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Mechanistic investigation of sustainable
heme-inspired biocatalytic synthesis of
cyclopropanes for challenging substrates
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Engineered heme proteins exhibit excellent sustainable catalytic carbene transfer reactivities toward
olefins for value-added cyclopropanes. However, unactivated and electron-deficient olefins remain
challenging in such reactions. To help design efficient heme-inspired biocatalysts for these difficult
situations, a systematic quantum chemical mechanistic study was performed to investigate effects of
olefin substituents, non-native amino acid axial ligands, and natural and non-naturalmacrocycleswith
thewidely used ethyl diazoacetate. Results show that electron-deficient substrate ethyl acrylate has a
muchhigher barrier than the electron-rich styrene. For styrene, thepredictedbarrier trend is consistent
with experimentally used heme analogue cofactors, which can significantly reduce barriers. For ethyl
acrylate, while thebest non-native axial ligandonlymarginally improves the reactivity versus the native
histidine model, a couple of computationally studied macrocycles can dramatically reduce barriers to
the level comparable to styrene. These results will facilitate the development of better biocatalysts in
this area.

Olefin cyclopropanation is a useful approach to synthesize cyclopropanes
which are commonly used in the production and investigation of many
pharmaceuticals and biologically active products1–5. The use of iron por-
phyrins, especially engineered heme proteins6–48, can possess excellent cat-
alytic cyclopropanation yields (up to 99%) and outstanding stereoselectivity
(up to 99.9%). In addition, all engineered heme carbene
transferases6–14,16–18,21,22,37–47 work at room temperature, and they are natu-
rally biocompatible. Together with the use of the most abundant and
inexpensive transition metal (Fe) in these biocatalysts, these nice features
support their applications in sustainable chemistry.However, thepreviously
reported substrates are mostly electron-rich olefins, such as styrene (1) and
its derivatives. The catalytic performance for electron-poor substrates is
much worse6,23,26,27,30,49–51. For example, even with the assistance from the
protein environment, the cyclopropanation yield (69%) of para-CF3 sub-
stituted styrene with the widely used carbene precursor ethyl diazoacetate
(EDA)using the bestmyoglobin-based catalyst is significantly inferior to the
>99% yield for styrene itself. For unactivated olefins such as 1-octene (2),
there is only one successful report to date for heme-based catalyst17. Even
after screening ~50 heme proteins plus additional one to three rounds of
mutagenesis, the catalytic reactivities for 1-octene are still quite low, since
the total turnover numbers (TTNs) of 100–49017 are significantly smaller
than the TTN of ~47,000 for styrene9. As regards the typical electron-poor
olefin such as ethyl acrylate (3, an important reagent to synthesize

pharmaceutical molecules/intermediates), there is no report of successful
catalytic cyclopropanation by using iron porphyrin or heme protein cata-
lysts. Even using noble metal Ir-based porphyrins52, the yields are still
notoriously low, ~10–20%. Despite this, unactivated and electron-deficient
olefins are attractive substrates for synthesis due to their low cost and limited
reactivity, allowing for controlled selectivity53. Therefore, it is highly
important and interesting to explore heme-inspired sustainable catalysts for
such challenging substrates.

Recent computational work has provided useful information to
understand heme-inspired cyclopropanations with iron porphyrin car-
bene (IPC) intermediates14,19,20,32–34,38,40,47,54–59 as well as native heme
enzymatic reactions60–63 and non-heme protein reactions, including
second-sphere effects64,65. For instance, the basic reaction pathway of the
cyclopropanation of styrene for formally FeII-based hemes (or FeIII-based
hemes under reducing conditions) features a nonradical, concerted
nonsynchronous mechanism54. Computational results also support the
use of these heme catalysts as they were found to dramatically reduce the
reaction barriers compared to the non-catalyzed ones by
20–30 kcal mol−1 (ref. 54). The second-sphere effects were found to be
important in reproducing experimental heme carbene reaction stereo-
selectivity and chemoselectivity33,34. Nevertheless, to the best of our
knowledge, no previous theoretical work has addressed the cyclopropa-
nations of challenging substrates, such as 1-octene and especially ethyl
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acrylate, for which most previous experimental efforts have yet to achieve
excellent catalytic performance.

Given this situation, a systematic computational mechanistic inves-
tigation was performed to 1) reveal specific reactivity differences among
three characteristic substrates: the electron-rich styrene, the unactivated 1-
octene, and the electron-deficient ethyl acrylate, in reactions 1–3; 2)
examine effects of structural components of the FeII-based hemes in the

active sites of engineered biocatalysts on cyclopropanations, including both
various axial ligands (reactions 3–6) and equatorial ligands (reactions
7–13), as shown in Fig. 1. With regard to axial ligands, previous experi-
mental and computational work have shown that the presence of an axial
ligand enhances the cyclopropanation reactivity, with the neutral His being
more effective than the negative charged Cys ligand54. Thus, this work
explores the use of several non-native, neutral, N-based axial ligands in

Fig. 1 | FeII-macrocycle catalyzed cyclopropana-
tions of olefins in reactions 1–13. The reaction
features a concerted mechanism, in which X repre-
sents the substrate substituent, L represents the axial
ligand, and the blue oval represents the macrocycle.
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reactions 4–6 with comparison to the His model (5-methylimidazole, 5-
MeIm, used previously33,34,54) in reaction 3, including an electron-
withdrawing substituent on 5-MeIm (4), a different heteroatom in the
five-membered ring (5), and a six-membered ring (6). Recent experimental
studies demonstrate the beneficial effect of various macrocycles, other than
heme b, in catalyzing cyclopropanation14,15,42,66. Therefore, we first com-
pared three experimentally studied cofactors in reactions 7–9, followed by
several different macrocycles on the cyclopropanation reaction with the
most challenging substrate, ethyl acrylate, in reactions 10–13.

To ensure the comparisons are made on the same footing and to focus
on the effects of the aforementioned structural variations, all reactions use
IPCs generated from the same carbene precursor, EDA, as used in many
experimental studies. Moreover, the concerted mechanism found in the
same and many similar heme carbene cyclopropanations from both
experimental and computational studies19,33,34,40,47,54 was used for all these
reactions: proceeds from two reactants (R1: IPC; R2: substrate) through a
transition state (TS) and to form the products (P1: recycled catalyst; P2:
cyclopropane). The selected basis set and range-separated hybrid DFT
functional with dispersion correction (SeeMethods for details) has enabled
numerous accurate predictions of experimental properties of heme carbenes
and their reactivities, stereoselectivities, regioselectivities, and
chemoselectivities33,34,47,54,67–71. Results from this work not only reproduced
existing experimental trends, but more importantly, revealed the effects of
non-native axial ligands and macrocycles, which had not been previously
reported, regarding their potential applications in addressing difficult
electron-deficient substrates to facilitate the development of sustainable
cyclopropanation biocatalysts for challenging substrates. It should be noted
that theprotein environment is important todetermine thefinal biocatalytic
reactivity, and our work here, as the first study for such challenging reac-
tions, is focused on the effects of cofactor structures, not protein mutation-
related reactivity/selectivity data.

Results and discussion
Since there are no experimental reaction barrier data in this area to provide
benchmark results, inour previous computationalmethoddevelopment,we
investigated a number of DFT functionals and basis sets67,69 by evaluating
both the qualitative predictions of many reaction trends and quantitative
predictions of many spectroscopic properties and non-barrier reaction
quantities (such as kinetic isotope effect (KIEs), enantiomeric excess (ee),
diastereomeric excess (de)). Our results show that the range-separated
hybrid DFT ωB97XD functional with dispersion correction enabled excel-
lent quantitative predictions of experimental X-ray geometries with 1.0%

mean percentage deviation69, demonstrated excellent correlation with
experimental 13C NMR shifts (R2 = 0.9691)67. More importantly it repro-
duced the qualitative reactivity trends for experimental (1) IPC formation69,
(2) C-H insertion68, (3) cyclopropanation54, (4) Si-H insertion70, (5) che-
moselectivity of cyclopropanation vs. C-H insertion34, (6) diastereoselec-
tivity of cyclopropanation54, and quantitative predictions of KIEs for C-H
insertion68, cyclopropanation54, and Si-H insertion70, and ee and de data of
cyclopropanations with 1% error33 for a wide range of substrates.

To further evaluate this method, we performed additional high-level
calculations of free energy barriers (Table 1) using a large basis of 6-
311++G(2 d,2p) for all atoms (see Method for details). Although these
barriers are larger than those from using the current basis with the same
DFTmethodby4.54 kcal mol−1 on average, theyhave excellent correlations,
as seen from Fig. 2 with a linear correlation coefficient R = 0.99. This
comparative study shows that although the barriers can be affected by the
used methods and absolute values from the current method may be lower,
their trends are basically the same. These results support the efficient use of
the current method as in previous studies of heme carbene
reactions33,34,47,54,67–71 in the subsequent work.

Substrate substituent effect
In this section, the cyclopropanation pathways for three different olefins,
with porphyrin as themacrocycle and 5-MeIm as the axial ligand forHis, as
used in many prior studies20,33,40,47,54,59,70, were investigated (reactions 1–3).
As shown in Fig. 2, cyclopropanation is less favorable with the unactivated
olefin 2 (X = (CH2)5CH3) and especially olefin 3 (X = CO2Et). Their energy
barriers, measured as Gibbs free energy of activation (ΔG‡) (see Table 1),
higher than that of olefin 1 (X=Ph), respectively. These barrier differences
alone lead to~2 and~700 (~3 and~1000 at the high-level) folds smaller rate
constants or slower reactivities based on the Eyring equation at room
temperature (scaling with exp(-ΔG‡/RT)), indicating the challenging nature
of especially electron-deficient olefins for cyclopropanations. The reaction
energies (ΔG°s) in Table 1 indicate that they are all thermodynamically
favorable.

The key geometric and charge changes for reactions 2 and 3 are in the
inserts of Fig. 3 and Fig. 4a, respectively, and exhibit similar trends to the
most significant changes observed in reaction 1, reported previously54. The
largest geometric change is the elongation of the iron-carbene distance
(ΔRFeC1 = 0.108, 0.114, 0.143Å, respectively for reactions 1–3), which is to
accommodate the attack of the carbene group on the C=C bond of olefins54.
The ca. 10-fold smaller change of the C=C bond (ΔRC2C3 ~ 0.015 Å) in TS
from reactant compared to that from product (~0.16 Å, see Supplementary

Table 1 | Key free energy, charge, and geometry parameters in the cyclopropanation pathwaysa

Reaction ΔG (kcal mol−1) ΔG‡, b (kcal mol−1) ΔG° (kcal mol−1) ΔRFeC1 (Å) ΔRC2C3 (Å) ΔQC1 (e) QCT
c (e)

1d 9.24 13.41 −56.65 0.108 0.014 −0.146 0.179

2 9.68 14.08 −58.27 0.114 0.013 −0.144 0.191

3 13.11 17.56 −59.90 0.143 0.018 −0.186 0.159

4 12.79 17.53 −61.69 0.149 0.019 −0.192 0.168

5 13.50 18.04 −60.58 0.147 0.018 −0.193 0.169

6 14.19 18.59 −60.48 0.153 0.019 −0.193 0.176

7 8.41 13.14 −56.23 0.103 0.014 −0.144 0.178

8 5.75 10.58 −54.52 0.104 0.014 −0.138 0.162

9 5.31 10.28 −53.15 0.116 0.015 −0.139 0.182

10 9.46 15.09 −63.79 0.138 0.019 −0.188 0.162

11 14.53 18.73 −55.31 0.144 0.020 −0.195 0.169

12 12.33 15.96 −50.63 0.137 0.016 −0.176 0.189

13 9.26 13.56 −59.30 0.122 0.010 −0.169 0.174
aChanges are those at the transition state compared with reactants.
bFree energy barriers from high-level, single point calculations.
cCharge transfer (CT) magnitude from the olefin moiety to C1.
dAll results of reaction 1 except for the high-level barrier are from ref. 54.
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Table 4) indicates an early transition state as reported recently for similar
heme carbene cyclopropanations54. Interestingly, the barrier trend has an
excellent correlation with ΔRFeC1 (the linear correlation coefficient
R2 = 0.9968) and indicates thatTS(3) (the reactionnumber is inparenthesis)
has the least early transition state feature, corresponding to the highest
barrier. It can be seen from Fig. 3 and Fig. 4a that the largest atomic charge
change is for the carbene’s carbon C1 (atom number shown in Fig. 1), and
the most significant charge transfer (CT) from reactants to TS lies with the
charge donation from olefin to C1, the same as found for other heme
carbene cyclopropanations54. These features also show the electrophilic
nature as observed experimentally in the same and similar heme catalytic
reactions9,23,26,27. Therefore, it is understandable that the electron-deficient
substrate3 causes the highest difficulty for this type of electrophilic reaction.
In fact, its electron-withdrawing CO2Et moiety hinders the charge transfer
from the olefin to C1, as evidenced by a much smaller CT of 0.159 e
compared to 0.179 e and 0.191 e for reactions 1 and 2 (see Table 1). These
results provide a detailed understanding of the electronic nature of this
challenging reaction, which has not been reported experimentally yet.

Axial ligand effect
Both computational and experimental work shows that axial ligands can be
used to modulate cyclopropanation reactivity, with the best one being the
native amino acid His when styrene is the substrate46,54. Here, we explore
variations of the N-based neutral ligand (the best platform from prior
experimental and computational work) compared to non-native ones in
catalyzing the cyclopropanation of the most challenging substrate here, to
determine if further improvements can be achieved.

Based on the electronic driving force in these electrophilic reactions,
as illustrated by the dominant CT from olefin to carbene in Figs. 3–4, we
hypothesize that an electron-withdrawing substituent on His (modeled
here as 5-MeIm) will enhance its electrophilicity. As shown in Fig. 4, using
4-F-5-MeIm (we choose F due to its small size to maintain a stable binding
of this ligand to Fe) indeed makes C1 more positively charged in IPC by
~0.01 e (see Supplementary Table 9), which causes an increase of |QCT| by
~0.01 e as expected (see Table 1). This is associated with a corresponding
barrier reduction of 0.32 kcal mol−1, or ~2-fold increase in rate constant at
room temperature according to Eyring’s equation. We then investigated 5-
Me-thiazole (5-methylthiazole) to examine the effect of the non-
coordinating heteroatom in the axial ligand ring, which does not show
improvement and rather a small increase in ΔG‡ (see Fig. 4). Compared to
these five-membered ring systems, the six-membered ring 3-Me-pyridine
(3-methylpyridine) has the worst reactivity. It is interesting to note that the
significantly lower reactivity of this pyridine-based ligand compared to the
His mimic in cyclopropanations of ethyl acrylate, aligns with the experi-
mentally observed much lower yield for this non-native ligand vs. His in
cyclopropanations of styrene46. This suggests that the axial ligand effects on
cyclopropanations of different substrates remain the same.

The geometric changes forTS(3–6) relative to reactants shown inFig. 4
indicate the same early transition state features. Themost significant change
is still the elongation of iron-carbene distance (ΔRFeC1), but the range is
smaller than that for the substrate substituent effect, consistent with the
smaller barrier range for the studied axial ligand effect here. The linear
correlation coefficient R2 for barriers vs.ΔRFeC1 for these six reactions (1–6)
with the same porphyrinmacrocycle is still high, 0.97. The charge diagrams
inFig. 4 also showconsistent features: the same largest atomic charge change
for C1 and the same greatest CT from olefin to carbene, but with smaller
ranges.

Fig. 2 | Correlation between current and higher-level free energy barriers of
reactions 1–13. The trendline (in red) shows a strong correlation between the
barriers obtained from the two different levels of calculations.

Fig. 3 | Free energy diagram of cyclopropanation
pathways of different olefins in reactions 1–3. Key
geometric parameters at transition state (in black),
changes from reactants to transition state (in blue),
atomic charge changes to transition state (in black),
and charge transfers (in blue) as indicated by arrows
and numbers in parentheses for reaction 2
(X = (CH2)5CH3). Reaction barriers are shown
around the TS energy levels. Atom color scheme: Fe,
black; O, red; C, cyan; H, gray; N, blue.
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Overall, these results provide the first computational assessment of
non-native axial ligand effects on heme carbene cyclopropanations. This
study shows that the previously used best native His ligand remains an
optimal choice for cyclopropanation catalysis, whereas the 4-F-5-MeIm
ligand is slightly better (~2-fold).

Effect of experimentally used macrocycles
Seeing that it is difficult to achieve significant reactivity improvement for the
most challenging substrate, ethyl acrylate, by employing non-native axial
ligands, we then studied the equatorial ligands. In this section, we examine
the three experimentally employed macrocycles in cyclopropanations of
styrene with the same His ligand within the myoglobin framework9,14,15,
which are modeled in reactions 7–9 for heme b, chlorin e6, and substituted
porphycene, respectively. To better simulate the protein experimental
results,His was truncated at theCα position to become 5-ethylimidazole (5-
EtIm), and the macrocycles’ substituents were maintained, except that the
terminal propionic groups (see Fig. 1) were substituted for propyl groups to
avoid artificial H-bonding interactions in such truncated models, as done
before33,34,72.

Comparing the previously studied reaction involving porphyrin54

(lacking the ring substitutions present on heme b) with an energy barrier of
9.24 kcal mol−1 and the analogous reaction 7 for heme b, the favorable effect
of the ring substitutions is clear, as the latter possesses a barrier by
0.83 kcal mol−1 lower.

The use of chlorin e6 in reaction 8 results in an even lower ΔG‡ of
5.75 kcal mol−1 than that for heme b in reaction 7, 8.41 kcal mol−1. This

computational trend is in good agreement with the experimental observa-
tion that chlorin e6-substituted myoglobin variant Mb(H64V, V68A) per-
formed significantly better than the same protein environment with the
native heme b cofactor: >990 TTN vs. 434 TTN, respectively15.

Prior experimental work also showed that after the wild type myo-
globin (withhemeb)was reconstitutedwith the substitutedporphycene (see
Fig. 1), a 35 times higher turnover frequency for the cyclopropanation of
styrene was found14. As seen from Table 1 and Fig. 5, our computational
work supports that this macrocycle is able to significantly bring down the
energy barrier by 3.10 kcal mol−1 than the heme b counterpart.

These computational findings clearly support the experimental
endeavors in using substituted macrocycles and variations of heme-like
cofactors to improve catalytic cyclopropanation reactivity73.

As shown in Fig. 6 and Supplementary Fig. 1 for key geometry and
charge variations from reactants to transition states for these experimentally
used macrocycles, respectively, the most significant geometric parameter
change, atomic charge change, and charge transfer of these experimentally
studied systems in reactions 7–9 remain the same as found in reactions 1–6,
discussed in previous sections. However, the larger and more complex
macrocycle structures in reactions 7–9, compared to the unsubstituted
porphyrin in reactions 1–6, inducemore complicated interactions between
macrocycle and carbene/substrate, making it difficult to correlate the
reaction barrier with a single significant parameter. For instance, the ethyl
group of the estermoiety in carbene with the porphycene system is closer to
the macrocyclic side chains than the other two cases, which modifies the
orientation of the CO2Et group and introduces additional molecular

Fig. 4 | Key geometric parameters at transition state (in black) and changes from
reactants to transition state (in blue), and atomic charge changes from reactants
to transition state (in black) and charge transfers (in blue). a Reaction 3;

b Reaction 4; c Reaction 5; d Reaction 6. Atom color scheme: Fe, black; O, red; C,
cyan; H, gray; N, blue; F, purple; S, yellow.
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interactions (see pink color boxed areas in Fig. 6a–c). Another evident
difference between theTS structures of the experimentally usedmacrocycles
and those with the simple porphyrin is that the macrocycle planes in
reactions 7–9 are severely distorted due to the extra 8-9 substituents (see the
light green color boxed areas in Fig. 6a–c vs. those in Figs. 3 and 4).

The above work provides the first computational results to show
favorable cyclopropanation energy barriers due to the employment of these
experimentally used substituted macrocycles, particularly the value of non-
heme macrocycles, which helps point to an important direction of new
catalytic development.

Effect of macrocycles not being experimentally used yet
Given the favorable catalytic performance of various macrocycles and the
complexity involved in the detailed geometric and electronic analysis of the
above heavily substituted systems, we then investigated the pure effects of
several commonly known porphyrin-like unsubstituted macrocycles in
reactions 10–12 (as shown in Fig. 1) and compare with porphyrin to deter-
mine which non-natural macrocycle is most effective in minimizing the
energy barrier. Importantly, all macrocycles investigated in this section have
not been studied in experimental settings yet and this is the first computa-
tional study to report on their catalytic activities for this type of reaction.

Fig. 5 | Free energy diagram of the cyclopropa-
nation pathways of all eight macrocycles investi-
gated in this study. Dashed lines throughout
represent reactions of olefin 1 (X=Ph), and solid
lines throughout represent reactions of olefin 3
(X = CO2Et) with respective structures and energy
barriers.

Fig. 6 |Key geometric parameters at transition state (in black) and changes fromreactants to transition state (in blue). aReaction 7;bReaction 8; cReaction 9;dReaction
10; e Reaction 11; f Reaction 12; g Reaction 13. Atom color scheme: Fe, black; O, red; C, cyan; H, gray; N, blue.
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Another goal is to determine whether any of these basic, non-native
rings without substitutions can significantly reduce the reaction barrier for
the cyclopropanation of the most challenging, electron-deficient substrate,
ethyl acrylate, to a level comparable to the cyclopropanation of styrene with
simple porphyrin, for which the substituted version (heme b) has been
successfully realized experimentally in engineered heme biocatalysts9. If so,
we expect adding substituents to such simple macrocycles, similar to prior
experimentalwork, could enable this challenging cyclopropanation reaction
to occur with similarly engineered heme proteins. As such, the unsub-
stituted chlorin and porphycene were studied and compared to porphyrin.
Furthermore, themacrocycle phthalocyanine has been found to be active in
styrene cyclopropanation in various experimental studies, as well as a recent
computational study that reported good tolerance of dimeric complexes
with electron-withdrawing olefins; however, mechanistic details of mono-
meric phthalocyanine complexes are limited66,74–77, and its effect on cyclo-
propanation of ethyl acrylate has not been reported. So, the unsubstituted
phthalocyanine was also investigated.

As shown in Fig. 5, these four macrocycles without substitutions alone
cause a significant barrier range of 5.07 kcal mol−1, indicating the potential
modulation of reactivity even at the basic macrocycle level. Compared to
porphyrin, which has ΔG‡ of 13.11 kcal mol−1, chlorin has the highest
reactivity improvement andminimizes the barrier to 9.46 kcal mol−1, which
is close to ΔG‡ of 9.24 kcal mol−1 for the cyclopropanation of styrene by
porphyrin (reaction 1, the reference point and barrier goal for the most
challenging substrate, ethyl acrylate). The use of phthalocyanine also lowers
the barrier, but the improvement of 0.78 kcal mol−1 is modest. In contrast,
porphycene has an elevated ΔG‡ of 14.53 kcal mol−1, which is
1.42 kcal mol−1 higher than porphyrin. Interestingly, the reactivity trend for
unsubstituted porphycene vs. porphyrin is different from that for the sub-
stituted counterparts studied in the former section, which highlights the
critical role of substitution in improving reactivity. As such, we then studied
a non-natural substitution containing four electron-withdrawing cyano
groups at the meso position of the reference macrocycle porphyrin, i.e. 4-
meso-CN porphyrin, which is designed to enhance the electronic driving
force to facilitate the charge transfer from olefin to IPC, as found in these
reactions (see Figs. 3 and 4). As seen from Fig. 5, ΔG‡ of this reaction (13)
shows that 4-meso-CN porphyrin is the most effective in lowering the
energy barrier for all studied reactions for ethyl acrylate here.

Regarding key structural changes due to reactions going from reactants
to transition states for these computationally studied non-native macro-
cycles (10–13), they still possess earlyTS features asTS geometries aremore
like reactants than products. For instance, C=C bond lengths in TS com-
pared toR2 (ΔRC2C3) arewithin0.020 Å (Table 1),which are~8-fold smaller
than those compared to P2, ~0.160 Å (Supplementary Table 16). The most

significant change is still the elongation of iron-carbene distance (RFeC1), see
Fig. 6. In general, as shown in Table 1,ΔRC2C3 increases withΔG

‡ except for
reaction 10, which has the lowest barrier among four different basic mac-
rocycles (3, 10–12). It is interesting to note that TS(10) experiences a sig-
nificant distortion in one peripheral area of chlorin due to the presence of
two sp3 carbons, leading to one of theHon themacrocycle near the carbonyl
Oon the substrate to formaweakO–Hinteraction (distance of 2.569 Å), see
the orange color box in Fig. 6d. It is known that the hydrogen bonding
interaction can help reduce reaction barrier without significant effect on
charge change54,69, providing an additionalmeans to reduce reaction barrier.

As seen from Supplementary Fig. 2, themost significant atomic charge
change atTS from reactants is still associatedwith the carbene’s carbon, and
the largest charge transfer is also from the olefin to the carbene, i.e., the
major charge features are the same in all the reactions 1–13. In fact, a strong
correlation between Δ|QC1 | , the absolute change in charge of the carbene
carbon (which becomes more negatively charged as a result of the electro-
philic attack, as discussed earlier), and the Gibbs free energy barrier, was
found upon examination of various parameters exhibited by the 12 new IPC
derivatives investigated in this work and previously reported 9 heme car-
bene cyclopropanations calculated using the same method (R = 0.90;
Fig. 7)54. This result indicates the important role of carbene’s electrophilicity
in these reactions, which exhibits the effect of lower charge changes with
lower energy barriers, corresponding to the more favorable early transition
state features. Of course, other features may also be employed to modulate
carbene’s reactivity, as discussed in the section on experimentally used
macrocycles. In fact, as seen from Fig. 7, datapoints for these three experi-
mentally used macrocycles (purple datapoints) are more off the correlation
line due to additional interactions from their more complex structures, and
the correlation coefficient R can be improved to 0.93 if these datapoints are
removed.

Conclusions
This work is of interest for a number of reasons. First, it provides the first
direct computational comparisons of the reactivity differences among three
characteristic substrates: the electron-rich styrene, the unactivated 1-octene,
and the electron-deficient ethyl acrylate. Results reproduced the expected
trend but offered previously unknown structural and electronic insights to
understand the overall early TS feature and the key geometric and charge
changes, particularly the electronic origin of the significantly challenging
reactivity nature of ethyl acrylate. Second, it is the first computational
assessment of various kinds of non-native axial ligands (substitution, het-
eroatom, ring size) on heme carbene cyclopropanations for the most chal-
lenging substrate (ethyl acrylate).Calculations show that thepreviously used
native His ligand remains the optimal choice, while the addition of an

Fig. 7 | Plot of ΔG‡ vs Δ|QC1| of data from this
study and previous work54 (shown as black
blocks). Datapoints are colored based on their
respective features and reaction numbers in the text.
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electron-withdrawing substituent to enhance the electronic driving force
slightly increases reactivity. Third, the experimentally studied cofactors
(heme b, chlorin e6, and substituted porphycene) in the heme protein
framework in cyclopropanations of styrenewere calculated for thefirst time.
Results again reproduced the experimental reactivity trends and supported
the favorable use of non-hememacrocycles for catalytic development.More
importantly, a detailed analysis revealed the structural effects of the heavily
substituted macrocycles, which induce more interactions with the carbene
moiety and distort themacrocycle planarity. Fourth, this work discloses the
first mechanistic information of non-native macrocycles (both unsub-
stituted porphyrin analogs and a substituted porphyrin) regarding their
potential to catalyze the cyclopropanation of the challenging ethyl acrylate.
It is interesting to see a significant barrier range of >5 kcal mol−1 for several
differentmacrocycleswith andwithout substitutions. Results also show that
substitution can modulate and even reverse the reactivity trend. Both the
basic chlorin and 4-meso-CN porphyrin macrocycle were found to be the
most effective in reducing the cyclopropanation barriers for ethyl acrylate to
the level for styrene, as used in prior successful experimental heme-based or
inspired biocatalytic work. These results highlight the value of using heme-
like macrocycles in biocatalytic cyclopropanation and suggest that it is
possible to tame the very challenging ethyl acrylate with carefully designed
Fe-based macrocycles in the heme protein framework. Fifth, the good
agreements between theory and experiment here and the capability to
identify some complicated interactions andmechanistic details also support
the potential use of the computational tools to prescreen new macrocycle
designs to save time and cost in heme-inspired biocatalyst development.
Future studies to include the protein environment effect with experimental
validations are needed to offer more complete assessment of these ideas in
biocatalytic reactions of challenging electron-deficient olefins. Overall, this
study provides many useful and novel mechanistic insights to help design
efficient biocatalysts for the sustainable synthesis of cyclopropanes with
challenging substrates.

Methods
All calculations were performed using the Gaussian 09 program78. All
models investigated in thisworkwere subject to full geometry optimizations
without any symmetry constraints using the PCMmethod79. As our focus in
this work is to compare different reactions from changes in the reaction
center (cofactor, ligand, substrate) on the same footing, we chose the typical
dielectric constant value of 4.0 used in some prior work of similar heme
proteins and other proteins33,34,47,54,70,80–86. Compared to this value of 4.0,
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 kcal mol−1 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−1 84) and experimental non-heme reaction barriers (e.g. an
error of 0.36 kcal mol−1 85) besides reproducing reactivity trendsof anumber
of biocatalytic heme carbene and nitrene transfer reactions33,34,47,54,70,86.

After geometry optimization was done as described above, the fre-
quency analysis was used to verify the nature of the stationary points on
respective potential energy surfaces and to provide zero-point energy cor-
rected electronic energies (EZPE’s), enthalpies (H’s), and Gibbs free energies
(G’s) at 1 atm and room temperature, as used in experimental work for
engineered heme biocatalysts6–14,16–18,21,22,37–47. In addition to the analysis of
the vibrational modes of the imaginary frequencies (see Supplementary
Table 18), intrinsic reaction coordinate calculations, as implemented in
Gaussian 09, were also used to verify that the calculated cyclopropanation
transition states correspond to the studied reactants and cyclopropanation
products. The atomic charges and spin densities reported here are from the
natural population analysis (NPA) and Mulliken schemes, respectively, as

implemented in Gaussian 09. The NPA charge results were found to be
consistent with experimentally found electrophilicity and reaction trends of
several different kinds of heme carbene reactions47,54,68–70. RelativeGibbs free
energies and select geometry, charge, and spin density resultswere discussed
here, while all absolute values of electronic energies, zero-point energy
corrected electronic energies, enthalpies, Gibbs free energies, all relative
energies, key geometric parameters, charges, spin states, and other details
are in the Supplementary Tables 1–17. 3D structures and Cartesian coor-
dinates of optimized structures of the most favorable conformations are
available in Supplementary Data File 1.

Recent studies on iron porphyrin carbenes and their reactions have
investigated different DFT functionals and basis sets54,67–69. These metho-
dological studies show that accurate predictions of various experimental
properties of heme carbenes can bemodeled by the range-separatedhybrid
DFTmethodwith dispersion correction,ωB97XD33,34,47,54,67–70. The basis set
includes the effective corepotential (ECP) basis LanL2DZ87 for iron and the
triple-ζ basis 6-311 G* for all other elements, based on its accurate pre-
dictions from reactions involving heme carbene systems33,34,47,54,67–70. The
use of a much larger 6-311++G(2 d,2p) basis for all non-metal atoms
was found to yield similar results for heme carbene reactions68 and thus
further support the efficient use of the current basis set here. The use of an
ECP basis for metal here is common in many reaction studies involving
transition metal carbenoids, such as Ir porphyrin carbene88, Ru porphyrin
carbene89, Rh carbene90. The advantage of an ECP basis is the inclusion of a
relativistic effect basically absent in anall-electronbasis 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-
electronbasis for themetal center54was recently found toyield qualitatively
the same conclusions of geometric, electronic, and energetic features for
heme carbene reactions, and therefore supports the use of LanL2DZ basis
here, which may help direct comparisons with late transition metals in
future studies, forwhichECPbasis ismore readily available and commonly
used. As there are no experimental energy barrier results in this area to
provide benchmark data for computational predictions of absolute values
of reaction barriers, we focus on relative barrier trends here. In fact, this
method has enabled both qualitative reactivity trends for (1) experimental
IPC formation69, (2) C-H insertion68, (3) cyclopropanation54, (4) Si-H
insertion70, (5) chemoselectivity of cyclopropanation vs. C-H insertion34,
(6) diastereoselectivity of cyclopropanation54, and quantitative predictions
of (1) kinetic isotope effect for C-H insertion68, cyclopropanation54, and Si-
H insertion70, (2) ee and (3) de data of cyclopropanations33 for a wide range
of substrates. In addition, it exhibited excellent performance inquantitative
predictions of experimental X-ray geometries with 1.0% mean percentage
deviation67, and yielded an excellent correlation between computed 13C
NMR chemical shieldings and experimental 13C NMR chemical shifts
(R2 = 0.9691)67. To further evaluate the reactivity trends of the studied
reactions, additional calculations using a large 6-311++G(2 d,2p) for all
atoms were performed on each optimized structure to obtain the single
point correction as a difference of electronic energies between this higher-
level basis set and the above-mentioned basis set. This correction was then
added to the free energy of each optimized species to generate its corrected
free energy, which was subsequently used to calculate the high-level free
energy barrier reported in Table 1.

The favorable spin states for the studied specieswere also selectedbased
on the recent detailed spin state studies of the same or similar
systems47,54,69,70, i.e. singlet spin states for both reactants, transition states, and
P2, and the quintet spin state for P1. For more information on detailed spin
state studies, see Supplementary Note 1 and Supplementary Table 1.

As this work is focused on investigating the effects of various structural
components on reactivities, not enantioselectivities, the chiralities of the
calculated molecules were taken from similar previous reports33,54 so as to
compare with prior results on the same footing: for reactions 1–6 and
10–13, the chirality is Pro RR for TS and RR for P2, and for reactions 7–9,
the chirality is Pro SS for TS and SS for P2.
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Data availability
Data that supports the findings of this study are included in this published
article and its supplementary information. 3D structures and Cartesian
coordinates of optimized structures of themost favorable conformations are
available in Supplementary Data File 1.
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