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Abstract: A chemobiocatalytic strategy for the highly stereo-
selective synthesis of nitrile-substituted cyclopropanes is
reported. The present approach relies on an asymmetric
olefin cyclopropanation reaction catalyzed by an engineered
myoglobin in the presence of ex situ generated diazoacetoni-
trile within a compartmentalized reaction system. This method
enabled the efficient transformation of a broad range of olefin
substrates at a preparative scale with up to 99.9% de and ee
and up to 5600 turnovers. The enzymatic product could be
further elaborated to afford a variety of functionalized chiral
cyclopropanes. This work expands the range of synthetically
valuable, abiotic transformations accessible through biocatal-
ysis and paves the way to the practical and safe exploitation of
diazoacetonitrile in biocatalytic carbene transfer reactions.

The catalytic asymmetric cyclopropanation of alkenes with
diazo compounds constitutes a convenient and direct strategy
for the construction of optically active cyclopropanes,[1] which
are key structural motifs in numerous natural products and
pharmaceuticals.[2] Within this structural class, cyano-substi-
tuted cyclopropanes represent particularly attractive building
blocks owing to the versatility of the cyano group toward its
interconversion to a variety of functional groups.[3] Moreover,
cyano-functionalized cyclopropanes have been incorporated
into pharmacologically active molecules, including the potent
cathepsin K inhibitor Odanacatib.[4] Notable contributions
from the Davies, Charette, and Zhang groups have recently
introduced chemocatalytic protocols for the asymmetric
synthesis of cyano-substituted cyclopropanes starting from
donor–acceptor or acceptor–acceptor diazo compounds.[5] In
stark contrast, methods for the asymmetric synthesis of
cyano-substituted cyclopropanes using the acceptor-only
diazo reagent diazoacetonitrile (N2CHCN) have remained
elusive. As an isolated effort in this direction, chiral Ru-
porphyrins were reported to catalyze the cyclopropanation of
styrene derivatives in the presence of pre-formed diazoace-
tonitrile (1a), but only with moderate diastereoselectivity
(20–50% de) and enantioselectivity (41–71% ee)
(Scheme 1).[6] More recently, the Koenigs group has reported
the iron-catalyzed cyclopropanation of vinylarenes in the
presence of in situ generated[7] diazoacetonitrile.[8] While
offering good yields and scalability, this method provides

only moderate diastereoselectivity (2:1 to 7:1 d.r.) and no
enantioselectivity in the cyclopropanation reaction
(Scheme 1).[8] Motivated by the shortcomings of current
methodologies for this transformation, we have pursued and
report herein the development of a biocatalytic strategy for
the highly stereoselective synthesis of nitrile-substituted
cyclopropanes by myoglobin-catalyzed olefin functionaliza-
tion with diazoacetonitrile. This method provides a rather
general, efficient, and scalable route to enantiopure cyclo-
propanes incorporating a cyano group, which can be readily
elaborated to afford variously functionalized chiral cyclo-
propanes.

Heme-containing proteins[9] as well as engineered/artifi-
cial metalloenzymes[10] have been recently identified as viable
biocatalysts for promoting olefin cyclopropanations in the
presence of diazo reagents. In particular, we previously
reported the ability of engineered variants of myoglobin
(Mb) to catalyze the cyclopropanation of vinylstyrenes with
ethyl a-diazoacetate (EDA) with a high degree of diastereo-
and enantioselectivity.[9c,d] Despite this progress, the scope of
biocatalytic cyclopropanations has been largely restricted to
a-diazoacetates, limiting the types of functionalized cyclo-
propanes accessible using these systems. To overcome these
limitations, our attention was drawn to diazoacetonitrile,
a largely underutilized reagent in organic chemistry.[11] The
application of pre-formed diazoacetonitrile in carbene trans-
fer manifolds presents important challenges since this reagent
cannot be handled easily due to its high volatility, toxicity, and
explosive nature.[12] On the other hand, protocols for in situ

Scheme 1. Methods for synthesis of nitrile-substituted cyclopropanes
using diazoacetonitrile.
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generation of diazoacetonitrile through diazotization of 2-
amino-acetonitrile,[11, 13]a shelf-stable, readily available, and
inexpensive reagent, are incompatible with protein stability
and function. Our recent success in engaging gaseous 2-diazo-
trifluoroethane (DTE) in myoglobin catalysis[9g] prompted us
to apply an analogous compartmentalized reaction system for
testing the ability of myoglobin to accept diazoacetonitrile as
a carbene donor for olefin cyclopropanation. Accordingly, we
tested a reaction system in which diazoacetonitrile (1a),
generated in situ by diazotization of 2-amino-acetonitrile
(1b) in a “reagent generation chamber”, is carried through
a “reaction chamber” containing the biocatalyst and a model
olefin substrate (p-chloro-styrene, 2a) by a continuous flow of
inert gas (Ar) (Table 1 and Figure S1 in the Supporting
Information). The myoglobin variant Mb(H64V,V68A) was
selected as the catalyst because of its high stereoselectivity in
olefin cyclopropanations with EDA.[9c,d] Gratifyingly, a reac-
tion system involving Mb(H64V,V68A)-containing whole
cells (OD600 : 80) and ex situ generated diazoacetonitrile
resulted in the accumulation of the desired nitrile-substituted
cyclopropane product 3a in good conversion (44%; Table 1,
Entry 2). A similar reaction with purified protein did not yield
any product (Table 1, Entry 1), indicating that the whole cell
system protects the biocatalyst from inactivation by the gas
flow. Importantly, the Mb(H64V,V68A)-catalyzed reaction
was found to proceed also with excellent diastereo- and
enantioselectivity (99.9% de and ee), producing a single

stereoisomer with trans-(1S,2S) absolute configuration as
established by X-ray crystallography (Table 1; Figure S3 in
the Supporting Information). These results thus showed that
diazoacetonitrile can be effectively utilized as carbene donor
by the Mb-based carbene transferase. Additionally, the chiral
induction imposed by Mb(H64V,V68A) in the cyclopropana-
tion reaction with diazoacetonitrile mirrors, which is observed
in styrene cyclopropanation with EDA[9c] and DTE,[9g] high-
lighting the conserved stereoselectivity of this biocatalyst
across these acceptor-only carbene donors. Further experi-
ments showed that other hemoproteins can catalyze this
reaction, but only with lower activity and/or stereoselectivity
compared to Mb(H64V,V68A) (Table S1 in the Supporting
Information).

Based on the promise of these initial results, the
Mb(H64V,V68A)-catalyzed reaction was further optimized.
A decrease in catalyst loading (that is, cell density (OD600)
from 80 to 5) showed a progressive increase in the catalytic
turnovers (TON) supported by the hemoprotein (230!3110),
while providing similar or higher product conversions (44–
55%) and maintaining excellent stereoselectivity (Table 1,
Entries 3–6). Because of its superior efficiency, a cell density
(OD600) of 20 was thus chosen for the subsequent studies.
Upon observing that a larger excess of carbene precursor (10
vs. 5 equiv of 1b), generated over a longer time period (4 vs.
0.5 hours), did not lead to noticeable improvement in product
conversion (Entry 7), we surmised that only part of the diazo
compound produced in the reagent generation chamber is
made available to the biocatalyst. We attributed this phe-
nomenon to the high solubility of diazoacetonitrile in water,
which would hamper its effective transfer to the reaction
chamber. Upon optimization of the reagent generation
reaction using different solvent systems (Table S2 in the
Supporting information), we found that a water:toluene (1:1)
mixture was optimal for maximizing both formation of the
diazo reagent and its mass transfer to the reaction chamber,
leading to improved product conversions of 72% and 87%
over 5 and 15 hours, respectively, with no impact on diastereo-
and enantioselectivity (Table 1, entry 8). Moreover, the
reaction could be readily scaled up (from 10 to 30 mm p-
chlorostyrene, 2a), enabling the isolation of 86 mg of
enantiopure 3a (99.9% de and ee) in 81 % yield (Table 1,
entry 9). Under these conditions, Mb(H64V,V68A) catalyzes
5600 turnovers, which corresponds to an approximately 50 to
100-fold higher catalytic activity than reported with chemo-
catalytic systems (ca. 50–100 TON).[6, 8]

To explore the scope of this reaction, a diverse panel of
styrene derivatives and vinylarenes was subjected to
Mb(H64V,V68A)-catalyzed cyclopropanation with a-diazoa-
cetonitrile under the optimized conditions described above
and at a preparative scale (0.6 mmol olefin) (Table 2). These
experiments showed that styrene (2b) as well as various
styrene derivatives carrying para, meta, and ortho substituents
(2c–2 i) are efficiently processed by the Mb(H64V,V68A)
variant, leading to the corresponding cyclopropanation prod-
ucts 3b–3 i in good to excellent conversion (50–99%) and
isolated yields (44–84%) (Table 2; Entries 1–2;4–8). Both
electron-donating (3 f–i) and electron-withdrawing substitu-
ents (3c, 3 e) on the benzene ring of the olefin were equally

Table 1: Mb(H64V,V68A)-catalyzed cyclopropanation of p-chlorostyrene
with ex situ generated diazoacetonitrile.[a]

Entry Cat. OD600 equiv 1[b] Conv. (Yield)[c] TON % de % ee

1 protein – 5 0 – – –
2 cells 80 5 44% 230 99.9 99.9
3 cells 40 5 43% 465 99.9 99.9
4 cells 20 5 55% 930 99.9 99.9
5 cells 10 5 50% 1,700 99.9 99.9
6 cells 5 5 46% 3,110 99.9 99.9
7[d] cells 20 10 40% 675 99.9 99.9
8[e] cells 20 5 72%

87%[f ]
1,500 99.9 99.9

9[e,g] cells 20 5 86%[f ]

(81%)[f ]
5,600 99.9 99.9

[a] Reaction conditions: 10 mm 4-chloro-styrene (2a), purified Mb
variant (20 mm) or Mb(H64V,V68A)-expressing E. coli (BL21(DE3)) cells
in KPi 50 mm (pH 7), at 20 mL-scale, RT, 5 hours. NaNO2 was slowly
added over 30 min.[22] [b] Relative to olefin. [c] Product conversion as
determined by SFC. Yields of isolated products are reported in brackets.
Errors are within 10%. [d] Slow addition of NaNO2 over 4 h. [e] 2-
Aminoacetonitrile in 2 mL of 1:1 H2O:toluene mixture. [f ] Reaction time:
15 hours. [g] 2a at 30 mm.
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well tolerated, although lower yields were obtained for 3d
due to its volatility. Importantly, excellent levels of diastereo-
and enantioselectivity (96–> 99 % de and ee) were main-
tained for these styrenyl substrates. Additionally, different
vinylarenes such as naphthyl-, pyridyl-, and thiophenyl-
substituted olefins could be efficiently transformed by the
Mb(H64V,V68A) biocatalyst to give the corresponding cyclo-

propane products 3j, 3 l, and 3m in good yields (61–71 %) and
with high stereoselectivity (84–99 % de and ee) (Table 2;
Entries 9, 11–12). Along with 3 l and 3 m, the efficient
synthesis of 3k in high enantiopurity further demonstrated
the utility of Mb(H64V,V68A) for the cyclopropanation of
a,a-disubstituted olefins (Entry 10), as well as olefins incor-
porating N- and S-containing heterocycles, which find wide-
spread use in medicinal chemistry.

The high catalytic activity of Mb(H64V,V68A) across
these substrates (2080–4960 TON; Table 2) prompted us to
investigate challenging substrates such as b-methyl-styrene,
which has previously eluded Mb-catalyzed cyclopropanation
with EDA.[9c] Albeit in low yields, 3n and 3o could be
obtained in enantioenriched form (4699% ee), demonstrating
the feasibility of the present methodology to access tri-
substituted cyclopropanes (Table 2; Entries 13 and 14). Nota-
bly, the catalytic activity of the iron-based Mb(H64V,V68A)
in this reaction (110–380 TON) compares well with that
reported for the cyclopropanation of b-methyl-styrene with
EDA, using an artificial enzyme containing a highly reac-
tive[14] iridium-porphyrin (20–310 TON).[10d] Altogether, the
results summarized in Table 2 denote the broad substrate
scope of Mb(H64V,V68A)-mediated olefin cyclopropanation
with diazoacetonitrile. Remarkably, this biocatalyst maintains
high trans-(1S,2S) stereoselectivity across the diverse arylar-
enes, as judged based on crystallographic analysis of 3c, 3d,
and 3 i (Figure S4–S6 in the Supporting Information), and the
similar chromatographic behavior of the other products in
chiral SFC or GC compared to that of the structurally
characterized enantiopure products (Table S5–S8 in the
Supporting Information).

Motivated by the positive results with a,b-disubstituted
alkenes, we further probed the capability of the method to
enable the transformation of alkenes other than aryl-sub-
stituted olefins, whose successful cyclopropanation with
diazoacetonitrile was not previously reported.[6,8] This group
included unactivated substrates such as alkyl-substituted
(5a,b) and electron-deficient olefins (5e,f). To our delight,
all the reactions afforded the desired nitrile-substituted
cyclopropane products 5a–f with modest to excellent dia-
stereo- and enantioselectivity (Scheme 2).Notably, the bio-
catalyst displayed over 4700 TON in the conversion of the
acrylamide substrate 4 f to 5 f. These results further high-
lighted the generality of Mb(H64V,V68A)-catalyzed cyclo-
propanation reaction with diazoacetonitrile as well as its
expanded scope compared to Mb-catalyzed cyclopropanation
with a-diazoesters.[9c,d]

While biocatalytic cyclopropanation reactions have so far
remained largely confined to a-diazo esters,[9a–f, h,i, 10,15] we
envisioned that a key advantage of the present strategy would
lie in the possibility to access diverse cyclopropane structures
by leveraging the versatile reactivity of the cyano group.[3]

Illustrating this point, the enzymatically produced compound
3a could be further processed to access a variety of function-
ally diversified cyclopropanes (Scheme 3). Specifically, alka-
line hydrolysis of 3a readily produced the carboxy- and the
carboxyamide-functionalized cyclopropanes 6 and 7, respec-
tively, in 51–84% yield in a single step. On the other hand,
reduction of 3 a with DIBAL furnished the formyl-substituted

Table 2: Substrate scope of Mb(H64V,V68A)-mediated olefin cyclopro-
panation with diazoacetonitrile.[a]

Entry Product Conv.
(Yield)[b]

TON % de % ee

1
50%
(44%)

2080 >99 96

2
99%
(74%)

4960 97 96

3
32%
(31%)

2420 >99 >99

4
77%
(50%)

3820 >99 >99

5
77%
(66%)

3820 98 97

6
98%
(84%)

4880 >99 99

7
75%
(66%)

3730 >99 >99

8
65%
(61%)

2760 99 97

9
63%
(61%)

2550 84 85

10
87%
(73%)

3540 >99 99

11
96%
(61%)

3810 >99 76

12
90%
(71%)

3590 >99 85

13
2%
(nd)

110 69 >99

14
5%
(nd)

380 17 46

[a] Reaction conditions: 30 mm olefin, Mb(H64V,V68A)-expressing E. coli
(OD600 =20) in KPi buffer (50 mm, pH 7), 20 mL-scale, RT, 5–12 hours.
NaNO2 was slowly added over 30 min. [b] Product conversion as
determined by SFC. Yields of isolated products are reported in brackets.
Errors are within 15%.
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cyclopropane 8 in 83 % yield, whereas its reduction with LAH
followed by N-benzoylation afforded the methylamino deriv-
ative 9 in 63 % yield over two steps. Of note, methylamino-
cyclopropanes constitute the core structure of marketed drugs
such as Tasimelteon[16] and Levomilnacipran.[17] Finally,
a zinc-catalyzed [2++3] cycloaddition reaction of 3a with
NaN3

[18] gave the tetrazole-substituted cyclopropane 10,
whereas a reaction with aminoethanol and zinc chloride[19]

afforded the oxazoline-functionalized cyclopropane 11 in
good yields (39–84 %). In most cases, the transformation of
the nitrile group occurred with no erosion of enantiopurity
(> 99% ee, Scheme 3).

In summary, we have developed an efficient biocatalytic
method for the highly diastereo- and enantioselective syn-
thesis of nitrile-substituted cyclopropanes through the acti-
vation of diazoacetonitrile. The present strategy offers
unprecedented degrees of stereocontrol compared to previ-
ously reported chemocatalytic strategies (Scheme 1), along
with high TON, scalability, and a broad substrate scope that

extends beyond that of Mb-catalyzed cyclopropanations with
a-diazoesters.[9c,d] The latter feature may stem from a higher
reactivity of the heme-carbene intermediate[20] generated
from acetonitrile, an aspect that will be addressed in future
studies. Describing the first example of a biocatalytic reaction
involving diazoacetonitrile, this study paves the way to the
application of this reagent in the context of other metal-
loprotein-catalyzed carbene transfer reactions. This capability
combined with the versatility of the cyano functional group, as
exemplified by the transformations of Scheme 2, is expected
to expand opportunities toward the exploitation of biocatal-
ysis for asymmetric synthesis of pharmaceuticals and other
high-value compounds.[21]
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