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ABSTRACT: Enzymes catalyze organic transformations with
exquisite levels of selectivity, including chemoselectivity, stereo-
selectivity, and substrate selectivity, but the types of reactions
catalyzed by enzymes are more limited than those of chemical
catalysts. Thus, the convergence of chemical catalysis and
bioca_talysis can e.nable enz_yr_natic systems to cat.alyze abiol(?gic.al COEt

reactions with high selectivity. Recently, we disclosed artificial 76%, 380 TON

enzymes constructed from the apo form of heme proteins and 8:1:1:1dr
iridium porphyrins that catalyze the insertion of carbenes into a C— vs1:1:3: 4drwith free Ir(Me)-PIX
H bond. We postulated that the same type of Ir(Me)-PIX enzymes

could catalyze the cyclopropanation of a broad range of alkenes with control of multiple modes of selectivity. Here, we report the
evolution of artificial enzymes that are highly active and highly stereoselective for the addition of carbenes to a wide range of
alkenes. These enzymes catalyze the cyclopropanation of terminal and internal, activated and unactivated, electron-rich and
electron-deficient, conjugated and nonconjugated alkenes. In particular, Ir(Me)-PIX enzymes derived from CYP119 catalyze
highly enantio- and diastereoselective cyclopropanations of styrene with +98% ee, >70:1 dr, >75% yield, and ~10,000 turnovers
(TON), as well as 1,2-disubstituted styrenes with up to 99% ee, 35:1 dr, and $4% yield. Moreover, Ir(Me)-PIX enzymes catalyze
cyclopropanation of internal, unactivated alkenes with up to 99% stereoselectivity, 76% yield, and 1300 TON. They also catalyze
cyclopropanation of natural products with diastereoselectivities that are complementary to those attained with standard transition
metal catalysts. Finally, Ir(Me)-PIX P4S0 variants react with substrate selectivity that is reminiscent of natural enzymes; they
react preferentially with less reactive internal alkenes in the presence of more reactive terminal alkenes. Together, the studies
reveal the suitability of Ir-containing P450s to combine the broad reactivity and substrate scope of transition metal catalysts with
the exquisite selectivity of enzymes, generating catalysts that enable reactions to occur with levels and modes of activity and
selectivity previously unattainable with natural enzymes or transition metal complexes alone.

he ability to evolve enzymes in the laboratory to achieve bind unnatural substrates.” Specifically, Physeter macrocephalus
high reactivity and selectivity for unnatural substrates has myoglobin and Sulfolobus solfataricus CYP119 reconstituted
motivated research toward expanding the scope of reactions with Ir(Me)-PIX catalyze the insertion of carbenes into C—H
catalyzed by enzymes."” In some cases, this reactivity has been bonds with high enantioselectivities. The latter enzyme
achieved by exploiting the promiscuity of natural active sites;’ catalyzes this reaction with rates comparable to those of
in other cases, abiological reactivity has been achieved by natural enzymes.” The same enzyme also catalyzes the insertion
incorporating synthetic transition metal complexes into natural of nitrenes into C—H bonds with high levels of chemo- and
proteins. Although highly enantioselective reactions catalyzed enantioselectivity.®
by synthetic complexes within a protein have been achieved by Based on these initial studies, we hypothesized that Ir(Me)-
protein engineering and directed evolution,”"” reactions PIX enzymes could catalyze abiological reactions with the
catalyzed by artificial metalloenzymes that occur with modes exquisite levels and range of modes of selectivity displayed by
of selectivity beyond enantioselectivity are rare. natural enzymes, and with the broad substrate scope typical of
Recently, we disclosed that the apo forms of natural heme transition metal catalysts. The addition of a carbene unit to an
proteins reconstituted with native-like cofactors carrying
abiological metal centers catalyze abiological reactions, while Received: December 22, 2016
retaining a native binding site that can be readily evolved to Published: April 1, 2017
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alkene to form a cyclopropane,” mechanistically related to the
insertion of a carbene into a C—H bond,'? is a widely practiced
reaction in organic synthesis. Pharmaceutically active cyclo-
propanes have been investigated recently with particular
intensity,'' ~"’ making this a relevant model reaction for
catalysis by Ir(Me)-PIX enzymes.

Both natural and artificial metalloenzymes have been shown
to catalyze cyclopropanation.'*”"” Heme-containing metal-
loproteins catalyze the addition of monosubstituted carbenes
to activated, terminal alkenes (mono- and 1,1-disubstituted
styrenes) with high TON and selectivity."*'*™*" Artificial
Rh(II)-oligopeptidases catalyze the addition of less reactive,
disubstituted carbenes to activated, monosubstituted alkenes."®
Neither of these enzymes have been shown to catalyze the
addition of carbenes to internal vinylarenes or unconjugated
alkenes. We showed that myoglobins containing iridium in
place of iron do catalyze the cyclopropanation of both terminal
alkenes (1-octene) and internal alkenes (trans-f-methylstyr-
ene), but the reactions occurred with low yields and TON
(<10% yield and <40 TON) and moderate enantioselectivities
(30—82% ee).

Here, we report that artificial metalloenzymes created from a
P450, instead of myoglobin, and Ir(Me)-PIX catalyze the
addition of carbenes to a wide range of alkenes, including
terminal and internal, activated and unactivated, electron-rich
and electron-deficient alkenes. The cyclopropanations of
vinylarenes occur with up to 99% ee, 200:1 dr, 80% yield,
and 10,000 TON, and the cyclopropanations of less reactive
internal and unconjugated alkenes occur with up to 99% ee,
200:1 dr, 76% vyield, and 1300 TON. Mutants of Ir(Me)-PIX
CYP119 also form highly diastereoselective catalysts for the
functionalization of natural terpenes and their derivatives.
Finally, variants of Ir(Me)-PIX P450s react preferentially with
typically less reactive internal alkenes in the presence of
typically more reactive terminal alkenes. Thus, Ir(Me)-PIX
P450s react with a wide range of selectivity modes previously
achieved by only natural enzymes.

We commenced our studies to develop artificial metal-
loenzymes for cyclopropanation of alkenes by evaluating
reactions of ethyl diazoacetate (EDA) with four model
substrates (1—4) in the presence of Ir(Me)-CYP119 (Figure
1, Table 1). Initial evaluation of approximately 100 variants of
Ir(Me)-CYP119 containing mutations at positions within the
active site (positions L69, A209, T213, V254, Figure 1)
identified a pair of mutants that form opposite enantiomers of
the cyclopropane products from reactions of olefins 1—4 and

J CYP119
Bl ) - | Active Site

w Gu,

A152 —

Figure 1. Structure of WT Fe-CYP119 (prepared in UCSF Chimera
from PDB 1107). Right: Structure of Fe-CYP119. Left: Residues
targeted in the evolution of the protein scaffold to increase activity and
selectivity in C—H insertion reactions.

EDA with up to 40:1 dr and up to 86% ee (dr as defined in
Figures 2—4; for details on the process of directed evolution,
see the Supporting Information). For reactions of substrates 1—
2 and 4, enzymes were identified that form the opposite
diastereomer of the product than is formed from reactions
catalyzed by the free Ir(Me)-PIX cofactor (Table 1).
Specifically, the double mutant C317G, V254A (hereafter
referred to as “CYP119(+)”) formed the (1S,2R)-enantiomer of
the cis-cyclopropane 5 with 73% ee, while the second variant,
the triple mutant C317G, L69F, T213V (hereafter referred as
“CYP119(—)”"), gave the opposite enantiomer (1R,2S) of the
cis product § with (—)74% ee. In all cases, the analogous
reactions of substrates 2—4 catalyzed by the mutant CYP119-
(+) formed the diastereomer of the cyclopropane products 6—8
containing the ester and the phenyl ring in a cis relationship to
one another with >2:1 dr and 73—86% ee. The mutant
CYP119(—) gave the opposite enantiomer of the same
cyclopropane diastereomer in >3:1 dr and up to (—)86% ee.
The free cofactor formed the racemic trans-isomer as the major
cyclopropane product in all cases.

These results suggested that stereodivergent catalysts for the
formation of cyclopropanes from diverse alkenes with high
diastereoselectivity and enantioselectivity could be generated by
evolving further just the two mutants CYP119(+) and
CYP119(—). Consequently, we evaluated ~100 variants of
CYP119(+) and CYP119(—) that contain additional mutations
at positions V254, A152, L1SS, F310, and L318 (Figure 1, for
details on the process of directed evolution, see the Supporting
Information). From this library of mutants, we identified
distinct variants of Ir(Me)-CYP119 that catalyze the cyclo-
propanation of all four vinylarenes 1—4 with high enantiose-
lectivity and diastereoselectivity (Figure 2). Specifically, cyclo-
propanation of styrene 1 with EDA in the presence of the
mutant CYP119(+)-L1SSW occurred to form the (1S2R)-
enantiomer of the cis-cyclopropane 5 in (+)98% ee, 90:1 dr,
and 80% yield (10,000 TON). The same reaction in the
presence of CYP119(—)-V254L gave the opposite (1R,2S)-
enantiomer of 5 with (—)98% ee, 73:1 dr, and similar yield
(74%). The diastereoselectivity for the cis products formed by
variants of Ir(Me)-PIX CYP119 was over 6-fold higher than
that by evolved Fe-PIX enzymes,”" and variants of Ir(Me)-PIX
CYP119 were identified that provide either enantiomer of the
cis-cyclopropane product with high enantioselectivity. Because
the solubility of EDA is greater than that of the alkene in water
and because EDA competitively couples with itself to form
alkene, EDA was added by syringe pump. This procedure,
commonly used for the reactions of highly active iridium
catalysts, leads to higher Zields than does the procedure with
batch addition of EDA.””

The cis- and trans-isomers of f-methylstyrene (3 and 4) do
not react with Fe-PIX proteins or artificial metalloenzymes
reported previously, but they underwent highly selective
cyclopropanation reactions in the presence of variants of
Ir(Me)-CYP119(+) and (=), as shown in Figure 2. In the
presence of the mutant CYP119(+)-A152L, cis-alkene 3 reacted
with EDA to form the all-cis diastereomer of the cyclopropane
product 7 with 286 TON, 99% ee, and 36:1 dr (major vs all
other diasteromers with the major diastereomer being 2-¢,3-c:2-
t,3-t, ref = CO,Et, ¢ = cis, t = trans). The mutant CYP119(—)-
V254L afforded the opposite enantiomer of the cyclopropane 7
with 270 TON, >100:1 dr (2-¢,3-c:2-t3-t, ref = CO,Et) and
(—)88% ee. trans-Alkene 4 reacted with EDA in the presence of
the mutant CYP119(+)-A152V, to form the 2-¢3-t-cyclo-
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Table 1. Cyclopropanation of Alkenes of Differing Steric and Electronic Properties with Ethyl Diazoacetate®

CYP119(—)“ free Ir(Me)-PIX

CYP119(+)"

alkene ee (%) dr (cis:trans)
styrene 73 2:1
a-Me-styrene 82 11:1
cis-fi-Me-styrene 75 27:1%
trans-f’-Me-styrene 86 13:1%%
hexen-5-one 79 4:1
cyclopentene 12 2:1etet® ¥
1-octene 66 4:1
cis-2-octene 39 8:1%%*

ee

—74
—86
—18
-32
—88

-78
—-60

(%) dr (cis:trans) ee (%) dr (cis:trans)
S:1 0 1:4
3:1 0 1:2
40:1% 0 10:1%*
4:1%% 0 1:>25%%
8:1 0 1:4
228:1:t:1%%* 3.1:1:3%%%
6:1 0 1:4
1:1%* 0 §. 1%

“Tabulated data describes the outcome of the reactions using two mutants of CYP119 identified in the initial phase of directed evolution in
comparison to the same reactions catalyzed by the free Ir(Me)-PIX cofactor. ¢ = cis, t = trans. *Major diastereomer is 2-¢,3-c:2-£,3-t, ref = COOEt;
**Major diastereomer is 2-,3-c:2-t,3-t, ref = COOEt; ***minor products not determined, major product shown as compound 13, t = trace. For
details, see Table S5. “CYP119 (+): Ir(Me)-PIX CYP119 with the mutations C317G, V254A. CYP119 (=): Ir(Me)-PIX CYP119 with the

mutations C317G, L69F, T213V.

CO,Et

5
EDA, 0.008% catalyst

100 mM NaPi, 100 mM NaCl

up to (+/-) 98% ee

oh

CO,Et

EDA, 0.17% catalyst
100 mM NaPi, 100 mM NaCl

up to (-)93% ee

pH = 6.0 upto90: 1dr 2 pH=6.0 up to 84% yield
Parent Mutant Additional Mutations ee (%) dr* Yield TON Parent Mutant Additional Mutations ee (%) dr* Yield TON
Ir(Me)-CYP119(+) L155W 98% 90:1 80% 10184 T213G, V254L - 82% 11:1 40% 240
Ir(Me)-CYP119(-) V254L -98% 73:1 74% 9420 Ir(Me)-CYP119(-) L155T -93% 5:1 84% 504
Selectivity of Free Ir(Me)-PIX [ 0% 1:4 | Selectivity of Free I(Me)-PIX | 0% 1:2 |
* cis : trans * cis : trans
CO,Et CO,Et
X EDA, 0.1% catalyst .
X EDA, 0.17%- 0.18% catalyst 7 100 VI NaP7 100 M NaC 8
N mi arl, m a
3 100 mM Naﬁ.,_1608 mM NaCl up to 99% ee 4 oH = 6.0 Up to 94% ee
pr =0 upto171:1dr upto30:1dr
Parent Mutant Additional Mutations ee (%) dr* Yield TON Parent Mutant Additional Mutations ee (%) dr* Yield TON
Ir(Me)-CYP119(+) A152L 99% 36:1 54% 286 Ir(Me)-CYP119(+) A152V 90% 30:1 31% 310
Ir(Me)-CYP119(-) V254L -88% 171:1  45% 270 T213G, V254L A152Y 94% 1:6 22% 220
Selectivity of Free Ir(Me)-PIX | 0% 10:1 Selectivity of Free Ir(Me)-PIX I 0% 1:25 I

* 2-¢, 3-c : 2-t, 3-t, Ref = COOEt

*2-c,3-t: 2-t, 3-c, Ref = COOEt

Figure 2. Cyclopropanation of vinylarenes with different substitution patterns on the alkene. The reactions were conducted with 1 mL of alkene
under the listed conditions using 20 mM alkene and 3 equiv of EDA (added over 3 h by syringe pump as a 30% (v:v) solution in DMF). ¢ = cis, t =
trans. The yields were determined by GC using dodecane as internal standard. The absolute stereochemistry of products for 1 and 2 was assigned
based on prior literature (see the Supporting Information). The (1S,2R)-enantiomer of product S was formed in 98% ee, and the (1R2S)-
enantiomer was formed in —98% ee. The (15,25)-enantiomer of product 6 was formed in 82% ee, while the (1R,2R)-enantiomer was formed in
—93% ee. The absolute configurations of products 7 and 8 were not assigned. All variants contained the mutations C317G in addition to those listed.

propane 8 with 310 TON, 30:1 dr (2-¢,3-t:2-1,3-c, ref = CO,Et),
and 90% ee.

By following a different evolutionary trajectory, we also
identified mutants that form the opposite diastereomer of the
cyclopropane formed from trans-f-methylstyrene 4 (for details
on the process of directed evolution, see the Supporting
Information). The reaction of trans-alkene 4 and EDA in the
presence of the variant C317G, T213G, V254L, A152Y
afforded the cyclopropane with a trans relationship between
the ester and the phenyl group with 220 TON, 94% ee, and 6:1
dr (2-43-c:2-¢,3-t, ref = CO,Et) (Figure 2).

Having identified highly selective Ir(Me)-PIX CYP119
variants for cyclopropanation reactions, we evaluated these
artificial enzymes as catalysts for the cyclopropanation of
unactivated alkenes. This class of alkene has not been reported
to react in the presence of Fe-PIX enzymes. The mutants
CYP119(+) and CYP119(—) catalyzed the reaction of hexen-2-
one 9 and EDA to form opposite enantiomers of cis-
cyclopropanes (Table 1). Highly selective variants of the

304

enzymes were identified from the pool of 12 mutants that
catalyzed the reactions of substrates 1—4 with the highest
enantioselectivities (Figure 3). No further mutagenesis was
needed to achieve high diastereoselectivity and enantioselec-
tivity. In the presence of CYP119(—)-V2S4L-L1SST, the
terminal alkene 9 underwent cyclopropanation with EDA to
form the cis-cyclopropane 10 in (—)99% ee, 7:1 dr (cis:trans),
and 68% yield with 1006 TON. The variant CYP119(+)-
L155W formed the opposite enantiomer of the cis-cyclo-
propane (44% yield, 440 TON, 99% ee, 19:1 dr). The related
substrate 1-octene was also functionalized with high enantio-
and diastereoselectivity to form cyclopropane 11 (Figure 4),
although the yield of this reaction was likely limited by the poor
water solubility of 1-octene.

Internal, unactivated, aliphatic alkenes also underwent highly
stereoselective cyclopropanation in the presence of the
derivatives of Ir(Me)-PIX CYP119(+) and (—). The reaction
of cyclopentene 12 and EDA formed cyclopropane 13 in 76%
yield with 1300 TON in the presence of CYP119(—)-F310W

DOI: 10.1021/acscentsci.6b00391
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CO,Et

o 10

up to (+/-) 99% ee
up to 68% yield

EDA, 0.06% - 0.1% catalyst

100 mM NaPi, 100 mM NaCl
pH = 6.0

D

lo) 9

Parent Mutant Additional Mutations  ee (%) dr * Yield TON
Ir(Me)-CYP119(+) L155W 99% 19:1 44% 440
Ir(Me)-CYP119(-) V254L, L155T -99% 7:1 68% 1006

Selectivity of Free Ir(Me)-PIX | 0% 1:4 |
* cis : trans
(¢]
\S—OMe

EDA, 0.05% catalyst
100 mM NaPi, 100 mM NaCl

E: :O
OMe pH = 6.0 “H 13
12 EtO,C L
> 99.5% selectivity

up to 76% yield

Hiu.

Parent Mutant Additional Mutations dr* Yield TON
Ir(Me)-CYP119(-) | F310W 204:1:t:t 76% 1300
Selectivity of Free Ir(Me)-PIX [3:1:1:3]

*Major diastereomer 9 as shown. Minor diastereomers not determined

Figure 3. Cyclopropanation of aliphatic alkenes. The reactions were
conducted on 1 mL scale under the listed conditions using 20 mM
alkene and 3 equiv of EDA (added over 3 h by syringe pump as a 30%
(v:v) solution in DMF). The yields were determined by GC using
dodecane as internal standard. The stereochemistry of products was
assigned based on NMR analysis (see the Supporting Information);
the absolute stereochemistry of 10 was not assigned.

Formation of Additional Products

CO,Et
> CO,Et

\/\/\\\\‘Q
1" 14
90% ee, 15 : 1 dr, 496 TON 14 :1dr, 36 TON
CO,Et

OMe
EtO,C

15
94% ee, 108 : 1 dr, 99 TON

16
80% ee, 8 : 1dr, 45 TON

Figure 4. Outcomes of cyclopropanation reactions of additional
aliphatic alkenes with EDA. The reactions were conducted on 1 mL
scale under the listed conditions using 20 mM alkene and 3 equiv of
EDA (added over 3 h by syringe). Product 11 was obtained using the
variant CYP119-C317G, A209G (0.02 mol % cat.). Product 14 was
obtained using the variant CYP119 C317G, T213G, V254L, L318F,
L1SSW (0.2 mol % cat.). Product 15 was obtained using the variant
CYP119(—)-V254L (0.1 mol % cat.), and product 16 was obtained
using the variant CYP119(+)-L1SSW (0.2 mol % cat.). The TON
were determined by GC using dodecane as internal standard. The
stereochemistry of products was assigned based on NMR analysis and
literature reports (see the Supporting Information); the absolute
stereochemistry of 16 was assigned based on literature reports (see the
Supporting Information); the absolute stereochemistry of products 14
and 16 was not assigned.

(Figure 3). The stereoisomer 13 was >99.5% of the
cyclopropane diastereomers. This diastereoselectivity contrasts
sharply with that of the reaction in the presence of the free
Ir(Me)-PIX cofactor. The free cofactor formed a mixture of

305

four diastereomers, none of which accounted for >45% of the
product. The related substrate cyclooctene reacted with EDA in
the presence of the mutant T213G, V254L, L318F, L155W to
form the cis-cyclopropane 14 with 14:1 dr and 36 TON (Figure
4). Like the yield of the reaction of l-octene, the yield of this
reaction was likely limited by the poor water solubility of the
alkene.

The acyclic, internal alkene cis-2-octene also underwent
stereoselective cyclopropanation with EDA. This reaction
formed cyclopropane 15 in up to 94% ee, 108:1 dr, and with
99 TON in the presence of Ir(Me)-CYP119(—)-V254L (Figure
4). No comparable stereoselectivities have been achieved using
a small molecule catalyst for the cyclopropanation of acyclic,
internal, aliphatic alkenes.”’

Electron poor, unactivated, 1,1-disubstituted alkenes also
underwent stereoselective cyclopropanation in the presence of
Ir(Me)-CYP119 enzymes, but with modest yields and turnover
numbers (Figure 4). The variant CYP119(+)-155W catalyzed
the reaction of ethyl methacrylate and EDA to form the
product 16 in 80% ee and 8:1 dr (cis:trans) with 47 TON. The
variant CYP119(—)-L155V afforded the opposite enantiomer
of 16 with 88% ee, 1:1 dr, and 145 TON.

Because of this reactivity of the artificial enzymes for
cyclopropanation of aliphatic alkenes, we investigated the
cyclopropanation of unactivated aliphatic alkenes commonly
found in natural products, such as the terpenes (Figure S). The
selective cyclopropanation of this class of molecules represents
a challenging synthetic problem because of the possibility to
form multiple diastereomeric products.24 In fact, we found that
commonly used Rh****~** catalysts form a complex mixture of
all diastereomers in the reactions of chiral, nonracemic 1,1-
disubstituted alkenes (Figure S3). An enzyme catalyst provides
the potential to recognize the overall structure of the substrate,
rather than the local orientation of substituents at the alkene or
relative local size of substituents at the alkene.

The evaluation of the cyclopropanation reactions of seven
terpenes 17—23 catalyzed by a library of mutants of Ir(Me)-
PIX CYP119 revealed that specific variants of the enzyme
catalyze the reactions with strong control over diastereose-
lectivity (Figure S and Table S2). For example, the reaction of
f-pinene and EDA in the presence of the free Ir(Me)-PIX
cofactor occurred to form an equimolar mixture of diaster-
eomers (17), whereas the same reaction in the presence of
Ir(Me)-CYP119-T213V formed predominantly one isomer of
the product, with 7:1 dr. In the presence of the same variant of
the enzyme, (+)-pinocarvone, a close derivative of fS-pinene,
underwent reaction with EDA to form one major isomer of the
product 18, which is 89% of the stereoisomers formed, while
the same reactions catalyzed by the free cofactor formed this
isomer as only 43% of the cyclopropane product.

Cyclopropanations of the other five terpenes catalyzed by
variants of Ir(Me)-CYP119 also occurred with diastereoselec-
tivities that were distinct from those of reactions of the free
cofactor. The major diastereomers from the reactions catalyzed
by the enzymes were different from those of the reactions
catalyzed by the free cofactor, and the reactions catalyzed by
the enzymes occurred with higher diastereoselectivities. In the
presence of the mutant T213G, V254L, L15SW, cyclopropanes
19—-21 were formed with the major diastereomer being 73—
79% of the stereoisomers formed, while the same reactions
catalyzed by the free Ir(Me)-cofactor produced the same
diastereomers as only 9—12% of the cyclopropanation
products. Similarly, in the presence of the same mutant of

DOI: 10.1021/acscentsci.6b00391
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wOAc
o H CO,Et
COEt COEt /Vﬂ
17 18 19
Free Cofactor Free Cofactor Free Cofactor
1:1dr 1:45:5%dr 1:1:4:3dr
(T213V) (T213V) (T213G, V254L,
7:1dr 1:16:1*dr L155W)
* - two diastereomers 14:2:1:1dr
. (o] Optimized Conditions:
' 0.2% Ir(Me)-PIX CYP119
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Figure S. Cyclopropanation reactions of natural terpenes and their derivatives. Above: selectivities obtained from Ir(Me)-PIX CYP119 variants
identified by directed evolution. Below: The reaction of (—)-carvone with EDA under conditions optimized to produce the product in the highest
yield and diastereoselectivity. The yields were determined by GC using dodecane as internal standard. EDA was added slowly using a syringe pump.

the enzyme, the cyclopropanation of (—)-carvone (23)
occurred to form a product mixture consisting of 73% of a
major diastereomer which was a minor diastereomer (11%)
formed in the presence of the free cofactor. The reaction of
(+)-limonene (22) with EDA occurred with higher stereo-
selectivity when catalyzed by a Ir(Me)-CYP119 variant
containing the additional mutation L318F.

After identifying a selective enzyme for each substrate, we
conducted studies to determine if modification of the reaction
parameters would result in an improvement in the yield of
reactions of this class of substrate. Using the reaction of carvone
with EDA as a representative example, we found that the
reaction of carvone 23 with 10 equiv of EDA delivered the
cyclopropane products in 76% vyield, with 380 TON, and
8:1:1:1 diastereoselectivity. The (1S,2R)-isomer 24 was the
major product, as determined by single-crystal X-ray diffraction
of the semicarbazone derivative (Figure S). The Ir(Me)-PIX
enzyme was also suitable for reactions on a preparative scale:
the reaction of 1 mmol of carvone gave product 20 in 52%
isolated yield with 1400 TON and with diastereoselectivity that
was comparable to that observed for the reaction on an
analytical scale.

To determine the relative propensity of these artificial
enzymes and more conventional chiral rhodium catalysts to
catalyze stereoselective cyclopropanations, we conducted the
reactions of carvone with two dirhodium complexes that are
well established to catalyze enantioselective cyclopropanations
of certain alkenes. In contrast to the high selectivity for the
reaction of carvone catalyzed by the artificial metalloenzyme,
the reactions catalyzed by Rh,(SR-MEPY), and Rh,(4S-
MEOX), occurred with low diastereoselectivity. The cyclo-
propanation of carvone catalyzed by these complexes formed
the four diastereomers in 1:2:2:3 and 3:1:3:1 ratios, respectively
(Table $3).*°

Selective binding of one substrate in the presence of a
mixture allows natural enzymes to react with substrates that are
typically less reactive in the presence of those that are typically
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30,31 . -
more reactive.” "~ The sizes of alkenes 25 and 26 are similar,

but the position of the double bond is different. Hence, the
reactivity of these two alkenes is different and the terminal
alkene is more reactive toward most catalysts (Figure 6).”* The

Et0,C

EDA,

Catalyst
—» EtO,C

Ir(Me)-PIX
25 | + —_—
15
25 | + ‘ + 1 65 : 35 ratio (15 : 11)

Figure 6. Substrate-selective cyclopropanation catalyzed by a variant of
CYP119 in comparison to the same reaction catalyzed by the free
cofactor. Reaction conditions: 10 mM 25, 10 mM 26, 60 mM EDA
(added by syringe pump over 1 h), 0.17% catalyst, 100 mM NaPi/100
mM NaCl, pH 6.0, 3 vol % DMF. The amounts of 11 and 15 are the
sum of all stereoisomers of the product. In the case of the enzyme
catalyzed reaction, 11 and 15 were produced in comparable
stereoselectivities to those of reactions of the individual substrates.

® + n

10 : 90 ratio (15 : 11)

I(Me)-PIX

CYP119(-)-V254L

reaction of a mixture of 25 and 26 in the presence of the free
Ir(Me)-PIX occurred preferentially with 1-octene 25 over 2-
octene 26 to form cyclopropane 11 as 92% of the total product
mixture. In sharp contrast, the reaction of EDA with a mixture
of 25 and 26 catalyzed by Ir(Me)-CYP119(—)-V254L occurred
predominantly with 15, producing a 65:35 ratio of 15 to 11.
This result constitutes the first example of substrate-selective
catalysis achieved with artificial metalloenzymes.
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The body of results of this study demonstrate that artificially
metalated P450 enzymes retain the properties of the active sites
of native P450 enzymes. The results obtained for the substrates
presented here, which have different sizes and shapes, distinct
substitution patterns, and varied electronic properties, under-
score the potential of the active site of CYP119 to be evolved to
accommodate a wide range of substrates and the Ir(Me)-center
to react with a broader scope of structures than has been
achieved with Fe-PIX enzymes. Such artificial metalloenzymes
perform catalytic transformations with exquisite stereoselectiv-
ity and with access to modes of selectivity of natural enzymes
previously unrealized by artificial metalloenzymes. This
approach creates avenues to combine, in a practical way, the
abiological reactivity of transition metals with exquisite
selectivity of enzymes.
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