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ABSTRACT: Hemoproteins have recently emerged as promising biocatalysts for promoting a variety of carbene transfer
reactions including cyclopropanation and Y—H insertion (Y = N, S, Si, B). For these and synthetic carbene transfer catalysts
alike, achieving high chemoselectivity toward cyclopropanation in olefin substrates bearing unprotected Y—H groups has proven
remarkably challenging due to competition from the more facile carbene Y—H insertion reaction. In this report, we describe the
development of a novel artificial metalloenzyme based on an engineered myoglobin incorporating a serine-ligated Co-porphyrin
cofactor that is capable of offering high selectivity toward olefin cyclopropanation over N—H and Si—H insertion.
Intramolecular competition experiments revealed a distinct and dramatically altered chemoselectivity of the Mb-
(H64V,V68A,H93S)[Co(ppIX)] variant in carbene transfer reactions compared to myoglobin-based variants containing the
native histidine-ligated heme cofactor or other metal/proximal ligand substitutions. These studies highlight the functional
plasticity of myoglobin as a “carbene transferase” and illustrate how modulation of the cofactor environment within this
metalloprotein scaffold represents a valuable strategy for accessing carbene transfer reactivity not exhibited by naturally

occurring hemoproteins or transition metal catalysts.

B INTRODUCTION

The transition-metal catalyzed insertion of carbenoids into
C=C, C—H, and Y-H bonds (Y = N, S, O, Si, B) represents
an important class of transformations for the construction of
new carbon-carbon and carbon-heteroatom bonds." A plethora
of organometallic catalysts, including Rh-, Ir-, Ru-, Cu-, Co-,
and Fe-based complexes, have been reported to promote these
transformations.” More recently, our group and others have
demonstrated the ability of engineered hemoproteins derived
from myoglobin® and cytochrome P450s,” respectively, to
provide viable biocatalysts for mediating olefin cyclopropana-
tions as well as other types of carbene-mediated trans-
formations, including N—H insertion,* S—H insertion,” and
Si—H insertion.® Artificial “carbene transferases” based on
these”®” or other protein scaffolds® have also been reported.
Among carbene-mediated transformations, olefin cyclo-
propanations are particularly attractive owing to the relevance
of cyclopropane rings as structural motifs in medicinal
chemistry and drug discovery.” Despite major progress made
in transition metal-catalyzed carbene transfer chemistry,’ the
development of catalytic systems capable of favoring olefin
cyclopropanation over carbene Y—H insertion reactions has
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remained an unmet challenge. Indeed, studies involving
different types of organometallic catalysts invariably showed
that the more facile Y—H carbene insertion outcompetes olefin
cyclopropanation in both inter- and intramolecular settings.'’
A similar reactivity trend is exhibited by hemoprotein-based
carbene transfer catalysts as documented by our own studies
(vide infra) and reports from other groups.*® Indeed, Arnold
and co-workers reported the exclusive occurrence of N—H
insertion in the P450-catalyzed transformation of p-amino-
styrene with ethyl a-diazoacetate® and exclusive formation of
the Si—H insertion product in the cytochrome c-catalyzed
transformation of a silane group-containing styrene derivative
with ethyl a-diazopropanoate.® In this context, the develop-
ment of carbene transfer catalysts capable of favoring
cyclopropanation in substrates bearing unprotected Y—H
groups is highly desirable as these systems would not only
complement the chemoselectivity of (bio)catalysts currently
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available for these reactions, but also disclose new oppor-
tunities toward the selective cyclopropanation of densely
functionalized olefin substrates. Herein, we report the
development and characterization of a myoglobin-based
biocatalyst that is able to display high chemoselectivity toward
olefin cyclopropanation over N—H and Si—H insertion, a
unique reactivity acquired through substitution of the native
histidine-ligated heme cofactor with a non-native serine-ligated
Co-porphyrin.

B RESULTS AND DISCUSSION

At the incipit of these studies, we selected the Mb-
(H64V,V68A) variant as the starting point for catalyst
development in reason of its high catalytic activity (>10,000
turnovers (TON)) and stereoselectivity (95—99% de and ee)
in the cyclopropanation of vinylarene substrates in the
presence of ethyl a-diazoacetate (EDA) as the carbene
donor.” This variant also exhibits high activity toward the
functionalization of arylamines® and mercaptan substrates’
with diazoester reagents via carbene N—H and S—H insertion,
respectively. Carbene insertion into the Si—H bonds of silanes
is a facile transformation for carbene transfer catalysts.'' To
assess the Si—H insertion activity of Mb(H64V,V68A), we
examined the transformation of dimethylphenyl silane (1a) in
the presence of EDA (2) to give the functionalized product 1b
(Table 1). As expected, this reaction proceeded efficiently,

Table 1. Myoglobin-Catalyzed Carbene Si—H Insertion with
Dimethylphenyl Silane 1a and EDA 2

Me\S{Me o 0.0c1a-t1a Imsc’:I% Me\S{Te)OJ\

N |

Oy rom s o

+ o
N, N.823204
KPi (pH 7.0)

1a 1b

(1.0 equiv) (2.0 equiv)

entry catalyst cat. loading % yield” TON

1 hemin 1 mol % 15 15
2 Mb 0.2 mol % 35 175
3 Mb(H64V,V68A) 0.2 mol % 66 330
4 Mb(H64V,V68A) 0.01 mol % 15 1545

“Reaction conditions: 10 mM dimethylphenyl silane, 20 mM EDA, 10
mM Na,$,0,, 1-100 uM catalyst in SO mM phosphate buffer (pH

7.0). YBased on GC conversion using calibration curves with isolated
1b.

resulting in the clean formation of the Si—H insertion product
in 66% yield in the presence of 0.2 mol % catalyst (330 TON;
Table 1, entry 3). By comparison, negligible Si—H insertion
activity was observed for free hemin (15 TON; Table 1, entry
1), whereas wild-type sperm whale myoglobin (Mb) displayed
a 2-fold lower activity compared to the Mb(H64V,V68A)
variant (175 TON; Table 1, entry 2). Under catalyst-limited
conditions, Mb(H64V,V68A) was found to support over 1,500
turnovers in this reaction (Table 1, entry 4). This catalytic
activity compares favorably with that recently reported for the
same silane substrate and ethyl a-diazopropanoate by an
engineered cytochrome ¢ variant optimized by directed
evolution for this reaction (2,520 TON)® or that of other
metallopeptide/protein complexes investigated in the context
of related Si—H insertion reactions."” Altogether, these results
demonstrated that Si—H insertion reactions are readily
catalyzed by the Mb-based “carbene transferase” as expected
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based on its previously observed reactivity toward other
electron-rich Y—H substrates."””

On the basis of these results, we were interested in assessing
the chemoselectivity of Mb(H64V,V68A) in the cyclo-
propanation of 4-(dimethylsilyl)styrene (3a) in which the
silane group (Si—H) can compete for carbene insertion with
the olefinic group (Table 2). This reaction led to minimal

Table 2. Chemoselectivity of Myoglobin and Other
Hemoproteins in the Reaction with 4-
(Dimethylsilyl)styrene (3a) or para-Amino-styrene (4a) and

EDA“
0]
IO
H. + |
Y N,
. 2
Y-H = Si(CH3),H (3a) .
Y-H = NH, (4a) (1.0 equiv)
(1.0 equiv)
biocatalyst
KPi buffer (pH 7), r.t.
X
CO,Et + /©/\
A~
H‘Y EtO,C” 'Y
Y-H = Si(CH3),H (3b) Y = -Si(CH3),- (3¢)
Y-H = NH, (4b) Y = -NH- (4c)

% yield (3b  3b:3c % yield £4b 4b:4c

entry catalyst + 3c) ratio + 4¢) ratio
1 Mb 6 3:97 65 1:99
2 Mb(H64V,V6SA) 13 4:96 85 0:100
3 HRP 1 11:89 96 0:100
4 catalase 1 9:91 6 2:98
S P450mp <0.5 5:95 24 1:99
6 FL#62 4 5:95 25 1:99
7 cytochrome ¢ 10 5:95 57 1:99

“Reaction conditions: 10 mM 3a or 4a, 10 mM EDA, 10 mM
Na,$,0, 20 uM catalyst in 50 mM phosphate buffer (pH 7.0).
YBased on GC conversion using calibration curves with isolated 3b,
3¢, 4b, and 4c.

formation (4%) of the desired cyclopropane product 3b with
the Si—H insertion adduct 3c representing the largely
predominant product (96%; Table 2, entry 2). Albeit with
lower efficiency (1—10% vs 13% conv.), a similar reactivity
profile was observed for a variety of other hemoproteins,
including horseradish peroxidase (HRP), catalase, cytochrome
P450p; and its engineered variant FL#62,"” and cytochrome ¢
(Table 2, entries 3—7) with which the cyclopropanation
product 3b is formed only in minor amounts (<5—11%)
compared to the Si—H insertion product. The results with
wild-type equine heart cytochrome ¢ are consistent with those
recently reported in a related reaction with cytochrome ¢ from
Rhodothermus marinus.’

To examine the relative reactivity toward olefin cyclo-
propanation vs N—H insertion, similar experiments were
conducted in the presence of para-amino-styrene (4a) and
EDA as the carbene donor reagent. Interestingly, in addition to
Mb(H64V,V68A), horseradish peroxidase and cytochrome ¢
were found to be particularly active in the transformation of
this substrate, leading to the N—H insertion product in 96 and
57% vyields, respectively (Table 2, entries 3 and 7). For these
and all the other hemoproteins, however, the desired
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cyclopropanation product 3b was either not formed (HRP) or
produced only in negligible amounts (<1-2%). Along with
observations previously made with synthetic catalysts,'** "
these results corroborated the notion that preferential
formation of the cyclopropanation product in substrates
containing an unprotected Si—H or N—H group is not
attainable using currently available carbene transfer catalysts
and biocatalysts.

The carbene transfer activity of Mb hinges upon the
formation of a carbene-heme intermediate at the level of the
active site (ie., distal heme pocket),” whose reactivity is
influenced by the nature of the porphyrin ligand and axial
residue.* Previously, we established that modification of the
metalloporphyrin cofactor environment within this scaffold,
i.e., through substitution of the metal,”* porphyrin ligand,” or
metal-ligating proximal residue,'* can modulate the carbene
transfer reactivity of this metalloprotein. On the basis of these
findings, we hypothesized that this approach could furnish a
means to tune the chemoselectivity of myoglobin-based
cyclopropanation catalysts and thus access Mb variants capable
of favoring olefin cyclopropanation over the inherently more
facile carbene Y—H insertions in functionalized substrates
where both reactions are possible (e.g, 3a and 4a).

Toward this goal, we prepared a library of Mb-
(H64V,V68A)-derived variants in which the native heme is
substituted with Co(ppIX), Mn(ppIX), and Rh(mpIX). In
addition, the native metal-coordinating His residue (His93)
was varied to include alternative nucleophilic residues (i.e.,
Cys, Ser, Tyr) as well as non-Lewis basic amino acids (i.e., Ala
and Phe). On the basis of the available crystal structure of
Mb," the His93Ala and His93Phe variants were expected to
alter steric access at the proximal side of the metalloporphyrin
cofactor for either enabling or disfavoring, respectively, axial
coordination of the metal by a water molecule. Conveniently,
these artificial metalloenzymes could be produced directly in E.
coli cells arrayed in 96-well plates by exploiting our recently
introduced protocol for the recombinant expression of
cofactor-substituted myoglobins.”"¢

The catalytic activity and selectivity toward cyclopropana-
tion vs Si—H insertion of the cofactor-modified Mb variants
was then assessed in whole-cell reactions™ containing 4-
(dimethylsilyl)styrene 3a and EDA. The results from these
experiments are graphically summarized in Figure 1a, and the
most representative data are provided in Table 3. Interestingly,
these analyses revealed a significant impact of both the metal
and proximal residues on the catalytic activity and chemo-
selectivity of the reaction. For example, in the presence of the
native heme cofactor (Fe(ppIX)), only the His93Ser variant
exhibited comparable activity to the parent protein Mb-
(H64V,V68A) (Table 3, entries 1 and 2). In contrast, the most
active catalysts among the Mn-containing Mb variants feature a
non-nucleophilic residue (i.e., Ala or Phe) in place of the
proximal histidine residue (Table 3, entries 3—5). More
importantly, heme replacement with the non-native cofactor
Co-protoporphyrin IX (Co(ppIX)) induced a dramatic shift in
the chemoselectivity of the Mb catalyst to favor the formation
of the cyclopropanation product, leading to 3b:3c ratios
ranging from 40:60 to 74:26 (Figure la). This reactivity is in
stark contrast with that of the Fe-, Mn-, and Rh-containing
variants, which greatly favor the formation of the Si—H
insertion product (3b:3c ratios from 4:96 to 11:89; Figure 1a).

Among the Co-substituted variants, Mb-
(H64V,V68A,H93S)[Co(ppIX)] displayed the most optimal
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Figure 1. Screening data for the cofactor/proximal ligand-substituted
Mb(H64V,V68A) variants in the reactions with (a) 4-(dimethylsilyl)-
styrene 3a or (b) 4-amino-styrene 4a, and EDA. The pie charts
indicate the product distribution (light blue for Si—H and N—H
insertion products 3¢ and 4c, respectively; blue for cyclopropanation
product 3b and 4b, respectively; dark blue for multiple insertion
byproduct(s)). The activity (% GC yield) is represented as filling
color.

Table 3. Catalytic Activity and Selectivity of Selected
Mb(H64V,V68A) Variants in the Reaction with 4-
(Dimethylsilyl)styrene (3a) and EDA”

\
Me—Si 3b

Me
Me\ ./Me 0 Mb catalyst

Siv, (whole cells) F',
A + | OEt —_— +

N2 buffer (pH 7.2) Me_ Meo
3a 2 v©/8| OEt
(1.0 equiv) (1.0 equiv) A 3c
entry protein cofactor % yield” 9% 3b° % 3c°
1 Mb(H64V,V68A) Fe(ppIX) 41 )
2 Mb(H64V,V68A,H93S)  Fe(ppIX) 36 4 96
3 Mb(H64V,V68A) Mn(ppIX) 18 s o4
4 Mb(H64V,V68AH93A)  Mn(pplX) 36 3 9%
5 Mb(H64V,V68AHO3F)  Mn(pplX) 35 4 9%
6  Mb(H64V,V68A) Co(ppIX) 37 33 49
7 Mb(H64V,V68A,H93S)  Co(pplX) 44 74 24
8  Mb(H64V,V68AH93F)  Co(pplX) 25 63 10
9  Mb(H64V,V68A) Rh(mpIX) 33 6 94

“Reaction conditions: 10 mM 3a, 10 mM EDA, E. coli whole cells
expressing Mb variant (ODgo, = 40) in S0 mM phosphate buffer (pH
7.2). Based on GC conversion using calibration curves with isolated
3b and 3c. “The remainder to 100% corresponds to double insertion
product(s).
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combination of high chemoselectivity for cyclopropanation
over Si—H insertion (74% selectivity) and good catalytic
activity (Table 3, entry 7). Attempts to further optimize the
Mb(H64V,V68A,H93S)[Co(ppIX)]-catalyzed reaction by
varying the substrate loading and/or 3a:EDA ratio did not
result in significant improvements in the yield of 3b, indicating
that the reaction conditions applied during the catalyst
screening were already optimal for this transformation.

From the systematic set of structure—activity data collected
in these experiments, it became apparent that, whereas the
cobalt metal center is critical for inducing the desired
selectivity toward cyclopropanation (6% — 33%; Table 3,
entry 6 vs 1), axial coordination by the serine residue is
beneficial toward enhancing this reactivity (33% — 74%; Table
3, entry 7 vs 6). Control experiments using free Co(ppIX) as
the catalyst (2 mol %) under identical reaction conditions (10
mM 3a, 10 mM EDA, 10 mM Na,S,0, in phosphate buffer,
pH 7.2) resulted in negligible formation of product (<1%
yield), most of which consisted of the Si—H insertion product
(80%). These results further evidenced the critical role of the
protein matrix in modulating the reactivity and selectivity of
the Co-protoporphyrin IX cofactor.

Encouraged by these results, the panel of Mb(H64V,V68A)-
based variants was screened against 4-amino-styrene (4a) in
which carbene insertion into the N-H bond of the amino group
was found to greatly outcompete cyclopropanation of the C=C
bond in the reactions catalyzed by Mb(H64V,V68A) and other
carbene transfer (bio)catalysts (Table 2). As shown by the data
summarized in Figure 1b, also in this case substitution of the
metal and axial ligand was found to significantly alter the
efficiency and/or chemoselectivity of the reaction. Specifically,
all the Fe-containing variants maintain high preference for the
N-—H insertion reaction (95—96%) over the cyclopropanation
reaction regardless of the nature of the proximal residue. Most
of these variants also display significantly reduced activity
compared to Mb(H64V,V68A) with the only exception being
the H93F variant, whose catalytic activity is only moderately
affected (47 vs 63% yield; Table 4, entry 2 vs 1).

In comparison, metal substitution appeared to have a more
profound impact on the chemoselectivity of the metalloprotein
catalyst. Across the board, the Co-substituted variants
displayed a more pronounced propensity to promote the
formation of the cyclopropanation product 4b (10—62%
selectivity; Figure 1b) when compared to the Mn-containing
variants and most of the Rh-containing variants (5—15%
selectivity).

As observed for the Si—H insertion vs cyclopropanation
reaction with 3a, the Mb variant combining the Co(ppIX) and
His93Ser substitution emerged as the most efficient and
chemoselective catalyst for promoting the cyclopropanation of
4a to give the desired product 4b (62% selectivity; Table 4,
entry 7). Again, coordination of the cobalt center by the serine
residue appears to be critical for enhancing this chemo-
selectivity feature, as evidenced by the 3- to 6-fold higher
selectivity of this variant toward favoring cyclopropanation
over N—H insertion when compared to both the histidine-
ligated and the structurally similar cysteine-ligated counterparts
(Table 4, entry 7 vs 5 and 6). The Mb(H64V,V68A,H93S)-
[Co(ppIX)]-catalyzed conversion of 4a could be further
optimized to yield the cyclopropanation product 4b with
72% selectivity in 45% yield (Table 3, entry 8). Control
reactions with free Co(ppIX) cofactor in buffer show minimal
conversion of 4a to a mixture of 4b and 4c (<1% yield).
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Table 4. Catalytic Activity and Selectivity of Selected
Mb(H64V,V68A) Variants in the Reaction with 4-Amino-

styrene (4a) and EDA”
/@Acoza
HoN 4b

NH, fﬂﬁoﬁ?iﬁ)
\/©/ + ,\fj\OEt [E— +
2 buffer (pH 7.2) H (]
4a 2 \/©/ VAo
(1.0 equiv) (1.0 equiv) A 4c
entry protein cofactor % yield” % 4b° % 4c°
1 Mb(H64V,V68A) Fe(ppIX) 63 3 96
2 Mb(H64V,V68AH93F)  Fe(ppIX) 47 2 98
3 Mb(H64V,V68A) Mn(ppIX) 25 7 91
4 Mb(H64V,V68AH93Y)  Mn(pplX) 11 16 81
S Mb(H64V,V68A) Co(ppIX) 6 18 75
6  Mb(HG64V,V68A,H93C)  Co(ppIX) 19 0 8
7 Mb(H64V,V68AH93S)  Co(ppIX) 38 62 28
8¢ Mb(HG64V,V68A,H93S)  Co(pplX) 45 72 24
9 Mb(H64V,V68A) Rh(mpIX) 4 s6 28
10 Mb(H64V,V68AH93A)  Rh(mpIX) 50 6 90

“Reaction conditions: 10 mM 4a, 10 mM EDA, E. coli whole cells
expressing Mb variants (ODg = 40) in SO mM phosphate buffer (pH
7.2). Based on GC conversion using calibration curves with isolated
4b and 4c. “The remainder to 100% corresponds to double insertion
product(s). “With 10 mM 4a, 7.5 mM EDA, and whole cells at OD,,
= 80.

Interestingly, the Rh-based variant Mb(H64V,V68A)[Rh-
(mpIX)] also exhibited significantly improved selectivity
toward cyclopropanation vs N—H insertion compared to the
parent variant Mb(H64V,V68A) (3% — 56% selectivity; Table
4, entry 9 vs 1). However, this change in chemoselectivity is
accompanied by a drastic reduction in catalytic activity, making
it an inferior catalyst compared to Mb(H64V,V68A,H93S)-
[Co(ppIX)]. Still, it is interesting to note the distinctive effect
of the proximal histidine toward inducing the observed
chemoselectivity shift in the Rh-based variant compared to
the other residues introduced at this position (Figure 1b) or to
the His93Ala counterpart in which axial coordination of the
metal is not available (Table 4, entry 10 vs 9). As for
Mb(H64V,V68A,H93S)[Co(ppIX)], these results highlight
the interplay of the effects resulting from metal and proximal
ligand variation in tuning the reactivity and chemoselectivity of
these biocatalysts.

On the basis of these results, Mb(H64V,V68A,H93S)[Co-
(ppIX)] was selected for further characterization. This variant
could be efficiently expressed and isolated from E. coli as
holoprotein in good yields (~8 mg/L culture). Its UV—vis
spectrum shows a strong absorption band at 425 nm and two
weak absorption bands at 535 and 570 nm corresponding to
the Soret and Q-bands of the protein, respectively (Figure 2a).
Upon addition of sodium dithionite (Na,S,0,), the Soret band
shifts to 405 nm, which was assigned to the reduced Co(II)
form of the metalloprotein. Unlike the iron-based counterpart,
only partial reduction (~40%) of Mb(H64V,V68A,H93S)-
[Co(ppIX)] was observed with excess sodium dithionite even
after overnight incubation (Figure 2a, red line). More efficient
conversion to the reduced form of this protein was achieved
instead using the stronger reductant Ti(III) citrate in
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Figure 2. Characterization of Mb(H64V,V68A,H93S)-[Co(ppIX)].
(a) Overlay of the electronic absorption spectra of the protein prior to
(blue) and after reduction with sodium dithionite (red) or Ti(III)
citrate (orange). (b) Thermal denaturation curves for Mb-
(H64V,V68A) (green) and Mb(H64V,V68A,H93S)[Co(pplX)]
(red) as determined by circular dichroism (6,,).

combination with the electron transfer mediator methyl
viologen (Figure 2a, orange line)."”

Control experiments involving reactions with 3a or 4a in the
presence of either the oxidized or reduced form of Mb-
(H64V,V68A,HI3S)[Co(ppIX)] revealed that the latter
species is catalytically less active but more selective for
cyclopropanation over Si—H (or N—H) insertion compared to
the oxidized form of the protein. Moreover, both TON and the
cyclopropanation vs Y—H insertion chemoselectivity obtained
with the purified protein were lower than those achieved in the
whole cell reactions, clearly indicating a favorable effect of the
intracellular environment on the catalytic performance of this
biocatalyst. This effect can be in part attributed to the efficient
reduction of Mb(H64V,V68A,H93S)[Co(ppIX)] within the
reducing intracellular milieu, as suggested by UV—vis spec-
troscopy analysis of cell lysates (Co(I1I):Co(Ill) > 9:1).
Through thermal denaturation experiments using circular
dichroism (CD), we further determined that the Mb-
(H64V,V68A,H93S)[Co(ppIX)] variant has an apparent
melting temperature (T,) of 60.0 °C + 0.2 (Figure 2b).
This T, value is comparable to that of Mb(H64V,V68A) (66.0
°C + 1.0),"® indicating that remodeling of the cofactor
environment in this variant did not significantly affect the
stability of the metalloprotein.

For gaining further insights into the chemoselectivity
properties of Mb(H64V,V68A,H93S)[Co(ppIX)], this and
other selected variants were tested in an intramolecular
competition experiment using 4-(dimethylsilyl)aniline Sa in
which N—H insertion competes for Si—H insertion (Table §).
These studies showed that Mb(H64V,V68A,H93S)[Co-
(ppIX)] exhibits a strong preference toward the N—H
insertion reaction over the Si—H insertion reaction (89%
selectivity), a feature shared by the Fe-containing or histidine-
ligated counterpart (86—92% selectivity; Table S, entries 2 and
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Table 5. Catalytic Activity and Selectivity of Selected
Mb(H64V,V68A) Variants in the Reaction with 4-
(Dimethylsilyl)aniline (5a) and EDA”

o]

H
o
0 Mb catalyst H‘Si 5b

(whole cells)  Me" Me
TRt .

N2

Me” Me buffer (pH 7.2) EtO. _O NH,
5a 2 \iSi/[ j
(1.0 equiv) (1.0 equiv) M Me 5

entry protein cofactor % yield® % Sb° % Sc°

1 Mb(H64V,V68A) Fe(ppIX) 72 76 1

2 Mb(H64V,V68A,H93S)  Fe(ppIX) 25 86 3

3 Mb(H64V,V68A) Co(ppIX) 33 9”2 3

4 Mb(H64V,V68A,H93S)  Co(ppIX) 23 89 3

“Reaction conditions: 10 mM Sa, 10 mM EDA, E. coli whole cells
expressing Mb variants (ODg = 40) in SO mM phosphate buffer (pH
7.2). Based on GC conversion using calibration curves with isolated
Sb and Sc. “The remainder to 100% corresponds to double insertion
product(s).

3 vs 4). In comparison, the parent variant Mb(H64V,V68A) is
more active (72 vs 23% yield for Mb(H64V,V68A,H93S)[Co-
(ppIX)]) but less selective toward N—H insertion over the Si—
H insertion and double insertion reactions (Table 4, entries 1
vs 4). From these and the previous experiments, it can be
derived that the general order of reactivity for the Mb-
(H64V,V68A,H93S)[Co(ppIX)] variant is C=C > N—H > Si—
H. This chemoselectivity is inverted compared to that of the
parent Mb variant Mb(H64V,V68A) (N—H > Si—H > C=C)
or other hemoproteins (Table 2) and organometallic catalysts
(N=H > C=C).'%

To evaluate the effect of the altered cofactor environment on
the catalyst reactivity toward other types of Y—H insertions,
further tests were carried out using 4-amino-thiophenol (6a) in
which both N—H and S—H insertion reactions are possible
(Table 6). Interestingly, these experiments showed that,
whereas Mb(H64V,V68A) favors the N—H insertion reaction
(~4:1 ratio for 6b:6¢c; Table 6, entries 1 and 2), the
Mb(H64V,V68A,H93S)[Co(ppIX)] variant features inverted
chemoselectivity favoring the S—H insertion process (6b:6¢c
ratio from 1:2 to 1:4; Table 6, entries 3 and 4). In addition,
Mb(H64V,V68A,H93S)[Co(ppIX)] shows higher selectivity
against the formation of the double insertion byproduct (0 vs
9—15%).

Neither Mb(H64V,V68A) nor Mb(H64V,V68A,H93S)[Co-
(ppIX)] were found to catalyze O—H insertion reactions as
determined in experiments with phenol and EDA (no
formation of ethyl 2-phenoxyacetate) and the lack of reactivity
with water in the presence of EDA alone (no formation of
ethyl 2-hydroxyacetate). This is unlike Rh- and other transition
metal-based catalysts, which readily react with alcohols or
water to give carbene O—H insertion products.''**"’

Having identified a biocatalyst with high chemoselectivity
for cyclopropanation over N—H/Si—H insertion, we were
interested in examining the impact of the modified cofactor
environment on the substrate scope, catalytic activity, and
selectivity of this biocatalyst in olefin cyclopropanation, as
compared to the parent catalyst Mb(H64V,V68A). For this
purpose, we tested a panel of representative vinylarene
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Table 6. Catalytic Activity and Selectivity of
Mb(H64V,V68A) and Mb(H64V,V68A,H93S)[Co(ppIX)]
in the Reaction with 4-Amino-thiophenol (6a) and EDA”

H
ot
o HS
NH Mb catalyst &b
+ | OEt —  » +
HS N, buffer (pH 7.2) /@/NHZ
EtO
6a 2 Y s
o}
6c
equiv, % % % %
entry protein EDA  yield” 6b 6¢c other
1 Mb(H64V,V68A) 1 43 73 18 9
2 Mb(H64V,V68A) 2 76 70 15 15
3 Mb(H64V,V68A,H93S) 1 27 20 80 0
[Co(ppiX)]
Mb(H64V,V68A,H93S) 2 3535 65 0
[Co(ppIX)]

“Reaction conditions: 3 mM 6a, 3 or 6 mM EDA, 10 mM Na,$,0,,
10 mM TCEP 20 uM purified Mb variant in S0 mM phosphate buffer
(pH 7.2). YBased on HPLC conversion using calibration curves with
isolated 6b and 6c. “Double insertion product(s).

substrates (7a—15a) previously characterized in the context of
Mb(H64V,V68A)-catalyzed cyclopropanation with EDA. 2ab
As summarized in Scheme 1, all of these compounds could be
converted by the Mb(H64V,V68A,H93S)[Co(ppIX)] variant

Scheme 1. Substrate Scope for
Mb(H64V,V68A,H93S)[(Co(ppIX)]-Catalyzed
Cyclopropanation of Vinylarenes with EDA“

O Mb(H64V,V68A,HI3S)[Co(pplX)]
whole cells
—_—

AT

OEt
+ ’\|l Na,S,0, Ar CO,Et
A ;
7a-15a 2 KPi (pH 7.2) 7b-15b
(1.0eq.) (2.0eq.) (yield?; TON; d.r.%; % ee®)

@A “CO,Et \EDA “COLEt /@A”co Et

(35%, 159TON
d.r. 57:43; 31% ee)

(47%,; 213TON
dr 98:2; 11% ee)

/()A “CO,Et /@A “CO,Et UA “CO,EL

(30%; 138 TON;
d.r. 59:41; 38% ee)

10b 11b 12b°
(43%; 195 TON; (88%; 398 TON; (70%; 111 TON;
d.r. 59:41; 46% ee) d.r. 69:31; 57% ee) d.r. 54:46)
"CO,Et mCO,Et -mCO,Et
74 N
S
13b 14b 15b

(59%; 269 TON,;
d r. 67:33; 4% ee)

(38%; 174 TON,;
d r. 66:34; 4% ee)

(56%; 255 TON,;
d.r. 67:33; 3% ee)

“Reaction conditions: 10 mM olefin, 20 mM EDA, E. coli whole cells
expressmg Mb variants (ODgq, = 80) in SO mM phosphate buffer (pH
7.2). YBased on GC conversion. “For trans-(15,2S) product. Usmg S
mM olefin and 10 mM EDA. Enantiomeric excess not determined.
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into the corresponding cyclopropanation products 7b—15b in
moderate to good efficiency (30—88% product conversion).
The results with 7b—9b indicate that substitutions at the
ortho, meta, and para positions of the benzene ring are well
tolerated by the Mb variant. Both electron-rich (11a) and
-deficient (12a) styrene derivatives were efficiently converted
(70—88% yield). More sterically hindered a,a-disubstituted
and heterocycle-containing olefins also successfully partici-
pated in the reaction to afford the corresponding cyclo-
propanes 13b—15b in good yields (38—59%). Thus, despite a
generally reduced catalytic activity compared to Mb-
(H64V,V68A),**" the Mb(H64V,V68A,H93S)[Co(ppIX)]
variant features a comparably broad substrate scope across
structurally different vinylarenes.

Across all the tested substrates, Mb(H64V,V68A,H93S)-
[Co(ppIX)] was found to favor the formation of the trans-
cyclopropanation product but with overall reduced diaster-
eoselectivity (i.e, from 6:4 to 2:1 ratio for trans:cis) compared
to Mb(H64VV68A) (>98:2 dr).**" As an exception, 7b was
obtained with high diastereoselectivity (98:2 trans:cis).
Similarly, Mb(H64V,V68A,H93S)[Co(ppIX)] maintains pref-
erence for the formation of the (15,2S)-configured product but
with significantly reduced enantioselectivity (e.g,, 11—57% ee
for 7b—11b) compared to Mb(H64V,V68A) (95—99% ee),” b
especially for the a,a-disubstituted olefins (3—4% ee for 13b—
15b). Interestingly, parallel experiments with Mb-
(H64V,V68A)[Co(ppIX)] showed that this metallo-substi-
tuted variant displays higher trans-(1S,2S)-selectivity in these
reactions compared to Mb(H64V,V68A,H93S)[Co(ppIX)]
(Scheme S1). Thus, the general reduction in stereoselectivity
observed with Mb(H64V,V68A,H93S)[Co(ppIX)] vs Mb-
(H64V,V68A) can be attributed to both the metal substitution
and the mutation of the proximal ligand (His — Ser). This
result is not entirely surprising given that (a) the active site
mutations in Mb(H64V,V68A) were optimized for high trans-
(1S,25)-selectivity in the presence of the native histidine-
ligated heme cofactor and (b) both the metal substitution and
the structural change induced by the His93 — Ser substitution
are likely to alter the orientation of the metalloporphyrin
within the core of the protein, thereby affecting the asymmetric
induction effect imposed by the protein scaffold during this
reaction. Indeed, a significant shift in diastereoselectivity for
styrene cyclopropanation with EDA was also noted upon
substitution of the proximal cysteine with serine in a
cytochrome P450 enzyme (22:78 vs 76:24 cis:trans,
respectively).*” Altogether, the results above showed that
Mb(H64V,V68A,H93S)[Co(ppIX)] could be successfully
applied to the cyclopropanation of a variety of aryl-substituted
olefins, albeit reoptimization of its active site would be required
for enhancing its stereoselectivity.

B CONCLUSIONS

In summary, we have developed a novel biocatalytic strategy
based on an engineered myoglobin-based carbene transferase
for the chemoselective cyclopropanation of olefin substrates
bearing unprotected Y—H groups (Y = N, Si). This
transformation, unattainable using previously available carbene
transfer (bio)catalysts, opens the way to the selective carbene-
mediated functionalization of olefins in the presence of
inherently more reactive Y—H groups. As emerged from the
analysis of a systematic library of cofactor-modified Mb
variants, the unique and atypical reactivity of Mb-
(H64V,V68A,H93S)[Co(ppIX)] compared to Mb and other
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hemoproteins is specifically induced by the combination of a
non-native metal (Co) and non-native residue (Ser) at the
proximal axial site of the metalloporphyrin cofactor. While
featuring inverted chemoselectivity in carbene transfer
reactions compared to the histidine-ligated Fe-containing
counterpart (i.e, C=C > N—H > Si—H vs N—H > Si—H >
C=C and S-H > N-H vs N-H > S—H), Mb-
(H64V,V68A,H93S)[Co(ppIX)] features comparable stability,
ease of expression in E. coli, and broad substrate scope in the
cyclopropanation of vinylarenes with EDA. Further engineer-
ing of this scaffold (e.g, through active site rnutzag:»;enesis)za’b is
expected to improve its stereoselectivity, which is currently
modest. The present studies highlight the functional plasticity
of myoglobin as a carbene transferase and illustrate how
modulation of the cofactor environment within this metal-
loprotein scaffold can provide a promising strategy for tuning
its reactivity in the context of abiotic carbene transfer reactions.
Further studies are warranted to elucidate the factors
underlying the atypical reactivity of the Mb-
(H64V,V68A,H93S)[Co(ppIX)] catalyst.

B EXPERIMENTAL SECTION

General Information. All chemicals and reagents were purchased
from commercial suppliers (Sigma-Aldrich, Alfa Aesar, TCI, Oakwood
Chemicals, Combi Blocks) and used without any further purification
unless otherwise stated. EDA was purchased from Sigma-Aldrich as
87% m/v solution in dichloromethane. Dimethyl(4-vinylphenyl)silane
3a and 4-(dimethylsilyl)aniline 4a were synthesized according to a
previously reported procedure.’ Authentic racemic standards for the
cyclopropanation products 7b—15b and 20b were synthesized and
characterized as described previously.”*" All dry organic reactions
were carried out under argon in oven-dried glassware with magnetic
stirring using standard gastight syringes, cannulae, and septa. 'H and
3C NMR spectra were measured on Bruker DPX-400 (operating at
400 MHz for 'H and 100 MHz for *C) or Bruker DPX-500
(operating at 500 MHz for 'H and 125 MHz for '*C).
Tetramethylsilane (TMS) served as the internal standard (0 ppm)
for "H NMR, and the residual proton signal of the solvents was used
as the internal standard for *C NMR. HRMS analyses were
performed using a Q Exactive Plus Mass Spectrometer at the
Proteomics Facility of the University of Rochester. Silica gel
chromatography purifications were carried out using AMD Silica
Gel 60 230—400 mesh. Thin layer chromatography (TLC) was
carried out using Merck Millipore TLC silica gel 60 F254 glass plates.

Growth Media. Enriched M9 media was prepared as follows. For
1L, 770 mL of deionized H,O was added with 200 mL of M9 salts
(5%) solution, 20 mL of glucose (20% m/v), 10 mL of casamino acids
(20% m/v), 1 mL of MgSO, (2 M), and 100 uL of CaCl, (1 M). The
M9 salt (Sx) solution was prepared by dissolving 34 g of Na,HPO,,
15 g of K,HPO,, 2.5 g of NaCl, 5 g of NH,Cl in 1 L of deionized H,O
and sterilized by autoclaving. The casamino acids and MgSO,
solutions were autoclaved separately. The CaCl, and glucose stock
solutions were sterilized by filtration. Enriched M9 agar plates were
prepared by adding 17 g of agar to 1 L of enriched M9 media
containing all of the aforementioned components at the specified
concentrations with the exception of glucose and CaCl,, which were
added immediately prior to plating. To media and plates was added
ampicillin to a final concentration of 100 mg/L and, then
chloramphenicol was added to a final concentration of 34 mg/L.

Recombinant Expression of Myoglobins Containing Artifi-
cial Metalloporphyrins. All myoglobin variants were expressed
from pET22-based vectors containing the target gene under a T7
promoter. The recombinant protein was engineered with a C-terminal
polyhistidine tag. E. coli C41(DE3) cells expressing the heme
transporter ChuA (T7 promoter) and GroES/EL chaperon proteins
(araBAD promoter) were g)repared via transformation with the
plasmid pGroES/EL-ChuA.'® E. coli C41(DE3) cells containing the
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pGroES/EL-ChuA plasmid were transformed with the pET22 vector
encoding the desired Mb variant and selected on M9 agar plates
containing ampicillin (100 mg/L) and chloramphenicol (34 mg/L).
Single colonies were used to inoculate S mL of enriched M9 media
supplemented with ampicillin and chloramphenicol followed by
incubation at 37 °C with shaking (180 rpm) for 10—15 h. At an
ODygq of 0.8 to 1.0, the desired cofactor was added directly to the
expression culture to a final concentration of ~30 mg/L followed by
induction of protein expression with IPTG and arabinose at a final
concentration of 1 mM. Cells were incubated at 20 °C with shaking
(180 rpm) for 20—24 h. After harvesting, the cell pellets were
resuspended in 20 mL of Ni NTA lysis buffer (50 mM KPj, 250 mM
NaCl, 10 mM histidine, pH 8.0), lysed by sonication, and clarified by
centrifugation (14,000 rpm, 4 °C, 30 min). When using E. coli in
whole cell reactions, harvested cells were resuspended in 50 mM KPi
pH 7.2 and stored at 4 °C for no longer than 12 h.

Protein Purification. Clarified lysate was transferred to a Ni-NTA
column equilibrated with Ni-NTA lysis buffer. The resin was washed
with 50 mL of Ni-NTA lysis buffer followed by 50 mL of Ni-NTA
wash buffer (50 mM KPi, 250 mM NaCl, 20 mM Histidine, pH 8.0).
Proteins were eluted with Ni-NTA elution buffer (50 mM KPi, 250
mM NaCl, 250 mM histidine, pH 7.0). After elution from the Ni-
NTA column, the protein was buffer exchanged against S0 mM KPi
buffer (pH 7.0) using 10 kDa Centricon filters. The concentrations of
the Mb variants were calculated using the following extinction
coefficients: £4,9 = 157 mM ™' ecm™ for Fe(ppIX)-containing variants,
€470 = 60 mM ™' cm™" for Mn(ppIX)-containing variants, €45, = 152.5
mM ! em™ for Co(ppIX)-containing variants, and €455 = 122 mM ™
cm™" for Rh(mpIX)-containing variants.

General Procedure for Biocatalytic Reactions with Whole
Cells and Purified Protein. Under standard reaction conditions,
500 pL scale reactions were carried out using 10—20 M Mb variant,
10 mM substrate, 10 mM EDA, and 10 mM sodium dithionite. TCEP
(10 mM) was also added to the reactions with 6a to prevent disulfide
formation. In a typical procedure, a solution containing the desired
myoglobin variant in potassium phosphate buffer (50 mM, pH 7.0)
with sodium dithionite was prepared in an anaerobic chamber.
Reactions were initiated by addition of 10 4L of olefin followed by the
addition of 10 uL of EDA from 0.5 M stock solutions, and the
reaction mixtures were stirred in the chamber for 12 h at room
temperature. Whole-cell reactions were performed using E. coli
C41(DE3) cells prepared using the method described above. Cell
suspensions were transferred to an anaerobic chamber and diluted to
the indicated cell density (ODgy: 40—80) with 50 mM KPi pH 7.2.
Reactions were initiated by addition of 10 L of olefin followed by the
addition of 10 uL of EDA from 0.5 M stock solutions, and the
mixtures were stirred in the chamber for 12 h at room temperature.

Product Analysis. The reactions with la, 3a, 4a, and Sa were
analyzed by adding 20 uL of internal standard (benzodioxole, SO0 mM
in ethanol) to the reaction mixture followed by extraction with 400 uL
of dichloromethane and analysis by gas chromatography (GC). GC
analyses were carried out using a Shimadzu GC-2010 gas chromato-
graph equipped with an FID detector and a Chiral Cyclosil-B column
(30 m X 025 mm X 025 ym film). Separation method: 1 uL
injection, injector temp: 200 °C, detector temp: 300 °C. Gradient:
column temperature set at 120 °C for 3 min, then to 150 °C at 0.8
°C/min, then to 245 °C at 25 °C/min. Total run time was 28.60 min.
For the reactions with 6a, the DCM extraction solution was
evaporated, and the residue was redissolved in 300 uL of methanol
containing 10 mM TCEP, followed by HPLC analysis using a
Shimadzu LC-2010A instrument equipped with a UV—vis detector.
Analytical conditions: Thermo Fisher Scientific Hypersil GOLD Cg
column (250 X 4.6 mm); UV detection: 254 nm; flow rate: 1.0 mL/
min: solvent A: 1% trifluoroacetic acid in H,O; solvent B: 1%
trifluoroacetic acid in acetonitrile; gradient: 0—3 min: 30% B; 3—21
min: 30% B to 90% B; 21—24 min: 90% B; 24—24.5 min: 90% B to
30% B; 24.5—30 min: 30% B. Retention times: 3.82 min for 4-
aminothiophenol; 4.89 min for S—H insertion product; 13.57 min for
N-H insertion product; 14.91 min for double insertion product.
Calibration curves for quantification of each single insertion product
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were constructed using authentic standards prepared synthetically or
enzymatically as described below. All measurements were performed
at least in duplicate.

CD Analyses and T,,, Determination. Circular dichroism (CD)
spectroscopy and thermal denaturation analysis were performed using
a JASCO J-1100 CD spectrophotometer equipped with variable
temperature/wavelength denaturation software. Far UV CD spectra
(250—190 nm) were obtained using 3 M solutions of purified Mb
variant in S0 mM potassium phosphate buffer (pH 7.0) and recorded
at 20 °C at a scan rate of S0 nm/min with a bandwidth of 1 nm and
an averaging time of 10 s per measurement. Thermal denaturation
curves were measured by monitoring the change in molar ellipticity at
222 nm (6,5,) over a temperature range from 20 to 100 °C. The
temperature increase was set to 0.5 °C per minute with an
equilibration time of 10 s. Data integration time for the melt curve
was set to 4 s with a bandwidth of 1 nm. Linear baselines for the
folded (6;) and unfolded state (6,) were generated. Melting
temperature (T,,) was determined using the low temperature (6; =
mT + bg) and high temperature (6, = m,T + b,) equations fitted to
the experimental data before and after global unfolding, respectively.
These data were normalized and converted to fraction of folded
protein (F;) vs temperature plots, and the resulting curve was fitted to
a sigmoidal equation (6;) via nonlinear regression analysis in
SigmaPlot from which apparent melting temperatures were derived.

Ethyl 2-(dimethyl(phenyl)silyl)acetate (1b). Ethyl 2-(dimethyl-
(phenyl)silyl)acetate 1b was synthesized according to a modification
of a reported procedure.’ Dimethyl(phenyl)silane 1a (136 mg, 2.00
mmol, 1 equiv) and Rh,(OAc), (4.4 mg, 10 umol, 1 mol %) were
added to a flame-dried 10 mL round-bottom flask under an argon
atmosphere, dissolved in anhydrous DCM (4 mL), and subsequently
cooled to —78 °C. A solution of EDA (87%, 131 mg, 1.00 mmol, 1
equiv) in anhydrous DCM (1 mL) was added dropwise with a syringe
pump over a period of 30 min. The reaction mixture was allowed to
reach room temperature and stirred for 16 h. The solvent was
removed under reduced pressure, and the crude product was purified
via column chromatography on silica gel (0—7.5% EtOAc/pentanes)
to yield ethyl 2-(dimethyl(phenyl)silyl)acetate 1b as a clear oil (99.4
mg, 0.45 mmol, 45% yield). R; = 0.34 (7.5% EtOAc/pentanes). 'H
NMR (CDCl;, 500 MHz): § 7.51 (m, 2H), 7.34 (m, 3H), 3.98 (q, ] =
7.2, 2H), 2.06 (s, 2H), 1.12 (t, ] = 7.0 Hz, 3H), 0.36 (s, 6H). *C
NMR (CDCl,, 125 MHz): § 172.7, 137.7, 134.1, 130.0, 128.4, 60.4,
26.7, 14.7, —=2.6. GC-MS m/z (% relative intensity): 207 (46.5), 177
(29.9), 165 (84.3), 145 (71.6), 135 (100.0)

Ethyl 2-(4-(Dimethylsilyl)phenyl)cyclopropanecarboxylate (3b).
E. coli C41(DE3) cells expressing the variant Mb(H64V,V68A,H93S)-
[Co(ppIX)] were prepared and harvested according to the protocol
described above. In an anaerobic chamber (0 ppm of O,, 2.5% H,
atmosphere), the whole cell suspension was diluted to an ODy, of 80
with argon purged phosphate buffer (50 mM, pH 7.2). A solution of
dimethyl(4-vinylphenyl)silane 3a (50.0 mg, 0.31 mmol, 1 equiv) in
methanol (0.75 mL) was added dropwise while stirring to 28.5 mL of
the whole cell suspension in an Erlenmeyer flask. The reaction was
initiated by the dropwise addition of a solution of EDA (87%, 29.5
mg, 0.23 mmol, 0.75 equiv) in methanol (0.75 mL). The reaction
mixture was stirred at room temperature for 16 h and extracted with
DCM (3 X 30 mL). The combined organic layers were dried over
sodium sulfate and concentrated under reduced pressure. The crude
product was purified by column chromatography on silica gel (0—
7.5% Et,0/pentanes), and the fractions were analyzed by gas
chromatography with a chiral column to separate the cis (4.5 mg,
0.017 mmol, 1%) 3b-cis and trans isomers (3.9 mg, 0.015 mmol, 1%)
3b-trans and as clear oils. The configuration of 3b was assigned by
comparison to the splitting pattern in the '"H NMR in alignment with
the previously determined cis and trans isomers of 10b (see
Supporting Information). 3b-cis: Ry = 0.44 (7.5% Et,O/pentanes).
'H NMR (CD,Cl,, 500 MHz): § 7.43 (d, ] = 8.0 Hz, 2H), 7.08 (d, ] =
7.5 Hz, 2H), 4.36 (m, 1H), 4.11 (q, ] = 7.2 Hz, 2H), 445 (m, 1H),
1.87 (m. 1H), 1.54 (m, 1H), 1.29 (m, 1H), 1.23 (t, ] = 7.0 Hz, 3H),
0.30 (d, J = 4.0 Hz, 6H). *C NMR (CD,Cl,, 125 MHz): § 171.2,
138.6, 135.8, 134.1, 129.4, 60.6, 25.9, 22.2, 14.4, 11.5, —3.6. GC-MS
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m/z (% relative intensity): 248 (79.0), 233 (33.0), 201 (44.6), 144
(55.6), 129 (59.8), 115 (100.0). 3b-trans: Ry = 0.61 (7.5% Et,0/
pentanes). "H NMR (CD,Cl,, 500 MHz): & 7.43 (d, J = 8.0 Hz, 2H),
7.08 (d, ] = 7.5 Hz, 2H), 4.36 (m, 1H), 4.11 (q, J = 7.2 Hz, 2H), 44S
(m, 1H), 1.87 (m. 1H), 1.54 (m, 1H), 1.29 (m, 1H), 1.23 (t, ] = 7.0
Hz, 3H), 0.30 (d, J = 4.0 Hz, 6H). '*C NMR (CD,Cl,, 125 MHz): §
173.5, 142.0, 135.8, 134.7, 126.2, 61.2, 26.5, 24.8, 17.4, 14.6, —3.5.
GC-MS m/z (% relative intensity): 248 (83.3), 233 (33.5), 201
(43.7), 114 (56.6), 129 (62.7), 115 (100.0). HRMS (ESI) m/z: [M +
H]* caled for C;,H,;0,Si 249.1311; found 249.1303.

Ethyl 2-(Dimethyl(4-vinylphenyl)silyl)acetate (3c). Ethyl 2-
(dimethyl(4-vinylphenyl)silyl)acetate 3c was synthesized according
to a modification of a previously reported procedure.® Dimethyl(4-
vinylphenyl)silane 3a (150 mg, 0.92 mmol, 1 equiv) and Rh,(OAc),
(4.0 mg, 9 umol, 1 mol %) were added to a flame-dried 10 mL round-
bottom flask under an argon atmosphere, dissolved in anhydrous
DCM (4 mL), and subsequently cooled to —78 °C. A solution of
EDA (106 mg, 0.9 mmol, 1 equiv) in anhydrous DCM (1 mL) was
added dropwise with a syringe pump over a period of 30 min. The
reaction mixture was allowed to reach room temperature and stirred
for 16 h. The solvent was removed under reduced pressure, and the
crude product was purified via column chromatography on silica gel
(0—4% EtOAc/hexanes) to yield ethyl 2-(dimethyl(4-vinylphenyl)-
silyl)acetate 3¢ as a clear oil (36.7 mg, 0.15 mmol, 15% yield). R, =
0.48 (4% EtOAc/hexanes). '"H NMR (CDCl,, 500 MHz): § 7.50 (d, J
= 8.0, 2H), 7.41 (d, ] = 8.0, 2H), 6.72 (dd, ] = 11.0, 17.5, 1H), 5.79
(d,J=17.5,1H), 5.28 (d, ] = 11.0, 1H), 4.05 (q, ] = 7.2, 2H), 2.11 (5,
2H), 2.27 (t, ] = 7.3 Hz, 3H), 0.40 (s, 6H). *C NMR (CDCI,, 125
MHz): § 172.7, 138.8, 136.8, 133.9, 129.0, 125.8, 114.7, 60.1, 26.4,
14.5, —2.6. GC-MS m/z (% relative intensity): 233 (76.6), 191
(87.2), 163 (44.2), 161 (100.0), 147 (39.7), 145 (42.7). HRMS (ESI)
m/z: [M + H]" caled for C,,H,,0,Si 249.1311; found 249.1306.

Ethyl 2-(4-Aminophenyl)cyclopropanecarboxylate (4b). Com-
pound 4b was prepared according to the procedure described in
Scheme S2. Di-tert-butyl dicarbonate/Boc,0 (1.174 g, 5.38 mmol. 3.2
equiv) and N,N-diisopropylethyl-amine/DIPEA (651 mg, 5.04 mmol,
3 equiv) were added to a solution of dimethyl(4-vinylphenyl)silane 3a
(200 mg, 1.68 mmol, 1 equiv) in DCM (30 mL). The reaction
mixture was stirred overnight at room temperature and then refluxed
at 40 °C until completion, which was monitored by TLC. To remove
excess Boc20, the solvent was evaporated, and the crude residue was
taken up in 10 mL of a 1:1 mixture of THF:water before addition of
glycine (246 mg, 4.30 mmol) and Na,CO; (910 mg, 8.60 mmol).
After stirring overnight, THF was removed in vacuo, and the aqueous
layer extracted with DCM (3 X 10 mL). The combined organic layers
were washed with brine (10 mL), dried over sodium sulfate, filtered,
and concentrated under reduced pressure. Flash column chromatog-
raphy on silica gel (25% Et,O/pentanes) furnished tert-butyl (4-
vinylphenyl)carbamate 16 as white flaky solid (284 mg, 1.29 mmol,
77% yield). Ry = 0.63 (25% Et,0/pentanes). '"H NMR (CDCls;, 500
MHz): § 7.30—7.19 (m, 4H), 6.59 (dd, J = 11.0, 17.5 Hz, 1H) 6.43
(br, 1H), 5.58 (d, J = 17.5 Hz, 1H), 5.09 (d, ] = 11.0 Hz, 1H), 1.45 (s,
9H). GC-MS m/z (% relative intensity): 219 (19.4), 163 (100.0), 119
(76.9).

To a flame-dried 10 mL round-bottom flask equipped with a stir
bar were added tert-butyl (4-vinylphenyl)carbamate 16 (100 mg, 0.46
mmol, 1 equiv), Rh,(OAc), (40 mg, 9 umol, 2 mol %), and
anhydrous DCM (2.5 mL) under argon. After that, a solution of EDA
(87%, 119 mg, 0.9 mmol, 2 equiv) in anhydrous DCM (2.5 mL) was
slowly added dropwise with a syringe pump over a period of 4 h. The
resulting reaction mixture was stirred at room temperature for 12 h
after which the solvent was removed under reduced pressure, and the
crude product was purified via column chromatography on silica gel
(0—20% Et,O/pentanes) to afford ethyl 2-(4-((tert-butoxycarbonyl)-
amino)phenyl)cyclopropanecarboxylate 17 as a colorless oil (23 mg,
0.075 mmol, 16% yield). Ry = 0.36 (25% Et,0/pentanes). 'H NMR
(CDCly, 500 MHz): 6 7.26 (d, J = 10.5 Hz, 2H), 7.02 (d, ] = 10.5 Hz,
2H), 6.48 (br, 1H), 4.16 (q, ] = 9.0 Hz, 2H), 2.47 (m, 1H), 1.83 (m,
1H), 1.54 (m, 1H), 1.51 (s, 9H), 1.28 (t, J = 9.0 Hz, 3H), 126 (m,
1H). C NMR (CDCl;, 125 MHz): § 173.6, 152.9, 137.0, 134.8,
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126.9, 118.8, 80.6, 60.8, 28.5, 25.9, 24.1, 17.0, 14.4. GC-MS m/z (%
relative intensity): 305 (16.8), 249 (70.2), 205 (22.1), 176 (51.2),
158 (36.6), 132 (100.0).

A solution of 2-(4-((tert-butoxycarbonyl)amino)phenyl)-
cyclopropanecarboxylate 17 (20 mg, 0.065 mmol, 1 equiv) in DCM
(0.5 mL) was cooled to 0 °C. Trifluoroacetic acid (0.5 mL) was
added dropwise, and the reaction mixture was stirred for 2 h before
removing the solvent under reduced pressure. The crude product was
taken up in 1.5 mL of DCM, transferred to an Eppendorf tube, and
washed with NaHCO; (1 mL). The aqueous layer was extracted with
DCM (2 x 1 mL), and the combined organic layers were dried over
sodium sulfate and centrifuged; the supernatant was decanted, and the
solvent was removed in vacuo to yield ethyl 2-(4-aminophenyl)-
cyclopropanecarboxylate 4b as a yellow solid (11.3 mg, 0.055 mmol,
85% yield). Ry = 0.43 (40% EtOAc/hexanes). '"H NMR (CDCl;, 500
MHz): § 691 (d, ] = 8.0 Hz, 2H), 6.61 (d, ] = 8.5 Hz, 2H), 4.16 (q, ]
=7.0, 2H), 3.60 (br, 2H), 2.43 (m, 1H), 1.79 (m, 1H), 1.52 (m, 1H),
1.27 (t,J = 7.0 Hz, 3H), 1.23 (m, 1H). *C NMR (CDCl,, 125 MHz):
5 173.9, 145.1, 130.0, 127.4, 115.3, 60.7, 26.0, 23.9, 16.7, 14.4. GC-
MS m/z (% relative intensity): 205 (44.0), 176 (23.6), 160 (21.1),
132 (100.0).

Ethyl 2-((4-Vinylphenyl)amino)acetate (4c). E. coli C41(DE3)
cells expressing the variant Mb(H64V,V68A,H93C) were prepared
and harvested according to the protocol described above. In an
anaerobic chamber (0 ppm of O,, 2.5% H, atmosphere), the whole
cell suspension was diluted to an ODgy, of 80 with argon-purged 50
mM phosphate buffer (pH 7.2). A solution of 4-vinylaniline 4a (48.0
mg, 0.40 mmol, 1 equiv) in methanol (1.0 mL) was added dropwise
while stirring to 38 mL of the whole cell suspension in an Erlenmeyer
flask. The reaction was initiated by the dropwise addition of a solution
of EDA (87%, 52.4 mg, 0.40 mmol, 1 equiv) in methanol (1.0 mL).
The reaction mixture was stirred at room temperature for 16 h and
extracted with DCM (3 X 40 mL). The combined organic layers were
dried over sodium sulfate and concentrated under reduced pressure.
The crude product was purified by column chromatography on silica
gel (0—20% Et,0/pentanes) to yield ethyl 2-((4-vinylphenyl)amino)-
acetate 4¢ (20.0 mg, 0.10 mmol, 25%) as a white solid. R;= 0.31 (20%
Et,0/pentanes). "H NMR (CDCl,, 500 MHz): § 7.23 (d, ] = 8.0 Hz,
2H), 6.53 (d, ] = 8.0 Hz, 2H), 5.51 (d, J = 17.5 Hz, 1H), 5.01 (d, ] =
10.5 Hz, 1H), 4.32 (br, 1H), 4.21 (q, ] = 6.7 Hz, 2H), 3.87 (d, ] = 4.5
Hz, 2H), 1.27 (t, ] = 7.0 Hz, 3H). '*C NMR (CDCl,, 125 MHz): §
171.1, 146.9, 136.7, 128.1, 127.5, 113.0, 111.0, 61.5, 45.9, 14.3. GC-
MS m/z (% relative intensity): 205 (25.8), 132 (100.0).

Ethyl 2-((4-(Dimethylsilyl)phenyl)amino)acetate (5b). E. coli
C41(DE3) cells expressing the variant Mb(H64V,V68A) were
prepared and harvested according to the protocol described above.
Under an argon atmosphere, the cells were resuspended in argon
purged SO mM phosphate buffer (pH 7.2) and diluted to an ODyy of
40. A solution of 4-(dimethylsilyl)aniline Sa (60.5S mg, 0.40 mmol, 1
equiv) in ethanol (1.0 mL) was added dropwise while stirring to 38
mL of the whole cell suspension in an Erlenmeyer flask. A solution of
EDA (87%, 52.6 mg, 0.40 mmol, 1 equiv) in ethanol (1.0 mL) was
added dropwise over 4 h. The reaction mixture was stirred at room
temperature for 16 h and extracted with DCM (3 X 40 mL). The
combined organic layers were dried over sodium sulfate and
concentrated under reduced pressure. The crude product was purified
by column chromatography on silica gel (0—20% EtOAc/hexanes) to
yield ethyl 2-(4-(dimethylsilyl)-phenyl)cyclopropanecarboxylate Sb
(40.0 mg, 0.17 mmol, 42%) as a clear oil. Ry =048 (20% EtOAc/
hexanes). 'H NMR (CDCl,, 500 MHz): § 7.37 (d, ] = 8.5 Hz, 2H),
6.62 (d, ] = 8.5 Hz, 2H), 4.39 (m, 1H), 4.26 (q, J = 7.0 Hz, 2H), 391
(s, 2H), 1.31 (t, ] = 7.3 Hz, 3H), 0.30 (d, J = 3.5 Hz, 6H). *C NMR
(CDCl,, 125 MHz): § 171.1, 148.0, 135.4, 124.8, 122.8, 61.5, 45.7,
14.3, —3.3. GC-MS m/z (% relative intensity): 237 (32.5), 164
(100.0). HRMS (ESI) m/z: [M + H]" caled for C;,H,NO,Si
238.1263; found 238.1260.

Ethyl 2-((4-Aminophenyl)dimethylsilyl)acetate (5c). Compound
Sc was prepared according to the procedure described in Scheme S3,
which was adapted from a previously reported procedure.® A solution
of 4-(dimethylsilyl)aniline Sa (50 mg, 0.33 mmol, 1 equiv) and
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pyridine (52 mg, 0.66 mmol, 2 equiv) in anhydrous DCM (1 mL) was
stirred for 10 min followed by the addition of benzyl chloroformate
(68 mg, 0.40 mmol, 1.2 equiv). The reaction mixture was stirred
overnight after which the solvent was removed under reduced
pressure. Benzyl (4-(dimethylsilyl)phenyl)carbamate 18 was obtained
as a white flaky solid (62 mg, 0.22 mmol, 66% yield) after purification
by column chromatography on silica gel (5% EtOAc/hexanes). R, =
0.38 (5% EtOAc/hexanes). '"H NMR (CDCl,;, 500 MHz): § 7.49—
7.35 (m, 9H), 6.71 (br, 1H), S.21 (s, 2H), 4.41 (quin, ] = 3.5 Hz,
1H), 0.33 (d, ] = 3.5 Hz, 6H). *C NMR (CDCl,, 125 MHz): § 153.3,
138.9, 136.1, 135.1, 132.0, 128.8, 128.5, 128.5, 118.2, 67.2, —3.5. GC-
MS m/z (% relative intensity): 285 (82.5), 241 (25.9), 226 (34.0),
162 (51.7), 150 (100.0).

Benzyl (4-(dimethylsilyl)phenyl)carbamate 18 (50 mg, 0.18 mmol,
1 equiv) and Rh,(OAc), (1 mg, 2 yumol, 1 mol %) were added to a
flame-dried 5 mL round-bottom flask under an argon atmosphere,
dissolved in anhydrous DCM (1 mL), and subsequently cooled to
—78 °C. A solution of EDA (23.6 mg, 0.18 mmol, 1 equiv) in
anhydrous DCM (1 mL) was added dropwise with a syringe pump
over a period of 30 min. The reaction mixture was allowed to reach
room temperature and stirred for 16 h. The solvent was removed
under reduced pressure, and the crude product was purified via
column chromatography on silica gel (0—20% EtOAc/hexanes) to
afford ethyl 2-((4-(((benzyloxy)carbonyl)amino)phenyl)-
dimethylsilyl)acetate 19 as a clear oil (6.0 mg, 0.018 mmol, 9%
yield). R; = 049 (20% EtOAc/hexanes). 'H NMR (CDCl,;, 400
MHz): 57.48—7.34 (m, 9H), 6.70 (br, 1H), 5.20 (s, 2H), 4.03 (q, ] =
7.1 Hz, 2H). 2.08 (s, 2H), 1.16 (t, J = 7.1 Hz, 3H), 0.38 (s, 6H). *C
NMR (CDCly, 125 MHz): 5 172.8, 153.2, 130.1, 136.1, 134.7, 131.5,
128.8, 128.6, 1285, 118.1, 67.3, 60.1, 26.5, 14.5, —2.6. APCI-MS
(TLC) m/z: 372, 284.

A flame-dried 5 mL round-bottom flask was charged with ethyl 2-
((4-(((benzyloxy)carbonyl)amino)phenyl)dimethylsilyl)acetate 19
(10 mg, 0.027 mmol, 1 equiv), 10% Pd/C (4 mg), and anhydrous
EtOH (1 mL) under an argon atmosphere. The reaction mixture was
purged with H, for 30 min and stirred overnight under a H,
atmosphere. After exchanging the atmosphere with argon, the residue
was diluted with EtOAc, filtered over Celite, concentrated under
reduced pressure, and purified by column chromatography on silica
gel (10—50% EtOAc/hexanes) to give ethyl 2-((4-aminophenyl)-
dimethylsilyl)acetate Sc as a yellow oil (4.1 mg, 0.017 mmol, 64%).
= 0.55 (50% EtOAc/hexanes). '"H NMR (CDCl,;, 500 MHz): § 6.96
(d, J = 5.0, 2H), 6.59 (d, ] = 5.0 Hz, 2H), 4.24 (q, ] = 5.0 Hz, 2H),
2.67 (s, 2H), 1.95 (t, ] = 5.0 Hz, 3H), 131 (s, 6H). *C NMR
spectrum could not be collected due to the instability of product Sc in
the NMR solvent. GC-MS m/z (% relative intensity): 237 (20.6), 222
(27.4), 180 (69.1), 150 (100.0), 136 (31.8). HRMS (ESI) m/z: [M +
H]* caled for C,H,(NO,Si 238.1263; found 238.1256.

Ethyl 2-((4-Mercaptophenyl)amino)acetate (6b). This compound
was synthesized according to a modification of a previously reported
procedure (Scheme S4).*° 4-Aminothiophenol 6a (200 mg, 1.60
mmol, 1 equiv) was dissolved in a minimal amount of MeOH (2 mL)
and DMSO (60 pL) and treated with I, (162 mg, 0.64 mmol, 0.4
equiv). After consumption of the starting material (3 h), the solvent
was removed under reduced pressure, and the crude product was
purified by column chromatography on silica gel (20—80% EtOAc/
hexanes) to yield 4,4-disulfanediyldianiline (20) as a yellow solid
(104 mg, 0.42 mmol, 52% yield). Ry = 0.26 (50% EtOAc/hexanes).
'"H NMR (CDCI,, 500 MHz): 6 7.22 (d, ] = 7.0 Hz, 2H), 6.55 (d, ] =
8.5 Hz, 2H), 3.75 (br, 4H). *C NMR (CDCl,, 125 MHz): § 147.7,
134.4, 124.7, 115.5. GC-MS m/z (% relative intensity): 248 (38.5),
124 (78.9), 125 (100.0).

To a flame-dried 10 mL round-bottom flask equipped with a stir
bar were added 4,4'-disulfanediyldianiline 20 (48 mg, 0.19 mmol, 1
equiv), Rhy(OAc), (2 mg, 4 gmol, 2 mol %), and anhydrous DCM (1
mL) under argon. After that, a solution of EDA (43 mg, 0.38 mmol, 2
equiv) in anhydrous DCM (1 mL) was slowly added dropwise over a
period of 30 min. The resulting reaction mixture was stirred at room
temperature for 16 h. The solvent was removed under reduced
pressure, and the crude product was purified via column
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chromatography on silica gel (20—80% EtOAc/hexanes) to afford
ethyl 2-((4-mercaptophenyl)amino)acetate (6b) as a yellow solid (20
mg, 0.089 mmol, 47% yield). Ry = 0.31 (50% EtOAc/hexanes). 'H
NMR (CDCly, 500 MHz): 5 7.25 (d, ] = 7.5 Hz, 2H), 647 (d, ] = 7.0
Hz, 2H), 4.41 (br, 1H), 4.22 (q, ] = 6.5 Hz, 2H), 4.09 (br, 1H), 3.85
(s, 2H), 1.27 (t, ] = 6.3 Hz, 3H). *C NMR (CDCI3, 125 MHz): §
170.8, 147.5, 134.2, 125.4, 113.3, 61.6, 45.2, 14.3. GC-MS m/z (%
relative intensity): 211 (36.0), 128 (100.0), 136 (23.8), 109 (11.3).
Ethyl 2-((4-aminophenyl)thio)acetate (6¢c). This compound was
synthesized according to a modification of a previously reported
procedure (Scheme $5).>" A flame-dried 25 mL 2-neck round-bottom
flask was charged with 4-aminothiophenol 6a (200 mg, 1.60 mmol, 1
equiv) and anhydrous THF (10 mL) under argon. The solution was
cooled to —30 °C, and sodium hydride (66 mg, 1.66 mmol, 1.04
equiv) was added in portions. After the reaction mixture was allowed
to reach 0 °C, it was cooled again to —30 °C for the addition of ethyl
bromoacetate (264 mg, 1.58 mmol, 0.99 equiv) and stirred overnight
at room temperature. The solvent was removed under reduced
pressure, and the crude product was taken up in EtOAc (20 mL) and
water (20 mL). The aqueous layer was extracted with EtOAc (3 X 20
mL). The combined organic layers were washed with aq. saturated
NaHCO; (10 mL), brine (10 mL), and water (10 mL), dried over
Na,SO,, and concentrated under reduced pressure. Purification by
column chromatography on silica gel (0—40% EtOAc/hexanes)
afforded ethyl 2-((4-aminophenyl)thio)acetate (6¢) as a yellow oil
(268 mg, 1.26 mmol, 79% yield). Ry =0.54 (20% EtOAc/hexanes).
'"H NMR (CDCl,;, 500 MHz): 6§ 7.29 (d, ] = 6.5 Hz, 2H), 6.60 (d, ] =
7.0 Hz, 2H), 4.13 (t, ] = 6.7 Hz, 2H), 3.76 (br, 2H), 3.45 (s, 2H),
121 (t, J = 6.5 Hz, 3H). 3C NMR (CDCI3, 125 MHz): § 170.3,
147.0, 135.0, 121.8, 115.6, 61.4, 39.3, 14.2. GC-MS m/z (% relative
intensity): 211 (84.2), 212.1 (10.9), 138 (25.8), 124 (100.0).
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