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Abstract 

Regioselective and enantioselective hydroxylation of propargylic C-H bonds are useful reactions but often lack 
appropriate catalysts. Here a green and efficient asymmetric hydroxylation of primary and secondary C–H bonds 
at propargylic positions has been established. A series of optically active propargylic alcohols were prepared with high 
regio- and enantioselectivity (up to 99% ee) under mild reaction conditions by using P450tol, while the C≡C bonds 
in the molecule remained unreacted. This protocol provides a green and practical method for constructing enanti‑
omerically chiral propargylic alcohols. In addition, we also demonstrated that the biohydroxylation strategy was able 
to scaled up to 2.25 mmol scale with the production of chiral propargyl alcohol 2a at a yield of 196 mg with 96% ee, 
which’s an important synthetic intermediate of antifungal drug Ravuconazole.
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Introduction
Chiral propargylic alcohols are useful and versatile motifs 
that can be transformed into chiral allylic alcohols, 
allenes, bioactive molecules and natural products (Bauer 
2012; Greshock et  al. 2008; Helal et  al. 1996; Lumbroso 
et  al. 2013; Nakayama et  al. 2011; Wang and Pu 2013). 
Over the past few decades, there are three mainly stand-
ard synthetic methods for the preparation of enantiopure 
propargylic alcohols: (1) the asymmetric transfer hydro-
genation of alkynyl ketones catalyzed by transition metal 
(Matsumura et al. 1997; Shatskiy et al. 2015; Zhang et al. 
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2018); (2) the asymmetric addition of alkynyl organome-
tallic reagents to aldehydes or ketones (Corey and Cim-
prich 1994; Lu et al. 2005; Trost and Weiss 2009); (3) the 
deracemization of racemic propargylic alcohols catalyzed 
by biocatalytic reaction (González-Granda et  al. 2020; 
Kawanishi et  al. 2019; Sang et  al. 2022; Saravanan et  al. 
2014). Although some of these strategies access to chiral 
propargylic alcohols have been developed, many of them 
involve the use of transition metal catalyst, air sensitive 
reagents, or deliver chiral propargylic alcohols with mod-
erate enantioselectivity. Up to date, it is still a challenge 
to develop a biocatalytic method with monooxygenase 
for the synthesis of enantiopure propargylic alcohols.

As we all known, enantioselective oxidation of prop-
argylic C-H bond is the most direct and atom economic 
strategy for the preparation of enantiopure propar-
gylic alcohols. Until now, only two examples have been 
reported to prepare chiral propargylic alcohols: (1) 
Cu(MeCN)4PF6 and chiral bisoxazoline ligand catalyzed 
acyloxylation of propargylic C-H bond to obtained the 
products with 15–51% ee under an excess of oxidant 
and reactions took 4–5  days to proceed (Stephen Clark 
et  al. 1998); (2) Hydroxylation of propargylic C-H Bond 
catalyzed by Chloroperoxidase (CPO) using equivalent of 
H2O2 or TBHP as terminal oxidant to synthesize propar-
gylic alcohols with 57–95% ee or 43–90% ee, respectively 

(Hu and Hager 1999). However, selective C-H oxidation 
of simple alkynes represents one of the most fundamental 
challenges. On the one hand, the highly active compound 
I species are usually undistinguishing toward similar C-H 
bonds, resulting in low chemoselectivity (overoxidation 
products) (Alvarez et al. 2007; Hu and Hager 1999) and 
regioselectivity, On the other hand, alkynyl and alkyl 
groups with relatively small steric effect are difficult to 
differentiate by small molecular catalysts, resulting in 
low stereoselectivity (Stephen Clark et al. 1998). Further 
development of higher stereoselectivity and more effi-
cient catalysts in this field is therefore of great signifi-
cance for asymmetric catalysis.

Cytochrome P450 monooxygenases (P450s) catalyzed 
the oxidative reactions of C-H bonds with stereo- and 
regioselective manner under mild reaction condition 
(Chakrabarty et  al. 2020; Chen et  al. 2023; Jiang et  al. 
2021; Li et  al. 2020; Li and Wong 2019; Manning et  al. 
2019; Roiban and Reetz 2015; Song et  al. 2023; White-
house et al. 2012; Zhang et al. 2022a, 2023, 2022b) Addi-
tionally, P450s as mild and selective catalysts have been 
used in the asymmetric hydroxylation of benzylic, allylic, 
aromatic and unactivated C-H bonds (Fig.  1a) (Chakra-
barty et  al. 2020; Kim et  al. 2022; Neufeld et  al. 2014; 
Roiban and Reetz 2015; Whitehouse et  al. 2012). How-
ever, P450s as an effective and versatile catalyst for the 
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Fig. 1  Asymmetric hydroxylation of C-H bonds catalyzed by P450s
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enantioselective hydroxylation of propargylic C-H bonds 
has not been available in literature. In light of our ongo-
ing interests in P450s-catalyzed asymmetric hydroxyla-
tion reactions with a broad substrate range and widely 
applications (Cui et al. 2023, 2019; Deng et al. 2022; Wan 
et  al. 2022; Wang et  al. 2022; Xie et  al. 2020, 2023), we 
herein describe chiral propargylic alcohols were syn-
thesized from the simple alkynes by P450tol catalyzed 
asymmetric propargylic C-H bonds hydroxylation with 
regio- and stereoselectivity (Fig. 1b). Additionally, molec-
ular docking and MD simulations were carried out to 
provide a rationale for the enantioselectivity and regiose-
lectivity of these reactions. As far as we know, this is the 
first example of asymmetric hydroxylation of propargylic 
C-H bonds with excellent regio- and enantioselectivity by 
P450 monooxygenase, while the C≡C bonds in the mol-
ecule remained unreacted.

Materials and methods
Materials and procedures
Chemicals were purchased from commercial suppliers 
and used without further purification unless otherwise 
stated. Isopropyl-β-D-thiogalactopyranoside (IPTG) 
and Ampicillin Sodium Salt (Amp) and Streptomy-
cin sulface (Str) were purchased from Solarbio (Beijing, 
China). Analytical thin layer chromatography (TLC) 
was performed on precoated silica gel 60 GF254 plates. 
Flash column chromatography was carried out with 
300–400 mesh silica gel. The Alkynes and racemic prod-
ucts were synthesized following the reported method 
(Liu et  al. 2022; Watanabe et  al. 2018). Visualization on 
TLC was achieved by use of UV light (254 nm). 1H-NMR 
(400 MHz) and 13C-NMR (100 MHz) were recorded on 
Agilent Technologies 400 MR. Chemical shifts were 
reported in parts per million (ppm) relative to residual 
signals of the solvent. The following abbreviations are 
used to indicate multiplicity: s = singlet, d = doublet, 
t = triplet, m = multiplet, dd = doublet of doublets. High-
resolution mass spectra (HRMS) was recorded by ESI 
ionization sources. Chiral HPLC analysis was performed 
on Shimadzu LC-20A, equipped with Chiralpak® OJ-H, 
OD-H, AD-H or AS-H columns.

Enzyme preparation
Cultivation of E. coli (P450tol-4) cells was carried out 
using TB medium containing 50  μg/mL Str and Amp. 
After growing at 37 °C to an OD600 of 0.6–0.8, IPTG was 
added to the final concentration of 0.2  mM. The cul-
ture was incubated at 25  °C with another 12–14  h for 
enyzme expression. Recombinant E. coli (P450tol-4) cells 
were harvested by centrifugation at 7000 × g at 4  °C for 
5 min. The freshly prepared E. coli (P450tol-4) cells were 

resuspended in reaction buffer solution to a cell density 
(g cdw/L) for performing biotransformation.

Molecular docking and molecular dynamics simulation
Docking study of 1f in the active site of enzyme P450tol 
(PDB No.: 7V40) was carried out using AutoDock 4.0 
software (Trott and Olson 2010). All the docking experi-
ments were performed using “Genetic Algorithm” search 
parameters and default docking parameters. All struc-
tural illustrations were generated using the PyMOL soft-
ware (Seeliger and de Groot 2010).

Molecular dynamics simulation was carried out for 
P450tol to further explain the mechanism of regio- and 
enantioselective hydroxyation of substrate 1f. The mol-
ecule structure of 1f was docked into the active site of 
enzyme P450tol. The iron-oxo intermediate involved in 
the cytochrome catalyzed oxidative hydroxylation cycle 
was used to model the active form of the P450 cofactor 
(Narayan et al. 2015). Simulations were performed using 
the GPU code (pmemd) of the AMBER 22 software pack-
age (D.A. Case 2017). The Amber-compatible param-
eters developed by Cheatham et al. (Shahrokh et al. 2012) 
were used for Cpd I and its axial Cys ligand. Substrate 1f 
parameters for the molecular dynamics (MD) simula-
tions were generated within the antechamber module of 
AMBER 22 using the general AMBER force field (GAFF) 
(Wang et al. 2004), with partial charges set to fit the elec-
trostatic potential generated at the HF/6-31G(d) level by 
the restrained electrostatic potential (RESP) model (Bayly 
et al. 1993). The charges were calculated according to the 
Merz-Singh-Kollman scheme (Besler et  al. 1990; Singh 
and Kollman 1984) using Gaussian 16(C.01) (M.J. Frisch 
2016). Amino acid protonation states were predicted 
using the H +  + server (http://​bioph​ysics.​cs.​vt.​edu/H + +) 
(Anandakrishnan et  al. 2012). Then, the enzyme was 
solvated in a pre-equilibrated truncated hexagonal box 
with a 10-Å buffer of TIP3P (Jorgensen et al. 1983) water 
molecules using the AMBER 22 leap module, resulting 
in the addition of ∼19000 solvent molecules. The sys-
tems were neutralized by addition of ions Na+ and Cl−, 
all subsequent calculations were done using the Amber 
ff14SB force field (Maier et al. 2015). The following MD 
simulation steps as reported in ref. (Narayan et al. 2015), 
three independent replicas of 60 ns production trajecto-
ries MD simulations were performed after equilibrated. 
All the structural images and distance were performed 
using the VMD Software, trajectory analysis and energy 
was post-processed by Cpptraj module (Maier et  al. 
2015), respectively. All the structural images and distance 
were performed using the VMD Software. Trajectory 
data, root mean square deviation (RMSD), root mean 
square fluction (RMSF) were analyzed by Cpptraj mod-
ule, respectively.

http://biophysics.cs.vt.edu/H
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General procedure for the synthesis of chiral (S)‑2 
on preparation‑scale
To a 500-mL shake flask containing a resting cell suspen-
sion of E. coli (P450tol-4) (10 g cdw/L) and 1 (0.6 mmol) 
in 180 mL PB buffer (50 mM, pH 8.5). The reaction mix-
ture was shaken at 20 ℃ for 6  h. Then the mixture was 
extracted with ethyl acetate (3 × 180  mL). The organic 
phases were separated by centrifugation (7000 × g, 
15  min), combined, dried over anhydrous Na2SO4, and 
evaporated at reduced pressure. The resulting mixture 
was purified by flash chromatography using ethyl ace-
tate/petroleum ether as eluent on silica gel to afford the 
desired chiral product 2.

Procedure for the synthesis of chiral (S)‑2a 
on 2.25 mmol‑scale
To a 2.0-L shake flask containing a resting cell suspension 
of E. coli (P450tol-4) (10 g cdw/L) and 1 (2.25 mmol) in 
750  mL  PB buffer (50  mM, pH 8.5). The reaction mix-
ture was shaken at 20 ℃ for 6  h. Then the mixture was 
extracted with ethyl acetate (3 × 1000  mL). The organic 
phases were separated by centrifugation (7000 × g, 
15  min), combined, dried over anhydrous Na2SO4, and 
evaporated at reduced pressure. The resulting mixture 
was purified by flash chromatography using ethyl ace-
tate/petroleum ether as eluent on silica gel to afford the 
desired chiral product 2a (58% yield, 196 mg).

Results and discussion
Screening of reaction conditions for propargylic 
hydroxylation
In our previous work, we have obtained sev-
eral cytochrome P450 monooxygenases (P450DA, 
P450PL2-2) (Cui et al. 2023, 2019; Deng et al. 2022; Wan 
et  al. 2022; Wang et  al. 2022; Xie et  al. 2020, 2023) and 
also constructed five recombinant Escherichia coli strains 
(P450tol-1 to P450tol-5) harboring P450tol monooxy-
genase from Rhodococcus coprophilus TC-2 (Chen et al. 
2022; Li et al. 2014) and five pairs of redox partner Fdx-
FdR (ferredoxin-ferredoxin reductase) from P. lavamen-
tivorans DS-1 (Wu et al. 2018). With these P450s in hand, 
but-1-yn-1-ylbenzene (1a) was used as a model substrate 
to explore the hydroxylation activity and stereoselectiv-
ity of these recombinant P450 strains. Biohydroxyla-
tion reactions were carried out using E. coli whole-cells 
as catalyst without additional cofactors required. After 
incubation at 30  °C in PB buffer (pH = 8.0) for 6  h, the 
ee and yield of the chiral product 4-phenylbut-3-yn-2-ol 
(2a) were analyzed using chiral HPLC (Table 1). Strains 
P450DA and P450PL2-2 exhibited the opposite stereose-
lectivity despite a very low yield in the propargylic C-H 
hydroxylation reactions, which produced 2a in 70% ee 

for R stereoselectivity and 36% ee for S stereoselectivity, 
respectively (Table  1, entries 1–2). Surprisingly, the five 
recombinant E. coli P450tol strains could convert 1a to 
2a with 96% ee and S stereoselectivity despite in different 
yields (Table  1, entries 3–7), where the strain P450tol-4 
showed the highest yield of 58% (Table 1, entry 6).

With the optimal strain P450tol-4 in hand, the reaction 
conditions including temperature, pH of the buffer and 
cell density of biocatalyst were evaluated. The results are 
summarized in Fig. 2. From these results, we can find that 
the stereoselectivity of the reaction remains unchanged 
with different temperature, pH and cell concentration. 
With the increase of temperature from 5 to 15  °C, the 
yield increased from 22 to 69%, while the yield decreased 
from 69 to 54% with the increase of temperature from 
20 to 40  °C. The yields and ee values of reactions at 15 
and 20 °C are similar, and we choose 20 °C as the reaction 
temperature for subsequent studies (Fig. 2A). The yield of 
2a improved with the increasing of pH from 5.0 to 8.5, 
while a higher yield was not obtained by further increas-
ing pH to 9.0 (Fig.  2B). The results in Fig.  2C indicated 
that the cell density of P450tol influenced the yield of 2a 
slightly. The yield of 2a increased with the increasing of 
cell concentration from 5 to 10 g cdw/L, while a higher 
yield was not obtained by further increasing cell density 
from 10 to 25 g cdw/L. To sum up, the optimal reaction 
conditions of propargylic hydroxylations were set at 20 °C 
and reaction pH = 8.5 using 10  g cdw/L cell density of 
recombinant E. coli cells (P450tol-4).

Table 1  Screening of P450 strains for asymmetric hydroxylation 
of 1a 

a The reaction was carried out on an analytical scale in 5 mL PB buffer (50 mM, 
pH = 8.0) containing 10 g cdw/L E. coli (P450s) cells with 1a (2 mM) at 30 °C for 
6 h
b The yield and ee were measured by chiral HPLC analysis, and absolute 
configuration was confirmed by previously reported references (Shatskiy et al. 
2015; Watanabe et al. 2018; Zhang et al. 2018).
c Not detected.

Entrya Biocatalysts Yield 2a (%)b Yield 3a (%)b ee 2a (%)b

1 P450DA 3 n.d.c 70 (R)

2 P450PL2-2 1 n.d 36 (S)

3 P450tol-1 46 n.d 96 (S)

4 P450tol-2 49 n.d 96 (S)

5 P450tol-3 48 n.d 96 (S)

6 P450tol-4 58 n.d 96 (S)

7 P450tol-5 41 n.d 96 (S)
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Scope of substrates
Under the optimal reaction conditions, a range of aryl 
alkyne substrates 1 were transformed into propargylic 
alcohols 2 on preparative-scale, and the results are dis-
played in Fig.  3A. Alkyne containing longer alkyl chain 
could be converted to the corresponding propargyl 
alcohol 2b by P450tol-4 with 99% ee, albeit in lower iso-
lated yield (22% yield). Besides hydroxylation of second-
ary C(sp3)-H bonds, P450tol-4 could also catalyze the 
hydroxylation reaction of primary C − H bond in mod-
erate isolated yield (2c). Furthermore, substrates with 
fluorine substitution at ortho-, and para-positions of 
the aromatic ring (2d and 2e) were well tolerated in this 
reaction in 28–47% yield with 94–97% ee. In the previ-
ous reported work, P450tol monooxygenase catalyzed 
the benzylic C-H bonds hydroxylation of toluenes to pro-
duce benzyl alcohols (Chen et al. 2022). When a methyl 
substitution in the aromatic ring, there is regioselectivity 
competition between the benzylic and propargylic C-H 
bonds in the hydroxylation reaction. The methyl substi-
tution at meta-position of the aromatic ring, the product 
propargyl alcohol 2f was obtained with 99:1 regioselec-
tivity ratio (r.r.) and 96% ee. Alkynes containing various 
heteroaromatic rings, such as furan and pyridine, were 
transformed to propargylic alcohols 2g-2j as well with 
95–98% ee in moderate isolated yield. Unfortunately, 
P450tol-4 exhibited no catalytic efficiency of alkynes 
containing the bulky naphthalene ring (2 k) and tertiary 
propargylic C–H bond (2  l). The results indicating that 
P450tol preferred the propargylic C-H in 1c and C7-H 
in 1f (Fig. 4) over the terminal unactivated C11-H bonds 
in 1f due to the bond dissociation energy of propargylic 
C-H is lower than that of terminal unactivated C-H 
bonds. To show the synthetic potential of this strategy, 
our catalytic reaction can be scaled up to 2.25 mmol scale 
for the formation of propargyl alcohol 2a in 58% isolated 
yield (196 mg) with 96% ee (Fig.  3B). In addition, chiral 

propargyl alcohol 2a is the important building block for 
synthesis of antifungal drug Ravuconazole (Xu et  al. 
2009).

Molecular docking and molecular dynamics simulation
To obtain a structure-based understanding of the 
excellent enantio- and regioselectivity of these reac-
tions, molecular docking of the substrate 1f onto the 
X-ray structure of P450tol (PDB No.: 7V40) was car-
ried out (Fig. 4A). In the 1f-enzyme binding pose, the 
distance between C10-carbon (propargylic-position), 
C11-carbon (terminal-position) or C7-carbon (ben-
zylic-position) of 1f and heme oxygen atom (heme-O) 
of P450tol is 3.5, 4.2 or 8.6  Å, respectively (Fig.  4A). 
Meanwhile, the distance between C10 pro-S-hydro-
gen or pro-R-hydrogen of 1f and heme-O is 2.4  Å or 
4.1  Å, respectively (Fig.  4B). Further MD simulations 
indicated that such binding conformations of sub-
strate 1f are stable during 60  ns-MD simulation, dur-
ing which the mean distance between the C10, C11 
or C7 of 1f and the heme-O was 3.6 ± 0.3, 4.1 ± 0.3 or 
10.3 ± 0.5  Å, respectively (Fig.  4C), indicating that 1f 
binding in pose C10 is more stable, which is consist-
ent with the selectivity data (> 99:1 regioselectivity at 
C10-position). Another important finding from our 
MD simulation study is that the C10 pro-S-hydrogen 
(H8) of 1f is well positioned for H-abstraction than 
C10 pro-R-hydrogen (H9) with the mean distance of 
H8(1f)-O(heme) of 2.6 ± 0.3  Å and the mean angle of 
O(heme)-H8(1f)-C10(1f) of 151 ± 10°, which is consist-
ent with the selectivity data (96% ee for S-selectivity) 
(Fig. 4D, E). Furthermore, we refered to the P450-tolu-
ene complex crystal (PDB: 7V41) reported by Li (Chen 
et al. 2022), in which the toluene is located in a hydro-
phobic pocket and surrounded by I89, A112, P114, 
F198, F199, W223, A275, A279, F329, F426, and V427. 
We then overlaid the toluene-bound P450tol structure 

Fig. 2  Conditions optimization for asymmetric hydroxylation of 1a catalyzed by P450tol-4. A reaction temperature; B reaction pH; C cell density
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(PDB: 7V41) with the 1f-P450tol docking model struc-
ture and compared the substrate binding orientations 
of the toluene structure (green) with the 1f structure 
(yellow). We find that the binding orientations of two 
substrates are similar (Fig. 4F), where the C≡C bonds 
of 1f and the toluene phenyl ring were clamped by the 
residues F329 and A279, and the C10 of 1f and methyl 
group of the toluene closed to heme oxygen atom, sug-
gesting that the hydroxylation reaction occurs at the 
C10 position due to hydrophobic interaction between 
substrate 1f and the binding pocket of P450tol. In 
summary, our MD simulation results provide valu-
able molecular insights into the excellent enantio- and 
regioselectivity hydroxylation of C-H bonds in alkynes 
catalyzed by P450tol.

Conclusions
In conclusion, we have developed a green and straight-
forward platform for the asymmetric hydroxylation of 
primary and secondary C–H bonds at propargylic posi-
tions catalyzed by P450tol monooxygenase, while the 
C≡C bonds in the molecule remained unreacted. This 
protocol provides a practical and sustainable method 
for the preparation of enantiomerically pure propar-
gylic alcohols with high regioselectivity (> 99:1 r.r.) and 
enantioselectivity (94–99% ee), which are valuable and 
versatile synthetic building blocks in organic synthesis. 
Additionally, molecular docking and MD simulations 
were performed to provide a rationale for the excellent 
enantio- and regioselectivity of these reactions. Efforts 
broadening the substrate specificity (e.g., for 1  k and 
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regioselectivity ratio (C1:C2) of propargylic and benzylic C-H bonds hydroxylation was determined by HPLC.[c]Not detected. B Scale-up reaction 
of E. coli (P450tol-4)-catalyzed hydroxylation of alkyne 1a 
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1  l) and inverting the enantioselectivity of the propar-
gylic C-H bonds hydroxylation via engineered P450tol 
variants are currently ongoing in our laboratory.

Abbreviations
HPLC	� High Performance Liquid chromatography
P450tol	� P450 monooxygenase from Rhodococcus coprophilus TC-2
P450DA	� P450 monooxygenase from Deinococcus apachensis
P450PL2	� P450 monooxygenase from P. lavamentivorans DS-1
Fdx-FdR	� Five pairs of redox partner Fdx-FdR (ferredoxin-ferredoxin reduc‑

tase) from P. lavamentivorans DS-1
PB buffer	� Consist of sodium phosphate dibasic and potassium phosphate 

monobasic
MD	� Molecular dynamics simulation

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40643-​024-​00771-7.

Supplementary material 1: Additional Tables S1–S3, Characterization 
data for the products of chiral (S)-2a, Amino acid and DNA sequences of 
P450tol, and HPLC and NMR spectra.

Acknowledgements
Not applicable.

Author contributions
XD, CS and WG: Investigation, Methodology, Validation, Data curation. YW 
and LF: Data curation, Visualization. MZ and WY: Writing-review & editing. XZ 
and YC: Project administration, Conceptualization, Methodology, Validation, 
Funding acquisition.

Fig. 4  Molecular docking and molecular dynamics simulation (residues labeled in red lines, the distance marked in orange dashed lines). A, B 
The docked conformation of substrate 1f (marked in yellow stick) in the active pocket of P450tol (PDB No.: 7V40); C The fluctuation of the distance 
of the C7(1f)-O(heme), C10(1f)-O(heme) and C11(1f)-O(heme) during the MD simulations; D Distances determined between the O(heme) 
and H8(1f) (x axis) and angles formed by O(heme) − H8(1f) − C10(1f) (y axis) during the MD simulations (3 joint MD replicas). The red box indicates 
satisfactory conditions of active poses showing both the distance (H8(1f)-O(heme)) ≤ 2.7 Å and the angle (O(heme) − H8(1f) − C10(1f)) ≥ 150°. E The 
fluctuation of the H8(1f)-O(heme) and H9(1f)-O(heme) distances (y primary axis) and the O(heme)-H8(1f)-C10(1f) and O(heme)-H9(1f)-C10(1f) 
angles (y secondary axis) along the simulation time (x axis) for one of the replicas ( see Figure S2 for replicas 2 and 3); F Comparison of substrate 
binding orientations of the toluene structure (green) with the 1f bound structure (yellow) based on the P450-toluene complex crystal (PDB: 7V41)

https://doi.org/10.1186/s40643-024-00771-7
https://doi.org/10.1186/s40643-024-00771-7


Page 8 of 9Deng et al. Bioresources and Bioprocessing           (2024) 11:64 

Funding
We are grateful for financial support from the National Natural Science 
Foundation of China (No. 32271537 and 22061049), the Science and 
Technology Department of Guizhou province (QKHJCZK2021-036 and 
QKHRCPTGCC-2023-003), the Science and Technology Department of Zunyi 
(ZSKRPT-2020-5, ZSKH-2018-3, ZSKRPT-2021-5), Zunyi Medical University 
(QKH-2018-5772-014).

Availability of data and materials
All data generated or analyzed during this study are included in this article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors approved the consent for publishing the manuscript to biore‑
sources and bioprocessing.

Competing interests
The authors declare that they have no competing interests.

Received: 28 February 2024   Accepted: 9 May 2024

References
Alvarez LX, Christ ML, Sorokin AB (2007) Selective oxidation of alkenes and 

alkynes catalyzed by copper complexes. Appl Catal a Gen 325(2):303–
308. https://​doi.​org/​10.​1016/j.​apcata.​2007.​02.​045

Anandakrishnan R, Aguilar B, Onufriev AV (2012) H++ 3.0: automating pK 
prediction and the preparation of biomolecular structures for atomistic 
molecular modeling and simulations. Nucleic Acids Res 40(W1):W537–
W541. https://​doi.​org/​10.​1093/​nar/​gks375

Bauer EB (2012) Transition-metal-Catalyzed functionalization of propargylic 
alcohols and their derivatives. Synthesis 44(08):1131–1151. https://​doi.​
org/​10.​1055/s-​0031-​12905​03

Bayly CI, Cieplak P, Cornell W, Kollman PA (1993) A well-behaved electrostatic 
potential based method using charge restraints for deriving atomic 
charges: the RESP model. J Phys Chem 97(40):10269–10280. https://​doi.​
org/​10.​1021/​j1001​42a004

Besler BH, Merz KM Jr, Kollman PA (1990) Atomic charges derived from sem‑
iempirical methods. J Comput Chem 11(4):431–439. https://​doi.​org/​10.​
1002/​jcc.​54011​0404

Chakrabarty S, Wang Y, Perkins JC, Narayan ARH (2020) Scalable biocatalytic 
C-H oxyfunctionalization reactions. Chem Soc Rev 49(22):8137–8155. 
https://​doi.​org/​10.​1039/​D0CS0​0440E

Chen C-C, Dai M, Zhang L, Zhao J, Zeng W, Shi M, Huang J-W, Liu W, Guo R-T, 
Li A (2022) Molecular basis for a toluene monooxygenase to govern 
substrate selectivity. ACS Catal 12(5):2831–2839. https://​doi.​org/​10.​1021/​
acsca​tal.​1c058​45

Chen J, Dong S, Fang W, Jiang Y, Chen Z, Qin X, Wang C, Zhou H, Jin L, 
Feng Y, Wang B, Cong Z (2023) Regiodivergent and enantioselective 
hydroxylation of C−H bonds by synergistic use of protein engineering 
and exogenous dual-functional small molecules. Angew Chem Int Ed 
62(4):e202215088. https://​doi.​org/​10.​1002/​anie.​20221​5088

Corey EJ, Cimprich KA (1994) Highly enantioselective alkynylation of aldehydes 
promoted by chiral oxazaborolidines. J Am Chem Soc 116(7):3151–3152. 
https://​doi.​org/​10.​1021/​ja000​86a066

Cui H-B, Xie L-Z, Wan N-W, He Q, Li Z, Chen Y-Z (2019) Cascade bio-hydrox‑
ylation and dehalogenation for one-pot enantioselective synthesis of 
optically active β-halohydrins from halohydrocarbons. Green Chem 
21(16):4324–4328. https://​doi.​org/​10.​1039/​C9GC0​1802F

Cui H-B, Ma T, Zhang R-Y, Shan J, Wang Z-Q, Bai M, Chen Y-Z (2023) Biocatalytic 
synthesis of chiral benzylic alcohols via enantioselective hydroxylation by 
a self-sufficient cytochrome p450 from deinococcus gobiensis. Synthesis. 
https://​doi.​org/​10.​1055/a-​2076-​9792

Deng G-Z, Zhou X, Yu Q-X, Mou X-Q, An M, Cui H-B, Zhou X-J, Wan N-W, Li 
Z, Chen Y-Z (2022) Highly enantioselective hydroxylation of 3-arylpro‑
panenitriles to access chiral β-Hydroxy nitriles by engineering of P450pyr 
monooxygenase. Org Process Res Dev 26(7):2046–2051. https://​doi.​org/​
10.​1021/​acs.​oprd.​1c004​44

Dsc Case DA, Iii TEC, Darden TA, Duke RE et al (2017) AMBER16 and amber‑
tools17. University of California, San Francisco

González-Granda S, Méndez-Sánchez D, Lavandera I, Gotor-Fernández V (2020) 
Laccase-mediated oxidations of propargylic alcohols. application in the 
deracemization of 1-arylprop-2-yn-1-ols in combination with alcohol 
dehydrogenases. ChemCatChem 12(2):520–527. https://​doi.​org/​10.​1002/​
cctc.​20190​1543

Greshock TJ, Johns DM, Noguchi Y, Williams RM (2008) Improved total synthe‑
sis of the potent HDAC inhibitor FK228 (FR-901228). Org Lett 10(4):613–
616. https://​doi.​org/​10.​1021/​ol702​957z

Helal CJ, Magriotis PA, Corey EJ (1996) Direct catalytic enantioselective reduc‑
tion of achiral α, β-Ynones. strong remote steric effects Across the C−C 
triple bond. J Am Chem Soc 118(44):10938–10939. https://​doi.​org/​10.​
1021/​ja962​849e

Hu S, Hager LP (1999) Highly enantioselective propargylic hydroxylations 
catalyzed by chloroperoxidase. J Am Chem Soc 121(4):872–873. https://​
doi.​org/​10.​1021/​ja983​612g

Jiang Y, Peng W, Li Z, You C, Zhao Y, Tang D, Wang B, Li S (2021) Unexpected 
reactions of α, β-unsaturated fatty acids provide insight into the mecha‑
nisms of CYP152 peroxygenases. Angew Chem Int Ed 60(46):24694–
24701. https://​doi.​org/​10.​1002/​anie.​20211​1163

Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML (1983) Com‑
parison of simple potential functions for simulating liquid water. J Chem 
Phys 79(2):926–935. https://​doi.​org/​10.​1063/1.​445869

Kawanishi S, Oki S, Kundu D, Akai S (2019) Lipase/oxovanadium Co-catalyzed 
dynamic kinetic resolution of propargyl alcohols: competition between 
racemization and rearrangement. Org Lett 21(9):2978–2982. https://​doi.​
org/​10.​1021/​acs.​orgle​tt.​9b003​34

Kim HJ, Ishida K, Ishida-Ito M, Hertweck C (2022) Sequential allylic alcohol 
formation by a multifunctional cytochrome P450 monooxygenase with 
rare redox partners. Angew Chem Int Ed 61(26):e202203264. https://​doi.​
org/​10.​1002/​anie.​20220​3264

Li Y, Wong LL (2019) Multi-Functional oxidase activity of CYP102A1 (P450BM3) 
in the oxidation of quinolines and tetrahydroquinolines. Angew Chem Int 
Ed 58(28):9551–9555. https://​doi.​org/​10.​1002/​anie.​20190​4157

Li A, Wu S, Adams JP, Snajdrova R, Li Z (2014) Asymmetric epoxidation of 
alkenes and benzylic hydroxylation with P450tol monooxygenase from 
Rhodococcus coprophilus TC-2. Chem Commun 50(63):8771–8774. 
https://​doi.​org/​10.​1039/​C4CC0​3491K

Li A, Acevedo-Rocha CG, D’Amore L, Chen J, Peng Y, Garcia-Borràs M, Gao C, 
Zhu J, Rickerby H, Osuna S, Zhou J, Reetz MT (2020) Regio- and stereose‑
lective steroid hydroxylation at C7 by cytochrome P450 monooxygenase 
mutants. Angew Chem Int Ed 59(30):12499–12505. https://​doi.​org/​10.​
1002/​anie.​20200​3139

Liu Z, Qin Z-Y, Zhu L, Athavale SV, Sengupta A, Jia Z-J, Garcia-Borràs M, Houk 
KN, Arnold FH (2022) An enzymatic platform for primary amination of 
1-Aryl-2-alkyl alkynes. J Am Chem Soc 144(1):80–85. https://​doi.​org/​10.​
1021/​jacs.​1c113​40

Lu G, Li Y-M, Li X-S, Chan ASC (2005) Synthesis and application of new chiral 
catalysts for asymmetric alkynylation reactions. Coord Chem Rev 
249(17):1736–1744. https://​doi.​org/​10.​1016/j.​ccr.​2004.​12.​020

Lumbroso A, Cooke ML, Breit B (2013) Catalytic asymmetric synthesis of allylic 
alcohols and derivatives and their applications in organic synthesis. 
Angew Chem Int Ed 52(7):1890–1932. https://​doi.​org/​10.​1002/​anie.​20120​
4579

MJ. Frisch GWT, et al. (2016) Gaussian 16 Revision A.03.
Maier JA, Martinez C, Kasavajhala K, Wickstrom L, Hauser KE, Simmerling C 

(2015) ff14SB: improving the accuracy of protein side chain and back‑
bone parameters from ff99SB. J Chem Theory Comput 11(8):3696–3713. 
https://​doi.​org/​10.​1021/​acs.​jctc.​5b002​55

Manning J, Tavanti M, Porter JL, Kress N, De Visser SP, Turner NJ, Flitsch SL 
(2019) Regio- and enantio-selective chemo-enzymatic C−H-lactonization 
of decanoic Acid to (S)-δ-decalactone. Angew Chem Int Ed 58(17):5668–
5671. https://​doi.​org/​10.​1002/​anie.​20190​1242

https://doi.org/10.1016/j.apcata.2007.02.045
https://doi.org/10.1093/nar/gks375
https://doi.org/10.1055/s-0031-1290503
https://doi.org/10.1055/s-0031-1290503
https://doi.org/10.1021/j100142a004
https://doi.org/10.1021/j100142a004
https://doi.org/10.1002/jcc.540110404
https://doi.org/10.1002/jcc.540110404
https://doi.org/10.1039/D0CS00440E
https://doi.org/10.1021/acscatal.1c05845
https://doi.org/10.1021/acscatal.1c05845
https://doi.org/10.1002/anie.202215088
https://doi.org/10.1021/ja00086a066
https://doi.org/10.1039/C9GC01802F
https://doi.org/10.1055/a-2076-9792
https://doi.org/10.1021/acs.oprd.1c00444
https://doi.org/10.1021/acs.oprd.1c00444
https://doi.org/10.1002/cctc.201901543
https://doi.org/10.1002/cctc.201901543
https://doi.org/10.1021/ol702957z
https://doi.org/10.1021/ja962849e
https://doi.org/10.1021/ja962849e
https://doi.org/10.1021/ja983612g
https://doi.org/10.1021/ja983612g
https://doi.org/10.1002/anie.202111163
https://doi.org/10.1063/1.445869
https://doi.org/10.1021/acs.orglett.9b00334
https://doi.org/10.1021/acs.orglett.9b00334
https://doi.org/10.1002/anie.202203264
https://doi.org/10.1002/anie.202203264
https://doi.org/10.1002/anie.201904157
https://doi.org/10.1039/C4CC03491K
https://doi.org/10.1002/anie.202003139
https://doi.org/10.1002/anie.202003139
https://doi.org/10.1021/jacs.1c11340
https://doi.org/10.1021/jacs.1c11340
https://doi.org/10.1016/j.ccr.2004.12.020
https://doi.org/10.1002/anie.201204579
https://doi.org/10.1002/anie.201204579
https://doi.org/10.1021/acs.jctc.5b00255
https://doi.org/10.1002/anie.201901242


Page 9 of 9Deng et al. Bioresources and Bioprocessing           (2024) 11:64 	

Matsumura K, Hashiguchi S, Ikariya T, Noyori R (1997) Asymmetric transfer 
hydrogenation of α, β-acetylenic ketones. J Am Chem Soc 119(37):8738–
8739. https://​doi.​org/​10.​1021/​ja971​570a

Nakayama A, Kogure N, Kitajima M, Takayama H (2011) Asymmetric total syn‑
thesis of a pentacyclic lycopodium alkaloid: huperzine-Q. Angew Chem 
Int Ed 50(35):8025–8028. https://​doi.​org/​10.​1002/​anie.​20110​3550

Narayan ARH, Jiménez-Osés G, Liu P, Negretti S, Zhao W, Gilbert MM, Ramab‑
hadran RO, Yang Y-F, Furan LR, Li Z, Podust LM, Montgomery J, Houk KN, 
Sherman DH (2015) Enzymatic hydroxylation of an unactivated meth‑
ylene C-H bond guided by molecular dynamics simulations. Nat Chem 
7(8):653–660. https://​doi.​org/​10.​1038/​nchem.​2285

Neufeld K, Henßen B, Pietruszka J (2014) Enantioselective allylic hydroxylation 
of ω-alkenoic acids and esters by P450 BM3 monooxygenase. Angew 
Chem Int Ed 53(48):13253–13257. https://​doi.​org/​10.​1002/​anie.​20140​
3537

Roiban G-D, Reetz MT (2015) Expanding the toolbox of organic chemists: 
directed evolution of P450 monooxygenases as catalysts in regio- and 
stereoselective oxidative hydroxylation. Chem Commun 51(12):2208–
2224. https://​doi.​org/​10.​1039/​C4CC0​9218J

Sang X, Tong F, Zeng Z, Wu M, Yuan B, Sun Z, Sheng X, Qu G, Alcalde M, 
Hollmann F, Zhang W (2022) A biocatalytic platform for the synthesis of 
Enantiopure propargylic alcohols and amines. Org Lett 24(23):4252–4257. 
https://​doi.​org/​10.​1021/​acs.​orgle​tt.​2c015​47

Saravanan T, Jana S, Chadha A (2014) Utilization of whole cell mediated der‑
acemization in a chemoenzymatic synthesis of enantiomerically enriched 
polycyclic chromeno[4,3-b] pyrrolidines. Org Biomol Chem 12(26):4682–
4690. https://​doi.​org/​10.​1039/​C4OB0​0615A

Seeliger D, de Groot BL (2010) Ligand docking and binding site analysis with 
PyMOL and Autodock/Vina. J Comput Aided Mol Des 24(5):417–422. 
https://​doi.​org/​10.​1007/​s10822-​010-​9352-6

Shahrokh K, Orendt A, Yost GS, Cheatham Iii TE (2012) Quantum mechanically 
derived AMBER-compatible heme parameters for various states of the 
cytochrome P450 catalytic cycle. J Comput Chem 33(2):119–133. https://​
doi.​org/​10.​1002/​jcc.​21922

Shatskiy A, Kivijärvi T, Lundberg H, Tinnis F, Adolfsson H (2015) Ruthenium-
catalyzed asymmetric transfer hydrogenation of propargylic ketones. 
ChemCatChem 7(23):3818–3821. https://​doi.​org/​10.​1002/​cctc.​20150​0821

Singh UC, Kollman PA (1984) An approach to computing electrostatic charges 
for molecules. J Comput Chem 5(2):129–145. https://​doi.​org/​10.​1002/​jcc.​
54005​0204

Song F, Zheng M, Wang J, Liu H, Lin Z, Liu B, Deng Z, Cong H, Zhou Q, Qu X 
(2023) Chemoenzymatic synthesis of C14-functionalized steroids. Nat 
Synth. https://​doi.​org/​10.​1038/​s44160-​023-​00280-z

Stephen Clark J, Tolhurst KF, Taylor M, Swallow S (1998) Enantioselective prop‑
argylic oxidation. Tetrahedron Lett 39(27):4913–4916. https://​doi.​org/​10.​
1016/​S0040-​4039(98)​00894-6

Trost BM, Weiss AH (2009) The enantioselective addition of alkyne nucleo‑
philes to carbonyl groups. Adv Synth Catal 351(7–8):963–983. https://​doi.​
org/​10.​1002/​adsc.​20080​0776

Trott O, Olson AJ (2010) AutoDock vina: improving the speed and accuracy 
of docking with a new scoring function, efficient optimization, and 
multithreading. J Comput Chem 31(2):455–461. https://​doi.​org/​10.​1002/​
jcc.​21334

Wan N-W, Cui H-B, Zhao L, Shan J, Chen K, Wang Z-Q, Zhou X-J, Cui B-D, Han 
W-Y, Chen Y-Z (2022) Directed evolution of cytochrome P450DA hydroxy‑
lase activity for stereoselective biohydroxylation. Catal Sci Technol 
12(18):5703–5708. https://​doi.​org/​10.​1039/​D2CY0​0164K

Wang Q, Pu L (2013) Diverse transformations of chiral propargylic alcohols 
generated by BINOL-catalyzed alkyne addition to aldehydes. Synlett 
24(11):1340–1363. https://​doi.​org/​10.​1055/s-​0033-​13387​81

Wang J, Wolf RM, Caldwell JW, Kollman PA, Case DA (2004) Development and 
testing of a general amber force field. J Comput Chem 25(9):1157–1174. 
https://​doi.​org/​10.​1002/​jcc.​20035

Wang J, Wang H, Wei C, Zhang L, Cui B, Wang Z, Zhang Y, Wan N, Aisa HA, 
Chen Y (2022) Combined photoredox/engineered P450 enzymatic direct 
dioxygen-functionalization of arylalkanes to chiral acyloins. Org Biomol 
Chem 20(46):9085–9092. https://​doi.​org/​10.​1039/​D2OB0​1769E

Watanabe K, Miyazaki Y, Okubo M, Zhou B, Tsuji H, Kawatsura M (2018) Nickel-
catalyzed asymmetric propargylic amination of propargylic carbonates 
bearing an internal alkyne group. Org Lett 20(17):5448–5451. https://​doi.​
org/​10.​1021/​acs.​orgle​tt.​8b023​25

Whitehouse CJC, Bell SG, Wong L-L (2012) P450BM3 (CYP102A1): connecting 
the dots. Chem Soc Rev 41(3):1218–1260. https://​doi.​org/​10.​1039/​C1CS1​
5192D

Wu K, Tang L, Cui H, Wan N, Liu Z, Wang Z, Zhang S, Cui B, Han W, Chen Y 
(2018) Biocatalytical asymmetric sulfoxidation by Identifying cytochrome 
P450 from parvibaculum lavamentivorans DS-1. ChemCatChem 
10(23):5410–5413. https://​doi.​org/​10.​1002/​cctc.​20180​1139

Xie L, Chen K, Cui H, Wan N, Cui B, Han W, Chen Y (2020) Characterization of 
a self-sufficient cytochrome P450 monooxygenase from deinococcus 
apachensis for enantioselective benzylic hydroxylation. ChemBioChem 
21(13):1820–1825. https://​doi.​org/​10.​1002/​cbic.​20190​0691

Xie L, Zhang Y, Zhang R, Cui H, Cui B, Han W, Wan N, Li Z, Chen Y (2023) Bio‑
catalytic stereoselective synthesis of methyl mandelates by engineering 
a cytochrome P450 hydroxylase. Green Synth Catal. https://​doi.​org/​10.​
1016/j.​gresc.​2023.​01.​005

Xu L, Muller MR, Yu X, Zhu B-Q (2009) Improved chiral synthesis of ravucona‑
zole. Synth Commun 39(9):1611–1625. https://​doi.​org/​10.​1080/​00397​
91080​25634​20

Zhang Y-M, Yuan M-L, Liu W-P, Xie J-H, Zhou Q-L (2018) Iridium-catalyzed 
asymmetric transfer hydrogenation of alkynyl ketones using sodium 
formate and ethanol as hydrogen sources. Org Lett 20(15):4486–4489. 
https://​doi.​org/​10.​1021/​acs.​orgle​tt.​8b017​87

Zhang K, Yu A, Chu X, Li F, Liu J, Liu L, Bai W-J, He C, Wang X (2022a) Biocatalytic 
enantioselective β-hydroxylation of unactivated C−H bonds in aliphatic 
carboxylic acids. Angew Chem Int Ed 61(28):e202204290. https://​doi.​org/​
10.​1002/​anie.​20220​4290

Zhang Y, Xiong Z, Li Y, Wilson M, Christensen KE, Jaques E, Hernández-Lladó P, 
Robertson J, Wong LL (2022b) Enantioselective oxidation of unactivated 
C-H bonds in cyclic amines by iterative docking-guided mutagenesis of 
P450BM3 (CYP102A1). Nat Synth 1(12):936–945. https://​doi.​org/​10.​1038/​
s44160-​022-​00166-6

Zhang X, Shen P, Zhao J, Chen Y, Li X, Huang J-W, Zhang L, Li Q, Gao C, 
Xing Q, Chen C-C, Guo R-T, Li A (2023) Rationally controlling selective 
steroid hydroxylation via scaffold sampling of a P450 family. ACS Catal 
13(2):1280–1289. https://​doi.​org/​10.​1021/​acsca​tal.​2c049​06

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1021/ja971570a
https://doi.org/10.1002/anie.201103550
https://doi.org/10.1038/nchem.2285
https://doi.org/10.1002/anie.201403537
https://doi.org/10.1002/anie.201403537
https://doi.org/10.1039/C4CC09218J
https://doi.org/10.1021/acs.orglett.2c01547
https://doi.org/10.1039/C4OB00615A
https://doi.org/10.1007/s10822-010-9352-6
https://doi.org/10.1002/jcc.21922
https://doi.org/10.1002/jcc.21922
https://doi.org/10.1002/cctc.201500821
https://doi.org/10.1002/jcc.540050204
https://doi.org/10.1002/jcc.540050204
https://doi.org/10.1038/s44160-023-00280-z
https://doi.org/10.1016/S0040-4039(98)00894-6
https://doi.org/10.1016/S0040-4039(98)00894-6
https://doi.org/10.1002/adsc.200800776
https://doi.org/10.1002/adsc.200800776
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1039/D2CY00164K
https://doi.org/10.1055/s-0033-1338781
https://doi.org/10.1002/jcc.20035
https://doi.org/10.1039/D2OB01769E
https://doi.org/10.1021/acs.orglett.8b02325
https://doi.org/10.1021/acs.orglett.8b02325
https://doi.org/10.1039/C1CS15192D
https://doi.org/10.1039/C1CS15192D
https://doi.org/10.1002/cctc.201801139
https://doi.org/10.1002/cbic.201900691
https://doi.org/10.1016/j.gresc.2023.01.005
https://doi.org/10.1016/j.gresc.2023.01.005
https://doi.org/10.1080/00397910802563420
https://doi.org/10.1080/00397910802563420
https://doi.org/10.1021/acs.orglett.8b01787
https://doi.org/10.1002/anie.202204290
https://doi.org/10.1002/anie.202204290
https://doi.org/10.1038/s44160-022-00166-6
https://doi.org/10.1038/s44160-022-00166-6
https://doi.org/10.1021/acscatal.2c04906

	Regioselective and enantioselective propargylic hydroxylations catalyzed by P450tol monooxygenases
	Abstract 
	Introduction
	Materials and methods
	Materials and procedures
	Enzyme preparation
	Molecular docking and molecular dynamics simulation
	General procedure for the synthesis of chiral (S)-2 on preparation-scale
	Procedure for the synthesis of chiral (S)-2a on 2.25 mmol-scale

	Results and discussion
	Screening of reaction conditions for propargylic hydroxylation
	Scope of substrates
	Molecular docking and molecular dynamics simulation

	Conclusions
	Acknowledgements
	References


