subsequent
reactivity, but stabilizes IPC for isolation and characterization,
which is in good accordance with experimental results.13

Comparing data for the less steric IPCs 3 and 5 clearly shows
that, regarding electronic effects, the more electron-donating

Table 1. Key Energetic, Charge, and Geometric Resultsa

aChanges are those at TS with respect to reactants. Compound
names: 1, Fe(Por)(C(Ph)CO2Et); 2, Fe(Por)(C(Ph)CO2Et)2; 3,
Fe(Por)(CHCO2Et); 4, Fe(Por)(CPh2); 5, Fe(Por)(CHPh); 6,
Fe(Por-4-meso-NO2)(CPh(CO2Et)); 7, Fe(Por-4-meso-NH2)(CPh-
(CO2Et)); 8, Fe(Por-meso-HBG)(CPh(CO2Et)), see Figure 2B for
HBG identity; 9, Fe(Por)(CPh2)(MeIm); 10, Fe(Por)(CPh2)(SH

−);
11, Fe(Por)(CHCO2Et)(5-MeIm); 12, Fe(Por)(CHCO2Et)(SH

−);
see SI for optimized structures.

Figure 1. Key bond length and bond angle changes (A) and atomic
charge changes (B) (unit: e) from reactants to TS. Charge transfers are
indicated by arrows and numbers in parentheses in (B).
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group (EDG) Ph in 5 vs the electron-withdrawing group (EWG)
CO2Et in 3 results in a more favorable reaction barrier. This is
consistent with the IPC formation mechanism and electronic
driving force described in Figure 1; i.e., EDG on carbene helps
charge donation from carbene to iron than EWG to facilitate the
IPC formation, as evidenced by the enhanced QCT by −0.016 e.
However, for Fe(Por)(CPh(X)), the barrier for X =CO2Et in 1 is
lower than that for X = Ph in 4, which does not follow the simple
electronic effect. Nevertheless, a H-bond between phenyl H and
carbonyl O inTS for 1was found, with H···Odistance of 2.226 Å,
which helps stabilize this TS and thus lowers the barrier. The
reduction inΔG⧧ of 2.35 kcal/mol here is similar to that from the
H-bonding effect, ΔG⧧ reduction of 3.1 kcal/mol, in CoII(Por).9

The mildly more favorable barrier for 1 vs 4 together with the
more significantly less favorable reaction energy could result in
similar yields of these two IPCs, as observed experimentally.13

Overall, these results clearly indicate that the steric effect,
electronic effect, and H-bonding capability can play important
roles on IPC formation, as summarized in Figure 2A.
Besides carbene substituent, porphyrin substituent has also

been found to have important effects on metalloporphyrin
carbene stabilities/reactivities.2 In particular, experimental
studies suggest that the electron-deficient nature of the
pentafluorophenyl substituent on porphyrin meso positions
help stabilize the resultant IPC, in contrast with the non-
fluorinated phenyl substituent on the same positions.13 This can
be explained by using the IPC formation mechanism described
above, since porphyrin with EWG can help promote CT (the
electronic driving force here) from carbene carbon to the metal
center, and, thus, would bring down the barrier and reaction
energy. To verify this, the formation pathways for Fe(Por-4-
meso-NO2)(CPh(CO2Et)) (6) and Fe(Por-4-meso-NH2)(CPh-
(CO2Et)) (7) were investigated, with strong EWG and EDG on
four porphyrin meso positions, respectively. As shown in Table 1
and Figure 2B, the use of EWG indeed significantly reduces both
ΔG⧧ andΔG°, while EDG has an opposite effect on both kinetic
and thermodynamic trends. The effect on QCT is also obvious
and consistent with the described mechanism; i.e., EWG
improves it by 0.018 e, while EDG reduces it by 0.018 e. The
use of one hydrogen-bonding group (HBG) as shown in Figure
2B on the IPC formation of Fe(Por-meso-HBG)(CPh(CO2Et))
(8) was also studied. This group was previously found to facilitate
carbene formation and stabilization in CoII(Por).9 As seen from
Table 1 and Figure 2B, this HBG was found to also stabilize the
formed carbene and yields ΔG⧧ reduction of 2.25 kcal/mol,
similar to the observed H-bonding effect studied above for the
carbene substituent. It is interesting to note that HBG basically
does not affect QCT (Table 1) and thus offers an additional

approach to regulate IPC formation. These results clearly suggest
that the porphyrin substituent, which can facilitate carbene-to-
metal CT and/or stabilization of carbene substituent, may be
employed to enhance IPC formation and stabilization.
The axial ligand is another tunable part of heme proteins and

metalloporphyrins, which has been found to play significant roles
on regulating catalytic reactivities.2 In fact, the heme protein
active site and in particular the axial ligand affects carbene
transfer and selectivity.33a For instance, the Ser-substituted
cytochrome P450 is more efficient than its native axial Cys ligand
in catalyzing carbene transfer,33b and the His-ligated P450 is even
better.33d In particular, the mutated myoglobin with His ligand
catalyzed cyclopropanations with excellent yields (up to 99%)
and diastereo- and enantioselectivity (up to 98−99.9%).33c
Regarding heme model systems, the use of N-methylimidazole
(MeIm) as an axial ligand to Fe(TPFPP)(CPh2) was found to
improve its reactivity.13 However, it is still unknown how the
axial ligand affects IPC formation. So, here the IPC formation
profiles for MeIm and SH− ligands were investigated. The
experimentally used MeIm ligand is similar to 5-methylimidazole
(5-MeIm), a Cβ truncated model for the His ligand in
myoglobin. SH− was used widely to model axial Cys ligand of
cytochrome P450 in previous studies.1a,c As seen from Table 1,
both ΔG⧧ and ΔG° values for Fe(Por)(CPh2)(MeIm) (9) and
Fe(Por)(CPh2)(SH

−) (10) are significantly larger than those for
4, the IPC without corresponding axial ligands. Since EDA was
used in experimental biocatalytic carbene transfers,33a−d the
formation pathways for Fe(Por)(CHCO2Et)(5-MeIm) (11) and
Fe(Por)(CHCO2Et)(SH

−) (12) were also studied. As seen from
Figure 2C, comparing 9 with 11 and 10 with 12, respectively,
ΔG⧧ is decreased, whileΔG° is increased. This trend is the same
as found with the comparison between 4 and 3, the IPCs without
corresponding axial ligands, which is due to carbene substituent
effect studied above. Based on results for 9−12, the His-like axial
ligand greatly enhances IPC formation more than the Cys-like
ligand, which may help understand the preferential use of His vs
Cys in experimental studies of biocatalysts for carbene
transfers.33d This could be due to stronger trans effect of the
negatively charged Cys than the neutral His. Together with the
biscarbene formation profiles studied above, all these data show
that axial ligand makes IPC formation kinetically more difficult,
which is consistent with the significantly reduced QCT and
significantly elongated RFeC

TS (Table 1). These data are consistent
with experimental endeavors in this area: (1) Heme model
Fe(TPFPP)(CPh2)(MeIm) was not directly synthesized from
the diazo precursor as with other IPCs with no axial ligands but
was generated from IPC Fe(TPFPP)(CPh2) with MeIm,13 and
no IPCs similar to 10 with an extremely high barrier were

Figure 2. Effects of (A) carbene substituent, (B) porphyrin substituent, and (C) axial ligand on IPC formation.
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reported experimentally. (2) For heme proteins, a wide range of
mutations around the active site was carried out to achieve
reasonable reactivities.33a−d Another interesting feature is that, in
the biocatalytic IPC formation from EDA, there is a stable Int in
the pathway (Figure 2C). In particular in the case of His ligand, it
only needs 5.32 kcal/mol to form the Int. Since the experimental
catalyst loading with respect to EDA is 0.2 mol%,33a,c the large
excess of EDA can effectively improve the yield of Int. The ΔG⧧

from Int for the formation of 11 is only 16.29 kcal/mol, similar to
those of 1 and 4, formed by room temperature synthesis.13 The
effective ΔG° from Int is now thermodynamically favorable,
−4.71 kcal/mol. These data further support the excellent role of
His ligand in experimental biocatalytic carbene transfer
reactions.33c,d

Overall, this work provides the first systematic investigation of
the effects of carbene binding mode, carbene substituent,
porphyrin substituent, and protein axial ligand on IPC formation.
Results not only are consistent with available experimental data
but also offer a number of unprecedented insights into the
electronic, steric, and H-bonding effects of various structural
factors on IPC formation. Given that iron is the least expensive
and most abundant transition metal for catalysis and iron
porphyrins/heme proteins are biocompatible catalysts, these
first-time results will greatly facilitate future sustainable chemical
catalysis and biocatalysis.
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