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Abstract

Trifluoromethyl-substituted cyclopropanes (CF3-CPAS) constitute an important class of
compounds for drug discovery. While several methods have been developed for synthesis of frans-
CF3-CPAs, stereoselective production of corresponding c/s-diastereomers remains a formidable
challenge. We report a biocatalyst for diastereo- and enantio-selective synthesis of ¢is-CF3-CPAs
with activity on a variety of alkenes. We found that an engineered protoglobin from Aeropyrnum
pernix (ApePgb) can catalyze this unusual reaction at preparative scale with low-to-excellent
yield (6-55%) and enantioselectivity (17-99% ee). Computational studies revealed that the steric
environment in the active site of the protoglobin forced iron-carbenoid and substrates to adopt a
pro-cis near-attack conformation. This work demonstrates the capability of enzyme catalysts to
tackle challenging chemistry problems and provides a powerful means to expand the structural
diversity of CF3-CPAs for drug discovery.
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Protoglobins were engineered to catalyze stereodivergent cyclopropanation to afford a variety
of trifluoromethyl-substituted cyclopropanes using trifluorodiazoethane as the trifluoromethyl-
carbene precursor.

Keywords
Biocatalysis; Cyclopropanes; Organofluorines; Protoglobins; Carbenes

Fluorine-containing molecules (organofluorines) have become one of the most important
classes of compounds in medicinal chemistry, with recent reports stating that 20% of the
marketed drugs contain fluorine.[1-21 Among various organofluorines for pharmaceutical
development, trifluoromethyl-substituted cyclopropanes (CF3-CPAs) have assumed a
privileged position, as they combine the conformational rigidity of cyclopropanes and
desirable medicinal properties of trifluoromethyl groups in one moiety.[3-41 Furthermore,
CF3-CPAs are widely used as bioisosteres to replace labile fert-butyl groups in drug leads
to improve their bioavailability and metabolic stability, making them highly valuable for the
pharmaceutical industry.[]

Because of the prevalence of CF3-CPAs in medicinal chemistry, there are continuous efforts
in developing catalytic methods for enantioselective synthesis of CF3-CPAs (Scheme 1).
[5-71 Despite considerable progress, a few challenges remain. One is the limited substrate
scope, as most methods developed so far have focused on cyclopropanation of styrenes and
arene-substituted alkenes.[4-6: 8141 Furthermore, the majority of current catalytic methods
only produced the trans-diastereomer of CF3-CPAs, which is often thermodynamically and
kinetically favored.[7: 15-17] Accessing cis-CF3-CPAs is considerably harder, most likely
due to an additional steric challenge posed in the pro-cistransition state.l”] The only
method reported to selectively synthesize cis-CF3-CPA used a Corey-Chaykovski reaction
on highly electron-deficient B-nitrostyrenes; 1% it is neither catalytic nor enantioselective.
Gaining access to cis-trifluoromethyl-substituted cyclopropanes will be valuable for full
exploitation of CF3-CPAs for drug development, as it is known that molecular topologies of
cis- and trans-cyclopropanes are quite different and often lead to drastic differences in their
biological properties.[18]

In this work, we present a method to synthesize c/s-trifluoromethyl-substituted
cyclopropanes using new laboratory-evolved variants of Aeropyrnum pernix and
Methanosarcina acetivorans protoglobins (denoted as ApePgb and MaPgb, respectively).
Previous work from this laboratory showed that ApePgb could be engineered to catalyze

the cyclopropanation of unactivated alkenes using ethyl diazoacetate, yielding corresponding
cis-cyclopropanes.[1®] Thus, we speculated that protoglobins can be evolved to catalyze

the challenging synthesis of ¢/s-CF3-CPAs despite the fact that iron-porphyrin catalysts
overwhelmingly produce the #rans products.[11: 20]

Driven by this hypothesis, we screened several of the previously engineered protoglobin
catalysts for initial activity for production of c/s-CF3-CPAs. For screening conditions, we
prepared solutions of trifluorodiazoethane via a protocol first reported by Gilman et a/.
(S Experimental 2).[21] This approach has been demonstrated to enable sufficiently high
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screening throughput during both initial activity search and consecutive enzyme engineering
steps.[22] Through this initial screening, we found that wild-type ApePgb can catalyze the
formation of c/is-CF3-CPA 1 with a total turnover number (TTN) of 110 (Sl table 1).

We next carried out site-saturation mutagenesis (SSM) and screening on four sites including
W59, Y60, F73, and F145. These four sites were chosen based on their proximity to

the heme center. Previous studies also showed that they were important for regulating

the stereoselectivity of carbene-transfer reactions catalyzed by ApePgb.[19 Through this
engineering, we were able to improve the TTN of ApePgb for this abiological reaction to
420 (3.8-fold improvement) by introducing two mutations, W59L and Y60Q. This is the
first example of a catalytic method that can selectively produce c¢/s-CF3-CPAs from alkenes.
The ApePgb W59L Y60Q (ApePgb LQ) variant showed activity on a broad range of olefins
including electron-rich and electron-deficient styrenes, unactivated alkenes, and heteroatom-
substituted alkenes. The diastereo- and enantioselectivities were moderate to excellent for
most tested substrates (Figure 1a). The yields ranged from 6% to 55% in a 1-mmol-scale
reaction using lyophilized powder of whole Escherichia coli cells expressing the ApePghb LQ
variant. Products 1, 2, and 3 were particularly interesting since neither the cis nor the trans
forms of these compounds have been synthesized previously. And the successful production
of 2 and 3 showed that this method could be used to synthesize quaternary chiral centers.

During the evolution of the ApePgb LQ variant, we learned that mutations at position

F73 can dramatically influence the diastereoselectivity of ApePgb catalysts. We performed
further rounds of SSM at residues W59, Y60, and F73, resulting in the discovery of an
ApePgb Y60G F73W (GW) variant which selectively catalyzed the formation of the trans
product for the benzyl acrylate model substrate (Figure 1b). To further expand the synthetic
utility of this catalytic system, we tested whether the key LQ and GW mutations identified
for ApePgb could be transferred to the protoglobin from Methanosarcina acetivorans
(MaPgb, 57% sequence identity to ApePgb). In all cases, MaPgb LQ and MaPgbh GW
achieved the diastereoselectivity observed with the ApePgb variants. One exception was
benzyl methacrylate substrate, with which the MaPgb GW variant showed notably reduced
preference for generating product 2 compared to its ApePgb counterpart (SI Table 1). These
results demonstrate the utility of protoglobins for stereoselective synthesis of CF3-CPAs.

Next, we explored the origins of the divergent selectivity observed in these engineered
protoglobins. Because of the high structural and sequence similarity between MaPgb

(PDB: 2VEB)[23-25] and ApePgh,[26] we based our in-silico studies on MaPgb variants
since there were more structural data available for MaPgb. We first performed density
functional theory (DFT) calculations on a truncated computational model to evaluate the
intrinsic reactivity of histidine-ligated iron-heme for CF3-cyclopropanation in a protein-free
environment (see Sl for details). Our results revealed that a radical stepwise mechanism
was likely, due to the presence of the strong electron-withdrawing CF3 group on the
iron-carbene intermediate and the electron-deficient character of the alkene substrates (Sl
Figures 2-4), which was consistent with previous computational studies on truncated models
of related heme-protein carbene systems.[27] Our transition-state analysis revealed that
formation of the first C—C bond in the cyclopropane ring (TS1) was intrinsically favored
for generating the trans-diastereomer over the cis-isomer for both benzyl acrylate (AAG* =
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2.6 kcal-mol~1) and benzyl methacrylate (AAG* = 2.0 kcal-mol™1) substrates (SI Figures 3
and 5). These calculations were in line with previous experimental studies which showed
that iron-porphyrin catalysts overwhelmingly produced trans products for cyclopropanation.
[11, 20] These results were also consistent with previous computational studies in which
trans-cyclopropanation was found to be the lowest-energy pathway and was preferred over
the cis-cycloproanation pathway by about 1.7 kcal-mol~1.[35-16] Qur computational data
also indicated that after generation of the radical intermediate after the first C—C bond
formation, no stereo-scrambling is likely to occur prior to a fast second C—C bond formation
step to generate the cyclopropane ring (SI Figure 2).127] Overall, these results suggested that,
for cyclopropanation mediated by a histidine-ligated heme-carbene complex in free solution,
the formation of frans-CF3-CPA products would be intrinsically favored. Therefore, the
active-site environment of the proteins must play a crucial role in overcoming this intrinsic
barrier and redirecting the reaction to selectively form c/s-CF3-CPAs.

To further investigate this, we first modelled the iron-carbene intermediate in the active sites
of wild-type MaPgb and the MaPgb LQ and GW variants using molecular dynamics (MD)
simulations (Figure 2, see Sl for details), as we have done previously for similar systems.
[28-31] MD simulations showed that the iron-carbenoid explored two major conformations
in the MaPgb active sites, whose geometric features were influenced directly by the
mutations introduced. In wild-type MaPgb and MaPgb LQ, which are c/s-selective, the
iron-carbenoids mainly explore orientations with a £N-Fe-C-C(CF3) dihedral angle around
-25° and +50°, respectively, whereas the preferred conformer for the carbenoid in the trans-
selective MaPgb GW variant is described by a £N-Fe-C-C(CF3) angle of around —100°

and —-140° (Figure 2A-B, and Sl Figure 6). Under these iron-carbenoid conformations,
assuming a similar binding pose for the substrate in the active site of different protoglobin
variants (Sl Figure 8), wild-type MaPgb and variant MaPgb LQ would preferentially lead to
the c/s-diastereomer and variant MaPgb GW would mainly afford the frans-diastereomer.
These results suggest that the introduced mutations change the geometric constraints

in the active site and switch iron-carbenoid orientation, which ultimately controlled the
diastereoselectivity of the reaction (Figure 2C-D, and Sl Figures 7-8).

Under this mechanistic scheme, however, there is one exception. MaPgh GW preferentially
produces the c/s diastereomer in the reaction with benzyl methacrylate (SI Table S1). To
further explore the origins of opposite selectivities offered by MaPgb LQ and GW variants,
we performed restrained MD simulations with both substrates bound in LQ and GW

active sites. Starting from structures corresponding to the preferred carbenoid-bound major
conformers in LQ and GW MaPgb variants, benzyl acrylate (11) and benzyl methacrylate
(12) were docked into the active site. These structures were then used to start 500-ns MD
trajectories in which the substrates were restrained at distances between 2.5-3.5 A from
the iron-carbenoid in order to analyze accessible near-attack conformations (NAC) that
they could explore with respect to the iron-carbenoid and to avoid exploring unbinding
events (see Sl for details).[28] To study the relative orientations of the alkene and iron-
carbenoid, geometric parameters based on two dihedral angles were defined which allowed
us to characterize the pro-cisl trans character of the NACs explored by the substrate and

the carbene in each variant-substrate pair along the MD trajectories (Figure 3, relative
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orientation of the alkene is defined by the orange dihedral angle, and the relative orientation
of the iron-carbenoid by the blue dihedral angle).

These simulations revealed that when both substrates (benzyl acrylate 11 and benzyl
methacrylate 12 in Figure 3) were bound in the MaPgb LQ active site, they mainly explored
a major near-attack conformation with respect to the carbenoid, which corresponded to a
cis-selective configuration (Figures 3A-B and Sl Figure 9, dihedral values ca. +130° (alkene,
in orange) and —90° (carbenoid, in blue)). This was due to the preorganization of the iron-
carbenoid intermediate in the active site and the steric requirements applied to the substrate
when placed in the binding pocket in a catalytically competent pose. In contrast, MaPgb
GW preferentially bound the benzyl acrylate substrate in a slightly different catalytic pose
to that in the LQ variant, whereas the iron-carbenoid was rotated, as previously observed

in carbene-bound simulations (Figures 3A-B and Sl Figure 9, dihedral values ca. +130°
(alkene, in orange) and +90° (carbenoid, in blue)). This alternative near-attack conformation
led to the preferential formation of the #rans-diastereomer, in line with the experimentally
observed selectivity switch. Consequently, we propose that different orientations explored
by the iron-carbenoid in the active sites of the LQ and GW MaPgb variants are responsible
for controlling the selectivity of these reactions and overcoming the intrinsic electronic
preferences to yield almost exclusively the cis-diastereomer.

Finally, simulations with the benzyl methacrylate substrate bound in the MaPgh GW variant
described a preferential near-attack conformation that led to the cis-cyclopropane product
(Figures 3A-B and Sl Figure 9, dihedral values ca. +130° (alkene, in orange) and —90°
(carbenoid, in blue)). These simulations showed that due to the extra steric bulk of the
methyl group at the alkene a-position and the MaPgh GW active-site environment, the
iron-carbenoid was forced to rotate when the olefin approaches, as compared to the benzyl
acrylate system. Consequently, the iron-carbenoid and benzyl methacrylate preferentially
explored near-attack pro-c/s conformations due to steric requirements in the GW variant
active site. These results illustrate why MaPgb GW was not able to produce the trans-
cyclopropane in the case of benzyl methacrylate (SI Scheme 1).

Herein, we report a catalytic and enantioselective method for producing cis-trifluoromethyl-
substituted cyclopropanes. Additionally, we have shown that the biocatalysts are active on

a wide range of substrates, including non-aryl-substituted alkenes and unactivated alkenes.
Their cis-selectivity is likely controlled by the active-site geometry, which preorganizes

the iron-carbenoid and the substrate in a pro-c/s near-attack conformation to overcome the
intrinsic trans preference of the reaction. The reactions were performed using lyophilized
whole-cell powders, which can be stored easily and used by those without any cell-

culture experience. This new catalytic method to make c/s-trifluoromethyl-substituted
cyclopropanes provides a new, green route to their production and has the potential to
become a valuable approach for producing new biologically active compounds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Page 8

(a) Substrate scope of the cyclopropanation reaction of trifluorodiazoethane with an alkene,
catalyzed by ApePgb LQ. Yields, diastereomeric ratios (dr), enantiomeric excess (ee), and
TTNs of the reactions are reported. Yields are reported as analytical yields measured via

19F-NMR against 4-fluoroacetophenone of known concentration. Reactions were run at

1-mmol scale with lyophilized whole-cell powder at ODggg = 45 in M9-N buffer with 2.5%
ethanol as co-solvent. Absolute configurations were not determined. (b) Stereo-divergent
cyclopropanation with trifluorodiazoethane catalyzed by engineered protoglobins. Reactions
were carried out in small-scale 96-well format, details see Sl Table 1.
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£ N-Fe-C-C(CF,)

i . W58
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Figure 2.
Computational modelling, based on MD simulations, to characterize the iron-carbenoid

formed in the active site of wild-type MaPgb and MaPgb LQ and MaPgbh GW variants.

A) Active site of MaPgh GW with the carbenoid bound to heme. The £N-Fe-C-C(CF3)
dihedral angle measured along the MD trajectories, highlighted in red, describes the relative
orientation of the iron-carbene in the active site. B) Histogram describing the dihedral
angles explored by the carbenoid relative to heme along MD simulations. Three independent
MD replicas of 500 ns each are conducted for each system, shown in three color shades:
three red tones for wild-type MaPgb, three blue tones for MaPgb LQ, and three green

tones for MaPgb GW (see Sl for complete data). Representative snapshots of the major
orientation explored in C) MaPgb GW (£N-Fe-C-C(CF3) =-117°); and in D) MaPgb LQ
(£N-Fe-C-C(CF3) = +49°).
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Figure 3.
Computational modelling, based on restrained-MD simulations, to characterize the substrate

bound in a catalytically competent pose relative to the iron-carbenoid in variants MaPgb LQ
and GW. (A) Two different dihedral angles were defined to describe the relative orientation
of the substituted alkene and the iron-carbenoid along substrate-bound MD simulations.
These geometric parameters define which faces of the alkene and the carbenoid are exposed
to each other. In orange: £C(carbene)-C(alkene)-C(=0)-C(CHs) dihedral angle describes
which face of the alkene is exposed to the carbenoid. In blue: £C(alkene)-H(carbene)-
C(carbene)-C(CF3) dihedral angle describes which face of the carbenoid is exposed to the
alkene. Different combinations of dihedral angle values describe near attack conformations
(NAC) that could produce cisor trans diastereomers. (B) Dihedral angles measured along
500 ns MD trajectories for MaPgh LQ/GW variants and benzyl acrylate/methacrylate
substrates. Benzyl acrylate bound in MaPgb LQ mainly explores pro-cis NACs, while it
mainly explores pro-#rans NACs in the GW variant. Benzyl methacrylate mainly explores
pro-cis NACs in both LQ and GW variants. (C) Representative snapshot taken from MD
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simulations of MaPgh GW with benzyl acrylate and (D) of MaPgb GW with benzyl
methacrylate. For similar snapshots in MaPgb LQ, see Sl Figure 9.
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Scheme 1.
Current strategies for synthesis of CF3-CPAs.
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