
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

0/
3/

20
24

 1
2:

00
:4

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Highly stereosele
aDepartment of Chemistry, University of Roc

E-mail: rfasan@ur.rochester.edu
bDepartment of Chemistry and Chemical Bio

New Jersey 08854, USA

† Electronic supplementary information
procedures, synthetic procedures, ad
chromatograms, NMR spectra. CCDC [2
data in CIF or other electronic format see

‡ Current address: College of Enginee
University, Nanjing, Jiangsu Province 210

Cite this: Chem. Sci., 2022, 13, 8550

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 5th April 2022
Accepted 6th May 2022

DOI: 10.1039/d2sc01965e

rsc.li/chemical-science

8550 | Chem. Sci., 2022, 13, 8550–8
ctive and enantiodivergent
synthesis of cyclopropylphosphonates with
engineered carbene transferases†

Xinkun Ren, ‡a Ajay L. Chandgude, a Daniela M. Carminati, a Zhuofan Shen, b

Sagar D. Khare b and Rudi Fasan *a

Organophosphonate compounds have represented a rich source of biologically active compounds,

including enzyme inhibitors, antibiotics, and antimalarial agents. Here, we report the development of

a highly stereoselective strategy for olefin cyclopropanation in the presence of a phosphonyl diazo

reagent as carbene precursor. In combination with a ‘substrate walking’ protein engineering strategy, two

sets of efficient and enantiodivergent myoglobin-based biocatalysts were developed for the synthesis of

both (1R,2S) and (1S,2R) enantiomeric forms of the desired cyclopropylphosphonate ester products. This

methodology enables the efficient transformation of a broad range of vinylarene substrates at

a preparative scale (i.e. gram scale) with up to 99% de and ee. Mechanistic studies provide insights into

factors that contribute to make this reaction inherently more challenging than hemoprotein-catalyzed

olefin cyclopropanation with ethyl diazoacetate investigated previously. This work expands the range of

synthetically useful, enzyme-catalyzed transformations and paves the way to the development of

metalloprotein catalysts for abiological carbene transfer reactions involving non-canonical carbene

donor reagents.
Introduction

Phosphorus-containing compounds are essential to all known
forms of life1 and organophosphorus compounds have repre-
sented an important source of biologically active compounds,
including enzyme inhibitors, antibiotics, and plant regulators
(Fig. 1).2–6 For example, the phosphonyl/cyclopropane-
containing adenosine monophosphate MRS2339 was identi-
ed as a potent drug for the treatment of heart failure.2 Other
phosphonyl-functionalized molecules such as tenofovir3 and
fosmidomycin analogs4 (Fig. 1) were developed as therapeutic
agents for HIV and malaria, respectively, with the correspond-
ing phosphonate ester derivatives being used as prodrugs with
enhanced bioavailability. In nature, a variety of bioactive
natural products incorporate phosphonate groups,6 including
the clinically used antibiotic fosfomycin,7 the antifungal tri-
peptide rhizocticin,8 and the herbicide phosphinothricin.9 In
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view of the biological and pharmaceutical importance of
organophosphorus compounds, the development of bio-
catalytic methods for the synthesis of optically active
phosphonate-containing molecules is highly desirable.

Among the various methodologies reported for the synthesis
of organophosphonates, includingmethods for direct C–P bond
formation,10 the asymmetric cyclopropanation of olens with
phosphonyl-containing diazo compounds represents an
Fig. 1 (a) Biologically active organophosphonates and (b) biocatalytic
method for the stereoselective synthesis of cyclopropylphosphonates
(this work).
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Table 1 Activity and selectivity of Mb and variants thereof in the
cyclopropanation of styrene with dimethyl (diazomethyl)phosphonate
to give 3aa

Entry Catalyst Yieldb TON dec [%] eed [%]

1 Hemin 0% 0 n.d. n.d.
2 Mb 0.4% 1 90 n.d.
3 Mb(H64V,V68A) 1.6% 2 >99 98
4 Mb(H64G,V68A) 67% 83 >99 >99
5 Mb(H64A,V68G) 18% 23 >99 79
6 Mb(H64V,V68G) 13% 16 >99 97
7 Mb(H64A,V68G,I107L) 35% 44 >99 97
8e Mb(H64G,V68A) 99% (94%) 250 >99 >99
9f Mb(H64G,V68A) 47% 470 >99 >99
10g Mb(H64G,V68A) 99% 187 >99 >99

a Reaction conditions: 2.5 mM dimethyl (diazomethyl)phosphonate (1),
5 mM styrene (2a), 20 mM Mb variant in KPi buffer (50 mM, pH 7),
10 mM Na2S2O4, r.t., 16 h in sealed anaerobic crimp vials. See also
Tables S1 and S2. b GC yield based on the calibration curves prepared
using authentic standards. Yields of isolated products are reported in
brackets. c % de Values: (trans � cis)/(trans + cis). d Trans% ee values:
[(1S,2R) � (1R,2S)]/[(1R,2S) + (1S,2R)]. e Using 40 mM Mb, 20 mM 1,
and 10 mM styrene. f Using 10 mM Mb, 20 mM 1, and 10 mM styrene.
g Using whole cells at OD600 ¼ 80, 20 mM 1, and 10 mM styrene.
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attractive approach for the synthesis of cyclopropane rings
decorated with a phosphonyl group.11 While these reactions
have been traditionally addressed using organo-transition
metal catalysts, asymmetric cyclopropanation with acceptor-
only phosphonyl diazo compounds has proven challenging.11

In this context, enzyme-mediated carbene transfer catalysis has
recently emerged as a promising and sustainable alternative for
the stereoselective synthesis of cyclopropane molecules.12–23 In
particular, our group and others have demonstrated that engi-
neered hemoproteins (e.g. myoglobin, cytochrome P450s)12–23

and articial metalloenzymes24–31 can promote stereoselective
cyclopropanations in both intermolecular and intramolecular
settings. While various acceptor-only diazo compounds have
been successfully employed for these biocatalytic trans-
formations,12–31 the scope of these reactions has been thus far
limited to diazo reagents that incorporate carbon-based elec-
tron withdrawing groups (i.e., RCHN2, where R ¼ CO2R, CN,
CF3, COR), which restricts the diversity of cyclopropane prod-
ucts obtainable through biocatalysis.

Here, we report the successful development of a biocatalytic
strategy for promoting highly diastereo- and enantioselective
olen cyclopropanation in the presence of a phosphonyl diazo
compound, which remains unprecedented for metalloenzymes
(Fig. 1b). This methodology enables the efficient transformation
of a broad range of olen substrates to yield enantioenriched
phosphonyl-functionalized cyclopropanes in both trans-(1S,2R)
and trans-(1R,2S) congurations with high stereoselectivity and
at a synthetically useful scale.

Results and discussion

Given our prior success in developing hemoprotein-based
catalysts for cyclopropanation reactions with acceptor-only
diazo compounds, we envisioned the employment of Seyferth–
Gilbert reagent dimethyl (diazomethyl)phosphonate32 (1) as
carbene donor for the biocatalytic construction of phosphorus-
containing cyclopropanes. Accordingly, we tested a model
reaction with styrene (2a) and 1 in the presence of seven
different hemoproteins, including myoglobin (Mb),
Mb(H64V,V68A),13 P450BM3, catalase, cytochrome c from equine
heart and from Hydrogenobacter thermophilus, P450 XplA, and
P450 BezE (Table S1†). A control reaction containing hemin as
the catalyst did not produce any product (Table 1, entry 1). In
contrast, four of the tested hemoproteins showed detectable to
moderate activity in this reaction (0.4% to 23% conversion),
highlighting the importance of the protein environments for
orchestrating this challenging transformation. XplA, a cyto-
chrome P450 from Rhodococcus sp.33 previously identied as an
efficient nitrene transferase for C–H amination,34 showed the
highest level of activity, giving 23% yield (GC) but only moderate
level of enantioselectivity (33% ee, entry 8, Table S1†) for the
formation of (1R, 2S)-congured cyclopropanation product 4a.
BezE, another P450-based nitrene transferase,34,35 exhibited
excellent diastereoselectivity (93% de) but poor enantiose-
lectivity (15% ee, entry 9, Table S1†) toward the formation of (1S,
2R)-congured stereoisomer 3a. While wild-type Mb shows
minimal activity in the reaction (<1%; Table 1, entry 2),
© 2022 The Author(s). Published by the Royal Society of Chemistry
Mb(H64V,V68A), a Mb variant previously optimized for inter-
molecular styrene cyclopropanation with ethyl diazoacetate,13

was found to exhibit excellent stereoselectivity (>99% de and
98% ee for 3a; Table 1, entry 3), albeit still with very low activity
(2%).

Based on these results, we decided to further explore the Mb
scaffold toward developing improved biocatalysts for this
transformation. Accordingly, we screened a diverse panel of Mb
variants (�40) featuring one to four mutations within the
protein active site (i.e., at positions Leu29, Phe43, His64, Val68,
Ile107; Fig. S1 and Tables S2 and S3†). From this screen,
Mb(H64G,V68A), a variant identied previously for olen
cyclopropanation with bulky diazoketone reagents,23 was found
to offer superior performance over Mb(H64V,V68A) and the
other Mb variants, producing 3a with excellent diastereo- and
enantioselectivity in 67% yield (>99% de and ee; Table 1, entry
4; Fig. 2a). Interestingly, the single-site variants Mb(H64G) and
Mb(V68A) displayed minimal to no activity under identical
reaction conditions (0–4% yield; Table S2†, entries 3 & 6),
indicating that these mutations exert a synergistic effect in
enhancing the reactivity of the biocatalyst. To further examine
the role of these two ‘hot spots’, the activity and selectivity of
Mb(V68A)-containing variants featuring residues of varying size
at the level of the distal His64 position were compared (Table
S3†).

While all the double variants showed comparably high
enantioselectivity (98 and >99% ee), a strong correlation was
Chem. Sci., 2022, 13, 8550–8556 | 8551
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Fig. 2 (A) Structure–activity analysis of the (1S,2R)- and (1R,2S)-
selective cyclopropanation biocatalysts. See Fig. S4† for complete
activity and selectivity data. (B) Improved (1R,2S)-selective biocatalysts
obtained by directed evolution of Mb variant RR4 via a substrate
walking approach.
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apparent between catalytic activity and a decreasing size (and
thus steric hindrance) at the 64 position (1.6% (Val) / 30%
(Ala) / 67% (Gly); Table S3†, entries 2–4). We hypothesize that
a larger cavity at the distal histidine (64) position could better
facilitate access of the bulky diazo reagent to the heme pocket
and/or better accommodate the bulky phosphonyl group in the
heme-bound carbene intermediate expected to mediate these
reactions.36 Another interesting structure–activity trend
emerging from the catalyst screening is the favorable effect of
a Gly mutation at position 68 (i.e., V68G), as suggested by the
functionality in the cyclopropanation reaction of various Mb
variants incorporating this mutation (13–30% yield; Table S2†,
entries 21–27). Using Mb(V68G) as background, a similar trend
was observed with respect to an increase in catalytic activity
upon mutation of His64 with smaller residues (Table S3†,
entries 5–7). The most active catalyst in this group,
Mb(H64A,V68G), was then subjected to a round of directed
evolution via parallel site-saturation mutagenesis at positions
29, 43 and 107 which surround the heme active site (Fig. S1†).
Screening of these libraries in whole cells led to the identica-
tion of Mb(H64A,V68G,I107L) variant with improved activity (18
/ 35% yield) and enantioselectivity (79 / 97% ee(1S,2R))
compared to the parent enzyme (Table 1, entry 5 vs. 7; Fig. 2a).
While this variant remained an inferior catalyst compared to
Mb(H64G,V68A) in the reaction with styrene and 1, it later
proved more effective for the transformation of challenging a,
a-disubstituted styrenes. Next, the Mb(H64G,V68A)-catalyzed
cyclopropanation reaction with the phosphonyl diazo reagent
1 was further optimized by varying the substrate and catalyst
8552 | Chem. Sci., 2022, 13, 8550–8556
loading and the diazo:styrene ratio (Table S4†). While the initial
conditions utilized an excess of styrene over the diazo reagent,
these experiments showed that high to quantitative yields (86–
99%) could be obtained in the presence of the olen as the
limiting reagent (i.e., styrene : 1 ratio of 1 : 2), while maintain-
ing excellent diastereo- and enantioselectivity (>99% de and ee,
Table 1, entry 8). In addition, under similar conditions, the
reaction could be carried out with equally high efficiency and
stereoselectivity using whole cells (E. coli) expressing the
Mb(H64G,V68A) variant (Table 1, entry 10). The (1S,2R)-cong-
uration of 3a was assigned based on the crystallographic anal-
ysis of the related product 3da (Fig. S5; Table S8†). Time-course
experiments showed that this Mb(H64G,V68A)-catalyzed reac-
tion reaches �80% conversion in �2 min and quantitative
conversion of 2a to 3a in less than 5 min (Fig. S2†), indicating
fast reaction kinetics. Using this variant, up to 470 catalytic
turnovers were measured under catalyst-limited conditions
(Table 1, entry 9). The substrate scope of the Mb(H64G,V68A)
catalyst was then probed against a diverse panel of styrene
derivatives and vinylarenes under the optimized conditions
described above and at a preparative scale (0.5 mmol) (Table 2).
These experiments showed that styrene derivatives carrying
para, meta and ortho substitutions (2b–2k) are efficiently pro-
cessed to give the corresponding cyclopropanation products
3b–3k in good to excellent yields (44–99%) and with excellent
levels of diastereo (>99% de) and enantioselectivity (98–99% ee)
(Table 2). Both electron-withdrawing and electron-donating
groups on benzene ring were well tolerated (2b–2f) as well as
large substrates such as 2-vinylnaphthalene (2k). Using
Mb(H64A,V68G,I107L) as the catalyst, conversion of a-methyl-
styrene into the trisubstituted phosphonyl-functionalized
cyclopropane 3l could be also accomplished with high enan-
tioselectivity (99% ee), albeit with moderate yield and diaster-
eoselectivity (Table 2, entry 11).

The Mb(H64G,V68A)-catalyzed biotransformation could be
further scaled up to isolate 1.1 g of enantiopure 3d (61% iso-
lated yield), which further demonstrated the robustness and
scalability of this biocatalytic method (Scheme 1). This product
was further derivatized via Suzuki–Miyaura cross-coupling
(Scheme 1) to produce 3da (66% isolated yield), which could
be crystallized for assignment of the stereochemical congu-
ration of the cyclopropane ring. Of note, the Mb(H64G,V68A)
variant exhibited a consistent (1S,2R)-stereoselectivity across
the diverse panel of olen substrates, as derived by the similar
behavior of the products on chiral GC and SFC compared to the
reference compound 3da.

Having developed a general biocatalyst for the synthesis of
(1S,2R)-congured cyclopropylphosphonate esters, we sought to
identify variants that can provide access to the (1R,2S)-cong-
ured product, since enantiodivergent biocatalysts are highly
desirable for medicinal chemistry and other synthetic applica-
tions. To that end, we expanded the panel of catalysts for initial
screening to include a series of so-called ‘RR’ variants (i.e., RR1
to RR5), which we previously engineered for the enantiodi-
vergent cyclopropanation of styrene and EDA.14 To our delight,
all these ve catalysts were found to favor the formation of the
(1R,2S)-congured product 4a (73–99% ee(1R,2S)), albeit mostly
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc01965e


Table 2 Substrate scope for Mb(H64G,V68A)-mediated olefin cyclo-
propanation with dimethyl (diazomethyl)phosphonatea

Entry Product Yieldb % de % ee

1 99% (90%) >99 >99

2 65% (59%) >99 >99

3c 73% (61%) >99 >99

4d 63% (52%) >99 98

5 93% (87%) >99 >99

6 48% (41%) >99 99

7 95% (85%) >99 >99

8 56% (51%) >99 >99

9 44% (36%) >99 >99

10d,e 46% (41%) >99 99

11f 20% (15%) 24 >99

a Reaction conditions: 10 mM olen, 20 mM dimethyl (diazomethyl)
phosphonate (1), 40 mM Mb(H64G,V68A) puried protein in KPi buffer
(50 mM, pH 7), 50 mL-scale, RT, 16 h. b Product conversion as
determined by GC. Yields of isolated products are reported in
brackets. Errors are within 10%. c Reaction volume: 600 mL. d Using
Mb(H64V,V68G) as catalyst. e Using 5 mM olen and 10 mM dimethyl
(diazomethyl)phosphonate. f Using Mb(H64A,V68G,I107L).

Scheme 1 Gram-scale biocatalytic synthesis of 3d and further func-
tionalization to 3da for crystallographic analysis. See Fig. S5 and Table
S8† for crystallographic data.

Table 3 Substrate scope for Mb-mediated trans-(1R,2S) selective
olefin cyclopropanation with dimethyl (diazomethyl)phosphonatea

Entry
Mutations (vs.
RR4) Product Yieldb % de % ee

1 RR4 R1 ¼ H (4a) 96% 99% >99%
2 RR4 R1 ¼ 4-F (4b) 72% 99% 91%
3 RR4 R1 ¼ 4-Cl (4c) 38% 99% 82%

T29C,V64A 64% 99% 92%
4 RR4 R1 ¼ 4-Br (4d) 38% 99% 65%

T29C,V64A 63% 99% 84%
5 RR4 R1 ¼ 4-CF3 (4e) 9% 99% 33%

T29C,V64A 24% 99% 56%
6 RR4 R1 ¼ 4-OMe (4f) 99% 99% 59%
7 RR4 R1 ¼ 4-Me (4g) 22% 99% 57%

T29C,V64A 41% 99% 76%
8 RR4 R1 ¼ 3-Me (4h) 40% 27% 72%

T29V 71% 91% 76%
9 RR4 R1 ¼ 2-Me (4i) 99% 99% >99%
10 RR4 R1 ¼ 3-Br (4j) 40% 46% 88%

T29V 99% 94% 89%

11

RR4

(4k)

12% 99% 45%
T29V,V64A 24% 99% 81%

12

RR4

(4l)

14% 99% 71%
T29C,V64A 45% 86% 94%

a Reaction conditions: 5 mM olen, 10 mM dimethyl (diazomethyl)
phosphonate (1), Mb-expressing E. coli (OD600 ¼ 100) in KPi buffer
(50 mM, pH 7), 1 mL-scale, RT, 16 h. b Product conversion as
determined by GC. Errors are within 10%.
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with low activity (Table S2†, entries 38–42). Among them, Mb
variant RR4 (¼ Mb(L29T,H64V,V68F,I107L)) displayed the most
promising activity (17% yield), along with excellent stereo-
selectivity (99% de and ee; Table S2†, entry 41). Mutational
‘deconstruction’ of this variant indicated that the mutations at
position 29, 68, and 107 are primarily responsible for the
inversion of enantioselectivity (Fig. 2a). Upon optimization of
the reaction conditions, nearly quantitative yield of 4a (96%),
along with excellent de and ee, was achieved using whole cells
expressing Mb variant RR4 in the presence of a slight (2-fold)
excess of diazo reagent over the olen (Table 3, entry 1). This Mb
variant was then challenged with the same set of olen
© 2022 The Author(s). Published by the Royal Society of Chemistry
substrates described in Table 2. All the substrates were
successfully converted to the desired (1R,2S)-congured cyclo-
propane products (Table 3). However, only four of the 12
Chem. Sci., 2022, 13, 8550–8556 | 8553
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Fig. 3 (A) Radical trapping experiment with styrene and dimethyl
(diazomethyl)phosphonate. (B) Enzymatic cyclopropanation reaction
with cis-b-deutero-styrene. (C) Gibbs free energy diagram for the
heme-catalyzed styrene cyclopropanation reaction with dimethyl
(diazomethyl)phosphonate (1) and EDA. Molecular models of key TS
and intermediates in the reaction pathway with 1 are shown. DG values
calculated based on the UB3LYP/6-311G** + SDD//UB3LYP-D3BJ/
def2-TZVP + SDD method. See Table S8† for further details. NMI ¼ 5-
methyl-imidazole.
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products were obtained in high yields (72–99%) and suboptimal
levels of diastereo- and/or enantioselectivity were observed for
various substrates, such as 4-bromo-styrene (2d), 3-methyl-
styrene (2h), a-methyl-styrene (2l), and 2-vinylnaphthalene (2k).

To overcome this limitation, we decided to further evolve
RR4 using a “substrate walking” approach,37–39 whereby
increased activity against the substrates found to be challenging
for this biocatalyst, namely, compound 2d, 2h, 2l, and 2k
(Fig. 2b), was used as the screening criterion for further evolu-
tion. Accordingly, RR4 was subjected to sequential rounds of
site saturationmutagenesis at the active site residues Leu29 and
His64, followed by library screening against the four afore-
mentioned olen substrates. This process led to identication
of four new Mb variants, namely RR4/T29C, RR4/T29V, RR4/
T29C/V64A, RR4/T29V/V64A, which feature improved catalytic
activity as well as higher stereoselectivity toward the synthesis of
the desired (1R,2S)-cyclopropylphosphonate products (Fig. 2b).
The performance of these variants was then assessed against
the entire set of eight ‘difficult’ substrates in the presence of
RR4 as the catalyst (Table S6†). Gratifyingly, important
enhancements in yield and/or stereoselectivity were generally
obtained for all of these substrates. For example, using RR4/
T29V, the synthesis of the meta-substituted products 4h and
4j could be achieved with signicantly higher diaster-
eoselectivity compared to RR4 (27–46% / 91–94% de; Table 3,
entries 8 & 10). Using RR4(T29C,V64A), on the other hand, both
improved yields and higher enantioselectivity could be obtained
for the synthesis of the para-substituted cyclo-
propylphosphonates 4-e and 4g, and 4l derived from a-methyl-
styrene (Table 3, entries 3–5, 7 and 12). From a structure–
activity standpoint, these results also revealed a key role of the
29 position alone and of the combined 29/64 positions in
controlling trans-selectivity and (1R,2S)-enantioselectivity in the
presence of meta-substituted styrenes. Finally, a notable
improvement in enantioselectivity (45 / 85% ee) for the
(1R,2S)-selective cyclopropanation of 2-vinyl-naphthalene with
phosphonyl diazo 1 was obtained using the evolved variant
RR4(T29V,V64A).

Interestingly, the present studies showed that the Mb-
catalyzed cyclopropanation of styrene with the phosphonyl
diazo 1 represents a more challenging reaction than the same
reaction in the presence of EDA, as investigated previously.13

This is evident from the lack of reactivity of wild-type Mb in the
former reaction, compared to �200 TON with EDA, and the
much lower TON supported by the optimized biocatalyst
Mb(H64G, V68A) for the present reaction compared to the
related Mb variant Mb(H64V,V68A) developed for styrene
cyclopropanation with EDA (�500 (Table 1) vs. > 10 000 TON13).
To better understand the basis for this differential reactivity, we
investigated the reaction mechanism experimentally and
computationally. Previous studies on the Mb-catalyzed styrene
cyclopropanation with EDA indicated that this reaction involves
a concerted carbene insertion mechanism,40 as opposed to
a stepwise radical one.31 Similar to prior results with EDA, the
addition of the radical spin trapping reagent 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) showed no detectable inhibition of
the Mb(H64G,V68A)-catalyzed styrene cyclopropanation with 1
8554 | Chem. Sci., 2022, 13, 8550–8556
(Fig. 3a). In addition, no cis/ trans isomerization was observed
in the Mb(H64G,V68A)-catalyzed cyclopropanation of cis-b-
deuterostyrene with the diazophosphonate reagent (Fig. 3b and
S6†). Altogether, these results indicated that the two reactions
shared a similar cyclopropanation mechanism involving
a concerted carbene insertion step. To gain further insights into
differences between the cyclopropanation reactions with diaz-
ophosphonate vs. EDA, these reactions were analyzed via
Density Function Theory (DFT) using a model of histidine-
ligated iron protoporphyrin system, as done previously.40 As
shown in Fig. 3c, the energy prole for the heme-catalyzed
cyclopropanation with EDA is consistent with that determined
in previous studies,40 pointing at diazo compound activation to
form the heme-bound carbene as the rate-determining step
along the reaction coordinate. When compared with the reac-
tion in the presence of 1, the two reactions displayed an overall
similar energy prole but with some notable differences. For the
initial step involving binding and activation of the diazo
compound by the iron center, the transition state in the reaction
with 1 (TS1diazophosphonate) was calculated to be 1.0 kcal mol�1

higher in energy than that of EDA (20.7 kcal mol�1 vs.
19.7 kcal mol�1). Upon release of molecular dinitrogen, the
iron-carbenoid intermediate formed in the presence of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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diazo phosphonate reagent showed a 2.4 kcal mol�1 lower
relative energy compared to that derived from EDA, indicating
a higher stability and therefore lower reactivity than the latter.
For the cyclopropanation step, a concerted mechanism was
considered based on the experimental data. For this step, the
energy barrier for cyclopropanation with 1 (TS2diazophosphonate)
was found to be 2.1 kcal mol�1 higher in energy than that with
EDA (TS2EDA) (DG ¼ 12.0 kcal mol�1 vs. 9.9 kcal mol�1). Overall,
these studies suggest that the cyclopropanation reaction with
the phosphoryl diazo compound 1 as catalyzed by the heme
cofactor is less facile than that in the presence of EDA, which is
in line with the general trend observed experimentally using
hemin alone (0 vs. 14513 TON; Table 1), wild type Mb (1 vs. 18013

TON; Table 1), and the engineered Mb variants as noted above.
To further investigate the difference in reactivity of the Mb

catalysts in the cyclopropanation reaction with EDA vs. 1, the
transition states for the rate-determining step in these reactions
as determined via DFT (i.e., TS1EDA and TS1diazophosphonate;
Fig. 3c) were docked into the crystal structure of
Mb(H64V,V68A)36 and a model of Mb(H64G,V68A), respectively,
using the Rosetta soware suite.41 Aer structure and energy
optimization, the protein complex with the heme-bound
dimethyl (diazomethyl)phosphonate substrate was found to
be higher in energy than the protein complex with heme-bound
EDA (Fig. S8†). Examination of these complexes and corre-
sponding energy terms indicated that the dimethyl phospho-
nate group in reagent 1 causes greater steric repulsion with the
protein environment compared to less bulky ethyl acetate
moiety in the EDA reagent (Fig. S8†). These protein-dependent
steric effects along with the higher energy barriers associated
with the reaction with 1 (Fig. 3c) likely contribute to make the
Mb-catalyzed cyclopropanation with the diazophoshonate
reagent inherently more challenging that the same reaction in
the presence of EDA as the carbene donor.

Conclusion

In summary, we have developed an efficient biocatalytic plat-
form to perform the rst example of intermolecular cyclo-
propanation using phosphorus-containing diazo compounds as
carbene precursors. This biocatalytic strategy offers efficient,
enantioselective, and scalable access to enantioenriched cyclo-
propylphosphonate esters, which can serve as key chiral
building blocks for medicinal chemistry and other applications.
Furthermore, enantiodivergent biocatalysts could be developed
for this transformation, which enhances the synthetic value of
this approach. For the (1R,2S)-selective biocatalyst, a substrate
walking strategy proved effective to enable the stereoselective
transformation of a broad range of vinyl arene substrates.
Finally, our mechanistic and computational studies have yiel-
ded insights into similarities and differences between
hemoprotein-catalyzed olen cyclopropanation in the presence
of the phosphonyl diazo reagent vs. diazoacetate, indicating
how both kinetic and steric factors contribute to make the
former reaction inherently more challenging than the latter.
This work expands the catalytic repertoire of enzyme-catalyzed
abiological transformations and opens the way toward the
© 2022 The Author(s). Published by the Royal Society of Chemistry
development of carbene transfer biocatalysts that utilize non-
canonical carbene precursors.
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