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Biocatalytic asymmetric ring-opening of
dihydroisoxazoles: a cyanide-free route to
complementary enantiomers of β-hydroxy
nitriles from olefins†‡

Daijun Zheng and Yasuhisa Asano *

By combination of the cyanide-free synthesis of chiral nitriles and the Kemp elimination reaction cata-

lyzed by aldoxime dehydratases, we herein report a new application of aldoxime dehydratase in the asym-

metric ring-opening of 5-sub-4,5-dihydroisoxazoles to synthesize chiral β-hydroxy nitriles with broad

substrate scope, excellent enantioselectivity (up to 99% ee), and good turnover number (up to 11 s−1).

Upon simple isolation and treatment with an alkaline reagent, the remaining chiral 5-sub-4,5-dihydroisox-

azoles can be easily transformed into their corresponding β-hydroxy nitriles. Using site-directed muta-

genesis, a ferrous Heme-containing active site was confirmed and two possible deprotonation pathways

were proposed. To the best of our knowledge, this is the first enzymatic reaction used to construct a

chiral hydroxyl group and nitrile group in one-step starting from a simple alkene, which provides a novel

and useful strategy for the synthesis of complementary enantiomers of β-hydroxy nitriles.

Introduction

Chiral β-hydroxy nitriles are versatile building blocks that can
be easily transformed into chiral β-hydroxy acids, γ-hydroxy
amines, lactones etc.,1–4 which are important motifs of
pharmaceutical and biologically active molecules (Scheme 1),
and can be used as potential monomers for the preparation of
biodegradable plastics.5

Due to the versatility of this family of compounds, the
methods used for their efficient synthesis have been exten-
sively explored over the last few decades. The most common
strategy used in organic synthesis involves asymmetric transfer
hydrogenation (ATH) to reduce keto-nitrile precursors into
their corresponding hydroxyl nitrile compounds using tran-
sition-metal complexes such as ruthenium(II)-complex6–10 and
iridium-complexes.11–13 In addition, alternative methods using
the β-borylation of organoborane compounds with acceptor of
α,β-unsaturated nitriles catalysed by Copper-complex following

with oxidation to synthesize corresponding alcohols have been
reported.14–16 What’s more, the asymmetric cross aldol reac-
tion of aldehydes with different nucleophilic addition donors
and catalysts, such as acetonitrile/Cu alkoxide-chiral phos-
phine complex,17 TMSCH2CN/copper fluoride,18 organo-
lithium reagents,19 cyanomethylzinc bromide/DPMPM20 have
been well developed. Moreover, the region-selective ring-
opening of epoxide with cyanide was also a classic synthetic

Scheme 1 Biologically-active molecules containing the motifs derived
from β-hydroxy nitriles.
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method accessing to β-hydroxy nitriles.21 In general, all these
synthetic routes inevitably use costly chiral transition-metal
complexes as catalysts to construct the chiral centre.
Nowadays, benefitting from the great development of biotech-
nology and green chemistry, a variety of synthetic strategies to
β-hydroxy nitriles have been developed using purified enzymes
or whole cell catalysts. Among them, lipases,2,22,23

reductases,1,24–26 dehydrogenases,27 and nitrilases28,29 have
been mostly employed toward the synthesis of chiral β-hydroxy
nitrile via the kinetic resolution of racemic hydroxyl nitriles or
the asymmetric reduction of β-oxo-nitriles. In addition, few
publications have reported the use of monooxygenase for the
asymmetric hydroxylation of 3-phenylpropanenitrile30 or
multi-enzymatic biosynthesis system of alcohol dehydrogen-
ase/halohydrin dehalogenase treating on α-halo ketones and
cyanide31 to form this family of chiral compounds. In part,
these biocatalytic methods overcome the use of costly tran-
sition-metal catalysts, but are confined to a limited scope of
precursors, including keto-nitriles and racemic hydroxyl
nitriles, which are prepared using tedious synthetic processes
or inevitably use poisonous cyanide as a starting material. By
combination of cyanide-free synthesis of chiral nitriles
(Scheme 2a)32 and the Kemp elimination reaction
(Scheme 2b)33 catalysed by aldoxime dehydratases (EC
4.99.1.5, EC 4.99.1.6, EC 4.99.1.7), we herein report a novel
cyanide-free enzymatic approach to construct a chiral hydroxyl
group and nitrile group in one-step toward the efficient syn-
thesis of the complementary enantiomers of β-hydroxy nitriles
via the asymmetric ring-opening of 5-sub-4,5-dihydroisoza-
zoles (Scheme 2c).

Aldoxime dehydratase is a class of Heme-containing
enzyme involved in the cyanogenesis pathway observed in
nature, which catalyses the dehydration of aldoximes to their
corresponding nitrile derivatives.34 Using the dehydration
function of the enzyme, we established a cyanide-free platform
for the synthesis of nitriles utilizing aldoxime precursors.35–38

Recently, we discovered the enzyme catalyses the Kemp elimin-
ation reaction via a –Fe–N– complex catalytic pathway,33 which
is different from the classic acid–base mechanism.39,40 In this

enzymatic elimination reaction, the N–O bond is initially
opened with the action of the –Fe–N– complex (Heme Fe-proxi-
mal histidine) followed by deprotonation by a distal histidine
residue to form the nitrile triple-bond. Upon investigation of
the catalytic mechanism, it has been reported that the Kemp
elimination reaction can also occur based on the redox cataly-
sis of Heme-containing P450-BM3 via heterolysis to liberate an
intermediate containing a nitrogen radical moiety (Fe(III)–N•)
and phenoxyl anion. The product is formed by bond rotation
and proton-transfer to the resulting phenoxyl anion.41 It was
also mentioned that the metabolism of leflunomide, an immu-
nomodulatory therapeutic drug, could be transferred into teri-
flunomide via isoxazole ring-opening catalysed by human cyto-
chrome P450. This provides the idea of synthesizing a chiral
β-hydroxy nitrile product using a prochiral substrate contain-
ing the dihydroisoxazole motif. To verify this hypothesis, the
substrate 5-phenyl-4,5-dihydroisoxazole was designed and
tested in the reaction with aldoxime dehydratase Oxd-B
obtained from Bacillus sp. OxB-1.42–44

Results and discussion

In the initial screening process, the reaction was carried out in
the absence of a reductant, which showed excellent enantio-
selectivity on the cleavage of the N–O bond as expected, but
the activity was barely satisfactory. In view of the important
role of a reductant in the aldoxime dehydration45 and Kemp
elimination reactions,33 which can significantly enhance the
enzyme activity, different reductants were tested for the asym-
metric ring-opening of 5-phenyl-4,5-dihydroisoxazole
(Fig. S1‡). The enhanced effect on the enzymatic activity upon
the addition of a reductant was observed, which showed the
activity can be improved 1.9–6.0 fold using a variety of reduc-
tants. In addition, the enantioselectivity of the enzyme was not
affected by the additives with the ee of the product being
maintained at ≥99% in each case. The reductant effect implies
a ferrous-Heme active state was involved in the reaction, which
is consistent with the sensitivity of Oxd B to oxygen.42

The classic Kemp elimination reaction can take place
under alkaline conditions via an acid–base mechanism.40

Accordingly, this reaction was investigated in a range of
different pH buffers (Fig. 1a). Although the yield varied sig-
nificantly at different pH in a various buffer types, the
enzyme could work at pH 5.0–10.0 with the desired product
formed in 2–36% yield, and the optical purity of the product
was maintained at ≥99% at pH 5.0–8.0. From the control
results, spontaneous reactions were detected in pH 9.0–10.0
(Fig. 1b), which caused a sharp decrease in the product ee.
Enlightened by these results, an useful method to prepare
racemic β-hydroxy nitriles is described from alkenes via a
5-sub-4,5-dihydroisoxazole intermediate46,47 upon treatment
with a methanolic NaOH solution at room temperature
(Scheme 3, and detailed data are shown in the ESI, section
5‡). The result is consistent with the previous reports that
β-hydroxy nitriles were formed by treating dihydroisoxazoles

Scheme 2 (a) Enantioselective dehydration catalysed by aldoxime
dehydratase. (b) The Kemp elimination reaction catalysed by aldoxime
dehydratase. (c) Asymmetric ring-opening of dihydroisoxazole catalysed
by aldoxime dehydratase.
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with bases (such as trimethylamine,48 1,8-diazabicyclo[5.4.0]
undec-7-ene,49 NaOMe,50 ring-opening of 3-bromo-2-isoxazo-
lines upon treatment with an alkanethiolate.51

To further improve the product yield, the reaction was
monitored for a prolonged time of 3 h (Fig. 2). During the
enantioselective transformation of the substrate, the ee of the
substrate 5-phenyl-4,5-dihydroisoxazole (1a) increased to 99%
over 2 h and the product (2a) ee was maintained at 99%, indi-
cating the excellent catalytic enantioselectivity of Oxd B on this
substrate. Additionally, it is often beneficial to agitate a reac-
tion to improve the mass transfer process and as a result,
enhance the reaction rate. However, a ∼5-fold decrease in the
yield of the β-hydroxy nitrile product was observed upon
shaking the reaction when compared to the static-state reac-
tion over 1 h. As reported in the dehydration of aldoximes, the
activity of Oxd B can be increased by 5-fold under anaerobic
conditions.42 Therefore, the oxygen sensitivity of Oxd B seems
to be the reason of the decrease in the enzymatic activity in a
shaking mode. By shaking, the enzyme is much more suscep-
tible to exposure to oxygen in the air, which leads to the oxi-
dation of ferrous-Heme to ferric-Heme, the resting-state of
Heme in the ring-opening reaction of dihydroisoxazole.52,53

With the optimized reaction conditions, a series of sub-
strates were investigated using Oxd B (Table 1). Oxd B exhibited
good selectivity toward most aromatic substrates with desired
product S/R-2 formed in 48–99% ee. Among them, substrates
bearing an electron-donating group on the aryl ring showed
relatively higher ee values than those bearing an electron-with-
drawing group. In addition, the enzyme preferred substrates
bearing a substituent at the para-position (Table 1, 1d, 1g, and
1h), rather than the ortho- (Table 1, 1b and 1e) or meta-position
(Table 1, 1c and 1f). The selectivity toward heterocyclic aro-
matic substrates (Table 1, 1j) was also very excellent, but a
slight decrease in activity was observed. However, increasing
the size of the aromatic ring to a naphthalene group leads to
the reaction conversion becoming negligible (Table 1, 1i),

Fig. 1 (a) The pH effect on the activity of Oxd B in the catalytic asym-
metric ring-opening of 5-phenyl-4,5-dihydroisoxazole. The reactions
were performed on a 500 µL scale using 100 mM buffer (pH 3.0–10.0),
1 U Oxd-B, 20 mM 5-phenyl-4,5-dihydroisoxazole, 0.05 mM FMN, and
1 mM Na2S2O5 at 30 °C for 30 min. The buffer solutions used were Gly-
HCl (pH 3.0), Citrate-buffer (pH 3.0, 4.0, 5.0, and 6.0), KPB (pH 6.0, 7.0,
and 8.0), Tris-HCl (pH 7.0, 8.0, and 9.0), and Gly-NaOH (pH 8.0, 9.0,
and 10.0). (b) The control experiments were carried out without Oxd B
at pH 9.0 and pH 10.0. The yield and ee were determined using chiral
HPLC (n = 2).

Scheme 3 Synthesis of dihydroisoxazoles and (rac)-β-hydroxy nitriles
from alkenes.

Fig. 2 Time course of the asymmetric ring-opening of 5-phenyl-4,5-
dihydroisoxazole using Oxd B. The reactions were performed on a
500 µL scale using 100 mM KPB buffer (pH 6.0), 1 U Oxd B, 20 mM
5-phenyl-4,5-dihydroisoxazole, 0.05 mM FMN, and 1 mM Na2S2O5 at
30 °C. The yield and ee were determined using chiral HPLC (n = 2).
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which may be caused by the lower solubility of the substrate in
water. For aliphatic substrates (Table 1, 1k and 1l), Oxd B
exhibited a deterioration in the reaction selectivity.

To establish an efficient catalytic system for aliphatic sub-
strates, another two aldoxime dehydratases obtained from

Pseudomonas chlororaphis B23 (Oxd A)54,55 and Rhodococcus sp.
N-771 (Oxd RE),45,56 were selected and investigated using a
range of different substrates. They were found to display
higher activity toward aliphatic substrates when compared
with aromatic substrates in the aldoxime dehydration reaction.

Prior to investigating the substrate scope, optimization of
the reductant was also carried out. Oxd A showed the best
activity with sodium dithionite (Na2S2O4), which was ∼79-fold
higher than that observed in the control experiment performed
in the absence of a reductant (Fig. S7‡). Oxd RE preferred
sodium sulfide (Na2S), which exhibited a ∼8.2-fold higher
activity than the control (Fig. S3‡). The optimal reductant con-
centration for Oxd A and Oxd RE were 4 mM (Fig. S8‡) and
1 mM (Fig. S4‡), respectively. Upon monitoring the asymmetric
ring-opening reaction of 5-phenyl-4,5-dihydroisoxazole with
time, Oxd A could catalyse the reaction in 83% yield over 3 h,
but gave a nearly racemic product (Fig. S9‡). The same result
was also obtained using Oxd RE, the product was formed in
28% yield and 53% ee at pH 6.0, and 48% yield and 55% ee at
pH 7.0 over 2 h, respectively (Fig. S5‡). Our substrate specificity
investigations show that Oxd A exhibited very poor enantio-
selectivity toward the substrates studied, though the conver-
sion is high (Table 1). Oxd RE showed relatively better results
toward aliphatic substrates when compared to aromatic sub-
strates. In addition, it also exhibited slightly better enantio-
selectivity than Oxd B in the asymmetric ring-opening of ali-
phatic substrates (Table 1; 1k and 1l). Interestingly, Oxd A and
Oxd RE exhibited different selectivity toward ortho-substituted
aromatic substrates when compared with Oxd B (Table 1; 1b
and 1e). What causes this difference in selectivity compared
with other substrates and Oxd B is still not clear.

The kinetic parameters for both Oxd B and Oxd RE were
determined under the optimized reaction conditions
(Table S2‡). The turnover number of Oxd B reached 11 s−1 with
a specific activity of 18 U mg−1, which is about one third of the
activity observed for (Z)-phenylacetaldoxime dehydration (53 U
mg−1) using the assay method containing Na2S2O5 (ESI,
section 3‡). However, the Oxd RE activity was lower than Oxd B
at 4 U mg−1 with a turnover number of 3 s−1, ∼15% of the
activity observed for the (Z)-phenylacetaldoxime dehydration
reaction (30 U mg−1). In addition, the catalytic efficiency of
Oxd B (Kcat/Km = 3.7 × 104 M−1 s−1) is ∼9-fold higher than Oxd
RE (Kcat/Km = 4.3 × 103 M−1 s−1). An obvious substrate inhi-
bition effect was observed using 1 U of the enzyme upon
increasing the substrate concentration to 30 mM for Oxd B
and 6 mM for Oxd RE, but no any effect on the optical purity
of the product (Fig. S2 and S6‡). Therefore, a scale-up reaction
was performed based on a substrate concentration of 20 mM
and 1 U Oxd B. Under the optimal conditions, the reaction
concentration could reach 150 mM with the product formed
with 50% conversion and 99% ee (Table S1‡).

To elucidate the reaction mechanism, a homology model of
Oxd B was established based on the crystal structure of Oxd-
RE.58 In addition, the corresponding residues located in the
catalytic pocket of the Heme were selected for an alanine-scan-
ning study (Fig. 3a). In this scanning study, L128A, T202A,

Table 1 Investigation of the substrate scope of Oxd A, B, and REa

Substrate (±)-1 Enzyme
Conv.b

[%]
ee o
f S/R-1 [%]

ee of
S/R-2c [%]

Relative
activityd [%]

1a Oxd A 93 24 (S) 2 (R) 100
Oxd B 51 99 (S) 96 (R) 100
Oxd RE 64 68 (S) 38 (R) 100

1b Oxd A 70 25 (R) 11 (S) 75
Oxd B 31 43 (S) 95 (R) 8
Oxd RE 21 10 (R) 36 (S) 33

1c Oxd A 70 77 (S) 33 (R) 75
Oxd B 47 76 (S) 86 (R) 42
Oxd RE 20 17 (S) 66 (R) 32

1d Oxd A 95 21 (S) 1 (R) 102
Oxd B 32 45 (S) 97 (R) 8
Oxd RE 23 12 (S) 41 (R) 36

1e Oxd A 67 25 (R) 12 (S) 74
Oxd B 47 47 (S) 53 (R) 55
Oxd RE 59 18 (R) 13 (S) 93

1f Oxd A 52 19 (S) 18 (R) 55
Oxd B 53 64 (S) 56 (R) 38
Oxd RE 38 38 (S) 62 (R) 59

1g Oxd A 94 99 (S) 6 (R) 101
Oxd B 40 63 (S) 95 (R) 28
Oxd RE 39 18 (S) 28 (R) 61

1h Oxd A 74 77 (S) 27 (R) 79
Oxd B 47 87 (S) 99 (R) 25
Oxd RE 23 23 (S) 77 (R) 36

1i Oxd A 0.5 0 (—) 13 (—) 0
Oxd B 8 6 (—) 71 (—) 7
Oxd RE 9 1 (—) 6 (—) 15

1j Oxd A 77 9 (S) 3 (R) 83
Oxd B 49 96 (S) 99 (R) 79
Oxd RE 79 75 (S) 20 (R) 123

1k Oxd A 83 84 (R) 17 (S) 89
Oxd B 67 99 (R) 48 (S) 12
Oxd RE 31 39 (R) 87 (S) 48

1l Oxd A 88 87 (R) 11 (S) 95
Oxd B 59 94 (R) 66 (S) 80
Oxd RE 38 49 (R) 82 (S) 58

a For Oxd A, the reactions were performed on a 500 µL scale using
100 mM KPB buffer (pH 7.0), 10 U Oxd A, 20 mM substrate, and 4 mM
Na2S2O4 at 30 °C for 3 h (n = 2); for Oxd B, the reactions were per-
formed on a 500 µL scale using 100 mM KPB buffer (pH 6.0), 20 U
Oxd-B, 20 mM substrate, 0.05 mM FMN, and 1 mM Na2S2O5 at 30 °C
for 2 h (n = 2); and for Oxd RE, the reactions were performed on a
500 µL scale using 100 mM KPB buffer (pH 7.0), 1 U Oxd RE, 6 mM
substrate, 1 mM Na2S at 30 °C for 2 h (n = 2). b The conversion was cal-
culated using conv = ees/(ees + eep).

57 c The ee was determined using
chiral HPLC and chiral GC. d The activity for substrate 1a was taken to
be 100%. The relative activity for Oxd B was determined on a 500 µL
scale using 100 mM KPB buffer (pH 6.0), 1 U Oxd B, 20 mM substrate,
0.05 mM FMN, and 1 mM Na2S2O5 at 30 °C for 2 h (n = 2).
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Q204A, H282A, F289A, and H306A mutants were constructed
via site-mutagenesis (ESI, section 7‡), which were purified as
the wild type of Oxd B to obtain the pure enzyme (ESI, section
2.2‡) and used for activity comparison. To begin with, the
activity of the mutants toward (Z)-phenylacetaldoxime was
assayed. As reported in previous publication, no activity was
detected for the T202A, H282A, and H306A mutants, which are
corresponding to the S219, H299, and H320 residues in Oxd
RE, the crucial residues in the dehydration of butyraldehyde
oxime.33 These results reveal that the homology model of Oxd
B is workable to some extent, although the protein sequence
homology between Oxd B and Oxd RE is only 31%. After verify-
ing the reliability of the homology model, the mutants were
used in the 5-phenyl-4,5-dihydroisoxazole ring-opening reac-
tion. As expected, the H282A mutant showed no activity
toward the substrate because the proximal axial residue ligat-
ing to iron is thought to affect the redox potential of the
Heme, thus leading to a great difference in the catalytic activity
for bond cleavage.59–61 Surprisingly, the activity of the mutants
was determined to be 20% for T202A and 5% for H306A when
compared with wild-Oxd B (Fig. 3b), which is similar to that
reported in the Kemp elimination reaction.33 To confirm the

transformation in mutant of H306A, the amount of Oxd
B-H306A was increased 10-fold, and the product could be
obtained in 3.8% yield and 99% ee over 10 min, 21% yield and
95% ee in 1 h, respectively. This implied a discriminating cata-
lytic mechanism between the ring-opening of dihydroisoxazole
and aldoxime dehydration reactions. It seems that the ring-
strain in dihydroisoxazole could facilitate the cleavage of the
N–O bond via redox of ferrous-Heme without the assistance of
the other residues (T202 and H306 in the (Z)-phenylacetaldox-
ime dehydration reaction), even though its catalytic efficiency
was slower than that observed under the assistance of the
other residues. In particular, weak activity was detected for
H306A, which is thought to play an important role in the next
deprotonation step to form the nitrile triple-bond (Scheme 4a).
This suggests that in addition to the efficient deprotonation
step by histidine (H306), it may have another route for deproto-
nation, which we refer to as the oxygen anion deprotonation

Scheme 4 Proposed reaction mechanism for Oxd B-wild (a) and Oxd
B-H306A (b).

Fig. 3 (a) Oxd B homology model and superposition to Oxd RE struc-
ture docking with substrate 1a; (b) Comparison of the Oxd B mutants’
activities for substrate 1a. The reactions were performed on a 500 µL
scale using 100 mM KPB buffer (pH 6.0), 2 µg of Oxd-B mutants, 20 mM
5-phenyl-4,5-dihydroisoxazole, 0.05 mM FMN, and 1 mM Na2S2O5 at
30 °C for 10 min. The yield and ee were determined using chiral HPLC
(n = 2).

Paper Green Chemistry

4934 | Green Chem., 2020, 22, 4930–4936 This journal is © The Royal Society of Chemistry 2020

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

/1
1/

20
26

 2
:5

0:
43

 P
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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0gc01445a


pathway.41 After ring-opening upon attack of the ferrous-
Heme, the resulting oxygen anion will approach the hydrogen
atom of H–CvN– (via single bond rotation) followed by depro-
tonation and electron transfer back to ferric-Heme to produce
the active state of ferrous-Heme, which undergoes the next
catalytic cycle (Scheme 4b). We also noticed that the product
ee did not change significantly in the presence of any
mutants. This reveals the cooperative control of the enantio-
selectivity with the surrounding residues of the Heme, not
only from certain residues in the catalytic pocket.

To verify the practicability of this novel method in organic
synthesis, a preparative scale reaction of 5-phenyl-4,5-dihydro-
isoxazole (1a) was performed at 30 °C using 5 mmol of sub-
strate, 0.25 mM FMN, 500 U Oxd B (see the activity assay
method in ESI, section 3‡), and 5 mM Na2S2O5 in 50 mL KPB
(pH 6.0, 100 mM) stirred slowly for 2 h. After purification by
silica gel column chromatography, (R)-3-hydroxy-3-phenylpro-
panenitrile (R-2a) was isolated in 42% yield and 99% ee, and
(S)-5-phenyl-4,5-dihydroisoxazole (S-1a) was isolated in 48%
yield and 99% ee. The obtained (S)-5-phenyl-4,5-dihydroisox-
azole (S-1a) was transformed into (S)-3-hydroxy-3-phenylpropane-
nitrile (S-2a) in 95% yield and 94% ee upon treatment with 2%
NaOH methanol solution (10 mL) for 30 min (Scheme 5).

Conclusion

In summary, by combination of cyanide-free synthesis of
chiral nitriles and the Kemp elimination reaction, we have
achieved the first enzymatic reaction to synthesize chiral
β-hydroxy nitriles from alkenes via the key step of asymmetric
ring-opening of dihydroisoxazoles catalysed by aldoxime de-
hydratase with broad substrate scope and excellent enantio-
selectivity (up to 99% ee). The reaction can be carried out with
a good turnover number (kcat up to 11 s−1) and high catalytic
efficiency (kcat/km up to 3.7 × 104 M−1 s−1). Using site-directed

mutagenesis analysis, the reaction was found to mostly occur
in the Heme-containing catalytic pocket involving residues
H282 and H306. The proximal histidine ligated to the Heme
plays a very important role in improving the redox potential of
ferrous-Heme, which ensures its reductive ability to open the
N–O bond. Without the assistance of any other residues, the
N–O bond can be also slowly opened via its redox reaction
with ferrous-Heme. Two kinds of deprotonation pathways (his-
tidine deprotonation and oxygen anion deprotonation) seem
to exist in the catalytic process, which both contribute to the
formation of the nitrile triple-bond.
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