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Abstract: Design of metal cofactor ligands is essential for controlling the reactivity of metalloenzymes. We investigated

carbene transfer reaction catalyzed by myoglobins containing iron porphyrin cofactors with one and two trifluoromethyl
groups at peripheral sites (FePorCF; and FePor(CF;),, respectively), native heme and iron porphycene (FePc). These
four myoglobins show a wide range of Fe(II)/Fe(III) redox potentials in the protein of +147 mV, +87 mV, +42 mV and
—198 mV vs. NHE, respectively. Myoglobin reconstituted with FePor(CF;), has a more positive potential, which
enhances the reactivity of a carbene intermediate with alkenes, and demonstrates superior cyclopropanation of inert
alkenes, such as aliphatic and internal alkenes. In contrast, engineered myoglobin reconstituted with FePc has a more
negative redox potential, which accelerates the formation of the intermediate, but has low reactivity for inert alkenes.
Mechanistic studies indicate that myoglobin with FePor(CF;), generates an undetectable active intermediate with a
radical character. In contrast, this reaction catalyzed by myoglobin with FePc includes a detectable iron—carbene species
with electrophilic character. This finding highlights the importance of redox-focused design of the iron porphyrinoid

\cofactor in hemoproteins to tune the reactivity of the carbene transfer reaction. )

Introduction

Heme, a porphyrin iron complex, is a ubiquitous cofactor
which provides proteins with functions such as diatomic gas-
binding, electron transfer, chemical catalysis, and transcrip-
tional regulation among others. The unique reactivity of
heme has been investigated in various heme-dependent
enzymes. Furthermore, engineered hemoproteins are known
to be useful as new catalysts in several reactions including
oxidation and reduction,” as well as abiological reac-
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tions such as carbene transfer,’'”! nitrene transfer!?! and
radical cyclization.”??! In addition, a protein which does not
normally possess a heme cofactor can be converted into an
artificial hemoenzyme by creating an artificial heme-binding
site in the protein matrix.”?! The reactivities and selectiv-
ities of most of these catalysts have been increased by
protein engineering through site-directed and site-saturation
mutagenesis, high-throughput screening of random mutants
and mutation with noncanonical amino acids. On the other
hand, replacing heme with an artificial cofactor is another
powerful strategy for obtaining highly active artificial metal-
loenzymes. A porphyrinoid cofactor with iron in the heme
center replaced with other metals provides a dramatic
change in the reactivity and enhanced catalytic activity for
carbene and nitrene transfer reactions.”™ In addition to
the metal-substituted cofactors, artificially created metal
porphyrinoids have been found to exhibit unique physico-
chemical properties and reactivities in hemoprotein
matrices.”*! Our group has reported a series of hemopro-
teins reconstituted with metal complexes of porphycene, a
constitutional isomer of porphyrin, to produce artificial
peroxidase,”’* monooxygenase®*” and cyclopropanase
activities."!! These proteins are found to exhibit catalytic
activity as well as provide detectable active intermediates
such as a high-valent metal oxo-species and a metal
carbenoid species.

Alkene cyclopropanation by metal-mediated carbene
transfer is one of the most studied abiological reactions
catalyzed by hemoproteins#*#4#] because of the impor-
tance of cyclopropane ring in several natural products and
bioactive compounds. Although artificial cyclopropanases
based on hemoproteins have been reported to catalyze
cyclopropanation of styrene derivatives with excellent dia-

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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stereo- and enantioselectivity,["5!10414446485053] capalytic activ-

ity toward cyclopropanation of inert alkenes remains
limited.®****! Thus, to achieve cyclopropanation of inert
alkenes, an appropriate strategy to enhance the reactivity of
the key active intermediate in the catalysis is an important
requirement. The metal carbenoid species, which is formed
by the reaction of hemoproteins with diazo compounds, is
expected to be an active intermediate in the cyclopropana-
tion reaction. It was recently discovered that a porphyrin
iron complex in a hemoprotein with a more positive redox
potential has higher reactivity for the cyclopropanation
reaction. Hilvert and co-workers have reported that a
myoglobin (Mb) variant with a noncanonical amino acid
possessing an N-methylimidazole moiety as an axial ligand
efficiently catalyzes cyclopropanation of styrene.™!* Fur-
thermore, the theoretical studies of Fasan and co-workers
suggest that an electron-deficient iron porphyrin can
increase the reactivity of carbene intermediates.”® This
group has also experimentally demonstrated that the combi-
nation of Mb variants with the N-methylimidazole axial
ligand and an electron-deficient heme analog, diacetyldeu-
teroheme, which has two electron-withdrawing acetyl sub-
stituents at the peripheral positions of the porphyrin frame-
work, exhibits excellent reactivity towards electron-deficient
alkenes.™ It was recently found that Amphitrite ornata
dehaloperoxidase variants, which have high redox potential,
catalyze the cyclopropanation of electron-deficient vinyl
esters.”” In this context, we have focused on the use of
13,17-bis(2-carboxylatoethyl)-3,8-diethyl-2,12,18-trimethyl-7-
trifluoromethylporphyrinatoiron(11T) (FePorCF;) and 13,17-
bis(carboxylethyl)-3,7-diethyl-12,18-dimethyl-2,8-ditrifluoro-
methylporphyrinatoiron(III) (FePor(CF;),),”**! as potent
artificial cofactors for Mb with the objective of promoting
efficient cyclopropanation. These cofactors contain one or
two strong electron withdrawing CF; substituents at the B
positions to obtain a more positive redox potential, making
it suitable for binding to an apo-form of Mb (Figure 1a).l*!

We have recently reported that myoglobin reconstituted
with iron porphycene, 2,7-diethyl-3,6,12,17-tetramethyl-
13,16-bis(carboxyethyl)porphycenatoiron(III) (FePc), pro-

EREE;

HOOC COOH HOOC  COOH HOOC COOH HOOC COOH

Native heme FePc

FePorCF, FePor(CF3;),

Nattve heme Artificial cofactor

Myoglobin Reconstituted Mb
(Mb) (rMb)

Figure 1. a) Chemical structures of heme and artificial cofactors.
b) Reconstitution of Mb with an artificial cofactor.
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motes styrene cyclopropanation with a significantly higher
ke, value in Mb and with detection of a carbenoid species.™"
In this work, four different Mbs with different redox
potentials are investigated and compared: native horse heart
Mb (nMb), Mb reconstituted with FePor(CF;), (rMb(FePor
(CF;),)), Mb reconstituted with FePorCF; (rMb(FePorCF;))
and Mb reconstituted with FePc (rMb(FePc)). The relation-
ship between the redox potentials of the cofactors in
engineered Mbs and the catalytic activities for the cyclo-
propanation is investigated, and remarkable reactivity of Mb
reconstituted with FePor(CFs;), is observed.

Results and Discussion
Characterization of rMb(FePor(CF;),)

Reconstitution of Mb with FePor(CF;), was conducted by
inserting FePor(CFs;), into the apo-form of horse heart Mb
(apoMb) which was prepared by removal of native heme
(Figure 1b). The reconstituted protein rMb(FePor(CF;),)
was characterized by UV/Vis spectroscopy and ESI-MS. The
UV/Vis spectrum shows a Soret band with a peak top at
404 nm and broad peaks in the Q-band region (Figure S1),
which are generally consistent with the spectrum of
previously reported sperm whale Mb (swMb) reconstituted
with FePor(CF;),.""! In the mass spectrum, multiple ioniza-
tion peaks attributed to the mass number of rMb(FePor
(CF;),) were observed (representative m/z, found: 1766.122,
calculated: 1766.119 (z= +10), Figure S2).

The crystal structure of the met-form of rMb(FePor
(CF3;),) was obtained at 1.7 A resolution by X-ray crystallog-
raphy (Figure 2). The electron density of FePor(CF;), was
clearly observed in the inherent heme pocket and the iron
center of FePor(CF;), was found to be coordinated by a
histidine residue and an H,O molecule or an OH™ ion
(Figure 2a).°"! Figure 2b shows the superimposed structure
of rMb(FePor(CF;),) with wild-type recombinant horse
heart Mb (wtMb). The root-mean-square deviation (RMSD)
for all Co atoms is only 0.222 A. The structure in the vicinity
of the cofactor and overall protein structure are identical to
those of wtMb. The bond lengths from the Fe to the Ne2-

Figure 2. Crystal structure of rMb(FePor(CF;),). a) The heme pocket
with the 2F—F, electron density (1.0 ¢ contours) of the FePor(CF;),
molecule. b) Superimposed structure of rMb(FePor(CF;),) (green) and
wild-type horse heart Mb (gray, PDB: TWLA).
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atom of the histidine residue and the Fe to the oxygen atom
of the H,0 molecule or the OH™ ion are 2.1 A and 2.2 A,
respectively. These lengths are the same as those of wtMb.
The orientations of two propionate side chains are similar to
those of wtMb. The hydrogen bonding network including
the propionate side chains is also maintained. The structure
of the reconstituted Mb is also similar to the reconstituted
sperm whale Mb with FePorCF; (rswMb(FePorCF;)!*! (Fig-
ure S3). In the rMb(FePor(CF;),), a single cofactor structure
was observed because of its symmetric nature. In contrast,
FePorCF; in Mb displays two orientations derived from its
asymmetric structure. This is the first X-ray crystal structure
of Mb containing FePor(CFy;),.

To elucidate the role of the CF; substituents in the
electronic property, we conducted spectroelectrochemical
measurements. Absorption spectral changes of rMb-
(FePorCF;) and rMb(FePor(CF;),) measured at applied
potentials include several clear isosbestic points (Figure S4).
The Fe'/Fe™ redox potentials of rMb(FePorCF;) and rMb-
(FePor(CF;),) in 100 mM potassium phosphate buffer at
pH 7.0 were determined to be 87+3 mV and 147+3 mV vs.
NHE, respectively (Figure S5 and S6). The value of rMb-
(FePor(CF;),) is positively shifted by 102 mV and 345 mV
relative to that of nMb (45 mV vs NHE)®! and rMb(FePc)
(—198 mV vs NHE)," respectively. As expected, the effect
of two CF; substituents to the positive shift of the redox
potentials is larger than the effect induced by one CF;
substituent Notably, the effect of the two CF; substituents is
greater than that of the two acetyl substituents at 3- and 8-
positions, where the Fe"/Fe™ redox potential is positively
shifted by only 20 mV relative to the protein containing
native heme.”! Thus, the CF; substituent in the B position of
the porphyrin framework is expected to significantly
enhance the reactivity of the carbene intermediate.

Table 1: Evaluation of styrene cyclopropanation with 4 eq. of EDA.F!
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Styrene Cyclopropanation

Using the cofactors and Mbs with different redox potentials
as catalysts, we investigated styrene cyclopropanation with
ethyl diazoacetate (EDA) as a carbene source in the
presence of dithionite under a N, atmosphere (Table 1).
First, the reactions catalyzed by bare cofactors (without a
protein matrix) were evaluated. FePor(CF;), which has the
more positive redox potential exhibits a high TON value of
575 for the cyclopropanation reaction compared with native
heme (TON=150), FePc (TON=47) and FePorCF;
(TON=158). Enhancement of the reaction yield by an
electron deficient porphyrinoid ligand is also observed in
iron tetraphenylporphyrin-based catalysts.”” Next, styrene
cyclopropanation was performed in a catalytic system using
a mixed solution of FePor(CF;), or FePorCF; and apoMb at
a molar ratio of 1:2 in the reaction solution. The in situ
prepared reconstituted Mbs, hereafter designated rMb*-
(FePor(CF;),) and rMb*(FePorCF;), respectively. rMb*-
(FePor(CF;),) was found to catalyze the reaction more
efficiently than nMb, rMb(FePc) and rMb*(FePorCF;) and
the TON is clearly enhanced due to the suppression of the
EDA dimerization with higher diastereo- and enantioselec-
tivity relative to the corresponding bare cofactor. The effect
of the presence of the protein matrix on the TON of
FePor(CF;), is more apparent at low concentrations of
EDA: The TON of rMb*(FePor(CF;),) is increased by 5.6-
fold compared to the TON of FePor(CF;), (Table S1). These
findings and crystal structure data suggest that the difference
in the reactivity between rMb(FePor(CF;),) and nMb is due
to the CF; substitution and not to any structural perturba-
tions occurring upon reconstitution.

Although diastereomeric excess (de) values obtained by
rMb*(FePor(CF;),) were found to be moderate, the enantio-
meric excess (ee) values were limited to 4% and 16 % for

Catalyst (10 pM)
CO,Et Na,S,0, (10 mM)

P+

F’l}A §'COgE! Phﬁ&

trans

CO,Et
]

N, Potassium phosphate
(omh)  @ommy U EH 0N DF PhWCOZEt o A§'coza
l cis l

Entry Catalyst TON del eeld eel
10 Hemin 150+3 83+0% 4+1% 04+0%
2 FePc 47+4 6440% 0+1% 0+1%
30 FePorCF, 158 +16 854+0% 0+£0% 0+£0%
401 FePor(CFs), 575437 84+0% 8+0% 1+1%
5 Mb 433411 86+1% 6+1% —34+1%
6 rMb (FePc) 302443 9940% 204+10% 964+2%
7 rMb* (FePorCF;) 602 +87 86+1% 2+42% 14+0%
80! rMb* (FePor(CF;),) 710416 88+2% 16+2% —4+2%
9 swMbHE#V/VesA 510+ 64 98 +1% 83+8% 99+0%
100! rswMb"e*VV68% (FePor (CF5),) 810+34 98+1% —53+10% 994+1%

[a] Conditions: [catalyst]=10 pM or [cofactor] =10 uM and [apoMb] =20 pM, [styrene]=10 mM, [EDA]=40 mM, [Na,S,0,]=10 mM in 100 mM
potassium phosphate buffer (pH 7.0) containing 8 % DMF at 25°C for 18 h under a N, atmosphere. Results are presented as mean + standard
deviation (n>2). [b] A solution containing 2% DMSO. [c] de for the trans products. [d] ee for (1S,2R)-cyclopropane in the cis products. [e] ee for

(15,2S)-cyclopropane in the trans products.
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both trans and cis products, respectively. To improve the
enantioselectivity, the apo-form of swMb H64V/V6SA
variant (swMb"*V®#4Yy wag used as a protein matrix because
the variant is known from a previous study to provide high
diastereo- and enantioselectivity values for styrene
cyclopropanation.l’!  rswMbH*VV®A%(FePor(CF;),) where
FePor(CF;), was mixed with the apo-form variant generates
the trans-(1S,25)-cyclopropane product with excellent dia-
stereo- and enantioselectivity (98 % de and 99 % ee) with
higher TON than that of swMb"*VV®¥4 (entry 10 of Table 1).
The selectivity was expected because FePor(CFs;), is located
in a reaction environment similar to the variant containing
heme. The findings suggest that FePor(CF;), with a highly
positive redox potential can be utilized for various enantio-
selective cyclopropanation reactions when combination with
an optimized protein matrix.

To evaluate the kinetics of the catalysis, initial turnover
frequency (TOF) values were determined for the reaction
catalyzed by rMb*(FePor(CF;),) and nMb under conditions
of 0.1-2.0 mM styrene and 20 mM EDA. Michaelis—-Menten
kinetics parameters were determined for both catalysts
(Figure 3a). The k. and Ky values of rMb*(FePor(CF;),)
and nMb are summarized in Table 2, where the values of
rMb(FePc) determined in our previous report are also
shown."! The rMb(FePc) protein provided the highest k.,
value, and the lowest TON in the 18 h reaction. The k_,

a) 0.12 b) 03
—e— rMb*(FePor(CF,),) —e— rMb*(FePor(CF,),)
01t o o 025} o« rvib ]
“p 0.08 © 02
L 006 , o)
. { S 0.15
F ool 0.1
0.02 0.05
0 0
0 05 1 15 2 25 0 10 20 30 40 50
[styrene] / mM [EDA]/ mM

Figure 3. Plots of the TOF of styrene cyclopropanation with EDA.
Conditions: [nMb]=1 uM or [FePor(CF;),]=1 pM and [apoMb]=2 pM,
[Na,S,0,]=10 mM in 100 mM potassium phosphate buffer (pH 7.0)
containing 8 % DMF at 25 °C for 30 min under a N, atmosphere. 0.2%
DMSO was contained for the reactions catalyzed by rMb* (FePor-
(CF3),). a) [styrene] =0.2-2.0 mM, [EDA]=20 mM; b) [styrene]=

2.0 mM, [EDA]=1.0-40 mM. Data plotted represent the means with
standard deviations (n>2).

Table 2: Michaelis—Menten parameters with various concentrations of

styrene.”!

Catalyst ke (571) Ky (MM)  key/Ky (MMs™)
rMb (FePc)®! 1.740.3 13404  13+£05

nMb 0.05+0.01 29+1.3 0.017+0.008
rMb* (FePor(CF;),)? 0194005 25+1.1  0.07840.040

[a] Conditions: [nMb]=1 pM or [FePor(CF;),]=1 pM and [apoMb]=
2 uM, [styrene]=0.2-2.0 mM, [EDA]=20 mM, [Na,S,0,]=10 mM in
100 mM potassium phosphate buffer (pH 7.0) containing 8 % DMF at
25°C for 30 min under a N, atmosphere. Results are presented as
mean =+ standard deviation (n>2). [b] Reported values.! [c] Contain-
ing 0.2% DMSO.
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value of rMb*(FePor(CF;),) is almost 4-fold higher than
that of nMb. Next, the TOF values measured under
conditions with various concentrations of EDA (Figure 3b)
suggest that the plots of rMb*(FePor(CF;),) did not reach a
plateau even with the high concentration of EDA (Table 3).
The Ky value of nMb is around 87 mM, while rMb(FePc)
shows a saturation curve with a K, value of 1.9 mM.
Therefore, the reaction rates for nMb and rMb*(FePor-
(CF;),) are highly dependent on the EDA concentration.
This means that the formation of an active intermediate for
rMb*(FePor(CF;),) dominantly limits the rate of the overall
reaction. Although a bare cofactor, FePor(CF;),, exhibits
similar Michaelis-Menten parameters as rMb*(FePor(CFs;),)
under conditions of various styrene concentrations and
20 mM EDA, the TOF value evaluated under 40 mM EDA
concentration is significantly lower than that of rMb*-
(FePor(CF;),) (Figure S7). The protein matrix would sup-
press the reaction of the carbene intermediate with another
EDA (a side reaction known as dimerization of EDA) or
the inactivation of the cofactor. Thus, the FePor(CF;),
cofactor requires a protein matrix for efficient catalysis with
enhanced chemoselectivity.

To explore the scope of substrates for rMb*(FePor-
(CF3),), the cyclopropanation of substituted styrenes was
evaluated using 6 equivalents of EDA (Scheme 1). The

Table 3: Michaelis—Menten parameters with various concentrations of
EDAM

Catalyst ke (s7) Ky (MM)  key/Kyy (mMs™")
rMb (FePc)®! 2.1+0.2 1.9406 1.1+0.4

nMb 0.18+£0.05 87435 0.002140.001
rMb* (FePor(CF;),)¥ - - 0.0046 -+ 0.0005

[a] Conditions: [nMb]=1 pM or [FePor(CF;),]=1 pM and [apoMb]=
2 M, [styrene]=2.0 mM, [EDA]=1-40 mM, [Na,S,0,]=10mM in
100 mM potassium phosphate buffer (pH 7.0) containing 8 % DMF at
25°C for 30 min under a N, atmosphere. — not determined. Results
are presented as mean=+standard deviation (n>2). [b] Reported
values."" [c] Containing 0.2% DMSO. [d] Calculated from the slope of
the linear correlation.

FePor(CF), (10 uM), apoMb (20 pM),

Ry 5 WCOzEt Na,S,0, (10 mM) , Ri
Ar& N, Potassium phosphate buffer (pH 7.0)/ Ar CO,Et
8% DMF and 2% DMSO
1a-g (10 mM) (60 mM) ° 259C, 18"h 2a-g
©/Acoza /@Acoza /@Acoza
MeO
2a 2b 2c
>99% yield >99% vyield >99% yield

TON: >1000, 85% de

/@Acoza /@ACOQEQ /@ACOQB ©>A\coza
cl Br FiC
2d 2e 2f 2g

>99% vyield 74% yield 62% yield 99% yield
TON: >1000, 83% de TON: 739, 85% de TON: 619, 84% de TON: >1000, 67% de

TON: >1000, 84% de TON: >1000, 85% de

Scheme 1. Cyclopropanation of terminal styrene derivatives by

rMb* (FePor(CF5),).! [a] Conditions: [FePor(CF;),]=10 yM and
[apoMb] =20 pM, [styrene] =10 mM, [EDA]=60 mM, [Na,S,0,]=
10 mM in 100 mM potassium phosphate buffer (pH 7.0) containing
8% DMF and 2% DMSO at 25°C for 18 h under a N, atmosphere.

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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catalyst promotes cyclopropanation of styrene (1a), p-meth-
oxystyrene (1b), p-methylstyrene (1¢) and p-chlorostyrene
(1d) with >99% yield and TON >1000 under these
conditions. The electron-deficient alkenes were also con-
verted to the corresponding cyclopropane derivatives with
good yields, 1e (74 %, TON=739) and 1f (62 %, TON=
619). Cyclopropanation of a more sterically hindered
substrate, a-methylstyrene (1g), was efficiently catalyzed by
rMb*(FePor(CF;),) with excellent yield and TON (>99 %,
>1000). The racemic products 2d-2g were obtained in these
reactions because the native protein matrix was used.
Comparison of the TON values of the three Mbs for 1g is
similar to that of 1a: The order of Mbs providing higher
TON values is tMb(FePc) < nMb < rMb*(FePor(CF;),)
(Table S2). Thus, rMb*(FePor(CF;),) was found to effi-
ciently promote the cyclopropanation of terminal styrene
derivatives.

Cyclopropanation of 3-Methylstyrene, an Internal Alkene

Iron porphyrin-based catalysts usually demonstrate low
activity for internal alkenes.**” We evaluated the reaction
with B-methylstyrene as an internal alkene substrate (Ta-
ble 4). In the case of trans-p-methylstyrene (3), rMb*(FePor-
(CF;),), tMb*(FePorCF;) and nMb gave two enantiomeric
pairs with TON of 6.0, 2.8 and 1.0, respectively. The
enantiomeric pairs are assigned to the ftrans configuration
with respect to the methyl and phenyl groups in the
cyclopropanation product. No product was detected in the
reaction with rMb(FePc). The TOF of rMb*(FePor(CF),)
(0.2 min ') is ten times higher than that of nMb (0.02 min ")
(Table S3). rMb*(FePor(CF;),), rtMb*(FePorCF;) and nMb
also catalyze the cyclopropanation of cis-B-methylstyrene
with TON of 1.6, 0.8 and 0.4, respectively. In this reaction,

©/A\coza

Table 4: Cyclopropanation of B-methylstyrene.!

Catalyst(10 uM)
Na,S,0, (10 mM), EDA (60 mM)

Potassium phosphate buffer
(pH 7.0)/ 8% DMF

3 (10 mM) 4 (10 mM) 25°C. 3 h

Entry  Substrate  Catalyst TON trans: cis'd
1 3 rMb (FePc) N.D. -

2 3 nMb 1.0£0.1  100:0
30l 3 rMb* (FePorCFs) 2.8+04  100:0
4P 3 rMb* (FePor(CF;),)  6.04£0.1  100:0

5 4 rMb (FePc) N.D. -

6 4 nMb 0.4+0.0 48:52

78! 4 rMb* (FePorCF;) 0.8+0.1  46:54

8! 4 rMb*(FePor(CFs);)  1.64+0.1  41:59

Research Article

[a] Conditions: [catalyst]=10 pM or [cofactor]=10 pM and [apoMb]=
20 pM,  [B-methylstyrene] =10 mM, [EDA]=60 mM, [Na,S,0,]=
10 mM in 100 mM potassium phosphate buffer (pH 7.0) containing
8% DMF at 25°C for 3 h under a N, atmosphere. N.D.: not detected.
—: not determined. Results are presented as mean = standard
deviation (n>2). [b] Containing 2% DMSO. [c] Ratio of trans and cis
configurations respect to the methyl and phenyl groups.
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these catalysts generate four enantiomeric pairs, including
both cis and trans isomers with respect to the methyl and
phenyl groups (Entry5 and 6 of Table4) as a result of
flipping of the methyl group during the reaction. This result
suggests that the reactions catalyzed by nMb and
rMb*(FePor(CF;),) may proceed by a stepwise mechanism
(see below), whereas further support by computational
simulations will be required to clarify the mechanism. Taken
together, these results indicate that rMb*(FePor(CF;),)
provides higher reactivity toward internal alkenes than the
other two Mbs.

Cyclopropanation of 1-Octene, an Aliphatic Alkene

The catalytic activity toward the cyclopropanation of an
aliphatic alkene was investigated using 1l-octene as a
substrate. The TON and TOF values of the reaction with
each Mb are summarized in Table 5. The reaction catalyzed
by rMb*(FePor(CF;),) was smoothly promoted with TON of
33 in 6 h (Figure 4), and its TON is 165-fold higher than that
of nMb (TON=0.2). In the case of rMb(FePc), no activity
was observed. The order of TON values follows the order of
the redox potentials: rMb*(FePor(CF;),) > rMb#*-
(FePorCF;) > nMb > rMb(FePc). In addition, with only the
cofactor FePor(CF;),, the amount of product is lower than
that with rMb*(FePor(CF;),). The TOF value of rMb*-
(FePor(CF;),) is 2 min~', while that of rMb*(FePorCF;) and
nMb are 0.4 min' and 0.1 min~', respectively. Previously,
Mb reconstituted with the electron-deficient heme was
found to act as an Mb-based catalyst for an inert alkene.[*”!
Considering these results, the positive redox potential is a
key property that enhances the activity of the catalyst
toward the cyclopropanation of inert alkenes. The electron-
deficient cofactor should generate active carbene species
enough to react with aliphatic alkenes, while the carbene

Table 5: Cyclopropanation of 1-octene.!

Catalyst (10 uM)
< . l/COZEI Na,S,0, (10 mM) 1
RN _—
r\|12 Potassium phosphate /\OW
buffer (pH 8.0)/ 8% DMF
(10 mMm) (60 mM) 25°C. 6 h
Catalyst TON TOF (min )i de
rMb (FePc) N.D. - -
nMb 0.2+0.1 0.1+0.0 60+£8%
rMb* (FePorCF;) 45+£1.1 0.4+0.1 65+2%
rMb* (FePor (CF;),)® 33+5 2.040.2 67 £3%
FePor(CF;)," 842 - 62 +0%

[a] Conditions: [catalyst]=10 yM or [cofactor]=10 pM and [apoMb]=
20 pM, [1-octene]=10 mM, [EDA]=60 mM, [Na,S,0,]=10mM in
100 mM potassium phosphate buffer (pH 8.0) containing 8 % DMF at
25°C for 6 h under a N, atmosphere. N.D.: not detected. — not
determined. Results are presented as mean = standard deviation
(n>2). [b] Containing 2% DMSO. [c] Conditions: [catalyst] =10 pM or
[FePor(CF;),]=10 pM and [apoMb]=20 pM, [1-octene]=2.0 mM,
[EDA]=20 mM, [Na,S,0,]=10 mM in 100 mM potassium phosphate
buffer (pH 7.0) containing 8% DMF at 25°C for 3 min under a N,
atmosphere. [d] de for trans product.
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Figure 4. Time course plots of TON for cyclopropanation of 1-octene by
nMb, rMb*(FePorCF;) and rMb*(FePor(CF;),). Data plotted represent
the means with standard deviations (n>2).

intermediate of rMb(FePc) has insufficient reactivity. We
found that the TON value of rMb*(FePor(CF;),) highly
depends on the ratio of 1-octene and EDA (Table S4). As a
result, using 6 equivalents of EDA against the alkene
provides the best condition. Notably, the TON value of 33
by rMb*(FePor(CF;),) is higher than that by MbT?/HHANVGEE
containing an Ir porphyrin complex (TON=20 by a single
addition of 6 eq. EDA).I®! However, the product is racemic.
Further studies using apoMb variants are necessary to
achieve enantioselective reaction.

Aerobic Styrene Cyclopropanation

The cyclopropanation reactions catalyzed by rMb*(FePor-
(CF;),) and nMb without additional reductant were inves-
tigated under aerobic and anaerobic conditions (Figure 5).
First, since rMb*(FePor(CF;),) has the more positive redox
potential and is easily reduced by EDA,*® we assumed
that it catalyzes the reaction under aerobic conditions
without any additional reductants. Moreover, since a low
affinity of deoxy-rswMb(FePor(CF;),) for dioxygen has
been reported,*™ the binding of dioxygen to the reduced
cofactor, which would prevent the cyclopropanation, would
be suppressed. As expected, rMb*(FePor(CF;),) shows a
TON of 774 under anaerobic conditions without additional
reductant, which is almost consistent with the TON obtained
by the reaction in the presence of dithionite under anaerobic
conditions. This catalyst also produces trace amounts of the
product under aerobic conditions (TON=4), while nMb
gives no product. These findings provide clear evidence that
ferric rMb*(FePor(CF;),) can be easily reduced to the
ferrous form which is the starting point for the catalysis.
Furthermore, rswMb"VV684x(FePor(CF;),) shows a 17 %
yield and a TON of 167 with 98 % de and 99 % ee under

Angew. Chem. Int. Ed. 2024, 202403485 (6 of 10)

10 uM or [FePor(CF;),] =10 pM and [apoMb] =20 pM, [styrene]=

10 mM, [EDA]=40 mM, [Na,S,0,]=10 mM in 100 mM potassium
phosphate buffer (pH 7.0) containing 8 % DMF at 25°C for 18 h.

a) Containing glucose (25 mM), glucose oxidase (20 unit) and catalase
(280 unit). b) Containing 2% DMSO. Data plotted represent the means
with standard deviations (n>2).

aerobic conditions without additional reductant. The results
indicate that 22 % activity is maintained compared to the
reaction in the presence of dithionite under anaerobic
conditions. The enhancement of tolerance to dioxygen is
caused by mutation of His64, an essential residue for the
high dioxygen binding affinity of nMb."! Native heme-
containing swMb"®AVEA s known to generate trace
amounts of product without additional reductant under
aerobic conditions.>*! Thus, the binding of FePor(CF;), to
the protein matrix synergistically provides dioxygen toler-
ance to the reaction.

Mechanistic Study

To investigate the reaction mechanism of the cyclopropana-
tion by Mbs, a Hammett analysis was performed based on
the relative rate of cyclopropanation of para-substituted
styrenes against non-substituted styrene in competition
experiments (Table S5). First, the log(kx/ky) values for the
cyclopropanation of 1a-1d and 1f by Mbs were then plotted
against the Hammett substituent constants (Figure 6a—c).
The linear correlation of the log(kx/ky) of rMb(FePc) for
the constants was observed with a negative slope (R*>=0.90,
p=—0.80), whereas a moderate correlation in rMb*(FePor-
(CF;),) (R*=0.64, p=—0.34) was obtained. In the case of
nMb, the fitting analysis of the plots does not yield
satisfactory results (R*=0.05, p=0.08). This finding led us to
consider the possibility of a radical mechanism. This is
because a previous study has proposed that the electron-
deficient heme exhibits radical reactivity.*"! When the values
were plotted against Jiang and Ji’s spin-delocalization
substituent constants ¢°° a good linear correlation was
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Figure 6. Hammett analysis of cyclopropanation of para-substituted styrenes (substituents: -OMe, —Me, —H, —Cl, —CF;). Top: log (kx/ky) plots
against Hammett constants for the cyclopropanation catalyzed by a) rMb(FePc), b) nMb, c) rMb*(FePor(CF;),). Middle: log(ky/k.;) plots against
Jiang and Ji’s spin-delocalization constants for the cyclopropanation catalyzed by d) rMb(FePc), e) nMb, f) rMb* (FePor(CF;),). Bottom: log (kx/ky)
plots against Hammett and Jiang and Ji's spin-delocalization constants. g) rMb(FePc), h) nMb, i) rMb*(FePor(CF;),). Conditions: [catalyst]=1 pM
or [FePor(CF;),]=1 pM and [apoMb] =2 pM, [styrene] =0.5 mM, [para-substituted styrene] =0.5 mM, [EDA]=5.0 mM, [Na,S,0,]=10 mM in

100 mM potassium phosphate buffer (pH 7.0) containing 8 % DMF at 25 °C for 10 min under a N, atmosphere. 0.2% DMSO was contained for the
reactions catalyzed by rMb*(FePor(CF;),). The reaction catalyzed by rMb(FePc) was quenched in 1 min. Data plotted represent the means with

standard deviations (n>2).

obtained in the cyclopropanation by rMb*(FePor(CFs;),)
(R*=0.93, p*=0.79) (Figure 6f). For nMb, Jiang and Ji’s
spin-delocalization substituent constants ¢* show a better
correlation with log(ky/ky;) values (R*=0.45, p*=0.67) than
the usual Hammett substituent constants ¢ (Figure 6e). In
contrast, the log(kx/ky) values determined for rMb(FePc)
are not correlated with the ¢°* constants (Figure 6d). Next,
considering both polar effects and radical stabilization
effects, the log(kx/ky) values were fitted to a dual-parameter
Hammett equation log(kx/ky)=po+p°c® by multiple
regression.””? Each instance of catalysis shows a good
relationship with this equation, resulting in an R* value over
0.9 (Figure 6g—i). The large |p/p®| ratio of 12 in rMb(FePc)
indicates that the polar effect is dominant in the reaction.
nMb and rMb*(FePor(CF;),) show large contributions of

Angew. Chem. Int. Ed. 2024, 202403485 (7 of 10)

radical stabilization effects: |p/p®| ratios are 0.26 and 0.12,
respectively. Thus, the Hammett analysis suggests the
formation of intermediates with electrophilic character in
rMb(FePc) and radical character in nMb and rMb*(FePor-
(CF3),), respectively. Particularly, the latter finding supports
the result of the formation of four enantiomeric pairs in the
cyclopropanation of cis-B-methylstyrene (see above). Radi-
cal spin-trap analysis was performed using 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) as a spin trap reagent. rMb-
(FePc) remained about 80% of the TON value in the
presence of DMPO compared to the reaction without
DMPO, whereas the reaction with rMb(FePor(CF;),) was
clearly inhibited by DMPO, resulting in a 70 % loss of TON
(Table S7). This result also confirms that the intermediate of
cyclopropanation by rMb(FePor(CF;),) has a radical charac-
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ter. To detect the carbene intermediates of the catalysts,
transient absorption spectral changes were monitored using
a stopped flow apparatus. When the ferrous states of nMb
or rMb*(FePor(CF;),) were mixed with EDA, UV/Vis
spectral changes were observed, suggesting the formation of
a new species (Figure S8). However, double-mixing stopped
flow experiments indicate that the observed species does not
further react with styrene. The mass number of the new
species corresponds to the value of the carbene adduct of
the cofactor (Figure S9). Therefore, the new species might
be an unreactive alkylated®! or Fe—~C—N(pyrrole) bridging
carbene adduct.'*®! These results indicate that the active
intermediates of nMb and rMb*(FePor(CF;),) are undetect-
able, while the reactive intermediate of the rMb(FePc) has
been observed in our previous work.*!! This is probably
because the lifetime of the active intermediates for nMb and
rMb*(FePor(CF;),) is too short to detect in stopped flow
experiments due to the formation of the unreactive adduct.
This result suggests that the active intermediate of rMb-
(FePc) is relatively stable compared to the active intermedi-
ates of nMb and rMb*(FePor(CF;),).

From these results, a plausible mechanism for the
reaction catalyzed by rMb*(FePor(CF;),) is proposed and
depicted in Scheme 2. In the case of the rMb*(FePor(CF),),
the generated active carbene species has a radical character.
The active intermediates react with an alkene substrate by a
stepwise radical mechanism to produce the cyclopropanated
products. In the case of rMb(FePc), the ferrous state of the
cofactor reacts with EDA to generate the relatively stable
and electrophilic carbene intermediate which promotes
cyclopropanation of alkenes.

Conclusion

In summary, we identified a relationship between the
reactivity of alkene cyclopropanation and redox potentials
of four myoglobins with different cofactors. The protein
containing FePor(CF;),, which has a more positive redox
potential, exhibits remarkable reactivity for the cyclopropa-

HooC
CO,Et
HoOoC .

Scheme 2. Plausible mechanism for catalytic cyclopropanation by rMb*-
(FePor(CF3),).
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nation of inert alkenes. In contrast, the protein reconstituted
with FePc, which has a more negative redox potential ™
demonstrated decreased reactivity for an inert alkene, while
accelerating the formation of the carbene intermediate. The
mechanistic studies presented herein suggest that two
myoglobins with different cofactors, FePor(CF;), and FePc,
demonstrate different character for cyclopropanation, a
radical character and an electrophilic character, respectively.
It is interesting that the two results indicate trade-off
characteristics in the carbene formation and carbene
insertion into alkenes. These results indicate that tuning of
the redox potential of the iron center in the heme cofactor
serves as a useful strategy for controlling and/or enhancing
the cyclopropanation reactivity of myoglobin, a simple
dioxygen storage protein. FePor(CF;), in the optimized
mutant demonstrated the enantioselective cyclopropanation
of styrene as well as the mutant containing native heme.
Interestingly, rtMb*(FePor(CF;),) proceeds the C—H bond
insertion of 1-methoxy-4-(methoxymethyl)benzene with a
TON value of 2 (Table S8), whereas nMb and rMb(FePc)
did not give the desired product. Thus, this strategy has the
potential to improve other carbene transfer reactions.
Although the redox potentials of hemoproteins can be
controlled by modification of the heme pocket through
mutagenesis-based protein engineering,””! the approach
using replacement of the native cofactor with artificial metal
porphyrinoid cofactors should provide a more potent and
drastic redox shift. Since the different ligand was used in this
study, other factors such as the binding mode and affinity of
the reactants may also be influential. Therefore, the detailed
quantitative contribution of the redox potentials in the
cyclopropanation reaction will be clarified using computa-
tional simulations in the future. This concept of redox tuning
and cofactor engineering of hemoproteins is expected to
contribute to development and refinement of important
catalytic reactions.
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Redox-diverse myoglobins containing
four different cofactors with different
redox potentials (—198 to + 147 mV vs.
NHE) were studied as catalysts for
alkene cyclopropanation through car-
bene transfer. Myoglobin with a positive
redox potential is highly reactive for
electron-deficient alkenes, such as 1-
octene. In contrast, myoglobin with a
negative redox potential accelerates the
formation of a detectable carbene inter-
mediate.
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